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Abstract 

SERINC5 is a restriction factor for retroviruses, antagonized by Nef of primate 

lentiviruses, by glycoGag of Moloney Murine Leukaemia Virus (MoMLV) and by S2 of 

Equine Infectious Anaemia virus (EIAV). In addition, SERINC5 sensitizes HIV-1 to 

neutralizing antibodies (nAbs) targeting the MPER in gp41. However, since the 

identification of SERINC5 as an inhibitor of retrovirus infectivity, many features of the 

host factor await clarification, notably the molecular mechanisms of restriction and viral 

counteraction. Furthermore, SERINC5 cellular role beyond restriction is still obscure. 

This thesis explores multiple aspects of the mutual antagonism governing the 

SERINC5 interplay with retroviruses. 

We first describe a contribution towards the determination of the structure of SERINC5 

and the identification of the determinants crucial for antiviral activity, virus sensitization 

to neutralization and counteraction by retroviruses. By performing a structure-based 

mutagenesis screening, we identified SERINC5 ECL3, ECL5 and the interface between 

subdomains as regions essential for inhibition of HIV-1 infectivity and virus sensitization 

to 4E10 and 2F5 nAbs. The simultaneous impairment of both SERINC5 antiviral effects 

indicates that they are mechanistically related and support the hypothesis of a 

SERINC5-mediated impairment of the envelope glycoproteins.  

We included a comparative analysis of the antiviral activity of human SERINC paralogs 

and their sensitivity to retroviral counteraction. It has been previously established that 

SERINC3 inhibits HIV-1 infectivity less potently than SERINC5, while SERINC2 has no 

antiviral effects. We report here that similarly to SERINC3, SERINC1 is endowed with a 

modest antiviral activity; in contrast, SERINC4 severely inhibits HIV-1 infectivity, 

despite being poorly expressed. Irrespectively of their antiretroviral potency, all 

SERINC proteins are incorporated into virus particles. Interestingly, we observed that 

virion-associated SERINC2 is specifically cleaved by the viral protease, but proteolysis 
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does not explain the lack of antiretroviral effects. Furthermore, SERINC5 and SERINC2 

have different glycomic profiles, but diverse post-translational modification is irrelevant 

for their opposite activity against HIV-1. In addition, we reported that human SERINCs 

are differently targeted by retroviral counteracting factors, with SERINC5 being the 

paralog most efficiently downregulated, while SERINC1 being completely resistant.  

A cysteines cluster within ICL4 emerged as the major determinant of SERINC5 

responsiveness to different nef alleles, while it proved irrelevant for internalization by 

MoMLV glycoGag and EIAV S2, indicating that diverse retroviral counteractors likely 

target the host factor differently. Though SERINC5 ICL4 harbours multiple motifs 

governing SERINC5 sensitivity to antagonization, insertion of this loop within SERINC2 

was not enough to transfer susceptibility to Nef activity, suggesting that the overall 

conformation of the protein is essential for downregulation by Nef. Importantly, the 

cysteine stretch within ICL4 is palmitoylated, suggesting that this modification may be 

important for counteraction by the lentiviral factor. 

SERINC5 and CD4 downregulation by Nef are functionally related, as they both require 

AP-2 mediated endocytosis. However, regions in Nef selectively governing SERINC5 

internalization are unknown. We reported here that Phe90 within Nef αA-helix 

genetically uncouples the activities on SERINC5 and CD4, being selectively involved in 

SERINC5 downregulation. In parallel, we explored SERINC5 antagonization by 

different glycoGag alleles and observed that the ability to target the host factor is not 

conserved across divergent γ-retroviruses.  

Finally, we observed that HIV-1 may evade SERINC5 restriction by direct cell-to-cell 

infection, suggesting that the host factor may have a broader role in retroviral 

spreading, requiring the evolution and the conservation of active viral counteraction. To 

this end, we preliminary investigated a positive contribution of SERINC5 to intracellular 

signalling.  
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Chapter 1 Introduction 

1.1. Restriction Factors: a first-line barrier against viruses 

Viruses are intracellular obligate parasites that are completely dependent on the host 

cell machinery for replication and propagation. Viruses and/or virus-like mobile 

elements (e.g., retrotransposons) are found in all life forms, from animals and plants to 

bacteria and archaea and are the most abundant biological entities on the Earth, 

manipulating most of the well-characterized habitats1. The establishment of a 

productive infection requires a delicate balance of complex interactions between the 

incoming virus that evolves several strategies to hijack and subvert the cellular 

apparatus and the host cells that co-evolve multiple layers of defence to prevent and 

block viral infection. Virus-host dynamics are therefore commonly depicted as an arms 

race, modelled following the “Red Queen'' hypothesis, in which two entities are pushed 

to continuous co-evolution and cycles of reciprocal adaptation for survival 2. 

Host organisms evolved a series of mechanisms, varying according to the evolutionary 

complexity of the species, to detect incoming pathogens, such as viruses, and to 

interfere with their replication. Upon entry into host cells, the viral genome may act as a 

molecular beacon of infection, a pathogen-associated molecular-pattern (PAMP), and 

may be sensed by innate immunity related receptors (PRRs, pattern recognition 

receptors)3, which signal the presence of an invading virus. PRRs activation leads to 

the build-up of an antiviral state, directed by Interferons signalling. Typically, the 

activation of the innate immunity occurs within hours, but it is not specifically optimized 

for the invading virus; nevertheless, this first activation of the immune system is 

instrumental for the recruitment and the development of a pathogen-optimized 

response by the cellular effectors of the adaptive immunity. While adaptive immunity 

evolved starting only from vertebrate jaws4, innate self-defence mechanisms are 
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present also in single-cells organisms5,6. While the engagement of most of such 

defences requires active viral replication, since the 70’s the presence of an additional 

cell-autonomous layer of defence has been demonstrated, engaged soon after virions 

enter the cytoplasm, before viral replication takes place7. This frontline protection can 

be considered a sort of “intrinsic” innate immunity and is constituted by cellular proteins 

that physically interact with virions components, blocking infection at various steps8. 

These proteins were termed “Restriction Factors”, the name derived from an old 

classification of cell lines in “permissive” or “not-permissive”, according to their ability to 

support replication of a specific viral species9. 

1.1.1. Fv-1, the first discovered restriction factor 

The first restriction factor was discovered 50 years ago by Rowe and colleagues10 

studying Murine Leukaemia retrovirus (MLV or MuLV). They observed that MLV can be 

divided in N-tropic, B-tropic or NB-tropic strains, based on the ability of the virus to 

infect NIH or BALB/C mice and they demonstrated that the different host permissivity is 

caused by the Friend Virus susceptibility factor-1 (Fv-1). Fv-1 comes in two codominant 

allelic variants, Fv-1b and Fv-1n: FV-1n cells are 1000-fold more susceptible to N-tropic 

strains of MLV than B-tropic MLVs, while FV-1b cells show an opposite behaviour. 

Genetic studies showed that the FV-1 target is the MLV capsid protein (CA) and that 

viral tropism is dictated by a single amino acid in position 110 in CA11 (an arginine in 

the N-tropic virus versus a glutamate in the B-tropic one)12. Interaction with CA has yet 

to be demonstrated, but it is suggested by the evidence that Fv-1 has a 60% sequence 

homology13 to the gag gene of a Murine Endogenous Retrovirus  

(MuERV-L)14,15 and that Gag proteins tightly bind each other. Up to now, no clear 

mechanism of Fv-1 mediated restriction has been elucidated, but there are indications 

that it blocks infection after reverse transcription.  
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The Fv-1 discovery encouraged to search for similar host factors also in species other 

than mouse; over the last 15 years, several restriction factors and the respective viral 

counteracting strategies have been identified, not only for MLV, but also for 

lentiviruses, like Human Immunodeficiency Virus type 1 (HIV-1)9, the Equine Infection 

Anaemia Virus (EIAV)16 and also for viruses belonging to different species, such as 

Herpesviruses17,18, Influenzavirus19, Coronaviruses20,21, etc. Restriction factors may 

inhibit a specific viral species, such as Fv-1 and Fv-4 that interferes specifically with 

MLVs, or they can have a broader activity, like Tetherin, which is a general inhibitor of 

enveloped virus release. A sampling of the most common restriction factors is shown in 

Table 1.1. 

This thesis will focus on SERINC5, a recently uncovered inhibitor of retrovirus 

infectivity and its viral antagonists, Nef and glycoGag. Since the 90’s different 

restriction factors against HIV-1 have been discovered, virtually targeting all steps of 

HIV-1 replication cycle. The most well-known are APOBEC322,23, Tetherin24,25, 

TRIM5α26 and SAMHD127.  

A schematic overview and a brief description of HIV-1 restriction factors are provided in 

Figure 1.1. 

 

Restriction 

Factor 

Virus species Replication step 

targeted 

Viral antagonist IFN 

induction 

Positive 

selection 

Refs. 

APOBEC3 Reverse 

transcribing 

viruses 

Reverse 

transcription and 

integration 

glycoGag 

(γ-retrovirus) 

Vif (Lentivirus) 

Bet (Spumavirus) 

Yes Yes 28–34 

TRIM5α Retrovirus Uncoating none (passive 

escape) 

Yes Yes 35–37 

Tetherin Enveloped 

viruses 

(Retrovirus, 

Filovirus, 

Herpesvirus, etc) 

Release Nef (some SIVs) 

Vpu (HIV-1) 

viral glycoproteins 

(HIV-2, Ebola) 

K5 (KSAV) 

Yes Yes 24,25,3

8,39 

SAMHD1 Retrovirus Genome 

replication 

Vpx (HIV-2) 

Vpr (SIV) 

Yes Yes 27,40 
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IFITMs Orthomyxovirus, 

Flavivirus, 

Herpesvirus, 

Paramyxovirus, 

Filovirus, HIV-1 

Entry None known Yes Yes 41,42 

SERINC5/3 Lentivirus (HIV, 

SIV, EIAV),  

γ-retrovirus 

(MoMLV) 

Fusion? 

Env functional 

inactivation 

Nef (HIV-1, HIV-2, 

SIV) 

glycoGag (MoMLV) 

S2 (EIAV) 

No No 43–48 

Mxa Orthomyxovirus, 

Paramyxovirus, 

Hepadnavirus, 

Rhabdovirus, 

Alphavirus 

Nucleocapsid 

transport 

None known Yes Yes 49,50 

Mxb Lentivirus, 

Herpesvirus 

Uncoating/nuclear 

import 

None known Yes Yes 51,52 

Viperin Orthomyxovirus 

Flavivirus, 

Herpesvirus, 

Alphaviruses, 

Paramyxovirus 

Release None known Yes Yes 53,54 

PKR Poxvirus, 

Herpesvirus 

Viral protein  

translation 

K3L, E3L (VACV) 

trs1, irs1 (HCMV) 

Yes Yes 55,56 

ZAP Retrovirus, 

Filovirus, 

Alphavirus 

Viral protein 

translation 

None known Yes Yes 57–60 

Flv Flavivirus Replication None known ND ND 61 

Fv-1 MLV Uncoating None (passive 

escape) 

no yes 10,13 

Fv-4 Fr-MLV Entry None ND ND 62 

ev-3, ev-6, 

ev-9 

Avian leukosis 

Virus 

Entry None known ND ND 63 

enJSRV JSRV Assembly None known ND ND 64 

Schlafen11 Lentivirus (HIV-1, 

EIAV) 

Flavivirus (WNV, 

DENV, ZIKV) 

Translation None known yes yes 65–67 

LY6E Coronavirus 

HCV 

Entry None known yes ND 20,68 

Table 1.1: A selection of known restriction factors. 
Abbreviation: ND: not determined. 
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Figure 1.1: Host restriction factors inhibit HIV-1 replication at multiple steps. 
Productive viral replication of HV-1 has to overcome many host barriers, ranging from structural 
components (membranes) to cell-encoded restriction factors, targeting multiple steps of the 
replicative cycle: ENTRY: inhibition of fusion with target cells (SERINC5, IFITMs, CH25H); 
REVERSE TRANSCRIPTION: provirus hypermutation (APOBEC) and depletion of dNTPs 
(SAMHD1); UNCOATING: enhanced capsid fragmentation (TRIM5α); NUCLEAR IMPORT: 
interference with PIC nuclear import and PIC destabilization (Mxb); INTEGRATION: 
deacetylation of integrase (KAP1); TRANSCRIPTION: reduced LTR activation (TRIM22); 
TRANSLATION: inhibition of viral proteins synthesis (PKR, SLFN11, IDO1), degradation of viral 
mRNAs (ZAP, OAS1+RnaseL); ASSEMBLY: interference with Gag assembly (HERC5+ISG15, 
CNP); ENV PROCESSING: inhibition of envelope glycoproteins maturation and incorporation 
(GFP5, MARCH8, 90K). Figure modified from Hotter, D. & Kirchhoff, F. Interferons and beyond: 
Induction of antiretroviral restriction factors. J. Leukoc. Biol. 103, 465–477 (2018). 
 

1.1.2. General features of restriction factors 

Identifying universally unifying elements to define restriction factors is difficult since 

they are extremely variable in structure, viral targets and restriction activity. For 

instance, restriction factors may target viral nucleic acids, as well as protein 

components. However, four tentative general features can be proposed to define 

restriction factors 69,70:  

1) Prominent antiviral effect: A host protein is considered a restriction factor if its 

expression results directly in a strong inhibition of virus replication and/or 

infectivity. Antiviral immunity should be therefore the prominent functional aspect of 
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the candidate restriction factor. Indeed, knock-out of many restriction factors is 

viable. For example, it has been documented that ablation of two well 

characterized restriction factors, APOBEC371 and Tetherin72, is viable in mice; in 

both cases, the only phenotype exposed is an increased susceptibility to 

infections, compatible with a prominent role in antiviral defence. However, there is 

increasing evidence that besides interfering directly with virus replication, 

restriction factors may have a broader cellular activity, for example modulating 

intracellular signalling pathways73,74. In addition, SAMHD1 is peculiar for being 

associated with an autoimmune disease, the Acardi-Goutières syndrome75. 

2) Evolution of active viral countermeasures: Restriction Factors represents a threat 

for optimal viral replication and as such exert an important selective pressure; 

therefore, their emergence should be paralleled by the evolution of viral 

antagonizing factors. Active viral countermeasures have been identified for many 

restriction factors. For instance, HIV-1 escapes Tetherin by Vpu-mediated 

downregulation of the host factor24,25; instead, provirus hypermutation by 

APOBEC3 proteins is prevented by HIV-1 Vif or MLV glycoGag28. 

3) Interferon (IFN) sensitivity: It has been observed that the expression of restriction 

factors is often induced, or increased, in response to IFN signalling, consistent with 

their function in antiviral responses. For example, human APOBEC3G is 

constitutively expressed76, but its expression levels are increased following IFN 

induction32.  

4) Positive selection: the activity of restriction factors depends on direct protein–

protein interactions, that are continuously reshaped by virus-host co-evolution. To 

keep up with the emergence of virus escape variants, host restriction factors genes 

are characterized by high mutational rate and are subjected to positive selection. 

This phenomenon is characterized by the accumulation of non-synonymous 
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mutations compared to synonymous mutations in a given gene and it is a typical 

signature of the “arms race” characterizing host–virus dynamics: to evade host 

restriction factors, viruses evolve escape mutants; this, however, exert a pressure 

on restriction factors to implement activity against new viral targets. Many host 

restriction factors, such as TRIM5α77 and APOBEC330, have evolved under 

positive selection for millions of years. Positive selection occurs mainly at amino 

acid residues building up the interaction interface; therefore, the analysis of 

positively selected patches may be exploited to unravel fundamental determinants 

of the antiviral activity of restriction factors. The emergence of escape variants is 

favoured by the high mutational rate of viruses, especially of RNA viruses, such as 

retroviruses. This would appear an immense advantage for viruses, especially 

against host species such as mammalians, which have a very slow mutational 

rate. However, a potent evolutionary constraint is posed by the very limited coding 

capacity of viruses. Acquisition of escape mutations might indeed interfere with 

crucial functions of viral proteins, that are often multifunctional. In addition, 

restriction factors are often polymorphic in the population, so viruses would need to 

acquire resistance to multiple alleles before overcoming restriction (see paragraph 

1.4). This is paralleled also by duplication of restriction factors genes during 

evolution. A paradigmatic example is the APOBEC3 restriction factor family: from 

the ancestral gene, APOBEC3 locus multiplied reaching seven members in 

humans (APOBEC3A-G). Two of the most characterized APOBEC3 members, 

APOBEC3G and APOBEC3F, deaminate cytosines within different sequences of 

the viral genome22, so that HIV-1 Vif had to evolve multiple domains to counteract 

both host factors78. 

However, these features should not be considered exhaustive since many restriction 

factors fail in recapitulating simultaneously all four hallmarks. For example, no viral 

antagonist for TRIM5α is known, since viral evasion relies mainly on capsid mutations. 
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In addition, IFN responsiveness is not a universal property; this is the case of 

SERINC543;. In addition, SERINC5 has also no sign of positive selection48, so on the 

basis of the above features, it should not be properly considered a “restriction factor”. 

Nevertheless, many putative restriction factors have distinct peculiarities, regardless of 

their antiviral activity. Therefore, a classification based only on the four above 

hallmarks may eventually result limiting. 

1.1.3. Virus escape mechanism: 

Emergence of restriction factors within host cells is paralleled by the viral evolution of 

evasion mechanism. Viral strategies to overcome cellular restriction factors may be 

distinguished in passive and active:  

Passive escape, is achieved by selection of mutations in target molecules, blocking 

interaction of restriction factors. For instance, some retroviruses escape from TRIM5α, 

which interferes with capsid uncoating, by the emergence of resistant mutations within 

the N-terminal domain of the capsid protein79. The emergence of TRIM5α resistant 

variants has been reported in vivo26,80; passive escape from TRIM5α has been 

observed also in tissue culture in the context of murine leukaemia virus81. The capsid 

protein is a hotspot target for restriction factors, since multiple proteins, besides 

TRIM5α, converge on this molecule, such as Fv-1 and TRIMCyp82. This phenomenon 

is likely due to the fitness cost associated with mutation of the capsid gene, which is 

characterized by extreme genetic fragility83; indeed, capsid architecture is crucial for 

the generation of infectious particles and as such it has a limited tolerance for 

sequence changes. 

Active escape consists in the expression of virus-encoded protein that antagonize 

restriction factors. Retroviral counteractors have been identified for many restriction 

factors, such as HIV-1 Vif which inhibits APOBEC3G84,85, HIV-2 Vpx which targets 

SAMHD186, and many others. Notwithstanding, some restriction factors remain orphan 
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of a viral antagonist, like Mxb. Restriction factors with broad antiviral activities are 

counteracted by different viral antagonists; for instance, Tetherin which is a general 

inhibitor of enveloped viruses, is inhibited by HIV-1 Vpu24,25, but also by Ebolavirus 

envelope glycoproteins38. Viral antagonists are often encoded by accessory genes that 

typically are dispensable for replication in vitro unless a specific restriction factor is 

present.  

Viral counteracting factors may arise by neofunctionalization, i.e., acquisition of new 

functions. This is the case of the envelope glycoproteins of HIV-2 and Ebolavirus, that 

besides mediating entry, are required for Tetherin antagonization. Alternatively, viral 

antagonists may arise by gene duplication as occurred in the case of lentiviral Vpr and 

Vpx. Viral antagonists can overcome the inhibitory activity of restriction factors by 

different mechanisms: 

1)  Mislocalization and sequestration of the restriction factor. For instance, this strategy is 

exploited by lentiviral Vpu to counteract Tetherin87, which internalizes the host protein 

into the endosomal compartment where it can no longer inhibit virion release from the 

plasma membrane. Similarly, primate lentivirus Nef promotes the intracellular 

accumulation of SERINC5, preventing incorporation of the protein into progeny 

virions43,44. 

2)  Proteasomal degradation of the restriction factor. This is the case of HIV-1 Vif, which 

protects the viral genome from deamination and hypermutation by APOBEC3G, 

promoting the interaction of the deaminase enzyme with the Cullin-3 Ubiquitin Ligase 

complex; as a result, APOBEC3G is targeted for proteasomal degradation29: 

3)  Substrate mimicry: this mechanism is exploited by Poxvirus to prevent inhibition of viral 

protein translation by Protein Kinase R (PKR). Upon recognition of double stranded 

DNA, PKR is activated and inactivates, by phosphorylation, elF2α. To prevent the block 
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of viral translation, Poxvirus encodes K3L that is structurally analogue to elF2α, and 

thus acts as a competitive inhibitor for binding to PKR55. 

1.1.4. Biological relevance of Restriction Factors 

By inducing viruses to continuously re-adapt their evasion mechanisms, restriction 

factors have a prominent role in shaping virus-host dynamics, such as susceptibility to 

a specific viral species, in the emergence of new pathogens and in the circulation of 

endemic viruses. A virus is considered endemic when its prevalence in the host 

population (i.e., the number of cases in a given population in a given time frame) is 

constant. A pre-requisite of this phenomenon is virus adaptation to defence 

mechanisms of the host population: positive interactions between viral factors and host 

cellular proteins must be built and maintained by purifying selection for constant virus 

circulation; in parallel, mutations resulting in a gain-of-sensitivity to restriction factors 

are selected against. Therefore, when adaptation occurs, it is reasonable to assume 

that functional variations of restriction factors have a minimal influence on virus 

replication and spreading. For instance, analysis of human HIV-1 cohorts revealed that 

variations in TRIM5α have minimal influence on viremia and disease progression88,89.  

Unexpectedly, the emergence and maintenance of restriction-sensitive mutations in 

viruses23, 78,90 has been documented in vivo. This counterintuitive phenomenon may be 

the result of other stronger selective pressures, such as the evasion from humoral and 

cellular adaptive immunity. For example, the emergence of variants in capsid 

sensitizing to TRIM5α restriction are associated with disruption of CTLs epitopes 

(Cytotoxic T-cells epitopes activate CD8+ T-cells, leading to killing of infected cells)90. 

Similarly, two naturally occurring polymorphisms in Nef have been recently reported to 

moderately impair SERINC5 counteraction; however, these variants appear associated 

with the disruption of CTL epitopes, contained in nef91. These examples indicate that 

the development of a moderate sensitivity to restriction might be beneficial if virus 
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spreading and transmission are favoured. Further on this, the in vivo development of 

HIV-1 Vif variants, which antagonize APOBEC3 proteins only partially78 might result in 

an overall benefit for the virus since increased provirus mutation rate may favour the 

emergence of variants with higher fitness. 

While endemic viruses are usually minimally affected by the restriction factors encoded 

by their host populations, spreading to a new host species, requires adaptation to the 

restriction factors and their allelic variants expressed by the new population. Restriction 

factors loci are polymorphic among host species; therefore, viruses may have diverse 

sensitivity to restriction among host populations92,93. As such, restriction factors act as a 

fundamental barrier to cross-species transmission. A paradigmatic event is the 

emergence of SIVmac in captive colonies of macaques in the 70’s94. SIVmac originated 

from the endemic SIVsm of sooty mangabeys and was accidentally introduced into 

macaques. SIVsm is restricted by most alleles of rhesus macaques TRIM5α and 

APOBEC3G, thus, the emergence of SIVmac from SIVsm is linked to the evolution of 

TRIM5α-resistant capsid proteins26 and the introduction of compensatory mutations 

that allowed SIVmac Vif to degrade APOBEC3G92. 

When the provirus integrates within the host genome of germ cells, it may be 

transmitted vertically to the progeny and after several cycles, it may become fixed in 

the population. This process is termed endogenization and is accompanied by a 

progressive adaptation to restriction factors, such that the provirus that ultimately 

becomes fixed in the population may be phenotypically different from the original 

circulating strain. Interestingly, it has been observed that hosts may exploit 

endogenous retroviruses as tools against exogenous retroviruses. Paradigmatic are 

Fv-1 and Fv-4, expressed by endogenous murine retroviruses, which dictate host 

susceptibility to specific strains of exogenous MLVs13,62: Fv-1 is a truncated form of 

MLV Gag protein (par.1.1.1) , while; Fv-4 is closely related to MLV ecotropic envelope 

glycoproteins and interferes with virus entry by receptor competition. Similarly, an 
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endogenous sheep retrovirus, enJS5A1, was discovered to interfere with Gag 

intracellular trafficking of the exogenous Jaagsiekte sheep retrovirus (JSRV)64. 

Endogenous retroviruses interfering with replication of circulating retroviruses have 

been identified also in chicken63 (ev-3, ev-6, ev-9). These findings provide a nice 

example of the complex implications shaping host-virus dynamics. 

1.2. Retroviruses 

Retroviruses are a family of enveloped single-stranded RNA (+) viruses, characterized 

by the ability to reverse transcribe their RNA genome into a DNA molecule, which is 

then integrated into the host cell genome. Retroviruses were first discovered in 1908, 

when Ellerman and Bang reported the transmission of avian leukosis via cell-free 

filtrates95; few years later, in 1911 Peyton Rous identified the Rous Sarcoma Virus 

(RSV) as the causative agent of cell-free transmission of sarcomas in chickens96. Since 

then, retroviruses have been discovered in many other animal species. The discovery 

of the first human retrovirus dates to 1977, when Robert Gallo identified the Human T-

Lymphotropic Virus (HTLV-1), which is associated to T-cells leukaemia and 

lymphomas97. Few years later, in 1983, the discovery of Human Immunodeficiency 

Virus (HIV-1)98 boosted the research interest towards retroviruses. 

Retroviruses infect a wide range of animal species, including mammals, reptiles, fish, 

and insects, and are mainly associated with neoplasia, immune deficiency and 

neurological disorders. Retroviruses exist as both exogenous circulating species and 

endogenous viruses (ERVs). Exogenous retroviruses spread into the host population 

horizontally from infected individuals. Endogenous retroviruses instead may have both 

horizontal and vertical transmission. ERVs originated by integration events into germ 

cells genome and progressive fixation into the population by vertical transmission. 

Indeed, up to 8% of the human DNA is composed of inactive retro-elements. Hence, 

endogenous retroviruses are remnants of ancient exogenous retroviruses, which 
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progressively endogenized, and are a proof of the ongoing relationship between 

viruses and hosts.  

1.2.1. Classification 

Taxonomy of retroviruses is based on several parameters such as virus particle 

morphology, pathogenetic features, genome complexity and phylogenesis. Traditionally 

retroviruses were distinguished in three subfamilies, Oncovirinae, Lentivirinae and 

Spumavirinae, depending on pathogenesis. Oncovirinae are acute transforming 

viruses, associated with carcinogenesis in their host; examples are Avian Sarcoma 

Leukosis Virus, Mouse Mammary Tumour Virus, Human T-lymphotropic Virus. 

Lentivirinae are instead characterized by their ability to establish chronic infections with 

long incubation time. Spumavirinae are termed after the cytopathic effect (spuma-: 

Latin for “foam”) they induce in vitro in monkey kidney cells; Spumaviruses have been 

identified in non-human primates, cats, and cows but not in humans and they are not 

pathogenic in vivo for their hosts.  

However, the term “Oncovirus” is now generally extended to any viral species causing 

cancer, such as Human Papilloma Virus or Hepatitis B Virus. Therefore, Retroviridae 

classification is now based on phylogenetic similarity among pol sequences 

Accordingly, retroviruses are classified in. Orthoretrovirinae (Oncovirinae + 

Lentivirinae) and Spumavirinae; Orthoretrovirinae are further distinguished in 6 genera: 

α-retrovirus, β-retrovirus, γ-retrovirus, δ-retrovirus, ε-retrovirus, lentivirus. 

The Retroviridae phylogenetic tree is shown in Figure 1.2. 

Depending on genome complexity, retroviruses are further distinguished in simple 

retroviruses and complex retroviruses: simple retroviruses encode only the three 

structural genes gag, pol and env, while complex retroviruses harbour additional 

regulatory or accessory proteins. 
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Figure 1.2: Phylogenetic tree of the Retroviridae family. 
Phylogenetic analysis of the pol sequences of retroviruses. SIV: Simian Immunodeficiency 
Virus; HIV: Human Immunodeficiency Virus; FIV: Feline Immunodeficiency virus; EIAV: Equine 
Infectious Anaemia Virus; MMTV: Mouse Mammary Tumour Virus; MPMV: Mason-Pfizer 
monkey Virus; RSV: Rous Sarcoma Virus; BLV: Bovine Leukaemia Virus; HTLV: Human T- 
lymphotropic Virus; snRV: Snakehead Retrovirus; MuLV: Murine Leukaemia Virus; GALV: 
Gibbon Ape Leukaemia Virus; FeLV: Feline Leukaemia retrovirus; WDSV: Walleye Dermal 
Sarcoma Virus; PHV: Perch hyperplasia Virus; WEHV: Walleye epidermal Hyperplasia Virus; 
HFV: Human Foamy Virus; BFV: Bovine Foamy Virus.  
Figure rom: Chapter 14: Retroviridae, Fenner’s Veterinary virology, p. 270. 
 

1.2.2. Retrovirus virion structure and genome 

The retrovirus virion is a spherical enveloped particle of 80-120 nm of diameter99. A 

schematic model of retrovirus virion is shown in Figure 1.3. The envelope originates 

from the cellular plasma membrane. The only viral proteins exposed on the virion 

surface are the envelope glycoproteins TM and SU, responsible for virus interaction 

with the specific cellular receptor. TM and SU are covalently linked by a disulphide 

bond, with TM anchoring the protein into the envelope and SU protruding outward to 

contact the cellular receptor. Protomers of TM-SU assemble in trimeric, spike-like 

structures, projecting from the virion surface. The inner virion core, the nucleocapsid, 
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contains two identical copies of positive strand RNA genome; retroviruses are thus 

peculiar for being the only diploid virus family. The two copies of viral genome are non-

covalently linked near the 5’-end100 and are coated by the nucleocapsid proteins (NC) 

that have a protective and stabilizing function. The nucleocapsid also contains the viral 

enzymes Reverse Transcriptase (RT), Integrase (IN) and Protease (PR), required for 

reverse transcription, provirus integration and particles maturation. The nucleocapsid is 

enclosed within a protein shell, formed by Capsid proteins (CA), delimiting the virion 

core. The Capsid appears as a condensed structure in electron microscopy, and it has 

different morphology, depending on the retroviral genera. For example, HIV has a 

cone-shaped capsid, while MLV displays a nearly spherical capsid. The outer layer of 

the capsid is coated by Matrix proteins (MA), that interact also with the inner leaflet of 

the envelope. 

Depending on particle morphogenesis, observed by electron microscopy, retroviruses 

are further classified in A-, B-, C- and D-types. Retrovirus virions may indeed follow two 

different morphogenic pathways: 

C-type retroviruses assemble immature capsids at the plasma membrane and have a 

central condensed core. C-type viruses include α-retroviruses, γ-retroviruses, δ-

retroviruses (rod-shaped core) and ε-retroviruses. Lentiviruses assemble also type-C 

particles, characterized by cylindrical or cone shapes. 

A-type retroviruses assemble immature capsids in the cytoplasm, which then migrate to 

the plasma membrane where they acquire the enveloped glycoproteins. A-type 

particles are distinguished in B-type or D-type. After budding, B-type viruses show an 

eccentrically positioned inner core, while D-type viruses have cylindrical shaped-

capsids. Some members of β-retroviruses (e.g., Mouse Mammary Tumour) are 

classified as B-type, while others as D-type (e.g., Mason-Pfizer monkey Virus). 

Spumaviruses assemble their capsid in the cytoplasm, but these have an immature 

uncondensed core and are enveloped primarily by intracellular membranes. 
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Figure 1.3: Schematic structure of retrovirus virion.  
The virion structure of a prototype simple retrovirus (MLV) is shown. Each viral protein is 
indicated by a two-letter abbreviation. 
Figure modified from: Ryu, W.-S. Retroviruses. in Molecular Virology of Human Pathogenic 
Viruses 227–246 (Elsevier, 2017). doi:10.1016/B978-0-12-800838-6.00017-5. 

 

As previously explained, retroviruses are diploid and this peculiarity has important 

biological implication, since homologous recombination events may occur when a cell 

is coinfected with two different but related strains, potentially generating a new strain.  

Retrovirus genome varies in length, depending on the genera, from 7 Kb to 13 Kb. 

Each copy of RNA genome is capped at the 5’-end has a poly-A tail at the 3’-end. 

Besides genes encoding the viral proteins, the retroviral genome has cis-acting 

sequences essential to regulate reverse transcription, integration and gene expression 

(Figure 1.4). In the non-integrated genome, a R region forms a direct repeat at both 

end of the genome. At the 5’-end, the R region is followed by the U5 region, which is 

the first part of the genome to be reverse transcribed. Adjacent to the U5 is the leader 

region, which contains the primer binding site (PBS, 18 nucleotides in length), where 

the tRNA primer anneals. Depending on the retrovirus genera, different tRNA are used; 

for example, γ-retroviruses exploit a tRNAPro or a tRNAGlu, while Lentiviruses use a 

tRNALys. The packaging signal ψ overlaps partly with the leader region and with the gag 

sequence. The R region at the 3’-end contains a poly-A tail of ~200 nucleotides. At the 
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3’-end, the R region is preceded by the U3 region and contains the viral promoter. 

Upstream of U3 is the polypurine tract (PPT), required during reverse transcription for 

the synthesis of the positive DNA strand. 

Following reverse transcription, both ends of the genome present long terminal repeats 

(LTRs), formed by duplication of U3 and U5 region during the process. Therefore, from 

5’3’, each LTR is composed of U3, R and U5 regions101. 

All retroviruses produce three fundamental polyproteins, Gag, Pol and Env; in addition, 

accessory and regulatory genes are present in the genome of complex retroviruses 

and encode proteins modulating viral gene expression and pathogenicity. Retroviral 

RNA undergoes splicing: a splice donor site (SD) is located within the leader region, 

while a splice acceptor site (SA) is located at the boundary of pol and env sequences. 

The unspliced mRNA is packaged into progeny virions and is used for the translation of 

Gag and Pol; Env translation is instead driven from a singly spliced mRNA. In complex 

retroviruses, additional splicing sites are present to allow expression of accessory and 

regulatory genes from singly or multiple spliced mRNAs. Gag encodes the viral core 

structural proteins MA, CA and NC, and depending on the viral genera other peptides. 

Pol encodes the viral enzymes RT and IN and is translated, together with gag in a 

single polyprotein precursor (Gag-Pol), which is cleaved after budding by the viral 

protease. Depending on the retroviral species, the viral protease (pro) may be encoded 

by different genomic locations101: pro may be part of pol gene (e.g., HIV-1, MLV) or part 

of gag (e.g., Avian Sarcoma Leukosis Virus) or alternatively, pro may constitute a 

distinct ORF, located between gag and pol (e.g., β-retrovirus MMTV, MPMV, δ-

retrovirus HTLV-1). Translation of Gag-Pro, Gag-Pol or Gag-Pro-Pol requires ribosomal 

frameshift or ribosomal readthrough events, as it will be further explained. Besides PR, 

RT and IN, some retroviral genera express a fourth viral enzyme, the deoxyuridine 5′-

triphosphate nucleotidohydrolase (dUTPase). DUTPase is expressed mainly by β-

retroviruses and non-primate lentiviruses (e.g., FIV, EIAV)102. In case of β-retroviruses, 
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dUTPase gene overlaps gag and pro, while in non-primate lentiviruses, it is part of pol. 

Like the cellular dUTPases, the viral enzyme hydrolyses dUTP in dUMP and 

pyrophosphate, reducing the cellular levels of dUTP in favour of dTT. As consequence, 

dUTPase activity contributes to decrease the probability of uracil misincorporation into 

DNA and mutagenesis. Despite the observation that virally encoded dUTPase is crucial 

for non-primate lentiviruses replication in non-dividing cells103, the biological relevance 

of the enzyme remains mostly elusive. 

SU and TM envelope glycoproteins are eventually translated from env sequence 

(Figure 1.4)104.  

 

 

Figure 1.4: Retrovirus genome. 
The retroviral genome is a single stranded RNA (+) molecule of 7-13 kb. Top panel shows a 
schematic view of the fundamental cis-acting sequences and generic ORF present in the 
retroviral genome. Bottom panel illustrates the genome of HIV-1. complex retroviruses genome 
encodes for accessory and regulatory proteins, which are translated from multiple spliced 
RNAs. Figure modified from: Ryu, W.-S. Retroviruses. in Molecular Virology of Human 
Pathogenic Viruses 227–246 (Elsevier, 2017). doi:10.1016/B978-0-12-800838-6.00017-5. 
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1.3. Human Immunodeficiency Virus (HIV-1) 

The human immunodeficiency virus (HIV) is the aetiological agent of the acquired 

immunodeficiency syndrome (AIDS), characterized by a progressive and fatal failure of 

the immune system. Though several antiretroviral therapies are available to delay 

disease progression, no cure or vaccine exist. In addition, HIV-1 persistence in latently 

infected cells and in immune privileged anatomical sites (e.g., CNS and genital tract) 

poses a major hurdle for virus eradication105. Since the first cases in 1981, more than 

79 million of people were infected with HIV, 36 million of which died of AIDS-related 

conditions (pneumonia, tuberculosis, cancer, neurological disorders, etc.) (UNAIDS, 

Fact sheet, 2021). As of 2020, 38 million people are currently infected. HIV-1 incidence 

peaked in 2005 and is currently in constant decrease; however, AIDS prevalence is 

globally increasing, as life expectancy has increased thanks to the expanding access to 

the antiretroviral therapy (UNAIDS, Global AIDS update 2021) . The increase in 

prevalence is indeed paralleled by a general decreasing trend in mortality rate. 

Two species of HIV were discovered98,106, HIV-1 and HIV-2, which arose after zoonotic 

transmission of simian immunodeficiency virus (SIV) from apes (SIVcpz) and sooty 

mangabey monkeys (SIVsmm), respectively107,108. HIV-1 is further characterized in four 

different groups (M, N, O, P), all originated from independent zoonoses from 

chimpanzees (M, N, O) and gorillas (P). HIV-1 group M is responsible for the worldwide 

AIDS pandemics and is further classified into nine clades (A-D, F-H, J and K), showing 

diverse geographic prevalence108. For example, HIV-1 clade C is responsible for the 

majority of infections in Africa and India, while HIV-1 clade B predominates in western 

Europe and America. HIV-1 N and O registered few cases regionally confined in 

Cameroon and Gabon, while till now only two cases of HIV-1 P have been discovered, 

both in Cameroon. HIV-2 causes an immunodeficiency syndrome, like HIV-1, but the 

disease progresses slower and is less transmissible, likely for the reduced viremia109.  

HIV-2 cases are confined to West Africa.  
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1.3.1. HIV-1 pathogenesis 

HIV-1 entry in host cells relies on CD4 as primary receptor and either one of the two 

chemokine receptors, CXCR4 and CCR5, as coreceptor molecule. Based on this, HIV-

1 tropism is mainly restricted to CD4+ T-cells and to monocytes, macrophages and 

dendritic cells, despite the lower CD4 levels in myeloid-derived lineages. CCR5 is 

abundant on the surface of memory T-cells and macrophages, while CXCR4 is mainly 

expressed on the surface of naïve T-cells and by monocytes; mature dendritic cells 

show similar levels of CCR5 and CXCR4 110. 

CXCR4 is preferentially used by laboratory strains, which are adapted to replicate in 

transformed T-cell lines, while CCR5 usage is observed in most circulating strains (R5-

strains) and predominate in transmission between individuals111. Dualtropic HIV-1 

strains (R5X4) have also been reported. CXCR4-dependent strains (X4-strains) are 

rare in infected individuals and are often associated with progression to late-stage 

disease112,113. Since R5-strains are the major responsible for transmission between 

individuals, the origin of X4-strains and the mechanism of the potential co-receptor 

switch are still poorly unknown114. 

Establishment of a new systemic HIV-1 infection usually derives from the mucosal 

transmission of a single virion, the founder virus, which typically requires high level of 

CD4 and CCR5 as co-receptors115. Therefore, activated CD4+ T-cells, near epithelia, 

are the primary target of HIV-1. As the disease progresses, the virus evolves to evade 

immune pressure. Rapid replication, error-prone reverse transcriptase and 

recombination events are instrumental for the emergence of escape mutations and 

drug-resistant HIV-1 variants. Also, a change in virus tropism accompanies the 

progression of the immunodeficiency syndrome: HIV-1 virions gradually acquire the 

ability to use CXCR4 as co-receptor and to infect cells with low levels of CD4, such as 

naïve T-cells, macrophages and dendritic cells113,116. Hence, the founder virus 

undergoes remarkable changes which, by the late phase of the infection, result in the 
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generation of a genetically heterogeneous population of several HIV-1 quasispecies117, 

i.e., closely related HIV-1 variants with distinct genomes, isolated from a single infected 

individual. 

Figure 1.5 shows the typical time course of HIV-1 infection118. During the first 1-2 

weeks post infection, the founder virus begins to replicate and to spread from the 

infection site to proximal lymph nodes, leading then to systemic infection; this “eclipse 

phase” is asymptomatic and viremia is not detectable. Then, 2-4 weeks post-infection, 

the viral load rapidly increases, accompanied by the production of pro-inflammatory 

cytokines and chemokines, leading to the onset of “flu-like” symptoms. Also, humoral 

and cytotoxic adaptive immune responses are mounted. During this acute phase, 

viremia peaks, before sharply declining to a level termed “setpoint”, likely as result of 

immune response activation and loss of activated infected cells. Indeed, a transient 

decrease in CD4+ T-cells count is observed. Acute infection is followed by a long 

clinical latency, which is extremely variable in length among patients (from 1 to 20 

years): the viral load remains mostly stable around the setpoint, while the CD4+ T-cells 

count decreases very slowly, but progressively. Some time after the beginning of the 

latency phase, CD4+ T-cells are eventually exhausted (CD4+ cells <200/µl), leading to 

immunodeficiency and loss of control of HIV-1, which resumes robust replication118. 

The onset of immunodeficiency predisposes to opportunistic infections (e.g., 

pneumocystis, Herpesvirus) and cancers (e.g., Kaposi’s sarcoma), which pose a sever 

burden on patients119. In addition, the infection of CNS residing macrophages 

(microglia and perivascular macrophages) leads to HIV-associated dementia120. AIDS-

associated conditions represent therefore the major cause of HIV-1 fatality.  
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1.3.2. Replicative cycle 

General information on the virion structure and the genome organization of retroviruses 

were provided in par. 1.2.2. Distinctive features of HIV-1 will be summarized, before 

focusing on the detailed description the replicative cycle. HIV-1 has a genomic RNA of 

9 kb and is classified as a complex retrovirus (Figure 1.6); besides the three major 

polyproteins, Gag, Pol and Env, the virus also encodes 2 regulatory proteins (Tat and 

Rev) and 4 accessory proteins (Nef, Vif, Vpr, Vpu). Therefore, besides the 5’ and the 3’ 

splice sites, typical of all retroviruses, HIV-1 genome has additional splicing sites, 

which allow the production of regulatory and accessory proteins from multiply spliced 

mRNAs. 

 

 
Figure 1.5: Time course of HIV-1 infection. Viremia and CD4+ T-cells decline during HIV-1 
infection. 
Though the exact timing of HIV-1 infection is extremely variable among individuals, it typically 
consists of an eclipse phase (1–2-week p.i), an acute phase (~3-6 weeks p.i), a clinical latency 
(1-20 years) and a final disease progression phase. 
Figure from: Coffin, J. & Swanstrom, R. HIV Pathogenesis: Dynamics and Genetics of Viral 
Populations and Infected Cells. Cold Spring Harb. Perspect. Med. 3, a012526–a012526 (2013). 
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HIV-1 virion structure parallels that of other retroviruses, with the peculiarity that the 

capsid is cone-shaped (Figure 1.6). On the viral envelope, gp120-gp41 trimers 

constitute the envelope glycoproteins, mediating entry into target cells. Beneath the 

envelope membrane, p17 (MA) forms a discontinuous lattice; p17 is directly anchored 

to the envelope thanks to a myristic acid moiety and a positively charged region at the 

N-terminus. The capsid protein (p24) forms the fullerene-like conical capsid, which 

encloses the genomic RNA complexed with NC (p7), RT and IN. HIV-1 core also 

contains the viral protease, the accessory proteins Vpr and Nef and the cellular 

tRNALys, required for reverse transcription initiation. 

Virus replication is the result of fine interactions with host cells; viruses hijack cellular 

machineries, such as the translation apparatus or the intracellular vesicle transport 

system, to direct progeny virions production. The replicative cycle of retroviruses may 

be distinguished in two phases: a) the early phase from adsorption/entry to integration 

into the host genome and b) the late phase, which includes gene expression, progeny 

virions assembly and release. A schematic overview of HIV-1 replication cycle is shown 

in Figure 1.7. 

1.3.2.1. Entry  

To initiate infection, a retrovirus requires complex interaction between its envelope 

glycoproteins121 and receptor molecules, expressed on the surface of target cells. 

Receptor usage varies among retroviral genera and governs host susceptibility to 

infection and cell tropism. The envelope glycoproteins (Env) interact directly with their 

cellular receptor through SU subunit; following this initial interaction, a complex 

conformational rearrangement occurs within TM, leading to the insertion of the 

fusogenic peptide in the lipid bilayer to drive fusion. In many cases, interaction with a 

single receptor molecule is not enough to trigger fusion, but binding to a second 

molecule, the co-receptor, is required for the exposure of the fusogenic peptide. Entry 
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may be either pH-dependent or pH-independent. Viruses requiring acidification for 

efficient fusion, such as Vesicular Stomatitis Virus122 or Equine Infectious Anaemia 

Virus123, enter the cell via the endolysosomal pathway; on the contrary, viruses entering 

in a pH-independent manner, like HIV-1, fuse directly at the plasma membrane124.  

While specific binding to a cellular receptor is the major event driving fusion and 

dictating virus tropism, the initial absorption of viruses onto the cell surface is largely 

mediated by nonspecific receptor-independent contacts, involving electrostatic 

interactions and adhesion to abundant surface molecules, such as proteoglycans and 

glycosaminoglycans. Virus adsorption independent on the expression of receptor 

molecules has been observed for a variety of retroviruses, for example RSV125, MLV126, 

HIV127, and in general for viruses, such as herpesviruses128, parvoviruses129, and 

others. 

 
Figure 1.6: Virion structure and genome organization of HIV-1. 
(Top panel) Model of HIV-1 virion structure. HIV-1 virion is characterized by a cone-shape 
capsid. Though not shown in this model, besides structural proteins and viral enzymes, also the 
accessory proteins Vpr and Nef are incorporated. 
Figure modified from: Freed, E. O. HIV-1 assembly, release and maturation. Nat. Rev. 
Microbiol. 13, 484–496 (2015). 
(Bottom panel) Schematic diagram of HIV-1 genome organization, with annotated ORFs. 



Chapter 1 

 

25 

 

Figure 1.7: HIV-1 replicative cycle. 
HIV-1 binds to target cells through interaction of gp120 with CD4 and CXCR4/CCR5. 
Receptor/coreceptor engagement induces conformational changes in gp41, leading to fusion 
between the viral envelope and the plasma membrane. In the cytoplasm, the initiation of the 
reverse transcription triggers partial capsid uncoating. Partially degraded cores are trafficked 
into the nucleus, where reverse transcription and uncoating are completed before provirus 
integration. Once integrated, the provirus is transcribed to generate new copies of viral 
genomes and all the viral mRNAs to produce HIV-1 proteins. The assembly of new progeny 
virions occurs at the plasma membrane. The envelope glycoproteins gp120 and gp41 are 
translated via the ER/Golgi route and delivered to the plasma membrane, where Gag directs 
virion assembly and budding. Two copies of unspliced full-length mRNA are packaged as the 
new genomic RNA. Following budding, the viral protease is activated and drives virion 
maturation, leading to an infectious particle. 
Figure modified from: Kleinpeter, A. B. & Freed, E. O. HIV-1 Maturation: Lessons Learned from 
Inhibitors. Viruses 12, 940 (2020). 

 

This initial docking, independent on Env-receptor interaction, is thought to facilitate 

viruses to screen the cell surface for their specific receptors. Also, nonspecific 

interactions with surface molecules may facilitate virus dissemination; for instance, it 

has been observed that MLV and HIV-1 glycoproteins may bind lectins exposed on the 

surface of dendritic cells, and thus they may be delivered to lymph nodes130,131, where 
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Env-receptor specific interactions may then occur. Besides lectins, also heparan sulfate 

proteoglycans and galactosylceramide were reported to function as HIV-1 attachment 

factors132,133.  

The discovery of CD4 as HIV-1 cellular receptor first arose from the observations that 

AIDS is characterized by a massive loss of the CD4+ T-cell fraction and that HIV-1 

infects preferentially helper T-lymphocytes134. Two independent studies revealed that 

antibodies against CD4 blocked infection, indicating the pivotal role of this molecule in 

mediating HIV-1 entry135,136. CD4 alone is however not enough to render cells 

permissive to HIV-1 infection. For example, overexpression of human CD4 in CD4-

negative human cell types rendered them susceptible to HIV-1 infection, but the virus 

failed to enter in non-human cells, efficiently expressing human CD4137–139. 

Human/murine heterokaryons indicated that a cofactor, specific of human cell lineages, 

was required for successful HIV-1 infection140. In addition, depending on the envelope 

glycoproteins, some HIV-1 strains infect preferentially immortalized T-cells compared to 

macrophages, while other isolates showed opposite behaviour, suggesting the 

requirement of different cell-type specific entry cofactors. Subsequent studies led to the 

identification of the chemokine receptors CXCR4 and CCR5 as HIV-1 entry 

coreceptors. Specifically, CXCR4 was identified thanks to a cDNA library screening to 

find cofactors able to render murine cells permissive to HIV-1 infection141. Instead, the 

discovery of CCR5 stemmed from the observation that the chemokines RANTES, MIP-

1α, and MIP1β secreted by CD8+ T-cells inhibited HIV-1 infection142. CCR5 was later 

isolated by serendipity as the receptor for those molecules and confirmed as second 

HIV-1 coreceptor (reviewed in 143). 

Coreceptor usage is dictated by the sequence of gp120 variable loop 3 (V3 loop), 

which constitutes the interaction surface with either CCR5 or CXCR4144,145; specifically, 

the emergence of X4 strains is associated with the acquisition of basic residues within 

V3 146. 
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As anticipated, HIV-1 contacts CD4 and CXCR4/CCR5 through the envelope 

glycoproteins. The mature HIV-1 Env is a trimer of non-covalently associated 

heterodimers of gp120 and gp41. Gp120 subunit mediates receptor/coreceptors 

engagement, while gp41 anchors the heterodimer to the viral envelope, forming 

“tripods-like” legs147. The structure of HIV-1 Env has been extensively studied by X-ray 

crystallography148–150 and is in continuous refinement by Cryo-EM147,151,152. Gp120 

presents five hypervariable regions (V1 to V5) interspersed among five constant 

regions (C1 to C5)153, which globally folds into an inner domain and an outer domain, 

defined according to their orientation with respect to N- and C-termini; the two domains 

are joint by a bridging sheet.148 Interprotomer interactions are mediated by gp41 

ectodomain and gp120 association domain, which comprises V1, V2 and V3 loops. 

CD4 binding site is located within the outer domain, at the interface with the bridging 

sheet and is formed by the discontinuous conserved regions C1, C3 and C4, which are 

brought into vicinity by gp120 tertiary folding. The coreceptor binding site is instead 

located within V3 148.  

From N-terminus to C-terminus, gp41 consist of a fusogenic ectodomain, a 

transmembrane segment and a cytoplasmic tail. The ectodomain comprises a fusion 

peptide, a N-terminal heptad repeat, a disulphide loop, which help stabilizing gp41 

hairpin structure during fusion, a C-terminal heptad repeat and eventually, a membrane 

proximal external region (MPER)154,155.  

The envelope glycoprotein is the sole protein displayed on the viral surface and, as 

consequence, it is a major target for host neutralizing antibodies. However, Env has 

some peculiarities which favour immune evasion: first, gp120 is heavily glycosylated156 

(glycosylation account for more than half of gp120 molecular weight), with the glycan 

shield preventing antibodies to access the inner core of the trimer; secondly, gp120 is 

characterized by extreme sequence variability among isolates157, which hampers the 

generation of broadly neutralizing antibodies; also, virions display few Env molecules 
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on their surface (10-14 molecules)158 and this acts as an additional layer of protection 

against host immunity; eventually, the Env trimer is structurally flexible and it can adopt 

a closed conformation concealing functional immunoreactive hotspots159,160.  

HIV-1 Env folding is metastable161, i.e., the protein folding is associated with a local 

energy minimum, which however is not the real low-energy ground state. Env is 

therefore entrapped in a pre-triggered state, and the internal energy gradually released 

upon receptor binding is used to drive fusion162. The structural transitions of Env have 

been investigated by fluorescence resonance energy transfer (FRET), by inserting 

fluorophores in gp120 V1 and V4 or V5, to monitor V1 repositioning160,163,164. According 

to FRET values, three distinct conformational states have been observed: a pre-fusion 

state (low-FRET, state 1), an intermediate state (high-FRET, state 2) and a full CD4- 

and coreceptor-bound state (intermediate-FRET, state3)163,165. In the unliganded state, 

Env glycoproteins assume predominantly a state 1 conformation, with gp120 V1/V2 

loops interacting at the apex of the trimer, whereas the V3 loop, bearing the 

coreceptors binding site, is buried beneath V1/V2163. CD4 engagement triggers the 

transition of Env from State 1 to an asymmetrical intermediate, which is a partially open 

trimer, in which CD4 is bound to one protomers, while the other two assume distinct 

conformation164. Binding to additional CD4 molecules (full CD4-bound trimer, state 3) 

results in structural rearrangements: gp120 rotates and the V1/V2 loops move outward 

from the apex, releasing the V3 loop, which is then accessible for interaction with 

CXCR4/CCR5. Coreceptor engagement triggers additional conformational changes, 

ultimately leading to membrane fusion157: gp41 hydrophobic fusion peptide inserts into 

the target cell membrane, forming the pre-hairpin intermediate; upon gp120 

dissociation, the heptad repeats 1, at gp41 N-terminus, folds in a coiled-coil helix, 

which packs with the antiparallel helix of heptad repeats 2, forming the six-helix bundle 

which brings the viral and host membrane into proximities159,166 (Figure 1.8). HIV-1 

fusion with target cells appears to follow the general model of lipid bilayer membrane 

fusion167: the outer leaflet of the viral and cellular membranes is brought into proximity 
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and begins to fuse; subsequently the inner layers come into contact forming the 

hemifusion intermediate. The next step consists in expansion of the fusion pore: this is 

the most energy-demanding step167, which is crucial for completion of the fusion and 

capsid egress into the cytoplasm; however, the exact mechanism of fusion pore 

enlargement is not entirely understood.  

Importantly, it has been reported that Env samples spontaneously other states (partially 

opened or open), even in the absence of CD4. Specifically, laboratory-adapted strains, 

like NL4-3 open relatively often, compared to circulating strains, with important 

implications for virus sensitivity to neutralizing antibodies163,168; specifically, viruses 

which tends to open frequently (neutralization tier 1) are more easily neutralized than 

primary isolates, which open rarely (neutralization tier 2 and 3)169. 

 

 

Figure 1.8: Model of HIV-1 entry into target cells. 
HIV-1 entry into target cells is mediated by specific interaction with cell surface CD4 and 
CCR5/CXCR4. Initial binding of CD4 to gp120 V1 and V2 leads to the exposure of the V3 loop, 
which interacts with the coreceptor CCR5/CXCR4. Receptor- and coreceptor-bound Env 
undergoes extensive conformation changes leading to the insertion of the fusion peptide into 
the cell membrane and the formation of the six-helix bundle, which drives fusion. 
Figure from: Wilen, C. B., Tilton, J. C. & Doms, R. W. HIV: Cell Binding and Entry. Cold Spring 
Harb. Perspect. Med. 2, a006866–a006866 (2012). 
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1.3.2.2. Early phase events: uncoating, reverse transcription, 

nuclear import, and integration 

Following fusion with the target cell, the viral capsid is released into the cytoplasm, 

where it subjected to a progressive disassembly (uncoating). The viral genome is 

reverse transcribed by the RT enzyme to generate a double stranded complementary 

DNA, necessary for integration into the host genome. The viral RNA, packed with RT 

and tRNALys, acting as initiation primer, forms a transitory complex, known as the 

reverse transcription complex (RTC). Completion of the reverse transcription results in 

the pre-integration complex (PIC), which comprises the newly generated viral DNA, NC 

and the viral enzyme IN170; Depending on the retroviral species, additional viral proteins 

may participate in PIC formation, such as MA171 and Vpr172 in the context of HIV-1 PIC. 

Biochemical studies have revealed that the viral PIC may include also host factors173, 

such as the lens-epithelium-derived growth factor (LEDGF/p75)174, the barrier-to-

autointegration factor (BAF)175 and the high-mobility group proteins (HMGs)170. 

The mature HIV-1 capsid is cone-shaped structure, characterized by a lattice of ~1500 

CA monomers176. Capsid stability is crucial for proper particle infectivity, as suggested 

by the extreme genetic fragility of CA83, reminiscent of proteins which are highly 

dependent on an accurate structure for their functionality. The strength of interactions 

among CA monomers is a crucial determinant of core stability and may be altered point 

mutations of residues composing the inter-subunit interface. Hence, mutations 

enhancing CA disassembly or increasing monomers stability, slowing down uncoating, 

have both been associated with decreased infectivity177–179. The capsid plays an 

important role in shielding the viral DNA from degradation and cytosolic innate 

sensing180,181; in addition HIV-1 CA seems to facilitate the active nuclear import of the 

PIC, through Nup358, Nup153 and transportin 3182–184. Nevertheless, being the most 

exposed viral component in the cytoplasm, CA is often targeted by cellular restriction 

factors, such as TRIM5α and TRIMCyp, which potently interfere with HIV-1 uncoating 
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in Rhesus macaques and New World monkeys, respectively36,82. CA interacts also with 

several cellular factors which influence capsid stability, uncoating, nuclear import and 

integration185–187, such as Cyclophilin A188,189, transportin-3183, the nuclear pore complex 

proteins Nup358 and Nup153190 and the nuclear protein CPSF6191. 

Uncoating  

Disassembly of the viral capsid occurs prior to viral DNA integration, though the exact 

timing of uncoating and the cellular compartment in which this process occurs are 

object of debate. Since HIV-1 infects non-dividing cells, it has long been postulated that 

capsid disassembles in the cytoplasm, because intact cores are to too large to be 

imported through the nuclear pores. However, there is increasing evidence that 

uncoating may instead occur at the nuclear pore192–194 or even inside the nucleus195–197. 

Specifically, EM analysis revealed that intact capsids traverse the nuclear pores198 and 

that HIV-1 CA may undergo a conformational remodeling allowing the nuclear import of 

viral cores199. In addition, single-particle tracking revealed that, while core integrity is 

lost early after entry, CA signal is maintained in the cytoplasm, but dramatically lost at 

the nuclear envelope; nevertheless, few CA molecules remain complexed with the PIC 

inside the nucleus and are ultimately lost just before viral DNA integration195,200. 

Imaging studies are supported also by the biochemical evidence that some CA proteins 

remains physically associated with RTC and PIC196,201. Eventually, HIV-1 CA appears 

to facilitate the nuclear import of RTC/PIC202,203 (see below). On these bases, it is now 

generally believed that uncoating is a multistep process, which initiates soon after entry 

and is completed inside the nucleus, concomitantly with integration. 

Nuclear import 

Retroviral RTC/PIC are transported to the nuclear compartment via an active 

mechanism involving microtubules204–206; depending on the retroviral lineage, different 

microtubule associated proteins are required207, though how the microtubule motor 

machinery is hijacked remains unclear. In this regard, HIV-1 viral complexes display bi-
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directional movement208,209 and both dynein and kinesin-1 appear important for 

infection210. Recently, HIV-1 CA interaction with the kinesin-1 heavy chain adaptor 

protein, FEZ1, has been proven pivotal to promote the net transport of viral replication 

complexes to the nucleus210. In addition, it has been proposed that HIV-1 cores co-opt 

MARK2 kinase in order to phosphorylate virion-associated FEZ1, promoting its 

interaction with kinesin-1211. Notwithstanding, the exact mechanism of HIV-1 mediated 

control of transport proteins awaits further investigation. 

Nuclear import requires the interaction with proteins of the nuclear import system, 

notably the cytosolic importin-α and importin-β and nucleoporins. Importin-α binds to 

proteins harbouring a nuclear localization signal (NLS), while importin-β docks the so 

formed complex to the nuclear pore, allowing the interaction with nucleoporins212. The 

small GTP-binding protein RAN provides the energy required for nuclear transport 

processes213. For some retroviruses, entry into the nucleus is dependent on the cell-

cycle phase of the host cells; for example, MLV can infect only actively dividing cells, 

since nucleus entry is dependent on mitosis214. This is dictated by the size of the 

RTC/PIC, which is larger than 40 nm, and as such it cannot pass through the nuclear 

pores.  

On the contrary, lentiviruses, such as HIV-1, may infect also quiescent cells. It was 

initially proposed that the ability of HIV-1 to be actively transported through the nuclear 

pores depend on the NLS contained within MA215,216 and IN217 protein, based on the 

observation that they facilitate the nuclear import when fused to otherwise cytosolic 

proteins. Also, Vpr was proposed to act as a importin-β analogue218,219. However, 

subsequent studies contradicted such hypothesis, showing that MA and IN are rather 

dispensable for virus nuclear import220–222 and that Vpr role in nuclear transport is 

controversial 223,224. 

Importantly, genetic evidence suggested that the cell-cycle independence of HIV-1 

nuclear import traces back to CA proteins225; chimeric HIV-1, bearing MLV CA, fails 
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indeed to replicate in non-dividing cells203. Recent studies revealed an important role of 

HIV-1 CA in mediating viral complex docking at the nuclear envelope and nucleoplasm 

entry191,192,226; consistently, small molecules inhibitors targeting CA interferes with 

nuclear import227. Further on this, it has been observed that CA promotes active 

nuclear import of HIV-1 RTC/PIC through interaction with Nup358, Nup153 and 

transportin 3182–184. Additional support comes from imaging analyses that revealed a 

conformational remodelling of CA, which facilitates the transport of viral cores through 

the nuclear pores199. Therefore, based on these observations, CA is now considered 

the major player of HIV-1 import into the nucleus. 

Reverse transcription 

During reverse transcription, each copy of the RNA genome is reverse-transcribed by 

the viral RT in a complementary linear double-stranded DNA (cDNA), displaying 

complete LTRs at both ends. This is the provirus which will eventually be integrated 

into the host genome. Reverse transcription is first initiated within virus particles, 

immediately after budding, but it blocks at the minus strand strong stop (see below), 

likely for the limited amount of nucleotides contained inside virions. During uncoating, 

reverse transcription is eventually resumed228.  

Importantly, reverse transcription appears tightly interconnected with CA 

disassembly229,230; indeed, uncoating is promoted by initiation of reverse transcription 

but it is delayed if viral DNA synthesis is inhibited229,231,232. On the other side, mutations 

in CA affecting core stability interfere with reverse transcription177,233. For many years, it 

has been thought the reverse transcription is completed in the cytoplasm, before 

nuclear entry, since full-length viral DNA was isolated from cytoplasmic PIC175,234. 

However, there is increasing evidence that completion of the reverse transcription is 

dispensable for nuclear import and that viral DNA synthesis is eventually completed in 

the nuclear compartment193, 196,200. Indeed, as previously anticipated, HIV-1 RTC/PIC 

nuclear import appears sensitive to small molecules blocking CA227, but unresponsive 



Chapter 1 

 

34 

to RT-inhibitor drugs191,235. Eventually, an analysis of HIV-1 escape from RT and CA 

inhibitors strengthens the hypothesis that that reverse transcription continues after the 

CA-mediated nuclear import200. 

Mechanistically, reverse transcription consists of several sequential steps (Figure 1.9): 

1) Reverse transcription is initiated by the binding of a cellular tRNA to the PBS, 

which acts as a primer for the RT enzyme. Starting from the PBS a minus 

strand strong stop DNA is generated including R and U5 regions at the 5’-end; 

2) The RNAse H activity of the RT enzyme degrades the RNA genome hybridized 

to the newly synthesized DNA strand, exposing the R region, which then 

anneals to the complementary R region at the 3’-end of the RNA genome (first 

strand transfer); 

3) The synthesis of the first cDNA strand (-) proceeds till the PBS region; the 

majority of the hybridized RNA genome is degraded by the RNAse H activity of 

RT, leaving only the polypurine tract; 

4) The PPT acts as primer for the synthesis of the positive cDNA strand till the 3’-

end of the genome;  

5) The tRNA is removed and a second strand transfer occurs such that the PBS 

region within the positive strand (+) anneals to the PBS region of the negative 

strand (-). The synthesis of the two cDNA strands is then completed. 

Due to the lack of a proofreading activity, the RT enzyme is error-prone; this 

feature, along with template switching during reverse transcription, accounts for the 

high frequency of mutations and recombination events, observed in retroviruses, 

and favours the rapid emergence of drug resistant variants.  

Integration 

Following nuclear import, the provirus is integrated into the host genome and as such it 

will be passed on to progeny cells. Integration is directed by the viral IN enzyme, 
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assisted by different cellular proteins (reviewed in 236,237). The first step occurs while the 

viral complex is still in the cytoplasm and consist in the recognition of the extremities of 

the provirus and in the removal of the terminal two nucleotides at both 3’-ends, priming 

it for integration. Once in the nuclear compartment, the processed provirus is integrated 

into the host genome via a transesterification reaction, involving the free 3’-OH termini 

and the host DNA backbone.  

 

 

Figure 1.9: Reverse Transcription process. 
Schematic illustration of step-by-step events occurring during reverse transcription. Figure from: 
Basu, V. P. et al. Strand transfer events during HIV-1 reverse transcription. Virus Res. 134, 19–
38 (2008). 
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Integration occurs randomly in the genome, but it usually takes place in regions of 

actively transcribed genes238, which have a more relaxed and accessible chromatin. 

Preferential integration sites vary among retroviruses238. Mapping of the integration 

sites showed that lentiviruses such HIV-1 preferentially integrate throughout active 

transcription units, while γ-retroviruses favour integration close to transcription start 

sites239–241. Experiments with MLV/HIV-1 chimeric virus indicated that the integrase is 

the major determinant of integration site predilection242. Integrase preference is likely to 

depend on the interaction with specific cellular proteins. For example, the interaction of 

HIV-1 IN with LEDGF protein174 is important for tethering the viral enzyme to the 

transcription units of actively transcribed genes243,244. Similarly, BET proteins have 

been identified as important tethering factors for MLV IN, directing the enzyme toward 

transcription start sites245,246. 

1.3.2.3. Gene expression and nuclear export 

After integration into the host genome, the provirus acts as template for the 

transcription of viral proteins mRNAs and for the generation of new copies of viral 

genome. Provirus transcription is mediated by the host RNA polymerase II and cellular 

transcription factors. The retroviral promoter corresponds to the U3 region of the 5’ 

LTR, which contains several diverse transcriptional binding sites247. Transcription starts 

at the boundary between the U3 and R region at the 5’ LTR and extends beyond the 

poly-A signal within the R region at the 3’ LTR; read-through transcription of cellular 

genes downstream of the provirus has been implicated in the acquisition of proto-

oncogenes in the context of some retroviruses, such as Avian Leukosis Virus and MLV.  

Eukaryotic mRNA must undergo splicing to be exported from the nucleus. To export 

full-length unprocessed mRNAs or partially spliced mRNAs, retroviruses evolved 

different strategies: in simple retroviruses, like MLV, a cis-acting sequence, the 

constitutive transport element (CTE), interacts with the nuclear export proteins248 to 

facilitate the cytoplasmic delivery of unspliced mRNAs. Complex retroviruses may 
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instead encode a dedicated protein, which binds to a cis-acting element within viral 

mRNAs, promoting their export. 

HIV-1 gene expression is controlled by two proteins, Tat and Rev, termed also 

“regulatory proteins”. Tat promotes the transcription of HIV-1 provirus, while Rev is 

essential for the nuclear export of unspliced/partially spliced viral mRNAs. 

Tat 

HIV-1 5’-LTR acts as both promoter and enhancer for provirus transcription. The 

promoter region contains several binding sites for the host transcription factors NFAT, 

NF-kB and Sp1, while the enhancer presents additional binding sites for NF-kB249,250. 

Upon activation of primary HIV-1 target cells (CD4+ T-cells and macrophages), NFAT 

and NF-kB are activated and translocates into the nucleus where they bind to specific 

DNA elements stimulating promoter activity. Early experiments showed that the sole 

viral LTR was not sufficient to drive proficient provirus transcription, but an additional 

viral co-factor was required. Indeed, the expression of an LTR reporter construct was 

significantly enhanced in HIV-1 infected cells compared to control cells251. Subsequent 

studies led to the discovery of Tat, the HIV-1 transactivator factor252,253. Tat enhances 

the transcription elongation, rather than promoting multiple initiation events254. 

Therefore, initiation of provirus transcription is strongly dependent on the availability of 

host transcription factors, among which NF-kB plays a pivotal role255,256, while 

elongation past the TAR element depends on Tat. Hence, in the absence of Tat, 

provirus transcription is rather inefficient but enough to drive the production of a 

minimum amount of transactivation factor, which serve to subsequently boost the 

transcription of the viral mRNAs. 

Tat promotes transcription elongation by binding to a cis-acting element257 (TAR, Tat 

binding element), located downstream the transcription initiation site (+1 to +59). TAR 

element is characterized by a stem-loop structure; Tat binds thanks a basic arginine 

domain to a U-rich region, located at the apex of TAR stem258. Tat interaction with TAR 
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induces a conformational change of the loop, to accommodate Tat basic domain259. To 

function, Tat requires host cofactors260. Indeed, mutations within TAR loop abrogated 

transcription elongation, without blocking Tat binding261. Later studies discovered that 

Tat interact specifically with CDK9 kinase262,263, which is part of pTEFb elongation 

factor. Following Tat binding to pTEFb, CDK9 undergoes a conformation change, 

which results in constitutive activation of the enzyme263. Active CDK9 

hyperphosphorylates the C-terminal domain of RNA polymerase II, promoting 

elongation264. Tat interaction with another component of pTEFb, cyclin T1, has been 

reported265. In the absence of Tat, provirus transcription is halted at the TAR elements 

by recruitment of the negative elongation factors NELF and DSIF, on the RNA 

polymerase II. CDK9 activation by Tat results in NELF and DSIF phosphorylation and 

so, their dissociation from the polymerase266. pTEFb is activity is tightly controlled and 

most pTEFb molecules are sequestered by the 7SK snRNP complex, which maintains 

CDK9 inactive267. 7SK snRNP binds pTEFb via interaction with cycling T1; however, 

Tat competes for binding to cyclin T1, displacing the negative interaction and 

eventually leading to pTEFb activation268. 

Besides interaction with pTEFb, Tat is also targeted by host transcription repressor 

factors, with important implications for HIV-1 latency. Examples are KAP1, which 

promotes the proteasomal degradation of Tat, repressing HIV-1 expression in myeloid 

cells269, or CTIP2 which in complex with the Heterochromatin binding protein 1, 

redirects Tat to inactive heterochromatin regions in microglial cells270. In addition, 

CTIP2 directly represses pTEFb activity271. 

Rev 

HIV-1 provirus is transcribed into three different mRNA species (Figure 1.10): 

- full-length unspliced mRNAs (~ 9 kb), which are packaged as new viral genome 

molecules, or which serve as template for Gag and Gag-Pol production; 
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- partially spliced mRNAs (~ 4 kb), which comprise the monocistronic mRNAs of 

Vpr and Vif and the bicistronic Vpu-Env mRNA (The 5’ Vpu ORF overlaps with 

Env ORF located downstream); 

- completely spliced mRNAs (1.8 kb), which are required to produce Tat, Rev and 

the accessory protein Nef. 

HIV-1 primary transcripts are therefore subjected to several alternative splicing events 

to produce all the viral proteins required for the completion of the replicative cycle. 

Hence, multiple spice donor sites and splice acceptor sites are used to produce more 

than 40 differently spliced RNAs272,273. 

HIV-1 circumvents the nuclear retention of partially spliced/unspliced viral mRNAs 

thanks to Rev, which promotes their export274. Hence, unspliced mRNAs are produced 

both early and late during infection, but their successful export depends on the amount 

of Rev molecules available (reviewed in 266). 

 

 

Figure 1.10: HIV-1 mRNA expression. 

Schematic representation of HIV1 genome and differently spliced mRNAs produced 
from retrovirus transcription. Full-length genomic mRNAs are used as new copies of 
viral genome or for the production of Gag-Pol. Envelope glycoproteins, accessory and 
regulatory proteins are translated from subgenomic mRNAs. 
Figure from: Ryu, W.-S. Retroviruses. in Molecular Virology of Human Pathogenic 
Viruses 227–246 (Elsevier, 2017). doi:10.1016/B978-0-12-800838-6.00017-5. 
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As consequence, in the early phase of infection, only completely spliced mRNAs, 

encoding Tat, Rev and Nef are successfully exported into the cytoplasm and 

translated. Once Rev levels reach a certain threshold, also incompletely spliced 

mRNAs and full-length transcripts are exported.  

Rev is a ~13 kDa protein, characterized by an N-terminal arginine-rich domain which 

function as both nuclear localization signal275 and RNA-binding domain276, and a C-

terminal leucine-rich region which serve as nuclear export signal277. Self-

oligomerization sequences flank the N-terminal basic domain278. Rev promotes the 

export of intron-containing viral mRNAs by binding to a cis-acting element, RRE (Rev 

responsive element), located within env. RRE consists of a stem-loop structure of 351 

nucleotides. Rev interacts with the apex of RRE stem through its arginine-rich 

domain279; initial binding of Rev occurs at low-affinity, but progress through the 

cooperative binding of multiple monomers276,280. Rev mediates the nuclear export of 

RRE-containing mRNAs by interacting with the karyopherin protein, Crm1, which 

recognize Rev C-terminal NES281. To function, Crm1 requires the GTP-bound form of 

Ran GTPase (Ran-GTP)213. Nup214 and Nup98 seems to be involved in Crm1-

mediated export of Rev-RRE mRNAs282. Once in the cytoplasm, GTP is hydrolysed, 

leading to the destabilization of Rev-RRE complex; Rev is therefore released and it can 

shuttle back into the nucleus via interaction between its NLS and importin-β, which in 

turn binds Ran-GDP. In the nucleoplasm, Ran-GDP is converted to Ran-GTP, 

releasing Rev which will be available for another cycle of Rev-RRE-dependent 

export266.  

Several host factors were found to interact with Rev, functioning as co-factors and 

regulating the export of HIV-1 transcripts. Examples are the DDX3 helicases, which 

seems to facilitate the export of large unspliced mRNAs283 and Matrin3, which 

stabilizes partially spliced and unspliced mRNAs284. 
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Viral mRNAs translation 

Similarly to cellular mRNAs, all HIV-1 transcripts possess a 5’-cap and a 3’-poly(A), 

and their translation is therefore mediated by the host cell protein synthesis machinery. 

HIV-1 5’-UTR is characterized by many folded RNA structures (TAR, polyA, primer 

binding site, dimerization site, splice donor site and packaging signal ψ), which 

potentially interfere with efficient cap-dependent ribosomal scanning. Accordingly, it 

was observed that HIV-1 5’-UTR inhibits cap-dependent translation of a reporter 

construct in different in vitro systems, with TAR accounting for the major inhibitory 

effect285,286; however, such inhibition was absent when the reporter construct was 

transfected in different cell lines287, suggesting that the virus has evolved strategies to 

compensate for the 5’-UTR structural hindrance. Indeed, several host proteins bind to 

the 5’-UTR288, among which the DEAD-box RNA helicase DDX3 is the best 

characterized interactor: DDX3 is recruited by Tat to TAR, where it unwinds the folded 

structure to grant the pre-initiation complex the access to the mRNA molecule289. 

Besides cap-dependent initiation, several studies identified an IRES region within the 

5’-UTR, which may promote internal initiation of translation; however, whether the 

proposed IRES effectively supports initiation remains debated290–293. 

Translation of the HIV-1 bicistronic mRNAs relies on different mechanisms. In case of 

Vpu-Env mRNA, translation of the downstream env may occur by leaky scanning294, 

since Vpu AUG resides in a weak Kozak sequence, or ribosomal shunting. A six-

nucleotide upstream ORF295 overlapping with Vpu start codon appears to stimulate Env 

translation, likely acting as a ribosome pausing site.  

Translation of Pol from the bicistronic Gag-Pol mRNA requires instead a programmed -

1 ribosomal frameshift event. Pol ORF overlaps the upstream Gag but is shifted 

backward by a single nucleotide296; therefore, ribosomes must slip backward one 

nucleotide to shift from Gag to Pol reading frame. Two cis-acting sequences are 

essential for ribosomal frameshift: a heptameric “slippery site” (5’-UUUUUUA-3’), 

followed by an eight-nucleotide spacer sequence, and a downstream RNA structure. 
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The frameshift occurs at the slippery sites, while the RNA structure, generally a stem-

loop, halt ribosomes on the slippery site to increase the frameshift probability288. The 

programmed ribosomal frameshift occurs occasionally, with a frequency of 5% of 

translation events, such that about one Gag-Pol precursor is synthesized for every 20 

Gag molecules; regulation of Gag-Pol ratio is . important to ensure the production of 

infectious particles297. In case of retroviruses, bearing gag and pol in the same frame 

(e.g., γ-retroviruses), translation of the Gag-Pol polyprotein occurs though ribosomal 

readthrough (Gag stop codon is occasionally ignored and read as a sense codon).298 

Importantly, the efficiency and the mechanism of PR translation depend on the viral 

genome organization. HIV-1 and MLV encode PR as part of pol and as such it is 

produced at lower level than structural proteins, since translation requires either a -1 

ribosomal frameshift or ribosomal readthrough. Instead, in viruses encoding PR as part 

of gag (e.g., ALV), the protease is translated at equimolar to structural proteins. 

Eventually, in viruses bearing a separate pro ORF (e.g., MMTV), PR translation 

requires a ribosomal frameshift and therefore is produced at lower amount Gag, but at 

higher amount than the RT and IN, since their production needs an additional 

ribosomal frameshift.  

1.3.2.4. Late phase events: HIV-1 assembly, budding and 

maturation 

Virus assembly 

The assembly of new HIV-1 particles is orchestrated by Gag polyprotein. From N-

terminus to C-terminus, Gag is composed of Matrix (MA), Capsid (CA), Spacer peptide 

1 (SP1), Nucleocapsid (NC), Spacer peptide 2 (SP2) and p6.  

MA (p17) targets Gag polyprotein to the plasma membrane. MA N-terminus is 

myristoylated and has a highly basic region, which favour association with the inner 

leaflet of the plasma membrane299,300. MA has also a cell-type-dependent active role in 

the incorporation of the envelope glycoproteins, by establishing a direct or indirect 
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interaction with the C-terminal tail of Env (Env-CT)301. This aspect will be further 

discussed concomitantly with Env incorporation.  

Besides its relevance for HIV-1 nuclear import and optimal infectivity CA mediates 

Gag-Gag interactions during assembly and the formation of the immature hexameric 

lattice. Monomeric CA is composed of two folded domains, the N-terminal domain (CA-

NTD) and the C-terminal domain (CA-CTD), joint by a flexible linker302,303. A 20-amino 

acid stretch within CA-NTD, highly conserved among retroviruses, constitutes the 

major homology region, which is essential for Gag assembly302. Upon proteolytic 

processing of Gag polyprotein by the viral protease, CA undergoes a structural 

rearrangement, resulting in the formation of the mature cone-shaped core, as 

explained in the final part of this paragraph. 

SP1 is located between CA and NC, while SP2 separates NC and p6. SP1 was 

reported to help immature particle assembly and morphogenesis of the mature capsid; 

indeed, SP1 release from CA is necessary for mature core formation and mutations 

within SP1 regions are deleterious for ordered Gag assembly and, consequently, 

infectivity304,305. The functional role of SP2 remains instead elusive, since the peptide 

itself or its release from NC appears dispensable for virus morphogenesis and 

infectivity306. 

NC protein is primarily responsible for packaging of the viral genome, but it also 

participates in Gag oligomerization and assembly307. In addition, NC protects and 

stabilizes genomic RNA dimers, acting as a chaperonee308,309. NC contains two highly 

conserved zinc-finger knuckle domain, which enable binding to the viral RNA. NC 

specifically interacts with the packaging signal ψ, a cis-acting sequence located within 

HIV-1 5-UTR.  

As anticipated before, HIV-1 genome consists of a dimer of two single stranded RNA 

molecules with positive polarity. RNA dimerization is non-covalent and involves a 

region (DIS) contained within the 5’ UTR310. Genomic RNA dimerization is thought 
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crucial for encapsidation, since the NC protein appears to selectively recruit the dimeric 

form of the viral genome311,312. Dimerization appears therefore to occur prior budding, 

but the location at which this process occurs remains controversial; indeed, both RNA 

dimerization at the plasma membrane313 and delivery of RNA dimers pre-formed in the 

cytosol314 have been observed. Similarly, intracellular trafficking of HIV-1 genome 

remains elusive: some studies suggested that low-order Gag multimers associate with 

a pre-formed RNA dimer in the cytoplasm, targeting and docking the viral genome to 

the plasma membrane315,316. However, passive diffusion of genomic RNA has also 

been recorded317. 

The primary site of HIV-1 assembly is the cytosolic leaflet of the plasma membrane. 

Gag anchors to the plasma membrane thanks to the myristic acid and the highly basic 

region at MA N-terminus. Indeed, mutations within MA basic region results in Gag 

mistargeting to intracellular compartments318,319. The mechanism of Gag trafficking from 

the cytoplasm to the plasma membrane has been only partially characterized and the 

exact identity of host factors involved in this process remain elusive. Importantly, PIP2 

emerged as a crucial element for Gag targeting and docking to the plasma 

membrane318,320. Consistently, PIP2 depletion results in mistargeting to MVB, 

phenocopying the effect of some MA mutations318. Moreover, direct interaction between 

MA highly basic domain and PIP2 has been reported321; based on this, it has been 

proposed that MA myristic acid is partially buried in the protein folding, but readily 

exposed upon interaction with PIP2
322. Besides HIV-1, PIP2 relevance for virus 

assembly has been proven also for MPMV323, FIV324 and MLV325.  

The coalescence of Gag, Gag-Pol and NC-bound viral genome help to nucleate 

assembly at the plasma membrane, specifically in microdomains enriched in 

cholesterol and sphingolipids (lipid rafts)326. CA is the main driver of the process, 

mediating interactions between Gag monomers. In immature HIV-1 particles, Gag is 

radially packed with MA bound to the inner leaflet of the membrane, and p6 pointing 
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inward. MA assembles in hexamers of trimers322,327; beneath MA layer, CA proteins are 

organized in hexamers, forming a continuous, but truncated spherical lattice. Recent 

Cryo-EM data confirmed that Gag dimers are the fundamental assembly unit driving 

lattice formation328,329. There are also indications that RNA and plasma membrane play 

an active role in aiding Gag self-assembly329, suggesting that Gag oligomers are 

assembled at the plasma membrane rather than being pre-assembled in the 

cytoplasm. To accommodate the membrane curvature, the immature lattice contains 

gaps within the Gag layer330. As Gag lattice grows, the cellular membrane bends 

outward, forming a narrow neck, which will be excised and sealed by the ESCRT 

machinery.  

Env glycoprotein incorporation 

The envelope glycoproteins are translated by ER-associated ribosomes as gp160 

polyprotein precursor, which is cotranslationally heavily glycosylated (Env biosynthesis 

is reviewed in 331). During passage through Golgi, gp160 is cleaved by furin or furin-like 

proteases into gp120 and gp41, that associate into a non-covalent heterodimer. Gp120 

is further glycosylated; gp120-gp41 heterodimers are eventually assembled into trimers 

and trafficked to the plasma membrane via the secretory pathway. Rapid Env 

internalization by clathrin-mediated endocytosis and gp120 shedding maintain a 

relatively low level of membrane-associated Env and contribute to the virion 

incorporation of only few Env molecules. The observation that only ~10 Env trimers are 

incorporated into assembling particles158 suggested that Env acquisition may be 

regulated. However, the exact mechanism by which budding particles incorporate Env 

remains unclear. Four different hypotheses have been proposed to model Env 

acquisition (reviewed in 301,331 ):  

1) passive incorporation, based on the observation that non-HIV-1 envelope 

glycoproteins may be acquired to generate pseudotyped virions; 

2) Gag and Env co-targeting though co-trafficking to lipid rafts,  
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3-4) direct or indirect recruitment by Gag, i.e., direct interaction between Env and 

Gag or binding to a common cellular factor that bridges Gag and Env.  

Though these four models are not mutually exclusive, genetic and biochemical data 

support both direct and indirect interaction specifically involving MA and the 

cytoplasmic tail of gp41 (Env-CT)332,333. For example, assembly-competent MA mutants 

abolish Env incorporation334,335; similarly, a deletion within Env-CT compromises Env 

acquisition, but this effect can be compensated by a mutation in MA333. Importantly, the 

relevance of Env-CT for gp120-gp41 incorporation is cell-type dependent336,337. 

Specifically, Env-CT is an important determinant for Env incorporation in most T-cell 

lines and in primary T-lymphocytes and macrophages, while it is dispensable in other 

cell lines, such as HEK293T and HeLa.  

Recently, super-resolution microscopy showed that in CEM T-cells Env trimers localize 

at the neck of nascent particles, suggesting that Env acquisition occurs after an initial 

step of Gag lattice formation. This peculiar distribution of Env is dependent on the cell-

type, Env-CT and MA338,339. Since deletion of Env-CT in CEM T-cells led to unbiased 

Env distribution onto progeny virions, it has been proposed that Env glycoproteins are 

entrapped at the periphery of budding virions by steric hindrance between Env-CT and 

MA339. Though these findings support a direct Gag-Env interaction, the cell-type 

dependent requirement of Env-CT strongly argues in favour of the involvement of host 

proteins in Env incorporation. Interestingly, compared to other retroviruses, lentiviruses 

have a particularly long Env-CT (~150 aa vs ~20-30 aa), characterized by three 

amphipathic helices, lentivirus lytic peptides (LLPs) which associates with the inner 

leaflet of the plasma membrane. Env-CT appears relevant for HIV-1 replication, since 

its deletion results in decreased replication in PBMCs336 and non-permissive cell 

lines337,340; furthermore, Env-CT is strongly conserved in both SIV and HIV-1 and 

truncation of gp41 in the context of SIV abolished virus replication in animal models341. 

It was observed that gp41 cytoplasmic tail contains several interaction motifs for host 

proteins, which may regulate Env surface expression and trafficking (reviewed in 342). 
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For example, FIP1C, belonging to the Rab Family Interacting Proteins, and Rab14 

were identified as essential for full-length Env sorting to the plasma membrane and 

virion incorporation in T-cell lines343,344. Nevertheless, the identity of cellular factors 

regulating Env trafficking, and incorporation remains mostly uncharacterized. 

HIV-1 release 

After particles assembly, nascent virions must excise from the host cell membrane. 

HIV-1 budding is orchestrated by Gag, specifically p6, which hijacks the cellular 

Endosomal Sorting Complex Required for Transport (ESCRT) machinery. The ESCRT 

system is highly conserved from archaea throughout eukaryotes345 and plays a crucial 

role in membrane scission events such as cytokinesis, sorting of ubiquitinated cargoes 

to multivesicular bodies and intraluminal vesicles biogenesis (reviewed in 346). The 

ESCRT machinery is composed of several proteins, functionally divided in three major 

complexes: ESCRT-I, ESCRT-II and ESCRT-III. ESCRT cargoes are often 

ubiquitylated and are recognized by the ESCRT-I component TSG101. ESCRT-I 

recruits ESCRT-II, which in turns interacts with ESCRT-III, the main driving force of 

membrane constriction. Upon recruitment, ESCRT-III components polymerize in coiled-

coil filaments, consequently deforming membranes, and recruit the AAA-ATPase 

VSP4, which provides energy for the final membrane scission step and for ESCRT-III 

depolymerisation and recycle. 

Evidence for the involvement of p6 in virus release came from electron micrographs 

showing that Δp6 HIV-1 virions remained attached to the host cell membrane347. The 

identification of TSG1010 as interaction partner of p6 provided the first evidence for 

ESCRT involvement in the late stage of HIV-1 replication348,349. Subsequent mutational 

analysis of p6 identified two motifs, termed late domains, which are essential for 

ESCRT co-optation by HIV-1: PTAP and YPXL. PTAP motif binds TSG10, while YPXL 

recruits the ESCRT-associated protein ALIX350. Virus release has been recently 

reviewed by Meng et Lever350. This process starts with ESCRT-I recruitment at the 
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assembly site by Gag PTAP motif; ubiquitylation of Gag351 may further promote the 

interaction with TSG101352. Gag interacts also with ALIX via the YPXL motif353,354, 

which provides an alternative ESCRT-III recruitment route. Specifically, ALIX interacts 

with TSG101 and a component of ESCRT-III complex (CHM4B), promoting its 

recruitment and bypassing ESCRT-II. Hence, the requirement of ESCRT-II for correct 

HIV-1 budding remains controversial355,356. The subsequent recruitment of ESCRT-III 

and VSP4 results in membrane constriction and scission, releasing progeny virions. 

Additional host factors are likely to participate in ESCRT recruitment by HIV-1. An 

example is angiomotin-like 1, which bridge Gag to the E3 ubiquitin ligase NEDD4L357; 

in turn, NEDD4L ubiquitinates viral and cellular proteins at Gag assembly sites 

facilitating the recruitment of ESCRT machinery to promote HIV-1 budding.  

Virus maturation 

HIV-1 virions bud from producer cells as immature particles, which must undergo a 

structural remodelling to became infectious. Virus maturation is governed by the viral 

protease. PR is a dimeric aspartyl protease, harbouring the catalytic site at the dimer 

interface. The activation of HIV-1 PR is concomitant with particle release and occurs 

through the dimerization of PR monomers embedded in a close pair of Gag-Pol 

polyproteins358. Once activated, PR first excises itself from the precursor polyprotein 

and then proceeds to Gag and Gag-Pol processing to release single proteins; HIV-1 

protease cleavage sites are interspersed within Gag and Gag-Pol, defining the mature 

products of the two polyproteins. Importantly, depending on the cleavage site, PR has 

a different processing efficiency, and this peculiarity is essential to drive a timely 

regulated cleavage cascade359. Indeed, each cleavage site within the precursor 

polyproteins has a unique sequence360 and alteration of PR cleavage rate are 

detrimental for the maturation of a full-infectious particle361. Gag maturation proceeds 

therefore through a series of sequential cleavage events362 (Figure 1.11). PR first acts 

on the site between SP1 and NC (rapid cleavage site), producing MA-CA-SP1 and NC-
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SP2-p6; then the viral enzyme cleaves at the junction MA-CA and SP2-p6 

(intermediate site). SP2 is subsequently detached from NC and, eventually, CA and 

SP1 are separated (slow cleavage sites), releasing a soluble pool of CA molecules. 

Gag proteolytic processing is accompanied by conformational rearrangement of 

structural proteins and as consequence by a morphological change of the virus particle 

(Figure 1.12). In immature virions, Gag molecules are packed radially, with MA toward 

the envelope and p6 pointing inward. Once excised from SP1, the immature nearly 

spherical CA lattice is disassembled and reorganized in a fullerene-like conical core of 

250 hexamers and 12 pentamers; CA pentamers close the cone extremities (7 pentons 

at the wide end and 5 at the narrow end)179.  

Gag cleavage downstream of SP1 induces the condensation of NC and the viral RNA 

in a dense RNP particle305; in addition, NC chaperone activity stabilizes the formation of 

a stable genomic RNA dimer. Similarly to CA, MA undergoes a conformational change: 

in immature particles, MA trimers are assembled into a poorly ordered hexameric 

lattice with positively-charged holes, which are thought to accommodate Env-CT. 

Following cleavage from Gag, MA trimers fold into a discontinuous, but well-ordered 

hexameric lattice, with smaller neutral gaps327. 

Gag maturation impacts on the envelope glycoproteins. Indeed, unprocessed Gag 

seems to interact with gp41 C-terminal tail, through MA, and this is hypothesized to 

lock Env in a non-fusogenic conformation. PR-mediated cleavage of Gag activates Env 

for fusogenicity363,364, though structural details of Env-CT in mature virions are still 

unavailable. Gag was therefore proposed to act as a “switch” to prevent fusion till the 

virion has completed maturation. Importantly, in mature virus particles, Env trimers are 

not sparsely distributed onto the virion surface, but rather they are all clustered in a 

defined area365. This biased distribution is functional to drive successful fusion with 

target cells. As explained previously, the expansion of the fusion pore is the most 

energy-demanding step of membranes fusion; as such, the confined establishment of 
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multiple receptor/coreceptor contacts assure enough energy to locally overcome the 

energy barrier required for fusion completion.  

 

 

 

 

 

 

 

 

Figure 1.11: Gag polyprotein processing by HIV-1 protease. 
Gag is cleaved in mature proteins though an order sequence of cleavage events mediated by 
PR.  

 



Chapter 1 

 

51 

 

Figure 1.12: Model of HIV-1 immature and mature virions. 
During maturation, Gag-Pol polyproteins are processed by HIV-1 PR, to release induvial 
structural proteins and enzyme. Virus maturation is accompanied by major morphological 
changes (Env clustering, MA and CA lattices reorganization, nucleocapsid condensation). 
Figure modified from: Chojnacki, J. & Eggeling, C. Super-resolution fluorescence microscopy 
studies of human immunodeficiency virus. Retrovirology 15, 41 (2018) 

 

1.3.3. HIV-1 accessory proteins 

Besides structural and regulatory proteins, HIV-1 encodes 4 accessory proteins, Vif, 

Vpr, Vpu and Nef. Notably, such proteins are dispensable for virus spreading in many 

in vitro systems but are crucial for HIV-1 replication and disease progression in vivo.  

Vif (Virion infectivity factor) is a cytoplasmic protein, crucial for virus production in 

primary PBMCs366,367 and in vivo368. Besides HIV-1, Vif is encoded also by HIV-2 and 
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SIV. Vif importance traces back to its ability to inhibit the restriction factor APOBEC3G, 

which is a cellular cytidine deaminase. APOBEC3G induces viral genome 

hypermutation and fragmentation by deaminating cytidines (C  U transformation) 

during reverse transcription31. Besides interfering with virus replication in producer 

cells, APOBEC3G can be incorporated into progeny virions and act in target cells, 

hampering infection369. Vif antagonizes APOBEC3G, preventing its incorporation; 

specifically, Vif induces the proteasomal degradation of the host factors, binding 

directly APOBEC3G and recruiting the Cullin-5 E3 ubiquitin-ligase complex, leading to 

the polyubiquitination of the host factor29. 

Vpr (Viral protein R) is essential for virus spread and pathogenesis in vivo, favouring 

replication in quiescent cells, notably monocytes and macrophages370. Vpr is 

evolutionary conserved among primate immunodeficiency viruses and its importance in 

pathogenesis is highlighted by delayed disease progression and emergence of Vpr 

revertants in vivo371,372. Vpr is relatively abundant in progeny virions373, where it is 

actively incorporated via interaction with Gag p6. A major activity of Vpr consists in the 

induction of cell-cycle arrest in G2/M, a phase in which the LTR appears to be more 

active, favouring virus production. G2/M blockade by Vpr depends on the interaction of 

the viral protein with the endonuclease complex SLX4 and its activating kinase, PLK1, 

concomitant with the recruitment of the the Cullin-4-DDB1-DCAF-1 complex. Vpr 

induces the premature activation of SLX4, which leads to genomic instability and cell-

cycle arrest374. Also, degradation of viral cDNA has been reported374. Based on this, it 

has been proposed that Vpr activity contributes to prevention of virus innate sensing, 

by maintaining low levels of viral cDNA. 

Interestingly, vpr gene underwent a duplication event in HIV-2, SIVsmm, SIVmac, SIVrmc 

and SIVmnd2, which resulted in an additional accessory gene, vpx375 Vpx antagonizes 

the effect of SAMHD1, which interferes with virus replication in myeloid cells 

(monocytes, macrophages and dendritic cells) and quiescent CD4+ T-cells27,376. 
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SAMHD1 is a deoxynucleotide triphosphohydrolase, which blocks reverse transcription 

by depleting the cellular dNTPs pool, arresting virus replication at an early stage377. 

Vpx prevents SAMHD1-dependent restriction, by promoting its proteasomal 

degradation; specifically, Vpx interacts with the C-terminus of SAMHD1 and recruits 

Cullin-4 E3 ubiquitin ligase, which targets SAMHD1 for polyubiquitination378,379. 

Vpu (Viral protein Unique) is encoded by HIV-1 and certain SIV isolates. Vpu ensures 

optimal release of budding progeny virions, by antagonizing Tetherin. ΔVpu HIV-1 

remains entrapped onto the surface of host cells24,25. Tetherin is anchored to the 

plasma membrane via a N-terminal transmembrane domain and a C-terminal GPI-

linker; this unique topology allows Tetherin to bridge the host cells membrane to the 

viral envelope, impeding virus release. Vpu antagonizes Tethering by inducing its 

proteasomal degradation; alternatively, Vpu downregulates Tetherin from the cell 

surface, relocalizing it to the endosomal compartment and, eventually, leading to its 

degradation in lysosomes380,381. Interestingly, in HIV-2, Tetherin counteraction is 

mediated by the envelope glycoproteins382; instead in SIVs not encoding Vpu, Nef 

evolved such activity383. Eventually, Vpu downregulates CD4 from the ER surface and 

targets it for proteasomal degradation to avoid interactions with the envelope 

glycoproteins during translation384. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Footnote: Since Nef is a main subject of this thesis, this accessory protein will be illustrated in a 

dedicated paragraph (par.1.5). 
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1.4. SERINC5, a potent inhibitor of retrovirus infectivity 

1.4.1. The discovery of SERINC5 

SERINC5 is a multispanning transmembrane protein with 10 transmembrane domains; 

both N-terminal and C-terminal end are cytoplasmatic. SERINC5 is a member of the 

family of the Serine Incorporator (SERINC) protein family, that account for five 

members in humans. SERINC family is highly conserved from yeast to mammals.  

S. cerevisiae and D. melanogaster have only on SERINC gene, while starting from 

vertebrates the locus underwent duplication reaching up to five paralogs in 

mammals385. SERINCs proteins share an amino acid identity of at least 30%, with the 

most conserved portion being the at the N-terminus386. A phylogenetic tree of SERINC 

family is shown in Figure 1.13. SERINC proteins remain orphan of a function. A single 

studied presumed an involvement in serine incorporation during sphingolipids 

biogenesis387, hence the name SERINC (SERine INCorporator protein). This 

hypothesis is based on the observation that upon expression in COS-7 cells, E. coli 

and S. cerevisiae, different SERINCs interacts with 3-phopshoglycerate 

dehydrogenase, facilitating serine incorporation in the biosynthesis of sphingolipids and 

phosphatidylserine. However, this putative function has never been confirmed. Human 

SERINCs are ubiquitously expressed, particularly in hematopoietic lineages, central 

nervous system, and male and female tissues (https://www.proteinatlas.org).  

SERINCs functional role has been unknown since two independent studies 

demonstrated that SERINC5, and to a lesser extent SERINC3, inhibit HIV-1 infectivity, 

and are counteracted by the HIV-1 accessory protein Nef.43,44 A role of Nef in 

modulating HIV-1 infectivity has been recognized more than 25 years ago388, though 

the net effect of the accessory protein on infectivity was a difficult phenotype to 

investigate, since it is strongly dependent on the viral strains and the cellular models 

adopted, and the mode of infection. 
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Figure 1.13: The eukaryotic SERINC family. 
(a) Schematic bidimensional diagram of SERINC5 topology. SERINC5 has 10 transmembrane 
domains, with N-terminal and C-terminal intracytoplasmic tails. The protein is N-glycosylated at 
the fourth extracellular loop. A similar topology is predicted for SERINC5 paralogs and 
orthologs. (b) Phylogenetic tree of eukaryotic SERINC family. A single SERINC gene is 
encoded by S. cerevisiae, C. elegans and D. melanogaster; during evolution, the locus 
underwent duplication, reaching five copies in mammals. In mammals SERINC genes form two 
cluster, one including SERINC1, SERINC3 and SERINC2, and the second consisting of 
SERINC4 and SERINC5. Figure from: Firrito, C., Bertelli, C., Vanzo, T., Chande, A. & Pizzato, 
M. SERINC5 as a new restriction factor for human immunodeficiency virus and murine leukemia 
virus. Annu. Rev. Virol. 5, 323–340 (2018). 

 

Accordingly, Nef enhancement of infectivity has variable entity among different cell 

lines (from 2-fold to 40-fold)389.  

The “discovery” of SERINC3/5 as inhibitors of HIV-1 infectivity arose from two 

observations: 1) some cell lines are permissive to Nef-deficient HIV-1 virions, while 

others are not390; 2) Nef and the unrelated GlycoGag are important for HIV-1 and 

MoMLV infectivity in vivo and in some laboratory cell lines389. The molecular basis for 

Nef and MoMLV glycoGag enhancement of infectivity were not clear, but 

mechanistically related, since their requirement is both dependent on the producer cell 
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type and clathrin- and AP-2 dependent endocytosis, and on dynamin2390–392. In light of 

the above, Göttlinger and Pizzato looked for a cellular factor, underlying Nef-

counteracted viral restriction with two different approaches. The Göttlinger’s group44 

hypothesized that given the essential role of the endocytic machinery in the 

enhancement of HIV-1 infectivity, glycoGag and Nef counteracted a restriction factor, 

that was likely to be incorporated into progeny virions in their absence. From proteomic 

analysis on virions produced by T-cells infected with wild-type or nef-defective HIV-1, 

SERINC3 emerged as the best score. SERINC3 was enriched specifically in neffs 

virions, but its incorporation was prevented providing Nef in trans in producer cells. 

Testing different allelic variants of nef, the Göttlinger’s group found out that some nef 

alleles, like nefSF2, enhanced HIV-1 infectivity, without preventing SERINC3 

incorporation. This observation eventually led to the identification of another SERINC 

protein, SERINC5, potently inhibiting HIV-1 infectivity. Consistently, the most active Nef 

protein, they tested, was able to counteract both SERINC3 and SERINC5.  

In parallel, the Pizzato’s group43 focused on the evidence that the Nef requirement for 

optimal virion infectivity depends on the producer cell lines. The transcriptome of cell 

lines, displaying high or low responsiveness to Nef enhancement, was analysed to 

identify differentially expressed genes, correlating with Nef dependence; SERINC5 

emerged as the most correlating gene. Jurkat TAg (JTAg) cells are known to have the 

highest responsiveness to Nef-mediated enhancement of virus infectivity; consistently, 

JTAg cells express higher levels of SERINC5 compared to other cells lines, such as 

the widely used HEK293T cells. Besides SERINC5, JTAg cells express other SERINC 

paralogs, but in agreement with data from the Göttlinger’s group, only SERINC5 and 

SERINC3 inhibit HIV-1 infectivity. Indeed, SERINC5 silencing or knock-out in high-

responsive JTAg cells rescued neffs virion infectivity, while ectopic expression in the 

low-responsive HEK293T cell line was necessary and sufficient to hamper HIV-1 

infectivity, conferring a Nef-responsive behaviour. Accordingly, it was observed that Nef 
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or glycoGag expression in trans in JTAg cells rescued the infectivity of neffs virions. 

Despite inhibiting HIV-1 infectivity, SERINC3 contribution is much smaller than 

SERINC5 (2/3-fold vs 10/40-fold), as demonstrated by single knock-out and double 

knock out experiments in JTAg cells and in parallel, by overexpression of SERINC5 or 

SERINC3 in HEK293T cells.  

Importantly, the downregulation of SERINC5 and SERINC3 surface expression by Nef 

was later confirmed by a functional proteomics screening of plasma membrane 

proteins altered by HIV-1 in CEM-T4 cells393.  

1.4.2. The antiretroviral activity of SERINC5 

SERINC5 is predominantly expressed on the plasma membrane43,44 and is enriched in 

lipid rafts394. In virus producing cells, SERINC5 is incorporated in newly generated 

virions. Upon virion incorporation, SERINC5 hampers the infection of a new target 

cells, by a yet unknown mechanism. SERINC5 does not interfere with virions 

production, Gag polyprotein processing or HIV-1 Env incorporation44 but upon infection 

with SERINC5-laden virions, late reverse transcription products fail to accumulate43, 

suggesting that the host factor affects an early step of viral infection. Nef overcomes 

SERINC5 inhibition of infectivity, by excluding the host factor from progeny virions; Nef 

prevents SERINC5 incorporation into virus particles, by promoting the intracellular 

accumulation of the protein in the late endosomal compartment (Figure 1.14). 

Downregulation of SERINC5 from the cellular surface requires clathrin- and AP-2-

dependent endocytosis, in line with previous reports indicating that Nef recruitment of 

the clathrin-endocytosis machinery is essential for the enhancement HIV-1 infectivity391. 

Except for motifs generally required for contacting AP-2, regions of Nef selectively 

involved in SERINC5 counteraction are still unknown.  
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Figure 1.14: Model for SERINC5 and SERINC3 inhibition of HIV-1 infectivity and 
counteraction by Nef. 
Productive HIV-1 infection (a) requires the expression of Nef in producer cells, which 
internalizes the host factor in the late endosomal compartment. In the absence of Nef, 
SERINC3/5 are incorporated into progeny virions, hampering infection of new target cells. 
Figure from: Aiken, C. Antiviral action countered by Nef Quantum dots and the Kondo effect. 
Nature 526, 202–203 (2015). 

 

The presence of SERINC5 in progeny virions appears instrumental for inhibition of 

infectivity. Different studies suggest that SERINC5 impairs virus fusion with target 

cells46,395. Consistently, the fusogenic potential of HIV-1 seems to be impaired by 

SERINC5, as shown by the reduced intracellular cleavage of a fluorescent β-lactamase 

substrate when target cells are infected with virions carrying a SERINC5 and β-

lactamase-Vpr fusion protein44. Furthermore, it has been reported that major 

determinants for HIV-1 sensitivity to SERINC5 reside within the envelope glycoprotein 

gp120396. SERINC5 shares no homology with other proteins, making difficult to infer a 

putative mechanism of action; notwithstanding, three hypotheses have been proposed 

to mechanistically explain SERINC5 effect on virus fusion (a schematic diagram is 

shown in Figure 1.15): 
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1) Alteration of the lipid composition in viral and cellular membranes: newly 

generated virions bud from membrane microdomains enriched in cholesterol 

and sphingolipids and lipid composition of viral envelope is thought to be crucial 

for infectivity397. Therefore, it was suggested that SERINC5 antiviral activity 

might be due to alteration of lipid composition, perhaps increasing stiffness of 

the viral envelope. Nef slightly modifies the sphingolipids content of HIV-1 

particles, when produced from MT-4 T-cells398, suggesting the possibility that 

this activity is enhanced in the presence of SERINC5, allowing Nef to overcome 

restriction. However, irrespectively of Nef, quantitative lipidomic of virions and 

producer cells showed no differences in lipids composition/organization, in the 

presence of SERINC5399. Moreover, SERINC5 does not affect sphingosine 

metabolism, a key building block of sphingolipids biosynthesis. 

2) Inhibition of fusion pore formation: previous studies showed that inhibition of 

productive infection was more potent than the inhibition of fusion43,44. This 

observation has been interpreted as an indication that SERINC5 entraps 

viruses in a dead-end hemifusion46 state, where the process is initiated, 

allowing the passage in the cytoplasm of small molecules like Vpr-Blam44 or Cre 

recombinase43, but not of the viral core, thus blocking productive infection of 

target cells. Although SERINC5 is reported to inhibit HIV-1 fusion, HIV-1 Env 

glycoproteins have a different susceptibility to the host factor43; for example, the 

JFRL isolate is more resistant than the laboratory strain NL4-346. In addition, the 

Melikyan’s group46 demonstrated that SERINC5 interferes with small pore 

formation between HIV-1 particles and target cells and that this inhibition 

depends on spontaneous inactivation of SERINC5-sensitive Env glycoproteins. 

SERINC5-mediated impairment of fusion is also supported by recent super-

resolution microscopy findings395, which revealed that SERINC5 disrupts Env 

trimer clustering. HIV-1 virions incorporate few Env trimers400 (10-14 

molecules), which cluster in a defined region of the viral envelope401. Virus 
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fusion with the cellular membrane requires energy for the process to occur and 

focal enrichment of Env trimers is instrumental to establish enough receptor-

specific contacts to overcome the energy barrier. In this regard, disruption of 

Env clustering by SERINC5 may provide an explain the fusion failure. 

3) Impairment of envelope glycoproteins functionality: a third possible mechanism 

of SERINC5 antiviral activity may consist in the interference with the correct 

envelope glycoproteins functionality. Besides inhibition of HIV-1 infectivity, 

SERINC5 is reported to increase virus susceptibility to neutralizing 

antibodies47,402,403, specifically targeting the Membrane Proximal Region 

(MPER) of gp41. Exposure of cryptic neutralizing epitopes within gp41 may be 

the result of SERINC5-dependent conformational changes of the envelope 

glycoproteins. Alternatively, upon receptor binding, gp41 refolding, necessary to 

expose the fusogenic peptide, may be slowed down by SERINC5.  

Antibodies binding to MPER gp41 would compromise the functionality of the 

fusogenic peptide, thus hampering fusion. Accordingly, virus susceptibility to 

SERINC5 depends on the envelope glycoproteins quaternary conformation46,404. 

The unliganded gp120-gp41 trimers transition through different conformation 

states (open, partially closed and closed)169, named on the basis of neutralizing 

antibodies accessibility of the trimer inner core, where the MPER resides. 

Laboratory adapted HIV-1 strains, such as NL4-3 and HXB2, assume 

prevalently an open conformation and are severely inhibited by SERINC5. On 

the contrary, most circulating strains such as AD8 and JRFL, which are partially 

resistant to SERINC5, have a close conformation, which shields the inner core 

from neutralizing antibodies46. In support of the functional inactivation of 

envelope glycoproteins, SERINC5 susceptibility maps to the variable loops at 

the apex of gp120, which regulates access to the MPER region396. However, it 

is unclear whether SERINC5 interacts directly with the envelope glycoproteins. 

Bimolecular Fluorescence complementation assays suggested the existence of 



Chapter 1 

 

61 

a direct interaction between SERINC5 and gp120-gp41, which impairs trimers 

assembly404; however, this possibility has not been further demonstrated. 

In conclusion, additional studies are required to understand which one of these 

aspects, inhibition of pore formation or increased sensitivity to neutralizing antibodies, 

is predominantly determining antiviral activity of SERINC5, and how these aspects are 

related to each other’s. 

1.4.3. Retroviral counteraction of SERINC5 

SERINC5 antagonization is extremely conserved among primary HIV-1 and SIV nef 

alleles43,405, though the strength of counteraction varies. A study on primary SIV 

isolates revealed that the prevalence of SIV isolates in their host populations is 

correlated to the SERIN5 counteraction potency of their respective Nef proteins406; this 

suggests that SERINC5 antagonization is relevant for virus spreading in vivo. 

 

 

 

Figure 1.15: Possible mechanisms of SERINC5 inhibition of virus fusion with target cells.  
SERINC5-mediated inhibition of productive retroviral-cell fusion (a) might be due to increased 
stiffness of the viral envelope, caused by an alteration of the lipid composition (b) or SERINC5 
crowding (c). Alternatively, SERINC5 could alter the conformation or the functionality of the 
envelope glycoproteins trimers or interfere with their clustering (d). 
Figure from: Firrito, C., Bertelli, C., Vanzo, T., Chande, A. & Pizzato, M. SERINC5 as a new 
restriction factor for human immunodeficiency virus and murine leukemia virus. Annu. Rev. 
Virol. 5, 323–340 (2018). 
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However, as anticipated in the previous paragraph, Nef requirement for optimal virus 

infectivity is dictated not only by the producer cell type389, but also by the envelope 

glycoproteins396. Different retroviral alleles of env confer different degrees of protection 

against SERINC5 inhibition45,389, implying that HIV-1 has evolved two counteracting 

factors: Env and Nef.  

Importantly, SERINC5 inhibits not only HIV-1, but also Moloney Murine Leukaemia 

virus (MoMLV)389, belonging to γ-retroviruses and Equine Infectious Anaemia Virus45 

(EIAV), belonging to equine lentiviruses. Despite phylogenetically unrelated, MoMLV 

and EIAV, like HIV-1, have independently evolved tools to counteract SERINC5 

(glycoGag and S2, respectively; see Figure 1.16).  

GlycoGag is a MLV accessory protein407,408, dispensable for viral replication in vitro, but 

crucial for disease progression in vivo409,410. GlycoGag is a membrane-targeted form of 

Gag, translated from an alternative CUG initiation codon, upstream and in frame with 

gag ORF; this adds a leader sequence of 88 amino acids (in MoMLV), that targets 

glycoGag to the membrane via the ER-Golgi route, where Gag residues are 

glycosylated. GlycoGag has a type II transmembrane topology with most of 

glycosylated Gag residues exposed in the extracellular environment411. GlycoGag-

deficient MoMLV shows reduced infectivity when produced in the presence of 

SERINC5, but glycoGag expression in trans rescues viral infectivity389; Additionally, the 

γ-retroviral factor can substitute for Nef, restoring the infectivity of nef-defective HIV-1 

virions, produced in the presence of ectopic SERINC5. As observed with HIV-1, the 

requirement of glycoGag for optimal infectivity is influenced by the Env glycoproteins. 

Virions pseudotyped with amphotropic or xenotropic Envs are highly dependent on 

glycoGag for optimal infectivity, when produced from lymphoid cells, that have notably 

high levels of endogenous SERINC5; instead, ecotropic Env glycoproteins confer 

resistance to glycoGag–deficient MoMLV, which does not require glycoGag to 

overcome SERINC5 restriction389.  
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S2 is an auxiliary protein encoded by EIAV, which has no homology with any other 

known proteins. Like Nef and glycoGag, S2 is not necessarily required for viral 

replication in vitro, but S2-defective EIAV establishes a subclinical disease that fails to 

further progress. S2 can complement Nef activity in rescuing HIV-1 neffs virions 

infectivity in the presence of SERINC545. Interestingly, while S2-deficient EIAV virions 

were inhibited only three-fold in presence of SERINC5, HIV neffs virions were inhibited 

up to 15-fold, implying that EIAV has an intrinsic resistance against SERINC5. 

Pseudotyped viruses revealed that EIAV resistance to SERINC5 traces back to Env, 

that for some reasons is less sensitive to SERINC5 inhibition.  

Nef, glycoGag and S2 are encoded by different genomic locations (Figure 1.16) and 

have no homology in structure or function; nevertheless, they antagonize SERINC5 

exploiting the same molecular mechanism: clathrin-dependent endocytosis412. As such, 

they all require membrane localization and AP-2 recruitment. Moreover, as explained 

above, both MoMLV and EIAV may have SERINC5 resistant envelope glycoproteins, 

like HIV-1. Therefore, it is reasonable to wonder why unrelated retroviruses have 

evolved tools to counteract the same protein with the same molecular mechanism of 

counteraction. Redundancy in proteins function is not suited to viruses which have 

limited encoding capacity, unless SERINC5 has additional roles, besides inhibition of 

virus infectivity. This raises the hypothesis that SERINC5 proteins might have a 

broader role in pathogenesis, being at the nexus between host and viruses.  

A broader role of SERINC5 in virus–cell interactions is supported by peculiar features 

of the protein. Unlike most restriction factors, SERINC5 expression is not sensitive to 

interferon or potent interferon inducers such as lipopolysaccharide43. SERINC5 is 

rather constitutively expressed, especially in hematopoietic cells, that are primary 

targets of HIV-1, MLV and EIAV. Moreover, restriction factors are often subjected to 

positive selection since they must continuously adapt to the emergence of virus 

evasion mechanisms. However, both SERINC5 and SERINC3 loci are not under 
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positive selection48, but rather they are subjected to purifying selection, indicating that 

their core function is essential for cell biology and as such, it does not tolerate 

alterations. Eventually, SERINC family is highly conserved among eukaryotes, till 

S. cerevisiae, which encodes a single SERINC gene, TMS1, despite the absence of 

known exogenous virus infecting yeast.  

 

 

 

Figure 1.16: Emergence of SERINC5 antagonizing factors across retroviruses. 
(a) Schematic diagram of HIV-1, MLV and EIAV genomes, with the genomic position of 
SERINC5 counteracting factors, highlighted in red. (b) Phylogenetic relationship among 
selected retroviruses. EIAV :Equine Infectious Anaemia Virus; FIV: Feline Immunodeficiency 
Virus; GALV: Gibbon Ape Leukemia virus; HFV: Human Foamy Virus; HIV: Human 
Immunodeficiency Virus; HTLV-1: human T-lymphotropic virus; MLV: Murine Leukemia Virus; 
MMTV: Mouse Mammary Tumour Virus; MPMV: Mason-Pfizer monkey virus; RSV: Rous 
sarcoma virus; SFV-1: Simian Foamy Virus type 1; SIVagm: Simian Immunodeficiency Virus 
African green monkey; SIVmac: Simian Immunodeficiency Virus rhesus macaque; SIVmnd: 
Simian Immunodeficiency Virus mandril: WDSV: Walleye Dermal Sarcoma Virus. 
Figure from: Firrito, C., Bertelli, C., Vanzo, T., Chande, A. & Pizzato, M. SERINC5 as a new 
restriction factor for human immunodeficiency virus and murine leukemia virus. Annu. Rev. 
Virol. 5, 323–340 (2018). 
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1.5. Primate Lentivirus Nef 

Nef is a 27-35 kDa accessory protein expressed exclusively by primate lentiviruses. 

Nef is expressed early after infection from a multiply spliced mRNA413 and it is post-

translationally modified by myristylation, at the N-terminus414. The addition of myristic 

acid and a stretch of basic amino acids, located within the N-terminus of the molecule, 

anchor the protein to the cytosolic leaflet of cellular membranes. Nef is incorporated 

into virions415,416 and undergoes cleavage by the viral protease417,418, though the 

biological meaning of Nef proteolysis remains unclear. Nef is not endowed with 

enzymatic activity but it exerts a striking number of activities419–421, interacting with a 

plethora of cellular proteins to enhance virus replication and to escape restriction 

factors and recognition by the immune system. Indeed, Nef acts as adaptor protein to 

divert host proteins to perform pro-viral functions. 

Nef sequence is located at the end of env and partly overlaps with the 3’UTR422,423. The 

first evidence of a Nef protein came in 1986, when two different groups424,425 detected 

antibodies raised against this factor during natural infection. Hence, Nef was named 3’ 

ORF. The protein was renamed Nef, after Negative Factor, when different studies 

reported that Nef overexpression interfered with viral replication426–428 and caused viral 

transcription attenuation427,428. However, other groups contradicted that evidence429,430 

and it was later demonstrated that the negative influence of Nef, observed in some 

experiments, was related to promoter competition between the LTR in the HIV-1 

genome and the LTR driving expression of the Nef plasmid430. 

Nef is dispensable for virus replication in vitro, but essential for the maintenance of high 

viral loads, of efficient viral propagation and of disease pathogenesis in vivo, as first 

documented by Kestler et al.431. They reported that rhesus monkeys infected with 

SIVmac Δnef have very low viral loads and did not develop any acquired 

immunodeficiency syndrome (AIDS) pathology; moreover, SIVmac carrying point 
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mutations in nef reverted back to the wild-type sequence, indicating an essential 

function of Nef in disease progression. This hypothesis was strengthened by the long-

term follow-up of eight patients from the Sydney blood bank cohort, infected by blood 

transfusion from a HIV-1 positive donor. Those patients did not progress to the 

symptomatic phase of the disease (long-term non-progressor patients) and none of 

them developed HIV-related diseases432. It was noticed that viral replication was 

severely attenuated and subsequent analysis revealed that the HIV-1 strain transmitted 

to those patients bore a deletion in nef coding sequence. Accordingly, infection with 

Nef-deficient HIV-1 resulted in long-term non progression433. In addition, the sole 

expression of Nef in transgenic mice resulted in the depletion of CD4+ T lymphocytes, 

similarly to the pathogenesis of AIDS434. Overall, these findings reconsidered Nef as a 

factor essential for virus replication and progression to the full-blown AIDS. 

1.5.1. Nef structure 

Nef structure was resolved by crystallography in 1996435,436 and later confirmed by 

nuclear magnetic resonance437,438. As seen in Figure 1.17 Nef structure comprises a  

N-terminal myristoylated arm (residues 1–78, according to HIV-1NL4-3 isolate), followed 

by a central globular core (residues 79–203,) and, eventually a C-terminal disordered 

loop (residues 204–206). A central loop (residues 149–179) bearing a di-leucine motif 

(ExxxLL), protrudes from the central core.  

HIV-2 and SIV Nef have an additional C-terminal tail of 10-30 residues439.  

The myristoylated anchor is flexible, allowing a certain degree of freedom of the folded 

core, such that it can accommodate interactions with diverse host proteins. The 

globular core domain435 consists of a short N-terminal helix containing the polyproline 

motif (PxxPxR), essential for the interaction with the SH3 domain of several kinases 

and AP-1 recruitment, followed by two anti-parallel α-helices (αA and αB) and four anti-

parallel β-strands; at the C-terminus, two short α-helices fold on the other side of the β-
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strands. The polyproline helix bends onto helix αA and packs against the C-terminus of 

helix αB. αA and αB bend toward each other to create a solvent-accessible crevice, 

that may a constitute an interface for interaction with other proteins. 

Importantly, the presence of numerous sequence motifs for interactions with a panel of 

cellular interactors and the structural flexibility of the C-terminal and the N-terminal 

loops are instrumental for the multifunctionality of Nef. Indeed, these flexible regions 

constitute large surfaces, easily accessible for interactions, and can undergo 

conformational changes to stabilize large multiprotein complexes440. Accordingly, a 

global analysis of HIV-1 protein interactions identified more than 50 Nef-interacting 

proteins in the human proteome441. Therefore, we may consider Nef as an adaptor 

protein, orchestrating the assembly of different macromolecular complexes, in which 

the N-terminal and the C-terminal loops act as recruitment platforms for several 

interactors. 

1.5.2. The multifunctional activity of Nef 

A number of studies, throughout years, proved the heterogeneity of Nef activities419,442, 

that we can summarize into three fundamental core functions: 1) alteration of T-cell 

activation status; 2) modulation of the cell surface expression of a panel of molecules; 

3) enhancement of HIV-1 infectivity.  

The Nef-mediated enhancement of HIV-1 infectivity has been already discussed in 

paragraph 1.4; therefore, only the effects on Nef on  T-cells activation and on the 

localization of specific surface molecules will be illustrated below. 

1.5.2.1. Alteration of T-cells activation status 

Several studies showed that CD4+ T-cells activation facilitates HIV-1 replication and 

strongly influences disease progression443–445. Indeed, a study conducted on long- and  
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Figure 1.17: HIV-1 Nef structure. 
Structural model of HIV-1 Nef. Myristylation (Myr) and a basic patch within the N-terminal arm 
anchor Nef to cellular membranes. The N-terminal segment is followed by the folded core, 
which contains several motifs essential for interaction with cellular proteins. Indicated is the 
polyprotein tract (PxxPxR), required to recruit AP-1 adaptor complex and bind to SH3 domains. 
Nef core domain has a long flexible internal loop, which mediates Nef binding to AP-2, via a 
dileucine motif (ExxxLL). The core domain is eventually followed by a short C-terminal loop. 
Figure modified from: Staudt, R. P. et al. Structure, function, and inhibitor targeting of HIV-1 
Nef-effector kinase complexes. J. Biol. Chem. 295, 15158–15171 (2020). 

 

short-term progressor patients, reported that shorter survival was associated with 

higher expression of the surface activation marker CD38 on CD4+ T-cells444. Efficient 

HIV-1 infection of primary human CD4+ T-lymphocytes ex vivo closely depends on their 

cellular activation state446; on the contrary, quiescent CD4+ T-cells are mostly non-

permissive ex vivo, but can be infected in vivo, serving as viral reservoir447,448. Indeed, 

HIV-1 has no entry defects in resting helper T-lymphocytes, but the virus fails to 

complete the reverse transcription process, persisting in an extrachromosomal form in 

the nucleus91,449,450. These observations, together with the evidence that the HIV-1 LTR 

contains several responsive elements for AP1, NFAT and NF-κB451, all key 
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transcription factors induced upon TCR engagement, suggested that the T-cell 

activation levels may be instrumental for the establishment of a productive infection. 

The first evidence that Nef directly modulates the T-cell receptor signalling came from 

studies in macaques452–455, infected with a particular SIV variant, SIVpbj14, that induces 

T-cell hyperactivation “thanks to” an ITAM motif exclusive of this nef allele. A modest 

effect of TCR activation was observed also for HIV-1 Nef456. Over the years, several 

studies aimed at characterizing the Nef effect on T-cells signalling, leading to 

controversial results457–462. Different findings463–468 confirmed a positive effect of HIV-1 

Nef on T-cells activation: Nef interacts with many cellular kinases469 and enhances 

cellular responses to TCR stimulation by mitogens and antibody-mediated crosslinking, 

resulting in increased calcium influx and cytokines production. However, no 

enhancement of T-cells activation was observed in the absence of external stimuli470, 

implying that Nef is not sufficient to exert a direct activation, but rather it primes T-cells, 

making them more responsive to an incoming stimulus. Therefore, it is now generally 

recognized that Nef enhances the activation status of quiescent peripheral T-cells, by 

lowering the threshold required for TCR activation in order to create a “semi-activated 

state” crucial for optimal virus replication. Accordingly, expression of Nef before proviral 

integration has been observed and it is instrumental to prime quiescent T-cells for 

infection471. 

The establishment of a lower activation threshold is mediated by the 

decompartmentalization of TCR signalling components and the intracellular retargeting 

of TCR signalling microclusters461. Nef interacts with Lck454, a master kinase of TCR 

proximal signalling events, diverting the kinase to the recycling endosomes (RE) and 

the trans-Golgi network (TGN)472. This activity would be expected to disrupt TCR 

signalling-dependent pathways; instead, it was observed that RE/TGN associated Lck 

is active and signalling competent463, even in the absence of TCR exogenous 

stimulation. Furthermore, the retargeting of Lck to the TGN results in the localized 



Chapter 1 

 

70 

stimulus-independent Ras activation473 and the induction of transcriptional program, 

resembling TCR activation.  

Besides Lck, Nef interacts and promotes the activation of several other cellular 

kinases, such as Pak2474, Hck475 and Fyn436. The interaction of Nef with kinases is 

mediated by the polyproline motif (PxxPxR), which binds to the SH3 motif, typical of 

many kinases476. Nef interaction with Pak2 has been extensively characterized477–479 

and is conserved among diverse HIV isolates480, suggesting that this activity plays a 

relevant role during virus replication. Indeed, by co-opting Pak2, Nef modulates actin 

dynamics and influences cell motility, interfering with T-cells homing to lymph nodes481. 

As consequence, Nef contributes to virus immune evasion, undermining antigen 

recognition by B-cells.  

1.5.2.2. Modulation of the cell surface proteome  

Nef dysregulates the surface abundance of a panel of proteins to promote HIV-1 

immune escape and to create an optimal environment for virus replication. This 

essential function requires the subversion of the cellular endocytic pathways, mainly 

those dependent on AP-2 and AP-1 (reviewed in 482,483). A general description of the 

endocytosis process will be provided, followed by a focus on the mechanism of MHC-I, 

CD4 and SERINC5 internalization by Nef. At the end of the paragraph, some 

information on other surface molecules targeted by viral factor will be given. 

Clathrin-dependent endocytosis 

Endocytosis is a cellular process which consists in the internalization of 

transmembrane cargo molecules from the plasma membrane to various intracellular 

compartments. Different endocytosis pathways have been identified (phagocytosis, 

pinocytosis, caveolae-mediated or clathrin-mediated), with the clathrin-mediated route 

being the most characterized. Clathrin-dependent endocytosis has a major role in 

regulating plasma membrane proteostasis484, by trafficking transmembrane proteins 
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from the cell surface to endosomes and eventually, to the lysosomal compartment; 

also, the clathrin-dependent pathway is involved protein sorting at the TGN485. The 

clathrin-dependent route is named after the main coat protein, clathrin, which forms the 

coating of endocytic vesicles deriving from the plasma membrane and the TGN. Other 

coat proteins are known, such as COPI and COPII, which are responsible for vesicles 

assembly at the endoplasmic reticulum, at the TGN and within the endosomal 

compartment485 (Figure 1.18). The clathrin-dependent machinery is highly conserved 

across eukaryotes, and besides coat proteins, it involves several cytosolic proteins, 

which are recruited in a modular and specific order (reviewed in 486,487); more than 50 

adaptor and scaffold proteins participate in cargo selection and vesicles biogenesis. 

Endocytosis events do not initiate from random membrane regions, but rather specific 

domains seem to favour this process, likely for a local high concentration of specific 

lipids or cargoes488. For example, it is well established the role of PIP2 and 

phosphatidylinositol 4-phosphate (PI4P) in recruiting adaptor proteins to the plasma 

membrane and at the TGN, respectively489. Typically, a clathrin-dependent endocytic 

event is triggered by the recruitment of adaptor proteins, such as AP proteins, at the 

donor membrane by interaction with phospholipids; recognition and binding to cargoes 

stabilizes the docking of adaptors at the membrane, which in turn, recruit a cytosolic 

coat protein. Assisted by interactions with other scaffolds and adaptor molecules, the 

coat protein self-assembles on the cytosolic leaflet of the membrane. The donor 

membrane invaginates to accommodate the growing coating structure, aided actin 

filaments. Vesicle detachment from the membrane is triggered by the GTPase 

dynamin490, which is recruited at the endocytosis site by binding to PIP2. 

 Dynamin self-assembles in a helical collar around the neck of the nascent vesicle and 

upon GTP hydrolysis, it constricts the membrane, leading to scission. The Clathrin-

coated vesicle (CCV) is therefore released in the cytoplasm. Upon release in the 

cytosol, the CCV coating is disassembled, and the vesicle is trafficked to its final 

destination. 
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Figure 1.18: Intracellular vesicular transport pathways. 
Schematic view of vesicles transport pathways. Secreted and membrane proteins exit the 
endoplasmic reticulum through the ERES in COPII-coated vesicles and are delivered to the 
Golgi cisternae. COPII-coated vesicles mediate trafficking within the Golgi compartment and 
retrograde transport to the ER. Protein sorting from Golgi to the endosomal compartment 
depends instead on clathrin-coated vesicles. CCVs also facilitate the anterograde transport of 
cargoes from Golgi to the plasma membrane and between endosomes and the plasma 
membrane. Abbreviations: ER: Endoplasmic reticulum; ERES: Endoplasmic reticulum exit site; 
ERGIC: Endoplasmic reticulum to Golgi intermediate compartment; MTOC: Microtubule 
organizing centre; PM: Plasma membrane; TGN: Trans-Golgi network. 
 
 
 

The clathrin molecule is composed of a heavy chain and a light chain; clathrin is 

normally organized in a trimeric structure, the triskelion491, in which the heavy chains 

protrude from a central knot, resembling “legs”. During vesicle biogenesis, clathrin 

triskelia interact with each other to form polygonal spherical structures of 12 pentagons 

and a variable number of hexagons. Clathrin does interact directly with phospholipids, 

but is recruited by adaptor proteins, mostly of the AP family492.  

The Adaptor Protein (AP) family is the most studied family of clathrin adaptor proteins. 

AP proteins are heterotetrametric complexes directing cargo selection and coat 

assembly. In humans there are five different AP complexes, AP-1 to AP-5, involved in 



Chapter 1 

 

73 

different clathrin-dependent pathways. AP-1, AP-2 and AP-3 participate in clathrin coat 

polymerization, while AP-4 and AP-5 are involved in non-clathrin coats assembly493. All 

AP complexes share a similar structure: the heterotetrametric core is formed by two 

large subunits (β1-5 and either one of α, γ, δ, ε, ζ) a medium subunit (µ1-5) and a small 

subunit (σ1-5). The C-terminal domains of the two large subunits protrude from the core 

as appendages, connected by a hinge region. Nef hijacks the cellular endocytic 

machinery by interacting with AP-1 and AP-2, altering their binding to specific cargoes 

(reviewed in 482,483). AP-1 governs the intracellular trafficking between the TGN and 

early endosomes, while AP-2 directs CCV-mediated endocytosis from the plasma 

membrane.  

Transmembrane cargoes are recognized by AP proteins through an endocytic sorting 

signal, normally present in their cytosolic tails. Typical endocytic signals for interaction 

with AP proteins are the tyrosine-based Yxxφ motif, where φ is a bulky hydrophobic 

amino acid, or the di-leucine [D/E]xxxL[L/I] motif494. The binding pocket for Yxxφ is 

located within µ C-terminus, while [D/E]xxxL[L/I] is recognized by AP hemicomplex 

(reviewed in 495). Normally, AP proteins are in a “locked” conformation, with both the 

cargo binding sites and the clathrin box buried inside the core to prevent the binding of 

cytosolic protein harbouring endocytic-like signals496. In the case of AP-2, unlocking is 

triggered by the interaction with PIP2, which recruits the adaptor protein to the plasma 

membrane. Following binding to PIP2, AP-2 undergoes a conformational change, 

which results in the exposure of the interaction motifs for cargoes and clathrin497. 

Binding to target cargoes and clathrin further stabilizes the AP-2 in the open 

conformation. 

Similarly to AP-2, cytosolic AP-1 resides in an inactive “unlocked” state498. AP-1 is 

recruited to the donor membrane (TGN) by the small GTPase Arf1 and 

phosphatidylinositol 4-phosphate (PI4P)499. Arf1 promotes AP-1 unlocking and 

assembly in dimers. In the presence of Nef and cargoes, AP-1 may also enter a more 
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open conformational state, the “hyperunlocked” state, in which AP-1 dimers, linked by 

Arf1, self-organize in a hexagonal structure, matching the clathrin coat500,501. 

Nef alters the cargo selectivity of adaptor proteins and promotes CCVs formation, by 

binding to “unlocked” AP-1 and AP-2502,503. To this end, multiple sequence motifs in Nef 

are required for the interaction with AP-1 and AP-2, notably the conserved di-leucine 

motif in the central loop (160ExxxLL165)504, the tyrosine motif Yxxφ505 and the acidic 

stretch at the N-terminus (62EEEE65)506, and a di-acidic motif 154EE150 in the C-terminal 

loop507. Nef residues required for myristylation508 and oligomerization509 are also 

required for the dysregulation of the surface expression of several Nef targets. Nef :AP 

interaction was demonstrated by in vitro protein-protein interaction assays510–512 and by 

stabilization of membrane AP complexes in presence of the viral factor513. 

Besides AP-1 and AP-2, Nef interacts with the trafficking regulatory factor, β-COP514, 

which shares high homology with the β large subunits of AP complexes. β-COP is part 

of the COPI protein coat, which participates in retrograde transport from Golgi to ER 

and protein recycling within the endosomal compartment515. Nef hijacks β-COP to 

promote CD4 and MHC-I lysosomal degradation516. Nef interacts with β-COP via the 

acidic motif 155EE156 and the N-terminal arginine-rich motif 17RxR19. It has been 

observed that CD4 degradation is dependent on the 155EE156 motif, while β-COP-

dependent MHC-I degradation requires 17RxR19 (ref.516). 

MHC-I internalization 

Nef-mediated downregulation of MHC-I surface expression requires AP-1 complex. 

MHC-I internalization is thought to occur by two non-mutually exclusive mechanisms517: 

a) AP-1 mediated TGN-export: Nef prevents the surface exposure of newly synthesized 

MHC-I molecules, redirecting them from TGN to lysosome degradation, via AP-1 

clathrin-coated vesicles518. MHC-I C-terminal tail (MHC-I-CT) does not contain any 

endocytic sorting signal; notwithstanding, a non-canonical tyrosine-based motif 
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320YSQA323 is present and required for Nef-mediated downregulation519. The ternary 

complex Nef:MHC-I-CT:AP-1 assembles through the cooperative binding of their 

components, mediated by Nef 502: the viral factor interacts with AP-1, inducing a 

conformational change in the cargo selection region to compensate for the lack of a 

hydrophobic amino acid in the YSQA sequence. Nef Met20, Asp123, the polyproline 

72PxxP75 region and the acidic stretch 62EEEE65 are required for an overall stabilization 

of the Nef:MHC-I:AP-1 complex502.  

b) PI3K-mediated internalization (signaling model): Nef may also internalize surface 

exposed MHC-I molecules, via an alternative pathway, requiring the coat proteins 

PACS-1 and PACS-2520. Both coat proteins interact with Nef acidic cluster 62EEEE65 

(ref. 520). PACS-1 associates with cytosolic AP-1 and is hijacked by Nef to sequester 

MHC-I at the TGN. Instead, PACS-2 targets Nef to the TGN, where the viral protein 

activates the Src-kinase SKF, which in turn binds and triggers phosphoinositide 3-

kinase (PI3K) activation. Activated PI3K promotes MHC-I internalization from the 

plasma membrane by a poorly characterized route that involves Arf6521,522. 

MHC-I internalization prevents recognition of HIV-1 infected cells by cytotoxic T-

lymphocytes and represent a major viral strategy of immune escape. Interestingly, the 

YSQA motif is present only in the C-terminal tails of HLA-A and HLA-B, but not of HLA-

C and HLA-E, which are not sensitive to Nef 510,523. This selectivity of Nef is 

instrumental to prevent the destruction of producer cells by natural killer lymphocytes, 

which are inhibited by the interaction with HLA-C and HLA-E524. Of note, MHC-I 

downregulation is under strong selective pressure, but only in the early stages of 

infection, when the host is still immunocompetent525. 

CD4 internalization 

Nef downregulates surface CD4 via AP-2 dependent endocytosis526, to avoid 

superinfection527 and facilitate virus release528, by preventing Env-CD4 interactions 
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during budding. CD4 is the TCR coreceptor, responsible for MHC-I invariant chain 

recognition. Unliganded CD4 is associated with Lck kinase; upon TCR engagement, 

Lck dissociates and phosphorylates the C-terminal tail of CD4 (CD4-CT), promoting its 

internalization via AP-2 dependent CCVs, to prevent cell hyperactivation and 

apoptosis. CD4-CT contains a non-canonical di-leucine sorting signal (408SQIKRLL414), 

but when Ser408 is phosphorylated, it mimics an acidic residue, allowing interaction 

with AP-2529. Nef interacts directly with both AP-2 and CD4, leading to the cooperative 

assembly of the ternary complex Nef:CD4-CT:AP-2: Nef binds AP-2 through its di-

leucine motif 160ExxxLL165 to force CD4 endocytosis in the absence of TCR activation; 

simultaneously the interaction with AP-2 increases Nef avidity for CD4503. The exact 

residues mediating Nef-CD4 interaction are not well established. There is evidence that 

Met407, Ile410 and 413LL414 in CD4 influence the efficiency of endocytosis530,531. In Nef, 

57WL58 emerged as pivotal for interaction with CD4532. Besides 160ExxxLL165 and 57WL58, 

also the hydrophobic motif 168VL170 and the acidic motif 174DD175, located in the central 

loop, are important for the overall stabilization of the complex, by interacting with a 

basic patch in AP-2 α 503, 507,533. 

SERINC3/5 internalization 

Surface exposed SERINC3 and SERINC5 are downregulated by Nef, through AP-2-

dependent CCVs43,44; once internalized, SERINC3/5 are redirected to Rab7+ and then 

Rab11+ late endosomes. A recent study has proposed that Nef ultimately targets 

SERINC5 for lysosomal degradation in HEK293T cells534. However, this has not 

observed in Jurkat T-cells; rather, Nef appears to stabilize the host factor43,44. 

Therefore, effect SERINC5 degradation by Nef remains ambiguous. The ability to 

induce SERINC5 internalization is strongly conserved across primate lentiviral Nefs43; 

on the contrary, some nef alleles are inactive against SERINC3 (e.g., NefSF2; for further 

details see Chapter 4). As anticipated, Nef N-terminal myristylation and 

homodimerization are necessary for SERINC5 downregulation43,535; Nef di-leucine motif 
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160ExxxLL165 and di-acidic motif 174DD175 are also required, consistent with dependence 

of SERINC5 endocytosis on AP-2 and clathrin43. Dynamin-2 is also essential for 

SERINCs internalization, as suggested by its requirement for the enhancement of HIV-

1 infectivity by Nef391. 

SERINC3/5 have no endocytic sorting signals and to date, it is not clear whether they 

directly bind Nef and AP-2, and which residues are involved in the formation of a 

possible Nef:SERINC:AP-2 complex. The final evidence would come from the 

structural resolution of the ternary complex, but SERINCs are not easily amenable to 

structural analysis, given their highly hydrophobic nature. Nevertheless, preliminary 

studies based on bimolecular fluorescence complementation assays reported 

SERINC5 interaction with Nef534,536. Importantly, there is increasing evidence that 

residues within the fourth intracellular loop of SERINC5 governs susceptibility to Nef-

mediated endocytosis: two hydrophobic residues, Leu350 and Ile352, are necessary 

for SERINC5 downregulation by NefSF2 and transfer of SERINC5 ICL4 to SERINC3 

renders this paralog sensitive to the otherwise inactive NefSF2 
537. Also, mutation of 

364EDTEE368 stretch increases SERINC5 resistance to internalization536; eventually, the 

cysteine cluster 355CC/C358, we identified, is pivotal for the host factor sensitivity to 

divergent Nef proteins, but further details will be illustrated in Chapter 4. Overall, it is 

currently hypothesized that SERINC5 ICL4 may mediate interaction with Nef.  

Other Nef targets 

To preserve the survival of infected cells, Nef up-regulates the surface expression of 

FasL538, that induces apoptosis in potential bystander cytotoxic cells. In addition, while 

Nef downmodulates MHC-I surface expression, it favours the exposure of immature 

MHC-II molecules539,540, further impairing the host immune functionality. 

Established targets of Nef are the TCR-component CD3 and the costimulatory receptor 

CD28. CD3 internalization is a feature exclusive of most SIVs and HIV-2 nef alleles541, 
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and results in disruption of the immunological synapse and of the TCR-dependent T-

cell activation542. Indeed, SIV and HIV-2 are not associated with helper T-cells 

hyperactivation, as observed, in contrast, with HIV-1 pathogenesis543. Downregulation 

of CD3 depends on AP-2, but the di-leucine motif in Nef was found to be 

dispensable544. CD28 is the co-stimulatory receptors of T-cells, which is crucial in 

regulating T-cell responses and anergy545. HIV-1 and SIV Nef proteins directly interact 

with the membrane-proximal region of CD28, inducing its internalization via AP-2 and 

AP-1546. 

Eventually, besides SERINC5, Nef from certain SIVs modulates the surface expression 

of another restriction factor, Tetherin, compensating for the lack of Vpu protein383,547. 

The internalization of simian Tetherin by Nef is dependent on AP-2, Nef 160ExxxLL165 

and the five-amino acid motif 14[G/D]DIWK18 in Tetherin548,549. Interestingly, the lack of 

14[G/D]DIWK18 in human Tetherin makes this ortholog resistant to SIV Nef, posing a 

barrier for SIVs cross-species transmission383,549.  
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1.6. γ-retroviral glycoGag 

γ-retroviruses are a genus within the Retroviridae family and are historically known as 

Oncoretroviruses since they were first discovered as leukaemia-promoting agents. 

Endogenous and exogenous γ-retroviruses have been isolated from different 

vertebrate and nonhuman primate species, though no exogenous γ-retroviral species 

able to infect humans is known. Nevertheless, the human genome is rich in retroviral-

like elements (5-8% of the human genome). γ-retroviruses are classified as “simple” 

retroviruses, as their genome does not encode any additional accessory proteins, other 

than gag, pol and env essential genes. However, since the 1970s550,551, there is 

evidence of a Gag-related glycosylated polyprotein, termed glycoGag, that it is 

translated from a non-canonical CUG initiation codon, upstream and in frame with gag 

ORF407. Hence, glycoGag contains the Gag proteins p15, p12, p30 and p10, plus an 

additional N-terminal stretch, which consists of 88 amino acids in MoMLV411; the 

addition of the N-terminal tail determines the post-translational glycosylation of the 

protein and the subsequent exposure on the cell membrane as a type II 

transmembrane protein552. A schematic view of MoMLV glycoGag is shown in Figure 

1.19; MoMLV glycoGag has three sites of N-glycosylation, two within p30 and one at 

the N-terminus of p15. Following membrane exposure, glycoGag may undergo 

cleavage, releasing a 45 kDa fragment. GlycoGag was discovered and mainly 

characterized in the context of Murine Leukaemia Viruses (MLVs), which have been 

extensively studied and are considered the prototype of γ-retroviruses. Both 

endogenous and exogenous MLVs species are known. Endogenous MLVs are usually 

transcriptionally silent, but expression may occur in some mouse strains (e.g., AKR 

spontaneous leukaemia mice). Exogenous MLVs are distinguished in ecotropic (able to 

infect mouse only), amphotropic (able to infect mouse and other animals) or xenotropic 

(able to infect only species other than mouse), depending on receptor usage. 
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Figure 1.19: Schematic diagram of MoMLV glycoGag. 
MoMLV glycoGag (gPr80) is translated from a CUG initiation codon upstream of gag, which 
leads to the addition of an 88-amino acid leader. Three N-glycosylation sites have been 
identified, located at the N-terminus of p15 and at the C-terminus of p30. Following exposure on 
the membrane, glycosylated Gag is cleaved in a 45 kDa secreted fragment and a 55 kDa 
membrane anchored fragment. 
Figure from: Renner, T. M. et al. Full-Length Glycosylated Gag of Murine Leukemia Virus Can 
Associate with the Viral Envelope as a Type I Integral Membrane Protein. J. Virol. 92, 1–21 
(2018). 
 

1.6.1. Origins of glycoGag identification 

A comprehensive overview of glycoGag literature may be complicated by the 

heterogeneity of experimental models (different strains of MLVs), such that the actual 

size of GlycoGag and its reactivity to monospecific core protein sera may vary among 

studies. Early studies reported that murine cells infected with exogenous and 

endogenous murine leukaemia viruses express cell surface complexes of antigenic 

determinants. GlycoGag origins trace back to a cell surface antigen, the Gross Cell 

Surface Antigen, identified on the surface of many types of murine leukemia cells553,554. 

The first evidence of the existence of a Gag molecule located on the surface of MuLV 

infected cells came from immunofluorescence experiments by Yoshiki et al.555 that 

detected the presence of a molecule, termed “gs”, containing MuLV p30 sequence. 

In 1976 a 75 kDa (p75) MuLV specific polypeptide was identified on the surface of AKR 

thymocytes and leukaemia cells, by lactoperoxidase-catalyzed 125I-iodination and 

subsequent immunoprecipitation with anti-MuLV sera550,551. Monospecific sera showed 
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that p75 contained p10, p15 and p30 MuLV antigenic determinants, suggesting that 

p75 might have been a sort of Gag polyprotein precursor. In addition, labelling with H3-

glucosamine showed that p75 was glycosylated. In parallel, Arlinghaus’ group 

observed the presence of p30-containing surface proteins of 65 a 80 kDa also in cells 

infected with Rauscher leukaemia virus556 , another species of MuLV. 

A parallel study557 of the synthesis and post-translational processing of MuLV proteins 

was conducted in Eveline murine cells, which constitutively produce Friend Leukemia 

virus, and showed that the most abundant products were a 75 kDa and a 65 kDa 

molecules. Analysis of glucosamine labelled glycoproteins revealed also the presence 

of two other species of ~90kDa and 85 kDa, precipitable by anti-p30 serum, that were 

hypothesized to derive by glycosylation of p75557. The presence of a glycosylated 

precursor of the internal core proteins was documented also by lectins binding studies 

in cells infected by exogenous MoMLV or bearing transcriptionally active endogenous 

MLVs558. 

A subsequent analysis408 of the biosynthetic pathways of Gag-related polyproteins 

revealed two processing pathways: cleavage to mature structural proteins or 

conversion into stable surface proteins. Pr65 was there identified as the immediate 

precursor of virion internal core proteins, while the Gag-related Gp80 and Gp95 

polyproteins was revealed as the glycosylated form of a 75 kDa protein. Indeed, it was 

observed that pr75 was transiently glycosylated to Gp80, that in turn, it was further 

glycosylated to yield Gp95. Eventually Gp95 undergoes rapid cleavage into a 55-kDa 

and a 45 kDa molecules, that were released as soluble proteins, consistent with the 

discovery of mannose-labelled proteins in culture medium408,559.  

The presence of an additional peptide in glycoGag with respect to Gag came from 

cleavage peptide mapping560–562 which showed that GlycoGag (Gp80) and the virion 

core precursor protein p65 have similar a similar C-terminal region, but they differ at 
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the N-terminus, by the addition of a leader peptide. This was the first indication of the 

existence of two separated initiation sites in MLVs, an hypothesis supported by cell-

free translation experiments560, which showed incorporation of S-formyl-methionine, 

which marks specifically the initial methionine) in both pr65 and pr75. Independent 

translation of glycoGag was later confirmed by Prats et al.407., who identified by site-

specific mutagenesis an alternative CUG initiation codon, upstream of Pr65 AUG. CUG 

is in the gag reading frame and no stop codon is located between CUG and Gag 

AUG563. Translation initiation from CUG is rather inefficient compared to Gag AUG (5-

10% of Gag AUG)407, but this is likely instrumental to maintain a proper glycoGag:Gag 

ratio for the optimal generation of infectious particles564. 

Identification of glycosylation site within MoMLV glycoGag revealed the presence of 

three N-linked carbohydrates groups, two within the c-terminal of p30 (CA) and one at 

the N-terminal of p15 (MA)561,562. As anticipated, glycosylation pattern of glycoGag may 

vary among γ-retroviruses; indeed, R-MLV glycoGag has only two N-linked glycans, 

lacking the second carbohydrate group within p30562. 

Further insights on glycoGag post translational processing and membrane topology 

came from Pillemer et al. studies552; they developed antibodies to detected cell surface 

exposed glycoGag molecules and observed that one of the tested antibodies was able 

to discriminate between Gag and glycoGag, suggesting that it recognized an epitope 

exclusive of the latter protein, likely located within the amino terminal leader region. 

Such antibody was able also to recognize both full-length glycosylated Gag (Gp90) and 

a  

55 kDa cleavage fragment, suggesting the existence of a unique membrane anchor 

domain. Since Gp90 and Gp55 are antigenically different at the C-terminus, and since 

the leader region showed hydrophobic domains, Pillemer et al. proposed that glycoGag 

is inserted in lipid bilayer as a type II transmembrane protein (NcytoCexo). Then, 

glycoGag is cleaved, such that a 45 kDa fragment is release in culture medium, while 
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the 55 kDa fragment remains anchored to the membrane552. These findings were later 

confirmed by Fujisawa et al.411, however, they observed that in a subpopulation of 

M. dunni spleen cells glycoGag might assume an opposite membrane topology (type I, 

NexoCcyto). This phenomenon was observed also in infectious progeny virions; 

specifically, Renner et al.565 reported that full-length glycoGag with a type I 

transmembrane topology largely associates with infectious virions, while the protein is 

mostly present as a type II transmembrane protein in Env-defective VLPs. This 

indicated that glycoGag may flip across the membrane, but the biological meaning of 

such behaviour has not been further explored. 

1.6.2. Glycosylate Gag supports viral replication in vivo 

GlycoGag expression was observed in cells infected with diverse γ-retroviruses, 

including Feline Leukaemia Virus. The conservation of this ORF is reminiscent of a 

fundamental role in supporting virus fitness and spreading. GlycoGag-defective 

MoMLV mutants, unable to express gp90, had no defect in replication in culture, 

suggesting that that glycosylated Gag is dispensable for in vitro productive infection 

and further confirming that Gag structural protein are produced independently of 

gp90409,566. However, microscopy analysis of plaque morphology revealed that 

glycoGag-defective MoMLV produces smaller syncytia, suggesting a reduced rate of 

virus release566. Similar results were recapitulated in the context of Friend Leukaemia 

Virus: a glycoGag null mutants were associated with reduced pathogenicity in vivo (no 

severe haemolytic anaemia and increased latency of erythroleukemia), likely due to a 

delay in virus dissemination564. Furthermore, glycoGag requirement ex vivo was 

dependent on the inoculum titre, being dispensable at high multiplicity of infection. 

Importantly, revertant viruses systematically emerged, in which glycoGag expression 

was restored564,567. This was an important indication that glycoGag is under strong 

selective pressure and is essential for optimal virus spreading and the full-blown 

pathogenesis. Accordingly, glycoGag deletion in a neurovirulent strain of MLV 
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(CasFrKP) delayed the onset of neurological disease and was associated with slower 

viremia kinetics in vivo; nevertheless, no defects on virus replication in vitro were 

observed411,568. 

GlycoGag expression appears to enhance infectious particles release as well as vector 

production; in addition, lack of glycoGag was also associated to abnormal virion 

morphology569. Therefore, a role in facilitation of virus budding was proposed. 

Consistently, Nitta et al.570 proposed that glycoGag facilitates virus budding from lipid 

rafts, since glycoGag expressing MLV had a higher cholesterol content and enhanced 

virus release was sensitive to cholesterol depleting agents. On the contrary, release of 

glycoGag null MLV was not influenced, suggesting that it may occur from domains 

other than detergent resistant membranes. 

In 2010 further insights in glycoGag pathogenic relevance came from the observation 

that this retroviral protein protects Murine Leukaemia Virus from APOBEC3 activity28. 

APOBEC3 proteins are cytidine deaminases and are important host restriction factors: 

they inhibit retrovirus replication71,571,572 by inducing hypermutation of single stranded 

DNA, such as the minus strand on the nascent viral DNA, produced during reverse 

transcription. APOBEC3 proteins exert their restrictive activity both in producer cells 

and in target cells, being incorporated into progeny virions. APOBEC3 is ubiquitously 

expressed in vivo, but is poorly expressed in immortalized cell lines, likely explaining 

the lack of a glycoGag effect on virus replication in vitro. However, glycoGag is robustly 

required for efficient infection of NIH3T3 murine cells when they overexpress 

APOBEC328. Accordingly, while optimal MLV replication in mice requires glycoGag, 

ablation of APOBEC3 made mice permissive to infection by glycoGag-deficient MLV. It 

was observed that glycoGag does not prevent virion incorporation of murine APOBEC3 

(mA3); rather the retroviral factor appears to prevent mA3 from accessing the virion 

core, protecting the reverse transcription complex573. MLVs are more susceptible to 

restriction by the human APOBEC3G ortholog, while they are less sensitive to murine 
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APOBEC3 activity. Interestingly, it was observed that the N-glycosylated moieties of 

glycoGag are fundamental for sensitivity to APOBEC3 restriction574. Indeed, a less 

degree of glycoGag glycosylation sensitized MLV to hypermutation. For instance, AKR 

and Moloney MLV have similar sensitivity to hA3, but AKR glycoGag (2 carbohydrate 

groups) confer a minor protection against restriction that MoMLV glycoGag (3 

carbohydrate groups). However, how N-glycosylation is mechanistically related to 

counteraction of APOBEC3 proteins is unclear. 

In 2010, it was also reported that glycoGag was required for optimal MoMLV infectivity, 

dependently on the producer cells lineage; the most robust requirement of glycoGag 

was observed when MoMLV was produced from lymphoid cells389. In addition, MoMLV 

glycoGag could substitute for Nef in enhancing HIV-1 infectivity. The similarity between 

MoMLV glycoGag and HIV-1 Nef was further reinforced by the observation that their 

requirement for optimal infectivity depends on the envelope glycoproteins and the 

producer cell type389. Further on this, both Nef- and glycoGag-mediated enhancement 

of virus infectivity require AP-2 mediated endocytosis392. This functional similarity was 

clarified later by the discovery that both retroviral factors counteract SERINC5 inhibition 

of retrovirus infectivity43,44.  

 



Chapter 2 

 

86 

Chapter 2  

Aim of the thesis 

SERINC5 inhibits retrovirus infectivity43–45 and is counteracted by Nef of primate43,44 

lentiviruses, by glycoGag of Moloney Murine Leukemia Virus389 (MoMLV) and by S2 of 

Equine Infectious Anemia Virus45 (EIAV). In addition, SERINC5 sensitizes HIV-1 to the 

neutralizing activity of antibodies targeting the MPER region of gp41.402,403 Since the 

discovery of SERINC5, many aspects of the host factor await clarification. In infected 

cells, SERINC5 is incorporated into progeny virions, hampering the infectivity by a yet 

unclear mechanism; a functional impairment of the envelope glycoprotein by the host 

factor has been hypothesized, but not molecularly elucidated46,395. Retroviral 

counteraction of SERINC5 requires the hijack of clathrin- and AP-2 dependent 

endocytic machinery43,391,392. However, it is unknown which regions of SERINC5 are 

specifically targeted by antagonizing factors. Besides, the only sequence motifs 

identified in lentiviral Nef as crucial for their activity against SERINC5 are involved in 

AP-2 recruitment and CD4 downregulation; residues interacting with SERINC5 are 

therefore currently unknown and it is still debated whether retroviral factors interact 

directly or indirectly with the host factor. 

SERINC5 is likely to play a fundamental role in HIV-host interactions and 

pathogenesis, as suggested by the convergent evolution of at least three retroviral 

genera; this is further highlighted by the evidence that also the envelope glycoproteins 

modulate virus susceptibility43,46 to SERINC5, conferring a certain degree of protection, 

independently of Nef counteracting efficiency43,46. Unlike other restriction factors, 

SERINC5 is highly conserved across Eukaryota, and is peculiar for not been regulated 

by interferon43. In addition, SERINC5 is not under positive selection, a hallmark of host-
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virus co-evolution; instead, SERINC5 is subjected to purifying selection48, indicating an 

essential core function, which however, remains obscure.  

In light of the above, this thesis addresses multiple aspects of SERINC5 and the 

interplay with retroviruses, but the overall aim is to understand the mechanism of the 

antiviral activity of SERINC5 and its relevance for the biology of retroviruses. to gather 

this knowledge, the following objective were pursued: 

Understand the degree of conservation of the SERINC5 antiviral activity among 

human SERINC paralogs and animal orthologs, and the susceptibility of different 

paralogs to retrovirus antagonization. Each human SERINC paralog was tested for 

inhibition of HIV-1 infectivity, virion incorporation and targeting by known SERINC5 

counteracting factors. The effect of different SERINC5 orthologs on HIV-1 infectivity 

was also explored, to understand whether virus restriction is an evolutionary conserved 

feature of the protein. 

Disclose the mechanism of virus restriction, by identifying molecular determinants 

of SERINC5 essential for inhibition of HIV-1 infectivity. By comparison with the inactive 

SERINC2, distinctive feature of SERINC5 post-translational processing were analyzed 

to identify modifications potentially crucial for antiviral activity. In parallel, we 

investigated the structure-function relationship of SERINC5, in collaboration with Peter 

Cherepanov; an extensive mutagenesis screening was performed to identify sequence 

motifs necessary for the effect on HIV-1 infectivity to infer a putative mechanism of 

action. 

Understand how Nef targets SERINC5, by identifying molecular determinant crucial 

for the interplay between the two proteins. We followed a dual strategy:  

a) the surface downregulation of several SERINC5 variants by Nef was investigated 

to elucidate the molecular basis of SERINC5 sensitivity to antagonization. Hotspot 

motifs were further investigated for susceptibility to MoMLV glycoGag and EIAV 
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S2, to understand whether different retroviral antagonists target similar regions 

within SERINC5. 

b) Single amino acids substitutions were performed in Nef, to expose residues 

selectively required for SERINC5 antagonization and to identify a potential 

interaction surface with the host factors. Each Nef variant was tested for 

enhancement of HIV-1 infectivity, SERINC5 and CD4 downregulation and MHC-I 

internalization. 

Understand the conservation of SERINC5 antagonism across γ-retroviruses. 

Moloney Murine Leukemia Virus belongs to the γ-retrovirus genus and is known to 

antagonize SERINC5 by means of glycoGag389. Importantly, most γ-retroviruses 

encode a putative glycoGag ORF575, however, beyond MoMLV, SERINC5 

counteraction has never been explored. Therefore, I tested glycoGag molecules from 

divergent γ-retroviral species for their ability to overcome SERINC5 inhibition of 

retrovirus infectivity. 

Elucidate the relevance of SERINC5 for HIV-1 spreading, by comparing the 

replication kinetics of wild-type and HIV-1 neffs in presence of the host factor. The 

efficiency of cell-to-cell infection was also measured. 

Beyond physically interfering with virus replication, restriction factors may have 

additional implications in pathogenesis, for example promoting proinflammatory gene 

expression. Inspired by the previous examples of TRIM5α73 and Tetherin74, we 

preliminarily investigated the involvement of SERINC5 in immune signalling. 
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Chapter 3  

Functional resolution of SERINC5 structure 

SERINC5 has an inhibitory activity on HIV-1 infectivity43,44. As detailed in introduction, 

upon expression in virus producer cells, SERINC5 is incorporated into progeny virions, 

hampering infection of target cells. The exact mechanism of inhibition of infectivity has 

not been clearly characterized yet, but this likely involves an impairment of the fusion 

process, as suggested by different studies46,395. To counteract SERINC5, HIV-1 

exploits the accessory protein Nef. Nef interacts with the cellular endocytic machinery 

to promote SERINC5 internalization and localization into late endosomes, thus 

preventing incorporation into virions43,44,534. However, the modality of Nef-SERINC5 

interaction is not completely clarified. We therefore analysed the role of post-

translational modifications and set up a collaboration with Peter Cherepanov to solve 

the three-dimensional structure of the SERINC family of proteins by cryogenic electron 

microscopy (Cryo-EM). In this chapter, structure resolution of SERINC and mapping of 

regions implicated in SERINC5 antiviral activity are presented; in Chapter 4, molecular 

determinants in SERINC5 influencing the sensitivity to Nef are illustrated. 

3.1. All human SERINC paralogs, except SERINC2, inhibit HIV-1 

infectivity 

The SERINC family accounts for five structurally related members in humans. The 

transmembrane multipass and highly hydrophobic nature of SERINC proteins make 

protein purification and structural studies challenging. In the attempt to identify the 

human SERINC paralog best suited for structural studies, we first investigated if the 

ability of hampering HIV-1 infectivity is conserved in the human SERINC family. To this 

end, human SERINC1-5 genes were cloned into three different expression vectors, 

pcDNA3.1, PBJ5 and PBJ6, providing a different level of protein expression based on 
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our previous observations43. PCDNA3.1 bears a CMV promoter that allows a potent 

expression of the protein of interest in HEK293T cells, while PBJ6 harbours HTLV-1 

promoter that is minimally active in these cells; an intermediate expression level is 

achieved with PBJ5 promoter that consists of a fusion between the SV40 early 

promoter and HTLV-1 LTR (R and U5 regions). Since the effect of SERINC5 on 

infectivity is dose-dependent, but the ability of HIV-1 to counteract the host factor is 

saturable, we decided to explore the potential antiviral activity of the different human 

SERINC paralogs overexpressing the proteins from all three expression vectors, to 

achieve a graded expression. According to previous experimental evidence, native-

encoded SERINC1, SERINC3 and SERINC4 are poorly expressed, so the respective 

genes were codon-optimized for expression in human cells. Since there is no 

commercially available antibody for the direct detection of SERINC proteins, an HA-tag 

was added at the C-terminus of each paralog to facilitate detection using an anti-HA 

antibody. 

The anti-HIV-1 activity of human SERINC paralogs was assessed with Nef-deficient 

virions, limited to a single-round of replication, transfecting SERINC expressing 

plasmids in HEK293T cells, along with a HIV-1 Δenv neffs proviral construct, 

complemented in trans by envHXB2. Virus infectivity was measured on TZM-ZsGreen 

cells and normalized based on the RT activity of the viral input, as described in 

methods. Expression of SERINC proteins was confirmed by western blot of producer 

cell lysates and purified virus particles, as shown in Figure 3.1. As expected, a dose-

decreasing (pcDNA3.1>PBJ5>PBJ6) expression of SERINCs is observed, with 

SERINC proteins being well detected when overexpressed by pcDNA3.1 and to a 

lesser extent by PBJ5 and PBJ6 plasmids. SERINCs have a molecular weight of ~45 

kDa but display multiple bands on an SDS-PAGE gel; two major bands runs at 45 kDa 

and 50 kDa, the latter suggesting the presence of a glycosylated form of SERINC 

(further notions on SERINCs glycosylation are given in par. 3.2). Lower- and higher-
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molecular weight species are due to protein degradation and aggregation, respectively, 

and are typical of transmembrane and highly hydrophobic proteins. As we can observe, 

p24 in virion pellets is detected less abundantly in samples with SERINC proteins 

expressed from pcDNA3.1, suggesting a non-specific interference with virus 

production; on this basis, in subsequent experiments, the amount of pcDNA3.1-based 

plasmids was tuned to avoid artefactual effects on virion release. Nevertheless, we 

observed that all human SERINC paralogs are incorporated into virions, similarly to 

SERINC5; interestingly, lower molecular weight fragments of SERINC1, SERINC2 and 

SERINC4 appear exclusively in purified virus particles and not in producer cell lysates, 

indicating that these paralogs might be cleaved specifically in virions. This aspect will 

be further explored in par. 3.3. 

Figure 3.1 shows the infectivity of virions produced in the presence of each SERINC 

paralog, expressed as percentage relative to those produced in the presence of empty 

control vector. As previously observed, SERINC5 presence in virus producing cells 

results in a 50-100-fold decrease of HIV-1 infectivity, according to expression vectors 

used, PBJ6, PBJ5 or pcDNA3.1, respectively. No major effect on infectivity was instead 

observed with SERINC2, even though it appears to incorporate into virions. Despite 

codon-optimization for optimal translation in human cells, SERINC4 is poorly 

expressed and it is indeed detectable only when overexpressed from pcDNA3.1; 

nevertheless, SERINC4 has a negative effect on progeny virions infectivity similar to 

SERINC5 (100-fold inhibition at the highest expression); when SERINC4 is expressed 

from PBJ5, the effect on infectivity is reduced (~15-fold), but if we take into account the 

expression level observed, we may speculate that SERINC4 activity may be even 

stronger than the effect of SERINC5. SERINC1 and SERINC3 inhibit HIV-1 infectivity, 

though less potently if compared to SERINC5, resulting in a 10-fold inhibition with high 

expression and a 3-fold (SERINC1) or 5-fold (SERINC3) inhibition with moderate 

expression; at low expression, SERINC1 has nearly no effect on HIV-1 infectivity, while 



Chapter 3 

 

92 

SERINC3 results only in a minor decrease in infectivity, suggesting that among the 

active SERINCs, SERINC1 is the least potent. Therefore, we could rank SERINCs 

paralogs according to their HIV-1 inhibition capacity as follows: 

SERINC5>SERINC4>SERINC3>SERINC1>SERINC2.  

On these bases, we concluded that with the sole exception of SERINC2, the ability to 

inhibit HIV-1 infectivity is a shared feature of the human SERINC family, though the 

extent of restriction is different according to the paralog. 

 

Figure 3.1: The ability to inhibit HIV-1 infectivity is conserved in the human SERINC 
family, with the sole exception of SERINC2. 
Effect of SERINC paralogs on the infectivity of NL4-3 neffs restricted to single cycle replication, 
produced from HEK293T cells, co-transfected with plasmids encoding a SERINC paralog or 
empty vector control. (Top panel) Virus infectivity in each condition was measured on TZM-
ZsGreen cells; the number of infected cells was normalized on the RT activity of the inoculum 
and infectivity was expressed as percentage relative to the virus infectivity in the empty vector 
control. Graph bars represent the mean + SD of n=4 technical replicates; (Bottom panel) 
Immunoblots of human SERINC-HA paralogs from producer cell lysates and purified viral 
particles.  
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3.2. Glycosylation of SERINC is not required for the effect on infectivity 

SERINC proteins have a broad running profile in SDS-PAGE where the apparent 

molecular weight of the proteins is higher than the predicted cumulative mass of the 

amino acids, suggesting that the SERINC proteins are glycosylated. As shown in 

previous figures, SERINC proteins run as a doublet in denaturing SDS-PAGE, with a  

45 kDa species and a 50 kDa species, the latter corresponding to the glycosylated 

form. By comparing western blotting images of SERINC5 associated to viruses and 

from cell lysates, it appears evident that the protein incorporated into virions has an 

apparent molecular weight higher than the protein observed in cell lysates, meaning 

that virions selectively incorporate a form of SERINC5 with a specific glycosylation 

profile. We wondered whether abolishment of SERINC5 glycosylation would eliminate 

the inhibitory effect on infectivity. Two asparagine residues in SERINC5 can be 

predicted to function as glycosylation sites at position 294 and 113. Even though N113 

is inferred by the structure to reside intracellularly, to unequivocally identify the 

glycosylation site we substituted both with glutamine to prevent N-glycosylation. Wild-

type, N294Q and N113Q SERINC5 variants were overexpressed in HEK293T producer 

cells, along with provirus constructs. As shown by western blot on producer cells 

(Figure 3.2), N294Q effectively prevents protein glycosylation, as only the 45 kDa band 

remains visible, while mutation of an intracellular asparagine has no effect on 

SERINC5 N-glycosylation, as expected. Interestingly, lack of N-glycosylation does not 

impact on the inhibitory activity of SERINC5, as virions produced in presence of any 

tested SERINC5 variant have a similar ~100-fold inhibition. This result is in agreement 

with a concomitant study576 which observed that SERINC5 is uniquely N-glycosylated 

at N294, in the fourth extracellular loop (ECL), and that the glycosylated species is 

specifically incorporated into virions. 
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Figure 3.2: Glycosylation is dispensable for SERINC5 antiviral activity. 
Effect of glycosylation on SERINC5 antiviral activity. Single-cycle replication competent NL4-3 
neffs was produced in HEK293T cells, co-transfected with the indicated SERINC5 variants, 
expressed from pcDNA3.1. (Left) Virion infectivity normalized on the RT-activity of the viral 
inoculum is expressed as percentage relative to the infectivity of virus produced in the absence 
of SERINC5. Graph bars represents the mean + SD of n=4 technical replicates; (Right) 
Detection of SERINC5-HA glycosylation mutants in virus producer cells lysates by western blot. 
 

Following a collaboration with the glycobiology laboratory of Stuart Haslam (Imperial 

College), our laboratory investigated the qualitative profile of glycosylation of SERINC5 

and SERINC2. Mass spectrometry analyses confirmed that both proteins are  

N-glycosylated exclusively at a residue in ECL4, N294 for SERINC5 and N304 for 

SERINC2. Interestingly, the N-glycan associated with SERINC5 is characterized by 

long bi-antennary N-Acetyl-D-lactosamine (LacNAc) units (up to 8), while SERINC2 

bears a N-glycan with shorter (2-3) LacNAc moieties. Also, SERINC2 presents 

bisected N-glycans, not observed in SERINC5 (data not shown).  

To investigate whether differences in the glycomic profiles might account for the 

diverse effect on HIV-1 infectivity, a SERINC2 variant, N304Q, harbouring a glutamine 

in place of the glycosylated asparagine, was generated and tested for its activity 

against HIV-1, as previously described for SERINC5. N304D mutation prevents N-

glycosylation, as shown by the single 45 kDa band in HEK293T cell lysate in Figure 

3.3. As observed for SERINC5, alteration of the glycosylation status has no effect on 

SERINC2 lack of antiviral activity. Indeed, N304Q SERINC2 has no effect on HIV-1 
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infectivity, similarly to the wild-type SERINC2, indicating that, though different between 

SERINC5 and SERINC2, glycosylation is not relevant for restriction of HIV-1 infectivity. 

 

Figure 3.3: Glycosylation is irrelevant for SERINC2 lack of activity against HIV-1. 
Effect of SERINC2 glycosylation on HIV-1 infectivity. NL4-3 Δenv neffs virions were produced in 
the presence of wild-type SERINC5 or SERINC2 or a glycosylation defective SERINC2 mutant, 
expressed from pcDNA3.1. NL4-3 was complemented in trans by PBJ5-EnvHXB2. (Left) RT-
normalized virion infectivity measured on TZM-zsGreen cells, shown as percentage relative to 
the infectivity measured in the empty vector control; Graph bars represent the mean + SD of 
n=4 technical replicates; (Right) Western blot of the indicated SERINC-HA protein in virus 
producer cell lysates. 

 

3.3. SERINC2 is cleaved by HIV-1 protease within ICL4 

For the separation of SERINC proteins in SDS-PAGE we have experienced that tricine-

based gels allows a better visualization of the protein which appears as a more 

compact band than in glycine-based gels. Tricine also allows optimal separation of low 

molecular weight proteins. Therefore, after numerous experiments for the detection of 

SERINC proteins associated with virus particles we appreciated the presence of a 

∼10 kDa fragment detected with the anti-HA antibody in SERINC2 but not SERINC5 

samples, as anticipated in Figure 3.1. A comparison between virion incorporated 

SERINC2 and SERINC5 from Figure 3.1 is reported in Figure 3.4 as a representative 

experiment.  
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Besides SERINC2, also SERINC1 and SERINC4 present lower molecular weight 

fragments specifically associated with virus particles (Figure 3.1). Since we observed 

that SERINC2, which displays the most prominent cleavage product, is also the only 

human SERINC inactive against HIV-1, we decided to focus on first instance on this 

paralog, to understand the nature of such cleavage. Given the predominance of the 

fragment compared to the uncleaved protein, we wondered whether this could explain 

SERINC2 lack of activity on virus infectivity. Since the fragment is readily visible in 

samples derived from purified viruses, but not in the producer cell lysates, we 

hypothesized the cleavage to be operated by the viral protease, which is activated only 

after virus budding. To test this hypothesis, NL4-3 neffs virions were produced in 

HEK293T cells, co-transfected with SERINC2 or SERINC5, as control, expressed from 

pcDNA3.1. The day after transfection, producer cells were treated with 5 µM 

Saquinavir, an HIV-1 protease inhibitor. As shown in Figure 3.5, inhibition of the viral 

protease results in defective Gag polyprotein processing, as shown by an accumulation 

of the immature HIV-1 p55 in Saquinavir-treated samples. In the SERINC2 lane, a 

prominent low-molecular weight fragment is specifically detected in purified virus 

particles but is strongly reduced in presence of Saquinavir. In contrast, faint low-

molecular weight bands are present in virion-associated SERINC5, but these are 

similarly detected also in producer cell lysates, indicating that these fragments are 

likely the result of non-specific degradation of SERINC5, perhaps by some cellular 

proteases. Indeed, Saquinavir appears to have a modest effect on SERINC5 cleavage 

fragments in cell lysates. Nevertheless, results indicate that SERINC2 is cleaved 

exclusively into virions by the HIV-1 protease. 
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Figure 3.4: SERINC2 is cleaved into virus particles. 
Detection of SERINC2-HA and SERINC5-HA in purified virus pellets and producer cell lysates 
by western blot. NL4-3 neffs virions, complemented in trans with EnvHXB2, were produced in 
HEK293T cells, co-transfected with pcDNA3.1, expressing either SERINC2-HA or SERINC5-
HA. Virion-associated SERINC2 cleavage fragment is indicated by a red arrow. 
 

 

Figure 3.5: The HIV-1 protease inhibitor Saquinavir prevents SERINC2 cleavage into 
virions. 
Immunoblot of SERINC2-HA and SERINC5-HA in purified virus pellets and producer cells 
lysates. NL4-3 Δenv neffs virions were produced in HEK293T cells, co-transfected with 
pcDNA3.1 expressing SERINC2-HA or SERINC5-HA. NL4-3 was complemented in trans by 
PBJ5-EnvHXB2. 24 hours after transfection, virus producer cells were treated with 5 µM 
Saquinavir, to inhibit the activity of HIV-1 protease. A red arrow indicates the SERINC2 

cleavage fragment dependent on HIV-1 protease activity. 
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Given the apparent molecular weight of the fragment, and the detection with the 

antibody against the HA epitope located at the C-terminus of the protein, we estimated 

that SERINC2 cleavage occurs at around residue 380, located in the fourth intracellular 

loop. Accordingly, HIVCleave577 (http://www.csbio.sjtu.edu.cn/bioinf/HIV/) which 

predicts the presence of HIV-1 cleavage sites in an input amino acid sequence, 

assigns to the SERINC2 sequence 367PMLD↓ATQQ374 a high score, suggesting that 

this could be a possible candidate target site. To verify whether the ICL4 effectively 

contains the cleavage site, the loop was mutually swapped between SERINC5 and 

SERINC2, and the chimeric proteins cleavage into virion particles was investigated. For 

this purpose, we used Jurkat TAg instead of HEK293T as virus producer cells, because 

we experimentally observed that with Jurkat TAg (JTAg) cells it is possible to achieve 

virus preparations completely free from contaminating extracellular vesicles. 

A second potential problem of our results relates to Saquinavir that, though specific for 

HIV-1 protease, has a reported limited effect on human aspartic proteases578,579. 

Therefore, to further confirm that SERINC2 cleavage is selectively due to HIV-1 

protease, we used a NL4-3 provirus construct with an inactivating mutation in the 

catalytic site of the protease. So, HIV-1 NL4-3 neffs virions carrying a wild-type, or an 

inactive protease were produced in JTAg cells in presence of SERINC2, SERINC5 or a 

chimeric variant.  

Figure 3.6 shows that while no cleavage is detectable in SERINC5 samples associated 

with wild-type or protease deficient viral particles, a prominent 10 kDa band is observed 

in SERINC2-bearing virus particles carrying a functional protease but not the inactive 

counterpart. This result confirms that SERINC2, unlike SERINC5, is effectively 

processed in the virion by HIV-1 protease. Both SERINC chimeric molecules have an 

expression level comparable to their wild-type counterparts and are incorporated into 

virions. While the introduction of ICL4 from SERINC5 into SERINC2 confers the 

molecule resistance to HIV-1 protease activity, the reciprocal swap does not result in 
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SERINC5 cleavage. This confirms that ICL4 contains the cleavage site, but that the 

sequence can be recognized only in the context provided by SERINC2, perhaps 

because of structural constraints imposed by the overall structure of the protein. 

 

 

Figure 3.6: HIV-1 protease cleaves virion-associated SERINC2 within intracellular loop 4. 
Detection of SERINC2-loop5, SERINC5-loop2 and their wild-type counterparts in purified virus 
pellets and producer cell lysates. NL4-3 Δenv neffs virions, carrying a functional protease or an 
inactive allele, were produced in JTAg cells by co-electroporation with the indicated SERINC 
molecule expressed from a PBJ5 vector. Virus was complemented in trans by PBJ5-EnvHXB2. All 
SERINC proteins harboured a C-terminal HA-tag for detection. Cleavage fragments are 
indicated by a red arrow. 
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3.4. Cleavage of SERINC2 is not relevant for the lack of activity on HIV-

1 infectivity 

To establish whether the cleavage observed within SERINC2 could relate to the protein 

lack of antiviral activity, the effect on virus infectivity of wild-type and chimeric SERINC 

molecules were compared. HIV-1 Neffs virions were produced in HEK293T cells in the 

presence of chimeric SERINC2 and SERINC5 and their native counterparts, expressed 

from PBJ6 vector. The relative infectivity of virions in the presence of each construct is 

shown in Figure 3.7 as percentage of the empty control vector. The chimeric molecules 

retain a similar activity on infectivity compared with the unmodified proteins; hence, 

severe reduction of virus infectivity is observed in presence of SERINC5 and its 

chimeric variant harbouring SERINC2 ICL4, while no inhibitory effect is exerted by 

SERINC2 and its chimeric counterpart. This result indicates that cleavage by HIV-1 

protease may not be relevant for the SERINC proteins effect on virus infectivity, given 

that preventing SERINC2 cleavage does not confer antiviral activity to the molecule. 

 

Figure 3.7: The lack of antiviral activity of SERINC2 is not related to intravirion cleavage 
by HIV-1 protease. 
NL4-3 neffs limited to a single cycle replication was produced in HEK293T cells, co-transfected, 
individually, with the indicated SERINC molecules expressed from a pcDNA3.1 plasmid. The 
RT-normalized infectivity of progeny virions was measured on TZM-ZsGreen cells and is 
reported as percentage relative to the virus infectivity measured in the empty vector control. 
Graph bars represent the mean + SD of n=4 technical replicates. 
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3.5. The ability of SERINC5 to inhibit HIV-1 is conserved throughout 

Eukaryota 

Investigation of post-translational modifications differentiating SERINC5 from SERINC2 

were inconclusive in understanding SERINC5 activity against HIV-1. To shed light on 

the mechanism of virus restriction we decided to molecularly characterise SERINC5. 

To this end, we set up a collaboration with Peter Cherepanov’s group to define the 

structure of the host factor.  

Having observed a general conservation of HIV-1 restriction capacity among human 

SERINC paralogs, the Cherepanov’s group tested the suitability of each of them for 

structural studies. For protein crystallization and structure resolution it is generally 

desirable to purify the protein of interest as a single species (either monomeric or 

oligomeric). After size-exclusion chromatography SERINC5 resulted to be the sole 

paralog to have a narrow and clearly defined absorbance curve; however, protein 

crystallization was not achieved because of the poor stability in solution and the highly 

hydrophobic nature of SERINC5. The Cherepanov’s lab worked therefore toward 

cryogenic electron microscopy (cryo-EM), but this technique revealed to be also 

challenging, since SERINC5 is a 50 kDa protein, a mass below cryo-EM requirements 

for proper particle alignment. Therefore, while optimizing a protocol for human 

SERINC5 purification and stability, we turned to SERINC5 orthologs, since experience 

suggests that different orthologs have diverse amenability to structural studies. 

The SERINC family is evolutionarily highly conserved from yeast to mammals. While in 

lower eukaryotes SERINC is present as a single gene, named TMS1, following gene 

duplication events, five members are found from teleosts onward. Figure 3.8 shows the 

amino acid percentage identity matrix and the phylogenetic tree, built in Clustalω, 

aligning the amino acid sequences of SERINC5 orthologs from mammalian, bird, 

amphibian and yeast species. As expected, human SERINC5 is more closely related to 

mammalian orthologs, rather than insect or yeast SERINC; however, all SERINC5 
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orthologs share a common predicted topology and at least 25% amino acid identity 

(Figure 3.8a). 

To identify a SERINC5 ortholog amenable for structural studies, we first investigated 

whether the ability to inhibit HIV-1 infectivity was conserved among different orthologs. 

To this end, SERINC genes from different species were synthesized, codon-optimized 

for expression in humans and cloned into two different expression vectors, pcDNA3.1 

and PBJ6, providing high and low expression, respectively, as detailed above. While 

from species with multiple SERINC genes we chose SERINC5, TMS1 the only ortholog 

in D. melanogaster and S. cerevisiae was synthesized. Each ortholog was C-terminally 

tagged with an HA epitope for detection purposes. 

 

 

Figure 3.8: SERINC5 orthologs share high amino acid identity among themselves. 
(a) Percent identity matrix and (b) phylogenetic tree generated by the alignment of the amino 
acid sequences of the indicated SERINC5 orthologs. 
Clustalω (https://www.ebi.ac.uk/Tools/msa/clustalw2/) was used to build the alignment, 
selecting the default settings. 
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To study the effect of SERINC5 orthologs on infectivity, single-cycle replication 

competent virions were produced in HEK293T cells, co-transfected with a SERINC 

expressing plasmid, as described above.  

As shown in Figure 3.9 all SERINC proteins expressed from pcDNA3.1 are detectable 

by western blot in cell lysates, though at different levels (of note, human SERINC5 is 

the only non-codon-optimized gene). Instead, expression from PBJ6 results in a signal 

that is hardly detectable. All SERINC5 orthologs are active against Nef-deficient HIV-1, 

at the highest expression level tested. However, some orthologs displayed only weak 

or no activity against the virus at the lowest expression. Nevertheless, our results 

indicate that the effect on infectivity is highly conserved and can be observed also in 

primordial eukaryotes such as yeast and D. melanogaster.  

Having demonstrated that the anti-HIV-1 activity is conserved across the entire 

SERINC family, the use of different orthologs for structural studies was investigated. In 

particular, the Cherepanov’s group focused on lower-order eukaryotes, with SERINC 

from D. melanogaster resulting to be a promising ortholog which ensured high level of 

expression and solubility (data not shown).  
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Figure 3.9: The ability of SERINC5 to inhibit HIV-1 infectivity is evolutionary conserved. 
Effect of SERINC5 orthologs on HIV-1 infectivity. NL4-3 Δenv neffs virions were produced in 
HEK293T cells by co-transfection with the indicated SERINC5 orthologs expressed from 
pcDNA3.1 or PBJ6 plasmids. Virions were complemented in trans by PBJ5-EnvHXB2. Each 
ortholog harbours a HA-tag at the C-terminus for detection. (Top) The infectivity of NL4-3 neffs 
virions in the presence of each SERINC5 orthologs was measured on TZM-ZsGreen cells, 
normalized by the RT activity of the viral inoculum and is shown as percentage relative to the 
virus infectivity in the empty vector control. Graph bars represent the mean + SD of n=4 
technical replicates. (Bottom) Detection of SERINC5 orthologs in producer cell lysates by 
immunoblot. 

 

3.6. DmSERINC protein has a novel and unique protein fold 

The cryo-EM model of D. melanogaster SERINC (DmSERINC) is illustrated in Figure 

3.10 and reveals an hexameric complex; each DmSERINC monomer is composed of 

ten transmembrane helices (TM), oriented such as both N- and C-termini are 

intracellular. The transmembrane helices are organized into two subdomains (A and B), 

forming a central crevice. Subdomain A (TM1, TM2, TM3 and TM9) and subdomain B 

(TM5, TM6, TM7 and TM10) are joint by two bisecting helices, TM4 and TM8, 

traversing the phospholipid bilayer diagonally and forming an asymmetrical cross.  
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As shown in Figure 3.11, the cryo-EM model of DmSERINC lacks the N-terminal 

intracellular segment, the long fourth intracellular loop (ICL) and part of the extracellular 

loops (ECL) 1 and 4; these regions proved excessively disordered to be resolved by 

cryo-EM. Two disulphide bonds were identified on the extracellular loops of the 

molecule, one located within ECL1, involving Cys71 and Cys95, and the second 

bridging ECL3 (Cys238) and ECL4 (Cys299). Both disulphide bonds are mostly 

conserved in SERINC proteins from eukaryotes. 

Analysis of amino acids conservation throughout the SERINC family revealed that most 

residues at protomers interface are not conserved and that protomer-bridging 

interactions were mostly lipid-mediated. Thus, we concluded that the hexameric 

arrangement is not characteristic of the SERINC family, though proving instrumental in 

defining the structure of the monomers. Indeed, the lower limit of molecular weight 

required for cryo-EM lies around 50 kDa, a mass similar to that of SERINC proteins. 

Proteins below 50 kDa are difficult to visualize at near-atomic resolution by cryo-EM, as 

electron scattering produced by such small molecules is insufficient to have a good 

image contrast for particle identification and alignment. The size limitation posed by 

human SERINC5 (hSERINC5) hindered the structural resolution of the human protein 

until a suitable antibody was developed to increase hSERINC5 mass (see 

paragraph 3.7). Instead, the hexameric arrangement of DmSERINC made it easier to 

achieve near-atomic resolution of the single monomers. 

Experience suggests that structural similarity among proteins translates into functional 

analogy. Aiming at identifying potential SERINC functions by structural similarity with 

other known proteins, the Worldwide Protein Data Bank was queried, but no proteins 

met sufficient structural similarity to DmSERINC. Thus, DmSERINC structure 

represents an unprecedented transmembrane protein fold. 
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Figure 3.10: DmSERINC structure. 
Purified DmSERINC was processed for cryo-EM and micrographs were acquired by Titan Krios 
electron microscope. (a) Negatively stained sample micrograph and 2D class averages of 
DmSERINC single particles; (b) Cryo-EM map of DmSERINC hexamers in detergent micelles 
(grey shade). Top view is a perpendicular section of the hexamer surrounded by the micelle, 
while bottom view. shows DmSERINC traversing the micelle. (c) Cartoon model of an isolated 
DmSERINC protomer. N- to C-terminus orientation is highlighted by a green to dark blue 
gradient. Transmembrane helices are numbered, from 1 to 10. Loops are labelled as 
intracellular (ICL) or extracellular (ECL), depending on their membrane orientation. Disulphide 
bonds (Cys71-Cys95 and Cys238-Cys299) are indicated in a yellow stick format. The 
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experiments described by this figure were performed by the laboratory of P. Cherepanov 
(Francis Crick Institute). 
 

 

Figure 3.11: Unresolved highly flexible loops of DmSERINC. 
Bidimensional representation of DmSERINC membrane topology, generated by Protter 
(https://wlab.ethz.ch/protter/start/). Loops unresolved in the Cryo-EM model of DmSERINC are 
shaded in dark grey. 
 

3.7. DmSERINC fold is evolutionary conserved across eukaryotes 

In order to confirm that the SERINC ortholog of D. melanogaster retains the same 

fundamental functional features of human SERINC5, we performed flow cytometry 

experiments to investigate the cell surface localization. Since no commercial antibodies 

for SERINC detection are available, we inserted a FLAG epitope in the fourth 

extracellular loop, which proved appropriate for detection by flow cytometry. FLAG-tag 

insertion is tolerated by SERINC5 and does not compromise the HIV-1 restriction 

activity of the protein, as observed by a similar extent of inhibition of infectivity when 

HIV-1 neffs is produced in presence of an unmodified or a FLAG-tagged SERINC5 

(Figure 3.12). 

Accordingly, hSERINC5 and DmSERINC harbouring the FLAG insertion were 

overexpressed in HEK293T cells, along with a pIRES-GFP plasmid, needed for gating 

of transfected cells. Following transfection, permeabilized and non-permeabilized cells 
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were processed for flow cytometry analysis as described in methods. As observed in 

Figure 3.13 both hSERINC5 and DmSERINC are correctly displayed on the cell 

surface. The total expression of DmSERINC appears higher if compared to hSERINC5, 

but it should be noted that DmSERINC is codon-optimized for expression in human 

cells, while hSERINC5 is expressed from its native genetic sequence. We concluded 

therefore that DmSERINC genuinely embodies the features of the SERINC family.  

To confirm that DmSERINC structure represents the bona fide human SERINC5 

protein, the Cherepanov’s group aimed at modelling human SERINC5 based on the 

structure resolved for DmSERINC. Thermostability studies conducted by Cherepanov’s 

lab showed that phosphatidylserine could improve hSERINC5 solubility, avoiding 

aggregate formation. However, hSERINC5 single particles lacked an appropriate mass 

for cryo-EM reconstruction, as explained above. To add in single-particle alignments, a 

Fab fragment of a monoclonal antibody recognizing SERINC5 was used to increase 

the molecular mass of the single particles and help defining particle orientation. 

Given the lack of commercially available antibodies against human SERINC5, we 

started a collaboration with the National Institute for Biological Standards and Controls 

(NIBSC, Giada Mattiuzzo) to generate specific monoclonal antibodies (mAbs). 

Hybridomas derived from mice immunized with the purified full protein were screened 

by NIBSC retrieving two clones (EVG_5.2 and EVG_5.3) of highly active mAbs, 

according to in vitro binding assays. 
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Figure 3.12: Insertion of the iFLAG-tag within SERINC5 ECL4 does not compromise the 
HIV-1 restriction activity of the protein. 
Effect of iFLAG-tag insertion on SERINC5 antiviral activity. NL4-3 Δenv neffs was produced in 
HEK293T cells, co-transfected with SERINC5 expressed from PBJ6 or pcDNA3.1 plasmids. 
Virions were complemented in trans with PBJ5-EnvHXB2. SERINC5 bears a C-terminal HA-tag 
and where indicated an additional FLAG-tag within ECL4. Virion infectivity was measured on 
TZM-ZsGreen cells, normalized on RT-activity of each sample, and expressed as percentage 
relative to the infectivity measured in the empty vector control. Graph bars represent the mean 
+ SD of n=4 technical replicates. 
 

 

Figure 3.13: DmSERINC correctly localizes on the cell surface. 
The correct localization of SERINC proteins was assessed by detection of the extracellular 
FLAG-epitope (top panel). Total expression (bottom panel) was measured in permeabilized 
cells. HEK293T cells were co-transfected with pIRES-eGFP and pcDNA3.1-hSERINC5 or 
pcDNA3.1-DmSERINC, harbouring an iFLAG epitope and a C-terminal HA-tag. Permeabilized 
and non-permeabilized cells were stained for flow-cytometry analysis with anti-FLAG primary 
antibody and an APC-conjugated secondary antibody. GFP expression was used to identify 
transfected cells. Background signal is indicated in yellow, while flow cytometry profiles of 
hSERINC5 and DmSERINC are in purple. 
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We tested the ability of EVG_5.2 and EVG_5.3 mAbs to detect SERINC5 protein in 

western blotting and flow cytometry (Figure 3.14). While neither of the two antibodies 

could detect the protein expressed endogenously in HEK293T cells, neither by flow 

cytometry nor by western blotting, the protein was detected when overexpressed from 

a pcDNA3.1 plasmid. Both mAbs specifically recognized the overexpressed SERINC5 

as demonstrated by no reactivity against the paralog SERINC2, used as control. A 

possible issue compromising endogenous SERINC5 detection could be the low 

expression levels in HEK293T cells. Therefore, we assessed the detection sensitivity of 

EVG_5.2 and EVG_5.3 mAbs in Jurkat cells, notably expressing higher levels of the 

protein43. To this end, wild-type and SERINC5 KO Jurkat E6.1 cells, the latter used as 

negative control, were permeabilized to allow total protein staining and processed for 

flow cytometry as described in material and methods. As seen in Figure 3.15 both 

antibodies failed once more in detecting the presence of the endogenous protein and in 

discriminating between wild-type and SERINC5 KO cells. 

Importantly, we observed that both mAbs failed to detect the overexpressed SERINC5 

when bearing a FLAG-tag, indicating that the epitope recognized by both antibodies 

was disrupted upon insertion of the tag (Figure 3.16). This evidence suggested that 

both antibodies bind to the fourth extracellular loop of the protein, where the FLAG 

epitope is located. The ability of these antibody to bind hSERINC5 suggested that an 

antigen-binding fragment (Fab) derived from these two mAbs could be used to 

specifically increase the mass of hSERINC5 to form complexes that could be resolved 

by cryo-EM. 
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Figure 3.14: αEVG_5.2 and αEVG_5.3 specifically recognize overexpressed, but not 
endogenous, SERINC5 in HEK293T cells. 
The ability of αEVG_5.2 and αEVG_5.3 to specifically recognize SERINC5 was assessed by (a) 
flow-cytometry and (b) western blot. For ectopic expression, HEK293T cells were transfected 
individually with pcDNA3.1-SERINC5, pcDNA3.1-SERINC2 or empty vector control. SERINC2 
was used to control the specificity of the antibodies. (a) Detection of both endogenous and 
ectopic SERINC5 by flow cytometry. Cells were labelled with the primary antibodies EVG_5.2 or 
EVG_5.3 and a FITC-conjugated secondary antibody. (b) Detection of endogenous and ectopic 
SERINC5 by immunoblot. An anti-HA antibody was used, in parallel with αEVG_5.2 and 
αEVG_5.3, to confirm the effective overexpression of SERINC proteins. 
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Figure 3.15: αEVG_5.2 and αEVG_5.3 fail to detect endogenous SERINC5 in Jurkat E6.1 
cells. 
The ability of αEVG_5.2 or αEVG_5.3 to detect endogenously expressed SERINC5 was tested 
in Jurkat E6.1 cells. SERINC5 KO E6.1 cells were used as a negative control. Cells were 
labelled with the primary antibodies EVG_5.2 or EVG_5.3 and a PE-conjugated secondary 
antibody. The PE+ population was set on the background signal observed in the SERINC5 
knock-out population. 

 

 

Figure 3.16: αEVG-5.2 and αEVG-5.3 recognize an epitope within SERINC5 ECL4. 
HEK293T cells were transfected with pcDNA3.1 expressing an unmodified SERINC5 or a 
variant harbouring a FLAG epitope within ECL4. Cells were labelled with αEVG_5.2 or 
αEVG_5.3 or anti-FLAG and a FITC-conjugated secondary antibody. The FITC+ population was 
set on stained cells transfected with the empty control vector. 
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Accordingly, αEVG_5.2 was used to help imaging SERINC5 in detergent micelles 

supplemented with phosphatidylserine. The human SERINC5 structure was resolved at 

the sub-nanometric level, a resolution sufficient to demonstrate that the structure 

observed with the D. melanogaster ortholog is conserved and reproduces the 

morphology of the human protein (Figure 3.17). By fitting the atomic model of 

DmSERINC on the cryo-EM map of hSERINC5, we observed that a single molecule of 

human SERINC5 has indeed an organization similar to that of a single monomer of 

DmSERINC, with ten transmembrane helices traversing the membrane, arranged into 

two subdomains. 

 

 

Figure 3.17: DmSERINC structure is evolutionary conserved. 
The cryo-EM map of hSERINC5, doped in micelle, is represented as a semi-transparent grey 
surface, on which the atomic model of DmSERINC (green to dark blue) and αFab (purple) were 
fitted. Left view shows hSERINC5 spanning the micelle, while the right view is a perpendicular 
section. The data described by this figure were generated by the laboratory of P. Cherepanov 
(Francis Crick Institute). 
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3.8. The HIV-1 restriction activity of SERINC5 maps predominantly to 

ECL5, ECL3 and the interdomain interface 

Having DmSERINC structure available allowed us to design relevant amino acid 

substitutions to investigate the importance of structural motifs for the protein 

functionality. 94 mutations were individually generated throughout the entire sequence 

of hSERINC5 in order to identify regions important for HIV-1 restriction. We followed 

three different criteria to choose which residues were to mutate: 

1) Amino acid conservation from DmSERINC to hSERINC5. Highly conserved 

residues were selected to identify regions and motifs important for the overall 

functionality of the protein; 

2) Amino acid divergence between hSERINC2 and hSERINC5. We previously 

showed that SERINC2 is the only human SERINC protein that has no inhibitory 

effect on HIV-1 infectivity (Figure 3.1); hence, we selected positions that were 

divergent between the two paralogs, to investigate whether they were important 

to confer antiviral activity; 

3) Solvent-exposure of the amino acids. We focused mainly on the solvent-

exposed residues located in the flexible extracellular and intracellular loops, and 

in the internal cleft formed at the subdomain interface. This choice was driven 

by the fact that mutation of highly hydrophobic residues buried within the 

phospholipid bilayer would have disrupted the overall protein structure. In 

addition, a shared hypothesis is that SERINC5 may inhibit virus infectivity by 

impairing the functionality of the envelope glycoproteins, supported by the 

evidence that SERINC5 destabilizes gp120-gp41 trimers395 and that the 

determinants crucial for the susceptibility to SERINC5 map on gp120396. On this 

basis we focused on first instance on the extracellular loops of the protein and 

chimeras were constructed by swapping the extracellular domains of SERINC5 

and SERINC2, according to the topology indicated by the structure. 
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Each mutation was analysed for effects on protein expression and membrane 

localization using flow cytometry, and on inhibition of HIV-1 infectivity. As explained 

previously, since SERINC5 effect on virus infectivity is very robust and saturable, 

perturbations of the antiviral activity were assessed by expressing SERINC5 variants 

from PBJ6 or PBJ5. In contrast, because surface expression with PBJ6 by flow 

cytometry is barely detectable, the ability of the protein to reach the cell surface was 

investigated by expressing it from pcDNA3.1. All variants were introduced into 

SERINC5-iFLAG-HA to allow detection by flow cytometry and western blot. 

To assess virus infectivity in the presence of SERINC5 mutant proteins, NL4-3 neffs 

limited to single-cycle replication was produced in HEK293T cells, co-transfected with a 

SERINC5 variant, and inoculated onto TZM-ZsGreen reporter cells. For flow cytometry 

analysis, HEK293T cells were co-transfected with each SERINC5 variant individually 

and a pIRES-GFP plasmid, to gate transfected cells. Following transfection, 

permeabilized and non-permeabilized cells were labelled with an anti-FLAG antibody 

and subsequently a suitable APC-conjugated secondary antibody as described in 

paragraph 9.8.1. 

A comprehensive overview of the results obtained from our massive mutagenesis 

screening is given in Figure 3.18, Figure 3.19 and Annex 1. For each SERINC5 mutant, 

the surface expression and the reduction of HIV-1 infectivity were shown as percentage 

relative to the unmodified SERINC5. The surface expression was calculated by 

measuring the APC median fluorescence intensity (MFI) in the GFP+ population, 

subtracting the background and expressing the final value as percentage relative to the 

APC MFI obtained with wild-type SERINC5. The effect on HIV-1 infectivity was 

expressed as “residual infectivity” and it was calculated by normalizing the fold-

inhibition of each variant on the reduction exerted by the wild-type protein. A visual 

indication of substitutions localization is given by the green to dark blue gradient bar, 
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running all along the graph and matching the 2D schematic model of SERINC5 

topology. 

We observed a general correlation between the level of surface expression and the 

restriction activity of the analysed variants on HIV-1 infectivity (Figure 3.18, Figure 3.19 

and Annex 1), so that mutations impairing the surface localization of SERINC5 

indirectly hampered the effect on infectivity. This preliminary result suggested that 

SERINC5 global conformation may be required for protein functionality, since even a 

single amino acid substitution may have such detrimental effects. Some amino acid 

substitutions were tolerated and, though somewhat defective on expression, they 

appeared to retain antiviral activity comparable to the wild-type protein. 

However, clusters of mutants emerged for retaining cell surface localization but no, or 

severely impaired, restriction activity. According to these observations, we built a 

correlation plot of the surface expression in function of the residual effect on infectivity, 

and we classified the loss-of-function SERINC5 variants in two groups, class I and 

class II, that are further described below. 
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Figure 3.18: SERINC5 antiviral activity against HIV-1 requires plasma membrane 
localization. 
Effects of 94 distinct mutations on SERINC5 restriction activity (black) and surface expression 
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(grey). The residual effect on HIV-1 infectivity was measured infecting TZM-ZsGreen cells with 
NL4-3 neffs virions, carrying EnvHXB2, produced by co-transfection of HEK293T cells with 
individual PBJ6-SERINC5-iFLAG-HA variants. Correct plasma membrane localization was 
controlled, measuring the surface expression of each mutant in HEK293T cells, co-transfected 
with a pcDNA3.1-SERINC5-iFLAG-HA variant and pIRES-eGFP. The position of each mutation 
within SERINC5 is marked by a green-to-blue bar, modelled on the bidimensional cartoon of 
SERINC5 topology in membrane, shown on the right. 

 

 

 
Figure 3.19: A cluster of SERINC5 variants fails to inhibit HIV-1 infectivity, despite being 
exposed on the cell surface. 
Correlation analysis between the residual antiviral activity and the surface expression of each 
SERINC5 variant. Perturbations of SERINC5 activity and localization were investigated as 
described in figure 3.18. A grey box identifies Class I LOF variants, which fail to be expressed 
and consequently have no antiretroviral activity. Instead, a yellow box highlights Class II LOF 
variants, which do not inhibit HIV-1 infectivity, despite proper surface expression. The SERINC5 
variants which were further investigated are marked by red dots (Class I LOF), light blue dots 
(class II LOF within ECLs or subdomain interface) or green dots (lass II LOF within ICL3). 
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3.8.1. Class I Loss-of-function SERINC5 variants 

We classified as Class I those SERINC5 mutant proteins that failed to localize to the 

plasma membrane (surface expression < 30%) and to inhibit HIV-1 infectivity (residual 

effect on infectivity < 50%). Out of 94 variants, we identified 14 mutations that disrupted 

surface expression. Class I LOF mutants are represented in Figure 3.19 by the grey 

area. Class I mutations consist in single amino acid substitution at highly conserved or 

invariant positions across the whole SERINC family, indicating their strong requirement 

for the general protein conformation. This is the case of K130A, F165A, Y388A, 

H394A, W411F, K433A and Y444A (coloured in red in Figure 3.19 and in Figure 

3.20c), which associate with the most severe defects in surface expression, and 

consequently do not restrict HIV-1 infectivity, as shown in Figure 3.20 (left panels). The 

mutations introduced at these positions also impaired the total protein expression (see 

Annex 1), consistent with an overall disruption of the protein folding and transport 

rather than a specific impairment of the restriction activity. 
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Figure 3.20: Class I LOF mutations abolish SERINC5 surface localization. 
(a) Effect of representative class I variants on SERINC5 inhibition of HIV-1 infectivity and 
surface expression. The antiviral activity of the indicated SERINC5 mutants was measured, 
producing NL4-3 neffs, limited to a single cycle of replication, in HEK293T cells, co-transfected 
with each variant expressed from a PBJ6 plasmid; perturbations of SERINC5 membrane 
localization were assessed by flow cytometry analyses of HEK293T cells, co-transfected with 
pIRES-eGFP and selected class I LOF, expressed from a pcDNA3.1 plasmid. Bar graphs 
represent the mean + SD of n=3 biological independent replicates. Significant differences with 
wild-type SERINC5 are indicated by asterisks (unpaired two-tailed t-test). ***p<0.001; (b) 
Representative flow cytometry profiles of selected Class I LOF SERINC5 mutants. Background 
signal is shaded yellow, while SERINC5-iFLAG surface expression is denoted by a purple area; 
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(c) Cartoon model of DmSERINC structure. Representative class I LOF variants are indicated in 
red. 
 

 

3.8.2. Class II Loss-of-function SERINC5 variants 

SERINC5 variants correctly displayed on the cell surface but having defects in virus 

restriction activity (residual effect on infectivity < 50%), were classified as Class II and 

are represented in Figure 3.19 by the beige area. Class II LOF mutations generally 

have no effect on SERINC5 surface localization, though some variants might favour 

protein stability and/or transport, resulting in higher surface expression, compared to 

the unmodified SERINC5 (e.g., IE419KM, QK222EP, S259A, etc.). Since no negative 

effects on protein localization were observed, we hypothesized that reduction or lack of 

HIV-1 restriction activity were due to a selective impairment of protein functionality. 

Class II LOF variants cluster mainly in ECL5 (Phe412 to Phe430) and ECL3 (Gln222 to 

Asn229), and at the interface between subdomains (Gln169, Ser328, Val396, Phe397), 

as shown by the blue dots in Figure 3.19.  

Figure 3.21 highlights the surface expression and the residual effect on infectivity of the 

most severe Class II mutants; these SERINC5 proteins have higher or comparable 

surface expression to the wild-type protein, though showing less than 20% restriction 

activity. Q169A may be considered an exception given the partial defect in surface 

localization (~40% compared to the wild-type protein); however, since the entity of this 

defect poorly correlates with the lack of inhibition of HIV-1 infectivity, we decided to 

classify Q169A as a class II LOF mutant. Among the selected Class II variants there 

are substitutions at divergent positions between SERINC5 and SERINC2 (NY413KP, 

ES415GE, IE419KM, S328I) and chimeric SERINC5 proteins (ECL3A and ECL5B), in 

which ECL3 and ECL5 were swapped with the corresponding regions from SERINC2, 

resulting in abolishment of antiviral activity, thus reinforcing their contribution to viral 

restriction. Since ECL5B mutation has the strongest effect on HIV-1 inhibition, the 

reciprocal SERINC2 chimera has been included in the study (see paragraph 3.11). The 
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observation that multiple regions of SERINC5 appear to be selectively required for 

protein functionality indicates that the whole conformation of SERINC5 rather than a 

single structural domain is indeed instrumental for the HIV-1 restriction activity. The 

requirement of SERINC5 global conformation for inhibition of HIV-1 infectivity is 

supported by the identification of an additional cluster of Class II SERINC5 variants in 

the third intracellular loop, indicated by the green dots in Figure 3.19. As explained 

above, we chose to focus and further characterize extracellular residues, based on 

previous studies indicating that SERINC5 might interfere with the envelope 

glycoprotein functionality. 
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Figure 3.21: Class II amino acid substitutions compromise SERINC5 inhibition of HIV-1 
infectivity, without interfering with protein surface localization. 
(a) Effect of representative class II variants on SERINC5 antiviral activity and surface 
expression. The antiviral effect of the indicated SERINC5 proteins was measured, producing 
NL4-3 neffs, limited to a single cycle of replication, in HEK293T cells, co-transfected with each 
variant expressed from a PBJ6 plasmid; SERINC5 membrane localization was assessed by 
flow cytometry analyses of HEK293T cells, co-transfected with pIRES-eGFP and selected class 
II LOF mutants, expressed from a pcDNA3.1 plasmid. Bar graphs represent the mean + SD of 
n=3 biological independent replicates. Significant differences with wild-type SERINC5 are 
indicated by asterisks (unpaired two-tailed t-test). ***p<0.001; (b) Representative flow cytometry 
profiles of representative Class II LOF SERINC5 variants. Background signal is shaded yellow, 
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while SERINC5 surface expression is denoted by a purple area; (c) Cartoon model of 
DmSERINC structure, in which the investigated. Class II LOF variants are indicated in blue. 

 

Therefore, given the intracellular location of ICL3 residues, they were not further 

addressed in this study, and they will be subject of future investigations. The selected 

Class II LOF mutants were subsequently analysed for virion incorporation and HIV-1 

sensitization to neutralizing antibodies (paragraphs 3.9 and 3.10). 

3.8.3. SERINC5 cysteines variants 

SERINC5 is particularly enriched in cysteines residues, hence, we wondered whether 

they are required for the restriction activity. We focused on cysteines at the N-terminus 

of the protein and in ICL4, which are particularly enriched in this amino acid. We also 

included Cys73 and Cys226 that are involved in the formation of the two disulphide 

bonds, located on the extracellular side of the molecule (Figure 3.10 and Figure 3.18). 

We observed that the two disulphide bonds are irrelevant for both the correct folding of 

the protein and for the effect on HIV-1 infectivity. Cysteines located in ICL4 are not 

important for protein functionality, as shown in Figure 3.18 by the absence of consistent 

perturbations on surface localization and HIV-1 restriction. Substitution of cysteines at 

the N-terminus has generally no specific effect on the restriction ability of SERINC5, 

except for CC13,14LL that shows a 50% reduction in inhibition of HIV-1 infectivity; 

since the effect was not so prominent compared to ECL3 and ECL5 mutants, no further 

investigations were conducted. 

3.9. Class II LOF SERINC5 variants are incorporated into virions 

In previous studies, it was established that in the absence of lentiviral Nef, SERINC5 is 

efficiently incorporated into virus particles and this event is thought to be instrumental 

for the host factor activity on HIV-1 infectivity. Hence, one reason that could explain 

why SERINC5 variants displayed on the cell surface have no or minimal effect on HIV-
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1 infectivity could be that the mutations introduced impair the association of the protein 

with virions. We therefore investigated virus incorporation of selected SERINC5 

variants: from class I LOF mutants, K130A and K433A were chosen as control for 

SERINC5 proteins that fail to reach plasma membrane localization; from class II LOF, 

six variants bearing mutations in diverse identified “hotspots” regions of SERINC5 were 

picked. The selected mutant SERINC5 sequences were cloned and expressed in 

PBJ5, a vector which allows intermediate expression between pcDNA3.1 and PBJ6 

(see Figure 3.1b). The reason for this choice was that expression from PBJ6 is too 

weak to allow a robust signal in western blot, while expression from pcDNA3.1 is too 

strong and makes it impossible to obtain a viral particles preparation sufficiently clean 

from contamination by extracellular vesicles incorporating the overexpressed host 

factor. A representative virus incorporation assay, in which SERINC5 was expressed 

from pcDNA3.1, can be observed in Figure 3.22. As shown, the expression of 

SERINC5 is so strong that the protein has a very broad running profile and it is nearly 

impossible to distinguish bands that are specifically incorporated into virus particles, 

with respect to the ΔGag control, in which NL4-3 provirus bears three premature stop 

codons in gag ORF. 

 

Figure 3.22: Strong ectopic SERINC5 expression confounds the interpretation of virions 
incorporation assays.  
Detection of virion-associated SERINC5 in purified virus pellets and producer cell lysates by 
western blot. NL4-3 neffs virions, carrying EnvHXB2, were produced in HEK293T cells by co-
transfection with pcDNA3.1-SERINC5-iFLAG-HA. A NL4-3 Δgag neffs was included in parallel to 
control for extracellular vesicles contamination. 
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Virion incorporation of mutant SERINC5 proteins is reported in Figure 3.23. Virus 

supernatants derived from transfected HEK293T cells were pelleted by 

ultracentrifugation through 25% sucrose cushion as described in methods. As 

previously observed, only the 50 kDa glycosylated form of SERINC5 is specifically 

incorporated into virus particles576. Consistent with flow cytometry, the SERINC5 

variants K130A and K433A, are poorly expressed and not glycosylated, as only the 45 

kDa band is barely visible; this abolishes incorporation into virus particles indicating a 

possible reason why class I variants lack restriction activity. Class II LOF mutants 

instead are all expressed to levels comparable to the wild-type protein (even higher, in 

some cases); they are all glycosylated and incorporated into virions, thus ruling out the 

possibility that the abolishment of the inhibition of HIV-1 infectivity might be due to a 

functional defect in virus incorporation. So, we concluded that the defective activity of 

these variants on infectivity is linked to other mechanisms. 

 

Figure 3.23: Class II LOF SERINC5 variants are correctly incorporated into HIV-1 virions. 
Detection of virion-associated SERINC5 variants in purified virus pellets and producer cell 
lysates by western blot. NL4-3 neffs virions, carrying EnvHXB2, were produced in HEK293T cells 
by co-transfection with the indicated SERINC5-iFLAG-HA variants, expressed from a pcDNA3.1 
plasmid. NL4-3 Δgag neffs was included to control for extracellular vesicles contamination. Class 
I LOF variants are indicated in red, while class II LOF mutants are shown in blue. 
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3.10. SERINC5 variants defective for inhibition of virus infectivity fail to 

enhance HIV-1 susceptibility to neutralization 

It was previously demonstrated402,403 that SERINC5 sensitizes HIV-1 to neutralizing 

antibodies (nAbs), targeting the membrane-proximal external region (MPER) of gp41, 

which has led to the hypothesis that the host factor antiviral activity is functionally 

linked to the alteration of the envelope glycoproteins functionality. To strengthen the 

link between infectivity and virus neutralization, virion sensitivity to SERINC5 maps to 

the trimer association domain on gp120396, and alteration in this region might alter gp41 

accessibility to nAbs.  

To explore the possibility that the effect of class II mutations might be linked to an 

interference with the activity of the envelope glycoproteins, we investigated whether 

selected SERINC5 mutants influence the sensitivity of HIV-1 to neutralizing antibodies. 

Since SERINC5 proteins harbouring mutations in ECL5 show the strongest defects in 

infectivity inhibition, we chose the ECL5B chimeric SERINC5, previously described, 

and the NY413,414KP variant (Asn413 and Tyr414 are located within ECL5). A 

neutralization assay was performed using 4E10 and 2F5 nAbs, which targets the 

MPER domain of gp41. HIV-1 neffs pseudotyped with envelope glycoproteins from the 

JRFL isolate, which confer resistance to SERINC5 inhibition of infectivity, were 

produced in the presence of wild-type SERINC5 or the selected variants. Before 

infection, HIV-1 virions were pre-treated with serial dilutions of 4E10 and 2F5, as 

described in methods. Virion sensitivity was reported in Figure 3.24 as percentage of 

residual infectivity relative to the untreated control. In line with previous observations, 

wild-type SERINC5 sensitizes HIV-1 to the neutralizing activity of 4E10 and 2F5, 

decreasing HIV-1 infectivity in a dose-dependent manner with increasing 

concentrations of nAbs; this is mirrored by a lower IC50 of both nAbs in the presence of 

SERINC5, meaning that a lower concentration of nAbs is required to obtain 50% 

inhibition of virus infectivity. However, mutations in ECL5 abrogate the enhancement of 
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virus susceptibility to neutralization and consequently have a minor effect on nAbs 

IC50, as indicated by the higher residual infectivity of virions produced in the presence 

of the ECL5B or NY413,414KP variants. In conclusion, these results indicate that the 

fifth extracellular loop of SERINC5 is crucial for both inhibition of virus infectivity and 

enhancement of HIV-1 susceptibility to neutralization, therefore strengthening the 

mechanistical relationship between SERINC5 activity and impairment of envelope 

glycoprotein functionality. 

 

Figure 3.24: SERINC5 variants harbouring mutations in ECL5 fail to sensitize HIV-1 to 
neutralization by 4E10 and 2F5. 
Effect of ECL5 SERINC5 variants on HIV-1 sensitization to neutralization by 4E10 and 2F5 
antibodies. NL4-3 Δenv neffs virions were produced in HEK293T cells by co-transfection with the 
indicated PBJ5-SERINC5-iFLAG-HA variants or empty vector control. Virions were 
complemented in trans by PBJ5-EnvJRFL. (a) Virus neutralization by 4E10 (left) and 2F5 (right), 
measured as residual infectivity relative to the infectivity of untreated viruses. Error bars 
represents the mean + 95% confidence interval of n=4 technical replicates; (b) IC50 of values of 
4E10 and 2F5 derived from fitted sigmoidal curves. Bar graphs represent the mean + 95% 
confidence interval of n=4 technical replicates. 

 

a 

b 
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3.11. The sole SERINC5 ECL5 is not sufficient to dictate antiviral activity  

As described above, a stretch of 8 amino acids divergent between SERINC2 and 

SERINC5 in ECL5 (Asn413-Glu420) is strongly required for the effect on infectivity and 

virus sensitization to neutralization. We wondered whether, besides being necessary 

for HIV-1 restriction, ECL5 was also sufficient to confer antiviral activity to an inactive 

SERINC. SERINC2 was therefore modified, by replacing the fifth extracellular loop with 

the corresponding region from SERINC5. ECL5B SERINC2 is correctly expressed and 

displayed on the cell surface, as monitored by flow cytometry (Figure 3.25, right panel). 

However, when overexpressed in HIV-1 HEK293T producer cells, ECL5B SERINC2 

did not gain antiviral activity against HIV-1, indicating that despite being crucial for 

inhibition of HIV-1 infectivity, ECL5 is therefore not sufficient to transfer SERINC5 

antiviral activity, but rather it is likely to be important in the context of the overall 

structure of the protein. 

 

Figure 3.25: Insertion of SERINC5 ECL5 into SERINC2 is not sufficient to transfer antiviral 
activity. 
(Left panel) NL4-3 Δenv neffs virions were produced in HEK293T cells by co-transfection with 
the indicated SERINC protein expressed from pcDNA3.1. Virions were complemented in trans 
by PBJ5-EnvHXB2. The infectivity of progeny virions was measured on TZM-ZsGreen cells and 
normalized on the RT activity of the inoculum. For each sample, virus infectivity is expressed 
relative to the infectivity of NL4-3 Δenv neffs measured in the absence of SERINC proteins. Bar 
graphs represent the mean + SD of n=4 technical replicates; (Right panel) Surface (top) and 
total (b) expression of the indicated SERINC proteins, assessed by flow cytometry analysis of 
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HEK293T cells, co-transfected with pcDNA3.1-SERINC and pIRES-eGFP plasmid, SERINC 
expression is indicated in purple, while background signal is highlighted in yellow. 

 

 

Footnote: I have performed all experiments in this chapter apart from those described in figures 

3.10 and 3.17 and in the upcoming figure 3.26 (Discussion section). 

 

 

3.12. Discussion 

Since the activity of SERINC5 against retroviruses has been observed and 

documented simultaneously by our lab43 and the Göttlinger’s lab44, the molecular 

mechanism governing inhibition of virus infectivity remains unresolved. Results from 

some studies converge towards the hypothesis of an impaired virus fusion with the 

target cell membrane46, 395,580; whether this is due to a direct functional inactivation of 

the retroviral envelope glycoproteins or to another effect of SERINC5 enrichment in 

virions is unknown385. In addition, it remains unclear which specific feature of the host 

factor determines its antiviral activity. 

Our results indicate that inhibition of HIV-1 infectivity relates to a primordial and 

common feature of SERINC5, since the effect on infectivity is shared, though with 

different potency, among several paralogs and orthologs. In particular, our results are 

consistent with previous data394,581 in demonstrating that among the human SERINC 

family, only SERINC2 lacks restrictive activity on HIV-1 infectivity. Instead, SERINC1 

and SERINC3 exert a modest inhibition on virus infectivity, while SERINC4 appears to 

have a strong effect, despite being poorly expressed. In addition, SERINC5 orthologs 

from mammals, but also from distantly related fish, amphibians and insects, inhibit  

HIV-1 infection, as previously reported45, 386, 406, 537,582.  

To identify a possible feature explaining the activity on retroviral infectivity, we initially 

focused on post-translational modifications of SERINC proteins. SERINCs are known 
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to be glycosylated. Upon comparison of SERINC5 derived from virions and producer 

cell lysates on SDS-PAGE gels, it appears that only the higher molecular weight 

species of the host factor is associated with virions, indicating that only the 

glycosylated form of SERINC5 is selectively incorporated. We therefore specifically 

investigated the role of the glycans on SERINC function. SERINC5 and SERINC2 are 

both N-glycosylated at a single asparagine on extracellular loop 3 and have different 

glycan profiles, as observed by mass spectrometry analyses of the sugars released by 

PNGaseF. However, diverse glycomic profiles do not play any role on the divergent 

antiviral activity of the molecules, since glycosylation-defective SERINC2 and 

SERINC5 variants retain their original effect. Our data are in agreement with results 

reported by the Guatelli’s Lab576.  

Having demonstrated that the glycosylation does not affect antiviral activity, our 

attention focused on an observation derived from the analyses of SERINC paralogs 

mobility on SDS-PAGE gels. Because we used Tricine-based gels, which are optimal 

for separation of small polypeptides, we detected a prominent low-molecular weight 

fragment derived from the virion-incorporated fraction of SERINC2; in contrast, such 

fragment was absent in virion-associated SERINC5. Using a specific HIV-1 protease 

inhibitor, saquinavir, or a protease inactive HIV-1 molecular clone, we established that 

SERINC2, but not SERINC5, is specifically processed by the retroviral protease inside 

virus particles. By the apparent molecular weight of the fragment generated, we 

estimated the protease cleavage to involve residues located within the fourth 

intracellular loop, hence, close to the C-terminus of the protein.  

Since SERINC2 is completely inactive against HIV-1 infectivity, the possibility that a 

defective incorporation into virion particles could explain the differential activity of 

SERINC2 and SERINC5 was hypothesized. However, our results demonstrate that, 

irrespectively on their effect on HIV-1 infectivity, all human SERINC paralogs are 

similarly incorporated into HIV-1 virions, indicating that the lack of antiviral activity in 
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SERINC2 does not depend on poor incorporation, but rather on some molecular 

peculiarities. 

The selective intravirion processing of SERINC2 by HIV-1 protease could explain the 

previous claim394 , i.e. that this paralog is poorly incorporated into retroviral particles. In 

fact, SERINC proteins are normally tagged at the C-terminus for their 

immunodetection, and such cleavage removes selectively the epitope from SERINC2, 

generating a small undetectable fragment in ordinary Glycine-based gels. To 

investigate whether the cleavage could explain the absence of activity in SERINC2, we 

engineered chimeric proteins where the ICL4 was swapped between SERINC5 and 

SERINC2. In line with the predicted cleavage site being located within this loop, the 

processing associates with ICL4 derived from SERINC2. Importantly, while the 

chimeric SERINC2 carrying the ICL4 from SERINC5 becomes resistant to protease 

cleavage, it does not gain antiviral activity, demonstrating that cleavage does not affect 

the antiviral activity of the protein. This is further confirmed by the reciprocal SERINC5 

chimera that is processed, though less prominently, but still inhibits HIV-1 infectivity 

similarly to wild-type SERINC5. We noticed that chimeric SERINC5 is cleaved by the 

viral protease less efficiently than SERINC2, suggesting that ICL4 loop may be 

differently accessible according to the molecular context in which it resides.  

While direct assessment of SERINCs incorporation into virions produced from natural 

HIV-1 target cells is still technically precluded by the lack of specific antibodies, in 

collaboration with the laboratory of Jeremy Luban (University of Massachusetts Medical 

School), we obtained a preliminary transcriptomic profile of human SERINCs in primary 

resting CD4+ T-cells and quiescent or LPS-activated monocyte-derived dendritic cells 

(unpublished data, Figure 3.26). Intriguingly, besides SERINC5, also SERINC1, 

SERINC3 and SERINC2 are expressed in relevant HIV-1 target cells, the latter only in 

dendritic cells. SERINC4 is instead undetectable, consistent its poor ectopic 

expression.  
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Figure 3.26: Transcriptomic profile of human SERINC paralogs in relevant primary HIV-1 
host cells. 
Transcriptomic analysis of SERINCs was performed in quiescent CD4+ T-cells or monocyte-
derived dendritic cells. Possible perturbations of SERINCs mRNAs in response to pro-
inflammatory stimuli were investigated in dendritic cells, stimulated with LPS at different time 
points. The data described in this figure were generated by the laboratory of Jeremy Luban 
(UMass). 

 

Notwithstanding, our studies indicate that, apart from SERINC5 and SERINC4, the 

other paralogs have little or no effect on retrovirus infectivity. The specific function of 

each SERINC gene remains therefore unknown and an important target of our future 

research. 

Overall, the investigated differential post-translational processing of SERINC5 and 

SERINC2 does not account for their divergent effects on HIV-1 infectivity, suggesting 

that antiviral restriction might be related to specific protein motifs. A major obstacle for 

studies on SERINC5 is the unavailability of a structural model of the protein to use as a 

guide to infer functional features. To compensate for this lack of knowledge and in the 

attempt to identify molecular determinants governing SERINC5 inhibition of retrovirus 

infectivity, we invested into studying the structural resolution of the protein in 

collaboration with Peter Cherepanov. Our knowledge that SERINC5 antiviral activity is 

conserved across eukaryotes was crucial for identifying a SERINC protein with optimal 
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characteristics for Cryo-EM processing. D. melanogaster SERINC emerged as the 

biochemically best performing SERINC protein. We confirmed that DmSERINC is 

representative of the whole eukaryotic SERINC family since the protein is correctly 

displayed on the plasma membrane and inhibits HIV-1 infectivity, though less potently 

than human SERINC5. 

Cryo-EM unveiled an unprecedent fold of membrane protein386, since no structural 

similarity was reckoned with any of the proteins deposited in the Worldwide Protein 

Data Bank. DmSERINC presents two subdomains A and B, bridged by two inclined 

bisecting helices. A hydrophobic crevice is formed at the interface between 

subdomains, that may accommodate potential interaction sites with other molecules. A 

preliminary resolution of hSERINC5 structure confirms that DmSERINC fold is 

conserved from insects to humans, reflecting conservation of the antiretroviral activity.  

Given the novelty of the SERINC fold, it was not possible to infer putative functions 

based on structural similarities with other known proteins. Nevertheless, with the 

structure at our disposal, we performed an extensive mutagenesis screening386 to 

identify regions or motifs essential for the activity against HIV-1. Our results strongly 

indicate that plasma membrane localization is essential for inhibition of HIV-1 

infectivity, since hSERINC5 variants failing to be exposed on the cell surface, do not 

hamper virus infectivity (class I variants). This indication is line with the previously 

reported correlation between SERINC5 antiviral activity and its localization at the 

plasma membrane, specifically in lipid rafts, major sites of virions assembly and 

budding394. Interestingly, mutations at some residues abrogate both inhibition of virus 

infectivity and sensitization of HIV-1 to the MPER neutralizing antibodies 2F5 and 

4E10, without interfering with the correct SERINC5 incorporation into virus particles 

(class II variants). We identified extracellular loop 3 and 5 and the interface between 

subdomains as crucial hotspots for the SERINC5 antiviral activity. The involvement of 

multiple regions is an indication that the whole conformation of the molecule rather than 
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a single domain is required for virus restriction. Accordingly, insertion of SERINC5 

ECL5 within SERINC2 is not enough to transfer the ability to inhibit HIV-1 infectivity. 

The observation that class II mutations simultaneously abolish both SERINC5 effects 

on HIV-1 infectivity and susceptibility to neutralization by 2F5 and 4E10 strongly 

indicates that these two activities are functionally related. Accordingly, data previously 

collected in our laboratory indicate that the ability of human SERINC paralogs to inhibit 

HIV-1 infectivity correlates with the magnitude to HIV-1 sensitization to nAbs targeting 

specifically the MPER of gp41 (data not published). Hence, our results strengthen the 

claim47,583 that SERINC5 inhibits infectivity inducing the functional inactivation of the 

envelope glycoproteins, likely inducing a deleterious conformational rearrangement of 

gp120-gp41 that leads to the exposure of cryptic neutralizing epitopes within gp41 

MPER. Consistently, domains essential for SERINC5 antiviral activity are located on 

the extracellular portion of the molecule, where they might contact Env trimers. Hence, 

the aberrant rearrangement of the envelope glycoproteins may explain both virus 

sensitization to neutralization402,403 by MPER nAbs and impairment of the fusion 

process with target cells46. 

Further evidence comes from artificial modelling of envelope glycoproteins trimer on 

hSERINC5 structure, which shows that the distance between ECL3 and ECL5 matches 

the spacing between the MPER α-helices of Env trimers386. SERINC5 may therefore 

exploits ECL3 and ECL5 to establish contacts with the MPER domains, potentially 

compromising trimers association and exposing neutralizing epitopes. Of note, 2F5 and 

4E10 epitopes are partially concealed within the viral envelope and it would be 

extremely informative to assess whether they might move outward in the presence of 

SERINC5. We may hypothesize that the introduction of point mutations within ECL5 or 

the replacement of the entire ECL3 or ECL5 compromise a potential interaction surface 

with the viral glycoproteins; such mutations might indeed lead to loss of direct contacts 

with Env residues or disrupt stabilizing interactions with the bulk of SERINC5, 

necessary to maintain a specific spatial organization of the extracellular loops.  
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In line with functional inactivation of Env, it was previously observed that virus 

susceptibility to SERINC5 effect on infectivity maps within the variable loops of gp120, 

which modulate accessibility to the inner core of the glycoproteins161,396. This led to 

speculate that HIV-1 susceptibility to inhibition of infectivity by SERINC5 depends on 

the degree of conformational “openness” of the envelope glycoproteins, which also 

correlates with the general sensitivity to neutralization396. Hence, HIV-1 pseudotyped 

with “closed” Envs, such as EnvJRFL, are difficult-to-neutralize (neutralization tier 2/3) 

and are mostly resistant to SERINC5 activity on infectivity43,44,403. However, even for tier 

2/3 viruses, SERINC5 incorporation into virions results in a specific sensitization to 

antibodies targeting the MPER, indicating that “closed” Envs are nevertheless exposed 

to the effect of the host factor on susceptibility to MPER nAbs. 

Despite the correlation between the effect of relevant SERINC5 mutants on inhibition of 

infectivity and sensitization to 2F5 and 4E10 nAbs, establishing a univocal cause-effect 

relationship is difficult; indeed, our results do not exclude the possibility that SERINC5 

exerts its antiviral activity by destabilizing Env trimers or clustering, as suggested by 

other reports395,404. Concerning this point, it remains elusive whether SERINC5 

interacts directly the HIV-1 spike trimers, since contradictory results have been 

obtained by recent studies395,404. SERINC5 inhibits the infectivity of HIV-1 pseudotyped 

with envelope glycoproteins divergent from HIV-1 Env, such as the MoMLV 

amphotropic Env389, indicating that the molecular basis of restriction might be more 

complex than a sequence-specific interaction. Therefore, further structural analyses are 

required to understand the interplay between SERINC5 and HIV-1 envelope 

glycoproteins. 

Nevertheless, our data confirm that SERINC5 leads to the exposure of crucial 

neutralizing epitopes within HIV-1 and, though its relevance in vivo remains to be 

established, we speculate that this activity might be exceptionally important for 

retrovirus infection, based on the following observations: 
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1) most HIV-1 circulating strains have tier 2/3 Envs and so, they are generally 

poorly sensitive to neutralization by host antibodies. Nevertheless, MPER 

targeting antibodies are potent and broadly neutralizing (bnAbs)584, i.e., they 

recognize epitopes highly conserved across clades and irrespective of co-

receptor usage; 

2) the ability of Nef to rescue HIV-1 sensitization to 4E10 and 2F5 is conserved 

among divergent clades and is shared also by the unrelated MoMLV 

glycoGag402; 

3) HIV-1 gp41 and γ-retrovirus p15E (TM glycoprotein) have similar MPERs and 

potent MPER bnAbs have been isolated in the context of FeLV and PERV585–

588. Interestingly, such antibodies recognize epitopes highly conserved among 

retroviruses and with partial homology to those targeted by 2F5 and 4E10.  

Accordingly, both lentiviruses and γ-retroviruses have evolved SERINC5 

counteracting factors. Intriguingly, MoMLV and EIAV encode an antagonizing 

molecule which is very active in downregulating SERINC5, even if both viruses 

appear to be resistant to the inhibition of infectivity by the host factor45,389. In this 

case, the selective pressure to evolve and maintain the counteracting activity could 

have generated from the virus need of escaping neutralization. 
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Chapter 4  

An ICL4 cysteine stretch plays a crucial role on 

SERINC5 susceptibility to lentiviral Nef proteins. 

HIV-1 overcomes SERINC5 restriction on infectivity by exploiting the accessory protein 

Nef to deplete SERINC5 from the cellular membrane, thus internalizing the host factor 

into late endosomes and preventing its incorporation into progeny virions. Nef induces 

SERINC5 internalization via clathrin- and AP2-mediated endocytosis. Bimolecular 

fluorescence complementation assays (BiFc) suggest the possibility of a direct 

interaction between Nef and the host restriction factor534–536, though the modality of 

SERINC5 engagement by Nef remains elusive. On the basis of previous studies536,537, 

the fourth intracellular loop of SERINC5 emerged as a “hotspot” governing SERINC5 

susceptibility to HIV-1 Nef. Indeed, two hydrophobic residues within ICL4, Lys350 and 

Ile352, have proven crucial in dictating SERINC5 susceptibility to nefSF2
537, an allele 

downregulating specifically SERINC5, but not SERINC3. In addition, deletion of a 

negatively charged stretch of amino acids (364EDTEE368) favours SERINC5 

downregulation by Nef, resulting in increased exclusion of SERINC5 from progeny 

virions536.  

In this chapter, we will first explore the viral counteraction of human SERINC paralogs 

and then we will focus on molecular determinants in SERINC5 necessary for 

internalization by lentiviral Nef proteins. 

 

4.1. Human SERINC paralogs are differently targeted by HIV-1 Nef 

In Chapter 1 we showed that the ability of SERINC5 to inhibit HIV-1 infectivity is 

evolutionary conserved also in low-order species, such as D. melanogaster and  
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S. cerevisiae and, in addition, it is an overall conserved feature in the human SERINC 

family, with SERINC2 being the only functionally divergent paralog. Having observed 

that all human SERINC paralogs, independently of the magnitude of their restrictive 

capacity, are all similarly incorporated into progeny virions, we wondered whether  

HIV-1 Nef was active against members of the human SERINC family other than 

SERINC5. 

To this end, HIV-1 NL4-3 limited to a single cycle of replication and modified to express 

the highly active subtype C Nef97ZA012 or an inactive nef sequence (neffs) was produced 

in SERINC3/5 KO HEK293T cells by transfecting the provirus together with a vector 

expressing EnvHXB2 and SERINC-encoding plasmids. The subtype C 97ZA012 isolate 

was chosen because it is an allele representative of primary viruses most prevalent in 

the world and it is significantly more active than lab-adapted strains in promoting HIV-1 

infectivity. As explained previously, we have generated different vectors expressing 

SERINC molecules, to achieve graded levels of expression. We have observed that 

while the high expression achieved from pcDNA3.1 vector provides a useful tool to 

robustly detect a tagged SERINC in flow cytometry (Chapter 3) and to study the extent 

to which Nef can modulate its cell surface expression (see next paragraphs), it 

saturates the ability of Nef to counteract the effect on infectivity43. Hence, to explore the 

capacity of Nef to overcome the restriction of infectivity imposed by human SERINC 

proteins, we decided to express the paralogs from PBJ5 and PBJ6 vectors, which 

contains weaker promoters in HEK293T cells, to avoid the saturation of Nef 

antagonism. The infectivity of the progeny viruses was measured on TZM-zsGreen 

reporter cells and normalized based on their RT-activity, as described in methods. 

 

The infectivity of NL4-3 neffs or nef97ZA012 virions in the presence of SERINC paralogs is 

reported in Figure 4.1a as percentage of the empty vector control. Consistent with 

previous data, SERINC5 causes the most robust inhibition (25-fold or higher) of HIV-1 
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infectivity even at the lowest expression, while SERINC2 has no detectable effect on 

Nef-deficient virions at any expression level. Nef97ZA012 totally rescues HIV-1 infectivity 

when SERINC5 is expressed from PBJ6, but it provides only a partial repair in the 

presence of the higher SERINC5 levels driven by PBJ5. Nef is not required for optimal 

virus infectivity in the presence of SERINC2, in line with the absence of restrictive 

activity. SERINC1 and SERINC3 exert only a modest inhibitory activity (~ 3-fold) on the 

nef-defective virus, even at their highest expression. Nevertheless, the inhibitory effect 

of SERINC3 is completely antagonized by Nef, confirming previous evidence that this 

paralog is sensitive to the HIV-1 accessory protein. In contrast, Nef did not alter the 

infectivity of HIV-1 in the presence of SERINC1, indicating that this paralog may not be 

susceptible to viral counteraction. Compared to SERINC5, the effect of SERINC4 on 

HIV-1 infectivity was lower in magnitude, likely explained by the poor expression of the 

protein with the promoters used, which are not very active in HEK293T cells (PBJ5 and 

PBJ6, see Chapter 3); notwithstanding, Nef increased virus infectivity in the presence 

of SERINC4, suggesting that this paralog is targeted by Nef.  

The current knowledge supports the notion that the capacity of Nef to enhance HIV-1 

infectivity depends on its ability to exclude SERINC5 from progeny virions; given the 

apparent SERINC1 resistance to Nef counteraction, we hypothesized that the viral 

factor would not avert SERINC1 incorporation into virions.  

Viruses and producer cells from Figure 4.1a were therefore analysed by Western 

blotting to detect SERINC proteins in purified virus particles and cell lysates (figure 

4.1b). Consistent with the results on infectivity, SERINC5 and SERINC3 are 

incorporated into neffs virions, but they readily disappear in viruses expressing a 

functional nef allele. In contrast, Nef97ZA012 proved incapable of depleting virion- 

associated SERINC1, in line with the absence of a Nef effect on the infectivity of virions 

carrying this SERINC molecule. As we previously observed (Figure 3.1), SERINC2 is 

incorporated into virions, despite lacking restriction activity; interestingly, the amount of 
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virion-associated SERINC2 is decreased in the presence of a functional Nef protein, 

indicating that despite not interfering with HIV-1 infectivity, SERINC2 is also targeted 

for surface removal by Nef. The expression of SERINC4 proved insufficient to be 

detected in virions and therefore we could not evaluate the Nef activity on SERINC4 

incorporation. Altogether, these data indicate that HIV-1 Nef can target all human 

SERINC paralogs except SERINC1. 

 

Figure 4.1: The efficiency of HIV-1 Nef to antagonize SERINC-mediated inhibition of virus 
infectivity varies depending on each SERINC paralog. 
NL4-3 Δenv, encoding either nef97ZA012 or neffs, was produced in SERINC3/5 KO HEK293T cells, 
co-transfected individually with a human SERINC paralog, expressed from PBJ5 o PBJ6. NL4-3 
Δenv neffs was complemented in trans with PBJ5-EnvHXB2. (Top) The infectivity of progeny 
virions was measured on TZM-ZsGreen cells and normalized on the RT activity of the viral 
inoculum. Infectivity is expressed relative to the infectivity of virions produced in the absence of 
SERINC5. Representative experiment of n=2 biological independent replicates. Bar graphs 
represent the mean + SD of n=4 technical replicates. Statistical significance was measured with 
unpaired two-tailed t-test. *p<0.05; **p<0.01; ***p<0.001; ns: not significant; (Bottom) Detection 
of human SERINC paralogs in purified virus pellets and producer cell lysates by western blot.  



Chapter 4 

 

142 

4.2. SERINC5 is the human SERINC paralog most sensitive to 

antagonizing retroviral factors 

As described in Introduction, divergent retroviruses independently evolved 

antagonizing factors to counteract the SERINC5 restriction on infectivity. We and 

others have demonstrated that all retroviral factors known to counteract SERINC5 

prevent virion incorporation of the protein by downregulating its cell surface expression. 

Over the years, different studies involving diverse primary HIV-1 and SIV isolates 

revealed that the potency of SERINC5 antagonism is variable among nef alleles43,406; 

for example, Nef from the clade D 94UG112 isolate antagonizes SERINC5 with a lower 

efficiency compared to Nef97ZA012
43

. Given that SERINC proteins have a very different 

activity on infectivity and given the evidence that HIV-1 Nef does not counteract 

SERINC1, we systematically investigated the ability of the different retroviral factors to 

target and internalize each human paralog. To this end, we set up a flow cytometry-

based downregulation assay to measure the surface expression of SERINC paralogs.  

As previously described for SERINC5, a FLAG epitope was inserted into each SERINC 

paralog (in addition to the C-terminal HA-tag), within the fourth extracellular loop. We 

previously showed that the FLAG-tag inserted into SERINC5 ECL4 does not interfere 

neither with protein folding nor with the virus restriction activity, suggesting that 

insertion in this position could be well tolerated by other SERINC molecules (Figure 

3.12 and Figure 3.13). 

To study the activity of different retroviral counteracting factors, we selected three nef 

alleles (from HIV-1 clade C 97ZA012 and clade B SF2, and from SIV mac239), MoMLV 

glycoGag and EIAV S2. Each of the selected viral factors was cloned upstream an 

IRES-GFP cassette to facilitate gating of transfected cells, as already described in 

chapter 3. We chose to exclude SERINC4 from the analysis due to its poor expression, 

making detection by flow cytometry impossible. The SERINC-iFLAG-HA paralogs were 
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expressed only from pcDNA3.1 or PBJ5 plasmids because expression from PBJ6 

plasmid was not detectable by flow cytometry. SERINC-expressing plasmids were co-

transfected in SERINC3/5 KO HEK293T cells together with the indicated retroviral 

factor. To test the specificity of the assay, we inserted an internal FLAG tag within 

ECL3 of mCAT-1, a multispanning transmembrane protein, used as a control. 

Transfected cells were stained with an anti-FLAG primary antibody, followed by an 

APC-conjugated secondary antibody. The surface expression of SERINC proteins was 

calculated by measuring the APC fluorescence intensity (geometric mean) in the 

transfected (GFP+) population.  

Figure 4.2A-E shows the relative residual surface expression of the different paralogs 

in the presence of a specific retroviral antagonist. A summarized view of the SERINCs 

downregulation activity of each retroviral factor is shown in Table 4.1. SERINC5 

appears to be the only paralog robustly downregulated by all retroviral factors with only 

5-10% residual surface expression remaining compared to the control sample. In 

contrast, SERINC1 was found not to be sensitive to the downregulating activity of any 

tested viral proteins, retaining unaltered surface localization; SERINC2 and SERINC3 

sensitivity to internalization was found to vary according to the viral antagonist. Nef 

alleles display diverse potency in internalizing SERINC3, with nef97ZA012 inducing a 2-

fold decrease in SERINC3 surface expression (50% residual surface expression), while 

nefSF2 and nefmac239 appeared not active against this paralog. SERINC2 resulted 

downregulated by Nef97ZA012 but appeared resistant to NefSF2 and Nefmac239. MoMLV 

glycoGag downregulates SERINC5, but it has a lower activity against SERINC2 and 

SERINC3, causing only a 50% decrease in their surface expression. On the contrary, 

EIAV S2 appeared to have the broadest antagonizing activity among all retroviral 

factors; indeed, S2 has a marked activity on both SERINC2 and SERINC3 surface 

localization, internalizing them to a level similar to which it internalizes SERINC5. EIAV 

S2 is the only tested viral antagonist that seemed to have some activity on SERINC1, 
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though modest (40% residual surface expression). However, an identical effect was 

observed on the control protein (mCAT-1) surface expression, suggesting that the S2 

effect on SERINC1 is non-specific. 

 

 

Figure 4.2: Human SERINC paralogs have different sensitivity to internalization by a 
panel of retroviral factors. 
Residual surface expression of each SERINC paralog in the presence of the selected retroviral 
antagonists. SERINC3/5 KO HEK293T cells were co-transfected with a SERINC paralog 
expressed from pcDNA3.1 or PBJ5 and a retroviral factor, expressed from pIRES-eGFP. 
Perturbations of the surface expression of a control protein, mCAT-1, was investigated in 
parallel. 48 hours post-transfection, SERINC surface expression in transfected cells (GFP+) was 
measured by flow cytometry. Residual SERINC surface expression in the presence of each 
retroviral factor is calculated relative to the SERINC surface expression measured in the empty 
control sample, considered as 100%. Bar graphs represent the mean + SD of n=3 biological 
independent experiments. Significant differences with control (100% residual surface 
expression) are indicated by asterisks (one-sample t-test), as follows: *p<0.05; **p<0.01; 
***p<0.001. 

 

 

 

 



Chapter 4 

 

145 

 SERINC1 SERINC2 SERINC3 SERINC5 

Nef97ZA012 - ++ +/- ++ 

NefSF2 - - - ++ 

Nefmac239 - - - ++ 

MoMLV 

glycoGag 

- +/- +/- ++ 

EIAV S2 - + ++ ++ 

 

Table 4.1: Sensitivity of human SERINC paralogs to internalization by selected retroviral 
antagonists. 
The efficiency of SERINC internalization by each retroviral counteractor was calculated on the 
basis of residual SERINC surface expression measured in the presence of each viral factor, as 
follows: ≥50% -; <50% +/-; <30% +; <10% ++. 

 

4.3. Identification of human SERINC5 residues governing sensitivity to 

HIV-1 Nef counteraction 

As shown above, SERINC5 is the human SERINC protein most efficiently targeted by 

the different retroviral antagonists (lentiviral Nef, MoMLV glycoGag and EIAV S2). 

However, little is known about which region of SERINC5 governs its susceptibility to 

Nef, glycoGag and S2. As explained above, data from the Heinrich Göttlinger’s 

laboratory indicate that two hydrophobic amino acids (Lys350 and Ile352) in the fourth 

intracellular loop are required for efficient downregulation by HIV-1 NefSF2
537. In 

addition, the John Guatelli’s group identified an acidic motif 364EDTEE368, located within 

ICL4, that alters SERINC5 sensitivity to counteraction by Nef,536 suggesting that ICL4 

might have a relevant role in modulating SERINC5 susceptibility to viral antagonism.  

We took advantage of the extensive library of SERINC5 mutants we had already 

generated (paragraph 3.8), to map residues important for the susceptibility of the host 



Chapter 4 

 

146 

factor to downregulation by HIV-1 Nef. For this purpose, SERINC3/5 KO HEK293T 

cells were transfected with pcDNA3.1-based plasmids expressing the different 

SERINC5 variants carrying the internal FLAG tag exposed on ECL4, together with a 

plasmid expressing nef derived from HIV-1 subtype C 97ZA012 or an inactive nef 

sequence (neffs) upstream of an IRES-eGFP cassette. Transfected cells were analysed 

by flow cytometry, as described in the previous paragraph. For each SERINC5 variant, 

the residual surface expression in the presence of Nef97ZA012 is shown in Figure 4.3. 

Some SERINC5 substitutions impaired cell surface expression and were therefore 

omitted from the analysis. The SERINC5 mutant LI350,352AA, already characterized 

by the Göttlinger’s lab, was also included. 

Results indicate that none of the mutations analysed is individually sufficient to 

abrogate completely the susceptibility of SERINC5 to downregulation by Nef. In this 

assay, Nef reduces surface expression of wild-type SERINC5 to 10% (highlighted in 

red) while the most refractory molecule maintains 30-40% surface expression despite 

Nef presence. Some SERINC5 variants acquire sensitivity to counteraction, displaying 

only a 4-5% residual surface level upon Nef expression. While all variants appear to 

distribute along a continuous gradient, one mutant appears to stand out by acquiring 

strong resistance to Nef activity. This variant involving three contiguous cysteine 

residues in the fourth intracellular loop replaced with glutamine 

(CCC355,356,358QQQ) is the protein most resistant to downregulation by Nef, since 

its surface expression is reduced only 2.5-fold by the lentiviral factor compared to the 

10-fold downregulation observed with the wild-type protein. This cluster of cysteines is 

located in proximity to the hydrophobic LI350,352 motif on ICL4, reported by the 

Göttlinger’s lab, which in our analysis appears to confer a lower resistance to Nef97Za012 

(5-fold downregulation vs 10-fold of the wild-type protein). Our data, therefore, confirm 

that the longest intracellular loop of SERINC5 contains residues that play a crucial role 

in regulating the sensitivity to Nef.  



Chapter 4 

 

147 

Since Nef is an intracellular membrane anchored protein, it would be reasonable to 

assume that a potential Nef-SERINC5 interaction interface would involve residues 

within the intracellular solvent exposed loops. Nevertheless, SERINC5 variants 

harbouring mutations in the extracellular loops were also analysed for sensitivity to Nef 

and are highlighted in beige in Figure 4.3. Accordingly, no mutation within the 

extracellular loops is associated with increased resistance to Nef. N229G and R225A 

substitutions seem to alter SERINC5 responsiveness to downregulation by Nef, but the 

effect is rather minimal (15% instead of 10% residual surface expression). In contrast, 

variants bearing mutations in ECL3 and ECL5 are internalized to a greater extent than 

the wild-type protein (4-6% residual surface expression). This phenomenon may be an 

indirect effect of substitutions within the extracellular loops, which perhaps cause an 

overall conformational change, modulating the exposure of other residues crucial for 

downregulation.  

Based on these results, we focused on the cysteine cluster in ICL4 for further studies. 
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Figure 4.3: A cysteine cluster within ICL4 is a major determinant of SERINC5 
responsiveness to Nef97ZA012 

Susceptibility of SERINC5 variants to downregulation by Nef97ZA012, measured as residual 
surface expression of the indicated variant in the presence of the viral factor. HEK293T cells 
were co-transfected with a SERINC5-iFLAG-HA variant, expressed from pcDNA3.1, and pIRES-
eGFP-Nef97ZA012 or empty vector control. 48 hours post-transfection, SERINC5 surface 
expression in transfected cells (GFP+) was measured by flow cytometry. The residual surface 
expression of each variant in the presence of Nef97ZA012 is calculated relative to the surface 
expression measured in the respective empty control sample, considered as 100%. 

 

 

4.4. Cys355, Cys356 and Cys358 cooperatively enhance SERINC5 

resistance to downregulation by HIV-1 Nef 

Given that the least Nef-sensitive SERINC5 variant bears a combined substitution of 

Cys355, Cys356 and Cys358 by glutamines, the specific contribution to Nef resistance 

of each position was analysed, introducing single cysteine to glutamine substitutions, 

and combining only C356Q and C358Q. Single or double Cys-to-Gln and combined 

mutations (CCC55,356,358QQQ coupled to LI350,352AA) were therefore engineered 

and their effect on surface expression in the presence of Nef97ZA012 was measured by 

flow cytometry, as described above. The residual surface expression of each SERINC5 

variant is shown in Figure 4.4a; fluorescence intensity histograms from a representative 

experiment are shown in Figure 4.4b. Nef97ZA012 potently internalizes SERINC5, which 

retains only 5% residual surface expression. In line with the previous screening (Figure 

4.3), the combined mutation CCC355,356,358QQQ confers the strongest resistance to 

Nef (45% residual surface level), while the simultaneous substitution of two out of three 

cysteines (CC356,358QQ) has a weaker effect. In contrast, single substitutions of 

Cys355, Cys356 and Cys358 do not result in appreciable changes of susceptibility to 

Nef. Altogether these results suggest a cooperative requirement of the three residues. 

The LI350,352AA mutation alone, instead, introduces a small effect on sensitivity to 

Nef, since this mutant protein is downregulated to 17% of its surface expression. Nef 

resistance of the triple CCC55,356,358QQQ mutant is only marginally increased when 
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combined with substitutions at Lys350 and Ile352 (residual surface expression 

increased from 45 to 50%) suggesting only a minor additive effect of the two variants. A 

potential issue related to the increased Nef resistance of CCC55,356,358QQQ 

SERINC5 might be the higher surface expression of the variant compared to the 

unmodified protein, that might more easily saturate Nef antagonism, especially in an 

overexpression setting. In this regard, raw numbers show that the 

CCC55,356,358QQQ mutant is only ~2-fold more expressed than the wild-type protein, 

a variation that does not explain the difference observed in increased Nef resistance 

(45% vs 5% residual surface expression). Hence, we concluded that the fourth 

intracellular loop is a predominant determinant of SERINC5 susceptibility to HIV-1 

antagonism. 
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Figure 4.4: Simultaneous substitution of Cys355, Cys356 and Cys358 is required to 
impair SERINC5 susceptibility to downregulation by Nef97ZA012. 
Effect of selected mutations on SERINC5 responsiveness to Nef97ZA012. HEK293T cells were co-
transfected with a SERINC5 variant, expressed from pcDNA3.1 and pIRES-eGFP-Nef97ZA012 or 
empty vector control. 48 hours post-transfection, SERINC5 surface expression in transfected 
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cells (GFP+) was measured by flow cytometry. (a) Residual surface expression of the indicated 
SERINC5 mutants in the presence of Nef97ZA012, calculated relative to the surface expression 
measured in the respective empty control sample, considered as 100%. Bar graphs represent 
the mean + SD of n=3 biological independent experiments. Statistical significance was 
measured with unpaired two-tailed t-test. *p<0.01; ***p<0.001; ***p<0.0001; ns: not significant; 
(b) Representative flow cytometry profiles of SERINC5 variants in the presence of empty vector 
control (black line) or nef97ZA012 (red area). Background signal is indicated in grey. 

 

4.5. HIV-1 Nef fails to enhance virus infectivity in the presence of 

SERINC5 variants bearing CCC355,356,358QQQ 

Having observed a major role of ICL4 residues Cys355, Cys356 and Cys358 in 

modulating SERINC5 sensitivity to Nef-mediated internalization, we hypothesized that 

Nef would be incapable of rescuing HIV-1 infectivity in presence of the 

CCC355,356,358QQQ variant. For this purpose, we investigated the infectivity of   

NL4-3 limited neffs or nef97ZA012 to single cycle replication, produced in SERINC3/5 KO 

HEK293T cells, co-transfected with the indicated SERINC5 mutants expressed from 

PBJ6 plasmid. 

As observed in Figure 4.5, the indicated substitutions do not impair the overall 

inhibitory activity of the host factor; indeed, all variants strongly inhibit HIV-1. Nef97ZA012 

antagonizes wild-type SERINC5, by enhancing virus infectivity by 16-fold. Rescue of 

infectivity is modestly reduced (6-7-fold) in the presence of CC356,358QQ and 

LI350,352AA mutants, consistent with flow-cytometry data showing a partial decrease 

of targeting by Nef. Mirroring the effect of SERINC5 surface localization, the ability of 

Nef97ZA012 to overcome SERINC5 inhibition is even further decreased, though not 

completely abolished, by CCC355,356,358QQQ confirming a concerted requirement of 

all three ICL4 cysteine residues. 
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Figure 4.5: Nef97ZA012 does not rescue HIV-1 infectivity in the presence of SERINC5 
variants harbouring CCC355,356,358QQQ. 
Effect of selected SERINC5 mutations on HIV-1 infectivity and antagonization by Nef97ZA012. 
NL4-3 Δenv virions, harbouring either nef97ZA012 or neffs were produced in SERINC3/5 KO 
HEK293T cells, co-transfected individually with one of the indicated PBJ6-SERINC5 variant or 
empty vector control. NL4-3 Δenv was complemented in trans with PBJ5-EnvHXB2. The infectivity 
of progeny virions was measured on TZM-ZsGreen cells and is expressed relative to the 
infectivity of virions produced in the absence of SERINC5. Representative experiment of n=3 
biological independent replicates. Bar graphs represent the mean + SD of n=4 technical 
replicates. Statistical significance was measured with unpaired two-tailed t-test. **p<0.001; 
***p<0.0001. 

 

4.6. HIV-1 Nef fails to prevent virus incorporation of SERINC5 variants 

bearing CCC355,356,358QQQ 

Our current knowledge indicates that the ability of SERINC5 to inhibit retrovirus 

infectivity correlates with the level of the host protein associated with the viral particle. 

We therefore tested whether the poor sensitivity of SERINC5 CCC355,356,358QQQ to 

Nef97ZA012 was mirrored by the persistence of the mutant host factor into virus particles, 

despite Nef expression. To this end, we analysed the amount of virion-associated 

SERINC5 variants by purifying NL4-3 neffs or nef97ZA012 particles produced in 
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SERINC3/5 knock-out JTAg cells, co-transfected with PBJ5 expressing unmodified 

SERINC5 or either one of the two variants harbouring CCC355,356,358QQQ or 

LI350,352AA/CCC355,356,358QQQ. In parallel, the RT-normalized infectivity of viral 

supernatants was measured on TZM-ZsGreen cells. 

To reproduce experimental conditions which best approximate physiological SERINC5 

expression levels, we kept ectopic expression of the host factor to a low level by 

transfecting a minimal amount of plasmid. In this condition, which similarly to 

endogenous expression, generates a 20-30 fold defect in virus infectivity, the protein is 

problematic to detect by western blotting in cell lysates of JTAg producer cells; of note, 

this experimental condition grants no artefactual effects due to saturation of Nef 

counteraction and, as anticipated in Chapter 3, allows production of virus preparations 

without any detectable contamination of the virus pellet with non-viral extracellular 

vesicles, which can confound the result. Nevertheless, two bands at 45-50 kDa, typical 

of SERINC5 proteins, are detected in each sample (Figure 4.6). As observed also with 

flow-cytometry, the triple cysteine variants appear to be slightly more expressed than 

wild-type SERINC5, possibly due to increase protein stability.  

The percentage infectivity of each sample relative to NL4-3 nef97ZA012 produced in the 

presence of wild-type SERINC5 is reported in Figure 4.6b. As observed in HEK293T 

cells, Nef97ZA012 counteracts the inhibitory activity of SERINC5, enhancing virus 

infectivity by ~25 fold, but it fails in overcoming the inhibition imposed by 

CCC355,356,358QQQ and LI350,352AA/CCC355,356,358QQQ variants. This 

observation is supported by detection of SERINC5 proteins incorporated into virions, 

since expression of Nef97ZA012 completely excludes wild-type SERINC5 from virus 

particles, while it has a modest or absent effect on CCC355,356,358QQQ and 

LI350,352AA/CCC355,356,358QQQ mutants. As seen in the previous paragraph, the 

triple cysteine mutation alone or in combination with LI350,352AA results in a similar 

resistance to Nef counteraction. In conclusion, these data confirm and recapitulate the 
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result obtained with HEK293T cells, i.e., that substitution of the ICL4 cysteines stretch 

in SERINC5 favours resistance to Nef and the effects of both mutations 

(CCC355,356,358QQQ and LI350,352AA) are not synergistic. 

 

Figure 4.6: Nef97ZA012 fails to exclude CCC355,356,358QQQ SERINC5 variants from virions. 
NL4-3 Δenv virions, harbouring either nef97ZA012 or neffs, were produced in SERINC3/5 KO JTAg 
cells by co-electroporation with PBJ5-EnvHXB2 and one of the indicated SERINC5 variants, 
expressed from PBJ5. (a) Western Blot of SERINC5 variants in purified nef97ZA012 or neffs virus 
pellets and producer cell lysates; (b) The infectivity of NL4-3 Δenv virions was measured on 
TZM-ZsGreen cells, normalized on the RT activity on the viral inoculum and expressed relative 
to the infectivity of NL4-3 Δenv nef97ZA012 measured in the presence of wild-type SERINC5, 
considered as the 100%. Bar graphs represent the mean + SD of n=4 technical replicates.  
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4.7. CCC355,356,358QQQ confers resistance to different nef alleles, 

but is irrelevant for SERINC5 antagonism by MoMLV glycoGag and 

EIAV S2 

As previously explained, nef alleles belonging to different HIV-1 and SIV isolates 

antagonize SERINC5 with diverse efficiency3,4. We have observed that susceptibility of 

human SERINC molecules to Nef antagonism varies according to the Nef protein 

analysed, i.e., NefSF2 downregulates SERINC5 but no other SERINC paralogs. In 

addition, while residues Lys350 and Ile352 are crucial for susceptibility to NefSF2, 

mutating these residues does not alter SERINC5 sensitivity to clade C Nef97ZA012. 

Distinct molecular determinants in SERINC5 might therefore be differentially relevant 

for targeting and internalization by different nef alleles. To investigate the role of the 

cysteines at positions 355, 356 and 358 and of the hydrophobic residues Lys350 and 

Ile352 for sensitivity to different SERINC5 counteracting viral factors, we systematically 

investigated how their surface expression is affected by a panel of nef alleles (HIV-1 

clade C 97ZA012, HIV-1 clade B LAI and SF2, SIVmac239 and SIVagm), MoMLV glycoGag 

and EIAV S2.  

To this end, as previously described, SERINC3/5 KO HEK293T cells were co-

transfected with a SERINC5 variant and a retroviral antagonist cloned upstream of an 

IRES-eGFP cassette. Since we observed that some of the analysed SERINC5 variants 

have higher expression compared to the unmodified counterpart, we used a PBJ5 

expression vector instead of pcDNA3.1, to rule out potential artefactual effects caused 

by saturation of Nef downregulating activity. Experiments were performed twice to test 

reproducibility and results summarized in Table 4.2. The residual surface expression of 

each SERINC5 variant in the presence of different viral factors is reported in Figure 4.7 
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as percentage relative to the surface expression observed with the empty pIRES-eGFP 

control vector. Data from both experiments are shown side-by-side. 

In line with previous data, all retroviral antagonists efficiently internalize wild-type 

SERINC5, by reducing plasma membrane localization to more than 80%, with NefLAI 

being the least efficient (~20% residual surface expression).  

CCC355,356,358 was found to be the most influent feature on SERINC5 susceptibility 

to Nef. Nef97ZA012 and Nefagm have comparable activities against the SERINC5 proteins 

tested; specifically, LI350,352AA substitution proves irrelevant for resistance to these 

Nef proteins (the residual surface expression of this mutant is analogous to that of the 

wild-type protein), while substitution of the ICL4 cysteines stretch decreases, though 

with a limited effect, SERINC5 susceptibility to these nef alleles. The sensitivity of 

SERINC5 to Nefmac239 is also not affected by LI350,352AA, but is strongly dependent 

on the cysteines within ICL4. We have observed that the LI350,352AA substitution 

influences susceptibility only of Clade B alleles nefLAI and nefSF2. CC356,358QQ 

influences SERINC5 sensitivity to NefSF2 similarly to LI350,352AA, while mutation of the 

entire stretch results in a moderate enhancement of resistance, compared to the 

previous variants; this effect is boosted by addition of LI350,352AA (~58% residual 

surface expression). SERINC5 susceptibility to NefLAI follows a similar trend, with the 

exception that the introduced substitutions have a stronger contribution, likely due to 

the intrinsic weak activity of NefLAI, as explained above. 

The hydrophobic motif and the cysteine stretch are not crucial for internalization by 

MoMLV glycoGag and EIAV S2, which efficiently downregulate the surface expression 

of all SERINC5 variants tested. Indeed, glycoGag and S2 exert the most potent 

downregulation of any SERINC5 proteins (<5% residual surface expression).  

In conclusion, our results indicate that LI350,352AA may be relevant for resistance to 

Nef, only in the context of clade B Nef (LAI and SF2), though generalization requires a 

more extensive studies on clade B nef alleles. In contrast, the cysteine stretch within 
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ICL4 is important to confer widespread resistance to nef from diverse HIV-1 and SIV 

isolates; the increase in resistance is moderate against Nef97ZA012 and Nefagm (~40% 

surface expression) and complete against NefLAI and Nefmac239 (no perturbations of 

surface expression), with intermediate sensitivity against NefSF2 (> 50% residual 

surface expression). Notwithstanding, we observed that neither LI350,352AA nor 

CCC355,356,358QQQ or their combo influence SERINC5 susceptibility to the retroviral 

factors glycoGag and S2. This is a preliminary indication that beyond the requirement 

of AP-2 endocytosis pathway, Nef, glycoGag and S2 targets SERINC5 by different 

modalities and thus, engage different molecular determinants of the host factor. 
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Figure 4.7: Cys355, Cys356, Cys358 are essential for SERINC5 internalization by lentiviral 
Nef, but dispensable for downregulation by MoMLV glycoGag and EIAV S2. 
Residual surface expression of the indicated SERINC5 mutants in the presence of the indicated 
retroviral antagonists. SERINC3/5 KO HEK293T cells were co-transfected individually with a 
SERINC5 variant expressed from PBJ5 and pIRES-eGFP encoding a retroviral factor. 48 hours 
post-transfection, the amount of SERINC5 exposed on the cell surface was measured in 
transfected cells (GFP+) by flow cytometry. For each variant, the residual surface expression in 
the presence of each indicated retroviral factor was calculated relative to the variant surface 
expression measured in the empty control sample, considered as 100%. Data from two 
biological independent experiments are shown. 
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 Nef97ZA012 NefLai NefSF2 Nefmac239 Nefagm MoMLV 
glycoGag 

EIAV 
S2 

Wild-type ++ + ++ ++ ++ ++ ++ 

LI350A,352AA + - - ++ + ++ ++ 

CC356,358QQ +/- - +/- +/- +/- + ++ 

C355Q 

CC356,358QQQ 
+/- - - - +/- + ++ 

LI350,352AA 

C355Q 

CC356,358QQQ 

+/- - - - +/- + ++ 

Table 4.2: ICL4 cysteines modulates SERINC5 sensitivity to downregulation by different 
nef alleles but are irrelevant for targeting by MoMLV glycoGag and EIAV S2. 
For each SERINC5 variant, the susceptibility to internalization by the indicated retroviral 
antagonist was calculated on the basis of residual protein surface expression measured in the 
presence of each viral factor, as follows: ≥50% -; <50% +/-; <30% +; <10% ++. 

 

4.8. SERINC5 sensitivity to Nef antagonizing activity depends on a 

general conformation of the protein, rather than distinct molecular 

determinants. 

We have previously shown that sensitivity to viral counteraction varies among human 

SERINC family, with SERINC5 being the most targeted allele. Previous studies 

suggest that ICL4 is important in defining SERINC5 susceptibility to Nef and we have 

confirmed this hypothesis, identifying Cys355. Cys356 and Cys358 within ICL4 as a 

crucial determinant of SERINC5 sensitivity.  

ICL4 sequence is divergent among SERINC paralogs and both motifs LI350,352 and 

CCC355,356,358 are exclusive to SERINC5 (Figure 4.9); only SERINC4, which is 

phylogenetically closer to SERINC5, has a similar cysteines cluster. Given the 

relevance of ICL4 for SERINC5 susceptibility to Nef, we wondered whether these 

motifs are sufficient to subvert SERINC proteins sensitivity to Nef. To test this 

hypothesis, SERINC5 ICL4 was reciprocally swapped with the corresponding region 

from SERINC1, since we observed that SERINC5 and SERINC1 have opposed 
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responsiveness to Nef activity i.e., while SERINC5 is the paralog most efficiently 

targeted by any Nef protein we tested, SERINC1 is the only paralog completely 

immune to Nef antagonism. Chimeric SERINC1/SERINC5 proteins were generated, 

cloned in three different expression vectors, as previously described, and 

overexpressed in SERINC3/5 KO HEK293T cells to analyse expression and surface 

localization by western blotting and flow cytometry, respectively. As observed in Figure 

4.8, chimeric proteins retain expression levels comparable to their wild-type 

counterparts, indicating that ICL4 swap does not interfere with correct protein folding. 

However, looking at protein localization on the cell surface, we noticed that SERINC5 

harbouring SERINC1 ICL4 (SERINC5-loop1) is severely defective; this implies that, 

despite not directly impacting on expression, the insertion of SERINC1 ICL4 in place of 

SERINC5 ICL4 may somewhat alter the correct sorting to the plasma membrane. 

Therefore, we could not proceed further with the characterization of SERINC5 and 

SERINC1 chimeric proteins.  

 

 

 

Figure 4.8: The sequence of ICL4 is poorly conserved among human SERINC paralogs. 
Alignment of ICL4 amino acid sequences of human SERINC paralogs. Human SERINC protein 
topology was analysed with TMHMM2.0 to identify transmembrane regions; the amino acid 
sequences corresponding to ICL4 were selected and aligned by Clustalω, using default 
parameters. SERINC5 hydrophobic motif and cysteine stretch within ICL4 are highlighted in 
green and red, respectively.  
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Figure 4.9: ICL4 swap between SERINC5 and SERINC1 interferes with SERINC5 
membrane localization. 
Chimeric SERINC1 and SERINC5 proteins were generated by reciprocal swap of the ICL4 
region. SERINC chimerae expression and surface localization were investigated in HEK293T 
cells. (a) Detection of wild-type and chimeric SERINC1 and SERINC5 in HEK293T cell lysates; 
(b) Flow cytometry profiles showing the amount of SERINC, expressed from pcDNA3.1, 
exposed on the cellular membrane (purple). Background signal is indicated in grey.  

 

To overcome this issue, we turned to SERINC2, the internalization of which occurs only 

with specific nef alleles (e.g., SERINC2 surface expression is downregulated by 

Nef97ZA012, but not NefSF2 or NefSIVmac239), suggesting that some determinants in ICL4 

might be responsible for the diverse targeting by different Nef molecules. As described 

for SERINC1, chimeric proteins were generated and first tested for total and surface 

expression, as shown in Figure 4.10. Reciprocal swap of ICL4 is tolerated both by 

SERINC5 and SERINC2, as shown by comparable expression of wild-type and 

chimeric constructs. In contrast to SERINC5-loop1, the chimera SERINC5-loop2 is 

correctly displayed on the plasma membrane. Since potential detrimental effects on 
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expression or protein sorting were ruled out, we proceed further in investigating the 

effect of chimeric proteins on HIV-1 infectivity and counteraction by Nef.  

SERINC2 ICL4 is lacks the hydrophobic motif (LI350,352) and the cysteine stretch 

(CCC355,356,358) identified as pivotal to increase SERINC5 resistance to Nef-induced 

internalization; since SERINC2 is not internalized by the NefSF2, we hypothesized that 

such Nef molecule would not be able to rescue HIV-1 infectivity in the presence of 

SERINC5 harbouring SERINC2 ICL4. To this end, NL4-3 limited to single cycle 

replication was modified to express NefSF2 or an inactive Nef protein (Neffs). HIV-1 

virions were produced in SERINC3/5 KO HEK293T cells, co-transfected with PBJ6 

expressing wild-type SERINC5 or SERINC2 or they chimeric counterparts. Virus 

infectivity in each sample is reported in Figure 4.11 as percentage of the empty vector 

control. As expected, wild-type SERINC5 exerts nearly a 50-fold inhibition of virus 

infectivity, but this defect is almost completely repaired by concomitant expression of 

NefSF2. Chimeric SERINC5 and SERINC2 proteins behave similarly to their wild-type 

counterparts, with SERINC5-loop2 hampering infectivity and SERINC2-loop5 showing 

no restriction. We unexpectedly observed that despite the lack of LI350,352 and of the 

cysteines stretch, that proved important for antagonization by NefSF2, the effect of 

SERINC5-loop2 was counteracted similarly to wild-type SERINC5. This is an indication 

that despite SERINC5 ICL4 contains major determinants of susceptibility to Nef 

counteraction, replacement of the whole loop is not sufficient to abolish NefSF2 activity. 
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Figure 4.10: SERINC2 and SERINC5 tolerate the reciprocal replacement of ICL4. 
Chimeric SERINC2 and SERINC5 proteins were generated by reciprocal replacement of ICL4. 
SERINC chimerae expression and surface localization were investigated in HEK293T cells. (a) 
Detection of wild-type and chimeric SERINC2 and SERINC5 in HEK293T cell lysates; (b) Flow 
cytometry histograms showing the amount of SERINC, expressed from pcDNA3.1, exposed on 
the cellular membrane (purple). Background signal is shown in grey. 
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Figure 4.11: Replacement of SERINC5 ICL4 with the corresponding region from SERINC2 
does not prevent antagonization by Nef97ZA012. 
Infectivity of NL4-3 Δenv, encoding either nefSF2 or neffs, in the presence of indicated SERINC 
proteins. Virions were produced in SERINC3/5 KO HEK293T cells, co-transfected with PBJ5-
EnvHXB2, to complement the virus in trans, and PBJ6 expressing a SERINC variant or empty 
vector control. The infectivity of progeny virions was measured on TZM-ZsGreen cells and 
normalized on the RT activity of the viral inoculum. For each sample, virus infectivity is shown 
relative to the infectivity of virions produced in the empty vector control. Representative 
experiment of n=2 biological independent replicates. Bar graphs represent the mean + SD of 
n=4 technical replicates. Statistical significance was measured with unpaired two-tailed t-test. 
***p<0.001; ns: not significant. 

 

We resolved to further investigate the surface localization of SERINC chimerae in the 

presence of different Nef proteins. Therefore, unmodified SERINC5 or SERINC2 or 

their ICL4 chimeric variants were individually overexpressed in SERINC3/5 KO 

HEK293T cells, along with the indicated Nef molecule, expressed from pIRES-GFP 

plasmid. We included also CCC355,356,358QQQ SERINC5, which displays a general 

reduced susceptibility to relocalization. Since SERINC2 is intrinsically more expressed 

than SERINC5, we decided to express SERINC5 variants from pcDNA3.1 and 

SERINC2-based constructs from PBJ5, in the attempt to equalize expression levels 

(see Figure 4.10) We tested SERINC sensitivity to nefmac239 and nefSF2 since we have 

observed that they target exclusively SERINC5 and require CCC355,356,358 for 
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SERINC5 downregulation. In addition, Nef97ZA012 was also chosen because it exerts the 

strongest downregulation of both SERINC paralogs and is less impaired by amino acid 

substitutions within SERINC5 ICL4 (see Figure 4.7). Indeed, Nef97ZA012 severely 

downregulate SERINC5 and to a lesser extent SERINC2 (2% and 20% residual 

surface expression, respectively). ICL4 swap does not consistently influences the 

targeting of both paralogs, while CCC355,356,358QQQ partially increases SERINC5 

resistance, that achieves 35% residual surface expression, comparable with SERINC2. 

According to previous results, NefSF2 and Nefmac239 do not particularly alter the surface 

localization of SERINC2, while they downregulate SERINC5 by nearly 25-30-fold (3-5% 

residual surface expression, respectively). CCC355,356,358QQQ SERINC5 shows 

decreased sensitivity to both Nef molecule (50-80% residual surface expression), in 

line with results previously shown in Figure 4.7. The presence of SERINC5 ICL4 does 

not expose SERINC2 to antagonism by Nefmac239 and NefSF2, as shown by the absence 

of perturbations in surface expression relative to the empty vector control. On the other 

hand, substitution of SERINC5 ICL4 minimally increases resistance to Nef 

downregulation (20% vs 3-5% residual surface expression), but to a lesser extent than 

CCC355,356,358QQQ mutation. Therefore, it appears the CCC355,356,358QQQ is 

relevant for sensitivity to Nef, but only within the SERINC5 molecule. On this basis, we 

preliminarily hypothesized that perhaps the overall molecular context in which ICL4 

resides also influences targeting by Nef. This is in line with the observation that none of 

the SERINC5 variants we screened completely abolished SERINC5 sensitivity to the 

viral antagonist, an indication that the general conformation of the protein, rather than a 

particular sequence motif, is likely to be essential for SERINC5 internalization. Since 

cysteines are sites of different post translational modifications that generally influence 

proteins folding, Cyss355, Cys356 and Cys358 might be pivotal because they might be 

post-translationally modified. In this regard, it should be noted that despite lacking the 

hydrophobic motif LI350,352, SERINC2 bears two cysteine residues within ICL4 

(Cys365 and Cys381), that might compensate for the CCC355,356,358 stretch. 
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Figure 4.12: Swap of the entire ICL4 between SERINC2 and SERINC5 is not sufficient to 
reciprocally transfer responsiveness to different nef alleles. 
Chimeric SERINC2 and SERINC5 sensitivity to the indicated nef alleles was investigated by 
measuring the downregulation of SERINC surface expression. The Nef responsiveness of 
CCC355,356,358QQQ SERINC5 was investigated in parallel. SERINC3/5 KO HEK293T cells 
were co-transfected with a PBJ5-SERINC-iFLAG-HA variant and pIRES-eGFP, encoding a nef 
allele. For each SERINC protein, the residual surface expression in the presence of each Nef 
was calculated relative to the surface expression measured in their respective empty pIRES-
eGFP control. 
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4.9. SERINC5 is palmitoylated in ICL4 and at the N-terminus 

Our results have confirmed that three cysteines and, to a lesser extent, the 

hydrophobic motif within ICL4 are pivotal in governing SERINC5 susceptibility to 

antagonization by lentiviral Nef proteins. Nevertheless, we observed that the reciprocal 

swap of ICL4 between SERINC2 and SERINC5 is not sufficient to prevent SERINC5 

downregulation by different Nef molecules on one side, and to induce SERINC2 

internalization by nefSF2, an allele counteracting only SERINC5, on the other side. This 

is an indication that the relevance of ICL4 depends on the molecular context and 

SERINC5 susceptibility depends on the whole conformation of the protein, that might 

be affected by mutation of the above motifs. Therefore, having identified the three 

cysteines in ICL4 as the major hotspot influencing SERINC5 resistance to diverse nef 

alleles, we asked which was their molecular and structural role in Nef-SERINC5 

interplay. Further to this point, we observed that SERINC5 is enriched in cysteines 

residues, located mostly in the N-terminus tail and in the ICL4 of the molecule, as 

highlighted by Figure 4.13, where the position of cysteines is marked by red dots. 

Cysteines may be the target of different post-translational modifications (PTMs) such 

as acetylation, palmitoylation and disulphide bond formation. From structural studies 

we knew that SERINC5 has no intracellular disulphide bonds, therefore ICL4 cysteines 

have no role in disulphide bridges. Among cysteine PTMs, palmitoylation is frequent in 

membrane proteins. Hence, we wondered whether SERINC5 was palmitoylated and 

whether substitution of ICL4 cysteines altered the palmitoylation status of the molecule. 

SERINC5 palmitoylation was first analysed by mass spectrometry, in collaboration with 

Peter Cherepanov (Francis Crick Institute) and Ed Tate (Imperial College).  

A common technique for the detection of palmitic acid moieties is based on a two-step 

differential labelling of specific cysteines residues, exploiting the chemically equivalent 

heavy (D5) and light (H5) isotopic form of N-ethylmaleimide (NEM), a thiol alkylating 

reagent. Purified SERINC5 molecules were treated with H5-NEM to block unmodified 
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cysteines; palmitoylated cysteines are reduced by hydroxylamine (NH2OH) to remove 

palmitic acid molecules and are subsequently blocked with D5-NEM, such that it is 

possible to specifically mark the palmitoylation sites. The sample is then processed for 

liquid tandem mass-spectrometry and the D5-NEM/H5-NEM ratio of the generated 

tryptic/chymotryptic peptides is calculated; if the ratio is higher than 1, it means that 

there is an enrichment of heavy maleimide and therefore the peptide contains modified 

cysteines. Mass spectrometry confirmed the presence of palmitoylated cysteines at the 

N-terminus (data not shown) and in ICL4; a summary of the D5-NEM/H5-NEM ratios of 

peptides encompassing ICL4 cysteines is given in Table 4.3. As shown, peptides 

without palmitoylated cysteines (line 1 to 3) have a score lower than 1, as they cannot 

be labelled by D5-NEM. Peptides encompassing ICL4 cysteines (line 4 to 8) have 

instead scores ranging from 7.50 to 20.00, an indication that they are indeed sites of 

palmitoylation. By comparing the score of peptides differentially containing each of the 

three cysteines, Cys356 (purple letter, line 7) emerged as the residue contributing most 

to the score, followed by Cys358 (orange letter, line 5). 
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Figure 4.13: SERINC5 is enriched in cysteines at the N-terminus tail and within ICL4. 
Bidimensional representation of SERINC5 membrane topology generated with Protter. 
Transmembrane domains are numbered from 1 to 10. Cysteine residues are coloured in red. 
Cysteines clusters within the N-terminus tail and ICL4 are highlighted by a yellow shade. 

 

 

  D5/H5-NEM 

GTSLLIGC(*)ILY 0.05 

QSGVISC(*)Y 0.11 

LQSGVISC(*)Y 0.22 

AAPELEIARC(*)C(*)F 20.00 

C(*)FSPGGEDTEEQQPGKEGPRVIY 7.50 

C(*)C(*)FC(*)FSPGGEDTEEQQPGK 16.75 

AAPELEIARC(*)C(*)F 20.00 

C(*)C(*)FC(*)FSPGGEDTEEQQPGKEGPR 20.00 

Table 4.3: Cysteines within SERINC5 ICL4 are predicted to be palmitoylated. 
Palmitoylation score (D5-NEM/H5-NEM) of tryptic/chymotryptic peptides originated from 
SERINC5, measured by mass spectrometry. SERINC5 was treated with H5-NEM to block free 
cysteines; palmitoylated cysteines are then reduced by NH2OH and subsequently marked by 
D5-NEM. The ratio D5-NEM/H5-NEM correlates with palmitoylation enrichment. Cys355 is 
indicated in black, Cys356 in purple and Cys358 in orange. The experiments described by this 
table were performed by the laboratory of Ed. Tate (Imperial College London). 
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To assess whether ICL4 cysteines are indeed modified by palmitoylation, mass 

spectrometry data were subsequently validated by Peter Cherepanov’s group by “Click 

chemistry”. Briefly, wild-type SERINC5-iFLAG-HA or the variants ΔN-mCAT-1 (where 

the N-terminal tail of SERINC5 was replaced by the N-terminal tail derived from the  

mCAT-1 transporter) and ΔN-mCAT-1/CC356,358QQ were individually overexpressed 

in HEK293T cells. Cys355 was not investigated, given the minor “palmitoylation score” 

with respect to Cys356 and Cys358. Transfected cells were metabolically labelled with 

a “clickable” alkynyl palmitate analogue, further modified by the copper-catalysed 

addition of an azide moiety (copper-catalysed azide–alkynyl cycloaddition). The azide 

moiety is linked to a fluorescent dye, such as TAMRA (Carboxytetramethylrhodamine). 

SERINC5 molecules were purified from cell lysates and detected on SDS-PAGE via 

FLAG epitope; in parallel, protein palmitoylation was revealed by in-gel fluorescence, 

as shown in Figure 4.14 TAMRA fluorescence is distributed on SDS-PAGE as double 

bands at ~50 kDa, typical of SERINC5, suggesting that the protein is indeed 

palmitoylated. As predicted by mass spectrometry analysis, SERINC5 palmitoylation 

occurs at cysteines residues localized within the N-terminus tail and the ICL4 of the 

molecule, as deletion of the N-terminus segment partly reduces the incorporation of 

metabolic labelling; this is further severely abolished by combining CC356,358QQ. 

TAMRA labelling is not completely prevented by any of the two variants, likely because 

of the presence of minor palmitoylation sites, such as Cys355. In conclusion, results 

show that SERINC5 N-terminus and ICL4 are protein palmitoylation sites, but whether 

this post translational modification is indeed relevant for Nef antagonism awaits further 

studies. 
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Figure 4.14: SERINC5 is palmitoylated at the N-terminus and at ICL4 cysteines.  
Detection of palmitoylation in SERINC5 by Click-chemistry. HEK293T cells were transfected 
with the indicated SERINC5-iFLAG variants and metabolically labelled by a clickable palmitate 
analogue, which was further modified by a TAMRA-labelled azide moiety. Immunoblot of 
TAMRA (above) and of iFLAG (below) in cell lysates. The experiment described by this figure 
was performed by the laboratory of P. Cherepanov (Francis Crick Institute). 
 

 

Footnote: I have performed all experiments in this chapter except for those described in table 

4.3 and in figure 4.14.  

 

 

4.10. Discussion 

Data from our and other laboratories show that SERINC5, and to a lesser extent 

SERINC3, inhibit the infectivity of different retroviruses43, 45,389. Accordingly, divergent 

lentiviral and γ-retroviral genomes were found to harbour factors capable of 

counteracting SERINC5/3 inhibition of infectivity: Nef from primate lentiviruses, EIAV 

S2 and MoMLV glycoGag induce internalization of the host factors via clathrin- and AP-
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2 dependent endocytosis43,44,412. The observation that unrelated retroviral proteins, with 

no homology in function and structure, developed a similar mechanism to overcome 

SERINC restriction indicates that counteraction of these host factors plays an important 

role for the biology of these retroviruses. Therefore, understanding how these retroviral 

factors counteract SERINC proteins and which molecular features of the host factors 

they recognize is important to shed light on a mechanism of intrinsic immunity evasion, 

conserved among different Retroviridae species. 

We have previously illustrated (Chapter 3) that the antiviral activity of the five human 

SERINC paralogs against HIV-1 varies, with SERINC5 being the most potent and 

SERINC2 lacking any inhibitory effect. While targeting of SERINC5 and SERINC3 by 

Nef has been extensively explored, the ability of the lentiviral protein to internalize the 

other SERINC paralogs has been poorly characterized. In line with their effect on HIV-1 

infectivity, Nef97ZA012 is required for optimal infectivity in the presence of SERINC4 but is 

dispensable for SERINC2. Intriguingly, inhibition of virus infectivity by SERINC1, 

though modest, is not antagonized by Nef. Accordingly, Nef97ZA012 does not prevent 

SERINC1 incorporation into virions. In contrast, Nef97ZA012 promotes SERINC2 

exclusion from progeny virions, despite the absence of activity of this SERINC paralog 

against HIV-1. 

Due to poor expression levels, we could not evaluate the effect of Nef on SERINC4 

incorporation. Indeed, among all human SERINC proteins, SERINC4 represents an 

enigmatic case, since it appears to inhibit HIV-1 infectivity with a potency that could be 

comparable to SERINC5, but after several attempts we failed to obtain reliable 

expression levels, despite sequence codon-optimization. While we are exploring the 

reason at the basis of this phenomenon, SERINC4 was excluded from further 

investigations presented here. In addition, to understand why SERINC4 cannot be 

efficiently expressed in our experimental system, it will be interesting to reveal in which 

tissues and in which conditions SERINC4 is expressed. 
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While the SERINC5 counteraction activity is extremely conserved among HIV-1 and 

SIV nef alleles406, the ability to antagonize SERINC3 is variable; for example, the clade 

B NefSF2 
537 and the SIVmac239 Nef (as reported here) lack activity against SERINC3. 

Accordingly, we observed that human SERINC paralogs are differently targeted by 

diverse nef alleles. As shown for SERINC3, SERINC2 is not susceptible to 

downregulation by NefSF2 and Nefmac239, suggesting that the antagonization of these 

paralogs is not particularly conserved. Instead, SERINC1 is peculiar for being invisible 

to all the nef alleles we tested. Interestingly, SERINC1 is not targeted even by MoMLV 

glycoGag and EIAV S2, while SERINC5 emerges as the SERINC paralog most 

efficiently downregulated by all retroviral antagonists. SERINC3 and SERINC2 show 

instead intermediate sensitivity to both glycoGag and S2.  

Given that SERINC5 is targeted much more efficiently than the other paralogs by all 

retroviral molecules tested, we may speculate that it must exert a strong selective 

pressure on retroviruses. On the contrary, given the lack of activity of SERINC2 and 

the modest effect of SERINC3 and SERINC1 on HIV-1 infectivity, we may hypothesize 

that they play a marginal role in restriction and therefore that not sufficient selective 

pressure is exerted on retroviruses to target specifically these host factors.  

It should be noted that we have assessed the antiviral activity of human SERINC 

proteins only towards HIV-1; we cannot exclude that SERINC paralogs exert different 

effects on MoMLV or EIAV. The relevance of SERINC restriction in vivo also remains to 

be mostly established. Nevertheless, a recent study589 recapitulated the importance of 

SERINC5 restriction for MLV propagation in a mouse model; indeed, ablation of murine 

SERINC5 enhances MLV replication, while ablation of SERINC3 has no effect, in line 

with the reduced efficiency of SERINC3 downregulation by glycoGag that we observed.  

Since SERINC5 is the paralog most sensitive to retroviral counteraction, we 

hypothesized that a specific molecular feature within the protein should be recognized 

by the counteracting factors. To identify such molecular determinants governing 
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SERINC5 susceptibility to antagonization we took advantage of our library of SERINC5 

variants, previously generated to functional characterization of SERINC5 structure. We 

performed a preliminary mutagenesis screening assessing the sensitivity of each 

SERINC mutant to internalization by Nef97ZA012. We observed that none of the 

mutations was enough to completely abolish SERINC5 downregulation by Nef97ZA012. 

Notwithstanding, a major gain in resistance to Nef was detected when three cysteines 

(Cys355, Cys356 and Cys358) residues within the fourth intracellular loop of SERINC5 

were simultaneously substituted to glutamines. Indeed, while we normally observed a 

10-fold downregulation of SERINC5 surface expression, Nef97ZA012 has only a 2.5-fold 

effect on the CCC355,356,358QQQ variant. 

In line with the effect on HIV-1 infectivity, Nef97ZA012 fails to exclude 

CCC356,355,358QQQ SERINC5 from progeny virions. The three cysteines within ICL4 

are cooperatively required to enhance SERINC5 resistance to antagonization; Indeed, 

individual mutation of Cys355, Cys356 and Cys358 produces no effects, while the 

combination of two cysteine substitutions (CC356,358QQ) results in a modest gain.  

Other residues within ICL4 were previously reported to modulate SERINC5 

responsiveness to Nef: two hydrophobic residues537 (Lys350 and Ile352) govern 

selective SERINC5 counteraction by NefSF2; an acidic cluster 264EDTEE268 confers 

instead partial resistance to removal by HIV-1 Nef536. Our results strengthen therefore 

the hypothesis that SERINC5 ICL4 has a pivotal role in governing SERINC5 sensitivity 

to Nef. We investigated the relevance of ICL4 cysteine stretch for SERINC5 targeting 

by different retroviral antagonizing factors. The mutation CCC355,356,358QQQ 

decreased SERINC5 sensitivity to different HIV-1 and SIV nef alleles, with a major 

impact on downregulation by Clade B NefSF2 and NefLAI and by Nefmac239. Instead, the 

previously identified LI350,352AA variant becomes partially resistant only to Clade B 

nef alleles, while it has no effect on susceptibility to other Nef molecules. This indicates 

that the ICL4 cysteine stretch has a central role in SERINC5 responsiveness to Nef. 

Interestingly, Cys355, Cys356 and Cys358 are not relevant for internalization by 
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MoMLV glycoGag and EIAV S2 suggesting that different retroviral antagonists evolved 

to recognize different features of the restriction factor. 

The ICL4 sequence is variable among human SERINC paralogs and the motifs 

important for SERINC5 internalization by Nef are not conserved. This may explain the 

differential targeting of SERINC paralogs by Nef. We investigated whether SERINC5 

ICL4 was sufficient to alter SERINC2 responsiveness to Nef, by generating chimeric 

proteins. However, we observed that SERINC2 carrying SERINC5 ICL4 was still 

invisible to NefSF2 and Nefmac239; while the reciprocal SERINC5 chimera, but not the 

CCC355,356,358QQQ variant, was efficiently internalized. It appears therefore that the 

motifs identified within ICL4 modulate downregulation by Nef, only in the context of 

SERINC5. Hence, SERINC5 counteraction by Nef likely depends more on the general 

conformation of the protein rather than a specific motif.  

Given the major contribution of ICL4 cysteines to sensitivity to Nef, we wondered 

whether they might harbour peculiar post-translational modifications, affecting the 

overall conformation of SERINC5. On this basis, we focused first on palmitoylation, 

which is typical of membrane associated proteins and favours interactions with the lipid 

bilayer. SERINC5 palmitoylation was analysed by mass spectrometry and Click-

chemistry, revealing that the protein is palmitoylated at the N-terminus and in ICL4; 

According to mass spectrometry, tryptic fragments containing Cys356 and Cys358 are 

palmitoylated; palmitoylation of Cys355 is detected, but with less confidence. Click-

chemistry confirmed that SERINC5 is palmitoylated specifically at the N-terminus and 

at the cysteine stretch within ICL4. Therefore, it may be possible that palmitoylation of 

SERINC5 ICL4 is required for downregulation by Nef. Palmitoylation may indeed 

contribute to significantly changing the conformation of the protein. However, the 

relevance of palmitoylation for SERINC5 targeting by Nef was not further investigated 

in this study. For example, our data do not allow to establish whether ICL4 

palmitoylation per se is required for SERINC5 targeting by Nef, or whether other 
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consequences following the cysteines substitution affect sensitivity to Nef. It remains 

also to be established whether palmitoylation is a peculiar feature of SERINC5. Indeed, 

we may not exclude that other SERINC paralogs are palmitoylated; for example, two 

non-contiguous cysteines are present also in SERINC2 ICL4 and might be potentially 

palmitoylated, explaining why chimeric SERINC5 and SERINC2 behave similarly to 

their wild-type counterparts.  

In conclusion, it is still unclear how Nef contacts SERINC5, though a direct interaction 

is hypothesized based on bimolecular fluorescence complementation assays534,536. A 

structural explanation of the presumed interaction between Nef and SERINC5 is 

therefore warranted to understand the molecular basis of SERINC5 sensitivity to Nef. 
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Chapter 5  

HIV-1 Nef Phe90 functionally separates CD4 and 

SERINC5 counteraction 

In Chapter 4 we performed a SERINC5 mutagenesis screening to identify residues 

within SERINC5, crucial for antagonism by Nef. It is not clear yet whether Nef and 

SERINC5 interact directly. However, we speculate that given the selective ability of Nef 

to target SERINC5 on the cell surface, a region on the viral protein must govern such 

specificity. According to previous studies, Nef governs SERINC5 and CD4 

internalization by similar mechanisms, as denoted by the involvement of clathrin-

mediated endocytosis43,534 and the requirement of myristylation and analogous Nef 

motifs590 (e.g. 160ExxxLL165). Over the years, several studies have been conducted on 

Nef mutants to functionally characterize the protein. It has been observed that most 

mutations detrimental for HIV-1 infectivity disrupted also CD4 internalization. 

Exceptions are two naturally occurring polymorphisms, recently identified, in the Nef 

core domain, K94E and H116N, that selectively, though weakly, impair SERINC5 

counteraction91. Lys94 is part of the αA-helix and contributes to the interaction interface 

with Src family kinases, while His116 flanks the αB-helix and is involved in Nef 

dimerization. The core domain αA-helix emerged also in previous studies for 

harbouring residues important for diverse Nef functions, such as interaction with Pak2 

kinase, enhancement of HIV-1 infectivity and efficient virus replication591; the core 

domains does not appear to be involved in CD4 internalization442. Nef αA-helix might 

therefore be a hotspot interface to functionally separate CD4 and SERINC5 

antagonism, but the importance of this region for enhancement of virus infectivity has 

not been specifically addressed. Therefore, we decided to perform a comprehensive 
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analysis of Nef αA-helix in search for molecular determinants selectively required to 

counteract SERINC5. 

5.1. The Core domain αA-helix is important for the SERINC5-

counteracting activity of Nef 

Nef αA-helix, highlighted in red in Figure 5.1a, extends outward from the core domain 

surface and is solvent-expose, a position favourable to create interaction interfaces 

with other proteins. For our screening, we focused on solvent-accessible residues, 

excluding amino acids buried within the structure, which are more unlikely to participate 

in interactions with other partners. Selected residues on the exposed side of αA-helix 

(Thr80, Tyr81, K82, Lys85, Asp86, His89, Phe90, according to NefLAI numbering) were 

substituted to alanine to investigate their contribution to enhancement of virus 

infectivity. Site-specific mutagenesis of the selected position was carried out in the 

context of nefLAI sequence, previously cloned in PBJ5 expression vector; all Nef 

proteins harbour a C-terminal HA tag for detection purposes. We usually perform our 

studies with nef97ZA012 allele, which potently antagonizes SERINC5 (see previous 

chapters); here, the choice of nefLAI allele was dictated by the availability previously 

characterized variants (LL164,165AA, PP72,75, D123A) that we included as control, in 

nefLAI background. Specifically, LL164,165AA Nef is defective for both SERINC5 

antagonism and CD4 internalization590, because the inserted mutations disrupts the 

endocytic sorting motif ExxxLL, required to recruit AP-2. D123A has pleiotropic effects, 

impairing protein homodimerization, required for MHC-I and CD4 internalization, and 

abolishing interaction with dynamin2391, eventually resulting in a general impairment of 

Nef functionalities592. PP72,75AA impairs the Nef polyproline region 

(69PVRPQVPLRP78), required for recruitment of Src kinases469; in additions, mutation of 

the polyproline regions appears to partially affect MHC-I internalization521. Early studies 

observed also a debated effect on enhancement of virion infectivity43, 591,593. 
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Point mutations of the αA-helix were previously studied, mostly in the context of virus 

replication efficiency in activated primary CD4+ lymphocytes and T-cell lines594–597. 

T80A has been associated with a partial defect of CD4 and MHC-I downregulation 

during active replication; in addition, T80A appears to decrease enhancement of single-

cycle infectivity, but it results in a minor delay in virus replication in primary 

lymphocytes595. On the contrary Tyr81 appears not relevant in the context of productive 

viral infection neither for enhancement of infectivity nor for CD4 internalization, while a 

mild defect in MHC-I downregulation has been reported596. No particular defects in 

virus propagation in PBMCs have been associated with mutation of Lys82, Asp86 and 

His89595,597, while the combined DH86,89AA substitution appeared to enhance 

replication in activated primary T-cells. Phe90 has been identified in previous analysis 

of isogenic nef mutant HIV-1SF2 proviruses for being relevant for Pak2 kinase 

interaction591; a modest impairment of MHC-I, but not CD4 downregulation, has been 

also observed, while contradictory effects on enhancement of virion infectivity have 

been reported, depending on the study. Ultimately, there are no extensive studies on 

the importance of Val85 for virus infectivity.  

The ability of the generated Nef mutant proteins to overcome SERINC5 inhibition was 

tested on single-cycle infectivity. NL4-3 Neffs was produced in HEK293T cells and 

complemented in trans with EnvHXB2. Virus producer cells were co-transfected with 

PBJ6-SERINC5 and, individually, each Nef variant was expressed from PBJ5 plasmid. 

As a negative control we used an inactive nefLAI sequence, generated by introducing a 

frameshift at the internal XhoI site. As explained before, SERINC5 expression from 

PBJ6 vector is hardly detectable in cell lysates, but enough to inhibit the virus, without 

saturating Nef counteracting activity. Virus infectivity was measured on TZM-ZsGreen 

cells and normalized on the RT-activity of the inoculum as described in methods. Nef 

antagonization of SERINC5 inhibition is shown in Figure 5.1b, representing virus 

infectivity in each sample as percentage relative to the control condition, in which 
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SERINC5 was not overexpressed. As expected, LL164,165AA and D123A Nef fail in 

rescuing SERINC5 inhibition of HIV-1 infectivity; instead, overexpression of the wild-

type nefLAI allele resulted in a 14-fold enhancement of virions infectivity. PP72,75AA 

Nef antagonizes SERINC5 restriction but with less potency than the wild-type allele (9-

fold vs 14-fold enhancement of infectivity), suggesting that, as indicated by previous 

works, the alteration of the polyproline region may have implications for the capacity of 

Nef to promote HIV-1 infectivity591,593. Substitution of Asp86 and His89 does not perturb 

the SERINC5 counteracting ability of the protein, resulting in at least 14-fold 

enhancement of HIV-1 infectivity, similarly to wild-type Nef; instead, we observed that 

D86A increases the potency of SERINC5 antagonism, compared to the unmodified 

protein. As supported by previous studies, T80A has indeed a modest effect on the Nef 

ability to overcome SERINC5 restriction, increasing infectivity by only a 9-fold, similarly 

to PP72,75AA Nef. A very mild defect is also observed with Y81A, that nevertheless 

enhances infectivity by nearly 11-fold. While previous reports indicated that Lys82 is 

dispensable for optimal virus replication, substitution at this position shows a 50% 

decrease in potency of SERINC5 counteraction in single-cycle infection. A similar 

defective phenotype is associated also with V85A (only 6-fold enhancement of 

infectivity). Nevertheless, the most severe defects are associated with F90A variant, 

that results in a minor enhancement of infectivity (only 3-fold) compared to the wild-

type molecule.  

Impaired SERINC5 counteraction might be due to an overall defective expression of 

Nef caused by the introduced substitutions. To rule out this possibility, the expression 

of each Nef variant was detected in virus producer cell lysate, exploiting the C-terminal 

HA epitope. As shown in Figure 5.1c, all analysed Nef mutants are comparably 

expressed, and analogous transfection efficiency is indicated by a similar amount of 

HIV-1 p55 detected in each sample. These observations indicate that the reduced 
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enhancement of virus infectivity in presence of F90A and to a lesser extent, K82A and 

V85A, is due to a functional impairment of the protein. 

Having observed that F90A is the Nef variant most defective in antagonizing SERINC5 

inhibition, followed by K82A and V85A that retain only 50% activity, we wondered 

whether these residues were required altogether to form a sort of interaction platform 

for SERINC5. We investigated therefore whether the combination of these three 

mutations had an additive effect, completely abolishing Nef activity against SERINC5. 

The newly generated K82A,V85A,F90A variant was tested for enhancement of HIV-1 

infectivity in the presence of SERINC5, as described above. Results from a 

representative experiment are reported in Figure 5.2a. As previously shown, single 

substitutions of Lys82 or Val85 partially alter SERINC5 counteraction, resulting in only 

50% enhancement of infectivity, compared to wild-type Nef. Instead, Phe90 proves 

fundamental for overcoming SERINC5 inhibition (only 2.5-fold enhancement of 

infectivity compared to the 10-fold effect observed with the unmodified allele). The 

combined substitutions at position Lys82, Val85 and Phe90 result in an even more 

severe phenotype, as no enhancement of infectivity is detected, as observed with 

LL164,165AA and D123A Nef mutants. However, the triple mutant appears also less 

expressed in producer cell lysates, as seen in Figure 5.2b, suggesting that the negative 

effect exerted by the combined mutation of Lys82, Val85 and Phe90 is likely 

attributable to disruption of protein folding or decreased stability of the molecule.  

In conclusion, our results show that the core domain αA-helix is relevant for SERINC5 

antagonism, with Phe90 playing a prominent role. Whether Phe90 is specifically 

required for plasma membrane SERINC5 downregulation or whether it has pleiotropic 

effects on other Nef functionalities will be explored in the next paragraph. 
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Figure 5.1: Selected residues within the core domain αA-helix are important for NefLAI 
activity against SERINC5. 
Effect of Nef site-specific mutations on SERINC5 counteraction and protein expression. (a) 
Ribbon model and molecular surface filling of NefLAI core domain (PBD 1AAV). Solvent-
accessible residues within αA-helix are coloured in red; (b) RT normalized infectivity of NL4-3 
Δenv neffs virions produced in HEK293T cells in the presence of SERINC5 or empty vector 
control. EnvHXB2 and the indicated NefLAI variant were provided in trans. Infectivity is expressed 
relative to virus infectivity in the absence of SERINC5. Bar graphs represent the mean + SD of 
n=3 biological independent experiments in quadruplicate. Statistical significance was tested with 
unpaired two-tailed t-test. *p<0.05; **p<0.01; ns: not significant; (c) Immunoblot of producer 
cells lysates showing the expression of indicated NefLAI-HA variants. 
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Figure 5.2: F90A is the NefLAI variant most defective for counteraction of SERINC5. 
Effect of selected Nef variants on the enhancement of virus infectivity in the presence of 
SERINC5. (a) Infectivity of NL4-3 Δenv neffs produced in the presence of SERINC5 or empty 
vector control. EnvHXB2 and the indicated NefLAI variant were provided in trans. Virus infectivity, 
measured in TZM-ZsGreen cells, was normalized on the RT activity of the inoculum and is 
expressed relative to NL4-3 infectivity in the absence of SERINC5. Bar graphs represent the 
mean + SD of n=2 biological independent experiments in quadruplicate. Statistical significance 
was tested with unpaired two-tailed t-test. *p<0.05; **p<0.01; ns: not significant; (b) Western blot 
of mutant NefLAI-HA proteins in virus producer cells lysates. 
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5.2. F90A selectively impairs the ability of NefLAI to internalize SERINC5  

Our and other groups have so far observed that SERINC5 delocalization from the cell 

surface mechanistically overlaps with CD4 internalization, depending on recruitment of 

AP-2 and dynamin243,391. Indeed, most of the known Nef mutants defective for 

enhancement of virus infectivity have also a reduced ability to downregulate CD4534. 

Therefore, we sought to investigate whether the defective variants identified from our 

screening impair also CD4 downregulation. Given the importance of this α-helix for  

MHC-I internalization, this aspect was also explored. To measure surface molecules 

downregulation efficiency, each Nef variant was cloned upstream an IRES-eGFP 

cassette (pIRES-eGFP expression plasmid) to help distinguishing the transfected cells, 

as previously described.  

5.2.1. SERINC5 internalization 

HEK293T cells were co-transfected with PBJ5-SERINC5-iFLAG-HA and, individually, 

each Nef variant expressed in pIRES-eGFP. Viable transfected cells were selected 

according to light scattering, and then to eGFP intensity, as described in previous 

chapters. The residual surface expression of SERINC5 in each sample is shown in 

Figure 5.3a, while flow cytometry profiles are shown in panel b. Wild-type NefLAI 

downregulates plasma membrane SERINC5 by 5-fold (corresponding to a 20% 

residual surface expression of SERINC5); similarly, the PP72,75AA mutant reduces 

SERINC5 surface expression by 4-fold, while LL164,165AA and D123A variants 

completely abolish internalization of the host factor, in line with lack of AP-2 and 

dynamin2 binding. Mirroring the effect observed on enhancement of virus infectivity, 

Nef harbouring D86A or H89A downregulate SERINC5 with efficiency comparable to 

the wild-type counterpart. On the contrary K82A and V85A substitutions result in 

decreased SERINC5 internalization (~35-40% SERINC5 residual surface expression), 

in line with the partial rescue of SERINC5 restriction.  
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Figure 5.3: F90A severely abrogates the ability of NefLAI to downregulate SERINC5 
surface expression. 
The effect of selected amino acid substitutions on Nef-mediated SERINC5 internalization was 
assessed by flow cytometry analysis of HEK293T cells, co-transfected with pcDNA3.1-
SERINC5-iFLAg-HA and pIRES-eGFP plasmid expressing a Nef variant. (a) Residual surface 
expression of SERINC5 in the presence of the indicated Nef variant; (b) Flow cytometry profiles 
of surface SERINC5 in the presence of empty vector control (black line) or a Nef mutant protein 
(purple). Background signal is indicated in grey. 
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T80A and Y81A result in weaker SERINC5 downregulation, mirroring their modest 

effect on enhancement of single-cycle infectivity.  

Nevertheless, F90A emerges again as the most defective variant (75% SERINC5 

residual surface expression), confirming a major role of this residue in SERINC5 

counteraction. The combined K82A,V85A,F90A mutant displays an even lower 

efficiency in internalizing SERINC5 surface, but as anticipated, poorer expression likely 

contributes to the defective phenotype.  

5.2.2. CD4 internalization 

Considering the possibility that the defective activity of some Nef variants might be 

associated to impaired recruitment of the endocytosis machinery, we explored the CD4 

internalization efficiency of each variant. CD4 downregulation was assessed by flow 

cytometry on MT-4 T-cells, electroporated with the indicated Nef mutant expressed 

from pIRES-eGFP. MT-4 cells express detectable amount of endogenous CD4 and are 

therefore an optimal system to measure perturbations in CD4 surface localization.  

The residual surface expression of CD4 and the corresponding flow cytometry profiles 

in the presence of each Nef protein are shown in Figure 5.4. CD4 retains less than 

20% surface expression in the presence of PP72,75AA or wild-type Nef, while 

LL164,165AA or D123A variants fail to internalize CD4. Nef harbouring F90A or H89A 

substitutions is active against CD4, similarly to the wild-type protein (25-29% CD4 

residual surface expression, respectively); this is an indication that F90A can 

genetically separate the activity on SERINC5 antagonism from that on CD4 

downregulation. Residual CD4 surface expression appears modestly higher (35-40%) 

in the presence of K82A, V85A and D86A nef alleles, indicating a partial defect in CD4 

internalization. A weak activity on CD4 downregulation is instead associated with T80A 

and Y81A (over 50% of CD4 residual surface expression), that along with weak 

internalization of SERINC5, may be indicative of a generalized impairment of Nef 
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activities. As observed in previous paragraphs, the combination of K82A, V85A and 

F90A substitutions is substantially detrimental for Nef functionality. 

 

Figure 5.4: The efficiency of NefLAI to internalize CD4 is not perturbed by F90A 
substitution. 
The ability of indicated Nef variants to internalize CD4 was analysed by flow cytometry analysis 
of MT-4 cells, electroporated with a Nef variant, expressed from a pIRES-eGFP plasmid. (a) 
Residual surface expression of endogenous CD4 in the presence of the indicated Nef, relative 
to the empty vector control. (b) Flow cytometry profiles of surface CD4 in the presence of the 
empty vector control (black line) or a Nef mutant (purple). Background signal is shown in grey. 
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5.2.3. MHC-I internalization 

MHC-I molecules internalization requires AP-1 mediated vesicles trafficking517 and it is 

therefore mechanistically unrelated to SERINC5 downregulation from the plasma 

membrane. As explained above, previous studies report that some αA-helix residues 

may be involved in MHC-I delocalization591,596; we therefore explored potential defects 

of our site-specific substitutions. To this end, JTAg cells, endogenously expressing 

detectable levels of MHC-I molecules (A, B and C) were electroporated with pIRES-

eGFP plasmids expressing the indicated Nef molecule. As shown in Figure 5.5, 

unmodified NefLAI strongly reduces MHC-I surface expression to less than 15% of the 

level expressed in the absence of Nef. LL164,165AA substitution prevents binding to 

AP-2 but not to AP-1; as such, this Nef variant efficiently internalizes MHC-I. Instead, 

PP72,75AA Nef shows substantial defects (40% MHC-I residual surface expression) 

consistent with the partial involvement of the polyproline helix in MHC-I 

downregulation521. Internalization of MHC-I requires also Nef homodimerization; 

indeed, D123A mutation totally abolishes this Nef activity (over 70% residual surface 

expression). All site-specific substitutions in the αA-helix interfere with efficient MHC-I 

downregulation (more than 50% MHC-I residual surface expression), an indication that 

this region of Nef is important for the activity on MHC-I. 

It may be possible that the αA-helix acts as a platform for diverse interactions, and as 

such it may be the site of multiple effectors interfaces. All point mutations we tested 

impair MHC-I downregulation to a similar extent, while defective rescue of HIV-1 

infectivity is specifically associated only to some variants, e.g., while D86A and F90A 

are similarly inactive against MHC-I, only D86A overcomes SERINC5 inhibition of 

single-cycle infectivity. We therefore concluded that MHC-I internalization is likely to be 

a general feature of the αA-helix, while Phe90 has a specific importance for SERINC5 

counteraction.  
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Figure 5.5: Nef core domain αA-helix is generally required for efficient internalization of 
MHC-I molecules. 
MHC-I molecules downregulation by the indicated Nef variants was measured by flow cytometry 
analysis of JTAg cells, electroporated with pIRES-eGFP plasmid encoding a nef variant (a) 
Residual surface expression of endogenous MHC-I in the presence of the indicated Nef allele, 
relative to the empty vector control. (b) Flow cytometry profiles of surface MHC-I in the 
presence of the empty vector control (black line) or a Nef mutant protein (purple). Background 
signal is shown in grey. 
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5.3. Mutation of Phe91 partially impairs the SERINC5 counteracting 

activity of Nef97ZA012 

Nef is normally dispensable for virus replication in most in vitro conditions and as such, 

HIV-1LAI, which is a laboratory adapted strain, has notably a weak activity against 

SERINC5. Phe90 residue is conserved among HIV-1 clades (Los Alamos HIV-1 

compendium), implying that it is crucial for viral fitness. We sought therefore to assess 

whether site-specific mutagenesis of Phe90 altered the counteracting activity of a 

potent nef allele, such as that derived from the primary isolate Clade C 97ZA012, in 

which the Phe90 of NefLAI corresponds to Phe91. In place of alanine, we decided to 

substitute Phe91 with glutamic acid, to simultaneously investigate whether the 

introduction of a negative charge might produce a defect more severe than alanine, 

likely influencing the three-dimensional topology and flexibility of the αA-helix.  

F91E was engineered in the nef97ZA012 sequence and the activity on the enhancement 

of HIV-1 infectivity were explored, as previously described, along with surface 

downregulation of SERINC5, CD4 and MHC-I molecules. Figure 5.6 shows the effect of 

F91E Nef97ZA012 on counteraction of HIV-1 restriction by SERINC5. Wild-type Nef97ZA012 

rescues virus infectivity in the presence of SERINC5 by 45-fold, to a level higher than 

the control condition, in which the host factor is not overexpressed; this is due to the 

counteraction not only of the ectopically expressed SERINC5 but also the endogenous 

SERINC5, expressed at low levels in HEK293T cells. On the contrary, overexpression 

of Nef97ZA012 carrying F91E results in partial counteraction of SERINC5 (10-fold 

enhancement of infectivity), despite expression levels comparable to those of the  

wild-type Nef molecule, as observed by western blotting of producer cells lysates 

(Figure 5.6). Given the intrinsic potency of SERINC5 antagonism by Nef97ZA012, the 

effect of F91E, though not complete, further indicates that Phe91 is a residue important 

for SERINC5 counteraction.  
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Figure 5.6: Enhancement of HIV-1 infectivity by Nef97ZA012 is partially decreased by F91E. 
Effect of F91E on the ability of Nef97ZA012 to enhance HIV-1 infectivity in the presence of 
SERINC5. (a) Infectivity of NL4-3 Δenv neffs produced in the presence of SERINC5 or empty 
vector control. NL4-3 Δenv neffs virions were complemented in trans with envHXB2 and the 
indicated nef97ZA012 allele. Virus infectivity, measured in TZM-ZsGreen cells was normalized on 
the RT activity of the viral inoculum and is expressed relative to NL4-3 infectivity, measured in 
the absence of SERINC5. Bar graphs represent the mean + SD of n=2 biological independent 
experiments in triplicate. Statistical significance was measured with unpaired two-tailed t-test. 
**p<0.01; ***p<0.001; (b) Detection of the indicated Nef97ZA012 variants by immunoblot of virus 
producer cells lysates. 

 

The activity of F91E on the internalization of SERINC5, CD4 and MHC-I by Nef were 

also studied as described above and are illustrated in Figure 5.7. 

Overexpressed SERINC5 is potently internalized by wild-type Nef97ZA012 (6% surface 

expression), while the F91E substitution partially decreases the downregulation 

efficiency by the viral protein (36% of residual surface expression), mirroring the 

modest rescue of HIV-1 infectivity, previously observed. F91E does not impact on CD4 

internalization, that indeed is efficiently downregulated by both Nef alleles (~18% of 

residual surface expression). On the contrary, F91E impairs MHC-I internalization (60% 

residual surface expression vs 22% of the wild-type protein). Given these observations, 

we concluded that F91E is selectively relevant for SERINC5 antagonism also in the 

context of a potent allele derived from a primary isolate.  
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Figure 5.7: Nef decreases the efficiency of SERINC5 internalization, without altering the 
activity of Nef against CD4. 
The effects of F91E on the ability of Nef97ZA012 to modulate the surface expression of selected 
molecules were assessed by flow cytometry analysis of HEK293T cells, ectopically expressing 
SERINC5, or MT-4 or JTAg cells, endogenously expressing CD4 and MHC-I, respectively. 
(Left). The residual surface expression of each molecule in the presence of a Nef97ZA012 protein 
is calculated relative to the surface expression, measured in the empty vector control; (Right) 
Flow cytometry profiles of surface SERINC5, CD4 or MHC-I in the presence of a Nef97ZA012 

variant (purple) or empty vector control (black line). 
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5.4. Phe90 within NefLAI is pivotal for SERINC5 counteraction in the 

context of the HIV-1 genome  

Results collected so far have been obtained by complementing nef-defective NL4-3 

particles in trans with different Nef variants; however, the expression of Nef from a 

plasmid separate from the retroviral genome in HEK293T cells may be unbalanced 

compared with other viral gene products and cause artifacts from excessive 

overexpression. Therefore, we decided to study the effect of Nef αA-helix mutations by 

reproducing the substitutions into the nef gene expressed in cis in the context of the 

provirus (NL4-3 Δenv). Our lab has previously modified the NL4-3 molecular clone with 

the insertion of NotI and XbaI restriction site flanking respectively the 5’- and the 3’-end 

of nef ORF; this modification allows the swap of wild-type nef allele with any desired 

variants. Therefore, our nefLAI mutant sequences were isolated from PBJ5 and cloned 

in the proviral construct, in place of nefNL4-3, exploiting NotI/XbaI.  

HEK293T cells knocked out for SERINC3 and SERINC5 were here used as virus 

producer cells, to rule out the minor contribution of the endogenously expressed 

proteins, which might potentially confound the results. So, isogenic NL4-3 virion 

restricted to single-cycle replication and bearing the indicated nef allele were produced 

in SERINC3/5 HEK293T cells, co-transfected with PBJ6-SERINC5. The effect of each 

cis-acting Nef variant on virus infectivity is reported in Figure 5.8, relative to the 

infectivity of NL4-3 nef97ZA012, measured in the presence of SERINC5.  

In the absence of a functional nef allele, ectopic SERINC5 potently hampers virus 

infectivity (90% decrease compared to NL4-3 nefLAI). A severe inhibition is observed 

also when NL4-3 encodes LL164,165AA and D123A nefLAI, as expected by the 

abolishment of SERINC5 downregulation by these variants. Mirroring the effects 

observed when Nef was complemented in trans, NL4-3 expressing PP72,75AA NefLAI 

shows intermediate infectivity (40%) as compared to the wild-type nefLAI variant; this 

effect is in line with a partial perturbation of Nef activity. Intermediate sensitivity to 
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SERINC5 inhibition is observed also mutating Nef Thr80 and Val85 to alanine. In 

contrast, NL4-3 virions harbouring D86A nefLAI have infectivity similar to the wild-type 

virus, while NL4-3 encoding either Y81A or H89A nefLAI shows only marginal defects, 

as they maintain ~65-70% of NL4-3 nefLAI infectivity, confirming that these positions are 

not particularly relevant for SERINC5 antagonization. 

When overexpressed in trans with respect to the proviral construct, K82A Nef could 

partially overcome the inhibition of infectivity exerted by SERINC5 (50% of activity 

compared to the wild-type protein); instead, when expressed in cis from NL4-3, K82A 

Nef defects are more severe. Indeed, in the presence of cis-acting K82A Nef, virus 

infectivity drops down to less than 20% of NL4-3 nefLAI, as observed with LL164,165AA 

or D123A nefLAI. A severe decrease of virus infectivity is similarly measured when Nef 

Phe90 is substituted with alanine, confirming previous data.  

The relevance of the Phe90 residue was investigated also in the context of NL4-3 

virions expressing Nef97ZA012 in cis, as described above. The RT-normalized infectivity 

of each NL4-3 variant in the presence of SERINC5 is shown in Figure 5.9, relative to 

NL4-3 harbouring wild-type nef97ZA012. Consistent with results obtained with Nef 

expressed in trans (Figure 5.6), NL4-3 F90E nef97ZA012 retains only 25% of the 

infectivity of NL4-3 expressing wild-type nef97ZA012. 

Results with isogenic NL4-3 encoding different nef variants confirm therefore that  

αA-helix Lys82 and Phe90 residues are important for SERINC5 counteraction. Despite 

showing such severe defects in infectivity, K82A Nef appears partially defective also for 

CD4, while F90A has no effects on receptor internalization, indication of a specific 

involvement in SERINC5 antagonism.  
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Figure 5.8: NefLAI harbouring K82A or F90A fails to overcome SERINC5 restriction of 
virus infectivity, when expressed in cis from the provirus. 
Infectivity of NL4-3 Δenv isogenic variants, bearing on of the indicated nefLAI alleles. Virions 
were trans-complemented by EnvHXB2 in SERINC3/5 KO HEK293T cells, co-transfected with 
PBJ6-SERINC5. Virus infectivity was measured in TZM-ZsGreen cells and normalized on the 
RT activity of the viral inoculum. The infectivity of each sample is expressed as percentage 
relative to the infectivity of NL4-3, harbouring wild-type nefLAI. Bar graphs represent the mean + 
SD of n=4 technical replicates. 

 

 

Figure 5.9: F91E Nef97ZA012 partially impairs substitution in Nef has a decreased infectivity 
in presence of SERINC5. 
Infectivity of NL4-3 Δenv isogenic variants, bearing the indicated nef alleles. Virions were trans-
complemented by EnvHXB2 in SERINC3/5 KO HEK293T cells, co-transfected with PBJ6-
SERINC5. Virus infectivity was measured in TZM-ZsGreen cells and normalized on the RT 
activity of the viral inoculum. The infectivity of each sample is expressed as percentage relative 
to the infectivity of NL4-3 expressing wild-type nefLAI. Bar graphs represent the mean + SD of 
n=4 technical replicates. 
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A conclusive summary of the functional analysis of selected Nef αA-helix mutants is 

provided in Table 5.1. We showed that αA-helix contains residues important both for 

enhancement of virus infectivity and MHC-I internalization, with a modest effect on CD4 

downregulation from the plasma membrane. Indeed, the αA-helix may constitute an 

interface with overlapping effector functions. αA-helix seems generally involved in 

MHC-I downregulation, but no residue within this region is exclusively required for this 

activity, as all substitutions similarly impaired MHC-I internalization. Regarding 

enhancement of virion infectivity in the presence of SERINC5, Tyr81, Asp86 and His89 

are dispensable, while the other analysed positions had differential impact on HIV-1 

infectivity, ranging from moderate (Thr80, Val85) to severe (Lys82, Phe90); among 

them, Phe90 was identified as specifically relevant for SERINC5 antagonism. 

 

NefLAI Infectivity 

Enhancement 

SERINC5 

internalization 

CD4 

internalization 

MHC-I 

internalization 

WT + + + + 

T80A +/- - - - 

Y81A + +/- - - 

K82A - +/- +/- - 

V85A +/- +/- +/- - 

D86A + + +/- - 

H89A + +/- + - 

F90A - - + - 

K82A, K85A, 

F90A 

- - - - 

 

Nef97ZA012I Infectivity 

Enhancement 

SERINC5 

internalization 

CD4 

internalization 

MHC-I 

internalization 

WT ++ ++ + + 

F91E + +/- + - 

Table 5.1: Effects of selected amino acids substitution within Nef αA-helix on rescue of 
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HIV-1 infectivity and modulation of surface molecules distribution. 
Enhancement of infectivity was calculated as the mean rescue of infectivity relative to the 
inactive nef allele, measured in n=5 (NefLAI variants) or n=3 (Nef97ZA012 variants) biological 
independent experiment. The efficiency of internalization of the indicated molecule was 
assessed by flow cytometry. 
Enhancement of infectivity: >10-fold ++; >5-fold +; <5-fold +/-; <2-fold –. 
Downregulation activity: >50% -; ≤50% +/-; <30% +; <10% ++. 

 

 

5.5. Discussion 

The lentiviral accessory protein Nef reshapes the distribution of a plethora of molecules 

on the surface of infected cells to promote optimal viral infectivity, replication, and 

immune evasion. Downregulation of CD4 and MHC-I are the two most characterized 

activities. CD4 internalization is required to favour the incorporation of envelope 

glycoproteins into virions and to avoid superinfection, while downregulation of MHC-I 

molecules prevents killing of infected cells by cytotoxic T-lymphocytes. A positive effect 

of Nef on viral infectivity has been known for long time, but only in recent years it was 

traced back to downmodulation of SERINC5 surface levels, that otherwise is 

incorporated into progeny virions hampering infectivity. While targeting and 

internalization of CD4 and MHC-I have been extensively characterized482,483, the Nef 

regions specifically governing downregulation of SERINC5 remain elusive.  

Bimolecular fluorescence complementation assays suggest that Nef interacts with 

SERINC5534,536, but whether this is a direct or indirect interaction remains to be proven. 

Indeed, no information is available on molecular determinants in Nef required for 

binding SERINC5. To downregulate MHC-I and CD4, Nef forms a ternary complex 

involving AP1 or AP-2, respectively. Therefore, Nef acts as a bridge between the target 

molecule and the adaptor proteins, exploiting different regions to bind both molecules. 

It is well established that SERINC5 internalization is mechanistically related to CD4 

downregulation: both activities require dynamin2 and AP-2 and analogous motifs for 

recruiting the endocytosis machinery43, 534,593 (160ExxxLL165; 178ED179); nevertheless, 
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residues selectively required for relocalization of SERINC5 are unknown. Identification 

of Nef molecular determinants dictating SERINC5 interaction would be important for 

designing compounds displacing this interaction in HIV-1 infected cells, thus 

contributing to hinder viral infection. 

We performed a mutagenesis screen of the NefLAI core domain αA-helix, inspired by 

the recent finding91 that two naturally occurring polymorphism in αA-helix and αB-helix 

result in a limited, though selective, decrease of the Nef activity against SERINC5. 

Since αB-helix is majorly involved in homodimerization, we focused on αA-helix by 

substituting solvent-exposed residues with alanine. A phenylalanine at position 90 

turned out to be the residue most required for efficient internalization of SERINC5 and 

enhancement of HIV-1 infectivity. The effect of Nef on cell-free infectivity varies from 

10- to 50-fold enhancement, according to the nef allele and experimental conditions we 

used. However, NefLAI carrying F90A substitution rescued virus infectivity by only 2-3-

fold; this observation underscored a major failure in inducing SERINC5 internalization 

from the plasma membrane. Substitution of Phe90 did not alter the efficiency of CD4 

internalization, indicating that the mutated Nef maintains the ability to recruit the 

endocytic machinery. Therefore, the defective SERINC5 counteraction associated with 

F90A substitution could be the result of a loss of selective contacts with the host factor.  

In addition to Phe90, a lysine at position 82 appeared to be relevant for enhancement 

of infectivity, especially when expressed in cis from the provirus. However, K82A 

substitution modestly perturbed the efficiency of CD4 downregulation by NefLAI (40% of 

CD4 residual surface vs 13% observed with wild-type NefLAI). This may be an indication 

that Lys82 is required for optimal interaction with AP-2, rather than specific binding with 

SERINC5. Modest defects in CD4 downregulation were also associated with 

substitutions at other positions, such as Thr80, Tyr81 and Val85; these variants 

produced a similar partial impairment of SERINC5 internalization. Structural resolution 

of the ternary complex Nef:CD4:AP-2 showed that the αA- and αB-helices form an 
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hydrophobic crevice, that accommodates the first helix of AP-2 β503. Therefore T80A, 

Y81A, K82A and V85A may render the interaction between AP-2 β helix and Nef 

crevice less favourable, impairing the endocytosis of molecules depending on AP-2.  

It should be mentioned that F90A and generally the substitution of each αA-helix 

residue we tested similarly impaired MHC-I internalization. This is explained by the 

general involvement of the αA-helix in stabilization of the ternary complex  

Nef: MHC-I:AP-1. Indeed, Nef N-terminal helix folds within the hydrophobic crevice502, 

formed by αA- and αB-helices, to bring the protein in an optimal position to interact with 

AP-1; in addition, residues within the αA-helix are important to stabilize the polyproline 

region483, contacting a basic patch on AP-1. This observation does not contradict the 

selective involvement of Phe90 in SERINC5 counteraction, given that Nef exploits 

molecularly distinct pathways to internalize SERINC5 and MHC-I and given the 

observation that all substitutions within the αA-helix similarly decreased the activity 

against MHC-I, irrespectively on their effect of SERINC5. It should be considered that 

Nef may use the αA-helix for binding diverse effectors, establishing multiple interaction 

platforms in which each residue is likely to be differently relevant, according to the 

specific binding partner. Based on this, while Phe90 is generally required for 

stabilization of the AP-1 complex, it may be a crucial hotspot for the selective 

interaction with SERINC5. We propose therefore that Phe90 functionally separates Nef 

activity on CD4 and SERINC5. 

The relevance of Phe90 for SERINC5 antagonism by Nef is highlighted by the strong 

conservation of this residue among nef alleles from different HIV-1 and SIV strains; a 

phenylalanine at position 90 or 91 (according to the different numbering of nef 

sequences) is indeed conserved in all sequences available in the Los Alamos 

compendium. This suggests that Phe90 is particularly important to ensure optimal viral 

fitness, given the plasticity of the nef sequence. Accordingly, we observed that 

substitution of Phe91 in the context of a strong primary allele, nef97ZA012, partially 
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decreased SERINC5 antagonization. Whether Phe90 mediates the physical binding of 

Nef to SERINC5 remains to be addressed with more specific protein-protein interaction 

assays, such as in vitro pull-down assays or BiFC, However, the most rigorous 

evidence for the requirement of Phe90 for contacting SERINC5 would come from the 

structural resolution of the ternary complex Nef:SERINC5:AP-2, that still is unfeasible 

due to the poor crystallization properties of SERINC5. 

  



Chapter 6 

 

202 

Chapter 6  

SERINC5 antagonism across γ-retroviruses 

GlycoGag is a non-structural viral protein encoded by γ-retroviruses. In most  

γ-retroviruses it is translated from an alternative CUG codon upstream of and in frame 

with Gag ORF407. Exceptionally, in Feline Leukaemia viruses (FeLV) the initiation 

codon for glycoGag appears to be the canonical AUG. glycoGag is a single-pass type II 

transmembrane protein, devoid of any reported enzymatic activity. As observed with 

other retroviral accessory proteins, glycoGag is dispensable for optimal viral replication 

in vitro, but required in vivo to enhance virus spreading and disease progression. 

Indeed, glycoGag facilitates virus release from lipid rafts570 and was found to protect 

Murine Leukaemia Viruses from APOBEC3G restriction, preventing genome 

hypermutation28,565. In addition, glycoGag is required for optimal infectivity of 

amphotropic and xenotropic MoMLV particles produced from lymphoid cells and it may 

substitute for Nef in enhancing HIV-1 infectivity389. Similarly to Nef, MoMLV glycoGag 

promotes virus infectivity targeting the host restriction factor SERINC5 for 

internalization and preventing its incorporation into progeny virions43,412.  

The expression of a glycosylated Gag protein has been detected also in the context of 

Feline Leukaemia Virus598,599 and Baboon Endogenous Retrovirus600,601, and a putative 

glycoGag ORF is present in the genome of several other γ-retroviruses575. However, 

the actual functionality of glycoGag molecules other than the MoMLV counterpart has 

not been investigated; the conservation of a SERINC5 antagonizing activity across the 

whole γ-retrovirus genus is likewise unexplored.  

In light of this, we studied whether SERINC5 counteraction is a shared feature of  

γ-retroviruses, taking advantage of a panel of glycoGag sequences available in the 

laboratory.  
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6.1. GlycoGag leader peptide sequence is highly divergent among  

γ-retroviruses 

Previous studies established that a MoMLV glycoGag molecule (glycoMA) consisting 

only of the 88-amino acid cytoplasmic tail and the transmembrane domain is the 

minimal fragment retaining the Nef-like effect on infectivity392. The C-terminal 

extracellular region, encompassing Gag is therefore dispensable for glycoGag 

enhancement of retrovirus infectivity389,392. These observations imply that the SERINC5 

antagonizing activity of the molecule lies within the N-terminal intracellular tail or the 

transmembrane segment. Previous lab members investigated the importance of 

glycoGag transmembrane helix for enhancement of virion infectivity but observed that 

replacing this portion of the molecule with the transmembrane domain of an unrelated 

type II transmembrane protein did not abrogate the effect on HIV-1 infectivity (data not 

published); this result restricts the site of SERINC5 counteraction to the N-terminal 

region, in line with a previously published study392. 

Given the above, to analyse the potential conservation of SERINC5 antagonism within 

the γ-retrovirus genus, we selected a panel of divergent exogenous and endogenous  

γ-retroviruses, available in our laboratory, consisting of: Moloney Murine Leukaemia 

Virus (MoMLV), Pig Endogenous Retrovirus (PERV), Gibbon Ape Leukaemia Virus 

(GALV), Koala Retrovirus (KoRV) and Feline Leukaemia Virus (FeLV). MoMLV, FeLV 

and GALV are oncogenic viruses associated with onset of leukaemia and lymphomas 

in their hosts. Three major isolates of FeLV are known (FeLV-A, -B and -C), but for our 

investigations we focused on FeLV-A because it represents the most common 

circulating variant which by recombination gave origin to B and C isolates. To study 

GALV glycoGag, we investigated the GALV-X isolate since the virus genomic 

sequence was already available in our laboratory; GALV-X genome was indeed 

isolated from the supernatant of A3.01/F7 cells, previously found to harbour GALV-X602. 

KoRV exists as both an endogenous and an exogenous retrovirus; we tested the 
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glycoGag molecule encoded only by the endogenous non-overly pathogenic isolate 

(KoRV-A), the sole available in our laboratory. Eventually, PERV is an endogenous 

retrovirus, non-pathogenic in pig that raised important concerns for xenotransplantation 

in the past; we performed our assay with the PERV-A clone. 

Before investigating the degree of conservation of the SERINC5-counteracting activity 

among glycoGag from different γ-retroviruses, we first explored the conservation of the 

genomic glycoGag sequences. Nucleotide sequences of each viral species were 

retrieved from public databases (except for GALV-X) and putative glycoGag ORFs 

were identified. Similarly to the well characterized MoMLV, PERV-A and KoRV-A 

genomes harbour a putative glycoGag ORF, starting from a CUG codon. In contrast, in 

the genome of FeLV-A an AUG appears to initiate the translation of glycosylated Gag. 

A putative intact ORF encoding glycoGag starting from a CUG codon was retrieved 

also in the GALV-X sequence available in our laboratory. Interestingly, the GALV full-

length sequences deposited in public databases seem to lack any additional CUG/AUG 

initiation codon, upstream of gag. A comparison between database sequences and the 

pre-Gag region derived from GALV-X and GALV-SEATO infected cell lines has 

revealed that the deposited sequences carried a 2-nucleotides deletion at the 5’-end of 

GALV genome, likely the result of a sequencing error (data not shown).  

The membrane topology of the identified glycoGag molecules was analysed by 

TMHMM (http://www.cbs.dtu.dk/services/TMHMM/), revealing a similar organization, 

with a N-terminal intracellular segment, a transmembrane helix, and an extracellular 

region at the C-terminus. We aligned the amino acid sequence of the N-terminal 

intracellular portion of the proteins (from the CUG/AUG initiation codon to the Gag 

AUG) in search for conserved motifs that might govern SERINC5 counteraction. The 

sequence alignment is shown in Figure 6.1a, while Figure 6.1b illustrates the 

phylogenetic tree, built with Clustalω603 on the input sequences.  
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Figure 6.1: The N-terminal segment of glycoGag is poorly conserved across γ-
retroviruses. 
(a) The amino acid sequences of the N-terminal leader selected glycoGag molecules were 
aligned by Clustalω using the default parameters. The degree of residues conservation is 
highlighted by a purple gradient. A blue square highlights the cluster of most conserved 
residues at the N-terminus. Endocytic sorting motifs are contoured in red; (b) phylogenetic tree 
inferred by Clustalω from glycoGag leader sequences alignment. 

 

 

Phylogenetically, the γ-retrovirus species we selected cluster into three groups 

according to their glycoGag N-terminal leader region: FeLV-A and MoMLV glycoGag 

sequences cluster together and segregate from GALV-X, KoRV-A and PERV-A, which 

further diverges from the former two viruses. This is in line with the known similarity 

between GALV and KoRV, which share 80% identity604 at nucleotide level, consistent 

with their origin from a common retroviral ancestor605,606.  
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Further support comes also from previous phylogenetic studies, based on Gag and Pol 

amino acids sequences607–609. 

The alignment reveals that the region upstream gag AUG is extremely divergent; only 

the first 10 amino acids (highlighted in blue in Figure 6.1a) appear to be highly 

conserved, with the sole exception of FeLV-A. However, preliminary data on the 

requirement of the N-terminus tail were obtained by previous lab members, showing 

that the deletion of the first 26 amino acids in MoMLV glycoGag is not relevant for 

enhancement of HIV-1 infectivity in the presence of SERINC5. This observation 

indicated that the most conserved N-terminal region is dispensable for the SERINC5 

counteracting activity of the molecule; SERINC5 antagonism should therefore resides 

within the least conserved intracellular region of glycoGag, raising the possibility that 

the ability to target SERINC5 is not a conserved feature of γ-retroviruses. As observed 

for HIV-1 Nef, MoMLV glycoGag promotes SERINC5 internalization into endosomes 

via AP-2, that is recruited by endocytic motifs, such as YxxL or ExxxLL. Accordingly, 

the enhancement of HIV-1 infectivity by MoMLV glycoGag requires the 36YxxL39 

motif392. Putative endocytic motifs are present also in FeLV-A (YxxL) and PERV-A 

(ExxxLL), which could potentially be involved in AP-2 recruitment. However, GALV-X 

and KoRV-A seem devoid of any canonical sorting signal. Lack of conservation of AP-2 

recruitment motifs further strengthens doubts on conservation of SERINC5 antagonism 

within the γ-retrovirus genus.  

6.2. The activity of glycoGag alleles from different γ-retroviruses on 

HIV-1 infectivity is not conserved 

Since the SERINC5 counteracting activity of retroviral glycoGag appears to reside 

within the least conserved intracellular region of the protein, we wondered whether the 

observed sequence divergence translates into variable SERINC5 antagonism among  

γ-retroviruses. To compare the activity of selected glycoGag alleles, each sequence 
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has been isolated and cloned into a PBJ5 expression plasmid. MoMLV glycoMA (a 

glycoGag molecule truncated at the boundary between MA and CA) was already 

available in our laboratory. PERV-A and FeLV-A glycoGag sequences were previously 

isolated from the respective molecular clones and cloned in MoMLV glycoMA taking 

advantage of an AflII site conserved in the gag sequence of γ-retroviruses. As a result, 

the MoMLV 88-amino acid leader was replaced by the corresponding region from 

PERV-A and FeLV-A. KoRV-A and GALV-X glycoGag, and the CUG initiation codon 

was replaced by AUG, to ensure efficient expression. To allow detection in Western 

blot assays, each glycoGag molecule was fused at the N-terminus to an HA-tag, which 

was already shown to be compatible with the activity of MoMLV glycoGag389.  

The SERINC5 counteracting activity of each glycoGag protein was evaluated by 

measuring the rescue of HIV-1 infectivity in the presence of the restriction factor. Nef-

deficient NL4-3 virions restricted to a single-round of replication were produced in 

HEK293T cells co-transfected with the indicated glycoGag construct and PBJ6-

SERINC5 or the empty vector control. Virus infectivity was titrated on TZM-ZsGreen 

cells and normalized on the RT activity of the viral inoculum. As shown in Figure 6.2a 

the tested glycoGag alleles display diverse potency in counteracting SERINC5. 

Overexpression of SERINC5 inhibits HIV-1 infectivity by 50-fold, but MoMLV glycoGag 

completely antagonizes the restriction factor, restoring virus infectivity to levels 

comparable to the empty control vector. FeLV-A glycoGag shows a weaker effect, 

compared to MoMLV glycoGag, but remains capable of rescuing HIV-1 infectivity by 

nearly 8-fold. Instead, glycoGag proteins from PERV-A, GALV-X and KoRV-A have no 

activity against SERINC5 since, despite their overexpression, HIV-1 infectivity is 

strongly hampered.  

A possible explanation for the lack of activity of some glycoGag molecules might be 

related to different expression levels; indeed, the glycoGag sequences we tested were 

isolated from viruses normally infecting organisms other than humans and they might 

not achieved optimal translation in human cells. The expression of glycoGag proteins in 
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virus producer cells lysates was investigated and is shown in Figure 6.2b. All glycoGag 

molecules are expressed and have a broad running profile, typical of glycosylated 

transmembrane proteins. GlycoGag from MoMLV, PERV-A and FeLV-A produce major 

bands in SDS-PAGE within 24-35 kDa, in line with the expected size of glycoMA. 

Instead, KoRV-A and GALV-X full-length glycoGag proteins run at around 65-70 kDa, 

with some low-molecular weight fragments at 45-50 kDa, due to intracellular cleavage 

and processing of the molecule. A quantitative measure of protein expression is difficult 

to obtain because of the presence of multiple bands. Nevertheless, glycoGag 

molecules from GALV-X and KoRV-A appear partially defective in expression 

compared to the other glycoGag proteins, potentially explaining the inability to 

overcome SERINC5.  

However, though similarly expressed to MoMLV, PERV-A glycoGag does not rescue 

HIV-1 infectivity; also, FeLV-A glycoGag has expression levels comparable to MoMLV 

glycoGag, but it exerts a rather modest inhibition of SERINC5. Therefore, the variable 

SERINC5 antagonism observed might not be directly related to protein expression 

levels. 
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Figure 6.2: GlycoGag molecules from divergent γ-retroviruses antagonize SERINC5 
inhibition of HIV-1 infectivity with diverse efficiency. 
Effect of selected glycoGag molecules on SERINC5-mediated restriction of HIV-1 infectivity. (a) 
Infectivity of NL4-3 Δenv neffs produced in HEK293T cells in the presence of PBJ6-SERINC5 or 
empty vector control. Virions were trans-complemented by EnvHXB2 and the indicated glycoGag 
protein. Virus infectivity was measured in TZM-ZsGreen cells and normalized on the RT activity 
of the inoculum. Representative experiment of n=3 biological independent replicates. Bar 
graphs represent the mean + SD of n=4 technical replicates. Statistical significance was 
analysed with unpaired two-tailed t-test. **p<0.01; ***p<0.001; (b) Detection of HA-glycoGag in 
virus producer cells by western blot. 
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Nevertheless, we decided to repeat the experiments, ensuring similar translation 

efficiency of all glycoGag molecules. To this end, synthetic glycoGag genes, codon-

optimized for human usage, encoding the full-length molecules were synthesized. 

Codon-optimized (C.O.) glycoGag sequences were cloned in PBJ5 expression vector 

and an HA-tag was fused at the N-terminus of each protein, as previously described for 

the native constructs. The effect of different C.O. glycoGag molecules on SERINC5 

restriction of HIV-1 infectivity was therefore investigated and is reported in Figure 6.3. 

Codon-optimization resulted in comparable expression of all tested glycoGag 

constructs; nevertheless, C.O. glycoGag proteins behave similarly to their native 

counterparts. Hence, glycoGag from MoMLV and to a lesser extent from FeLV-A are 

the only retroviral molecules to enhance HIV-1 infectivity in the presence of SERINC5 

(9- and 4-fold enhancement, respectively), while PERV-A glycoGag proves again 

inactive against the host factor. Despite the stronger expression, glycoGag from  

GALV-X and KoRV-A gain no activity against SERINC5. These observations indicate 

that only the phylogenetically related MoMLV and FeLV-A glycoGag are able to 

counteract SERINC5 and rescue HIV-1 infectivity, while this functional feature is not 

shared by glycoGags from the divergent PERV-A, GALV-X and KoRV-A. We 

concluded that SERINC5 antagonism by glycoGag is likely not conserved among the  

γ-retrovirus genus. 
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Figure 6.3: Codon-optimized glycoGag differently rescue SERINC5 inhibition of HIV-1 
infectivity. 
Effect of C.O. glycoGag proteins on SERINC5 inhibition of HIV-1 infectivity. (a) NL4-3 Δenv neffs 
was produced in HEK293T cells in the presence of PBJ6-SERINC5 or empty vector control. 
EnvHXB2 and the indicated codon-optimized glycoGag molecule were provided in trans. Virus 
infectivity was measured in TZM-ZsGreen cells and normalized on the RT activity of the 
inoculum. Representative experiment of n=2 biological independent replicates. Bar graphs 
represent the mean + SD of n=4 technical replicates. Statistical significance was measured with 
unpaired two-tailed t-test. **p<0.01; ***p<0.001; ns: not significant; (b) Immunoblot of codon-
optimized HA-glycoGag molecules in virus producer cells. 
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6.3. PERV-A glycoGag promotes SERINC5 internalization 

Our experiments suggest that divergent glycoGag molecules counteract inhibition of 

HIV-1 infectivity by SERINC5 with diverse efficiency. It has been previously established 

that SERINC5 antagonizing factors, such as lentiviral Nef and MoMLV glycoGag, target 

SERINC5 for internalization into late endosomes, thus preventing virion incorporation 

of the host factor43,44. Accordingly, failure of some selected glycoGag proteins to 

promote virus infectivity might be caused by the inability to induce SERINC5 

internalization. To explore this hypothesis, we investigated SERINC5 localization by 

confocal microscopy and flow cytometry. Microscopy experiments were carried out in 

JTAg cells, which maintain a round-shape morphology during processing, making it 

easier to discriminate SERINC5 cellular distribution. JTAg cells were electroporated 

with eGFP-SERINC5 and the indicated viral antagonist (Figure 6.5) expressed from 

PBJ5 vector. Besides retroviral glycoGag, lentiviral Nef97ZA012 and NefLAI were included 

as positive SERINC5 antagonist controls.  

SERINC5 was fused at the C-terminus with eGFP, allowing direct visualization of 

protein localization; each viral antagonist harbours a HA-tag, used to identified co-

electroporated cells by indirect immunofluorescence.  

The efficiency of SERINC5 internalization was estimated by the frequency of double 

positive cells showing intracellular accumulation of the restriction factor and is reported 

in Figure 6.4. Representative fields of view are shown in Figure 6.5. SERINC5 mostly 

localizes on the plasma membrane; spots of intracellular accumulation may be 

observed in control conditions, probably due to normal protein trafficking through the 

Golgi network or strong overexpression (35% of control cells). In the presence of viral 

antagonists, such as the well characterized Nef97ZA012, NefLAI or MoMLV glycoGag, 

SERINC5 is predominantly delocalized from the plasma membrane to a perinuclear 

intracellular compartment. Indeed, nearly 80% double positive cells show intracellular 

accumulation of SERINC5 when these viral factors are overexpressed. Mirroring the 
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effect on HIV-1 infectivity, GALV-X and KoRV-A glycoGag proteins do not promote 

SERINC5 internalization compared to the empty control vector (~20-25% SERINC5 

intracellular accumulation vs 35% of the control). In contrast, FeLV-A glycoGag, which 

counteracts inhibition of HIV-1 infectivity by SERINC5, efficiently internalizes the host 

factor, similarly to Nef proteins or MoMLV glycoGag. Despite not rescuing virus 

infectivity, glycoGag from PERV-A promotes SERINC5 internalization (69% of double-

positive cells) with an efficiency comparable to the other SERINC5 antagonists. This 

indicates that the inability of PERV-A glycoGag to enhance virus infectivity might be 

unrelated to SERINC5 internalization, since this retroviral molecule retains the ability to 

target the host factor. 

 

 

Figure 6.4: The ability to internalize SERINC5 is not conserved among γ-retroviruses. 
Efficiency of SERINC5 internalization by different viral antagonists. SERINC5-GFP cellular 
localization was investigated in JTAg cells in the presence of different retroviral factors by 
confocal microscopy. Viral antagonists harbour an HA-epitope that is indirectly detected by an 
APC-conjugated antibody. Images were acquired at the Leica TCS Sp8 confocal microscope, 
with a 63X oil immersion objective. The efficiency of each retroviral antagonist to internalize 
SERINC5 was measured as the mean frequency of cells showing intracellular accumulation of 
the protein in five different field of views. Bar graphs represent the mean + SD of n=5 
measurements. Statistical significance was evaluated with unpaired two-tailed t-test. **p<0.01; 
***p<0.001; ns: not significant. 
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Figure 6.5 - Continuation in the following page 
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Figure 6.5: GlycoGag from GALV-X and KoRV-A, but not from PERV-A, fail to promote 
SERINC5 internalization. 
Cellular distribution of SERINC5 in the presence of different viral antagonists. SERINC5 cellular 
localization was investigated in JTAg cells, in the presence of different retroviral factors by 
confocal microscopy. SERINC5 was N-terminally fused to GFP to monitor protein distribution, 
while each viral antagonist harbours an HA epitope that is indirectly detected by an APC-
conjugated antibody. For microscopy analysis, the Leica TCS Sp8 confocal microscope was 
used. Images were acquired with a 63X oil immersion objective. Representative field of view 
showing SERINC5 localization in each sample. All images were acquired with an additional 4x 
digital zoom at a resolution of 2048x2048 pixels and processed with ImageJ.  
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The efficiency of SERINC5 downregulation from the cell surface was measured by flow 

cytometry, as described in Chapter 4 and 5. To this end, native and codon-optimized 

glycoGag sequences were cloned in pIRES-eGFP plasmid and were individually co-

transfected in HEK293T cells, along with SERINC5-iFLAG-HA expressed from 

pcDNA3.1. In the absence of any viral antagonist, SERINC5 is readily exposed on the 

cell surface, as shown by detection of the FLAG-tag within ECL4 (Figure 6.6); however, 

ectopic expression of MoMLV glycoGag results in strong depletion of SERINC5 from 

the plasma membrane (less than 10% residual surface expression). As observed in 

microscopy, GALV-X and KoRV-A glycoGag inefficiently target SERINC5 for 

internalization (more than 60% residual surface SERINC5). FeLV-A glycoGag 

downregulates SERINC5, though to a lesser extent than MoMLV glycoGag, in line with 

its weaker enhancement of HIV-1 infectivity. Results confirmed the ability of PERV-A 

glycoGag to promote SERINC5 internalization, as observed by microscopy. 

Specifically, PERV-A glycoGag appears to downregulate SERINC5 with an efficiency 

comparable to MoMLV glycoGag (16% residual surface SERINC5 expression), despite 

the divergent effect observed on HIV-1 infectivity. 

Similar results were obtained with codon-optimized glycoGag proteins, as shown in 

Figure 6.7. We have previously shown that by codon-optimization, glycoGag proteins 

achieve high expression levels; however, their ability to target SERINC5 remains 

generally unaltered, except for GALV-X that appears to gain some activity when codon-

optimized (37% residual surface expression of SERINC5) while KoRV-A remains 

strongly defective (57% residual surface SERINC5).  

Our current knowledge supports the notion that the SERINC5 effect on HIV-1 infectivity 

depends on its localization on the cell surface and the counteractive activity of viral 

antagonists results in SERINC5 downregulation. However, while the defective ability of 

glycoGag from GALV-X and KoRV-A to downregulate the host factor correlates with 

the lack of effect on infectivity, PERV-A glycoGag emerges as an exception, since it 
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potently downregulates SERINC5 without preventing inhibition of HIV-1 infectivity. We 

therefore analysed in more detail the activity PERV-A glycoGag. 

 

Figure 6.6: GlycoGags from divergent γ-retroviruses downregulate SERINC5 with 
different efficiency. 
The ability of different glycoGag molecules to decrease SERINC5 surface expression was 
analysed by flow cytometry in HEK293T, co-transfected with pcDNA3.1-SERINC5-iFLAG-HA 
and a glycoGag expressed from a pIRES-eGFP plasmid. Transfected cells were gated 
according to GFP fluorescence intensity. (a) Residual surface expression of SERINC5 in the 
presence of the indicated glycoGag molecule, relative to the empty vector control. Bar graphs 
represent the mean + SD of n=3 biological independent replicates; (b) Representative flow 
cytometry profiles of SERINC5 in the presence of empty vector control (blue) or glycoGag (red). 
Background signal is indicated in grey. Statistical significance was measured with unpaired two-
tailed t-test. **p<0.01; ***p<0.001; ns: not significant. 
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Figure 6.7: Codon-optimized glycoGag downregulate SERINC5 surface expression with 
efficiency comparable to their native counterparts. 
The ability of selected C.O. glycoGag molecules to downregulate SERINC5 surface expression 
was assessed by flow cytometry in HEK293T cells, co-transfected with pcDNA3.1-SERINC5-
iFLAG-HA and pIRES-eGFP encoding a glycoGag allele. Transfected cells were identified by 
GFP expression. (a) Residual surface expression of SERINC5 in the presence of the indicated 
C.O. glycoGag, relative to the empty vector control. Bar graphs represent the mean + SD of n=3 
biological independent replicates; (b) Representative flow cytometry profiles of SERINC5 in the 
presence of empty vector control (blue) or a C.O. glycoGag (red). Background signal is 
indicated in grey. Statistical significance was measured with unpaired two-tailed t-test. **p<0.01; 
ns: not significant. 
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Considering the possibility that our initial experiments could have been performed in 

conditions in which gene expression was saturated, masking subtle functional 

differences, we compared the potency of SERINC5 internalization by MoMLV and 

PERV-A glycoGag, performing a titration of transfected glycoGag expression 

constructs. In addition, we directly compared how alterations of the cell surface level of 

SERINC5 perturbed HIV-1 infectivity, measuring SERINC5 downregulation in virus 

producer cells. Single-cycle replication competent NL4-3 neffs virions were produced in 

HEK293T cells transfected with PBJ5-SERINC5-iFLAG-HA and the selected glycoGag 

constructs in IRES-eGFP. 

As previously shown, MoMLV glycoGag is very effective in promoting retrovirus 

infectivity in the presence of SERINC5; even at the lowest concentration of transfected 

plasmid, MoMLV glycoGag rescues HIV-1 by nearly 40-fold (Figure 6.8). The effect of 

MoMLV glycoGag on virus infectivity is paralleled by complete removal of SERINC5 

from the plasma membrane. PERV-A glycoGag is instead unable to counteract the 

inhibitory effect of the host factor on HIV-1 infectivity at any amount of transfected 

plasmid. However, in line with previous observations, PERV-A glycoGag strongly 

internalizes SERINC5 in virus-producing cells, resulting in 10% residual surface 

SERINC5, at the highest concentration of transfected plasmid; nevertheless, PERV-A 

glycoGag appears to be slightly less potent than MoMLV glycoGag, when 20 ng of 

transfected plasmid are used. Such titration allowed us to identify experimental 

conditions achieving the same level of SERINC5 downregulation between PERV-A and 

MoMLV glycoGag molecules: specifically, transfection of 100 ng of PERV-A glycoGag 

construct results in identical SERINC5 downregulation as transfection of 20 ng of 

MoMLV glycoGag plasmid. This is in striking contrast with the corresponding effect of 

the two glycoGag proteins on infectivity, since even at the highest amount, PERV-A 

glycoGag does not rescue HIV-1 infectivity, suggesting that its activity on SERINC5 

downregulation is not sufficient to overcome the host factor restriction. 
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Figure 6.8: PERV-A glycoGag internalizes SERINC5, despite not rescuing HIV-1 infectivity 
The SERINC5 antagonizing activity of PERV-A and MoMLV glycoGags was compared in 
HEK293T cells, assessing both the effect on HIV-1 infectivity and on SERINC5 surface 
expression. NL4-3 Δenv neffs was produced in HEK293T cells, co-transfected with PBJ5-
SERINC5-iFLAG-HA and pIRES-eGFP encoding a glycoGag molecule. NL4-3 was 
complemented in trans by PBJ5-EnvHXB2. (a) Flow cytometry profiles of SERINC5 surface 
expression in the presence of the indicated glycoGag (red line) or empty vector control (blue 
line). Antibody background signal is denoted by the grey area; (b) The infectivity of progeny 
virions was measured on TZM-ZsGreen and normalized on the RT activity of the viral inoculum. 
Bar graphs represent the mean + SD of n=4 technical replicates. 
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6.4. PERV-A glycoGag specifically targets SERINC5 for internalization 

In previous paragraphs, we have illustrated that PERV-A glycoGag potently internalizes 

SERINC5, but unlike the MoMLV allele, it fails in rescuing HIV-1 infectivity. This 

discrepant behaviour might be the result of an artefactual non-specific SERINC5 

downregulation. To this end, we investigated glycoGag effects on a control protein, the 

murine cationic amino acid transporter 1 (mCAT-1). MCAT-1 is a multipass 

transmembrane protein and it is not expressed in human cells. As explained in 

previous chapters, mCAT-1 was modified by the insertion of a FLAG-tag within the third 

extracellular loop to allow the detection of surface expression by flow cytometry.  

HEK293T cells were co-transfected with FLAG-tagged mCAT-1 or SERINC5, 

expressed from pcDNA3.1 and pIRES-eGFP expressing native glycoGag molecules. 

The residual surface levels of mCAT-1 or SERINC5 in each condition are reported in 

Figure 6.9a; mCAT-1 and SERINC5 total expression was also measured to ensure 

comparable transfection efficiency (Figure 6.9b). In line with previous data, plasma 

membrane SERINC5 is potently downregulated only by MoMLV and PERV-A glycoGag 

proteins (11% and 25% SERINC5 residual surface expression, respectively), and to a 

lesser extent by FeLV-A glycoGag (35% residual surface SERINC5). In contrast, 

mCAT-1 surface expression is not perturbed by any glycoGag molecule, preliminarily 

indicating that SERINC5 targeting by active glycoGag molecules is selective. 

The specificity of glycoGag effect on SERINC5 surface localization was further 

confirmed in HEK293T cells stably overexpressing both SERINC5-iFLAG-HA and, as 

control protein, CD4. HIV-1 Nef97ZA012 was included as a control protein because it is 

known to induce efficient CD4 internalization. Recapitulating previous data, MoMLV 

and PERV-A glycoGag downregulate SERINC5 surface expression to a similar extent, 

while glycoGag from FeLV-A exhibits weaker activity (Figure 6.9c-d). In contrast, none 
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of the analysed glycoGag molecules alter CD4 surface levels, further confirming the 

genuine ability of PERV-A glycoGag to target specifically SERINC5, despite no rescue 

of virus infectivity.   

 

Figure 6.9: SERINC5 is specifically targeted by PERV-A glycoGag for internalization. 
(a-b) The specificity of glycoGag activity on SERINC5 localization was assessed by flow 
cytometry, using mCAT-1 as control, which has a topology similar to SERINC5. HEK293T cells 
were transfected with pcDNA3.1-SERINC5-iFLAG-HA or pcDNA3.1-mCAT-1-iFLAG and the 
indicated glycoGag molecule expressed from a pIRES-eGFP plasmid. (a) Residual surface 
expression (a) and (b) total expression of SERINC5 and mCAT-1 measured in transfected cells 
(GFP+). (c-d) Specific SERINC5 downregulation by different glycoGag molecules was 
investigated in HEK293T cells stably expressing SERINC5, and as control, CD4. Nef97ZA012 was 
included as positive control. The indicated viral molecules were expressed from pIRES-eGFP. 
(c) Residual SERINC5 surface expression and (d) residual CD4 surface expression, measured 
by flow cytometry. 
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6.5. The ability of PERV-A glycoGag to internalize SERINC5 is 

recapitulated in immortalized T-cells 

Results illustrated above have been obtained in HEK293T cells. We sought to 

investigate whether our observations were reproducible in the T-lymphoblastic Jurkat 

cell line, which better recapitulates the natural target of lymphotropic viruses, such as 

leukemic γ-retroviruses. To directly relate the efficiency of surface SERINC5 depletion 

and the enhancement of virions infectivity, SERINC5 internalization was investigated in 

HIV-1 producer cells. To this end, NL4-3 neffs restricted to a single-cycle of replication 

was produced in JTAg cells, co-electroporated with PBJ5-SERINC5-iFLAG-HA, the 

indicated viral antagonist expressed from PBJ5 plasmid and a GFP-expressing plasmid 

(pMax-eGFP) to identify transfected cells in flow cytometry. HIV-1 Nef97ZA012 and NefLAI 

were included as reference SERINC5 antagonists with strong and weak activity, 

respectively. The effect of the viral counteracting molecules was titrated using two 

amounts of transfected plasmids, high (5 µg) and low (1 µg).  

SERINC5 surface expression in the presence of each viral antagonist is represented in 

Figure 6.10a-b, while virus infectivity is reported in Figure 6.10c. MoMLV glycoGag 

potently downregulates surface SERINC5 at any concentrations tested (less than 2% 

residual SERINC5), as previously shown in HEK293T cells. Nef97ZA012 internalizes the 

host factor with similar efficiency, resulting in less than 5-10% residual SERINC5 on the 

cell surface, while, as expected, NefLAI has a modest effect on SERINC5 

downregulation. PERV-A glycoGag has a weaker activity than the MoMLV counterpart, 

especially at the lowest plasmid concentration; indeed, ~30% SERINC5 is detected on 

the plasma membrane, but this value drops to 16% when cells are transfected with 

5 µg of PBJ5-PERV-A. Notwithstanding, PERV-A glycoGag potency is comparable to 

NefLAI (30% vs 47% residual surface SERINC5, when 1 µg of plasmid is transfected). 

Despite being less potent than glycoGag from MoMLV, the ability of PERV-A glycoGag 

to target SERINC5 is therefore reproduced in a different cellular system.  
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Figure 6.10: PERV-A glycoGag downregulates SERINC5 with efficiency comparable to 
and NefLAI but fails to rescue HIV-1 infectivity. 
Activity of different viral factors on HIV-1 infectivity and on SERINC5 surface expression. NL4-3 
Δenv neffs virions were produced in SERINC3/5 DKO JTAg cells by co-electroporation with 
PBJ5-SERINC5-iFLAG-HA, pMax-GFP and the indicated viral factor, expressed from a PBJ5 
plasmid. NL4-3 was complemented in trans with PBJ5-EnvHXB2. (a) Flow cytometry profiles of 
SERINC5 surface expression, measured in virus producer cells in the presence of a viral 
antagonist (red) or empty vector control (blue). Antibody background signal is highlighted in 
grey. (b) Residual surface expression of SERINC5 in the presence of the indicated viral factors, 
measured relative to the expression levels observed in the empty vector control; (c) For each 
sample, virus infectivity was measured on TZM-ZsGreen cells and normalized on the RT activity 
of the inoculum; virion infectivity is expressed relative to the infectivity of NL4-3 neffs, produced 
in the absence of SERINC5. Bar graphs represent the mean + SD of n=4 technical replicates. 
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As observed in HEK293T cells, the ability of PERV-A glycoGag to downregulate 

surface SERINC5 appears to be in contradiction with the lack of rescue of virus 

infectivity. While MoMLV glycoGag fully rescues HIV-1 infectivity in the presence of 

SERINC5 at any concentration, PERV-A glycoGag fails to enhance infectivity even at 

the highest plasmid concentration, which is nevertheless sufficient to downregulate 

SERINC5 (Figure 6.10c). Furthermore, though PERV-A glycoGag and NefLAI have 

similar potency in internalizing SERINC5, only NefLAI produces a weak enhancement of 

HIV-1 infectivity (3-fold, at the highest amount of transfected plasmid). The striking 

discrepancy between the extent of SERINC5 internalization and the effect on infectivity 

is further highlighted by the observation that 5 µg of transfected PERV-A glycoGag 

have a potency comparable to 1 µg of transfected Nef97ZA012, but even under these 

experimental conditions, PERV-A glycoGag does not prevent SERINC5 restriction. 

6.6. PERV-A fails to exclude SERINC5 from virions  

We have shown that PERV-A glycoGag targets SERINC5 for internalization from the 

plasma membrane, however, this activity does not translate in enhancement of virion 

infectivity. Our current knowledge suggests that the effect on infectivity requires 

SERINC5 to be incorporated into virus particles. However, association with budding 

virions is thought to depend on the presence of SERINC5 on the cell membrane. We 

therefore investigated the ability of PERV-A glycoGag to exclude SERINC5 form virus 

particles. To this end, we analysed the amount of virion-associated SERINC5 in the 

presence of glycoGag molecules from MoMLV, PERV-A and FeLV-A. In parallel, 

SERINC5 internalization in virus producer cells was also investigated.  

For immunoblotting, SERINC5 and glycoGag are both HA-tagged, but simultaneous 

detection is impossible due to the overlapping running profile of both proteins. We 

therefore replaced the HA-tag at the N-terminus of glycoGag with a STREP-tag; 

however, this modification affected the expression of PERV-A and FeLV-A glycoGag 

proteins (Figure 6.11 and comparison with Figure 6.2). 
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Figure 6.11: Insertion of a STREP-Tag at the N-terminus of glycoGag interferes with 
optimal detection. 
Western blot of glycoGag molecules harbouring an N-terminal STREP-tag in HEK293T cells 
lysates. STREP-glycoGag were expressed from pIRES-eGFP plasmid. 

 

We therefore decided to proceed with untagged glycoGag proteins to prevent 

interference with detection of HA-tagged SERINC5 in virions. Expression levels of 

glycoGag in JTAg cells were controlled in parallel under the same experimental 

conditions (Figure 6.12).  

NL4-3 Neffs limited to a single cycle of replication was produced in JTAg cells, co-

electroporated with pMax-eGFP, PBJ5-SERINC5-iFLAG-HA (or empty vector control) 

and the indicated amount of PBJ5 expressing untagged or HA-tagged glycoGag 

molecules. As observed in Figure 6.12, all native glycoGag proteins are expressed in 

JTAg cells to a comparable level and are detectable in lysates even at the lowest 

concentration. The residual surface expression of SERINC5 in virus producer cells is 

shown in Figure 6.13a-b. Less than 1% residual surface SERINC5 is observed in the 

presence of MoMLV glycoGag (highest plasmid concentration), while FeLV-A glycoGag 

has a rather modest activity (36% residual surface SERINC5), failing in producing 
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detectable downregulation of SERINC5 at the lowest plasmid concentration. PERV-A 

glycoGag shows intermediate potency, reducing SERINC5 surface expression to 28%, 

at the highest concentration of transfected plasmid. This proves in striking contrast with 

the amount of SERINC5 detected in progeny virions: despite a reduction of surface 

SERINC5 in the presence of PERV-A glycoGag, the host factor is incorporated into 

virions. On the contrary, no SERINC5 is detected into HIV-1 virus particles in the 

presence of MoMLV glycoGag at any plasmid concentration, while a dose-dependent 

exclusion is observed when FeLV-A glycoGag is overexpressed. 

The amount of virion-associated SERINC5 therefore mirrors the effect of retroviral 

glycoGag on HIV-1 infectivity. MoMLV glycoGag, which efficiently prevents SERINC5 

incorporation, restores virus infectivity to levels observed in the absence of SERINC5. 

Similarly, FeLV-A glycoGag incompletely depletes SERINC5 from virions, resulting in a 

limited rescue of infectivity (2-fold enhancement at the highest amount of transfected 

plasmid). Finally, PERV-A glycoGag, despite decreasing surface SERINC5, fails to 

prevent SERINC5 incorporation into virion, thus explaining lack of infectivity rescue. 

In conclusion, the data we gathered showed that PERV-A glycoGag targets SERINC5, 

promoting its internalization, but this activity is not sufficient to prevent incorporation of 

the host factor into progeny virions.  
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Figure 6.12: PERV-A, MoMLV and FeLV-A glycoGag molecules have comparable 
expression in JTAg cells. 
Detection of the indicated HA-glycoGag proteins in SERINC3/5 DKO JTAg cell lysates by 
western blot. Cells were electroporated with NL4-3 Δenv neffs, PBJ5-EnvHXB2, pMax-GFP and 
the indicated PBJ5-HA-glycoGag.  
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Figure 6.13: PERV-A glycoGag does not prevent SERINC5 incorporation into virions. 
Effect of different glycoGag molecules on SERINC5 surface expression and virion incorporation. 
NL4-3 Δenv neffs virions were produced in SERINC3/5 DKO JTAg cells by co-electroporation 
with PBJ5-SERINC5-iFLAG-HA, pMax-GFP and the indicated viral factor, expressed from a 
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PBJ5 plasmid. Virions were complemented in trans with PBJ5-EnvHXB2. (a) Flow cytometry 
profiles of SERINC5 surface expression measured in virus producer cells in the presence of a 
glycoGag (red) or empty vector control (blue). Antibody background signal is shown in grey. (b) 
Residual surface expression of SERINC5 in the presence of the indicated glycoGag molecules, 
measured relative to the expression levels observed in the empty vector control; (c) Virus 
infectivity was measured on TZM-ZsGreen cells and normalized on the RT activity of the 
inoculum; for each sample, virions infectivity is expressed relative to the infectivity of NL4-3 
neffs, produced in the absence of SERINC5. Bar graphs represent the mean + SD of n=4 
technical replicates; (d) Detection of SERINC5-HA in purified virus pellets and cell lysates by 
western blot. 

 

6.7. Discussion 

Beyond primate and equine lentiviruses, SERINC5 hampers the infectivity of Murine 

Leukaemia Virus, which belongs to the γ-retrovirus genus. To counteract SERINC5 

inhibition, MoMLV exploits an alternative glycosylated form of Gag, glycoGag389. The 

relevance of SERINC5 counteraction by glycoGag has been recently corroborated in 

vivo: while glycoGag is dispensable for MLV replication when SERINC5 is knocked-out, 

the retroviral factor is essential for optimal spreading in wild-type mice589.  

GlycoGag overcomes SERINC5 inhibition of infectivity by delocalizing the host factor 

from the plasma membrane to late endosomes, thus preventing SERINC5 

incorporation into progeny virions. As observed with lentiviral Nef, glycoGag activity 

against SERINC5 requires membrane localization and recruitment of the endocytic 

machinery via AP-2.  

Many γ-retroviruses encode a putative glycoGag ORF; however, the actual expression 

and effect of these molecules on SERINC5 inhibition of retroviral infectivity are 

unexplored. Our comprehensive analysis of SERINC5 antagonization by glycoGag 

from divergent exogenous and endogenous γ-retrovirus species suggests that 

SERINC5 antagonization may not be a feature shared within the γ-retrovirus genus. 

Indeed, among selected molecules, we observed that only MoMLV and FeLV-A 

glycoGag enhanced HIV-1 infectivity in the presence of SERINC5, while glycoGag from 

PERV-A, GALV-X and KoRV-A were inactive, even when efficient translation was 

ensured by sequence codon-optimization. Accordingly, poor sequence conservation is 
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observed after aligning the N-terminal leader sequences, where SERINC5 

counteraction appears to reside. Further evidence comes from the observation that the 

functionality against SERINC5 reflects the phylogenetical clustering of glycoGag 

molecules: the active MoMLV and FeLV-A glycoGags are evolutionary close and 

diverge from the inactive PERV-A, GALV-X and KoRV-A alleles.  

The lack of enhancement of HIV-1 infectivity by GALV-X and KoRV-A glycoGag 

correlates with the inability of these molecules to remove SERINC5 from the plasma 

membrane; the defective activity of these glycoGag molecules correlates also with the 

absence of a canonical endocytic sorting signals required to recruit AP-2 and promote 

SERINC5 internalization. The endocytic sorting motif YxxL is instead detected within 

the N-terminus leader of MoMLV and FeLV-A glycoGag.  

Surprisingly, we observed that in contrast to GALV-X and KoRV-A glycoGag proteins, 

the PERV-A counterpart promotes efficient SERINC5 intracellular accumulation, 

despite its inability to rescue virus infectivity. Compared to MoMLV, PERV-A glycoGag 

appears less potent in downregulating the host factor; nevertheless, rescue of virus 

infectivity was not achieved even at glycoGag expression levels ensuring comparable 

levels of residual SERINC5 on the surface of producer cells. PERV-A targets SERINC5 

specifically since it does not alter the distribution of irrelevant molecules such as CD4 

and the murine mCAT-1. Moreover, the ability of PERV-A glycoGag to accumulate 

SERINC5 intracellularly is observed also in Jurkat T-cells, that better recapitulate the 

natural target cells of leukemic γ-retroviruses. PERV-A glycoGag contains a putative 

endocytic motif (ExxxLL) within the N-terminus of the molecule. It remains to be 

clarified whether downregulation of SERINC5 depends on AP-2 mediated endocytosis 

by investigating whether deletion of the putative ExxxLL motif or silencing of AP-2 

abrogate SERINC5 internalization.  

Despite decreasing SERINC5 surface expression, PERV-A glycoGag failed in 

preventing SERINC5 incorporation into viral particles. This observation correlates with 
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the lack of a positive effect on HIV-1 infectivity and reinforces the notion that the 

antiviral activity of SERINC5 requires its incorporation into virus particles. It remains 

however unclear why PERV-A glycoGag, which downregulates SERINC5 with higher 

efficiency than FeLV-A glycoGag, fails in excluding the host factor from virions. 

SERINC5 localizes predominantly in detergent resistant membranes (DRMs)394 where 

budding also occurs. A possible explanation might be the inability of PERV-A glycoGag 

to target SERINC5 in these specific membrane microdomains; this would explain an 

overall decrease of SERINC5 abundance on the cell surface, without preventing 

incorporation into virions.  

It is worth mentioning that our experiments were performed in conditions ensuring high 

expression levels, that might be far from gene expression driven from the viral genome, 

where glycoGag translation is initiated by a non-canonical CUG codon407. Moreover, for 

most γ-retroviruses it remains to be ascertain whether they effectively express 

glycosylated Gag. For example, a report575 suggested that KoRV-A does not express 

glycoGag, at least in human cells, potentially explaining why the virus does not need to 

express this molecule. Instead, glycosylated Gag expression has previously been 

detected in FeLV598 infected cells; a Gag-antigenic molecule, which is glycosylated, has 

been detected also in cells infected by PERV610, but it was not further characterized. 

Studies of glycoGag molecules in the context of their respective molecular clones 

would therefore strengthen our findings; however, this is hindered by major technical 

issues such as the unavailability of a reporter system for all the selected γ-retroviruses 

and the mutational effort required to disrupt glycoGag sequence in cis without altering 

the packaging signal that overlaps with the N-terminal leader. It is interesting to notice 

that KoRV-A and PERV-A are both endogenous viruses and, in both cases, glycoGag 

has no counteraction activity against the SERINC5 effect on infectivity. We could 

speculate that the lack of selective pressure after endogenization could have 

contributed to the loss of an activity required only for the replicating virus or 
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incompatible with the host cell normal physiology. However, an active glycoGag 

molecule has been retrieved from the murine endogenous retrovirus NZB9_1392 and 

from MLV DG75 (unpublished data from our laboratory). 

It should also not be overlooked, especially in the case of inactive molecules, that we 

analysed counteraction of the human SERINC5 in the context of HIV-1. Indeed, we 

may not exclude the possibility that SERINC5 counteraction by glycoGag is species-

specific or that γ-retroviruses are individually restricted by SERINC5 to a variable 

extent, resulting in the loss of glycoGag functionality in resistant species. Accordingly, 

the interaction of glycoGag with host factors could be species-specific and therefore 

the protein activity could be limited to compatible species. 

Investigating the ability of different glycoGag molecules to target the host restriction 

factor opened up new research questions which should be addressed to understand 

how SERINC5 inhibits virus infectivity and the cellular mechanisms exploited by 

counteracting factor to antagonize it. My work will therefore continue in the future 

following these clues. 
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Chapter 7  

The role of SERINC5 in HIV-1 infection 

Viral spreading in vivo relies both on infection of cell-free virus particles which may 

occur distantly from the producer cell (cell-free infection) and on cell-to-cell 

transmission trough contacts between cells, leading to syncytia and virological 

synapses. It is well known that Nef enhances viral replication in vivo430 but its role in 

supporting HIV-1 spreading infection remains unclear. Indeed, Nef has variable effects 

according to the experimental system: the viral factor was reported to be dispensable 

for optimal replication in immortalized T-cell lines and activated primary CD4+  

T-lymphocytes611; instead, the most pronounced requirement for Nef is observed when 

primary macrophages and T-cells are infected prior to mitogenic stimulation612,613.  

Nef does not produce a significant growth advantage in most cell lines, even when 

virions infectivity from the same cultures is severely hampered611. This dichotomy may 

depend on the observation that HIV-1 propagation in cell cultures occurs predominantly 

by cell-to-cell contacts at virological synapses, rather than cell-free infection614. Indeed, 

it is widely recognized that cell-to-cell infection is a highly efficient modality of virus 

spreading615, and therefore it might not depend on Nef activity as much as cell-free 

transmission. This is in line with the observation that Nef seems to have only a modest 

effect on cell-to-cell spreading616; accordingly, Nef would facilitate the first round of cell-

free infection but not subsequent virus spreading. It would be therefore reasonable to 

hypothesize that SERINC5 restriction hinders cell-free infectivity, but it is somehow 

irrelevant for virus propagation in cell cultures. 

Most studies on the activity of SERINC5 on HIV-1 are mostly limited to cell-free virions 

infectivity, while the role of the host factor in HIV-1 propagation has been poorly 

investigated. On this basis, we explored the effect of SERINC5 on virus replication in 
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Jurkat T-cells, since the infectivity of cell-free virions produced in this cell line is 

potently inhibited by the host factor. We found that cell-to-cell virus transmission is 

mostly not sensitive to SERINC5; however, the strong conservation of SERINC5 

counteraction among nef alleles suggest that in any case the host factor is detrimental 

for viral replication or persistence in vivo. SERINC5 might indeed have a broader role 

in virus infection, beyond inhibition of cell-free viruses.  

Besides interfering with virus replication, some restriction factors such as TRIM5α73 

and Tetherin74, act as a virus sensor inducing proinflammatory gene expression. 

Inspired by these findings, we also preliminarily investigated whether SERINC5 might 

modulate intracellular signalling pathways in immortalized CD4+ T-cells.  

7.1. SERINC5 potently inhibits cell-free infection but not HIV-1 

spreading in transformed T-cells  

To explore the effect of SERINC5 on HIV-1 spreading infection, we compared virus 

replication kinetics in immortalized CD4+ T-cells wild-type or knocked-out for SERINC5. 

As cell culture model, we relied on the widely used JLTRG-R5 cells, a Jurkat cell line 

that harbours a Tat-inducible eGFP (LTR-eGFP); following infection by HIV-1, Tat is 

expressed, driving the production of eGFP, and allowing the prompt identification of 

infected cells.  

We modified JLTRG-R5 cells by stably knocking-out SERINC5 by means of a 

lentivirus-based CRISPR-cas9 system (pLentiCRISPR v1)617. We used the CRISPOR 

online software618 to design two guide RNAs (gRNAs) to target SERINC5 ORF: 

gRNA 1 (TS1) targets the beginning of exon 2, while gRNA 2 (TS2) is specific for 

exon 8. JLTRG-R5 cells were transduced with LentiCRISPR v1, encoding Cas9 and, 

individually, each gRNA. To generate a control population, LentiCRISPR v1, devoid of 

any gRNA was used (this cell line will be referred to as “Control”). The editing efficiency 

was measured by sequencing the targeted exons. The percentage of the knock-out 

population was calculated using TIDE 619, along with the size of the most frequent 
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indels in targeted exons. The indels spectrum of each SERINC5 KO population is 

shown in Figure 7.1. The overall abundance of aberrant nucleotides close to the 

expected Cas9 break site reaches 96% and is comparable in both populations, 

indicating that both gRNAs have similar efficiency and that most of the population was 

edited. Considering the position of the most frequent small indels, gRNA 1 editing 

results in the insertion of one or three nucleotides, while gRNA 2 favours insertion of 

one or two nucleotides. Indels in frame, such as the insertion of an entire triplet, may 

be tolerated since the sequence frame is maintained. Therefore, we decided to clean 

+/- 3 indels off the TIDE score. As a result, JLTRG-R5 TS1 cells would result in a 76% 

knock-out, while JLTRG-R5 TS2 cells maintain a knockout score of 83.5%. To rule out 

potential clonal artefacts, we used the bulk edited populations for our experiments, 

instead of single cell derived clones. 

To study the relevance of SERINC5 in spreading infection, a replication assay was 

initiated with a replicative HIV-1 NL4-3 molecular clone, harbouring nef97ZA012 or an 

inactive nef allele (neffs), which was electroporated in SERINC5 KO or control  

JLTRG-R5 cells. We chose to initiate infection by electroporation to avoid cell-free 

infection at the first round of replication, which could be potently affected by SERINC5. 

HIV-1 was allowed to spread in culture for up to ~18 days. Virus replication was 

monitored by quantifying the RT-activity of virions released in the culture supernatant 

every 2-3 days. In parallel, the frequency of infected cells was analysed by flow 

cytometry. Virus replication assays were performed in normal culture conditions and in 

reduced serum medium (RPMI 1% FBS), to decrease cells basal activation and mimic 

a sort of “resting status”. This choice was driven by the observation that a major 

contribution to viral replication by Nef is evident only when quiescent CD4+  

T-lymphocytes are infected prior to mitogenic stimulation612. Therefore, we considered 

the possibility that the intrinsic high activation, typical of transformed Jurkat cells, might 

mask a potential defect of neffs.  
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Figure 7.1: Generation of SERINC5 KO JLTRG-R5 cell lines 
JLTRG-R5 cells were transduced with pLentiCRISPR v1, encoding Cas9 and either gRNA 1 or 
gRNA 2 to knock-out SERINC5. KO efficiency was measured by sequencing of the targeted 
exons, calculating the frequency of indels with TIDE. (a) Editing efficiency (TIDE score), KO 
percentage and size of the most frequent indels detected in each SERINC5 KO population; (b) 
Indels spectrum of each SERINC5 KO JLTRG-R5 cell line. The size of indels and their 
abundance are specified. 
 

Results from to two independent experiments are reported in Figure 7.2. Experiment 1 

was performed with both SERINC5 knock-out populations, TS1 and TS2, to control for 

potential Cas9 off-targets effects. Since the two SERINC5 KO cell lines showed a 

similar behaviour, the experiment was then repeated (experiment 2) with the sole 

SERINC5 KO TS2 JLTRG-R5 cell line, which has the highest editing percentage. 
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When endogenous SERINC5 is knocked-out, HIV-1 has a similar replication profile, 

independently on the expression of a functional nef allele. HIV-1 reaches the 

exponential replication phase at around 4 days post-infection, with a peak in virion 

release at day 7-9 post infection, depending on the experimental conditions. 

Afterwards, virus production abruptly declines, extinguishing the culture. Replication 

kinetics in SERINC5 KO JLTRG-R5 cells is not influenced by serum starvation. 

Accordingly, the frequency of infected cells is similar, independently on serum 

concentration and nef expression. While in experiment 1, the frequency of infected 

cells measured by flow cytometry remains around ~10% for the duration of the assay, 

in Experiment 2 it follows a trend which reflects virus release measured by RT-activity, 

with a peak at day 9 of 25-35% infected cells. This difference could be due to diverse 

electroporation efficiency. 

Endogenous SERINC5 does not perturb virus growth in normal culture conditions, even 

when HIV-1 encodes neffs. Indeed, when NL4-3 nef97ZA012 and neffs replicate in control 

JLTRG-R5 cells, they have a similar kinetics of virions release, that peaks at day 7-9, 

as previously described for both SERINC5 KO JLTRG-R5 cell lines. Minor variations in 

the amount of virus released are observed at the peak, between control and SERINC5 

KO cells (~2-fold), in line with previous studies showing no major inhibition of virus 

release by SERINC5 44. In experiment 2, HIV-1 neffs appears slightly delayed in 

reaching exponential growth, when it replicates in control JLTRG-R5 cells. A similar 

trend is mirrored by the frequency of GFP+ cells. 

While nef expression appears dispensable for virus spreading in control JLTRG-R5 

cells in normal culture conditions, we observed a more consistent delay upon serum 

starvation. Indeed, in both experiments a 2/3-day delay is observed in the absence of 

Nef. Irrespectively of SERINC5 expression, the frequency of infected cells at the peak 

of replication was similar for all viruses, in both experiments.  
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The effect of endogenous SERINC5 on cell-free infection of virions produced by the 

infected cell cultures was also evaluated. At day 11 of the replication assay, cell-free 

infectivity of the progeny virions of the cultures was assessed on TZM-ZsGreen, 

revealing that the infectivity of neffs virions produced by control JLTRG-R5 cells is 

severely hampered (Figure 7.3). Indeed, endogenous SERINC5 inhibits HIV-1 neffs 

infectivity by ~115-160-fold. Nef97ZA012 appears to modestly enhance infectivity when 

virions are produced from SERINC5 KO cells; this is probably due to the presence of a 

minority of non-edited cells in the bulk populations and to the expression of other 

SERINC paralogs, such as SERINC3, which could inhibit HIV-1 infectivity in the 

absence of Nef.  

Overall, these results indicate that SERINC5 does not inhibit HIV-1 spreading infection 

in vitro, though potently restricting cell-free infection. As explained above, virus 

propagation in cell culture could mostly rely on cell-to-cell transmission at virological 

synapses formed between donor infected cells and new recipient cells. Since SERINC5 

has modest and variable effects on virus spreading, our results suggest that cell-to-cell 

virus propagation might not be inhibited by the host factor.  
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Figure 7.2 - continuation on the next page 
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Figure 7.2: SERINC5 does not inhibit virus replication in immortalized T-cells. 
Effect of endogenous SERINC5 on HIV-1 replication in Jurkat JLTRG-R5 cells. Wild-type and 
SERINC5 KO (TS1 or TS2) JLTRG-R5 cells were electroporated with infectious NL4-3, 
harbouring nef97ZA012 or neffs. The day after electroporation, cells were resuspended at the same 
density in complete RPMI or reduced serum medium. The RT activity of virus released in the 
culture medium and the frequency of infected cells were regularly measured, by SGPERT and 
flow cytometry, respectively. Data from two biological independent experiments are shown. 
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Figure 7.3: SERINC5 potently inhibits cell-free infectivity of virions released during 
replication in cell culture. 
Effect of SERINC5 on the cell-free infectivity of virions released in the culture medium of 
infected JLTRG-R5 cells. Wild-type and SERINC5 KO (TS1 or TS2) JLTRG-R5 cells were 
electroporated with infectious NL4-3 nef97ZA012 or neffs. At day 11 of the replication assays shown 
in figure 7.2, virions were harvested and inoculated onto TZM-ZsGreen cells to measure cell-
free virus infectivity. The number of infected cells was normalized on the RT activity of the 
inoculum. Bar graphs represent the mean + SD of n=4 technical replicates. Data from two 
biological independent experiment are shown. 

 

7.2. SERINC5 does not inhibit HIV-1 cell-to-cell transmission 

To investigate whether SERINC5 interferes with direct cell-to-cell transmission, we 

measured cell-to-cell spreading of HIV-1, harbouring neffs or nef97ZA012, among control 

and SERINC5 KO JLTRG-R5 cells. To distinguish donor cells and exclude cell fusion 

that may contaminate cell-to-cell infection events, donor JLTRG-R5 cells were marked 

by the expression of an additional fluorescent protein. Control and SERINC5 KO cells 

were therefore transduced with a retroviral vector encoding TagRFP657 to label the 

donor cell pool.  

Donor cells, previously infected with NL4-3 neffs or nef97ZA012, were incubated with 

target JLTRG-R5 cells at a ratio of 1:1, as described in methods. Briefly, control donor 

cells were matched with control target cells and likewise was done for SERINC5 KO 

cells. Infection propagation by newly released cell-free virions was blocked after a 

three-hour incubation by the addition of dextran sulphate. In parallel, the infectivity of 

cell-free virions from producer cells was also assessed on TZM-ZsGreen cells. 
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The frequency of infected target cells by cell-to-cell infection was measured by flow 

cytometry. Representative dot plots, with the percentage of each quadrant population, 

are shown in Figure 7.4a. According to GFP and TagRFP657 expression, four different 

populations can be distinguished: 

- Double negative cells: non-infected target cells 

- GFP+ cells: infected target cells 

- TagRFP657+ cells: non-infected donor cells 

- GFP+ / TagRFP657+ cells: infected donor cells or donor-target syncytia.  

In the absence of virus infection, no GFP+ cells are detected in the target population. 

Instead, a fraction of the target cells becomes infected in co-culture with infected donor 

cells. These GFP+ cells are events of cell-to-cell transmission, occurred within the 

three-hour incubation with donor cells. To control for the contribution of cell-free virus 

infection during the three-hour incubation, donor cells supernatant was collected and 

used to inoculate a fresh JLTRG-R5 culture obtaining no detectable infection measured 

48 hours later. Also, the addition of dextran sulphate efficiently blocked virus 

transmission, as observed in the negative control (DS control), in which dextran 

sulphate is added concomitantly with donor cells. The efficiency of cell-to-cell 

spreading was calculated as the ratio between the percentage of infected target cells 

and infected donor cells, in each sample, and is reported in Figure 7.4b. The average 

frequency of inoculated infected donor cells is comparable among samples and is 

reported in Figure 7.4c. 

The efficiency of cell-to-cell spreading seems not to be perturbed by SERINC5. Indeed, 

the fraction of target cells infected by HIV-1 neffs is comparable among control and 

SERINC5 KO donor cells. In parallel, the infectivity of cell-free virus produced by the 

same cultures was also investigated. To assess the extent of the infectivity of cell-free 

virus replicating in Jurkat cells, several attempts were performed by measuring the 

infectivity of virions harvested by the infected cultures using JLTRG-R5 as target cells. 
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However, every attempt failed because the infection produced after a single replication 

cycle and measured by flow cytometry 48 hours after inoculation was below 0.01%, 

making a reliable estimation impossible. The infectivity was therefore measured on 

TZM-ZsGreen cells where Nef97ZA012 was found to enhance infectivity by 20-fold, when 

virus is produced from control JLTRG-R5 cells, while it has a modest effect on virions 

produced from both SERINC5 KO donor cell lines (Figure 7.4d). Therefore, while 

SERINC5 does not inhibit cell-to-cell infection, it potently hampers cell-free infectivity of 

neffs virions. 
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Figure 7.4 – Continuation on the next page 
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Figure 7.4: SERINC5 potently inhibits NL4-3 neffs cell-free infection of TZM-ZsGreen cells, 
but not cell-to-cell spreading among JLTRG-R5 cells. 
Effect of SERINC5 on HIV-1 cell-to-cell spreading and cell-free infection. Donor wild-type and 
SERINC5 KO (TS1 or TS2) JLTRG-R5 cells, infected with NL4-3 nef97ZA912 or neffs, were mixed 
1:1 with target JLTRG-R5 cells. After a 3-hour incubation, infection was blocked by treatment 
with 25 µg/ml dextran sulphate. As negative control, target and donor cells were mixed and 
immediately treated with dextran sulphate (DS control). After 48 hours, the frequency of cell-to-
cell infection was measured by flow cytometry. (a) Representative flow cytometry dot plots. 
Donor cells are marked by the expression of TagRFP657, while infected cells are identified by 
GFP expression. (b) Efficiency of cell-to-cell infection in each sample was measured as 
percentage of infected target cells, normalized on the percentage of inoculated infected donor 
cells; (c) Frequency of infected donor cells in each sample; (d) RT-normalized cell-free 
infectivity of virions released from donor cells, measured on TZM-ZsGreen cells. (b-d) Bar 
graphs represent the mean + SD of n=3 technical replicates. 
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Since cell-free virions infectivity is typically measured on TZM-ZsGreen cells, while cell-

to-cell spreading is monitored on Jurkat Cells, to directly compare both modalities of 

virus spreading, we investigated HIV-1 cell-to-cell transmission using TZM-ZsGreen as 

target cells. As donor cells, we used control and SERINC5 KO TS2 JLTRG-R5 cells 

infected with NL4-3 encoding either nef97ZA012 or neffs. Donor cells were incubated at a 

ratio of 1:1 or 3:1 with target cells, as described above. Results are shown in Figure 

7.5. 

Compared to the previous experiment, quadrant gating was performed slightly 

differently to ensure discrimination of populations of infected TZM-ZsGreen and donor  

JLTRG-R5 cells, since a minor fraction of the donor cells used in this experiment has 

lower levels of TagRFP657. Notwithstanding, infected target TZM-ZsGreen cells are 

promptly identified by the brighter ZsGreen fluorescence in quadrant 3. As explained 

above, the ratio between the frequency of infected target cells and infected donor cells 

was calculated as a measure of efficiency of cell-to-cell infection. The percentage of 

infected donor cells inoculated in each sample is reported in Figure 7.5c and is similar 

in each sample. 

As observed in the previous experiment, cell-to-cell infection is not hampered by 

SERINC5 expression in donor cells; hence, independently on the expression of a 

functional nef allele, HIV-1 infects a similar fraction of target cells by direct spreading 

from donor JLTRG-R5 cells (Figure 7.5b). Results were reproduced when a 3:1 ratio of 

donor to target cells was used. In contrast, the infectivity of cell-free neffs virions 

produced in control JLTRG-R5 cells is severely decreased (~18-fold) (Figure 7.5d). 

Overall, our results show that while SERINC5 robustly inhibits cell-free virus infectivity, 

as previously reported, it does not hamper cell-to-cell spreading. This indicates that the 

absence of SERINC5 inhibitory effects on viral spreading in vitro may be explained by 

predominant cell-to-cell transmission which is not susceptible to SERINC5 inhibition. 
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Figure 7.5 – Continuation on the next page 
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Figure 7.5: Endogenous SERINC5 expression in JLTRG-R5 cells hampers the infection of 
TZM-ZsGreen cells by NL4-3 neffs via cell-free virus, but not via cell-to-cell contacts.  
Effect of endogenous SERINC5 on HIV-1 cell-to-cell and cell-free infection of TZM-ZsGreen 
cells. Donor wild-type and SERINC5 KO (TS2) JLTRG-R5 cells, infected with NL4-3 nef97ZA912 or 
neffs, were mixed with target TZM-ZsGreen cells. A 1:1 or 1:3 target-to-donor ratio was used. 
Following a 3-hour incubation, treatment with 20 µg/ml of dextran sulphate blocked virus 
spreading. As negative control, target and donor cells were immediately incubated with DS. 
After 48 hours, the frequency of cell-to-cell infection events was measured by flow cytometry. 
(a) representative flow cytometry dot plots. Donor cells are identified by the expression of 
TagRFP657. Infection events are denoted by GFP expression; (b) Efficiency of cell-to-cell 
infection in each sample was measured as percentage of infected target cells, normalized on 
the percentage of inoculated infected donor cells; (c) Frequency of infected donor cells in each 
sample; (d) RT normalized cell-free infectivity of virions released from donor JLTRG-R5 
cultures. (b-d) Bar graphs represent the mean + SD of n=3 technical replicates. 
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7.3. SERINC5 overexpression induces the activation of NF-κB 

responsive elements 

In previous paragraphs we showed that SERINC5 strongly hampers HIV-1 infectivity, 

but the virus could easily overcome restriction via cell-to-cell spreading, which is not 

sensitive to SERINC5 inhibition. Cell-to-cell infection could be the prevalent modality of 

virus spreading in vivo; nevertheless, the ability to target SERINC5 is a highly 

conserved feature of Nef, which therefore seems to be maintained by a strong selective 

pressure. It has been demonstrated that, besides interfering with multiple steps of viral 

infection, restriction factors may have additional roles in promoting the activation of 

proinflammatory responses. This is for example the case of TRIM5α and Tetherin. 

TRIM5α was shown not only to interfere with virus uncoating but also to stimulates AP-

1 and NF-κB signalling73 via TAK1, upon binding to the capsid lattice36,82. Tetherin 

inhibits virus release physically entrapping progeny virions onto the membrane of 

infected cells24,25, but upon restriction, Tetherin recruits a signalling complex that leads 

to the activation of TAK1, and consequently to the induction of NF-κB-dependent 

proinflammatory genes74. Inspired by these findings, we wondered whether also 

SERINC5, beyond inhibiting virus infectivity, might actively participate in the host 

proinflammatory response.  

We preliminarily investigated such hypothesis by performing luciferase reporter assays 

in HEK293T cells, to understand whether SERINC5 overexpression might stimulates 

the activity of some transcription factors. We selected a panel of transcription factors, 

important to orchestrate immune responses: AP-1, NFAT, NF-κB, AP-1, FOS, IFN-β 

and ISRE. As negative control, we used a reporter construct, in which luciferase 

expression is under the control of the rat AP-1 responsive elements (REs). Each 

luciferase reporter plasmid was individually co-transfected in HEK293T cells, along with 

pMax-GFP, to normalize for transfection efficiency, and PBJ6-SERINC5 or empty 

vector control. We chose to express SERINC5 from PBJ6, which is weakly active in 
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HEK293T cells, to dampen the possibility of artefactual activation of transcription 

factors, which may occur as consequence of endoplasmic reticulum stress due to 

strong ectopic protein overexpression620. Luciferase activity was measured two days 

post-transfection and normalized on the number of transfected cells (GFP+). The ability 

of SERINC5 to stimulate each of the selected transcription factor was calculated as fold 

increase in luciferase activity relative to the empty vector control. 

As shown in Figure 7.6, SERINC5 overexpression differently alters luciferase activity, 

dependently on the transcription factor. Rat AP-1 REs are not recognized by human 

AP-1 and, accordingly, the expression of such reporter construct is used to measure 

background variations in luciferase activity. SERINC5 overexpression does not induce 

luciferase expression driven from ISRE or NFAT REs. Minor variations are observed in 

case of AP-1, FOS and IFN-β reporter constructs (less than 1.5-fold induction). A major 

effect of SERINC5 is observed solely on NF-κB-dependent gene expression, resulting 

in a 3-fold increase in luciferase activity. We decided therefore to focus our 

investigation on the possible SERINC5 interplay with NF-κB.  

7.4. Endogenous SERINC5 is required for optimal NF-κB induction 

Gene reporter assays provided promising results for an involvement of SERINC5 in 

NF-κB activation. While HEK293T cells prove optimal for preliminary investigations due 

to their high transfection efficiency, they are prone to artefactual findings since they 

constitutively express SV40 Large T antigen that also contributes to cellular activation 

and may represent a confounding factor. 

To this end we sought to explore the role of SERINC5 in a more physiological context, 

such as Jurkat E6.1 T-cells that normally express appreciable levels of endogenous 

SERINC5 and that better recapitulate the primary target of HIV-1. 
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Figure 7.6: SERINC5 overexpression in HEK293T cells induces the expression of a NF-kB 
reporter gene. 
Effect of SERINC5 ectopic expression on the transcriptional activity of a panel of promoters. 
HEK293T cells were transfected with pMax-GFP, PBJ6-SERINC5 or empty vector control and 
the indicated luciferase reporter construct. 48 hours later, luciferase activity was measured and 
normalized on the number of GFP+ cells. Luciferase fold-induction in the presence of SERINC5 
is reported relative to the luciferase activity measured in cells transfected with the empty vector 
control. Bar graphs represent the mean + SD of n=3 biological independent experiments in 
triplicate. Statistical significance was measured with unpaired two-tailed t-test. **p<0.05; ns: not 
significant 

 

We first generated E6.1 cell lines, stably expressing a luciferase reporter construct 

(LentiCignal), the expression of which is driven by either NF-κB or minCMV; the latter 

promoter is a simple TATA box that allows to control for readthrough basal 

transcription. Luciferase reporter E6.1 cells (from here on called NF-κBluc E6.1 or 

minCMVluc E6.1) were further modified by knocking-out endogenous SERINC5, using 

LentiCRISPR v1 TS1. A control population was generated by transducing E6.1 with 

LentiCRISPR v1, expressing Cas9, but not the gRNA. As explained for JLTRG-R5 

cells, the bulk population was used to avoid clonal peculiarity. Editing efficiency and 

indels spectrum for both NF-κB and minCMV cell lines are shown in Figure 7.7. 

NF-κB plays a crucial role in regulating various aspects of T-cells development, 

differentiation and activation621. In resting cells, NF-κB is sequestered in the cytoplasm 
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by association with inhibitory proteins (IκBs). Upon engagement of various 

transmembrane receptors, such as the T-cell Receptor (TCR), proinflammatory 

cytokines receptors (TRNFR, IL2R) or Toll-like Receptors (TLR), IκB proteins are 

phosphorylated by upstream IκB kinases (IKKs) and subsequently degraded. As 

consequence, NF-κB translocates inside the nucleus where it promotes the expression 

of targets genes. Given the crucial importance of TCR for T-cells functionality, we 

investigated whether endogenous SERINC5 may influence NF-κB induction, 

modulating signalling from the TCR.  

Physiological T-cells activation depends on two-signals, both provided by an antigen 

presenting cell (APC): antigen-specific engagement of TCR and presence of co-

stimulatory signals transduced through CD28 (on T-cells) and its ligands B7.1 and B7.2 

(on APCs). This “two-signal” mechanism is artificially mimicked in vitro by exploiting 

antibodies to crosslink CD3 and CD28. Therefore, control and SERINC5 KO E6.1 cells 

reporter cells, were starved in reduced serum medium and then stimulated overnight 

with αCD3/αCD28 dynabeads. Alternatively, cells were chemically activated with a 

combination of Phorbol-myristate-acetate (PMA) and Ionomycin. PMA induces NF-κB 

induction by constitutively activating Protein Kinase C (PKC), while Ionomycin 

increases the cytoplasmic concentration of Ca2+.  

NF-κB induction in each condition is measured as the fold-increase in luciferase activity 

relative to the respective unstimulated control. Results from three independent 

experiments are show in Figure 7.8. As explained above, the minCMVluc reporter 

consist of a minimal promoter element governing luciferase expression and is typically 

used to measure background signals. Hence, no increase in luciferase activity is 

correctly observed, independently on treatment and SERINC5 expression. Stimulation 

of control NF-κBluc E6.1 cells with αCD3/αCD28 dynabeads results in a  

~9-fold induction in luciferase activity; in contrast, only a minor activity of the 

transcription factor is observed upon stimulation in the absence of SERINC5, as 
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indicated by a lower enhancement of luciferase activity (1.5-fold increase). Instead, 

endogenous SERINC5 appears dispensable for NF-κB induction by PMA/Ionomycin 

treatment since both control and SERINC5 KO E6.1 cells show a similar fold-increase 

in luciferase activity. SERINC5 appears therefore differently required for NF-κB 

activation, depending on the stimulus. This phenomenon may be related to the fact that 

αCD3/αCD28 dynabeads initiate signal transduction from the plasma membrane, while 

PMA/Ionomycin stimulation bypasses initial events acting on downstream effectors. As 

such, our results preliminarily indicate that SERINC5 may exert an activity on early 

events triggering TCR signal transduction. 

 

Figure 7.7: Generation of SERINC5 KO NF-κBluc or minCMVluc E6.1 cell lines. 
SERINC5 was knocked-out in NF-κBluc or minCMVluc E6.1 cells, by means of LentiCRISPR v1 
encoding Cas9 and gRNA 1, targeting SERINC5 exon 2. For each cell line, the knock-out 
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efficiency was measured analysing SERINC5 exon 2 sequence with TIDE. (a) Editing efficiency 
(TIDE score), KO percentage and size of the most frequent indels, in each cell line; (b) Indels 
spectrum of the indicated SERINC5 KO populations. 

 

 

Figure 7.8: Ablation of SERINC5 hampers NF-kB induction following TCR engagement, 
but not PMA/Ionomycin treatment. 
Effect of SERINC5 knock-out on NF-κB induction in luciferase reporter E6.1 cells, treated with 
different stimuli. SERINC5 was knocked-out in NF-κBluc or minCMVluc E6.1 cells by means of 
LentiCRISPR v1. Cells were starved overnight in reduced serum medium, before overnight 
stimulation with (a) 30 ng/ml PMA and 500 ng/ml Ionomycin or, alternatively, (b) αCD3/αCD28 
Dynabeads (2:1 bead to cells). Luciferase fold-induction in stimulated cells is reported relative to 
the luciferase activity measured in the untreated cells. Bar graphs represent the mean + SD of 
n=3 biological independent experiments in triplicate. Statistical significance was measured with 
unpaired two-tailed t-test. **p<0.01; ns: not significant. 

 

It may be argued that the different response to αCD3/αCD28 dynabeads observed in 

Control and SERINC5 KO E6.1 cells might reflect diverse surface levels of CD3 and 

CD28, rather than an activity of SERINC5 on intracellular signalling. However, 

detection of surface CD3 and CD28 by flow cytometry, indicate that the two cell lines 

have a comparable expression of both markers (Figure 7.9). This suggests that the 

defective NF-κB induction observed in SERINC5 KO E6.1 cells is unrelated to lower 

expression of CD3/CD28 but rather, it depends on a possible influence of SERINC5 on 

TCR signalling.  
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It is worth mentioning that the reporter cell lines here used constitutively expressed 

Cas9, a condition that predisposes to off-targets effects. To further corroborate our 

findings, we therefore exploited two strategies: SERINC5 knock-out by transient Cas9 

expression and use of a different gRNA, as we described in the following two 

paragraphs. 

 

 

Figure 7.9: CD3 and CD28 surface expression in NF-κBluc E6.1 cells is not altered by 
SERINC5 KO. 
Cell surface abundance of CD3 and CD28 in control and SERINC5 KO NF-κBluc E6.1 cells, 
measured by flow cytometry. (Left) The expression of CD3 and CD28 on the cell surface of 
SERINC5 KO cells is reported as percentage relative to expression levels detected in the 
control population; (Right) Flow cytometry profiles of CD3 and CD28 in control (filled grey curve) 
and SERINC5 KO cells (red line).  
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7.5. SERINC5 importance for optimal NF-κB activity is recapitulated by 

transient expression of Cas9. 

We validated our results by generating SERINC5 KO using a different strategy. We 

relied on the transient expression of Cas9 by PX458-GFP. Similarly to pLentiCRISPR, 

PX458 allows the simultaneous expression of a gRNA and Cas9, along with GFP as a 

selection marker. PX458-GFP, bearing gRNA 1, was electroporated into NF-κBluc E6.1 

cells; GFP+ cells were isolated by the cell sorter FACSAria, and seeded by limiting 

dilution to generate single cell clones. Clones were analysed to verify whether 

SERINC5 KO had occurred, by sequencing the targeted exon (exon 2). Table 7.1 lists 

indels frequency, knock-out score and the most frequent indels for each clone. The 

knock-out efficiency was quantified by TIDE, as already described in paragraph 7.1; the 

KO score was calculated as the residual frequency of indels, excluding in-frame indels. 

In case of a single-cell clone, two indels with 50% frequency are usually expected 

(100% frequency of a single indel in case of homozygosity); however, in some cases 

(ex. clones 5, 7 and 10), we observed instead, three or four different indels within 

SERINC5 exon 2, likely due to tetraploidy, which is present in a small fraction of Jurkat 

cells (ATCC # TIB-152™). In addition, in few cases (e.g., clone 8 and 9), Cas9 editing 

introduced aberrant nucleotides several positions away from the break site (over 28 

nucleotides), disrupting the sequence frame from the beginning of the exons making 

impossible for TIDE to align test and control sequences and so, to calculate the indels 

size. The most frequent alterations are +1 and +3 indels, in line with previous data on 

JLTRG-R5 cells, showing a preference of gRNA 1 in inducing this kind of indels. 
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Table 7.1: Generation of SERINC5 KO NF-κBluc E6.1 clones by PX458-GFP. 
Editing efficiency, KO percentage and size of the most frequent indels within SERINC5 exon 2 
of single-cell clones of SERINC5 KO NF-κBluc E6.1 cells. Cells were electroporated with PX458, 
encoding Cas9-2A-eGFP and gRNA 1. Transfected cells were sorted by flow cytometry and 
seeded by limiting dilution to obtain single cell clones. The SERINC5 exon 2 sequence of each 
clone was analysed with TIDE.  

 

 

Out of the tested clones, we selected the three most knock-out: clone 14 is 

homozygous for +1 indel, while clone 11 and clone 4 are likely tetraploid for 

chromosome 5. Clone 11 is characterized by +1, +2 and +4 indels, all alterations 

disrupting sequence frame, as in clone 14. Instead, clone 4 has 19% of +3 indels but 

still retains a knock-out score of 76, that we showed above to be enough to expose a 

phenotype. Looking at the indels spectrum in Figure 7.10, additional indels appear in all 

three clones, but given their very low frequency (1%), they could be an artifact derived 

by sequencing noise.  
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Figure 7.10: Indels spectrum of selected single-cell clones of SERINC5 KO NF-κBluc E6.1. 
Indels spectrum of SERINC5 exon 2 in three selected KO clones of NF-κBluc E6.1 cells. The 
frequency and the size of indels in each population was calculated by TIDE. 

 

In order to test TCR-dependent NF-κB activation in the isolated clones, wild-type E6.1 

cells and the three selected SERINC5 KO clones were grown in reduced serum 

medium and stimulated overnight with αCD3/αCD28 dynabeads or alternatively, with 

PMA/Ionomycin. In line with previous results, SERINC5 appears dispensable for NF-κB 

induction following PMA/Ionomycin treatment (Figure 7.11); indeed, at least a 10-fold 

induction is observed, independently on endogenous SERINC5. On the contrary, 

optimal activation of NF-κB via TCR engagement is compromised by SERINC5 

ablation with a reduction, ranging from 90% to 50%, depending on to the clone 

analysed and the experiment. Overall, all three SERINC5 knock-out clones recapitulate 
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the decreased induction of NF-κB previously observed in the bulk SERINC5 KO 

population, generated by LentiCRISPR v1.  

As previously done for LentiCRISPR v1 modified cells, we investigated CD3 and CD28 

surface expression, to verify whether both molecules are expressed at comparable 

levels among the tested cell lines. Figure 7.12 shows that CD3 expression is quite 

similar in wild-type cells and SERINC5 KO clones, with the sole exception of clone 14, 

which shows a slight decrease; however, the defective induction of NF-κB among 

different SERINC5 KO clones is unrelated with such variability of CD3 expression. 

Clones 11 and 14 appear to have a modest decrease in CD28 expression; 

nevertheless, the defect in NF-κB induction does not seem to correlate with CD28 

surface levels since clone 11 and clone 14 are not more defective than clone 4, which 

expresses CD28 to a similar extent to wild-type cells. Therefore, the slight variability in 

CD3/CD28 expression observed among some single cell derived clones is unlikely to 

explain the reduced NF-κB activation. 
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Figure 7.11: Decreased NF-κB induction following TCR engagement is reproducible in 
three SERINC5 KO E6.1 clones. 
Effect of SERINC5 KO on NF-κB induction in three clones of luciferase reporter E6.1 cells, 
activated with different stimuli. SERINC5 was knocked-out in NF-κBluc E6.1 cells by means of 
PX458-GFP and the most KO clones were selected. Cells were starved overnight in reduced 
serum medium; then E6.1 cells were stimulated overnight with (a) 30 ng/ml PMA and 500 ng/ml 
Ionomycin or, alternatively, (b) αCD3/αCD28 Dynabeads (2:1 beads to cells). Luciferase fold-
induction in stimulated cells is reported relative to the luciferase activity measure in the non-
treated cells. Bar graphs represent the mean + SD of n=3 technical replicates.  
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Figure 7.12: The surface expression of CD3 and CD28 in single-cell clones of SERINC5 
KO NF-κBluc E6.1 cells does not correlate with their responsiveness to TCR engagement. 
Surface expression of CD3 and CD28 in wild-type NF-κBluc E6.1 cells and three SERINC5 KO 
clones, measured by flow cytometry. (Top) The abundance of CD3 and CD28 on the cell 
surface of each SERINC5 KO clone is reported as percentage relative to the expression levels 
detected in the wild-type population; (Bottom) Flow cytometry profiles of surface CD3 and CD28 
in wild-type (filled grey curve) and SERINC5 KO clones (red line).  
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7.6. The effect of endogenous SERINC5 on NF-κB induction is 

reproducible using a different Cas9 gRNA.  

Considering the possibility that our data might be affected by artefacts caused by off-

target effects of Cas9:gRNA 1, we performed SERINC5 KO with a second gRNA, 

gRNA 4, that as described in paragraph 7.1, targets exon 8. To test gRNA 4, we 

employed a third knock-out method: the delivery or ribonucleoparticles (RNPs), 

composed of purified Cas9 protein, directly complexed with gRNA 4. The RNP complex 

was delivered into NF-κBluc E6.1 cells by nucleofection. Cells were allowed to recover 

for a week and then they were tested for editing efficiency and NF-κB induction, upon 

either TCR engagement or PMA/Ionomycin treatment. The frequency of SERINC5 KO 

cells in the bulk population and the indels spectrum are reported in Figure 7.13. With 

respect to previous experiments, the overall editing efficiency appears to be lower; 

nevertheless, having obtained nearly a ~60% KO score, we decided to proceed further. 

Recapitulating previous results, SERINC5 knock-out does not perturb NF-κB activation 

following PMA/Ionomycin treatment. (Figure 7.14) In contrast, loss of SERINC5 results 

in a lower induction of NF-κB, when cells are stimulated with αCD3/αCD28 dynabeads: 

while a 6.5-fold increase in luciferase activity is observed with wild-type E6.1 cells, 

SERINC5 KO cells produced only a ~3-fold induction. Again, as previously observed, 

decreased NF-κB stimulation is unrelated to CD3 and CD28 surface expression, as 

both populations have a comparable expression of both markers (Figure 7.14). 

Overall, our results indicate that independently on the knock-out strategy and guide 

RNA adopted, SERINC5 may be required for optimal NF-κB induction in the context of 

TCR signalling. However, results reported so far are preliminary, and further 

investigations to consolidate SERINC5 involvement in intracellular pathways are in 

progress while this thesis is being written. 

 



Chapter 7 

 

264 

 

Figure 7.13: Generation of SERINC5 KO in NF-κBluc E6.1 cells by direct delivery of 
Cas9:gRNA 2 ribonucleoproteins. 
SERINC5 was knocked-out in NF-κBluc E6.1 cells, by nucleofection of Cas9:gRNA 2 RNPs, 
targeting exon 8. Knock-out efficiency was estimated analysing SERINC 5 exon 8 sequence 
with TIDE. (a) Editing efficiency (TIDE score), KO percentage and size of the most frequent 
indels in SERINC5 KO cells; (b) Indels spectrum of the SERINC5 KO E6.1 population. 
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Figure 7.14: SERINC5 KO in NF-κBluc E6.1 cells by RNPs recapitulates decreased NF-kB 
induction upon TCR engagement. 
(a-b) Effect of SERINC5 KO on NF-κB induction by different stimuli. SERINC5 was knocked-out 
in NF-κBluc E6.1 cells by means of Cas9:gRNA 2 RNPs. Wild-type and SERINC5 KO cells were 
starved overnight in reduced serum medium, before overnight stimulation with (a) 30 ng/ml PMA 
and 500 ng/ml Ionomycin or (b) αCD3/αCD28 dynabeads (2:1 beads to cells). Luciferase fold-
induction in stimulated cells is expressed relative to the luciferase activity measured in the 
unstimulated control. Bar graphs represent the mean + SD of n=3 technical replicates; (c) CD3 
and CD28 surface expression levels in wild-type and SERINC5 KO NF-κBluc E6.1 cells were 
measured by flow cytometry. On the left, CD3 and CD28 surface expression is reported as 
percentage relative to the molecules surface abundance, measured in the wild-type population; 
on the right, flow cytometry profiles of surface CD3 and CD28 in wild-type (filled grey curve) and 
SERINC5 KO cells (red line). 



Chapter 7 

 

266 

7.7. Discussion 

SERINC5 poses a strong selective pressure on retroviruses, as indicated by the 

independent emergence of counteracting factors in the genomes of at least three 

retroviral genera 43–45. Further evidence comes from the observation that counteraction 

of SERINC5 is a feature extremely conserved among primate lentiviruses405; indeed, it 

has been observed that the prevalence of SIV isolates within their host populations 

correlates with the strength of SERINC5 counteraction406, suggesting that SERINC5 

might influence virus persistence and/or spreading in natural host species. SERINC5 

exerts a robust inhibition of cell-free infectivity, however its role in controlling HIV-1 

spreading is unclear. We investigated the effects of SERINC5 on the replication rate of 

HIV-1 nef97ZA012 and neffs in immortalized T-cells (Jurkat cells). It emerged that 

SERINC5 does not inhibit virus propagation, since independently on the expression of 

a functional Nef, HIV-1 had comparable kinetics in virus release in culture and in 

frequency of infected cells. Nevertheless, while the spreading rate was mostly 

unaffected, the cell-free infectivity of virus released during replication was severely 

hampered by SERINC5 (over 100-fold inhibition).  

The most prominent effect of Nef on virus replication has been associated with 

infection of primary CD4+ T-cells, infected before mitogenic stimulation612. Immortalized 

T-cells, such as Jurkat cells, have an activation status notably higher than primary 

cells, and this might mask a potential Nef-mediated enhancement of virus replication. 

Considering this possibility, we monitored virus spreading infection in reduced serum 

medium, in the attempt to dampen the basal activation of Jurkat cells. However, not 

even serum starvation exposed major replication defects of HIV-1 neffs, despite the 

severe inhibition of cell-free infection by endogenous SERINC5. Our results are in 

agreement with previous studies that showed that Nef is dispensable for virus 

spreading in most in vitro conditions, while potently enhancing cell-free virus infectivity 

from the same cultures611. Indeed, it has been observed that while the ability of Nef to 
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enhance virus infectivity in single-round infection is highly conserved among SIV and 

HIV-1 isolates, the effect on virus replication is variable622. 

It is widely recognized that virus propagation in cell culture mostly relies on cell-to-cell 

infection614,623–625, which is more rapid and efficient than cell-free infection615. We 

therefore investigated whether cell-to-cell infection was sensitive to SERINC5 

restriction. Results indicated that, independently on the endogenous expression of 

SERINC5 in donor cells, HIV-1 nef97ZA012 and neffs had a similar efficiency of cell-to-cell 

spreading. Furthermore, when infection via cell-to-cell and cell-free virus were directly 

compared using TZM-ZsGreen as target cells; SERINC5 failed to inhibit cell-to-cell 

virus transmission, but it nevertheless severely hampered cell-free virus infectivity(~18-

fold). We concluded therefore that SERINC5 does not restrict virus infectivity via cell-

to-cell spreading. The previous finding that Nef has a modest effect on cell-to-cell 

infectivity616 is in line with our results.  

The observation that cell-to-cell infectivity is not sensitive to SERINC5 restriction may 

be explained by the more efficient fusion process that may be associated to cell-to-cell 

virus transfer. Cell-to-cell HIV-1 spreading involves the formation of a specialized 

membrane structure, the virological synapse626,627, between a donor cell and a target 

cell. Mature virions are released in the narrow synaptic space, fusing directly with the 

target cell628. SERINC5 is reported to increase the energy barrier required to 

accomplish fusion46; however, the local high multiplicity of infection may facilitate target 

cells infection, likely initiating multiple fusion attempts, that overall would dampen 

SERINC5 restriction. 

Some reports suggest that cell-to-cell infection could be the main route of HIV-1 

infection in vivo615,629, though its specific contribution in infected hosts is still debated. 

Notwithstanding, our data suggest that HIV-1 might passively evade SERINC5 

restriction by means of cell-to-cell spreading, without the action of any antagonizing 

factors. As consequence, it would be reasonable wondering why HIV-1 evolved Nef to 
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actively target the host factor. Importantly, HIV-1 may acquire a resistance to 

SERINC5, by virtue of its envelope glycoproteins43,46, independently on the potency of 

SERINC5 antagonization by Nef. Similarly, Env-dependent resistance to SERINC5 was 

observed in the context of Moloney Murine Leukaemia virus and Equine Infectious 

Anaemia virus, that developed potent SERINC5 counteracting factors despite having 

Env proteins resistant to the host factor45,389. Overall, these observations suggest that 

the emergence and the retention of SERINC5 counteracting factors does not correlate 

with the sensitivity of the virus to the host factor. In light of this, we should not exclude 

broader, yet unknown, antiviral activities of SERINC5, that might explain the 

requirement of active counteraction of SERINC5 in vivo.  

Differential inhibition of cell-free infectivity and cell-to-cell spreading is not exclusive of 

SERINC5, but is reminiscent of Tetherin: this restriction factor interferes with the 

release of HIV-1 ΔVpu from infected cells, physically entrapping budding virions to the 

plasma membrane24,25. However, Tetherin has weak or no effects on cell-to-cell 

transfer among immortalized and primary CD4+ T-cells630,631. Indeed, wild-type and 

Vpu-deficient HIV-1 have similar replication kinetics in tissue cultures, with the 

exception that HIV-1 ΔVpu has a lower level of cell-free virus632,633. In addition, it has 

been paradoxically observed that HIV-1 ΔVpu spread more efficiently by cell-to-cell 

contacts, under conditions where Tetherin potently restricts cell-free virion release630. 

Notwithstanding, Tetherin antagonization is a highly conserved activity evolved by 

different retroviruses382,383,634, indicating that this activity is essential for virus 

persistence in vivo. Accordingly, it has been discovered, that beyond hindering virus 

release, Tetherin has an additional role as antiviral factor, acting as a virus sensor. 

Upon binding to nascent virions, Tetherin homodimers cluster at the membrane, 

recruiting intracellular effectors and triggering a signalling cascade that culminates in 

the induction of NF-κB74, a transcription factor essential to promote innate and adaptive 

immune responses. Given the poor effect of Tetherin on virus spreading, we may 
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therefore speculate that the true functional meaning of Tetherin antagonization by   

HIV-1 Vpu is protection from innate sensing.  

Inspired by the Tetherin example, we pondered whether also SERINC5 might have 

broader effects on virus infection, that require active antagonization by Nef. Since 

SERINC5 is particularly expressed in CD4+ T-cells, which are important regulators of 

immune responses635, we sought to preliminarily investigate whether SERINC5, 

similarly to Tetherin, might modulate intracellular signalling. Luciferase reporter gene 

assays, encompassing a panel of transcription factors crucial for proinflammatory 

responses, indicated that SERINC5 overexpression in HEK293T cells induces NF-κB 

transcriptional activity.  

The involvement of SERINC5 in NF-κB induction was further validated in Jurkat T-cells, 

a more physiological context, closely resembling HIV-1 primary target cells. We 

investigated the role of endogenous SERINC5 for NF-κB activation in the context of 

TCR signalling. Ablation of SERINC5 by means of Cas9 decreased NF-κB induction 

following TCR engagement, independently on the modality of Cas9 delivery (lentiviral 

vector, plasmid expression or RNPs). Furthermore, decreased NF-κB activity was 

unrelated to off-target effects of Cas9 since the phenotype was reproduced with two 

different guide RNAs. Interestingly, endogenous SERINC5 was not required for NF-κB 

induction following treatment with PMA/Ionomycin, that bypasses membrane proximal 

signalling events, suggesting that SERINC5 activity is required at the plasma 

membrane, where signalling is first triggered. As such, SERINC5 might act as a 

cofactor of TCR activation, perhaps recruiting adaptor proteins mediating signal 

transduction, as it was previously observed with Tetherin. Further studies are however 

required to molecularly elucidate the effect of SERINC5 on intracellular signalling and 

to finely map the host factor contribution in NF-κB pathway. 
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A major point that awaits further clarification is the relevance of SERINC5 activity on 

NF-κB in the context of HIV-1 infection. T-cells activation is a critical factor determining 

the success rate of HIV-1 productive infection; indeed, quiescent CD4+ T-cells are 

refractory to productive infection447,449. Moreover, the activity of the LTR promoter is 

enhanced by the transcriptional factors NFAT and NF-κB, and this is fundamental for 

initial Tat transcription636,637. HIV-1 finely tunes T-cells activation to favour an optimal 

replication environment, limiting proinflammatory responses and apoptosis. A master 

modulator of T-cells activation status is Nef461. For many years, the activity of Nef on T-

cells signalling has been debated452,457–460, since both cellular hyperactivation and 

inhibition were reported. Emerging evidence suggests that these controversial effects 

are due to the ability of Nef to divert essential components of TCR proximal signalling 

from the plasma membrane to the trans-Golgi Network461. By doing so, Nef disrupts the 

antigen-dependent TCR pathway, while selectively enhancing distal responses461. 

Considering the above, SERINC5 internalization by Nef may be crucial to tune T-cells 

activation. As such, Nef might prevents SERINC5 induction of NF-κB, by confining the 

protein into late endosomes. However, we should not exclude the possibility that 

SERINC5 maintains its stimulatory effect, once in the endosomal compartment; hence, 

Nef might hijack SERINC5 activity, as observed with other TCR signalling components.  

At the moment this thesis is being written, the effects on Nef on SERINC5-dependent 

NF-κB induction have not been explored yet and they will be the subject of future 

investigations. Confirming the involvement of SERINC5 in intracellular signalling and 

understanding how this is modulated by the interplay with Nef, will be pivotal in 

grasping the biological meaning of SERINC5 antagonization by viruses. 
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Chapter 8  

Conclusion 

Viruses and hosts organisms are in continuous reciprocal co-evolution such that 

productive viral infection depends on delicate balanced interactions between viral 

factors, hijacking cellular functions, and host defence mechanisms. In this delicate 

equilibrium, restriction factors emerge as a first line of defence, interfering with multiple 

steps of virus infection, even before the immune system is alerted. Since the discovery 

of SERINC5 as an inhibitor of retrovirus infectivity, many peculiar features were 

observed, so that it is uncertain whether the host protein should be called “restriction 

factor”. Unlike most genes interfering with virus replication, SERINC5 expression in 

primary CD4+ T-cells or dendritic cells is not induced by interferon or by potent 

interferon-inducing stimuli43. SERINC5 is instead constitutively expressed in a variety of 

cells, especially of the hematopoietic lineage. Importantly, while most restriction factors 

and pattern recognition receptors have evolved only from lower vertebrates or 

arthropods, at least a SERINC gene is conserved in all eukaryotes, including 

yeast385,386. Except for SERINC2, all human SERINC proteins hamper HIV-1 infectivity; 

moreover, SERINC5 antiviral activity is conserved among orthologs from distant 

species, up to S. cerevisiae. Since no exogenous viral parasite is known to infect yeast, 

it is plausible to propose that the SERINC proteins have a fundamental core function 

within the cell which remains obscure. Accordingly, SERINC proteins are not subjected 

to positive selection, a typical signature of restriction factors. Rather, SERINC proteins 

seem to have evolved under purifying selection in primates48, indicating the 

preservation of an essential function. 

Unveiling the cellular role of SERINC5 may help in disclosing the molecular mechanism 

of retrovirus inhibition. A presumed function in serine incorporation during sphingolipids 
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biosynthesis has been proposed387, but never corroborated. Nevertheless, SERINC5 

does not alter the lipid composition of the cellular membrane and the viral envelope399, 

weakening this hypothesis. Very recent data based on the structural similarity between 

human SERINC3 and the bacterial lipid flippase MurJ, proposed that SERINC proteins 

might have a flippase activity638. Consistently, SERINC5 and SERINC3 seem to 

enhance phosphatidylserine exposure on the virion surface639, though further studies 

are warranted to understand how this phenomenon is mechanistically linked to 

decreased infectivity. Phosphatidylserine enrichment is exploited by different viruses to 

disguise as apoptotic bodies and favour uptake by host cells via the endo-lysosomal 

route640; viruses entering cells via this pathway are usually pH-dependent, since an 

acidification-dependent proteolytic processing of the envelope glycoproteins is required 

to expose the fusogenic peptide. In light of this, it might be speculated that SERINC5 

diverts HIV-1 toward the endo-lysosomal route, which may be a dead-end pathway, 

since the virus has evolved to directly fuse at the plasma membrane. This however 

would not explain why EIAV that enters via the low pH endo-lysosomal route123 has 

evolved SERINC5 counteraction activity and why SERINC5-resistant MoMLV389 

encodes the strongest antagonist molecule discovered so far. 

While many functional aspects of SERINC5 remain elusive, it is recognized that the 

host restriction factor exerts a relevant selective pressure on retrovirus evolution. This 

is suggested by the observation that SERINC5 antagonization is a strongly conserved 

feature among nef from primate primary lineages405, further underscored by a positive 

correlation between the potency of Nef-mediated SERINC5 counteraction and the 

prevalence of SIV isolates in the host population406. The importance of SERINC5 

counteraction for retroviral biology is further highlighted by the discovery that at least 

three retroviral genera independently developed antagonizing factors: lentiviral Nef, 

MoMLV glycoGag and EIAV S2 are encoded from different genomic location and have 

no homology in function or structure, but nevertheless, they evolved similar 
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mechanisms to overcome SERINC5 restriction43,44, 389,412. This example of convergent 

evolution indicates therefore a fundamental role of SERINC5 in shaping host 

interactions with different retroviruses. On this basis, it is even more astonishing that 

virus sensitivity to SERINC5 does not depend on the presence of such antagonizing 

factors but is instead dictated by the envelope glycoproteins. Indeed, it was observed 

that envelope glycoproteins from some HIV-1 primary isolates43, from EIAV45 or from 

ecotropic MoMLV389, confer an intrinsic resistance to SERINC5. Moreover, strength of 

enhancement of infectivity by Nef and envelope glycoprotein sensitivity to SERINC5 

are not correlated.  

 

Besides, we reported here that HIV-1 may escape SERINC5 restriction via cell-to-cell 

infection. Given the limited coding capacity of the retroviral genome, it is therefore 

spontaneous to wonder why viruses have evolved specific tools to antagonize 

SERINC5 when they may evade restriction by other means. Indeed, it remains possible 

that some exogenous γ-retroviruses, such as for example GALV, have exploited other 

mechanisms in place of downregulation of the host factor by glycoGag, to overcome 

SERINC5 inhibition. 

In conclusion, research on SERINC5 has to face two major, likely related, scientific 

questions: “Why do retroviruses antagonize SERINC5” and “What is the core function 

of SERINC5?”.  

To this respect, our observation that SERINC5 could be important for NF-κB signalling, 

could provide a clue, indicating a role in a fundamental signalling pathway involved in 

cell activation and in antiviral immunity. It remains now to be established how the role 

of SERINC5 in NF-κB affects virus infection and replication and how viral antagonizing 

factors modulate this activity. Our future efforts will mainly focus on elucidating these 

aspects.  
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In the meantime, my work provided insightful information on SERINC5 motifs required 

for antiviral activity, that may help in understanding the molecular basis of inhibition of 

virus infectivity. In addition, the identification of a cysteine cluster within ICL4 important 

for SERINC5 targeting by Nef may provide hints for structural studies in deciphering 

Nef-SERINC5 interaction; this may be further assisted by the discovery of Phe90 as a 

residue genetically separating Nef activity on CD4 and SERINC5.  

Once future studies will clarify the molecular interaction between Nef and SERINC5, 

our findings may help in designing drugs to displace such interaction, interfering with 

virus infection.  

 



Chapter 9 

 

275 

Chapter 9  

Materials and Methods 

9.1. Cell culture 

9.1.1. HEK293T cells 

Human embryonic kidney (HEK) 293T cells derive from the parental line HEK293641, 

but stably express the SV40 large T antigen, that is reported642 to increase virus 

production and transfection efficiency compared to the parental HEK293 line. HEK293T 

cells are cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 

10% (v/v) heat-inactivated fetal bovine serum (FBS) and 2 mM Glutamine (complete 

DMEM). Cells were incubated at 37 °C in a humidified atmosphere of 5% CO2. Upon 

confluence, cells were split 1:10. To split cells, the medium was removed and cells 

were gently washed with Phosphate-Buffered Saline (PBS); then cells were incubated 

with 2 ml of PBS, containing 2 mM EDTA and 0.25% trypsin, for 2 minutes at 37 °C. 

Detached cells were washed and resuspended with fresh medium, that stops trypsin 

activity. 

A SERINC3/5 double knock-out (DKO) HEK293T cell line was previously generated in 

our lab, by transient transfection of PX458 and pLentiCRISPR v2 vectors, encoding 

Cas9 and a guide RNA, targeting SERINC5 exon 2 (TS1). Transfected cells were 

selected with 2 µg/ml puromycin for two weeks. 

9.1.2. HeLa-TZM-ZsGreen cells 

HeLa-TZM-zsGreen cells are epithelial cervix adenocarcinoma cells, derived from 

HeLa-TZM-bl luciferase/ß-galactosidase indicator cells643 (from the NIH AIDS Research 

and Reference Reagent program) that carry ZsGreen under the control of the HIV-1 
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LTR promoter, which is activated in the presence of HIV-1 Tat. HeLa-TZM cells are a 

HeLa cell line stably expressing large amounts of CD4, CXCR4 and CCR5644, thus 

being highly sensitive to infection with diverse isolates of HIV-1 and being normally 

used as reporter cell line to assess virions infectivity. HeLa cells were maintained in 

complete DMEM, and split upon confluence, as described for HEK293T cells. 

9.1.3. Jurkat E6.1 cells 

Jurkat E6.1 is a human leukemic T-lymphoblastic cell line645,646. Cells were cultured in 

RPMI 1640 supplemented with 10% (v/v) FBS and 2 mM Glutamine (complete RPMI). 

Cells were maintained at 37 °C in a humidified atmosphere of 5% CO2. To propagate 

the culture, Jurkat cells were allowed to grow to a density of roughly 1 million cells/ml, 

then they were diluted down to ~100.000 cells/ml with fresh medium. 

To investigate a potential role of SERINC5 in the induction of NF-κB, a luciferase 

reporter cell line was first generated, by stable transduction with LentiCignal-NF-κB 

vector. This lentiviral expression plasmid contains a TATA box, acting as minimal 

promoter, fused to NF-κB responsive elements, driving specific luciferase expression. 

In parallel, a control cell line was created transducing cells with LentiCignal-minCMV, in 

which luciferase is under the control of the sole CMV minimal promoter, mostly 

inactive. Transduced cells were selected with puromycin 10 µg/ml. Subsequently, 

luciferase reporter E6.1 cells were knocked-out for SERINC5, using different systems: 

 LentiCRISPR v1: this lentiviral vector allows the simultaneous expression of 

Cas9 and a gRNA from two distinct promoters. A gRNA targeting SERINC5 

exon 2 (TS1) was cloned into LentiCRISPR v1. Lentiviral vectors were 

produced in HEK293T cells and used to spinoculate NF-κBluc and minCMVluc 

E6.1 cells. A control cell line was generated by spinoculation of LentiCRISPR 

v1, devoid of any gRNA. Transduced cells were selected with 10 µg/ml 

Blasticidin; 
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  PX458-GFP: this expression vector encodes gRNA, Cas9 and GFP, as 

selectable marker. PX458-GFP, carrying gRNA 1 was electroporated into  

NF-κBluc E6.1 cells. Two days after electroporation, transfected cells were 

sorted according to GFP expression, by flow cytometry, using the cell-sorter 

FACSAria. Once recovered, cells were seeded by limited dilution to obtain 

single-cell clones; 

 Ribonucleoprotein electroporation: this method allows the direct delivery of 

purified Cas9, complexed with a desired gRNA. We relied on the Alt-R 

CRISPR-Cas9 system, commercialized by IDT. Cas9:gRNA RNPs complexes 

are formed in vitro, according to manufacturer’s instruction; unlike previous 

methods, a gRNA targeting SERINC5 exon 8 was used (TS2). RNPs delivery 

was performed by cell nucleofection, using Amaxa 4-D nucleofector. For details 

on the nucleofection procedure see paragraph 9.3.2. 

Independently on the method used, editing efficiency and SERINC5 KO frequency in 

each population were measured with TIDE online software619, as described in 

paragraph 9.2. 

9.1.4. Jurkat-TAg (JTAg) cells 

Jurkat SV40 Large T antigen (JTAg) cells are Jurkat T-cells modified to stably express 

the SV40 Large T antigen647, which allows a higher expression of genes driven from 

SV40-origin containing vectors. JTAg cells are easier to transfect and electroporate 

than their parental cell line and were used for virion incorporation experiments and 

analysis of MHC-I downregulation by Nef proteins. A SERINC3/5 DKO cell line was 

generated by previous lab members. JTAg cells were cultured in complete RPMI, as 

described for Jurkat E6.1 cells. 
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9.1.5. JLTRG-R5 cells 

Jurkat LTR-GFP cells derived from Jurkat cells by stable transduction of a LTR-GFP 

construct648. Upon HIV-1 infection, Tat is expressed, driving the production of GFP, 

thus allowing the identification and quantification of infected cells. JLTRG-R5 cells 

express both HIV-1 coreceptors, CXCR4 and CCR5; as consequence, they are 

susceptible to infection by both X4- and R5-tropic HIV-1. JLTRG-R5 cells were isolated 

as a spontaneously derived clone of the parental JLTRG cell line, that express only 

CXCR4. JLTRG cells were originally developed as a reporter cell line to be used for 

screening antiviral drugs and Tat inhibitors but it is also normally used as a cellular 

model to study virus replication. To investigate the effect of SERINC5 on HIV-1 

replication, two stable SERINC5 KO cell lines were established, by transduction with 

pLentiCRISPR V1, expressing a gRNA to target SERINC5 exon2 (SERINC5 KO TS1 

JLTRG-R5) or exon 8 (SERINC5 KO TS2 JLTRG-R5), as described for E6.1 cells.  

To perform cell-to-cell virus spreading assays, JLTRG-R5 cells were spinoculated with 

pCX4pur retroviral vector, expressing TagRFP657 to distinguish the donor cells pool. 

Transduced cells were selected with 10 µg/ml puromycin. 

9.1.6. MT-4 cells 

The MT-4 cell line was generated by cocultivation of cells from an HTLV-1 infected 

adult male, affected by T-cell leukaemia, with human cord blood lymphocytes649. MT-4 

T-cells were therefore derived by HTLV-1-mediated transformation. MT-4 cells are 

normally used as tool for studying HIV-1 infection and replication assays and for 

screening antiviral compounds in cytotoxicity inhibition assays. MT-4 cells express an 

amount of CD4 coreceptor higher than Jurkat cells, that is easily detectable by flow 

cytometry. Thus, MT-4 cells were here used to assess the ability of mutant nef alleles 

to downregulate the surface expression of CD4. MT-4 cells were cultivated in complete 

RPMI, as previously described for Jurkat cells. 
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9.2. Analysis of CRISPR-Cas9 knock-out efficiency 

As described in the previous paragraph, SERINC5 knock-out cell lines were generated 

by means of the CRISPR-Cas9 system. Given the lack of commercially available 

antibodies to detect endogenous SERINC5, to measure the editing efficiency, we 

sequenced the targeted exons to detect nucleotides insertions and/or deletions. To this 

end, the genomic DNA was extracted from SERINC5 KO e control cells, using the 

NucleoSpin Tissue Kit (Macherey-Nagel), according to manufacturer’s instructions. The 

targeted exons were amplified by PCR using appropriate primers (see Annex 3). The 

amplified exons were purified from a 2% agarose gel, sent for sequencing and 

analysed with the online tool TIDE619 (Tracking Indels by DEcomposition). TIDE aligns 

the selected gRNA to the control sequence to identify the expected Cas9 break site; 

then the edited sequence is aligned to the control trace to infer the abundance and the 

position of aberrant nucleotides. 

9.3. Cell transfection methods 

To ectopically express genes of interest, easy-to-transfect HEK293T cells were 

transfected by either calcium phosphate co-precipitation or lipofectamine 2000, 

according to the experimental aim. Hard-to-transfect Jurkat cells and MT-4 cells were 

instead electroporated. 

9.3.1. Electroporation 

T-cell lines, like Jurkat cells or MT-4 cells, are difficult-to-transfect cells both by calcium 

phosphate co-precipitation and liposomes; a more efficient gene delivery is normally 

achieved with transduction or electroporation. 

For efficient electroporation, Jurkat cells should be in exponential growth phase; 

therefore, the day before electroporation, fresh medium was added to dilute 1:1 the cell 
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suspension. Before electroporation, all reagents (media and DNA) and cuvettes were 

pre-warmed at 37 °C to help cell recovery after pulse. 

10 million cells per sample were centrifuged at 1000 rpm for 10 min. The supernatant 

was removed and cells were briefly pelleted at 1000 rpm 1 min, to eliminate residual 

medium. Then, cells were resuspended in 200 µl of Opti-MEM, previously mixed with at 

least 20 µg of DNA, and transferred to an electroporation cuvette (0.2 cm gap). For 

electroporation, the GenePulser Xcell (Biorad) was used, selecting the pre-set protocol 

for Jurkat cells (140 V, 1000 µF with exponential decay). Immediately after pulse, cells 

were supplemented with 600 µl of RPMI 20% FBS and moved to 6 ml of pre-warmed 

complete RPMI. 

The protocol just described was applied also for electroporation of MT-4 cells. 

9.3.2. Nucleofection 

Nucleofection was used for the direct delivery of Cas9:gRNA RNPs into Jurkat cells. 

For nucleofection, the Amaxa SE Cell Line Kit (Lonza) was used, according to 

manufacturer’s instruction. Briefly, 500,000 cells per sample were collected and 

washed twice in PBS by centrifugation (1000 rpm for 5 min). Then, cells were 

resuspended in 20 µl of nucleofection solution SE; 1 µl of 100 µM Alt-R Cas9 

Electroporation Enhancer (IDT) and 5 µl of RNPs, previously complexed, were added. 

The nucleofection mix was transferred to Nucleocuvette Vessels and inserted in the 

Amaxa 4-D Nucleofector (Lonza). E6.1 pre-set protocol was used for the nucleofection 

process. After pulse, cells were resuspended in 100 µl of pre-warmed RPMI 20% FBS 

and seeded in a 24-well plate. 

9.3.3. Calcium-phosphate transfection 

The calcium phosphate method is a cost-effective and widely used technique to 

introduce exogenous DNA in eukaryotic cells. Calcium phosphate co-precipitates with 
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DNA, adhering to the cell surface and allowing uptake by cells, likely by endocytosis. 

Calcium phosphate method was used to transfect HEK293T cells, following this 

protocol: the day before transfection, 3.5 million HEK293T cells were seeded in a 

10 cm plate, so that they would have reached the 30% confluency on the transfection 

day. 20 µg of DNA were mixed with 450 µl of 1/10 TE buffer and then, 50 µl of 2.5 M 

CaCl2 were added. The DNA mix was gently pipetted and added dropwise onto 500 µl 

of 2X HPB solution, previously aliquoted in an Eppendorf tube. The transfection mix 

was incubated 20-25 min at room temperature and eventually, it was added dropwise 

to the cell culture medium. For the transfection of HEK293T cells in 6-well and 12-well 

plates, the above protocol was scaled-down, accordingly: 

6-well plate transfection: 300,000 cells/well were seeded in 2 ml of complete DMEM. 

Transfection mix: 4 µg of DNA in 135 µl of TE, 15 µl of CaCl2 and 150 µl of 2X HPB. 

24-well plate transfection: 150,000 cells/well are seeded in 1 ml of complete DMEM. 

Transfection mix: 1 µg in 45 µl of TE, 5 µl of CaCl2 and 50 µl of 2X HPB. 

Solutions required: 

2X HPB: 0.28 M NaCl, 0.05 M HEPES (pH 7.1), 0.0015 M Na2HPO4 

2.5 M CaCl2 

TE buffer: 10 mM Tris-HCl, 1 mM disodium EDTA, pH 8.0. To be diluted 1:10 in H2O 

9.3.4. Lipofection 

Lipofection is a lipid-based transfection method, that exploits the association of nucleic 

acids with cationic lipids. The lipid-based reagent is a mixture of cationic lipids and 

helper lipids. which complex with nucleic acids, shielding their negative charge. DNA-

containing liposomes are stabilized by the presence of a neutral lipid and have an 

overall positive charge on their surface, allowing electrostatic interactions with the 

negatively charged cellular membrane. Cellular uptake is likely to occur by endocytosis. 
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Lipofection was used to transfect HEK293T cells, in place of calcium phosphate co-

precipitation, for luciferase reporter assays, to avoid any possible interference of Ca2+ 

ions, on intracellular signalling. To this end, we used Lipofectamine 2000 (Invitrogen), 

according to manufacturer’s instructions, scaling-down for transfection in 96-well 

plates. Briefly, the day before transfection, HEK293T cells were seeded in a 96-well 

plate, 20,000 cells/well in 200 µl of complete DMEM. For each well, 100 ng of DNA 

were diluted in 7.5 µl of Opti-MEM; in parallel, lipofectamine 2000 was resuspended 

and diluted in Opti-MEM (0.2 ng lipofectamine per 100 ng DNA). Lipofectamine 2000 

was incubated in Opti-MEM at room-temperature for 5 min and 7.5 µl per well were 

aliquoted in a separate 96-well, to be used as “dilution plate”. The DNA mix was added 

to Lipofectamine 2000 1:1, pipetting vigorously. After 15 min incubation at room-

temperature, the DNA-Lipofectamine mix was added to the cell medium dropwise. 

9.4. Transduction 

Cell transduction can be performed by gravity, simply adding viral particles to the cell 

medium, or centrifuging cells and viral vectors together (spinoculation), to facilitate 

vector adsorption onto the cell surface. In case of HEK293T cells, transduction by 

gravity was performed. The day before transduction, HEK293T cells were split 1:10 in a 

6-well plate; the next day, the viral vector was diluted 1:1 in cell medium. After a  

48 hour-incubation, cells were split and selected with the appropriate antibiotic. 

In case of Jurkat cells, spinoculation was chosen to achieve good transduction 

efficiency650. Jurkat cells were diluted 1:1 with the desired viral vector, in a 24-well 

plate, and centrifuged at 2500 rpm for 3 hours. After spinoculation, the virus was 

incubated on cells for 48 hours at 37 °C; then cells were split 1:10 and treated with the 

appropriate antibiotic. 
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9.5. Viral vector production 

Viral transduction is normally used to achieve stable expression of a gene of interest or 

to deliver a desired gene in hard-to-transfect cell lines, like Jurkat T-cells. HEK293T 

cells are routinely used for lentiviral vectors production. We used a HIV-1 based three-

vector system651 (Figure 9.1), consisting of the 2nd generation packaging plasmid 

psPAX2, encoding gag, pol, tat, rev, the pMD2.G plasmid, encoding VSV-G and 

eventually, the desired transfer plasmid. HEK293T cells were seeded the day before 

transfection in a 10 cm plate (3.5 million cells/plate). Cells were co-transfected by 

calcium phosphate co-precipitation with 10 µg of transfer plasmid, 7.5 µg of psPAX2 

and 2.5 µg of pMD2.G. 48 hours post transfection, lentiviral particles were harvested, 

centrifuging the cell medium at 2500 rpm for 5 min. The supernatant was then filtered 

with 0.45 µm PES filters, aliquoted and stocked at -80 °C. The titre of the viral vector 

preparation was quantified by SG-PERT assay, as described in paragraph 9.6. 

pCX4pur-TagRFP657 was the sole MLV-based transfer vector use in this thesis; for 

retroviral vectors production we used the protocol described above for HIV-1 based 

vectors, substituting psPAX2 with pCG-gagpol, encoding MLV gag and pol genes. 

 

Figure 9.1: 2nd generation lentivirus production system.  
Packing cells are transfected with 1) a packaging vector, encoding Gag, Pol and the regulatory 
proteins Tat and Rev; 2) a vector carrying a suitable env gene and 3) a lentiviral transfer 
plasmid, carrying the desired insert (cDNA, gRNA, or shRNA). Two days after transfection, 
lentiviral particles are harvested, filtered, aliquoted in cryovials and stored at -
80°C.www.addgene.org. 
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9.6. Single-step Product-enhanced RT assay (SGPERT) 

The titre of produced lentiviruses was quantified by the qPCR-based SGPERT assay, 

as previously described652,653. This assay quantifies the concentration of viral particles 

in a preparation, measuring the activity of the reverse transcriptase (RT) enzyme, 

present in each particle. An exogenous template RNA (MS2 RNA) is added to the lysed 

virions, so that is reverse transcribed by the viral RT. The produced cDNA acts as 

template for the following real-time PCR reaction, so that the amount of amplified cDNA 

is a measure of the number of viral particles, which are quantified by comparison with 

the cDNA produced by a previously titrated viral stock.  

5 µl of virus were lysed with 5 µl of 2X lysis buffer (composition in Table 9.1) for 10 min 

at room temperature. In parallel, dilutions of a previously titrated viral stock were lysed 

to create the standard curve. After lysis, 90 µl of core buffer (composition in Table 9.2) 

were added to lysed samples, to dilute the lysis buffer, that would otherwise interfere 

with the PCR reaction. 10 µl of diluted virus lysate were added to a white PCR plate, 

previously filled with 10 µl of 2X Reaction Buffer (Table 9.3). The plate was sealed with 

optically clear adhesion seal, spinned briefly and loaded onto the thermocycler. 

SGPERT was performed with the CFX96 thermocycler (Biorad). Reaction settings are 

listed in Table 9.4. 

2X Lysis Buffer 

Tris-HCL pH 7.4 100 mM 

KCl 50 mM 

Triton X-100 0,25% (v/v) 

Glycerol 40% (v/v) 

Ribolock (Thermofisher) 0.8 U/µl 

H2O up to final volume 

Table 9.1: 2x Lysis Buffer composition. 
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10X Core Buffer 

Tris-HCL pH 8.3 200 mM 

 (NH4)2SO4 50 mM 

KCl 200 mM 

H2O up to volume 

Table 9.2: 10X Core Buffer composition 

Component Volume/reaction (µl) 

10x core buffer 1 

25 mM MgCl2  4 

100X BSA (NEB) 0.2 

100 mM dATP (Thermofisher) 0.04 

100 mM dCTP (Thermofisher) 0.04 

100 mM dGTP (Thermofisher) 0.04 

100 mM dTTP (Thermofisher) 0.04 

100 µM Primer MS2 fw  0.1 

100 µM primer MS2 rev  0.1 

MS2 RNA (Roche) 0.1 

SYBR green 1/100 0.1 

H2O 4.24 

Ribolock (Thermofisher) 0.01 

Table 9.3: SG-PERT Master mix composition. 

Step Time Temperature (°C) 

RT 20 min 42 

Taq initial heat activation 15 min 95 

3-step cycling (x40) 

Denaturation 10 sec 95 

Annealing 30 sec 60 

Extension 15 sec 72 

Fluorescence acquisition 7 sec 80 

Table 9.4: Thermocycler Setting for SG-PERT. 
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9.7. Infectivity assay 

The effect of SERINC5 on HIV-1 infectivity was assessed using virions limited to  

single-round replication. In general, HEK293T cells were co-transfected by calcium 

phosphate co-precipitation with SERINC5 and NL4-3 Δenv neffs, complemented 

in trans by envHXB2 and, if stated a retroviral SERINC5 antagonizing factor. To ensure a 

level of SERINC5 expression in HEK293T cells, comparable to the physiological level 

found in human lymphoid cells, the host factor was expressed from a PBJ6 vector, 

which bears the HTLV-1 promoter, moderately active in this cell line. We typically 

produced virus for infectivity assays in 24-well or 6-well plates and depending on the 

format, transfection conditions were adjusted as follows: 

24-well plates: 800 ng of NL4-3 Δenv neffs, 100 ng of PBJ5-EnvHXB2, 300 ng of PBJ5 

expressing a retroviral antagonist, such as Nef or glycoGag (if not otherwise indicated), 

and eventually, 500 ng of PBJ6-SERINC5-HA or empty vector control.  

6-well plates: 1.6 µg of NL4-3 Δenv neffs, 200 ng of PBJ5-EnvHXB2, 500 ng of PBJ5 

expressing a retroviral antagonist, such as Nef or glycoGag (if not otherwise indicated), 

and eventually, 1 µg of PBJ6-SERINC5-HA or empty vector control. 

Virus in cell supernatants was collected 48 hours post-transfection, clarified by 

centrifugation at 2500 rpm for 5 min and passed through filters with 0.45 µm pores. 

Viral preparations were quantified using the SGPERT assay, while virus infectivity was 

measured on TZM-ZsGreen cells. The day before infection, TZM-ZsGreen cells were 

seeded in a 96-well plate (15,000 cells/well in 200 µl/well complete DMEM). Virus was 

diluted 1:1 in the first column, and four 1:5 serial dilutions were performed, in 

quadruplicates. Two days post infection, TZM-ZsGreen cells were fixed 20 min at room 

temperature, directly adding 20 µl of 37% PFA into the cell medium. After fixation, cells 

were washed and left in PBS. The number of infected cells was quantified using the 

Multimode Plate Reader Ensight.  
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Unless otherwise indicated, the obtained infectivity data were normalized expressing 

them as infectious units per RT units (I.U./mU RT). The value (x) mU/µl of RT was 

provided for each sample by SGPERT (par.4.3) and multiplied by 100 µl (the volume of 

the undiluted virus used to infect a well), calculating the total (x) mU of RT. The number 

of infected cells was then divided by (x) mU of RT, obtaining I.U/mU RT. Only dilutions 

falling within a linear range were considered. 

9.8. Flow cytometry 

Flow cytometry analysis were performed with the 2-laser BD Canto flow-cytometer 

(488 nm 20 mW, 633 nm 18 mW). Single cells were selected, based on subsequent 

gating, according to FSC-A vs SSC-A and FSC-A vs FSC-H. Acquisition gates were 

selected using FACSDiva software, while post-acquisition analyses were performed 

using FlowJo or Flowing software. 

The surface exposure of specific proteins was assessed by flow cytometry. Generally, 

cells were collected and washed once by centrifugation (1400 rpm for 3 min) in PBA 

(PBS + 0.1% sodium azide + 5% BSA). Then, they were stained 45 min at 4 °C with 

50 µl of PBA, supplemented with the relevant antibodies (see Annex 2). After staining, 

cells were washed twice with PBA and incubated 45 min at 4 °C with 50 µl of PBA, 

supplemented with a goat anti-mouse secondary antibody, conjugated with 

Allophycocyanin (APC). After incubation, cells were washed twice with PBA and fixed 

in PBS + 2% formaldehyde for 15 minutes, at room temperature. After fixation, cells 

were washed twice with PBS, to completely remove the fixing agent and finally, 

resuspended in 50 µl of PBS. 

To investigate the total expression (surface + intracellular levels) of desired proteins, 

cells were fixed, as previously explained, in 2% formaldehyde, before antibody 

incubation. Cells were then permeabilized in Wash&Perm solution, diluted 1:10 in 

deionized water, for 15 minutes, at room temperature. Wash&Perm solution contains 
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saponin, which reversibly permeabilizes cells, allowing antibodies to reach the 

cytoplasm. As saponin action is transient, 1:10 Wash&Perm buffer was used for the 

entire staining procedure.  

 

Figure 9.2: Flow cytometry gating strategy. 
Recorded events were first gated according to FSC-A vs SSC-A, to exclude cellular debris; Cell 
doublets were removed, according to FSC-A vs FSC-H. 
 

9.8.1. Analysis of SERINC5 surface and total expression 

As explained in previous chapters, there is no currently available antibody to detect 

native SERINC5; therefore, to investigate whether SERINC variants are correctly 

displayed on the cell surface, the presence of a FLAG-tag, inserted within ECL4 was 

detected by flow cytometry. HEK293T cells in 24-well plates were transfected by 

calcium phosphate co-precipitation with 50 ng of a SERINC5-iFLAG-HA variant 

expressed from pcDNA3.1 plasmid, 300 ng of pIRES-eGFP, to allow gating on 

transfected cells and .300 ng of pBluescript plasmid as carrier DNA. 48 hours after 

transfection, cells were collected and processed for flow cytometry surface and total 

staining, as indicated above. 

9.8.2. Downregulation of the surface expression 

The sensitivity of SERINC proteins to cell surface downregulation by known SERINC5 

retroviral antagonists was measured by flow cytometry, detecting the amount of protein 
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expressed on the cell surface. To this end, each SERINC paralog was co-transfected in 

HEK293T cells with the indicated retroviral antagonists expressed from a pIRES-eGFP 

plasmid. Transfection was typically performed in 24-well plates, with 50 ng of 

pcDNA3.1-SERINC or 100 ng of PBJ5-SERINC, and 300 ng of a pIRES-eGFP plasmid 

(either empty vector control or expressing a retroviral factor). For detection purposes, 

each SERINC paralog harbours a FLAG-tag within ECL4. Two days post transfection, 

cells were detached, gently pipetting the culture medium, and processed for flow 

cytometry staining as described in paragraph 9.8. Residual surface expression was 

calculated as the amount of SERINC protein detected on the plasma membrane in the 

presence of a viral antagonist, relative to the surface levels measured in the presence 

of an empty vector control. 

The same procedure was applied to investigate the ability of different Nef variants or 

diverse glycoGag alleles to internalize SERINC5. 

9.8.3. CD4 and MHC-I downregulation assays 

To test the ability of mutant Nef proteins to downregulate the surface expression of 

CD4 and MHC-I from the plasma membrane, the surface levels of the endogenous 

molecules were measured by flow cytometry. For CD4 downregulation, MT-4 T-cells, 

were electroporated with 20 µg of a Nef variant expressed from pIRES-eGFP plasmid 

and 5 µg pBluescript, as carrier DNA. For MHC-I internalization, JTAg cells were 

electroporated as indicated for MT-4 T-cells, with 20 µg of IRES-eGFP encoding a 

mutant nef allele or empty vector control, and 5 µg of pBluescript plasmid. 

Electroporation procedure was previously described in paragraph 9.3.1.  

48 hours after electroporation, cells were harvested, washed in PBA buffer, and stained 

for flow cytometry as previously described in paragraph 9.8. 
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9.9. Analysis of SERINC5 intracellular accumulation  

The efficiency of different retroviral factors to induce SERINC5 accumulation in the 

cytoplasm was assessed by confocal microscopy. JTAg cells were electroporated with 

5 µg of SERINC5-GFP plasmid, 5 µg of each viral antagonist expressed from a PBJ5 

vector and 15 µg of pBluescript, as carrier DNA. SERINC5 was fused at the C-terminus 

with GFP, so that is possible to follow protein localization within cells. Viral antagonist 

harboured instead a HA-tag, that was detected by an indirect APC-conjugated 

antibody. Two days after electroporation, cells were harvested, washed in PBS, and 

fixed with 2% formaldehyde for 15 min, at room temperature. Afterwards cells were 

washed twice to remove residual formaldehyde and were then permeabilized with the 

Wash&Perm buffer, diluted 1:10 in water. Cells were stained as described for flow 

cytometry (paragraph 9.8). After staining, cells were resuspended in 20 µl of Prolong 

Diamond Antifade mounting medium (Thermofisher) and transferred onto a microscopy 

slide. Slides were incubated overnight at room temperature, per manufacturer’s 

instruction, to allow drying of the mounting medium. 

Images were acquired with the confocal microscope LEICA TCS Sp8, using a 63x oil 

immersion objective, equipped with 4 lasers (diode 405 nm, Argon (458 nm, 488 nm, 

514 nm), solid state 561 nm and He/Ne 633 nm) and an EMCCD monochromatic 

camera (Andor iXon Ultra 888). Images were processed post-acquisition with ImageJ. 

To measure the efficiency of SERINC5 internalization, the frequency of cells showing 

SERINC5 intracellular accumulation was recorded in five different fields of view. 

9.10. SDS-PAGE and Western blotting 

To confirm the expression of desired proteins in transfected cells or in virion pellets, 

proteins were extracted, separated on SDS-PAGE and immunoblotted. Annex 2 lists all 

the antibodies used for western blotting. 
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Cell lysate preparation 

Cells were collected, washed in PBS, and lysed in RIPA buffer or DDM buffer, 

according to the protein to be analysed. In case of SERINC5, that requires strong 

detergents and reducing agents to be optimally extracted, DDM buffer was used. 

Instead, for Nef or glycoGag proteins, RIPA buffer was normally used. Cell lysates 

were incubated 30 min on a rolling wheel at 4 °C and then clarified 15 min at 

14.000 rpm in a refrigerated centrifuged. Lysate supernatants, containing the 

solubilized proteins, were isolated and mixed with 2X Laemmli buffer, complemented 

with 50 mM TCEP. When detection of SERINC5 was not required, lysates were boiled 

at 95 °C for 5 min, prior to gel loading. Instead, if SERINC5 was to be immunoblotted, 

lysates were not boiled to avoid protein aggregation and precipitation; in that case, 

SERINC5-containing lysates were heated at 37 °C for 5 min. 

Solutions required 

DDM buffer: 100 mM NaCl, 10 mM HEPES (pH 7.5), 1 mM TCEP, 1% DDM, 

2X Protease inhibitors cocktail; 

RIPA buffer: PBS supplemented with 1% NP-40, 0.50% sodium deoxycholate, 

0.05% SDS, 1x Protease Inhibitors cocktail; 

2X Laemmli Buffer: 100 mM Tris buffer (pH 6.8), 4% SDS, 20% glycerol, 

Bromophenol Blue to sight. 

SDS-PAGE 

Tricine SDS-PAGE is routinely used to achieve a better resolution of protein smaller 

than 30 kDa. Nef protein is well resolved both by Tricine SDS-PAGE and Tris-Glycine 

SDS-PAGE; however, the former method results in a better resolution of SERINC5; 

therefore, Tricine-based SDS-PAGE is normally used in our lab. 12.5% acrylamide gels 

were prepared as indicated in Table 9.5 and assembled on a vertical electrophoretic 

system. Tricine-based SDS-PAGE requires two different running buffers: the cathode 

buffer, to be poured into the internal chamber, containing SDS, and the anode buffer, to 
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be poured in the external chamber. 10 µl of lysate were loaded in each well of the 

acrylamide gel. 2 µl of pre-stained protein marker (PM2610) were mixed with 8 µl of 1X 

Laemmli buffer and loaded along with other samples. Empty wells were filled with 10 µl 

of 1X Laemmli buffer, to achieve a uniform run. Acrylamide gels were run setting a 

constant amperage of 30 mA per gel and an overall voltage of 200 V. 

Solutions required 

10X Cathode Buffer: 1 M Tris Base, 1 M Tricine, 1 % SDS; 

10X Anode Buffer: 2 M Tris buffer (pH 8.9). 

 

Table 9.5: Tricine-based Gel composition. 

 

Western Blotting 

Proteins separated by SDS-PAGE were transferred on an Immobilon polyvinylidene 

difluoride low–fluorescence (PVDF–FL) membrane by a semidry apparatus for 

antibody-mediated detection of relevant proteins. In semidry western blotting, a minimal 

amount of buffer is required, as the electrodes are in direct contact with the 

gel/membrane sandwich, thus allowing a faster and more efficient transfer. The PVDF 

membrane is hydrophobic and requires a prior activation step in methanol. As such, 

PVDF membranes were soaked in methanol for 5 min to increase its protein binding 

capacity. Membranes were then rinsed in deionized water and pre-wetted in 

1X semidry transfer buffer, along with the blotting paper. The semidry system requires 

Running Gel (ml) 

water 8.6 

3 M Tris, pH 8.5 11.6 

30% acrylamide 14.5 

10% APS 0.09 

temed 0.045 

 

Stacking Gel (ml) 

water 9.2 

3 M Tris, pH 8.5 3.8 

30% acrylamide 2 

10% APS 0.05 

temed 0.02 
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polyacrylamide gels to be also equilibrated in 1X transfer buffer, to remove detergents 

and salts before proceeding to transfer. 

The “transfer sandwich” was assembled, carefully removing air bubbles. The transfer 

occurred at a maximum voltage of 20 V and a constant amperage of 150-400 mA, 

depending on the size of the membrane and on the number of gels transferred at the 

same time. 

After 1-hour transfer, membranes were blocked with Intercept TBST Blocking buffer  

(LI-COR) for 30 min on a rocking platform, to saturate non-specific binding sites. 

Membranes were subsequently incubated with the desired primary antibodies, diluted 

accordingly to Annex 2, in a solution of 1:1 TBST:Blocking buffer. Following 1-hour 

incubation at room temperature, the excess of antibodies was removed by three 

washing steps of 5 min in TBST. Then, membranes were probed 1 hour at room 

temperature with the appropriate secondary antibodies, diluted as described in 

Annex 2, in TBST:Blocking buffer. After incubation with the secondary antibodies, 

membranes underwent three final washing steps in TBST.  

Our lab normally relies on the LI-COR Odyssey imager for detection, that allows the 

collection of up to two different channels in Near-Infrared. To be used with this system, 

the secondary antibodies we used are conjugated with the Infra-Red emitting dyes, 

IRDye680 or IRDye800.  

Solutions required 

10X Semi-dry transfer buffer: 48 mM Tris-base, 39 mM glycine, 0.0375% SDS; 

10X TBS: 0.5 M Tris buffer (pH 7.4), 1.5 M NaCl; 

TBST: 1x TBS, 0.1% Tween 20. 
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9.11. Virion incorporation assay 

To image SERINC5 mutant proteins in virus particles, HEK293T cells in 10 cm plates 

were transfected by calcium phosphate co-precipitation with 18 µg of NL4-3 Δenv neffs 

provirus, 2 µg of PBJ5-EnvHXB2, and 1 µg of a PBJ5 plasmid, expressing a selected 

SERINC5-iFLAG-HA variant. To control for possible contamination by SERINC5-

loaded extracellular vesicles, a “no gag” control was set up substituting the provirus 

with 18 µg of NL4-3 Δenv neffs, bearing three stop codons in gag ORF. 

To assess the ability of Nef to exclude relevant SERINC5 mutants from virus particles, 

a virion incorporation assay was performed in JTAg cells. The activity of Nef against 

SERINC5 is saturable43 and the amount of host factor expressed from a PBJ5 plasmid 

in HEK293T cells overlooks Nef capacity. Expressing SERINC5 from PBJ6 plasmid, 

instead, results in a signal below detection. Therefore, JTAg cells, in which PBJ5 is 

moderately active, are a compromise to achieve a detectable expression of SERINC5, 

without overwhelming the ability of Nef to internalize the host factor. To this end, JTAg 

cells were electroporated, as described in paragraph 9.3.1, with 5 µg of a PBJ5-

SERINC5-iFLAG-HA variant and 15 µg of NL4-3 Δenv provirus, bearing neffs or 

nef97ZA012. NL4-3 was complemented in trans with 3 µg of PBJ5-EnvHXB2. 8 µg of 

pBluescript were added as DNA carrier. In parallel a “no gag” control was included. 

Electroporation of JTAg cells was used also to assess the ability of different glycoGag 

molecules to prevent SERINC5 incorporation into virus particles. For this purpose, 

JTAg cells were electroporated with 5 µg of PBJ5-SERINC5-iFLAG-HA, 15 µg of NL4-3 

Δenv neffs, complemented in trans with 3 µg of PBJ5-EnvHXB2 and either 1 µg or 5 µg of 

a glycoGag protein, expressed from PBJ5 plasmid, or empty vector control. A “no gag” 

control was set up as described above. 

Two days after transfection or electroporation, the virus-containing culture medium was 

harvested and clarified by centrifugation at 2500 rpm for 5 min and subsequently 
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filtered through 0,45 µm pore filters. The filtered virus was overlaid on a 25% sucrose 

cushion and ultracentrifuged at 100,000xg for 2 hours in a swing-out rotor (SW41T, 

Beckman Coulter). The purified virus pellets were resuspended in PBS and mixed with 

2X Laemmli buffer, supplemented with 50 mM TCEP. Virus producing cells were 

collected in PBS, pelleted, and lysed in ice-cold DDM buffer, as described in 

paragraph 9.10. 

9.12. Neutralization assay 

HIV-1 sensitivity to neutralizing antibodies in the presence of different SERINC5 

variants was measured using virions limited to a single round of replication, produced 

by transfection of HEK293T cells by calcium phosphate co-precipitation. HEK293T 

cells in 10 cm plates were transfected with 18 µg of NL4-3 Δenv neffs, 2 µg of PBJ5-

EnvJRFL, and 1 µg of a selected SERINC5-iFLAG-HA variant, expressed from PBJ5. 

Virus trans-complementation with a vector encoding env from HIV-1JRFL isolate  

(pSV-JRFL) allowed the production of virions minimally sensitive to the effect of 

SERINC5 on infectivity. Samples were normalized according to their RT activity and 

viral inocula were adjusted to produce between 1% and 3% infection of the monolayer. 

Viruses were incubated with serially diluted neutralizing antibodies for 1 hour at room 

temperature. The complexes were then added to TZM-ZsGreen cells, seeded in 96-

well plates, a day before neutralization. After a 2-hour incubation at 37 °C, the culture 

medium was removed and cells were washed twice with PBS, before being cultured in 

fresh complete DMEM. Infected cells were incubated at 37 °C for 48 hours before 

quantification of the number of infected cells by the Ensight plate reader. 

Neutralization was measured by calculating the residual infectivity of treated virions, 

relative to the infectivity of the untreated sample. Fitted sigmoidal curves and IC50 

values were obtained using Graphpad, with the least-square variable slope method and 

using the dose-normalized response protocol.  
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9.13. Virus replication assay 

To investigate how SERINC5 might influence viral replication, HIV-1 was allowed to 

replicate in JLTRG-R5 reporter cells. Wild-type and SERINC5 KO JLTRG-R5 cells 

were electroporated with 2 µg of replication competent HIV-1, carrying a frameshift 

mutation in nef or encoding nef97ZA012, and 20 µg of carrier DNA (pBluescript plasmid). 

In parallel, control non-infected JLTRG-R5 cells were electroporated with 22 µg of 

carrier DNA. The day after electroporation, JLTRG-R5 cells were counted and 

resuspended at a density of 500,000 cells/ml in 2 ml of complete RPMI or RPMI 

1% FBS. Cells in complete RPMI were split 1:2 every two days, while cells in RPMI 

1% were split once a week. Cell medium was regularly collected to quantify the amount 

of produced virus by SGPERT, while 200 µl of cells were fixed and analysed by flow 

cytometry to measure the proportion of infected cells (GFP+). 

9.14. Cell-to-cell assay 

To investigate the efficiency of cell-to-cell virus spreading in the presence of SERINC5, 

wild-type or SERINC5 KO JLTRG-R5 donor cells were infected with NL4-3 bearing 

either nef97ZA012 or neffs. Donor cells were identified by the constitutive expression of 

TagRFP657. Once at least the 10% of infected cells was reached, donor cells were 

collected and pelleted by centrifugation (1200 rpm 5 min). The culture supernatant was 

used to infect TZM-ZsGreen cells, to measure cell-free virions infectivity, while donor 

cells were washed twice in PBS, to remove residual cell-free virus. Target cells were 

seeded in a 96-well U-bottom plate and mixed 1:1 (or 1:3 if indicated) with donor cells 

for three hours at 37 °C. After incubation, infection was stopped by the addition of 

25 µg/ml of dextran sulphate. As negative control, donor and target cells were 

immediately treated with 25 µg/ml of dextran sulphate to block infection654. In parallel, 

target cells were inoculated with donor cells culture medium to evaluate the frequency 

of infection events occurring within the 3-hour incubation because of cell-free virus. 
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Donor and target cells were incubated at 37 °C for two days; then the frequency of 

target cells infected by direct virus transmission from donor cells was measured by 

flow cytometry. 

9.15. T-cells stimulation 

T-cells can be artificially activated, bypassing antigen presentation and costimulatory 

signals, exploiting PMA and Ionomycin, mimicking activation of downstream effectors 

of TCR engagement655: on one side, PMA binds and activates PKC, while on the other 

side, Ionomycin induces a raising in intracellular Ca2+, followed by activation of 

Ca2+/calmodulin-dependent pathway. T-cells stimulation by PMA/Ionomycin was 

performed in 96-well U-bottom plate. The day before stimulation, E6.1 cells were 

starved and seeded at a density of 100,000 cells/180 µl of RPMI 2% FBS. Cells were 

stimulated overnight with 30 ng/ml PMA and 500 ng/ml Ionomycin. 

Alternatively, T-cells can be activated, mimicking antigen presentation and  

co-stimulation, crosslinking CD3 and CD28, by means of mAbs656. CD3-CD28 driven  

T-cells stimulation was performed in a 96-well U-bottom plate, incubating E6.1 cells 

with αCD3/αCD28 dynabeads at a ratio of cells to beads of 1:2. 

9.16. Luciferase reporter assay 

To investigate a potential role of SERINC5 in modulation of intracellular signalling, 

luciferase reporter assays were performed in HEK293T cells, overexpressing SERINC5 

and luciferase reporter constructs. Alternatively, the activity of endogenous SERINC5 

was investigated in Jurkat T-cells, stably expressing luciferase under the control of  

NF-κB responsive elements or a minimal CMV promoter.  

HEK293T cells luciferase reporter assay: the day prior transfection, HEK293T were 

seeded in 96-well plates, 20,000 cells/well. HEK293T cells were transfected with 

Lipofectamine 2000, as described in paragraph 9.3.4.  
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50 ng of PBJ6-SERINC5-HA were co-transfected with 5 ng of pMax-GFP and 20 ng of 

a luciferase reporter plasmid. For each experimental conditions, triplicates were set up. 

Two days after transfection, the number of GFP+ cells was counted by the Ensight 

Plate Reader. Cells were then lysed in 100 µl of Luciferase Lysis Buffer and processed 

to measure luciferase activity. 

Jurkat T-cells luciferase reporter assay: luciferase reporter Jurkat cells were previously 

knocked-out for SERINC5 (par. 9.1.3). Wild-type and SERINC5 KO E6.1 cells were 

stimulated overnight with either αCD3/αCD28 Dynabeads or PMA/Ionomycin, as 

described in paragraph 9.15. For each experimental conditions technical replicates 

were set up. After overnight stimulation, cells were centrifuged at 1200 rpm for 5 min; 

the cells supernatant was removed, and cells were resuspended in 100 µl of Luciferase 

Lysis Buffer and processed to measure luciferase activity. 

Luciferase Lysis Buffer is a homemade solution657; the composition is reported at the 

end of the paragraph. Cell lysis occurred for 10 min at room temperature. 50 µl of lysed 

cells were then transferred in a 96-well white optical plate and diluted with 50 µl of 

Luciferase Reaction Buffer (homemade657). Plates were incubated at room temperature 

for 2 min and then luciferase was read with the Tecan Infinite 200 plate reader.  

Solutions required: 

Luciferase Lysis Buffer: 1% Triton X-100, 25 mM Tricine (pH 7.8), 15 mM Potassium 

Phosphate Buffer (pH 7.8), 15 mM MgSO4, 4 mM EGTA, 1 mM DTT;  

Luciferase Reaction Buffer: 1% Triton X-100, 25 mM Tricine (pH 7.8,) 15 

mM Potassium Phosphate Buffer (pH 7.8), 15 mM MgSO4, 4 mM EGTA, 1 mM DTT, 

1  mM ATP, 0.2 mM D-Luciferin. 
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Annex 1 

Phenotypic characterization of SERINC5-iFLAG-HA variants 

 

SERINC5-iFLAG-HA 

variant

Residual restriction

(relative to WT)

Surface expression

(relative to WT)

Total expression

(relative to WT)

Mutation abbreaviation
PBJ6-SERINC5-iFLAG-HA

(500 ng)

Original amino acid 

sequence

Mutant amino acid 

sequence
Comments

WT 1.00 1.00 1.00

DN/mCAT 0.04 0.38 0.51

1
MSAQCCAGQLACCC

GSAGCSLCCDCCPRIR
3

0

MGCKNLLGLGQQML

RRKVVDCSREESRLSR

CLNTYD

SERINC5/mCAT 

chimera

CC13LL 0.53 1.07 0.99 13
CC

14 LL

C22L/C23L 0.35 0.43 0.40 22CC23 LL

CC25LL 0.38 0.69 0.29 25
CC

26 LL

R36Q 0.26 0.54 0.23

Y39F 0.28 0.38 0.60

C73A 0.00 0.42 0.56

R119A 0.19 0.35 0.35

N124A 0.02 0.08 0.18

F128A 0.77 0.78 0.97

W127I 0.01 0.06 0.11

K130A 0.03 0.03 0.28

G162S 0.50 1.30 1.44

F165A 0.01 0.06 0.19

Q169A 0.06 0.51 0.42

E175A 0.33 0.83 0.88

Y178A 0.12 0.23 0.95

K179S 0.81 0.79 0.37

pcDNA-SERINC5-iFLAG-HA

(50 ng)

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

n=4, t.r. 

Additional information on the mutants 

n=4, t.r. 

n=4, t.r. 

n=4, t.r. 

n=4, t.r. 

n=4, t.r. 

n=4, t.r. 

n=4, t.r. 

n=4, t.r. 

n=4, t.r. 

n=4, t.r. 

n=5, b.r. 

n=3, b.r. 

n=4, t.r. 

n=4, t.r. 

n=4, t.r. 

n=4, t.r. 

n=4, t.r. 

Ga ng strategy 
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N181A 0.44 1.03 1.66

K182Q 0.81 0.64 0.46

W184I 0.53 0.19 0.11

ASN189EECDS 0.66 0.70 0.65 89
ASN

191 EECDS

Y195I 0.62 0.80 0.79

QK222EP 0.28 1.96 2.35 222
QK

223 EP

DS224SG 0.27 1.38 2.10 224
DS

225 SG

C226A 0.41 4.57 1.84

MEN227HEG 0.75 1.81 1.36 227
MEN

229 HEG

N229G 0.12 0.69 0.39

K230A 0.73 0.83 0.39

S249L 1.18 0.86 0.46

P250A 0.19 0.21 0.31

W251A 0.63 1.01 0.87

W251K 0.51 0.98 0.97

V252A 0.47 0.88 1.56

Q253A 0.41 1.14 1.39

N254D 0.44 0.63 0.59

R255A 1.06 0.98 0.48

Q256A 0.44 0.94 0.54

P257A 0.51 1.11 1.20

H258A 0.37 1.24 0.78

H258N 0.78 1.08 0.72

S259A 0.42 1.61 1.19

Q263A 0.40 1.42 1.17

Q253/H178 0.07 1.55 1.21

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

2 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0.2 

1.2 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

n=4, t.r. 

n=4, t.r. 

n=4, t.r. 

n=4, t.r. 

n=4, t.r. 

n=4, t.r. 

n=4, t.r. 

n=4, t.r. 

n=4, t.r. 

n=4, t.r. 

n=4, t.r. 

n=4, t.r. 

n=4, t.r. 

n=4, t.r. 

n=4, t.r. 

n=4, t.r. 

n=6, b.r. 

n=4, t.r. 

n=4, t.r. 

n=4, t.r. 

n=4, t.r. 

n=4, t.r. 

n=4, t.r. 

n=4, t.r. 

n=7, b.r. 

n=4, b.r. 



Annex 1 

 

C 

 

Q253/Q263A 0.18 0.81 1.46

Q253/S259A 0.11 0.80 0.85

Y270I 0.04 0.03 0.10

Y273F 0.28 0.41 0.20

S277A 0.18 0.76 0.90

G317A 0.41 0.43 0.47

C324M 0.70 0.47 0.50

Y327I 0.54 0.70 0.65

S328I 0.19 1.36 0.93

Y345I 1.07 0.56 0.44

K373R 0.63 0.49 0.63

Y380I 1.66 0.56 0.52

KK383RR 1.52 0.37 0.42 383
KK

384 RR

K384D 0.67 1.13 0.69

Y388A 0.01 0.04 0.09

H394A 0.01 0.04 0.26

V396C 0.14 1.29 1.44

F397L 0.07 0.89 2.32

Y403F 0.38 0.47 0.84

W411A 0.00 0.03 0.11

W411F 0.01 0.09 0.27

NY413KP 0.10 1.41 4.15 413
NY

414 KP

ES415GE 0.23 1.15 5.06 415ES416 GE

AN417TR 0.22 1.62 6.68 417
AN

418 TR

IE419KM 0.16 2.35 6.52 419
IE

420 KM

E420M 0.22 0.77 1.55

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0.2 

1.2 

0 

1 

0 

1 

2 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

2 

n=4, t.r. 

n=4, t.r. 

n=4, t.r. 

n=4, t.r. 

n=4, t.r. 

n=4, t.r. 

n=4, t.r. 

n=4, t.r. 

n=4, t.r. 

n=3, b.r. 

n=4, t.r. 

n=4, t.r. 

n=4, t.r. 

n=4, t.r. 

n=3, b.r. 

n=3, b.r. 

n=3, b.r. 

n=3, b.r. 

n=4, t.r. 

n=4, t.r. 

n=4, t.r. 

n=3, b.r. 

n=3, b.r. 

n=4, t.r. 

n=3, b.r. 

n=4, t.r. 
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Effects on SERINC5 residual restriction activity and cell surface expression were measured as 
described in methods. Residual restriction activity: bar graphs represent the mean on n 
replicates indicated, where t.r. = technical replicates and b.r. = biological replicates. Residual 
surface expression and total expression: flow cytometry histograms of SERINC5-iFLAG-HA 
variants (purple) overlaid with their empty vector control (pale-yellow). The flow cytometry gating 
strategy is shown in the top insert. Numbers represent the residual restriction activity or the 
expression of SERINC5 variants relative to the wild-type counterpart in each experiment, 
considered the 100% of activity or expression. 

W431I 0.17 0.89 1.15

K433A 0.05 0.01 0.52

W438I 0.02 0.09 0.15

Y444A 0.06 0.25 0.22

C446W 0.87 1.58 0.80

P451A 0.14 0.58 0.53

CC453LL 0.46 0.79 1.49 453
CC

454 LL

ECL1A 0.02 0.03 0.49
54

MSTTVAHKMKEHIP

FFEDMCKGIKAG
79

LSPGVESQLYKLP
WVCEEGAGIPTVL

QGH

ECL1 swap with 
SERINC2

ECL3A 0.16 0.83 1.81 222
QKDSCMEN

229 EPSGCHEG
ECL3 swap with 

SERINC2

ECL4A 0.06 0.01 0.07

282
KPAEVVLDEHGKNV

TICVPDFGQDLYRDEN

LVT
314

IPEDYKDDDDKDQ
KCNPHLPTQLGNE

TVVAGPEGYETQW
WDAP

ECL4 swap with 
SERINC2

ECL4B 0.25 0.96 0.62

282
KPAEVVLDEHGKNV

TICVPDFGQDLYRDEN

LVT
314

IPEQKCNPHLPTQL
GNEDYKDDDDKDT

VVAGPEGYETQW
WDAPS

ECL4 swap with 
SERINC2

ECL5A 0.02 0.44 0.53

412
FNYESANIESFFSGS

WSIF
430

YKPGETRKMISTW

TAV

ECL5 swap with 

SERINC2

ECL5B 0.03 1.28 1.72 413
NYESANIE

420 KPGETRKM
ECL5 swap with 
SERINC2

SERINC5-iFLAG-HA

variant

Original amino acid 

sequence

Mutant amino acid 

sequence

WT 1.00 1.00 1.00

Y414P 0.55 1.50 1.52

Y414F 0.71 1.42 1.58

E415G 0.26 1.17 0.33

E415Q 0.49 1.05 0.15

D419I 0.36 1.76 1.73 419
NIE

420 NE

D419IE 0.26 1.98 2.62 419
NIES

421 NS

D421S 0.24 1.38 1.32 420
ESF

422 EF

PBJ5-SERINC5-iFLAG-HA

(100 ng)

0 
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0 

1 

0 
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0 
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0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 
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0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

n=4, t.r. 

n=3, b.r. 

n=4, t.r. 

n=3, b.r. 

n=4, t.r. 

n=4, t.r. 

n=4, t.r. 

n=3, b.r. 

n=6, b.r. 

n=3, b.r. 

n=3, b.r. 

n=3, b.r. 

n=6, b.r. 

n=4, t.r. 

n=4, t.r. 

n=4, t.r. 

n=4, t.r. 

n=4, t.r. 

n=4, t.r. 

n=4, t.r. 

n=4, t.r. 
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List of antibodies 

 Clone  Application 
Working 
dilution 

Supplier 

Anti-FLAG M2 mouse WB/IF/F 1:500 Sigma 

Anti-CD4 RPA-T4 mouse F 1:1000 BD 

Anti-HLA A,B,C G46-2.6 mouse F 1:1000 BD 

Anti-CD3 OKT3 mouse F 1:1000 Biolegend 

Anti-CD28 28.2 mouse F 1:500 Biolegend 

Anti-HA.11 polyclonal mouse WB/IF/F 1:500 Biolegend 

anti-β-actin N/A rabbit WB 1:1000 LI-COR 

anti-p24/55 polyclonal rabbit WB 1:1000 CFAR (Arp432) 

Anti-SERINC5 EVG5.2 mouse F 1:500 NIBSC 

Anti-SERINC5 EVG5.3 mouse F 1:500 NIBSC 

APC-anti-mouse polyclonal goat F/IF 1:500 
Jackson 

Immunoresearch 

IRDye680-anti-
mouse 

polyclonal goat WB 1:3000 LI-COR 

IRDye680-anti-rabbit polyclonal goat WB 1:3000 LI-COR 

IRDye700-anti-
mouse 

polyclonal goat WB 1:3000 LI-COR 

IRDye700-anti-rabbit polyclonal goat WB 1:3000 LI-COR 
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Annex 3 

List of primers 

SERINCs primers 

GACTACAAGGACGACGATGACAAAGATATCCTG
CTGTCCATCATCGGATA 

iFLAG-tag SERINC1-HA CO (fw) 

GATATCTTTGTCATCGTCGTCCTTGTAGTCGCTG
GGGTTGCAGTTTGTCT 

iFLAG-tag SERINC1-HA CO (rev) 

TACAAGGACGACGATGACAAACAGCTGGGCAAC
GAGACAGTTG 

iFLAG-tag SERINC2-HA (fw) 

GTCATCGTCGTCCTTGTAGTCGATATCGGTTGG
CAAATGGGGGTTGC 

iFLAG-tag SERINC2-HA (rev) 

GATATCTTTGTCATCGTCGTCCTTGTAGTCGTTG
GGGTTGCAGCTTCTGT 

iFLAG-tag SERINC3-HA CO (fw) 

GACTACAAGGACGACGATGACAAAGATATCCTG
ATGAGCTTCATCACCCG 

iFLAG-tag SERINC3-HA CO (rev) 

GACTACAAGGACGACGATGACAAAGATATCCAG
GGCCAGAACCACACCCT 

iFLAG-tag SERINC4-HA CO (fw) 

GATATCTTTGTCATCGTCGTCCTTGTAGTCCAGA
ATCACTCTCTCGGGGG 

iFLAG-tag SERINC4-HA CO (rev) 

TACAAGGACGACGATGACAAAGATATCCATGGG
AAAAATGTTACAATCTG 

iFLAG-tag SERINC5-HA (fw) 

TTTGTCATCGTCGTCCTTGTAGTCTTCATCTAGA
ACTACTTCTGC 

iFLAG-tag SERINC5-HA (rev) 

TACAAGGACGACGATGACAAAGATATCGGCTTC
GGCAACGCCACCAC 

iFLAG-tag D. melanogaster SERINC-HA 
(fw) 

TTTGTCATCGTCGTCCTTGTAGTCTTCCATCATG
CCGAACATGCC 

iFLAG-tag D. melanogaster SERINC-HA 
(rev) 

GAAAGTGCCAACATCGAAAGCTTCTTCATCAGC
ACGTGGACCGCCGTG 

ECL5B SERINC2 chimera (fw) 

AGCTTTCGATGTTGGCACTTTCATAGTTGTACCA
GTTGGTGAGCGTCAT 

ECL5B SERINC2 chimera (rev) 

CCCATTTGCCAACCCAATTGGGCCAAGAGACAG
TTGTGGCAGG 

SERINC2 N304Q (fw) 

CCTGCCACAACTGTCTCTTGGCCCAATTGGGTT
GGCAAATGGG 

SERINC2 N304Q (rev) 

ATACGCAGCTCCTGAAGCGGAGGCAGCTCGCC SERINC5 
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AACAGTTCCAGTTC LI350,352AA/CCC355,356,358QQQ (fw) 

GAACTGGAACTGTTGGCGAGCTGCCTCCGCTTC
AGGAGCTGCGTAT 

SERINC5 
LI350,352AA/CCC355,356,358QQQ 
(rev) 

CATCAACAACAAGATCGAGTAGCCTGATGCAGA
CCGAGGAG 

SERINC5_loop8-9 SERINC2 first half 
(fw) 

CTCCTCGGTCTGCATCAGGCTACTCGATCTTGTT
GTTGATG 

SERINC5_loop8-9 SERINC2 first half 
(rev) 

GTGGCAGCCTGTGAGGGCCGGGTCATTTATGAC
GAGAAGAAAG 

SERINC5_loop8-9 SERINC2 second 
half(fw) 

CTTTCTTCTCGTCATAAATGACCCGGCCCTCACA
GGCTGCCAC 

SERINC5_loop8-9 SERINC2 second half 
(rev) 

CAGACCACCGGCAGGTGAACTCTGACGCTCTGC
AGGGGCG 

SERINC2_loop8-9 SERINC5 first half 
(fw) 

CGCCCCTGCAGAGCGTCAGAGTTCACCTGCCG
GTGGTCTG 

SERINC2_loop8-9 SERINC5 first half 
(rev) 

CGGGGAAGGAGGGACCACGGGCCTTTGACAAC
GAGCAGGAC 

SERINC2_loop8-9 SERINC5 second half 
(fw) 

GTCCTGCTCGTTGTCAAAGGCCCGTGGTCCCTC
CTTCCCCG 

SERINC2_loop8-9 SERINC5 second 
half(rev) 

CATCAACAACAAGATCGAGTTCCCAAGTGAACA
AGCTGAC 

SERINC5_loop8-9 SERINC1 first half 
(fw) 

GTCAGCTTGTTCACTTGGGAACTCGATCTTGTTG
TTGATG 

SERINC5_loop8-9 SERINC1 first half 
(rev) 

GATGGGGACGACGTGCACAGAGTCATTTATGAC
GAGAAGAAAG 

SERINC5_loop8-9 SERINC1 second half 
(fw) 

CTTTCTTCTCGTCATAAATGACTCTGTGCACGTC
GTCCCCATC 

SERINC5_loop8-9 SERINC1 second half 
(rev) 

CCATCCGGACCAGCAACAACTCTGACGCTCTGC
AGGGGCG 

SERINC1 CO_loop8-9 SERINC5 first half 
(fw) 

CGCCCCTGCAGAGCGTCAGAGTTGTTGCTGGTC
CGGATGG 

SERINC1 CO_loop8-9 SERINC5 first half 
(rev) 

CCGGGGAAGGAGGGACCACGGGCCGTGGACAA
CGAAAGGGAC 

SERINC1 CO_loop8-9 SERINC5 second 
half (fw) 

GTCCCTTTCGTTGTCCACGGCCCGTGGTCCCTC
CTTCCCCGG 

SERINC1 CO_loop8-9 SERINC5 second 
half (rev) 

CACCGGCTGAGGGACTGCCGAATCC SERINC5 gRNA 1 (fw) 

AAACGGATTCGGCAGTCCCTCAGCC SERINC5 gRNA 1 (rev) 
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TAAGCAGATGCCTTCTGTTCCTT 5' SERINC5 exon 2 sequencing 

AATAGGACGAGCTGAACACGG 3' SERINC5 exon 2 sequencing  

CACCGTACAGGTCTTGACCAAAGTC SERINC5 gRNA 2 (fw) 

AAACGACTTTGGTCAAGACCTGTAC SERINC5 gRNA 2 (rev) 

GCAGCCTCACAGCTACTGAA 5' SERINC5 exon 8 sequencing 

TGTGCGTTACAACTGGCCTT 3' SERINC5 exon 8 sequencing  

  

Nef primers 

GGTACCTTTAAGACCCATGGCTTACAAGGCAGC
T 

NefLAI T80A (fw) 

AGCTGCCTTGTAAGCCATGGGTCTTAAAGGTAC
C 

NefLAI T80A (rev) 

TTAAGACCAATGACTGCCAAGGCAGCTGTAGAT NefLAI Y81A (fw) 

ATCTACAGCTGCCTTGGCAGTCATTGGTCTTAA NefLAI Y81A (rev) 

AGACCAATGACTTACGCGGCAGCTGTAGATCTT NefLAI K82A (fw) 

AAGATCTACAGCTGCCGCGTAAGTCATTGGTCT NefLAI K82A (rev) 

ACTTACAAGGCAGCTGCAGATCTTAGCCACTTT NefLAI V85A (fw) 

AAAGTGGCTAAGATCTGCAGCTGCCTTGTAAGT NefLAI V85A (rev) 

TACAAGGCAGCTGTAGCTCTTAGCCACTTTTTA NefLAI D86A (fw) 

TAAAAAGTGGCTAAGAGCTACAGCTGCCTTGTA NefLAI D86A (rev) 

GCTGTAGATCTTAGCGCCTTTTTAAAAGAA NefLAI H89A (fw) 

TTCTTTTAAAAAGGCGCTAAGATCTACAGC NefLAI H89A (rev) 

GTAGATCTTAGCCATGCATTAAAAGAAAAGGGG NefLAI F90A (fw) 

CCCCTTTTCTTTTAATGCATGGCTAAGATCTAC NefLAI F90A (rev) 

AGACCAATGACTTACGCGGCAGCTGCCGATCTT
AGCCATGCA 

NefLAI K82A+V85A in F90A (fw) 

TGCATGGCTAAGATCGGCAGCTGCCGCGTAAGT
CATTGGTCT 

NefLAI K82A+V85A in F90A  (rev) 

ATCGATCTCAGCTTCGAGTTAAAAGAAAAGGGG Nef97ZA012 F90E (fw) 

CCCCTTTTCTTTTAACTCGAAGCTGAGATCGAT Nef97ZA012F90E (fw) 

ATATATGCGGCCGCATGGGTGGCAAGTGGTCA 5' NefSF2 cloning into NLBN (NotI cut site) 

ATATATTCTAGATCAGCAGTCTTTGTAGTA 
3' NefSF2 cloning into NLBN (XbaI cut 
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site) 

GAAAGGATTTTGCTATAAGCGGCCGCGATGGGT
GGCAAGTGGTCA 

5' NefLAI cloning into NLBN (NotI cut site) 

ATATATTCTAGATCAGCAGTTCTTGAAGTACTCC
GG 

3' NefLAI cloning into NLBN (XbaI cut site) 

CTATAAGCGGCCGCGATGGGGGGCAAGTGGTC
AAAAAG 

5' Nef97ZA012 cloning into NLBN (NotI cut 
site) 

GGAAAGTCCCTTGTAGCAAGCTCTAGATGTCAG
CAGTCTTTGTAGTACTC 

3' Nef97ZA012 cloning into NLBN (XbaI cut 
site) 

  

Miscellaneous primers 

AATGATTACAAGGATGACGATGACAAGTTCTCCT
GTAACAACAACGACAC 

iFLAG-tag mCAT-1 ECL3 (fw)  

TTGTCATCGTCATCCTTGTAATCATTTTTCTCCGT
GAGCTGCCAGTTTTT 

iFLAG-tag mCAT-1 ECL3 (rev)  

TCGAGGCCGCCATGTGGAGCCACCCGCAGTTC
GAAAAAGCTGC 

N-term Strep Tag XhoI/NotI fw 

GGCCGCAGCTTTTTCGAACTGCGGGTGGCTCCA
CATGGCGGCC 

N-term Strep Tag XhoI/NotI rev 

CACTGCATTCTAGTTGTGGTTTGTCC PBJ5 3' MCS sequencing 

CCTTTACTTCTAGGCCTGTACGG PBJ5 5' MCS sequencing 

TAGAAGGCACAGTCGAGG BGH polyA sequencing 

CGCAAATGGGCGGTAGGCGTG CMV promoter sequencing 

TCCTGCTCAACTTCCTGTCGAG MS2 SGPERT fw 

CACAGGTCAAACCTCCTAGGAATG MS2 SGPERT rev  

GACTATCATATGCTTACCGT LKO.1 5' hU6 promoter sequencing 

GAGACAGATCCATTCGATTAGTG NL4-3 Nef sequencing 

 


