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Abbreviations

ANCA Anti-neutrophil cytoplasmic antibodies
AAV ANCA-Associated Vasculitis

BCR B cell receptor

BM Bone Marrow

BMMC Bone marrow mononuclear cells

CpG CpG oligodeoxynucleotides (Toll like receptor 9 agonists)
DN Double Negative (B cells)

GC Germinal Center

HC healthy controls

[o} Immunoglobulin

IL Interleukin

MPO Myeloperoxidase

PB Plasmablasts

PBMC Peripheral blood mononuclear cells
PC Plasma cells

Pe Pemphigus

PR3 Proteinase-3

PR3* B cells PR3-positive (autoreactive) B cells

RA Rheumatoid Arthritis

RTX Rituximab

RAVE Rituximab in ANCA-Associated Vasculitis trial
SLE Systemic Lupus Erythematosus

SwW Switched (memory B cells)

Tfh T follicular helper (cells)

Transi Transitional (B cells)

unSw Unswitched (memory B cells)
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Abstract
Anti-neutrophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV) is a

group of B-cell driven, autoimmune systemic vasculitides characterized by a relapsing
course and the presence of ANCA autoantibodies which are instrumental in their
pathogenesis. We aimed to investigate autoreactive proteinase 3 (PR3*) B cells involved

in the development of human AAV.

We previously developed a customized flow-cytometry method to identify
autoreactive B cells among cryopreserved peripheral blood mononuclear cells (PBMC),
using labeled PR3, one of the main AAV autoantigens, as a ligand. We therefore used
multicolor flow cytometry in combination with bioinformatics and functional in vitro studies
on 1) baseline samples of PBMC from 154 well-characterized participants of the RAVE
trial (NCT00104299) with severely active PR3-ANCA* AAV (PR3-AAV) and
myeloperoxidase (MPO)-AAV, and 27 healthy controls (HC); 2) samples of matched bone
marrow (BM) and peripheral blood from 8 non-vasculitis patients; and 3) 148 longitudinal
samples from 23 PR3-AAV patients of the RAVE trial. Clinical data and outcomes from

the trial and medical records were correlated with PR3* B cells (total and subsets).

In brief, we identified and phenotypically characterized autoreactive B cells in AAV
and healthy controls, reporting their perturbations among the different B cell subsets, and
their functional ability to produce PR3-ANCA autoantibodies in vivo and in vitro. We
reported their maturation through central and peripheral tolerance checkpoints from BM
to peripheral blood, leading to an accumulation of atypical autoreactive PR3" memory B
cells in PR3-AAV patients but not in MPO-AAV and HC. We also described the

longitudinal association between autoreactive plasmablast redetection after anti-B cell
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targeted therapy with the main disease outcome, relapse. Overall, our findings suggest
the presence of defective central antigen-independent and peripheral antigen-dependent
checkpoints in patients in PR3-AAV, elucidating the selection process of autoreactive B

cells, and their association with disease relapse.
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Introduction

B Cell Biology and Development

B cell receptor, B cell lineage and functions

B cells constitute one arm of the adaptive immune response, which has been historically
classified as cellular, T-cell mediated, and humoral, characterized by the production of
antibodies by the B lymphocytes (1-4). In fact, B cells have been traditionally associated

to antibody production, but this is not the only function they exert (1).

The defining feature of B cells is the antigen(s)-specific B cell receptor (BCR) they bear
on their surface. BCR is the transmembrane form of soluble antibodies or
immunoglobulins (Ig), glycosylated proteins secreted into the extracellular space, where
they can bind and neutralize their target extracellular antigens, protecting against infection

and contributing to tissue injury in autoimmunity and transplantation (2).

The structure of the Ig consists of four protein chains: two heavy chains and two light
chains, linked to each other by disulfide bonds to form a Y. Both variable fractions of the
heavy (H) and light (L) chains contribute to the site of antigen binding - the antigen-binding
fragment (Fab), containing the hypervariable regions i.e. complementarity-determining
regions (CDRs), whereas the remaining fraction of the heavy chains constitute the
fragment crystallizable region (Fc region)(5). The diversity of the Fab, able to recognize
a wide variety of antigens, is generated by a site-specific recombination reaction through
the rearrangement of H and L Ig chain gene segments (V variable, D diversity, J joining),
known as VDJ recombination. This occurs in the BM and culminates in the expression of

a mature IgM BCR able to bind antigens on the cell surface of B cells (2, 5).
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Signaling through the BCR is required for peripheral B cell maturation, maintenance,
activation, and silencing (1, 6). When the BCR is engaged with its specific antigen in the
secondary lymphoid tissue, the B cell can undergo proliferation and differentiation
mediated by dynamic changes in gene expression that give rise to the germinal center
(GC) reaction, following T cell help by T follicular helpers (Tfh) promoting B cell activation
(2, 7, 8). BCR can therefore maturate their affinity towards the specific antigen (a process
called somatic hypermutation) leading to the survival of those B cells that bind to the
specific antigen with high affinity (clonal selection), and meanwhile switch Ig class from
IgM to IgG, IgA, IgE (class switch recombination) (2, 5). Similarly, to eliminate or restrict
autoreactive clones and prevent autoimmune disease, BCR engagement in the BM and
periphery by the specific antigen is critical to eliminate or maintain functionally silenced

(anergic) B cells (2, 3)(6).

Besides Ig production, B cells mediate several other essential functions for immune
homeostasis (Figure 1) (1). B cells can release pro-inflammatory or inhibitory cytokines
that can influence a variety of T-cells, dendritic cells, and antigen-presenting cell
functions; orchestrate lymphoid organ remodeling and neogenesis; regulate wound
healing and transplanted tissue rejection; and influence tumor development and immune-
host interaction (9). Importantly, B cells can present antigens to and co-stimulate T-cells,
leading to their activation and differentiation through polarized cytokine production (10).
In addition, a distinct subset of regulatory B cells has been described (11), B10 cells,
which have been shown to suppress T cell-mediated responses through the production
of IL-10 (Figure 1) (12). Taken altogether, B cells can contribute in numerous and diverse

ways to the immune response.
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Figure 1. Multifunctional attributes of B cells. Examples of how B cells regulate immune homeostasis

are shown; many of these functions are independent of Ig production (from LeBien TW et al. 2008 (1)).

Developmental stages of B cells

In adult humans, B cells are generated in the BM, where they start their developmental

process before the transition to the periphery (Figure 2) (2). Here, B cell development is

accompanied by Ig gene rearrangements leading to the generation of a diverse immature

B cell pool. Those reactive with self- or auto-antigen are deleted or functionally silenced,

while the remaining immature B cells can migrate into the peripheral compartment (6, 13).
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Figure 2. Developmental stages of B cells in bone marrow and peripheral blood (from Sabatino jr. J.J.
2018 (14)).

In the BM, pro-B cells which derive from lymphoid progenitor cells, initiate H-chain gene
rearrangement through expression of recombination-activating genes (RAG1 and RAG2)
and epigenetic modifications of the H-chain loci that promote accessibility (13). When
H-chain genes are assembled, it is associated with a temporary surrogate of the light-
chain (SLC), leading to the membrane expression of the pre-B cell receptors (pre-BCR,
that do not bind antigens) in large pre-B cells and permitting B cell proliferation and RAG1-
2 downregulation. At pre-B cell stage, SLC components are downregulated, H chain

internalized, RAG is re-expressed and its activity redirected to the L-chain genes (13)(15).

Once L chain genes are assembled, L chains pair with H chains, triggering tonic BCR
signaling which promotes positive selection when the BCR is non-autoreactive. When
non-autoreactive, B cells express the membrane isoform of IgM, a dimer of IgM H chain
(u-chain) associated with L chain, that can engage with marrow microenvironment
antigens, almost always self-antigens, which makes regulation at this stage crucial. It is
by ligation of the BCR that self-antigens promote signaling that triggers regulatory

processes to reduce self-reactivity (13)(15)(16). These processes are collectively known
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as central tolerance. When the BCR is autoreactive or if tonic signaling is impaired, B
cells undergo receptor editing, i.e. a process whereby ongoing Ig gene recombination
promotes a change in expression or specificity of the antigen receptor of B cells (13, 17).
Receptor editing can lead to either exchange of one functional L chain for another, making
the BCR innocuous and allowing the B cell to continue the developmental progression,
or secondary rearrangements that prevent L-chain expression. If so, the B cell returns to
the pre-B cell compartment, where it undergoes new L-chain formation or clonal deletion

(death by neglect) (13)(15).

Cells that go through positive selection enter into the immature and then transitional B
cell developmental stages, the latter representing the subset of B cells migrating from BM
compartment to peripheral blood (13). At these stages, B cells start to express a second
Ig, IgD. After transitional B cells move to the peripheral blood, they maturate into naive B
cells. Naive B cells are those cells that have not yet encountered the specific antigen for
their BCR (2, 18). When the BCR recognizes its cognate antigen, the naive B cell can
receive the T cell help in the lymphoid follicles for the functional differentiation toward
plasma cells, GC B cells and memory B cells (1). Here, the antigen-specific naive B cells
in B cell follicles and Tth cells in the T cell zone are active and migrate toward the follicle
T-B cell border, where they proliferate and form cognate interactions (19-21). Some of
these antigen-experienced B cells proliferate extensively and differentiate into short-lived
plasmablasts (PB) rapidly secreting low-affinity antibodies (22). In addition, activated B
cells can differentiate into memory B cells or plasma cells (PC), responsible for producing
protective high-affinity, isotype-switched antibodies. PCs are rarely detected in the

periphery, since they home to the BM niches where they reside and maintain serologic
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memory independent of further antigen exposure (23). In contrast, memory B cells
recirculate and form extrafollicular or follicular aggregates in lymphoid tissues, rapidly
differentiating into PB or re-entering into GC upon antigen rechallenge, leading to a
diversified secondary antibody response (24). Overall, high affinity IgG arise not only from
a GC response, but also in extrafollicular locations since activated B cells that
encountered their specific antigen can form extrafollicular foci where class switching and

somatic hypermutation can occur, leading to PB and PC terminal differentiation (9).

Every step of B cell maturation is characterized by the expression of a specific
combination of surface molecules. CD19 is expressed by essentially all B-lineage cells
and regulates intracellular signal transduction by amplifying Src-family kinase activity
(25). CD20 is a mature B cell marker, that functions as a transmembrane Ca?* channel
and, importantly, it is a target for the chimeric anti-CD20 monoclonal antibody rituximab
(RTX) (26). The following table (Table 1) shows the surface CD molecules that are
preferentially expressed by each one of the main subsets of B cells, facilitating

identification and phenotyping (15, 18, 27-29)
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Table 1. The subsets of B cells (adapted from (15, 18, 27-29)).

Subset of B cells Abbreviation Common surface markers

Stem cell ‘ SC ‘ CD34**, CD38", CD49f*, CD90*, CD45RA’, FIt3*

Common lymphoid progenitor CLP CD34*, CD38*, CD19, CD20, CD10", IgM", IgD

Pro-B cells ‘ Pro-B ‘ CD19*, CD20r, CD21*, CD10*, IgM-, IgD"

Pre-B cells Pre-B CD19*, CD20*, CD21*, CD10", IgM", IgD", pre-BCR*

Immature Immature CD19, CD20*, CD5*, CD27, CD24*, CD38*, CD21*, CD10*
T1-like / T2-like / T3-like IgM*IgD' / IgM*IgD* / IgM'IgD"

Transitional Transi CD19*, CD20%, CD5*, CD27-, CD24**, CD38**, CD21*", CD10*"
T/ T2/T3 IgM*IgD" / IgM*IgD* / IgM-IgD"

Naive* ‘ Naive ‘ CD19*, CD20*, CD38"°", CD27", IgM*, IgD*

Unswitched memory* unsSw CD19*, CD20*, CD38"", CD27*, IgD*

Switched memory* ‘ SW ‘ CD19*, CD20*, CD38'", CD27*, IgD"

Double negative* DN CD19*, CD20*, CD38 "%, CD27", gD

Plasmablast ‘ PB ‘ CD19*, CD20"°", CD24-, CD38"d", CD27 hish

Plasma cell PC CD19*, CD20,, CD24, CD38"", CD138 "M, sig”

*Collectively called “mature” B cells by some authors (CD19*, CD20*, CD38low/dim)

B cell tolerance checkpoints

The diversity generated by the V(D)J recombinations and the somatic hypermutations not
only lead to protective humoral immunity, but also to potentially autoantibody-secreting
self-reactive clones (6, 9). During differentiation of B cells, different mechanisms regulate
the censoring of autoreactive B cells, and defects in central (within the BM) and peripheral
(within the peripheral compartment) B cell tolerance checkpoints are associated with the

development of autoimmunity (30).

In BM, regulation of self-tolerance in human B cells occurs by three different mechanisms,
clonal deletion, receptor editing and anergy (13). When the BCR signal is strong, the B
cells are censored by apoptosis. When the signal is intermediate, recombination of the
light chain locus occurs, leading to receptor editing and thus reducing the self-reactivity
of the BCR (2, 6). Alternatively, B cells can become anergic downregulating their BCR, a

process that permits them to survive and to leave the BM. Altogether, in both mice and
20



humans, receptor editing occurs in 20-50% of the future peripheral naive cells, while
clonal deletion and anergy provide a smaller contribution to the silencing of autoreactive

B cells (2).

Despite the efficient removal of a large numbers of autoreactive B cells in the BM, some
autoreactive clones bypass the central tolerance machinery and are able to migrate into
the periphery (14). A second tolerance checkpoint occurs there, at the maturation stage
from transitional to mature naive B cells, before B cells encounter the specific antigen. It
has been proven that elevated B-cell activating factor (BAFF) levels inhibit the
counterselection of autoreactive transitional B cells, highlighting the role of this cytokine
for the survival of autoreactive B cells (31). Stimulation through the toll-like receptor 9
(TLR9) with CpG (which does not require BCR-triggering) induces an initial proliferative
burst that is followed by apoptotic death, unless survival (BAFF) or costimulatory signals
(CD40 co-stimulation with Interleukin (IL)-21) rescue B cells from this fate, promoting an
autoimmune-associated B phenotype (32, 33). Besides other protective immune
responses, these distinct subset of memory B cells is prone autoantibody production, a
function facilitated by the expression of the transcription factor T-bet (T-box expressed in

T cells) (32, 33).

In healthy individuals, these autoreactive clones circulating in the peripheral
compartments are prohibited to undergo further differentiation by being blocked from
entry into GC. Under normal circumstances, these cells that escape central checkpoints
are silenced in the peripheral checkpoints (34). Various tolerance checkpoints leading to
a removal of autoreactive B cells have been identified in health and autoimmunity by flow

cytometry analysis (1, 34-36). Those B cells that acquire autoreactivity in the GC need
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to be silenced or prevented from differentiating into antibody-producing cells. At the GC
level, in fact, apoptosis and receptor editing have been described, even if the former has
been shown not to contribute substantially, maybe because several potentially
autoreactive B cells can be cross-reactive with an eliciting antigen during the early phase
of infection (37), thus rendering their elimination counterproductive. The positive selection
of activated B cells into memory or PBs/PCs cannot occur without T-cell help from Tfh,
constituting another mechanism of regulation (7, 19). Therefore, the CD40/CD40L
interactions and antigen presentation through HLA II/T cell receptor are essential for the

establishment of peripheral naive B cell tolerance.

Finally, as memory B cells in healthy individuals have higher frequency of autoreactivity
than PCs (38), it is likely that an additional tolerance checkpoint exists at this level,
preventing the differentiation of autoreactive memory B cells into autoreactive PCs.
Nevertheless, in autoimmune diseases such as systemic lupus erythematosus,
mechanisms different from a defect of antigen-specific B-cell tolerance exist, as aberrant

B cell differentiation has also been demonstrated in mice and humans (39).

Despite this well-structured system of central and peripheral tolerance checkpoints
designed to avoid autoimmunity, extensive studies performed during the last decades
have clearly shown that a small proportion of mature B cells in healthy individuals are
autoreactive and able to secrete autoantibodies, a phenomenon called natural
autoimmunity or natural autoantibodies (40, 41). These natural autoantibodies exert
physiological functions including the removal of apoptotic debris, the masking of neo-
autoantigens, the binding to idiotypic determinants of self-reactive 1gG, and the regulation

of effector cell functions (42). Therefore, the autoreactive clones producing
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autoantibodies are not per se associated with autoimmunity. Of note, these
autoantibodies in healthy individuals usually have low-affinity, are polyreactive and of the

IgM isotype, secreted spontaneously and important for apoptotic cell clearance (42, 43).

To summarize, several B cell tolerance checkpoints exist in central and peripheral
compartments to prevent the generation of autoreactive B cell clones. Nevertheless, a
small amount of autoreactivity called “natural autoimmunity” occurs even in heathy
subjects and is instrumental for the physiological functioning of the immune system. The
shift from this “natural autoimmunity” to an “abnormal or pathogenic autoimmunity” arises
when one or more of these checkpoints are breached, leading to autoreactive B cells

producing high affinity autoantibodies, with pathogenic potential.

Circulating B cell subsets

The differentiation of B cell precursors into transitional B cells in the BM, and the antigen-
triggered maturation of GC B cells into memory B cells and PBs/PCs in lymphoid tissues
generate a relatively large number of circulating subsets of B cells (Figure 3) (27, 29).
These B cell subsets produced in the BM and lymphoid tissues recirculate through the
peripheral blood into different tissues including spleen and lymph nodes, mucosa-
associated lymphoid tissue, chronically inflamed tissues and the BM, where the long-

living PCs reside and produce antibodies (37).

Consequently, the circulating B cells represent a mixture of the different B cell subsets
that do not reflect their real abundance in the whole body, but rather their relative

representation in the peripheral blood. In healthy human adults, naive B cells represent
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about 60-70% of total circulating B cells, while memory (Sw and UnSW) B cells represent
20% to 30%, PBs/PCs around 1% to 3%, and transitional B cells represent 5% to 10%,

while variable low frequencies of DN have been reported in different studies (18, 27, 28).

Another classification of B lymphocytes in mice is based on ontogeny and anatomical
localizations, categorizing B cells in B1, further divided in B-1a and B-1b, and B2 B
lymphocytes, consisting of the marginal zone (MZ) and the follicular (FO) B cells (2). B1
lymphocytes arise from fetal liver and they can self-renew after the neonatal period, they
reside in peritoneal and pleural cavities in mice and produce polyreactive IgM directed
against self-antigen or microbial antigens by T-independent mechanisms (i.e. without the
T help) (44). Canonical B cells are B2, deriving from transitional B cells, with subsequent
retention within the marginal sinus of the spleen in the case of MZ B cells, or residing in
the lymphoid follicles of the spleen and lymph nodes in the case of FO B cells (45). MZ
can produce IgM antibodies with or without antigen recognition via BCR, while FO are
primarily responsible of the long-lasting high affinity IgG, after differentiation into memory
B cells and PBs/PCs (45, 46). GC B cells reside in the GC, while B regulatory cells can

be found in different tissues (2).

24



MIGRATION MIGRATION __ Fresme cel -
Flasma cal BONE MARROW \

a8

@m \ - / %

e . s
@ ) I" g
NEGATIVE \ __:I com
SELECTION Immaturesrensitonnel - cozr Flasmablast
8 cal o
T # oM -
-7 MZBoal AESM
yo cois o
i F \.\\
| cozr
| coie BLOOD —
L COH cosn e
S i o HYPERMUTATIONS
'"1" = o MATURATION
S Garminal
b canier B -:>ei| e
; POSITIVE Lo
%, SPLEEN / SELECTION SECONDARY coze
b . LYMPHOID
TISSUE Reguiatory B cell

Figure 3. Schematic representation of B cell subsets in the blood (from Dumoitier N. 2015 (29))

Autoreactive B Cells

B cell functions in autoimmune conditions
B cells have pivotal pathogenic functions in autoimmune diseases, besides the production
of autoantibodies. To date, more than 80 distinct B cell-mediated autoimmune diseases

(with specific autoantibodies) have been identified, below a few examples (5, 34, 47):

e Systemic Lupus erythematosus (SLE): anti-nuclear antibodies (ANA), anti-smith
antibody (anti-SM), anti-double stranded DNA (anti-dsDNA);

e Rheumatoid arthritis (RA): rheumatoid factor (RF), anti-citrullinated protein
antibodies (ACPA) or anti-cyclic citrullinated peptide (anti-CCP) antibodies;

e ANCA-associated vasculitis (AAV): anti-neutrophil cytoplasmic antibodies (ANCA);
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e Systemic Sclerosis (SSc): anti-topoisomerase antibodies (ATA), anti-centromere
antibodies (ACA), anti-RNA polymerase antibodies (ARA);

e Primary Sjogren’s Syndrome (pSS): ANA, anti—Sjogren's-syndrome-related
antigen A/Ro (SSA/R0), anti—-Sjogren's-syndrome-related antigen B/La (SSB/La);

e Multiple Sclerosis and Neuromyelitis optica: anti-myelin antibodies, anti-neuronal
antibodies, antiganglioside, anti-aquaporin 4, etc;

e Pemphigus (Pe): anti-desmoglein 1 and anti-desmoglein 3 (anti-DSG1/3).

In these diseases, autoreactive B cells and plasma cells are directly involved in the
disease pathogenesis. These B lymphocytes show large variability between different
conditions, including the secreted autoantibody repertoire, the dynamics and features of
the underlying B cell response, and the mechanisms to explain the emergence of
autoreactive clones. Of note, most mechanistic insights have been obtained from murine
studies using transgenic mouse models, for those autoimmune conditions where reliable

animal models exist (48-50).

Overall, autoreactive B cells in different autoimmune diseases have several common
functions (Figure 4). First, autoantibody production is widely implicated in different ways
in the pathogenesis (from immune-complexes formation to complement-dependent
toxicities, antibody-dependent cell-mediated toxicities, and neutrophil activation).
Autoreactive B cells also contribute in antigen presentation as professional antigen

presenting cells (APCs), T cell co-stimulation, and cytokine production (6, 34).
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Figure 4. The functions of B cells in autoimmune disease. Central B cell functions, including antibody
production, antigen presentation and T cell co- stimulation, and/or cytokine secretion, can all contribute to
the pathogenesis of autoimmune diseases (from Rubin SJS. 2019 (34)).

This can happen as the result of the interplay between different activating and inhibitory
receptors, serving as immune checkpoints that regulate activation and function of
autoreactive B cells. Activating receptors include -among others- the antigen-specific
BCR, TLRs (and in particular the TLR 9), several cytokine receptors (in particular IL6-R,
IL21-R, BAFF-R), CD19, and CD40 (34, 36, 51-54). Inhibitory receptors include the low-
affinity immunoglobulin-y Fc-region receptor llb (FcyRIIb), CD22, programmed cell death
1 (PD1) and other receptors, which transmit inhibitory signals to B cells (55, 56). Targeting

these checkpoints that control B cell activation has therapeutic potential and represents

the focus of current and future B cell research.
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Autoreactive B cells in autoimmune diseases

Autoantibodies have been identified and studied for decades, but our understanding of
the cellular processes underlying autoantibody production has been fairly limited until
recently. Autoreactive B cells are responsible for autoantibody production in autoimmune
diseases, such as anti-nuclear antibodies in lupus and anti-cyclic citrullinated protein
antibodies in rheumatoid arthritis (36, 57—60). The existence of circulating B cells bearing
a BCR specific for an autoantigen has been postulated for years, but their reliable
detection has been elusive until recently. In the past, several techniques have been used,
such as Epstein—Barr virus transformation (61), tracking the usage of V genes that are
biased to be autoreactive (62), flow cytometry or cloning approaches (36, 63). The latter,
a labor-intensive method which consists of the analysis for antigenic reactivity of cloned
recombinant antibodies reconstituted from single B cells, allows the observation of
significant differences between healthy individuals and autoimmune patients in a
remarkable number of contexts (64). Given the modern technological advances, quicker
and accurate identification and isolation of human autoreactive B cells in vivo by flow
cytometry and single cell sorting have now been made possible. By means of flow
cytometry, human autoreactive B cells have been identified in SLE, RA, Pe and AAV

(Table 2) (36, 39, 71-75, 58, 60, 65—70).

Cell identification based on antigenically-defined specificity led to the evaluation of
functionally relevant, and presumably pathologic cell populations, leading to the

characterization of their phenotype, function, and active molecular pathways.
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Table 2. The main human antigen-specific B cells identified in systemic autoimmune diseases
detected by flow cytometry methods.

() () . —
S 2, 0 9 5 & g &Z
= Q = c = = 2 = S 2
= S () = © 5] B o0
= o © = 2 S = c < E
5 S L =c
< < < > o 3
ANA* B cells Extractable Biotinylated nuclear antigens Single-cell cloning of | yes yes yes
nuclear antigen from HelLA cells Ig genes from ANA+
SLE B cells, then testing
reactivity with ELISA
(36, 37, ENA* B cells Extractable Immunobeads-bound peptides EXx vivo secretion in
39, 57, nuclear antigen culture
65, 66)
CCP* B cells Citrullinated FITC-labelled citrullinated Hybridoma assays; yes yes yes
antigens vimentin (VIM), citrullinated type EXx vivo secretion in
Il collagen (cCOll), culture
citrullinated fibrinogen (cFib),
citrullinated tenascin-C
RA (CTNC-5), cyclic citrulline peptide
(57, 58, (CCP-1).
60, 67— - -
69) Biotinylated cyclic citrulline
peptide (CCP-2) by multicolor
antigenic tetramer
Immunobeads bound peptides Ex vivo secretion in
culture
Dsgl1*/Dsg3* B Desmogleinl-3 Histidine-tagged desmoglein 1 or Ex vivo stimulation yes yes yes
Pe cells desmoglein 3 of PBMC and
(70-74) ~ enzyme-linked
immunospot assay
AAV PR3* B cells Proteinase-3 FITC-labelled PR3, biotin- Hybridoma assays yes - -
(75) streptavidin PR3

Abbreviations: Systemic Lupus erythematosus (SLE); Rheumatoid arthritis (RA); Pemphigus (Pe); ANCA-associated vasculitis
(AAV); Anti-nuclear antibodies (ANA).

In lupus, Betty Diamond’s group significantly contributed by the identification of ANA* B

cells in humans, and ANA* and dsDNA* B cells in lupus prone mouse models. Using their

novel flow cytometry-based methodology, they were able to identify autoreactive B cells,

to observe their progressive removal in SLE patients and healthy controls in the

circulation, the restoration of anergy and the reduction of autoreactive naive B cells in

SLE patients treated with belimumab (36, 65). They showed the aberrancy of B cell

differentiation into plasma cells in lupus mice models and in SLE patients (39),
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demonstrating the presence of distinct profiles of ANA* antigen-experienced B cells in
SLE (66), which contributed to clarify pathways of autoreactive PBs/PCs differentiation

(37).

In RA, autoreactive class-switched memory B cells and PBs were shown not to be broadly
cross-reactive to a range of citrullinated epitopes but, in contrast, to be characterized by
a more restricted ACPA fine-specificity pattern, recognizing citrulline within a specific
amino acid context beyond the citrulline residue itself (58). These cells correlated with
ACPA serum titres and spontaneous ACPA production in culture (60, 67); they had a
distinct molecular phenotype showing differential molecule expression or activation
compared to non-autoreactive B cells of CD40, IL-7R, C5aR1 (58), IL15Ra (68), and
CD80, CD86, Ki67, CD19 (69), and were capable of producing epidermal growth factor

ligand amphiregulin (AREG), TNF-alpha, IL-8, IL-6 (68, 69).

Circulating antigen-specific B cells have also been detected in patients with Pe (70, 71).
The functional ability of anti-Dsm1 and anti-Dsm3 autoreactive clones to produce specific
autoantibodies in vitro has been shown (72), as well as the re-emergence of autoreactive
clones related to the activation of BAFF pathways (73), and the modification of the
circulating fraction and of transcriptomic profile (precisely of IL-1beta, CD27 and IL-23p19

MRNA) after RTX treatment or standard glucocorticoid regimen (74).

Circulating autoreactive B cells and their precursors in AAV will be discussed in the next
paragraph. Besides these autoimmune systemic conditions, a few preliminary reports on
the identification of autoreactive B cells in other autoimmune disease have been

published (76, 77).
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Autoreactive B Cells in ANCA-Associated Vasculitis

The presence of circulating autoreactive B cells and their precursors has been postulated
in AAV, with detection likely limited by their low frequency in peripheral blood. PR3 or
MPO are the two main autoantigens identified in AAV. Our group first identified PR3-

reactive B-cells (PR3* B cells) in a small number of AAV patients (75).

We developed a customized flow-cytometry method to enumerate PR3* B cells, and
observed a higher frequency of circulating PR3* B cells that were enriched within memory
B cells and PBs in a small cohort of patients with PR3-AAV as compared to healthy
controls (HC) (75). Conversely, in HC the proportion of PR3* B cells was highest among
the transitional B-cell subset and decreased with the maturation of B cells. We also
observed a trend towards a higher proportion of PR3* B cells among patients with active

disease compared to patients in remission: 2.91% (1.18-6.52) vs 0.99% (0.72-1.58).

The methodology by which we labelled autoreactive B cells first consisted of FITC-
labelled recombinant PR3 (rPR3), and subsequently biotin-streptavidin conjugated rPR3,
that binds to PR3-specific BCR, leading to the identification of the antigen-specific B cells
(Figure 5) (75). rPR3 was produced in Ulrich Specks’ lab, by means of amino acid
modifications rendering the rPR3 molecule enzymatically inactive while at the same time
ensuring the original folding of the protein and preservation of conformational epitopes
recognized by the autoantibodies (PR3-ANCA) (78). The flow cytometry methodology we
relied on was validated by staining hybridoma cell lines, which released and expressed
on the cell surface antibodies recognizing human PR3 (MCPR3-2) (79), antibodies
directed against mouse PR3 (MCPR3-13)(80), with no cross reactivity between the two

species [21,25], and anti-human neutrophil elastase (HNE) antibodies (81). No significant
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staining was shown for MPCR3-13 and HNE hybridomas, while dose-dependent staining
of MCPR3-2 hybridomas was observed, which was further validated by competition

experiments with pre-incubation of PBMC with human and mouse rPR3 at different

concentrations (75).
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Figure 5. Customized flow cytometry-based assay labeling autoreactive B cells with recombinant
PR3 (A from Sun J. 1998 (78); B), and validation by staining of hybridoma cell lines (expressing mouse

PR3-IgG, MCPR3-13; expressing human neutrophil elastase (HNE); expressing human PR3-1gG, MCPR3-
2) (C from Cornec D. 2017 (75)).

Other observations of PR3* B cell detection are scant. Other groups focused on PR3* B
cells in situ detection in inflamed tissues, based on the hypothesis that granuloma
formation in AAV could represent ectopic lymphoid structures giving rise to autoantibody

production (82)(83). Using immunofluorescence staining for IgG and a common PR3-
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ANCA idiotype (5/7 Id), the authors detected a few 5/7 Id+/IgG+ B cells in respiratory and
kidney tissue of GPA. However, next-generation sequencing of IGHV and IGVL genes
derived from respiratory tract tissue of AAV patients showed no identities and few
similarities between these and anti-PR3 antibodies, arguing against a presence of B cells
that carry PR3-ANCA-prone Ig genes among the clones (82). It is conceivable that these

results might have been influenced by technical limitations.

Notably, no data on MPO* B cells, the other main autoantigen of AAV, have been
published so far, likely due to the significantly larger size of the MPO molecule and the

lack of characterization of this protein as compared to PR3.

These preliminary data on autoreactive B cells in AAV call for a more precise elucidation
of the mechanisms of the differentiation process leading to maturation of autoreactive B
cells in AAV patients compared to healthy and disease controls, as well as for an
investigation of the relationship between the frequency of PR3+ B cell subsets and the

clinical and biological features of PR3-AAV.

Autoreactive B Cells in ANCA-Associated Vasculitis: A Human Model
Of Autoimmune Vasculitis

B cells, ANCA and neutrophils interaction in AAV
B cells represent the source of pathogenic, isotype switched, high-affinity autoantibodies
in AAV. Even if the autoreactive B cells have only recently been identified and represent

a small fraction of the whole B cell pool (75), the role of B cells has long been recognized
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as being of central importance in AAV and going beyond their ability to produce
autoantibodies (84)(29). Another important study implicating B cells in AAV demonstrated
the activation and the maturation of aggregated B-cells within endonasal inflammatory
lesions of patients with granulomatosis with polyangiitis (GPA), one of the clinical subset

of AAV, further arguing for a key role of B lymphocytes in the pathogenesis of AAV (83).

From a clinical standpoint, this concept was validated by the results of several prospective
randomized trials demonstrating the efficacy of RTX, an anti-CD20 monoclonal antibody,
for AAV treatment (85—88). The role of CD19* B cells as an immunological biomarker for
disease monitoring in B cell-depleted patients emerged from these clinical studies, since
relapses has been shown to be unlikely when a patient has no circulating B cell

(86)(89)(90).

Circulating ANCA, which target either PR3 or MPO, are the hallmark of AAV (91). These
are the two major antigens of AAV and are usually mutually exclusive (i.e. patients with
ANCA directed against PR3 do not have ANCA directed against MPO, and vice versa),
while other antigens including bactericidal permeability-increasing protein (BPI), elastase,
lysosome-associated membrane protein-2 (LAMP-2), cathepsin G, lysozyme, and
lactoferrin are only rarely identified as targets for ANCA (92)(93). The
immunofluorescence pattern of ANCA distinguishes cytoplasmic ANCA (c-ANCA), mostly
targeting PR3, and perinuclear ANCA (p-ANCA), generally targeting MPO (94).
Distinguishing the different types of AAV by autoantigen specificity rather than
clinicopathologic items has been proposed for classification purposes because the
presence of PR3-ANCA versus MPO-ANCA conveys unique biological and clinically

useful information (94, 95).
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A number of clinical and basic science studies have supported the hypothesis of the
pathogenic role for ANCA in the development of AAV (94). Due to the availability of a
murine model for MPO-AAV, the evidence for the pathogenic role of ANCA is stronger for
MPO-ANCA than for PR3-ANCA, which has shown nonetheless the same
proinflammatory effects in in vitro experimentation (92). The disease process, which is
best documented for capillaritis (such as glomerulonephritis), happens in two steps (96).
First, neutrophils are primed by low-level exposure of proinflammatory cytokines such as
tumor necrosis factor (TNF) and Interleukin 1 (IL1), usually as a consequence of an
underlying infection. Priming of neutrophils results in surface expression of MPO, PR3
and other substances of neutrophil granules (e.g. lactoferrin, gelatinase, elastase, etc.)
and promotes neutrophil adhesion to the endothelial surface of blood vessels. In the
second step, neutrophils are activated by interactions with ANCA by binding to neutrophils
Fc receptors and/or to antibody substrate, leading to the rapid release of reactive oxygen
species (respiratory burst), preformed proteases, mediators of inflammations and
chemotactic factors for neutrophils and other cells of the immune system, ultimately
leading to inflammation, endothelial injury and tissue damage (96, 97). Hence, neutrophils

appear to be the downstream effectors of inflammation in AAV.

ANCA have been shown to have in vitro a cytolytic effect on endothelial cells through the
activation of neutrophils and the interaction with the alternative pathway of complement
system (especially with C5a and the Cba receptor). Charles Jennette’s group showed
that this occurs also in the mouse model (98), and that there are surrogates of
complement activation in renal histologic samples (99). ANCA-stimulated neutrophils can

also release chromatin fiber, called neutrophil extracellular traps (NETSs), in which
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autoantigens MPO and PR3 can be stored, further representing a persistent source of

autoantigens and contributing to inflammation maintenance (100).

The histologic hallmark of AAV is a segmental vascular necrotizing inflammation with
infiltrate of neutrophils and monocytes, associated with leukocytoclasia and fibrinoid
necrosis. This leads often to small-vessel vasculitis and capillaritis, clinically manifesting
as purpura (venulitis of the derma), alveolar pulmonary hemorrhage, and hematuria due
to crescentic glomerulonephritis (91, 101). Unlike the subset of disease called
microscopic polyangiitis (MPA), granulomatosis with polyangiitis (GPA) and eosinophilic
GPA (EGPA) are characterized by extravascular granulomatous inflammation,
predominantly involving the respiratory tract (91, 101). Immunofluorescence
demonstrates minimal deposition of immunoglobulins and complement, hence the so
called “pauci-immune” vasculitis, in contrast to immune-complex deposition vasculitides
such as SLE or cryoglobulinemic vasculitis, or other small-vessel vasculitides as Henoch-

Schonlein purpura or anti-glomerular basement membrane disease (91, 101).

The clinical spectrum of ANCA-associated vasculitis

AAV is defined as a group of systemic, necrotizing vasculitides predominantly affecting
small-sized blood vessels (91), encompassing a few major clinic-pathologic variants, i.e.
GPA, MPA, and EGPA. The spectrum of clinical manifestations is wide and overlapping,
and all the forms of AAV share the clinical features directly due to capillaritis and small-
vessel vasculitis (Figure 6) (91). The latest annual incidence reported for AAV overall is
3.3 per 100.000, with a prevalence of 42.1 per 100,000, substantially increasing in the

last decades (102).
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Figure 6. Clinical features of AAV: organ involvement in granulomatosis with polyangiitis (GPA),
microscopic polyangiitis (MPA) and eosinophilic GPA (EGPA) (from Kitching RA. 2020 (91)).

Clinical manifestations of GPA can be heterogeneous, often affecting the upper and lower
respiratory tract, with characteristic destructive lesions in the nasal septum, lung
infiltrates, and cavities. Glomerulonephritis is usually more severe and more often
detected in patients with MPA, while asthma (often severe) and peripheral
hypereosinophilia are unique features of EGPA (91, 103, 104). EGPA represents
approximately 10-20% of patients with AAV, and it is treated as a separate entity from
GPA and MPA in all the clinical trials and in the latest guidelines (105). Therefore, | will
refer from now on only to GPA and MPA when writing on AAV, unless clearly stated

otherwise.
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All AAV subsets are often associated with the presence of circulating ANCA, and the
clinical utility of ANCA serotype stratification (PR3-ANCA versus MPO-ANCA) could
provide timely and clinically relevant diagnostic information more readily than clinical
syndromes based on current classification systems (94, 95). A higher number of organs
are usually involved in PR3-AAV, while renal involvement and pulmonary fibrosis occur
more frequently in patients with MPO-AAV (106). Recent data suggest that ANCA
specificity seems to have stronger associations with genetic predisposition (107),
circulating cytokines (108, 109), response to therapy (110), relapse risk (111, 112), and
long-term renal prognosis (113) than with clinical diagnoses. Only a relatively small
proportion of patients with clinical and pathological features of GPA and MPA show a
negative result for ANCA by routine clinical assays (from 10% to 30%) (94), and likely
represent a different subset of the disease, with a different pathogenesis (114). The 2012
revision of Chapel Hill Consensus Conference (CHCC) proposed the combination of a
prefix indicating the ANCA type, with a suffix indicating the clinical phenotype (115), both
contributing to a more precise stratification of patients in mutually exclusive categories
(i.e., PR3-GPA, PR3-MPA, MPO-MPA, MPO-GPA, and ANCA negative forms) (116,

117).

The current classification criteria for AAV are not consistent with disease definitions (e.qg.,
American College of Rheumatology (ACR) 1990 criteria exist only for GPA and EGPA,
yet not for MPA), and they do not include ANCA testing, which is now routinely used in
clinical practice (115, 118, 119). In 2007, to reach a consensus about how to apply the
already available nomenclature and classification criteria for AAV, a stepwise algorithm

merging the CHCC and ACR criteria was developed by European Medicines Agency
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(EMA) (120). Currently, the ACR and the European Alliance of Associations for
Rheumatology (EULAR) have undertaken an international effort to develop new
diagnostic and classification criteria for systemic vasculitides, the “Diagnostic and
Classification Criteria of Vasculitis (DCVAS)” study, the publications of which are

expected soon (121).

Disease activity is usually quantified by the Birmingham Vasculitis Activity Score (BVAS),
which is a validated tool assessing nine organ systems frequently involved in AAV, and
which represents the most widely accepted score for the evaluation of disease activity
(122). BVAS for Wegener’s granulomatosis (BVAS/WG) (123), mostly used in USA, and
the most recently revised version of the BVAS mainly used in Europe, BVASv.3 (124),
have both been consistently shown to be sensitive to change with regard to the activity of

disease and are both currently used in clinical trials.

Treatments and outcomes of the disease

With the standard treatment of high-dose glucocorticoids and either cyclophosphamide
or RTX, remission is achieved in 70 to 90% of GPA and MPA cases according to the
definition of remission (85)(125). However, only a minority of these patients (around 30%)
seem to remain relapse-free after 10 years of follow-up (126). Therefore, after remission-
induction, a low dose of less toxic immunosuppressive agent with or without
glucocorticoids is usually required to avert relapses. Azathioprine, methotrexate, or
mycophenolate mofetil have traditionally been used, but recent RCTs have shown that
remission maintenance use of RTX is more effective, especially for those patients at

higher risk of relapse, although the most appropriate dose and timing of retreatment with
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RTX remain unclear (87,105,125,127). These current therapies, however, are associated
with an increased risk of infection (128) and particularly in the case of glucocorticoids,

with progressive damage accrual and complication (129, 130).

A recent metanalysis showed a 2.7-fold increase in mortality among patients with AAV
compared with the general population with the latest population-based and cohort studies
showing worst survival for renal-AAV and MPA, with a trend toward improvement in
survival rate lately, likely due to the improvements in therapy and management of the
disease (131). Accordingly, a recent retrospective analysis showed a statistically
significant increment of the 5-year survival rate from 72.2% for patients diagnosed before
1980 to 94.5% of those with AAV diagnosed after 2010 (132). Nowadays, the major cause
of death are infection and cardiovascular disease, and not disease severity anymore (128,

132, 133).

Despite this remarkable improvement in remission-induction, relapse-free survival
remains a major issue, and the main current unmet clinical need. In fact, the relapse rate
ranges from 25% to 70% in different studies (86, 126), with a remarkable variability among
patients. A clinical diagnosis of GPA, the presence of circulating PR3-ANCA, and having
arelapsing course are non-independent risk factors for relapse, and patients with all these
features carry the highest risk regardless of the treatment used to keep the disease under

control (86, 95, 111, 112).

While the utility of ANCA testing for diagnostic purposes has been widely accepted, the
clinical utility of ANCA as a biomarker for relapse prediction remained a matter of debate
despite numerous investigations (112, 134-138). Recently, a single-center study found

that an increase in ANCA level (PR3-ANCA or MPO-ANCA) was predictive of relapses,
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particularly in patients who had presented with renal involvement, and in those with
nonrenal severe disease (136), while in the RAVE cohort, PR3-AAV patients treated with
RTX who experienced a rise in ANCA titer during complete remission had an increased
risk of relapse, particularly severe relapse, especially in those with renal involvement or
alveolar hemorrhage (112). However, a clear role for serial ANCA measurements in AAV
has not been established, thus is not recommendable to make treatment decisions based
only on changes in ANCA titers (139). This inconclusive results regarding longitudinal
ANCA measurements might be due to methodological issues (including the sensitivity to
change of the various different assays used in different studies), the ANCA serological
type, the AAV subset (i.e. GPA versus MPA), and the treatment chosen to induce or

maintain remission (140).

Overall, relapse prevention is biggest unmet need nowadays, particularly in patients who
are PR3-ANCA positive at diagnosis, i.e. PR3-AAV, which are more prone to relapse. In
fact, every relapse increases the damage from disease and treatment toxicity. Accurate
relapse prediction requires that patients at high risk of relapse, and therefore in need of
preventive therapy, can be distinguished from those that are at low risk, and therefore
without the need of prevention therapy. Several studies longitudinally assessed the ANCA
titer in patients for monitoring disease activity, but collectively this approach has been
found suboptimal. Consequently, a better understanding of the pathogenesis underlying

AAV is needed and holds the key to novel biomarkers or predictors of relapse.
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Aims of the thesis

Little is known about the autoreactive B cells in AAV. We aimed to investigate the

circulating autoreactive PR3* B cells involved in the development of human AAV.
The aims of this thesis can be summarized as follows:

1. Aim #1: Phenotypic and functional characterization of autoreactive PR3* B cells
To (i) confirm and expand our preliminary observations in a large, well-
characterized cohort of patients with PR3-AAV as compared to patients with MPO-
AAV as disease controls and HC, (i) elucidate the peripheral tolerance
checkpoints and the mechanisms of the differentiation process leading to mature
PR3* B cell selection in PR3-AAV during the active phase of the disease, as
compared to MPO-AAV and HC, and (iii) investigate the relationship between the
frequency of PR3" B cell subsets and the clinical and biological features of PR3-
AAV.

2. Aim #2: The ontogeny of PR3* B cells
To investigate the presence and the specific phenotypic features of PR3* B cells
in bone marrow mononuclear cell (BMMC) samples of HC, comparing them to
paired PBMC samples of HC and PBMC of PR3-AAV patients, and evaluating the
central tolerance checkpoint(s) for PR3* B cells in the BM.

3. Aim #3: Longitudinal dynamics of PR3* B cells after B cell depletion
To investigate the longitudinal changes of autoreactive PR3* B cells in PBMC from
patients with severe PR3-AAV who had achieved complete remission with RTX
and glucocorticoids within 6 months after initiation of remission-induction therapy.

We hypothesized that RTX-induced B cell depletion would alter the proportions of
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circulating B cell subsets within the autoreactive pool and investigated whether any

features of these changes during follow-up were associated with relapse.

This research activity has led so far to the submission of two papers (corresponding to
aim #1-3 of the thesis, Berti A et al. “Circulating Autoreactive Proteinase 3* B Cells and
Tolerance Checkpoints in ANCA-Associated Vasculitis”. Under revision in JCI Insight;
Berti A et al. “Autoreactive plasmablasts after B cell depletion with RTX and relapses in
ANCA-associated vasculitis” under revision at Arthritis and Rheumatology), while another
additional paper is currently in preparation (corresponding to aim #2 of the thesis, Berti A
et al. “Identification of the central tolerance checkpoint for autoreactive proteinase 3* B
cells in human bone marrow”). In addition to this, | wrote or significantly contributed to
other research papers on the biology of circulating B cells and cytokines related to the
pathogenesis of AAV, as well as on the epidemiology and the clinical outcomes of AAV

(listed in the Appendix).
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Aim #1:. Phenotypic and functional characterization of
autoreactive PR3* B cells

Summary Aim #1

Background and Rationale: Circulating autoreactive B cells are responsible for
autoantibody production in autoimmune diseases, including ANA in lupus, and anti-CCP
antibodies in rheumatoid arthritis. Little is known about the autoreactive B cells in AAV.
The presence of circulating IgG-secreting cells and their B-cell precursors bearing a BCR
specific for PR3 or MPO has been postulated in AAV, but investigation of these cells has
been limited by their low frequency in peripheral blood. Using multicolor flow cytometry in
combination with bioinformatics and functional studies, we investigated tolerance

checkpoints of circulating autoreactive PR3* B cells in a large cohort of patients with AAV.

Results: The frequency of PR3* B cells among circulating B cells was higher in PR3-AAV
(4.77% [3.98%-6.01%]), than in MPO-AAV (3.16% [2.51%-5.22%]), and in AAV compared
to HC (1.67% [1.27%-2.16%)], p<0.001 for all comparisons), implying a defective central
tolerance checkpoint in AAV patients. Only PBMC from PR3-AAV contained PR3* B cells
capable of secreting PR3-ANCA IgG in vitro, and among B cells of PR3-AAV patients
only PR3* B cells secreted PR3-ANCA IgG in vitro, proving to be functionally distinct from
those of MPO-AAV and HC. Unsupervised clustering identified subtle subsets of atypical
autoreactive PR3* memory B cells accumulating through the maturation process in PR3-
AAYV patients. PR3" B cells were enriched in the memory B cell compartment of PR3-

AAV, and were associated with higher serum CXCL13 levels, suggesting an increased
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germinal center activity. PR3* B cell maturation correlated with higher systemic

inflammation (CRP and ESR, p<0.05) and lower remission rate (p<0.001).
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than in MPO-AAV and HCs

HC  MPO-AAV PR3-AAV ATFH
s

. * i .
i —— Higher PR3* B cells in PR3-AAV

y X ACXCL13
I Systemic Inflammation % ,. A
Burden of Disease e 4
ce oo o\
0o PR3* Naive
[¢) —
PR3* SW
®e Increased PR3+ SW memo g o
- S memory/naive ratio in PR3-AAV, .
‘ . Germinal Center
= =/ \ but not in MPO-AAV and HCs
(] 1
twr/ \\(/ \// \\\// /
\ o, ]
= 3 ! ; Maturationof

PR3*B cells

Only PR3-AAV circulating

B cells can produce PR3%
ANCA IgG in vitro

Clustering of B cells identifies small PR3-
specific subsets specific for PR3-AAV

Figure 7. Aim #1 graphical summary. Overview of the set of experiments: phenotypic and functional
characterization of autoreactive PR3* B cells in AAV.

Implications: This study suggests the presence of defective central antigen-independent
and peripheral antigen-dependent checkpoints in patients in PR3-AAV, elucidating the
selection process of autoreactive B cells in this rare autoimmune disease. To our
knowledge, this study is the first to decipher the mechanisms of autoreactive B-cell
maturation in AAV, analyzing samples of data obtained from a large, well-characterized
cohort of patients. Our findings clarified the maturation of B cells bearing the BCR directed
towards PR3 that we characterized phenotypically and functionally, and explored
biological and clinical associations with autoreactive B cells in PR3-AAV, paving the way

for potential novel disease biomarkers and more specific targeted therapy approaches.
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Results Aim #1

Perturbations of circulating B cell subsets are similar in patients with PR3-AAV
and MPO-AAV

In this first set of experiments, the PBMC of 105 PR3-AAV subjects, 49 MPO-AAV
subjects and 27 HC were studied. The characteristics of the participants are shown in
Supplemental Table 1. Age, sex and other baseline clinical features differed between
PR3-AAV and MPO-AAV, as expected and previously reported. In particular,
manifestations considered to be expression of capillaritis were more frequent in MPO-
AAV subjects, while those clinical manifestations considered to be expression of
necrotizing granulomatous inflammation were significantly more represented in PR3-
AAV.

We observed that B-cell homeostasis was abnormal in AAV compared to HC
(gating strategy Figure 8A; percentages of total B cells and B cell subsets in Figure 8B-
C), confirming previous studies (90, 141-144). The absolute counts of both PR3-AAV and
MPO-AAYV participants showed higher numbers of circulating B cells and higher numbers
of naive and double negative (DN) B cells than HC (Supplemental Figure 1A-C). We
further dissected the B-cell pool using the SPADE algorithm (Supplemental Figure 1D).
Overall, the B-cell clusters segregated PR3-AAV participants from HC when directly
compared (principal component analysis in Figure 8D, unsupervised hierarchical
clustering heat map in Supplemental Figure 1E), but not from MPO-AAV participants,
meaning that the two groups of patients display similar disturbances in B cell homeostasis

compared to HC (Figure 8E, Supplemental Figure 1F).
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Figure 8. Circulating B cells in patients with PR3-AAV, MPO-AAYV and HC subjects. Gating strategy
used to define B cell subsets (A). CD19* cells were first categorized based on CD24 and CD38 expression,
in transitional (transi, CD24M"ghCD38high), plasmablasts (PB, CD24CD38"d"), and mature B cells
(CD24+CD38*). Mature B cells were further classified into four populations: naive (CD27-IgD*), unswitched
memory (UnSW, CD27*IgD*), switched memory (SW, CD27+*IgD"), and double negative (DN, CD27-IgD").
B cells frequency and subset distribution were overall similar in PR3-AAV (n=105) and MPO-AAV (n=49),
but different compared to HC (n=27) (B-C). Principal component analysis of the 200 B cell clusters obtained
with SPADE (Spanning-tree Progression Analysis of Density-normalized Events) representing HC subjects
and PR3-AAV trial participants (D) and MPO-AAV and PR3-AAV participants (E). Data represent median
(25-75% IQR). Multiple comparisons between more than 2 groups were performed with Kruskal-Wallis test
and P values in the figures are indicated as * p < 0.05, ** p < 0.01, ** p < 0.001 after correction for FDR
with Benjamini and Hochberg test.
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Circulating PR3* B cells are higher in patients with PR3-AAV than in controls
PR3* B cells were detected in PBMC from patients with PR3-AAV and MPO-AAYV,
as well as HC subjects (representative plots shown Figure 9A). Patients with PR3-AAV
had higher frequencies and absolute numbers of PR3* B cells compared to MPO-AAV
and HC (median [25-75% IQR], PR3-AAV 4.77% [3.98%-6.01%] versus MPO-AAV 3.19%
[2.51%-5.22%] versus HC 1.67% [1.27%-2.16%], p<0.001 for all comparisons; PR3-AAV
5.55 [3.09-9.64] cells/ul versus MPO-AAV 3.09 [2.02-8.81], p<0.05, and MPO-AAV
versus HC 0.95 [0.58-1.31] cells/pl, p<0.001), confirming and expanding the findings from
our previous report (75) (Figure 9B-C). Notably, no significant detectable effect of
glucocorticoids on the levels and percentages of lymphocytes, B cells, PR3* B cells and

other T cell specific subsets was observed (Supplemental Table 2).

PBMC from patients with PR3-AAV contain PR3* B cells capable of secreting PR3-
ANCA IgG in vitro

Supernatants from PBMC cultures from patients with PR3-AAV contained
significantly higher levels of anti-PR3 IgG than those from MPO-AAV and HC subjects
(p<0.001, Figure 9D), showing that PR3* B cells from patients with PR3-AAV are
functionally distinct from their counterparts from MPO-AAV patients and HC.

Then, we sought to assess whether PR3* B cells that can be detected among
PBMC by FACS are responsible for the in-vitro secretion of anti-PR3 immunoglobulin. We
measured the frequency of PR3* secreting cells (IgM and 1gG) by ELISPOT after
stimulation. After sorting PR3* and PR3-negative B cells from B cell-enriched PBMC of

HC (Supplemental Figure 2A-B), we found that circulating PR3* B cells from HC are
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able to produce PR3-ANCA IgM, but not PR3-ANCA IgG. Furthermore, we could not
detect any PR3-specific antibody secretion in PR3-negative cells, demonstrating that our
detection method ensures a full recovery of circulating PR3* B cells within the PR3* B cell
pool as detected by FACS.

The significant correlation between anti-PR3 IgG levels from in vitro cultures and
in vivo serum levels in PR3-AAV participants (Figure 9E, Supplemental Figure 2C)
suggests that circulating PR3* B cells from patients with PR3-ANCA can serve as bona
fide precursors of PR3-ANCA IgG secreting cells in vivo.
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Figure 9. Circulating PR3* B cells and PR3-ANCA production in patients with PR3-AAV, MPO-AAV
and HC subjects. Representative examples of the gating of PR3* positive B cells among total CD19* cells
in a PR3-AAV patient, a MPO-AAV patient and a HC subject (A). PR3* B cells frequency and count were
increased in PR3-AAV (n=105) compared to MPO-AAV (n=49) and HC (n=27) (B-C). PBMC were cultured
to promote differentiation into antibody-secreting cells, after which PR3-ANCA secretion was analyzed by
means of Phadia ImmunoCAP 250 analyzer (D). Only PR3-AAV subjects can producePR3-ANCA IgG in
vitro. Correlation of circulating (in vivo) PR3-ANCA IgG with secreted (in vitro) PR3-ANCA 1gG in PR3-AAV
subjects (E). Data represent median (25-75% IQR). Multiple comparisons between more than 2 groups
were performed with Kruskal-Wallis test. P values in the figures are indicated as * p < 0.05, ** p < 0.01, ***
p < 0.001 after correction for FDR with Benjamini and Hochberg test.
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Functional validation of autoreactive PR3* B cells by flow cytometry

To prove that autoreactive PR3 B cells identified by flow cytometry bear BCR that
recognize the PR3 antigen, we performed a functional validation. We sorted PR3*CD19*
and PR3'CD19* cells from PBMC obtained from 3 PR3-AAV patients at the time of active
disease, cultured for 4 days with CpG, CD40L, IL-2, IL-10 and IL-15 to promote B cell
maturation and Ig production, after which antigen-specific antibody secretion in the
supernatant was analyzed by means of enzyme-linked immunosorbent assay (ELISA)
(Figure 10). Significantly, we detected PR3-ANCA IgG only in the supernatant of the
PR3*CD19" cell culture. We also performed histological staining of B cells harvested at
day 4 for a qualitative assessment, showing signs of B cell activation and initial
cytoplasmic IgG accumulation, suggestive of an initial differentiation towards antibody-

secreting cells in both PR3*CD19* and PR3-CD19* cells.

Day 0: sorting and B cell cultures Day 4: PR3-ANCA IgG detection
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Figure 10. Functional validation of autoreactive PR3* B cells by sorting PR3* and PR3 B cells. PR3*
and PR3- B cells were sorted and cultured for 4 days (A). PR3-ANCA IgG from sorted PR3* and PR3- B
cells as measured by ELISA (B), and representative staining of cytospin smears at day 4 with May-
Grinwald Giemsa to assess B cell activation and with anti-human IgG AMCA in immunofluorescence to
assess initial cytoplasmic IgG accumulation. P values were determined by 2-tailed Wilcoxon matched-pairs
signed rank test. P values in the figure is indicated as * for p < 0.05.
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Autoreactive PR3" memory B cells accumulate through the maturation process
only in patients with PR3-AAV.

The frequency of PR3* B cells within each of the different B-cell subsets was higher
in PR3-AAV than in MPO-AAV, and in AAV overall compared to HC, implying a defective
central tolerance checkpoint in patients compared to HC (Figure 11A; representative
plots are shown in Supplemental Figure 3). B-cell subsets within the PR3* B-cell pool
were similarly distributed in PR3-AAV, MPO-AAV, and HC, except higher levels of mature
B cells in PR3-AAV and MPO-AAV compared to HC (p<0.001) (Figure 11B).

To better understand whether rare subsets of PR3 B cells were specifically
enriched in patients with PR3-AAV compared to controls, we identified PR3-reactive B
cell clusters defined by the SPADE algorithm significantly more represented or activated
in PR3-AAV. Among the 200 B-cell nodes, 6 clusters of cells displayed a stable increased
reactivity for PR3 across all the samples in HC, MPO-AAV and PR3-AAV participants
(Figure 12A-B, phenotypic characterization in Table 3). Among these 6 stable PR3*
clusters, we observed a significant enrichment of PR3* cells in CL57, CL93, CL160 and
CL185 (Bm2/naive and transitional clusters) in PR3-AAV subjects compared to MPO-
AAV and HC (Figure 12C), confirming a deficient central checkpoint (controlling the

maturation of immature B cells towards transitional and naive mature B cells).
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The investigation of the MFI of the PR3 BCR in these transitional/naive clusters
(Figure 12D, Supplemental Figure 4A) revealed a marked reduction in CL160, CL187,
CL93, and CL140 in patients with AAV, a hallmark of chronically activated or anergic cells.
In contrast, the PR3 BCR MFI was significantly higher in five other clusters (CL86, CL129,
CL104, CL132, CL155), belonging to the memory compartments, suggesting the
presence of defective peripheral checkpoints in AAV. Clusters CL104 and CL132
(corresponding to switched activated memory cells) and CL155 (corresponding to
plasmablasts, PB) were increased in AAV subjects with no significant differences
between PR3-AAV and MPO-AAV (Figure 12E), and a PR3-specific defect was identified
in the clusters CL86 and CL129 (corresponding to the DN IgD-CD27-CD38" subset) only
in PR3-AAV patients (Figure 12F).

We therefore repeated the manual gating analysis using a more conservative strategy to
identify PR3* B cells with the highest reactivity (PR3"9") (gating strategy Figure 12G,
left), and observed that similar to the frequency of total PR3* B cells (Figure 9B), the
frequency of PR3"9" B cells was significantly increased in PR3-AAV compared to MPO-
AAV and HC (Figure 12G, central). Consistent with the unsupervised cluster analyses,
enrichment of PR3"9" B cells among the peripheral pool of DN B cells distinguished PR3-

AAV from both MPO-AAV and HC (Figure 12G, right; Supplemental Figure 4B).
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Figure 12. Selected PR3* B cell clusters significantly more represented or activated in PR3-AAV
patients. Six out of 200 clusters showed a stable expression of PR3 on the membrane of the B cells (A).
A processed SPADE explanatory image of one PR3-AAV subject showing the most relevant clusters
grouped by conventional subsets (B). In red, the six clusters of B cells with a stable increased reactivity for
PR3 across all the samples, and their frequencies (C). The MFI of 4 out of these 6 clusters is reduced in
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AAV compared to HC (D). Additional 5 clusters that significantly varied MFI between HC and AAV: the MFI
of clusters within the SW memory and PB are increased in AAV compared to HC (E), and 2 clusters within
the DN showed a relative MFI increase in PR3-AAV compared to MPO-AAV and HC (F). A more
conservative gating approach (PR3Mdh) (G, left), showing the increase of PR3N B cells in PR3-AAV
compared to MPO-AAV participants and HC (G, central). Among B cell subsets, PR3"d" B cells were
significantly increased only in the DN subset in PR3-AAV participants compared to MPO-AAV participants
and HC (G, right). Each point represents the frequency in an individual subject; horizontal lines show the
median with 25-75% IQR, each histogram represents mean (+ SD). Multiple comparisons between more
than 2 groups were performed with one-way ANOVA or Kruskal-Wallis test, where appropriate. P values
in the figures are indicated as * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 after correction for FDR
with Benjamini and Hochberg test. MFI stands for mean fluorescence intensity.

Table 3. Phenotypic characterization of selected PR3* B cell clusters.

Cluster ID Phenotype Main Population

Stable Clusters

CL 160 IgD* CD24M"s" CD38"dIh CD27 Transitional

CL 187 IgD* CD24* CD38* CD27" Bm2

CL 185 IgD* CD24* CD38"°" CD27'" Bm2 CD27'¥

CL 93 IgD* CD24* CD38*CD27'¥ Bm2 CD27I

CL 57 IgD* CD24* CD38"°" CD27'"" Bm2 CD27'ow

CL 140 IgD* CD24*CD38"°" CD27* UnSW 1
Variable Clusters

CL 104 IgD" CD24* CD38* CD27* SW CD38*

CL 132 IgD- CD24'°~ CD38* CD27* SW CD38*

CL 155 IgD- CD24- CD38* CD27** PB

CL 129 IgD"CD24* CD38 CD27" DN CD38"

CL 186 IgD"CD24* CD38" CD27 DN CD38*
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Selection of mature PR3* B cells and determinants of the maturation of
autoreactive B cells

When comparing the frequencies of PR3* B cells in each B-cell subset within each
disease group, we observed a significant decrease in the frequencies of PR3" B cells
from transitional to naive, from unswitched (UnSW) to switched (SW), and from SW to
PB in all the groups, illustrating the different layers of control of the peripheral checkpoints
(Figure 13A).

PR3-AAV participants showed a higher frequency of PR3* B cells in the SW
compartment compared to the naive one, while MPO-AAV subjects and HC did not
(Figure 13B).

To illustrate the differential enrichment of PR3* B cells during the maturation
process, we computed a ratio of the frequency of PR3* within SW B cells over the
frequency of PR3* within naive B cells. The median ratio was < 1 in HC and MPO-AAV
subjects but was > 1 in PR3-AAV participants (Figure 13C), with approximately one third
of HC, half of the MPO-AAV and almost three quarters of the PR3-AAV participants with

a ratio >1 (Supplemental Figure 5A).
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Figure 13. Maturation of PR3* B cells among different participant groups. Scatterplots depicting the different frequency of PR3* B cells within
each B cell subsets through the maturation process in HC subjects (n=27), in MPO-AAV (n=49) and in PR3-AAV participants (n=105). The multiple
comparisons on B cell maturation were analyzed by using mixed-effects modelling. (A). Paired comparisons between PR3* naive and SW mature
PR3* B cells showing the enrichment of memory B cells in PR3-AAV, but not in participants with MPO-AAV and HC (B). Ratio between the frequency
of PR3* B cells among IgD- switched memory and the frequency of PR3* B cells among naive B cells (C). Each point represents the frequency in an
individual subject; horizontal lines show the median with 25-75% IQR. Multiple comparisons among more than 2 groups were performed with Kruskal-
Wallis test. Selected cytokine (BAFF, CXCL13, IL-6) levels by SW memory/naive PR3* B cell ratio in PR3-AAV patients. P values were determined
by 2-tailed Mann-Whitney test (D). P values in the figures are indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 after correction for FDR with Benjamini
and Hochberg test.

57



In addition to having higher proportions of PR3* SW B cells relative to the
proportions of PR3* naive B cells (accounting for a higher ratio), PR3-AAV participants
with a ratio >1 compared to those <1 had higher levels of circulating PR3 PB and DN B
cells and lower levels of transitional B cells, suggesting that the ratio reflects an overall

higher degree of PR3* B cells maturation (Table 4).

Table 4. Baseline PR3* B cell subsets by switched memory/naive B cell ratio in PR3-AAV.

PR3* B cell subsets Ratio <1 Ratio >1 p value
Transitional, median % (25-75% IQR) 8.95 (6.79; 13.54)  7.28 (5.26; 10.02) 0.031
Naive, median % (25-75% IQR) 4.55 (3.70; 7.49) 3.82 (3.11; 4.68) 0.005

Unswitched memory, median % (25-75% IQR) 9.77 (7.00; 13.46) 10.63 (8.03; 12.86) 0.538

Switched memory, median % (25-75% IQR) 3.39 (2.39; 4.42) 6.41 (4.38; 8.29) <0.001

Plasmablasts, median % (25-75% IQR) 0.96 (0; 1.89) 1.88 (0.91; 3.64) 0.029

Double Negative, median % (25-75% IQR) 3.18 (2.42; 3.49)  4.23(3.29;6.16)  <0.001

PR3: proteinase 3; AAV : ANCA-associated vasculitis; IQR: interquartile range.

Data represent median (25-75% IQR). P values were determined by 2-tailed Mann-Whitney test.

We measured the relationship between PR3* B cell maturation and serum cytokine
levels potentially implicated, which were similar between MPO-AAV and PR3-AAV

subjects (Supplemental Figure 5B). While B-cell activating factor (BAFF) and interleukin
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(IL)-6 did not show any association with PR3* B-cell maturation in PR3-AAV subjects, C-
X-C motif ligand 13 (CXCL13) levels were higher in those with a SW memory/naive ratio
>1 compared to those with a ratio <1 (Figure 13D), suggesting a higher germinal center
reaction (145) for PR3-AAV participants with a SW memory/naive ratio >1.

The absolute numbers of chemokine receptor 5 (CXCR5), programmed cell death-
1 (PD-1), T follicular helper cells (CXCR5*PD-1* Tth) were significantly elevated in PR3-
AAV and MPO-AAV compared to HC (Supplemental Figure 5C-D), in line with
observations made by others (146), and we observed that circulating Tfh count and
frequency were lower in participants with PR3-AAV with a SW memory/naive ratio >1
compared to those with a ratio <1 (Supplemental Figure 5E). Together, these results
support the activation of the germinal center machinery to promote PR3-reactive B cell

maturation in participants with PR3-AAV (147).

Maturation of PR3* B cells and clinical manifestations in PR3-AAV subjects

The PR3* SW memory/naive B cell ratio did not show significant correlations with
clinical and demographic features (Figure 14A-C and Supplemental Figure 6A-E).
However, subjects with ratio >1 had higher markers of inflammation, i.e. C-reactive
protein (CRP) serum levels and a erythrocyte sedimentation rate (ESR) compared to
those with a ratio <1 (Figure 14D), but disease activity assessed by BVAS/WG did not

show an association with this ratio (Figure 14E).
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Figure 14. SW memory/naive PR3" B cell ratio and clinical manifestations in PR3-AAV patients. In
PR3-AAV participants (n=105), SW memory/naive PR3* B cell ratio did not correlate with age (A), sex (B),
or renal manifestations (C), but higher levels of CRP and ESR were associated with a ratio >1 (D). The
ratio did not correlate with disease activity as assessed by BVAS/WG (E). Associations with complete
remission definitions (F), future relapse and severe relapse (G), and time to complete remission (H) are
represented. When evaluating associations with remission, the patients that underwent cross over (n=7) or
experienced early treatment failure (n=6) during the trial time were excluded from the analysis.

Data represent median (25-75% IQR), while histograms represent proportions. P values were determined
by 2-tailed Mann-Whitney test or Fisher’s test, where appropriate. Spearman’s test and the Kaplan—Meier
method with the log-rank test was used to test correlations and time to event, respectively. P values in the
figures are indicated as * p < 0.05, ** p < 0.01, *** p < 0.001.

Whereas participants with ratio <1 tended to achieve complete remission at 6
months more frequently than those >1 (80.8% vs. 60.6%, respectively, p=0.0649; primary

endpoint of the trial, defined as BVAS/WG=0 and Prednisone=0), 100% of participants
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with ratio <1 achieved complete remission at any time during the observation period
compared to less than 80% in those with ratio > 1 (p<0.001) (Figure 14F). Time-to-
complete remission (Figure 14H) and time-to-first remission (BVAS/WG=0)
(Supplemental Figure 6F) were significantly shorter in subjects with ratio <1 compared
to ratio >1. Future relapse and severe relapse were not associated to this ratio (Figure
14G). No striking correlations between the frequency of PR3* B cells and the
demographic, disease activity, and major clinical features was observed (Supplemental
Figure 7).

Taken together, a PR3" SW memory/naive B cell ratio >1 seems to be associated

with higher degrees of systemic inflammation and slower response to treatment.
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Discussion Aim #1

Here, we confirm our previous findings (75) in a large well-characterized cohort of
patients with AAV with active disease, and show that patients with PR3-AAV have higher
circulating levels of PR3" B cells compared to healthy and disease controls, suggesting
a general defect in B-cell tolerance in AAV compared to HC. Notably, only circulating B
cells from PR3-AAV secrete PR3-ANCA IgG under appropriate stimulation, reflecting their
in vivo activity. While the frequency of PR3* B cells decrease as B cells progress through
the maturation checkpoints in AAV and HC, there appears to be a preferential enrichment
of PR3" B cells in the memory B-cell subsets of patients with PR3-AAV. This phenomenon
is accompanied by signs of germinal center activation, suggesting an antigen-specific
breach in this layer of control of peripheral B-cell maturation. The selection of these
autoreactive B cells through the different B cell compartments results in an accumulation
of autoreactive PR3* memory B cells, particularly in PR3* DN subsets. The association
between the maturation of PR3* B cells, as reflected by the IgD- memory/naive ratio, with
CRP, ESR and complete remission suggest a link between autoimmunity and systemic
inflammation in AAV.

Interestingly, when focusing on the frequency of PR3* B cells within each cell
subset, the frequency of PR3* B cells was also elevated in patients with MPO-AAV
compared to HC, suggesting a defect in an early central tolerance checkpoint due to
impaired selection of B cells before the transitional stage in both PR3- and MPO-AAV
patients. Self-reactive human pre- or pro-B cells are usually eliminated before reaching
the naive B cell stage by receptor editing or clonal deletion, while antigen-experienced B

cell populations are further excluded by induction of anergy and follicular exclusion(35,
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148-151). A possible mechanism contributing to the increase of PR3* B cells in MPO-
AAV might be a non-specific defect in clonal anergy predisposing to autoimmunity(152),
since levels of the circulating PR3 antigen are increased in both PR3-AAV and MPO-AAV
compared to HC as a consequence of neutrophil activation. A possible explanation of the
subsequent tolerance failure in PR3-AAV, but not in MPO-AAV patients, might be the
interplay between different genetic factors and autoreactive PR3* B cells. It is well
documented that MPO-AAV and PR3-AAV have different HLA and non HLA-gene
associations, i.e. for PR3-AAV the HLA-DP and the genes encoding for a1-antitrypsin
(SERPINA1) and PR3 (PRTN3) (153). Even though both MPO-AAV and PR3-AAV
patients have increased levels of autoreactive PR3* B cells, only those from PR3-AAV
patients are able to maturate and produce PR3-ANCA IgG possibly because of the
genetic predisposition conferred by these genes. Beside the HLA, mutations of the genes
coding for the PR3 antigen, the PR3-specific B cell receptor (i.e. an ANCA
immunoglobulin) and possibly the a1-antitrypsin inhibiting PR3, might increase the affinity
of this tripartite interaction leading to a breach in immune tolerance. However, despite this
mild increase of PR3* B cells in MPO-AAYV, only circulating B cells of patients with PR3-
AAV can produce PR3-ANCA IgG, suggesting that only patients with PR3-AAV can
provide adequate T-cell help that may be instrumental to bypass anergy mechanisms.
From a methodological perspective, our customized flow cytometry-method using
rPR3 as a ligand was already proven to be specific for human PR3-BCR expressed by
hybridoma cell lines (75). In contrast with studies of other disease such as SLE or RA,
characterized by autoreactive B cells recognizing nuclear extracts, dsDNA, and CCP that

are usually more difficult to detect for different reasons, studies in patients with AAV may
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be easier because PR3 is a very well characterized protein of moderate size (29-33 kDa),
allowing the use of the whole protein as antigen source (75, 80). This is of relevance
considering that most PR3-ANCA target conformational surface epitopes of the molecule
(80). To further validate that the B cells identified by FACS as PR3*-specific B cells indeed
represent autoreactive B cells, we isolated and cultured among the PBMC of a small
group of patients with active AAV the PR3"-CD19" and PR3-CD19" populations by
FACS. After 4 days, all the PR3" and PR3-CD19* cells showed initial differentiation
towards antibody-secreting B cells, but PR3-ANCA IgG were detected by ELISA
exclusively in the supernatant of the PR3* B cells. These data prove that PR3* B cells
genuinely represent B cells capable of producing ANCA upon stimulation, thus confirming
specificity of the staining, similarly to what has been documented for other diseases (36,
67).

The hierarchical B-cell clustering provided evidence of qualitative differences
among the different patient groups. Patients with AAV seem to display a more permissive
microenvironment, leading to the emergence of autoreactive B-cell clones while PR3* B
cells progress through the maturation stages. Importantly, we identified rare subsets of
atypical autoreactive PR3* memory B cells accumulating through the maturation process
in PR3-AAV as compared to MPO-AAV and HC subijects. A similar Ag-specific defect has
recently been identified for ANA secreting B cells as a source of pathogenic antibodies in
SLE(32). DN B cells have characteristics of memory B cells and are thought to represent
a source of autoreactive antibody-secreting plasmablasts in SLE(32).

Patients with PR3-AAV showed a higher degree of maturation of PR3* B cells

compared to both disease and healthy controls, as represented by a significantly higher
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PR3* gD memory/naive ratio and a higher frequency of subjects with ratio >1 compared
to MPO-AAV subjects and HC. Serum CXCL13 levels were significantly increased, and
the proportion of Tth cells was decreased in patients with PR3-AAV with a PR3" ratio >1
compared to those with ratio <1, suggesting an increased germinal center activity in
patients with PR3-AAV with a higher PR3* IgD- memory/naive ratio. B-cell maturation
takes place in germinal centers of secondary lymphoid tissue or in tertiary lymphoid organ
structures in inflamed target tissues in patients with autoimmune diseases, where the
interaction of the recruited antigen-specific B cells with cytokines and cells (i.e. activated
Tth cells) leads to expansion, differentiation, and ultimately positive selection of antibody-
secreting B cells and memory B cells(7, 154-156). One limitation of our study is that
lymphoid tissue from patients with AAV was not available, which impaired a direct
assessment of the germinal center microenvironment. Therefore, we measured selected
circulating cytokines, such as CXCL13, previously shown to reflect germinal center
activation in lymph nodes in clinical and preclinical models of autoimmune and infectious
diseases, as well as circulating Tfth (145, 157). Altogether, these data support the
maturation process of PR3* B cells ultimately leading to a preferential enrichment of PR3*
B cells in the memory compartment of patients with PR3-AAV as compared to those with
MPO-AAV and HC subjects.

From a clinical perspective, the PR3* SW memory/naive B cell ratio seems to
correlate with the degree of systemic inflammation as measured by the serological
markers of inflammation used in clinical practice, CRP and ESR, and by the time to
achieving complete remission, but not with disease activity scored by the BVAS/WG, an

instrument that iterates all disease manifestations affecting a patient within a 28 day
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period leading up to the date of the biological sampling. BVAS/WG has sensitivity to
measure disease activity to guide the need of immunosuppressive treatment, but it is
probably a suboptimal gauge of systemic inflammation at a specific point in time when
serum, plasma and PBMC are collected. Overall, our findings suggest a possible link
between the maturation of PR3* B cells and the burden of systemic inflammation of the

disease, an observation that requires confirmation in future clinical studies.

This work has also several potential limitations. First, glucocorticoids were allowed
by the trial protocol prior to obtaining the baseline samples, and therefore this could have
potentially influenced the results of the analyses. However, we observed no significant
detectable effect of glucocorticoids on the levels and percentages of lymphocytes,
CD19*B cells, PR3* B cells, and Tfh cells, as shown. Second, all the samples studied
were frozen (most of the samples, those from the clinical trial, from 2010) and therefore
are at least a decade old. Previously published studies suggested that cryopreserved
cells can be stored for at least 12 years with no general tendency toward cell loss over
time (158). Furthermore, no statistically significant changes in the percent cell viability
according to the length of time frozen have been reported, regardless of HIV serostatus
or the level of CD4+ lymphocytes, and without changes in fluorescence intensity in
subsequent flow cytometry for most of the subsets (including CD19 cells) (159, 160). As
mentioned, another limitation of the study is that lymphoid tissue from patients with AAV
was not available, impairing a direct assessment of the germinal center
microenvironment. We also we did not use disease controls other than MPO-AAYV, such
as lupus, pemphigus, rheumatoid arthritis, or other autoantibody-mediated autoimmune

diseases that would indeed be of interest, especially for the assessment of the antigen-
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independent, central checkpoint. However, this require a very costly and time-consuming
dedicated effort which unfortunately is beyond the scope of this study; furthermore, no
other study that has identified antigen-specific autoreactive B cells in other autoimmune
diseases had access to and has used disease controls.

In conclusion, with this first set of experiments we elucidate for the first time the
positive selection of autoreactive PR3* B cells in PR3-AAV responsible for generating a
distinct subset of mature autoreactive B cells in the peripheral circulation which are likely
the source of PR3-ANCA IgG in vivo, beginning to unravel the layers of control that are

deficient in patients with AAV and that promote the development of PR3-ANCA.
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Aim #2: The ontogeny of PR3* B cells

Summary Aim #2

Background and Rationale: We observed that, as compared to HC, the frequency of
circulating PR3* B cells was elevated in patients with PR3-AAV and MPO-AAV, even if
only PR3* B cells of PR3-AAV were able to produce PR3-ANCA IgG. This suggests a
defect in an early central tolerance checkpoint, before the transitional B cell stage in both
AAV forms. We were intrigued by this unexpected finding, hence we investigated this
central tolerance checkpoint controlling immature PR3* B cells in the BM, before B cells
migrate into the peripheral blood as transitional B cells. We investigated the presence
and the specific phenotypic features of PR3* B cells in BMMC samples of non-vasculitis
controls (No-AAV), comparing them to paired PBMC samples of No-AAV and PBMC of
PR3-AAV patients, and to evaluate the central tolerance checkpoint for PR3* B cells.

Results: The proportion of PR3* B cells within BMMC of No-AAV subjects (median
[IQR25-75%]; 1.98% [1.77-2.75]) was similar to their proportion within PBMC of PR3-AAV
patients (1.82% [1.66-3.21]; p>0.05), while it was significantly higher than within PBMC
of No-AAV subjects (0.9% [0.63-1.44], p<0.01 by paired comparison). PR3-BCR
membrane expression on total B cells was higher in PBMC of AAV patients as compared
to BMMC and PBMC of No-AAV subjects (p<0.05). When focusing on
immature/transitional CD24**CD38** B cells only in No-AAV subjects, we observed
distinct phenotypes within BMMC versus PBMC (i.e. higher proportion of CD27-CD10*
cells and lower expression of CD21, IgD, IgM within BMMC versus PBMC), representing
two separate developmental stages of B cell maturation. BMMC contained the greatest

proportion of PR3* B cells within CD24**CD38** B cells, as compared to PBMC (3.35%
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[1.99-4.92] versus 1.23% [0.62-1.55], p<0.01). Within this population in BMMC, we
observed a significant decline of the PR3* fraction from T1-like/immature subset (IgD
IgM*; 2.80% [1.23-4.02]) to T2-like/early transitional subset (IgD*IgM*; 1.76% [0.96-2.68],
p<0.01), while no significant reduction was observed between the latter subset and the

transitional compartment of PBMC (1.26% [0.62-1.56], P>0.05).

Central tolerance checkpoint for PR3* B cells
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Figure 15. Aim #2 graphical summary. Overview of the set of experiments: The ontogeny of PR3* B cells.
PeB: Peripheral Blood, BM: bone marrow (blood), AAV: ANCA associated vasculitis, PR3: proteinase 3.

Implications: Autoreactive B cells need to pass a stringent selection in the BM of No-
AAYV subjects. We illustrated for the first time how PR3* B cells are removed by central
tolerance mechanisms in BMMC under homeostatic conditions in individuals without AAV,
showing that the removal of autoreactive B cells mainly occurs between T1-like/immature

to T2-like/early transitional B cells, thus preventing PR3-related autoimmunity.
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Results Aim #2

Study cohorts

We compared BMMC and PBMC of a cohort of subjects without AAV (No-AAV)
(n=8), in which BM blood and peripheral blood were collected the same day, and PBMC
of a cohort of patients with PR3-AAV (n=9). We included 8 consecutive No-AAV subjects
that underwent BM aspirate, eventually resulted normal (2 healthy controls and 2 subjects
with previous acute myeloid leukemia in prolonged remission) or with a chronic neoplasm
of the myeloid lineage without signs of acute disease and not requiring any
immunosuppressive treatment (2 subjects with a diagnosis of myelodysplastic syndrome,

1 with chronic myeloid leukemia, 1 with hypereosinophilic syndrome).

Nine PR3-ANCA positive AAV patients were selected among consecutive subjects with
AAV seen in our Unit, seven were GPA and two were MPA. Of those, three patients had
active disease (median [25-75% IQR] BVAS.v3: 20 [13-21]) and six were in remission
when the blood was drawn; two of three patients with active disease were only on
prednisone 1mg/kg and four out of six of those in remission were on azathioprine, 2 of
which were also receiving low dose prednisone (5 mg daily or less). Further details on

these two cohorts are summarized in Supplemental Table 3 and 4.

PR3* B cells are increased in BMMC in non-vasculitis subjects and in PBMC of
PR3-AAV patients
Using our customized flow cytometry-based assay, we studied the proportion of

PR3* B cells of BMMC in No-AAV subjects, and compared them to their paired PBMC
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and to the PBMC of PR3-AAV patients. The proportion of total B cells (CD19*CD20%)
were higher in BMMC as compared to PBMC of both AAV and No-AAV subjects (Table

5, p<0.01). Gating strategy in Supplemental Figure 8.

Table 5. Lymphocytes and B cell subsets of BMMC and PBMC of non-vasculitis controls (n=8), and
PBMC of AAV patients (n=9).

AAV PBMC HC PBMC HC BMMC
Characteristics (n=9) (n=8) (n=8)

Lymphocyte, % 62.9 [55.8,75.45]  81.50 [77.43,82.75] 54.25 [46.25 64.08]
Total B cells (CD19*CD20%), % 4.97 [2.36,5.90] 5.20 [3.00, 6.51] 7.78[4.98, 8.12]
Transitional (CD19*CD20*CD38**CD24**),% 6.96 [1.14,13.95] 6.14[1.598.91] 19.50[12.38, 30.43]

T1 or T1-like* (IgD" IgM*), % 24.50 [7.88, 29.70] 16.65 [10.53, 37.58] 36.05 [22.93, 44.08]

T2 or T2-like* (IgD* IgM*), % 43.30 [28.10, 70.95] 61.05 [23.28, 66.13] 15.10 [13.20, 17.33]

T3 or T3-like* (IgD- IgM"), % 23.10 [9.54, 54,70] 19.15[9.63, 50.65] 48.30 [38.98, 60.38]
Mature/Non transitional 91.50 [81.20, 95.50] 91.85[87.15, 96.45] 73.50 [62.53, 84.65]
(CD19*CD20*CD38'°%¥CD24'°%),%

Naive (CD19*CD20*CD27-1gD*),% 57.00 [43.55, 72.00] 61.20 [51.45, 76.23] -

Switched Memory (CD19*CD20*CD27*IgD"),% 14.40[3.38, 17.85] 8.54[4.08, 11.80] -
Unswitched Memory (CD19*CD20*CD27*1gD*),% 5.75[4.27,18.90] 5.99 [2.71, 13.93] -

Double Negative (CD19*CD20*CD27-gD’),% 17.30[17.30, 31.00] 14.20 [10.69, 27.73]

Values are presented as median [25%-75% Interquartile Range]

* T1, T2, T3 refer to CD24**CD38** B cell subsets within PBMC, while T1-like, T2-like, T3-like refer to
CD24*CD38** B cell subsets within BMMC

Abbreviations: PR3=proteinase-3; ANCA=anti-neutrophil cytoplasmic antibodies; AAV=ANCA-associated
vasculitis, No AAV=non-vasculitis controls.

The proportion of circulating PR3* B cells within BMMC of No-AAV subjects
(median [IQR25-75%)]; 1.98% [1.77-2.75]) was similar to their proportion within PBMC of

PR3-AAV patients (1.82% [1.66-3.21]; p>0.05) (Figure 16A), while it was significantly

71



higher than within paired PBMC of non-vasculitis subjects (0.9% [0.63-1.44], p<0.01 by
paired comparison) (Figure 16B). Notably, PR3-BCR membrane expression on total B
cells was higher in PBMC of AAV patients as compared to BMMC and PBMC of non-
vasculitis subjects (Figure 16C). PR3-ANCA IgG were detectable only in AAV patients’
sera (Supplemental Table 3). Altogether, since the proportion of PR3* B cells declined
from BMMC to PBMC in non-vasculitis subjects whereas in AAV patients the proportion
of PR3* B cells was as elevated in PBMC as in the BMMC from No-AAV patients, we
hypothesized a central tolerance checkpoint active for PR3* B cells at the level of

immature B cells/transitional B cells in HCs, before their migration to the peripheral
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Figure 16. PR3+ B cells in BMMC and PBMC non-vasculitis (No-AAV) subjects and PR3-AAV
patients. The proportion of circulating PR3* B cells in BMMC and PBMC of No-AAV subjects and PBMC
of PR3-AAV patients (A). Paired comparisons between BMMC and PBMC of No-AAV subjects (B); and
PR3 membrane expression on total B cells of BMMC and PBMC of No-AAV subjects and of PBMC of PR3-
AAV patients (C). Each point represents the frequency in an individual subject; horizontal lines show the
median with 25-75% IQR; each histogram represents mean (x SEM). P values were determined by 2-tailed
Mann-Whitney test or Student T test, where appropriate. Multiple comparisons between more than 2 groups
were performed with Kruskal-Wallis test. P values in the figures are indicated as * p < 0.05, ** p < 0.01, ***
p < 0.001 after correction for FDR with Benjamini and Hochberg test. PeB: Peripheral Blood, BM: bone
marrow (blood), AAV: ANCA associated vasculitis, PR3: proteinase 3.
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Immature/Transitional B cells in bone marrow and peripheral blood

We thus focused on immature/transitional B cells, identified as the CD24**CD38**
subset of the CD19*CD20" cells, and further categorized them by IgM and IgD expression
(Figure 17A), as previously described (28)(161). It is accepted that among PBMC T1
(IgM*lgD") and T2 (IgM*IgD*) transitional B cells represent subsequent steps of
maturation, while T3 (IgM'lgD") transitional B cells have an intermediate profile of
activation constituting a resting state (28). In BMMC, T1-like represents a truly “immature”
B cell phenotype, T2-like shows a more advanced pattern of differentiation representing
“early transitional” B cells, while T3-like represents the initial steps of B cell maturation

corresponding to “pre/pro B cells” (161).

Total CD247*CD38*" B cells were significantly higher in BMMC than PBMC of AAV
and non-vasculitis controls (Figure 17B) (19.50% [12.38-30.43] versus 6.96% [1.14-
13.95] versus 6.14% [1.59-8.91], p<0.01 in both comparisons), reflecting the immaturity
of B cells in the BM before transitioning to the peripheral compartment. The distribution
of isotype-defined subsets within the CD24**CD38** compartments between BMMC and
PBMC differed as well, with IgM*IgD" being predominantly present in BMMC as compared
to PBMC of non-vasculitis controls and AAV subjects, and IgM*IgD* being predominant
in PBMC as compared to BMMC (Figure 17, Table 5). These results were consistent with

those previously published (162).
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Figure 17. Immature/Transitional B cells in bone marrow and peripheral blood. Gating strategy of
CD24+*CD38**CD19*CD20" cells, further plotted by IgM and IgD (A); proportion of CD24**CD38** within
each subsets, i.e. T1 (or T1l-like in BM), T2 (or T2-like in BM), and T3 (or T3-like in BM) (B). Each point
represents the frequency in an individual subject; horizontal lines show the median with 25-75% IQR.
Multiple comparisons between more than 2 groups were performed with Kruskal-Wallis test. P values in the
figures are indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 after correction for FDR with Benjamini and
Hochberg test. PeB: Peripheral Blood, BM: bone marrow (blood).

We further characterized CD24**CD38*" B cells in BMMC and PBMC of non-
vasculitis controls. First, we plotted CD24**CD38** B cells for CD27 (a marker of memory
B cells) and CD10, expressed at high levels on B cell progenitors in the BM and then
progressively disappearing with maturation (163). This confirmatory gate showed low-to-
absent expression of CD27 in CD24**CD38** B cells of both BMMC and PBMC, while the
proportion of CD27-CD10* cells was significantly higher in CD24**CD38** B cells among
BMMC as compared to those among PBMC (Figure 18A) (CD27-CD10*: 72.50% [21.18-
84.28] versus 40.10% [5.94-53.48], p<0.01). In addition, the expression of CD21, a
marker of maturation, IgM and IgD was consistently higher on CD24**CD38** B cells in

PBMC as compared to CD24**CD38** B cells in BMMC (Figure 18B). Altogether, these
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findings confirm that CD24**CD38** B cells in BMMC and PBMC of non-vasculitis
subjects represents two distinct developmental stages of B cell maturation rather than a

single population in different compartments.
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Figure 18. Characterization of the Transitional Subset in BMMC and PBMC. Confirmatory gate of
CD27-CD10* on CD24**CD38** (A). Expression of markers of maturity on transitional B cells, CD21, IgM
and IgD (B). Each point represents the frequency in an individual subject; each histogram represents mean
(+ SEM). P values were determined by 2-tailed Mann-Whitney test or T test, where appropriate. P values
in the figures are indicated as * p < 0.05, ** p < 0.01, *** p <0.001. PeB: Peripheral Blood, BM: bone marrow
(blood), BMMC: bone marrow mononuclear cells; PBMC: peripheral blood mononuclear cells.
Maturation of PR3* B cells from BM to periphery in non-vasculitis subjects and
AAV patients

When frequencies of PR3* B cells were enumerated within CD24**CD38** B cells
in non-vasculitis patients, it was found that BMMC contained the greatest proportion of
PR3* B cells, as compared to PBMC (3.35% [1.99-4.92] versus 1.23% [0.62-1.55],
p=0.0078), while no significant difference was found between the PR3* fraction within the

latter subset and the one within total mature B cells (CD249™CD38%™) of non-vasculitis

subjects (0.91% [0.58-1.58], p=0.742) (Supplemental Figure 9A-C). The membrane
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expression of PR3-BCR on CD24**CD38** B cells was similar between BMMC and
PBMC (Supplemental Figure 9D). Notably, the PR3* proportions within mature B cells
of PBMC were higher in AAV patients compared to non-vasculitis subjects
(Supplemental Figure 9C). By compiling these descriptive data, the results provide
evidence that the main tolerance checkpoint activity for PR3* B cells in non-vasculitis
subjects occurs early in the BM, before B cell transition to the peripheral compartment,
and suggests that this mechanism may be defective or at least less efficient in AAV

patients.

To further investigate with more precision at which level the immune checkpoint
activity occurs in BMMC, we tracked the frequencies of PR3* B cells through the
developmental stages of CD24**CD38** B cells in BMMC, followed by the main subsets
in PBMC known to represent immune checkpoints in AAV patients, as previously
described (75). In all the samples the proportion of PR3* B cells was close to 0% in the
IgD’IgM- CD24**CD38** B cell subset (likely reflecting the absence of expression of a
functional BCR at the developmental stage), then was greatest in the IgDIgM* subset
(2.80% [1.23-4.02]), significantly declined as B cells mature into the IgD*IgM* subset
(1.76% [0.96-2.68], p<0.01), while no significant reduction was observed between the
latter subset and the transitional compartment of PBMC (1.26% [0.62-1.56], p=0.2500)
(Figure 19). In contrast, parent gates of B cell subsets reduced progressively from IgD-
IgM* to IgD*IgM* in the BMMC (p<0.01), and from IgD*IgM* of BMMC to transitional B
cells of PBMC (p<0.01) (Supplemental Figure 10, Table 5 for the median values). In

other words, since PR3* B cells reduced from “immature” to “early transitional” B cell
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compartments in BMMC, the early central tolerance checkpoint mostly contributing to the

deletion of PR3* B cells in non-vasculitis subjects appears to be at this level.
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Figure 19. Comparison of the proportions of PR3+B cells among the different bone marrow B-cell
subsets to peripheral B cell subsets in non-vasculitis (No-AAV) subjects. PR3* B cells are significantly
vetted from the T1-like to T2-like B cells compartments in non-vasculitis controls, and not after, indicating
that the central immune checkpoint for PR3* B cells mostly contributing to deletion of these autoreactive B
cells occurs at that level (upper figure). Proportion of PR3* B cells in these different B-cell subsets (bottom).
Each point represents the frequency in an individual subject. The multiple comparisons on B cell maturation
were analyzed by using mixed-effects modelling. P values in the figures are indicated as * p < 0.05, ** p <
0.01, ** p < 0.001 after correction for FDR with Benjamini and Hochberg test. SW memory: Switched
memory (B cells), PR3: proteinase 3.
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Discussion Aim #2

As second aim of this work, we investigated the central tolerance checkpoint,

occurring early, before B cell become mature.

Autoreactive B cells need to pass a stringent selection in the BM in healthy
subjects. Virtually, all the autoreactive B cells are eliminated before B cells migrate to the
peripheral compartment. However, a small percentage of these self-reactive B cells are
still migrating to the periphery, a phenomenon described as natural autoimmunity, and
they will release polyreactive, generally IgM idiotype, natural autoantibodies (41, 42, 164).
In contrast to autoreactive B cell BM precursors in murine models (13, 151), our
knowledge on the biology of the human ones is still scarce. In particular, nothing is known
about the BM development of PR3* B cells, the precursors of autoreactive B cells

secreting PR3-ANCA IgG involved in the pathogenesis of AAV.

Our study reveals that PR3* B cells within BMMC of non-vasculitis controls are as
high as within PBMC of AAV patients, while they are significantly lower in PBMC of non-
vasculitis controls, suggesting a central tolerance checkpoint for autoreactive B cells at
this level. We then confirmed that immature/transitional B cells, i.e. the subset of
CD24**CD38** B cells that migrate from BM to peripheral blood, have different phenotypic
features in BM than in periphery (i.e. a higher proportion of CD10* cells and lower surface
expression of CD21, IgD, and IgM in the BMMC cells versus PBMC), representing two
separate developmental stages of B cell maturation (163)(165). We further explored the
maturation of natural autoreactive PR3* B cells focusing on these CD24**CD38*" B cell
subsets in BM and periphery. We observed that the central tolerance checkpoint mostly

contributing to the deletion of PR3* B cells in non-vasculitis subjects occurred between
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“T1-like/immature” and “T2-like/early transitional” B cells within BMMC (i.e. from IgD"IgM*
to IgD*IgM* CD24**CD38** B cells), and not later, such as between BM “T2-like/early
transitional” and peripheral transitional B cells. Since transitional PR3* B cells within
PBMC are higher in AAV in than in non-vasculitis subjects, this data suggests that the
checkpoint at this level can be defective or at least less efficient in AAV patients,

independently from the antigen specificity of the autoimmune reaction (PR3 or MPO).

Even though only circulating autoreactive PR3* B cells of PR3-AAV are able to
produce PR3-ANCA IgG detectable by conventional ELISA, the proportion of PR3* B cells
was higher in BMMC than in PBMC of non-vasculitis controls. This is not surprising to us,
since the overall frequency of autoreactive B cells in the BM starts at 50-80%, and then
decreases progressively to 10% of mature naive B cells in human adults (64, 166).
Consistently, our findings on PR3-autoimmunity showed that PBMC of PR3-AAV patients
had significantly higher PR3* mature (CD249mCD38%™) B cells than PBMC and BMMC of
non-vasculitis controls. Several tolerance mechanisms operate in pre-immune B cells,

before the acquisition of immunocompetence that occurs in the naive stage (13)(167).

Here, BCR editing and clonal deletion occur at the stage of pre/pro B cells to
immature B cells, while additional checkpoints at the level of early transitional stage can
occur, leading to apoptosis or anergy of autoreactive B cells. In our experiments, pre/pro
B cells (CD24**CD38** B cells of BMMC) were not reactive for PR3, since no functional
Ig are present on the B cell surface at this stage, and therefore tolerance checkpoints
cannot be studied at this level. To address which tolerance checkpoints might be
defective, we tracked the PR3* B cells in BMMC after pre/pro B cell stage. We found a

significant reduction of PR3* B cells from T1-like/immature to T2-like/early transitional B
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cells, meaning that at this level there is the checkpoint contributing the most to the
removal of PR3* B cells in non-vasculitis controls, a checkpoint likely less efficient in AAV

patients.

Several central mechanisms balancing positive and negative selection of
autoreactive B cells have been identified (summarized in (13)). In BALB/c and C57BL/6
mice, a positive selection for ANA* autoreactive B cell at this level has been reported by
some authors (39), but evidence is limited for BM, while there is a well-documented
peripheral splenic positive selection of B cells at the transitional T1 and T2 stages, recent
immigrants from the BM to the spleen (39, 168). In the BM, the BCR tonic signaling in
immature B cells promotes the positive selection of cells with unligated receptors through
a phosphoinositide 3-kinase-dependent pathway, whereas BCR ligation promotes
negative selection, by hindering this pathway and likely by downregulating BCR levels
(13). Consistently, our findings showed a downregulation of PR3-BCR expression on the
surface of B cells in the non-vasculitis BMMC as compared to AAV patient PBMC, which
might reflect this process. Overall, while central tolerance is probably responsible of the
loss of (poly)autoreactive B cells through the tolerance checkpoints, the increased level
of autoantigen-specific reactivity in autoimmune diseases is associated with less efficient

negative selection in the BM and germinal maturation in the periphery.

We illustrated how PR3* B cells are removed by central tolerance mechanisms in
BMMC under homeostatic conditions in non-vasculitis individuals. Despite this well-
structured system of central tolerance checkpoints to avoid autoimmunity, functionally
active PR3* B cells clones still emerge in PR3-AAV patients, indicating overall that

pathogenic autoimmunity configures as a dysregulation of natural homeostatic
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autoimmunity rather than the new onset of a previously absent self-recognition(169).
More in general, defects in the early removal of autoreactive B cells do not only occur in
autoimmune disease, but also in primary immunodeficiency (64). In this regard,
alterations of BCR and Toll-like receptor signaling pathways results in a defective central
checkpoint resulting failing to counterselect immature autoreactive B cells in the BM (6,
64, 170, 171). These phenomena have been shown in humans, resulting in a high
frequency of autoreactive transitional B cells in patients with either autoimmune diseases

or several immunodeficiencies.

This work has strength and limitations. One strength is that the ontogeny of human
autoreactive B cells is usually a neglect area, probably due to the difficulty to obtain
BMMC samples of healthy/non-vasculitis patients for research purposes. Our findings,
therefore, provide new insights into the mechanisms of controlling PR3-autoimmunity
occurring in pre-immune cells. Another strength is that we used a wide panel of antibodies
for the flow cytometry analysis, for instance considering double positive CD19*CD20" as
B cells. In fact, considering all the CD19* as B cells as usual for PBMC would have been
imprecise for BMMC, since this would have led to the inclusion in the immature B cell pool
of mature plasma cells, usually CD20" and residing in the BM (37), and some early

precursor of B cells without surface BCR, as pro-B cells (13).

This work has also several potential limitations. One is that the number of BMMC
samples was relatively small, and this could have potentially influenced the results of the
analyses. Second, we did not have access to BMMC of patients with AAV, which would
have proven the central checkpoint defect likely present in AAV. The BM blood is an

invasive maneuver quite painful, and without a defined clinical reason would have been
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unethical to draw AAV patients for research purposes only. In addition, some of the PR3-
AAV patients had active disease and other were in remission, and were under different
immunosuppressive agents, including glucocorticoids, potentially interfering with B cells
(and PR3" B cells).

To summarize this second set of experiments, the negative selection of PR3* B
cells at the level of T1-like/immature to T2-like/early transitional B cells in BMMC of non-
vasculitis controls showed that the removal of autoreactive B cells occurs mainly at this
level under normal circumstances, thus preventing PR3-related autoimmunity. The major
limitation is that we cannot repeat these experiments on BM of AAV patients that would

have definitely proven a defect of the B-cell tolerance machinery at this level.
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Aim #3: Longitudinal dynamics of PR3* B cells after B cell
depletion

Summary Aim #3

Background and Rationale: Our previous findings clarified the tolerance checkpoints of
autoreactive PR3" B cells that we characterized phenotypically and functionally in AAV
and HC. However, the reconstitution of circulating PR3* B cells after RTX-induced
depletion of B cells, their repartition between the different B cell subsets within the PR3*
pool, and their relationship with long-term outcomes remain unknown. We investigated
these changes and associations of the circulating autoreactive B cell pool following RTX

with disease relapse.

Results: Sequential flow-cytometry was performed on 148 samples of PBCS from 23
PR3-AAV patients treated with RTX for remission-induction and monitored off-therapy
during long-term follow-up in a prospective clinical trial. At B cell recurrence, i.e. the first
blood sample with 210 B cells/uL after RTX, autoreactive B cell frequency among B cells
was higher than at baseline (p<0.01). Frequencies of transitional and naive subsets were
higher, while memory subsets were lower at B cell recurrence than baseline within both
autoreactive and total B cells (p<0.001 all comparisons). At B cell recurrence, frequencies
of B cells and subsets did not differ between relapsers and non-relapsers. In contrast, the
frequency of plasmablasts within the autoreactive B cell pool was higher in relapsers,
associated with a shorter time-to-relapse, and levels higher than baseline were more
likely to be found in patients who relapsed within the following 12 months compared to

non-relapsers (p<0.05).
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Longitudinal dynamics of PR3* B cells after Rituximab
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Figure 20. Aim #3 graphical summary. Overview of the set of experiments: Longitudinal dynamics of
PR3* B cells after B cell depletion. PB: plasmablasts, PR3: proteinase 3.

Implications: The composition of autoreactive B cell pool varies significantly following
RTX treatment in AAV, and early plasmablast enrichment within the autoreactive pool is
associated with future relapses. This study contributes to a better understanding of the
mechanisms governing the reconstitution of autoreactive B cells in AAV with implications
for maintenance of long-term remission after RTX, and potentially leading in the next

future to the development of better biomarkers to predict relapse.
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Results Aim #3

Remission, relapse and B cell recurrence in PR3-AAV

Clinical and demographic features of the study participants are reported in
Supplemental Table 5. All patients were treated with RTX and glucocorticoids for the
induction of remission, achieved complete remission prior to month 6 after randomization
and were off therapy (including glucocorticoids) after month 6 unless a relapse occurred

(Figure 21).
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Figure 21. Swimmer plot showing response to RTX, relapse and B cell dynamics in PR3-AAYV trial
participants during follow-up. After the induction of remission with RTX and glucocorticoids, complete
remission off therapy including glucocorticoids was achieved by all subjects (blue dots), before month 6t
after randomization (grey shadow). Ten subjects relapsed during follow-up (red timelines), eight of them
had severe relapse (red dots; non-severe-relapse, yellow dots), and five of them had multiple relapses
during the observation period. All the patients repopulated B cell during follow up (green bars), in all
relapsing patients and no patient relapse before B cells repopulated (B cells > 69 cells/ pL).
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Total median follow-up was 44 months (25-75% IQR, 31-54); 43 months (25-75%
IQR, 35-54) for patients who suffered a relapse after achieving complete remission, and
48 months (25-75% IQR, 30-54) for patients who remained in complete remission for the
duration of the trial (p=0.975). Ten subjects relapsed during follow-up (red timelines),
eight of them had severe relapses, and five of them had multiple relapses during the
observation period (Figure 21).

We compared the circulating PBMC samples collected at baseline with those
collected at B cell recurrence. The median time point of B cell recurrence was month 12
(range, month 6-24). At B cell recurrence, B cell counts and frequencies were significantly
lower compared to baseline (Figure 22A). Among B cell subsets, the frequencies of
transitional (Transi, CD19*CD24M9"CD38M9") and naive B cells were significantly higher,
while the frequencies of the memory B cell subsets were significantly lower at B cell

recurrence than at baseline (subsets and gating strategy shown in Figure 22B-D).
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Figure 22. B cells comparisons of absolute count and frequency of B cells and B cell subsets at
baseline and at B cell recurrence. Pairwise comparisons of absolute count (top panel) and frequency
(lower panel) of B cells among cryopreserved PBMC between baseline and B cell recurrence (A). B cell
subset gating strategy (B). Pairwise comparisons of the frequency of subsets within circulating B cells
between baseline and B cell recurrence (C-D): at B cell recurrence, a median of 37.56% (25-75%IQR,
28.35%-51.56%) of circulating B cells expressed a transitional phenotype. PB (CD19*CD24-CD38Nd") did
not significantly change from baseline (2C). Within the mature B cell pool (CD19*CD24'ewhishCD38low), the
frequency of naive (CD27-1gD*) cells was significantly higher; the frequency of unswitched (UnSW,
CD27*IgD"), switched (SW, CD27%IgD), and double negative (DN, CD27-lgD) memory subsets was
significantly lower at B cell recurrence compared to baseline (2D). P values in the figures are indicated as
*p <0.05, * p<0.01, ** p <0.001, and **** p <0.0001.
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Recurrence and subset redistribution of circulating autoreactive B cells following
RTX-induced remission in PR3-AAV

The frequency of autoreactive B cells was significantly higher at B cell recurrence
compared to baseline (median (25-75%IQR), 5.82%, (4.11-7.87) vs. 4.25% (3.77-5.30),
p=0.025; gating strategy Figure 23A, PR3* as % of B cells in Figure 23B). Similar to
what was observed for total B cells, the composition of the B cell subsets within the
autoreactive pool at B cell recurrence was substantially different from baseline, with an
increase in Transi (in blue, Figure 23C) and a decrease in mature naive subsets (in green
Figure 23C), a decrease in mature switched (SW) and unswitched (UnSW) memory
subsets (in orange and yellow, respectively; p<0.001 in all cases except UnSW, p=0.002),
and no significant change in the median frequency of mature double negative (DN) or
plasmablast (PB) subsets (in grey and red, respectively Figure 23C).

Pairwise comparisons showed that the frequency of circulating transitional and
naive subsets were higher, and the frequency of mature, UnSW and SW memory subsets
were lower within the autoreactive pool at B cell recurrence compared to baseline

(p<0.001 for all comparisons; Figure 23D).
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Figure 23. B cells comparisons of frequency of autoreactive PR3*B cells and subsets at baseline
and at B cell recurrence. Gating strategy for autoreactive PR3*B cell subset (A). Pairwise comparisons of
frequency of PR3*B cells between baseline and B cell recurrence (B). Frequencies of B cells subsets within
PR3*B cell pool at baseline and B cell recurrence (C). Pairwise comparisons of circulating PR3*B cell
subsets between baseline and B cell recurrence (D). P values in the figures are indicated as * p < 0.05, **
p <0.01, ** p <0.001, and **** p <0.0001.
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Dynamics of total B cells and autoreactive B cells and relapse during long-term
follow-up

Overall, the dynamics of total B cell and autoreactive B cell counts in peripheral
blood of AAV participants that achieved complete remission following RTX-induction were
similar between relapsers and non-relapsers throughout the time points evaluated
(p>0.05 in comparisons) (Figure 24A-B, Supplemental Figure 11A-C). After RTX, total
B cells and autoreactive B cells were depleted (<10 cells/pL) in all participants (Figure
24A-B). Total and autoreactive B cells repopulated during follow-up in all participants, but
only two participants had detectable total B cells and autoreactive B cells at month 6; of
those, one relapsed, and one maintained remission throughout the follow up. Of note, all
participants that relapsed repopulated total and autoreactive B cells before the relapse
occurred.

The composition of subsets within autoreactive B cells and total B cells was similar
at baseline between relapsers and non-relapsers (Supplemental Figure 11C-D). At B
cell recurrence, no differences in the frequency of total B cells were observed between
relapsers and non-relapsers (median (25-75%IQR); 5.44% (3.65-10.45) vs. 4.11% (2.30-
7.17), p=0.410) or of total autoreactive B cells (median (25-75%IQR), 4.65% (3.18-7.02)
vs. 6.5% (5.34-8.44), p=0.121). The frequency of all subsets evaluated within B cells at B
cell recurrence were similar between these two disparate long-term outcome groups
(Figure 24C); in particular, the frequency of Transi and PB were similar between
relapsers and non-relapsers. However, a significantly higher frequency of PB was
observed within the autoreactive pool at B cell recurrence in relapsers compared to non-

relapsers (Figure 24D), and this subset was further enriched in severe relapsers
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compared to non-severe relapsers (Supplemental Figure 11E). Overall, enrichment of
PB within the autoreactive pool at recurrence was the only B cell biomarker that differed

between relapsers and long-term non-relapsers.
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Figure 24. B cells and autoreactive PR3+ B cells during follow up. Counts of total B cells (cells/106L)
and autoreactive PR3* B cells (cells/10%L) at baseline and during follow up (relapsers in red; non-relapsers
in black) (A-B). All the patients repopulated total B cells and autoreactive B cells during follow up; two
patients had detectable total B cells and autoreactive B cells at month 6. Frequency at B cell recurrence of
subsets within total B cells (C) and autoreactive B cells (D) in subjects that relapsed (open bars) or
maintained long-term remission (black bars). P values in the figures are indicated as * p < 0.05, ** p < 0.01,
*** n <0.001, and **** p <0.0001.
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Relationship of enrichment of plasmablasts within circulating autoreactive B cells
with relapse

Since PB were enriched within the autoreactive PR3" B cell pool in relapsers
compared to long-term non-relapsers at B cell recurrence, we wanted to determine a
metric of PB frequency within autoreactive B cells associated with relapse risk. The
median follow-up from B cell recurrence to the last clinical evaluation was 31 months (25-
75% IQR, 18-42) for the entire group; 31 months (25-75% IQR, 23-42) for future relapsers
and 32 months (25-75% IQR, 15-40) for non-relapsers (p=0.574).

At B cell recurrence, the frequency of PB within the autoreactive B cell pool ranged
from 0.0% to 5.0%, with a median of 1.6% (Figure 25A). The ROC curve showed that the
optimal levels of PB within autoreactive PR3*B cells at B cell recurrence to discriminate
relapsers from long-term non-relapsers was 1.6% (AUC=0.79, p=0.013, Supplemental
Figure 12). Study participants with = 1.6% of PB within autoreactive B cells at B cell
recurrence had a significantly shorter time to first relapse and time to first severe relapse

(Figure 25B; log-rank test p-value=0.026; Figure 25C, log-rank test 0.007, respectively).
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Figure 25. Relapse, severe relapse and autoreactive PR3* plasmablasts. Distribution of PB frequency
within autoreactive PR3*B cell pool at B cell recurrence by the median value of the cohort (blue <1.6%;
red=1.6%) (A). Time-to-relapse and time-to-severe relapse in AAV by PB within autoreactive PR3*B cell
levels (blue <1.6%; red=1.6%) (B-C).
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To explore whether an increased frequency of PB among autoreactive B cells
occurs before each relapse, we performed a case-crossover analysis to evaluate if each
relapse was preceded by a rise of PB in autoreactive B cells within the previous 12
months. After B cell depletion, PBs within autoreactive B cells were redetected in all
participants at some point during the follow up. Sixteen relapses occurred in 10 of the 23
participants studied (Figure 21). Among relapsers, the increase of PBs within the
autoreactive pool in the 12 months preceding each relapse was approximately 2-fold and
significantly more likely (OR 2.10; 95%CI 1.07-4.11, p=0.031). In contrast, the increase
of PB within the autoreactive pool was smaller and non-significant among non-relapsers
(OR 1.40; 95%CI 0.76-2.59, p=0.278), resulting in a case time-control OR for the

autoreactive PB increase of 1.50.

Since the increase of PR3-ANCA has previously been shown to anticipate severe
relapses in patients treated with RTX(112), we repeated the previous analysis with PR3-
ANCA. At baseline, PR3-ANCA was detectable in all the subjects regardless the future
relapsing status (210RU/mL, 95%IQR: 70.9-327; versus 266RU/mL, 95%IQR: 86.35-366,
p=0.403). Although PR3-ANCA levels were increased in relapsers compared to non-
relapsers at B cell recurrence (p<0.05, Supplemental Figure 11), PR3-ANCA titer higher
than the median at B cell recurrence (36.1 RU/mL; range, 3.4 to 331) was not associated
with shorter time to relapse or severe relapse at time-to-event analyses (log-rank test
p=0.157 and p=0.414, respectively). Consistently, after B cell depletion, increases of
PR3-ANCA levels (if the assay had previously become positive) or reappearance
(detectable from undetectable levels, if the assay was previously negative) did not

anticipate the autoreactive PB increase or reappearance (Supplemental Table 6).

93



Discussion Aim #3

Here we evaluated the association between longitudinal perturbations of
autoreactive PR3" B cells and the major outcome of AAV: disease relapse.
This third set of experiments shows a major change in the composition of B cell subsets
within the autoreactive pool after RTX-induced B cell depletion in patients with AAV that
achieved complete remission, and supports the hypothesis that an early enrichment of
the PB fraction within autoreactive B cells during the reconstitution process is indicative
of future relapse off therapy. This finding significantly contributes to clarifying the
biological mechanisms underpinning disease relapse and prolonged remission in AAV,
further providing mechanistic insights of the dynamics of B cells and autoreactive B cells
in response to B cell targeted therapy in AAV. These results may lead to the development
of better biomarkers to predict relapses and of more specifically targeted therapies.

We performed a detailed longitudinal analysis of autoreactive, antigen-specific
PR3* B cells before and after B cell depletion in patients with PR3-ANCA positive AAV
who were successfully treated with RTX and did not receive any other potentially
confounding treatment after remission induction. We compared baseline with the B cell
recurrence time-point, which is characterized by a relative increase of transitional and
reduction of mature B cells. The depletion of B cells after RTX lasted for approximately 1
year in the majority of patients, and B cell counts remained lower than baseline at B cell
recurrence. Clinically, the prolonged depletion of B cells after RTX treatment in AAV is
well recognized (86, 126, 172, 173), and it may impact on the B cell ontogeny at

reconstitution, as shown by the expansion of the transitional B cell compartment after
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RTX in patients with rheumatoid arthritis, lupus and pemphigus, and during reconstitution

after hematopoietic stem cell transplantation (71, 162, 174).

Autoreactive B cells were detectable in all the AAV subjects following B cell
recurrence. The composition of B cell subsets within the autoreactive pool differed
significantly between B cell recurrence and baseline, as for total B cells, with a relative
increase of the transitional and naive subsets and a reduction of the memory subsets at
B cell recurrence. Relapsers exhibited an enrichment of the autoreactive PBs fraction (i.e.
the precursor of the cells producing PR3-ANCA) compared to non-relapsers. Previous
data have suggested that increased total PBs during remission is related to higher
frequency of disease relapse in GPA patients (175). In contrast, our study shows that total
PBs were not different between relapsers and non-relapsers at B cell recurrence, and
only a small minority of total PBs were PR3* at this stage (between 0 and 5%). Among
these, it is likely that only a fraction of them will be able to terminally differentiate into
plasma cells and produce high affinity PR3-ANCA IgG. An alternative explanation for the
diverging findings by von Borstel et al. is that those patients received a variety of different
additional conventional immunosuppressive treatments which may have affected the final
results (175). For all those reasons, we believe that changes in PB-PR3* could be more
biologically meaningful than changes in total PBs in PR3-ANCA* AAV.

Consistently, a higher frequency of PB in autoreactive PR3* B cells at B cell
recurrence was associated with shorter time to relapse. Additionally, increased levels of
autoreactive PB were more likely to be found in subjects that relapsed in the following 12
months, and this increase was 50% more likely to occur when compared to non-relapsers,

strongly linking autoreactive PB to relapse. In addition, the return of PR3-ANCA or
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increases in PR3-ANCA levels did not anticipate the return or increase of the autoreactive
PB subset. In other words, autoreactive PBs are significantly higher in relapsers
compared to non-relapsers, further increasing in the 12 months before each relapse,
anticipating or presenting in concomitance with PR3-ANCA titer increase. Because of
these associations in relation to the relapse timeline, one could speculate that expansion
of PB within the circulating autoreactive B cell pool may provide a source of high affinity
antibody secreting cells that initiate relapses in AAV.

One strength of our work is that it is based on the analysis of data and samples
obtained during the conduct of a clinical trial; and subjects included in this study
underwent standardized prolonged clinical monitoring and systematic blood sampling,
and were treated with what is now considered standard-of-care(86). By means of the
novel flow cytometry method that we used to detect autoreactive B cells in this longitudinal
analysis, we were able to identify the repopulating autoreactive PR3* B cells throughout
the course of the disease, providing new insights into the mechanisms of relapse, as

shown by enrichment of PBs within the autoreactive pool.

This study has limitations. First, the number of patients studied is small and limited
to PR3-ANCA positive AAV. A precise, longitudinal characterization of antigen-specific B
cells in different samples would require a lot of effort from both individual subjects and the
study team. The subjects included were all treated with RTX to effectively induce
remission and were off-treatment during the follow-up according to the trial protocol,
including glucocorticoids, which is known to be lymphocytolytic and to interfere with B

cells (176, 177), representing an exceptional model to study B cell dynamics.
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To summarize, our findings relative to the third set of experiments show the
restructuring of circulating B cell and autoreactive B cell compartments after B cell
depletion in AAV patients successfully treated with RTX, and demonstrate that early
changes within the autoreactive B cell pool are associated with the future outcome. Our
results indicate that enrichment of PB within the autoreactive pool after successful
treatment with RTX is linked to subsequent relapse, identifying a potential mechanistic

target for more durable treatment strategies in AAV.

97



Conclusion and Future Perspectives

Autoreactive B cells are responsible for autoantibody secretion, ultimately
triggering the immune response in B cell mediated autoimmune conditions. By means of
our customized flow cytometry-based method using labeled rPR3 as a ligand to target
autoreactive B cells, we were able to identify autoreactive PR3* B cells in PBMC of AAV
patients and BMMC and PBMC of HC. Herein, we phenotypically characterized
autoreactive B cells in active AAV, proving their functional ability to produce
autoantibodies in vivo and in vitro. We also identified the main central and peripheral
tolerance checkpoints throughout their maturation from the BM to the peripheral
compartment, leading to an accumulation of atypical autoreactive PR3* memory B cells
only in PR3-AAV patients and not in MPO-AAV and HC, and showed the association of

disease relapse with the return of autoreactive after B cell depletion with RTX.

The identification of autoreactive B cells and the better definition of their roles in
AAV may have several mechanistic and clinical implications, such as disclosing the
molecular mechanisms underlying immune-tolerance defects in AAV, expanding their use
as disease biomarkers, and potentially developing specific treatments targeting these
cells. Mechanistically, this study supports the presence of defective central antigen-
independent and peripheral antigen-dependent checkpoints in patients in PR3-AAV,
elucidating the selection process of autoreactive B cells. Class-switched IgG
autoantibodies arise through defects occurring initially in immature and thereafter in
antigen-experienced B cells, in the latter depending on antigen and BCR affinity for the
antigen. By our customized flow cytometry method used to identify autoreactive PR3* B

cells, however, we do not assess the level of affinity nor the precise specificity (i.e. at the
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epitope level) of the BCR for the antigen, and therefore we cannot completely prove that
these “autoreactive” B cells in disease and healthy controls (usually low-affinity,
polyreactive) are different from PR3-AAV (usually high affinity, oligoreactive). Single-
autoreactive-B-cell sorting by FACS analysis (from patients and HC) could clarify this
point, that must be undertaken in the future. There is still much to be done in
understanding autoreactive B cells in humans, and in the context of AAV, the identification
and initial characterization of the PR3* B cells are just the beginning of a potential line of
research that we want to exploit. Specifically, novel tools can be used to better dissect
phenotype, gene-expression programs and functions of autoreactive B cells in health and
disease. For instance, single-cell RNA-Seq of the PR3-Ig genes of circulating cells and
tissue-eluted cells can help to identify if the same B cells clones reappear after B cell
depletion in the blood of relapsing patients, or if different B cell clones are present within
the inflamed tissues as compared to the blood. RNA-Seq could contribute to a better
understanding of the B cell Ig repertoire. More subtle B cell subsets of autoreactive cells
based on their transcriptomic programs can be discovered, and these genetic data could
be further integrated at the protein level. In addition, the checkpoint(s) controlling the
terminal differentiation of autoreactive plasma cells need to be studied further to
determine if at this level the defect generating autoreactive PC occurs through an
additional antigen-specific tolerance defect, or through other mechanisms, such as the
generalized expansion of the PC leading to an aberrant B-cell differentiation, as
demonstrated for instance for SLE. Finally, tissue-infiltrating autoreactive B cells could be
studied as well. Mass cytometry-based technologies, like Hyperion platforms, are able to

simultaneously measure the expression of more than 40 different biomarkers in a single

99



biopsy. This could complement the work we have done so far, finally permitting a more
comprehensive understanding of the GC reaction and the B cell intrafollicular maturation.
The potential applications following the identification of autoreactive B cells in AAV could
have an impact in routine practice. If proven in an independent population, the clinical
implications of the association with systemic inflammation and proportion and time to
complete remission would include both prognosis and identification of an at-risk AAV
subset for more intensive therapy. Notably, our preliminary results may lead to the
development of better biomarkers to predict relapse, and possibly more specific targeted
therapies. Furthermore, prospective confirmatory clinical studies on the role of
autoreactive PR3*PB should be undertaken, possibly with a high-sensitive flow cytometry

approach, and the ability of circulating PR3*PB to guide RTX retreatment explored.

In addition to these observational studies, more explorative analyses on the PR3
epitopes more frequently recognized by the BCR of PR3-autoreactive B cells, or more
closely linked to disease relapse or disease severity can be identified by bioinformatic
approaches combined with RNA-seq followed by the cloning of the Ig genes from

autoreactive B cells.

Conventional disease-modifying anti-rheumatic drugs (DMARDs) for AAV
suppress the immune system cells and partially inhibits antibody production, but are
associated with frequent serious adverse effects. More recently, the use of biological
DMARDs have been developed, and among these the use of RTX in AAV has shown
satisfactory therapeutic efficacy, depleting B cells and circulating ANCA to undetectable
levels in most of the cases. This pointed out that short-living PB are the main source of

autoantibodies in AAV, and the strategy to target CD20* precursors could also indirectly
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reduce autoantibody-secreting CD20" PB. Our results further integrate this concept, by
showing that an early autoreactive PB redetection after anti-CD20 treatment was
associated with relapse and shorter time to relapse in AAV. On the other hand, the
depletion of B cells may transiently increase the risk of severe infection and reduce the
possibility of immune response to vaccination in AAV patients. Therefore, treatments
specifically targeting PR3* B cells are likely the future, like engineering patient immune
cells to react against their autoreactive B cells, as done with chimeric antigen receptor
(CAR)-T cells for hematological neoplasms or as preliminarily tested in pemphigus. In
fact, the chimeric autoantibody receptor (CAAR)-T cells are modified from CAR-T cells
where chimeric autoantibody receptors are harbored by T cells instead of chimeric
antigen receptors to target antibody-producing cells (i.e. autoreactive cells), as shown for
mice with pemphigus vulgaris and as studied in ongoing phase I/l trials for human
systemic lupus erythematosus and myasthenia gravis. This approach specifically targets
autoreactive B cells, avoiding the risk of general immunosuppression. In addition to this,
conventional and biological DAMRDs (including RTX) cannot restore immune tolerance
permanently, while adoptive cellular therapy as CAAR-T cells might be able to achieve

this by eradicating autoreactive clones.

Altogether, starting from these preliminary findings, future efforts will be aimed at
providing a more comprehensive understanding of the autoreactive B cells and their role
in the pathogenetic processes underlying AAV, and on their potential to guide current

treatment and to develop new personalized immunotherapy for AAV.
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Materials and Methods

Study Populations and definitions

For aims #1 and #3, all available baseline cryopreserved PBMC samples from the
Rituximab in ANCA-Associated Vasculitis (RAVE) (NCT00104299(178)) were collected
and used for our analysis.

For aim #1, we analyzed 181 subjects, 105 with PR3-AAV, 49 with MPO-AAV, and
27 HC. Initially, 110 PR3-AAV trial participants and 53 MPO-AAV participants were
included in the current study, while 27 age-matched volunteers were used as HC. A total
of 9 participants were excluded from the final analysis because B cell depleted, i.e. <10
cells/uL (n=6; 4 PR3-AAV and 2 MPO-AAV) or because of artifacts/technical problems
with the staining (n=3; 1 from PR3-AAV, 2 from MPO-AAV). In total, we analyzed 181
subjects, 105 with PR3-AAV, 49 with MPO-AAV, and 27 HC.

For aim #3, 23 subjects with PR3-ANCA positive AAV from the RTX arm of the
RAVE trial (NCT00104299)(178) who reached the primary endpoint of the study (BVAS=0
off glucocorticoids at month 6) with available baseline and follow-up PBMC samples were
selected for our analysis and provided 148 unique serial PBMC samples. PBMC had been
collected and cryopreserved upon enroliment, at month 6 and every 3 months until month
18, and annually after month 18, according to the trial protocol(86). Trial participants were
followed until the last enrolled patient had completed 18 months of follow-up, ensuring an
extended follow-up for the majority of enrolled patients.

According to the trial definition, B cell recurrence (or redetection) in RTX-treated
trial participants was defined as at least 10 but less than 69 CD19* cells per microliter,

and reconstitution as 69 or more CD19" cells per microliter or a return to baseline levels.
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All clinical data were obtained from the trial database. To ensure comparability of the
subsets of B cells and autoreactive cells between baseline and B cell return (i.e. assuring
a minimum number of B cells at B cell recurrence, allowing an accurate assessment of B
cell subsets), we considered the biological time-point “B cell recurrence” as the first blood
sample at or after month 6 in which study participants had =10 B cells/uL

The RAVE study (NCT00104299, (178)) was a multicenter, double-blind, placebo-
controlled trial that randomized 197 participants (all ANCA positive) in a 1:1 ratio to
receive either RTX (375 mg/m? intravenously each week for 4 weeks) or
cyclophosphamide (CYC) (2 mg/kg for 3—6 months) followed by azathioprine (AZA) (2
mg/kg, up to 150 mg/day). All clinical data were obtained from the RAVE database.
Disease activity was measured using the Birmingham Vasculitis Activity Score for
Wegener's Granulomatosis (BVAS/WG) (123). The primary outcome of the trial was
defined as complete remission (BVAS/WG=0 and prednisone=0) within 6 months from
randomization, other outcomes were complete remission, defined as BVAS/WG=0 and
prednisone=0 at any time of the follow-up; complete response, defined as BVAS/WG=0
and prednisone <10mg/day; first remission, defined as a BVAS/WG=0, regardless the
dose of glucocorticoids. Disease relapse was defined as any new disease activity, with
an increase in BVAS/WG=21 point after achievement of complete remission. Severe
relapse was defined as a BVAS/WG=23 or the occurrence of at least one major BVAS/WG
item following disease remission requiring re-treatment with either RTX or CYC.

For aim #2, non-vasculitis adult subjects were selected among consecutive
subjects undergoing BM aspirate to exclude hematologic conditions of myeloid origin and

eventually resulted healthy or in long-term complete remission during follow-up of myeloid
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neoplasms at S. Chiara Hospital of Trento (ltaly). To avoid any possible interference,
those that were on conventional immunosuppressive therapy or in remission for less than
12 months were excluded. Eight subjects were enrolled. Both BMMC and PBMC were
collected from these patients the same day, and these subjects were evaluated in
conjunction from the hematologist and the rheumatologist the day of the sampling.

Adult PR3-ANCA positive AAV (PR3-AAV) patients with a clinical diagnosis of
granulomatosis with polyangiitis (GPA) or microscopic polyangiitis (MPA) were selected
among consecutive subjects with AAV seen at the Rheumatology Unit of the S. Chiara
Hospital of Trento (Italy). To be enrolled, they needed to be PR3-ANCA positive at both
disease onset and at sampling, regardless the treatment received. Only PBMCs were
collected from these patients. BMMC and PBMC of non-vasculitis subjects and AAV
patients were collected and cryopreserved upon enrollment. All clinical data were
extracted from medical files. In AAV, disease activity was measured using the
Birmingham Vasculitis Activity Score version 3 (BVASv.3) (124). In this subset, disease
remission was defined as the stable absence of clinical and laboratory sign of disease
(BVAS=0 for vasculitis) for at least 12 months after finishing the induction treatment. For
those patients treated with the B depleting agent RTX, B cells needed to be more than 69

CD19" cells per microliter, as previously reported (86)(179).

Recombinant proteinase 3 production and labelling

A recombinant PR3 (rPR3) was expressed in an epithelial cell line as previously described
(78). This variant consisted of the mature form of the protein (deletion of the N-terminal

pro-dipeptide, allowing a mature conformational state), enzymatically inactive (S195A
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point mutated to avoid the protease activity which could digest different proteins including
immunoglobulins), and produced by stable transfection of HEK-293 cells (180). This rPR3
is well recognized by PR3-ANCA from patients with AAV (181). Culture supernatants
were harvested after a 48h starvation, and rPR3 was purified using a column loaded with
the anti-human PR3 monoclonal antibody (Ab) MCPR3-2 (79) following
recommendations from the supplier (CNBr-Activated Sepharose 4 Fast Flow, GE
HealthCare), concentrated, and quantified by Coomassie Plus (Pierce, Rockford, IL). We
biotinylated rPR3 using a commercial biotinylation kit (Lightning-Link Rapid Biotin

Conjugation Kit, Innova Biosciences, Cambridge, UK), as previously published (75).

PR3" B cell detection and flow cytometry analysis

BMMC and PBMC from trial participants with AAV and HC were 10%-DMSO
cryopreserved PBMC. Cryopreserved PBMC were stained and PR3* B cells and Tfh
detected by flow cytometry analysis. In aim #1 and #3, for PR3* B cell detection, cells
were counted, and 1x10° cells were incubated on ice for 20 min with rPR3-biotin and a
cocktail of different antibodies (anti-CD19-APC-Alexa Fluor 700 cat# A78837 clone J3-
119, Anti-Human IgD-APC cat# B30651 clone 1A6-2, anti-CD27-PC7 cat# A54823 clone
1A4CD27, CD38-PC5.5 cat# A70205 clone LS198.4.3, and anti-CD24-APC-Alexa Fluor
750 cat# B10738 clone ALB9, all from Beckman Coulter, Inc.), washed 3 times, incubated
for 15 min with streptavidin-FITC (cat# 554060), washed, and fixed. In aim #2, 500.000
cells were incubated on ice for 20 min with rPR3-biotin and a cocktail of different
antibodies (anti-CD19-PC7 cat# 560911 clone SJ25C1, anti-Human IgD-BV786 cat#

740997 clone 1A6-2, anti-CD27-APC-Alexa fluor 750 cat# 561786 clone M-T271, CD38-
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PerCp 5.5 cat# 561106 clone HIT2, CD21-PE cat# 561768 clone B-ly4, CD24-BV480
cat# 746278 clone ML5, IgM BV421 cat# 562618 clone G20-127, CD20 APC-Alexa Fluor
700 cat# 560734 clone 2H7, CD10-BV650 cat# 563734 clone HI10a, all from Becton
Dickinson, Inc.), followed by the same staining procedure.

For each experiment, unstained cells as well as single color controls were included. This
customized flow cytometry assay, based on recombinant (r)PR3-FITC staining to identify
the PR3-reactive B cells, was developed and validated by using anti-PR3 and anti-human
neutrophil elastase antibody-producing hybridoma cell lines as positive and negative
controls, as previously published by our group (75).

For Tfh detection, cells were counted, and 1x10° cells were stained with antibodies
against human CD4 (Clone: RM4-5, Biolegend, San Diego, CA, USA), CD45RO
(Biolegend, San Diego, CA, USA), PD-1 (Clone: 29F.1A12, Biolegend, San Diego, CA,
USA), and CXCR5 (Clone: 2G8, BD Biosciences, San Jose, CA, USA).

Cell analysis was performed on a FACS Canto (BD Bioscience) or Attune NxT system
(Life Technologies). FACS data were analyzed and graphed using KALUZA (Beckman
Coulter, Inc., Indianapolis IN) and FlowJo (Ashland, Oregon) softwares.

The unsupervised clustering of flow cytometry data was performed using the SPADE
(Spanning-tree Progression Analysis of Density-normalized Events) algorithm(182)
based on the level of expression of 6 markers on each B cell (PR3, CD19, CD27, IgD,
CD38 and CD24) on each cell. The analysis was performed on 27 HC, 105 PR3-AAV
and 49 MPO-AAYV participants. Briefly, after an initial downsampling, the SPADE was
performed using 200 nodes for the clustering. SPADE trees were initially visually

investigated to identify and regroup nodes that exhibit similar phenotype. Then, data
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accompanying each SPADE tree (cluster abundance and MFI of each cluster for each
sample) was downloaded from Cytobank, followed by hierarchical representation or

testing for statistical significance.

In vitro PR3-ANCA production by PBMC and detection of PR3* B cells

with ELISPOT

PBMC were cultured for 10 days to promote differentiation into antibody secreting

cells, after which PR3-ANCA secretion was measured in the supernatant by the EIliA
PR3S test (ThermoFisher Scientific, Waltham, MA, USA) on a Phadia ImmunocaCAP 250
analyzer(52).
Experiments were performed in duplicates in all trial participants with AAV and HC
subjects. For each sample, one million PBMC per well were cultured in 1 ml of RPMI 1640
supplemented with 10% fetal calf serum and 50 mg/ml gentamycin (Gibco, Invitrogen,
Carlsbad, CA, USA), in the presence of 3.2 pg/ml CpG-ODN 2006 (Hycult Biotechnology,
Uden, The Netherlands), 100 ng/ml BAFF (PreproTech, Rocky Hill, NJ, USA) and 100
ng/ml of IL-21 (PreproTech, Rocky Hill, NJ, USA). PBMC were cultured for 10 days to
promote differentiation into antibody secreting cells, after which PR3-ANCA secretion was
measured in the supernatant.

PR3-ANCA IgG and IgM were measured by ELISPOT in peripheral blood of HC.
To determine the ability of circulating PR3* B cells to secrete in vitro immunoglobulins of
different isotypes against PR3, we measured PR3-ANCA IgG and IgM by ELISPOT in

peripheral blood of HC. Briefly, enriched B cells from PBMC of a healthy subject were
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FACS-sorted based on streptavidin expression to isolate PR3" B cells and PR3" B cells.
The PR3* B cells, PR3 B cells and total B cells were cultured for 24h with 1 pg/ml R848
(Mabtech) and 10 ng/ml recombinant human (rh) IL-2 (Mabtech). After 24 hours, pre-
stimulated cells were added to the plate with 100ul cell suspension/well (10,000 cells/well,
30,000 cells/well and 15,000 cells/well for PR3* B cells, PR3 B cells and total B cells,
respectively). The ELISPOT was conducted according to the manufacturer’s instructions
(Mabtech, Nacka Strand, Sweden).

This could not be performed in the AAV trial participants, since the PBMC required to
obtain PR3* B cells were in the order of 500x108, much more than the frozen PBMC
available for every AAV participant.

For the functional validation, PBMC of 3 active PR3-AAV were FACS-sorted based
on streptavidin expression to isolate PR3*CD19* and PR3-CD19*, as described above.
Culturing and differentiating B-cells were done using modifications of previously published
protocols (183-186). All cultures were done in Iscove’s modified Dulbecco’s medium
(IMDM), with GlutaMax-I (Gibco/ Thermo Fisher Scientific, Waltham, MA) and further
supplemented with 50 pg/ml human transferrin, 5 pg/ml insulin (both from Sigma-Aldrich,
St. Louis, MO) and 10% fetal calf serum (Atlanta Biologicals, Flowery Branch, GA). B-
cells were cultured for 4 days in this media with the following cytokines: soluble CD40L
(0.1 pg/ml), enhancer for ligands (1.0 pg/ml; both from Enzo Life Sciences, Farmingdale,
NY), CpG-ODN 2006 (Hycult Biotechnology, Uden, The Netherlands), IL-2 (50 ng/ml), IL-
10 (50 ng/ml) and IL-15 (10 ng/ml; all from Peprotech, Rocky Hill, NJ). Cells were plated
at a density of 250,000 cells/ml in 96 well round bottom plate in 250ul per well, after which

PR3-ANCA IgG secretion was measured in the supernatant by an in-house direct ELISA.
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Cytospin smears of B cells harvested at day 4 were stained for qualitative assessment
with May-Grunwald Giemsa, and with AMCA (7-amino-4-methylcoumarin-3-acetic acid)
goat anti-human IgG 1:100 (Jackson ImmunoResearch, Ely, UK) after cell

permeabilization, as previously described (184).

ANCA testing

In patient sera, PR3-ANCA 1gG levels were determined by enzyme-linked immunosorbent
assay (ELISA) (supplied by Euroimmun, Inc.) in all serum samples from all the subjects,
tested at a 1:20 dilution, as previously described (112).

In culture supernatants, for the 10 day-cultures, PR3-ANCA IgG in the supernatants was
measured by the EliA PR3S test (ThermoFisher Scientific, Waltham, MA, USA) on a
Phadia ImmunocaCAP 250 analyzer (52). For the 4 day-culture, the presence of PR3-
IgG was assessed in the supernatants by an in-house direct ELISA based on reactivity
against the rPR3. Plates were coated with 2 ug/ml purified rPR3, culture supernatant (with
primary PR3-ANCA antibodies) were added, followed by biotinylated goat anti-human IgG
1:5000 and streptavidin-horseradish peroxidase (HRP, DAKO) 1:10.000. Culture
supernatants were tested undiluted. Purified PR3-IgG and MPO-IgG from patients were

used as positive and negative controls, respectively.
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Data availability

Clinical data from the RAVE clinical trial are publicly available on the Immune Tolerance

Network website (https://www.immunetolerance.org/researchers/trialshare).

Experimental data are available upon reasonable request.

Statistics

Ordinal data are presented as N (%), continuous data as median (interquartile
range) or mean (SD). Groups were compared using parametric or non-parametric tests
when appropriate, Student T test or Mann-Whitney test (2 tailed) for continuous data.Chi?
or Fisher's test were used as appropriate for categorical data.

Clinical outcomes were correlated with B cells and autoreactive B cells and their
subsets. Multiple comparisons between more than 2 groups were performed with one-
way ANOVA or Kruskal-Wallis test, as appropriate. The multiple comparisons on B cell
maturation were analyzed by using mixed-effects model. Findings in all the analyses were
considered significant at p < 0.05 after adjustment for multiple comparisons by calculating
the false discovery rate as described by Benjamini and Hochberg(187). Spearman’s test
was used to test correlations. The estimated distributions of time to remission, of relapse
and severe relapse were performed with the Kaplan—Meier method and the log-rank test.
The adjusted P values in the figures are indicated as * p < 0.05, ** p < 0.01, *** p < 0.001.

To further assess the ability of the frequency of plasmablasts (PBs) within the
autoreactive B cell pool to distinguish between relapsers and patients remaining in long-
term remission, a receiver operating characteristic (ROC) curve was constructed using

logistic regression, with the % of the circulating biomarker as the predictor variable and
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relapse versus remission during follow-up as the dichotomous outcome. The area under
the ROC curve (AUC or C-statistic) was calculated.

To assess a possible association between an increase of peripheral blood
autoreactive PBs and relapse, we performed a case-time-control analysis. It comprises a
regular case-crossover of cases (relapsers) and a case-crossover of controls (non-
relapsers). For this analysis, 148 samples, i.e. all available samples from the 23 patients
studied, were used. For each individual study participant, the increase in the PB-PR3*
frequency after B cell depletion was defined as a PB-PR3* level during follow-up equal or
higher than the individual baseline level. For the patient to be considered at risk
(“exposed”), the increase of PB-PR3* level had to occur within the 12 months preceding
the relapse. In order to calculate the effect of autoreactive PR3* PB increase, we used
conditional logistic regression. The ratio between the odds ratio (OR) from the case arm
of the study and the OR obtained in the control arm generated the case-time-control study
OR risk for relapse if a autoreactive PR3* PB increase occurred.

A vector graphic editor program was used to build the Swimmer-plot (Affinity
Designer, Serif (Europe) Ltd, UK). Conditional logistic regression was calculated using
STATA (STATA-Corp LP, version 13.1). All other statistical analyses were performed
using the GraphPad Prism (San Diego, California) or JMP (Version 8, SAS Institute Inc)

software.

Study approvals

The RAVE trial was approved by the institutional review board at each participating site.

All patients consented for participation to the RAVE study and for subsequent mechanistic
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studies, providing a written informed consent. The trial protocol, including all provisions
for the future use of biospecimens collected during the trial, was approved by the
institutional review board of each participating trial site. The institutional review board of
the S. Chiara Hospital of Trento (ltaly) approved the use of blood mononuclear cells of

patients and healthy controls, and both were asked to sign a written informed consent.
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Supplemental Figure 1. B cells and distribution of B cells among different subsets in HCs, MPO-
AAV and PR3-AAV. Lymphocyte count (A), B cell count (B), and distribution of B cell count among the
different B cell subsets (C). An explanatory example of the 200 B cell clusters obtained with SPADE
(Spanning-tree Progression Analysis of Density-normalized Events) in a PR3-AAV patient (D). Heat Map
of the 181 patients (x axis, HCs in red, MPO-AAV in green and PR3-AAV in blue) showing the different
expression of each one of the 200 B cell clusters (y axis) (E). Principal component analysis of the B cell
clusters representing HC subjects, MPO-AAV and PR3-AAV participants (F). Data are represented as mean
+ SEM. Data are represented as median (25-75% IQR). Multiple comparisons between more than 2 groups
were performed with Kruskal Wallis test and P values in the figures are indicated as * p < 0.05, ** p < 0.01,
*** n < 0.001 after correction for FDR with Benjamini and Hochberg test.
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Supplemental Figure 2. Circulating PR3" B cells and PR3-ANCA production. Purification of PR3* B
cells and PR3- B cells for the ELIspot analysis in HCs (A). PBMCs isolated from a healthy subject were
enriched for B cells by anti-CD19 antibody-linked magnetic bead selection. The B cell enriched fraction was
FACS-sorted based on streptavidin expression to isolate PR3* B cells and PR3- B cells. Purity was 99% for
PR3* B cells and 96% PR3- B cells, respectively.

Despite the production of total IgG and IgM by B cells (shown in B, left), PR3-ANCA IgM, but not PR3-
ANCA IgG, can be secreted by PR3* B cells (shown in B, central).

Circulating (in vivo) PR3-ANCA IgG in PR3-AAV patrticipants by ELISA (C).

114



HC

MPO-AAV

PR3-AAV

PR3*

Transitional

Naive

UnSW

I

Ll

adad

Ll

llad

T

cD19*

Supplemental Figure 3. Representative B cell subset plots of a HC subject, a MPO-AAV patient and a PR3-AAV patient. PR3* B cells

recognizing nuclear antigens were identified within each B cell subset in AAV and HC.

115



>

400001 60000+
(o] [o) g
(¢]
o 50000- i
5 300001 N o & ®
o o S 40000- |
‘S () [o) %
i 20000+ T 30000+
= =
Y & 20000
@ 10000- o IR
10000+
oo
oo}
O O I T O T T
HC MPO PR3 HC MPO
of o |
P | s .
E | s | . |
m 4 § ) i : : E o
g . s z : i
Y ' 1 ; i : E
T T S A
i H e * re Oo 0; H 8
s @ cio & 3is® B 'S :
%%& 8N°%&§@*f
éHC MPO PR3EHC MPO PR3EHC MPO PR3E HC MPO PR3:HC MPO PR3§ HC MPO F‘RSi
: s : : . Switched ! Unswitched |  Double :
: Transitional :Plasmablasts : Naive Memory : Memory ! Negative

Supplemental Figure 4. Unsupervised clustering of circulating PR3+ B cells. Mean fluorescence
intensity (MFI) of 2 out of 6 clusters with stable expression of PR3 across the samples (CL185 and CL57)
(A), the others are represented in Figure 5. PR3 B cell distribution in the B cell subsets (B); frequencies
of PR3Md" in transitional and naive B cells are higher in AAV participants compared to HCs, but only the
frequencies of PR3"9"in DN B cells were higher in PR3-AAV participants compared to both MPO-AAV
participants and HCs. Data represent median (25-75% IQR) in violin plots or mean + SD in histograms.
Multiple comparisons between more than 2 groups were performed with one-way ANOVA or Kruskal-Wallis
test, where appropriate. P values in the figures are indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 after
adjustment for FDR as described by Benjamini and Hochberg.
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Supplemental Figure 5. Determinants of PR3" B cell maturation. Frequency of AAV participants and
HC subjects with a positive PR3+ B cell memory/naive ratio (A). Levels of BAFF, CXCL13, IL-6 and in
MPO-AAV and PR3-AAV participants (B). Gating strategy used for TFH identification (the reference
population for the frequency is CD4*CD45RO*CXCR5*PD-1*) (C), TFH cell count and frequency in HCs,
MPO-AAYV and PR3-subects (D), and association of TFH higher levels with ratio < 1 in PR3-AAV participants
(E). Each point represents the frequency in an individual subject; horizontal lines show the median with 25-
75% IQR. P values were determined by 2-tailed Mann-Whitney test. Multiple comparisons between more
than 2 groups were performed with Kruskal-Wallis test. P values in the figures are indicated as * p < 0.05,
**p < 0.01, *** p <0.001 after adjustment for FDR as described by Benjamini and Hochberg.
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Supplemental Figure 6. SW memory/naive PR3* B cell ratio and clinical manifestations in PR3-
AAV patients. In PR3-AAV patients (n=105), SW memory/naive PR3* B cell ratio did not correlate with
Body Mass Index (BMI) (A), relapsing versus new diagnosis (B), previous use of glucocorticoids (C),
the presence of manifestations reflecting granulomatous disease only (D) or capillaritis only (E), as
assessed by the BVAS/WG. The ratio did not correlate with disease activity as assessed by BVAS/WG
(E). Time to first remission (BVAS/WG=0, any prednisone dose) (F) or time to complete response
(BVAS/WG=0, prednisone dose<10mg/day) (G) are represented. When evaluating associations with
remission, the subjects that underwent cross over (n=7) or experienced early treatment failure (n=6)
during the trial time were excluded from the analysis. P values in the figures are indicated as * p < 0.05,
**p <0.01, ** p <0.001
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Supplemental Figure 7. Frequency of PR3* B cells and clinical manifestations in PR3-AAV
participants. In PR3-AAV patients (n=105), frequency of PR3" B cells did not show any meaningful
correlation with age (A), sex (B), BMI (C), BVAS/WG (D), CRP (E), ESR (F), renal involvement (G) or
creatinine clearance (H), relapsing versus new diagnosis (I), previous use of glucocorticoids (L), the
presence manifestations reflecting granulomatous disease only (M) or capillaritis only (N), as assessed
by the BVAS/WG. P values in the figures are indicated as * p < 0.05, ** p < 0.01, ** p < 0.001
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Supplemental Figure 9. PR3* B cells among transitional B cells. Proportion of B cells (A) and PR3*
B cells among CD24++CD38** of BMMC and PBMC and CD249mCD38d9™m of PBMC in non-vasculitis (No-
AAV) subjects (B-C). PR3 membrane expression in CD24**CD38** B cells (D). Each point represents
the frequency in an individual subject; horizontal lines show the median with 25-75% IQR; each
histogram represents mean (x SEM). P values were determined by 2-tailed Mann-Whitney test or
Student T test, where appropriate. Multiple comparisons between more than 2 groups were performed
with Kruskal-Wallis test. P values in the figures are indicated as * p < 0.05, ** p < 0.01, *** p < 0.001
after adjustment for FDR as described by Benjamini and Hochberg. PeB: Peripheral Blood, BM: bone
marrow (blood), BMMC: bone marrow mononuclear cells; PBMC: peripheral blood mononuclear cells.
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Supplemental Figure 10. Proportions of B cell subsets from bone marrow to peripheral B cells
subsets in non-vasculitis patients. The gating strategy for parent gates of bone marrow and
peripheral blood subsets (A); proportion of B cell subsets among total B cells from bone marrow to
peripheral compartment (B). Each point represents the frequency in an individual subject. The multiple
comparisons on B cell maturation were analyzed by using mixed-effects modelling. P values in the
figures are indicated as * p < 0.05, ** p <0.01, *** p < 0.001 after correction for FDR with Benjamini and
Hochberg test.
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Supplemental Figure 11. Frequency of B cells, PR3* B cell subsets and PR3-ANCA IgG at baseline
and at recurrence of B cells. Frequency at baseline of total B cells (among PBMC) (A) and subsets
within B cells (B) in participants that are going to relapse (open bars) or not (black bars). Frequency at
baseline of total PR3* B cells (among B cells) (C) and subsets within PR3* B cells (D) in participants
that are going to relapse (open bars) or not (black bars). PR3* PBs by severe relapse (open bars) and
non-severe relapses (black bars) at B cell recurrence (E). PR3-ANCA IgG titer at B cell recurrence in
subjects that are going to severely relapse (open bars) and those that are not going to relapse (black
bars) (F). P values in the figures are indicated as * p < 0.05, ** p < 0.01, *** p <0.001.
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Supplemental Figure 12. Receiver operating characteristic curve (in red), showing the ability of PB
within PR3+ pool to distinguish relapsing from non-relapsing patients at B cell recurrence. The
Area Under the Curve (AUC) correspond to 0.79, showing that PB-PR3+ equal to 1.6% is the optimal cut-
off to separate relapsers from long-term remitters (sensitivity=80%, specificity 77%, p=0.0129).
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Supplemental Tables

Supplemental Table 1. Baseline features of patients with AAV and HC included in the aim #1 of the study.

PR3-AAV MPO-AAV HC

Characteristics (N=105) (N=49) (N=27) p value

Age at study entry, media (SD) 48.7 (14.5) 59.0 (13.5) 53.9(17.9) 0.0004*

Sex 0.0202*
Male, % (number) 59% (62) 37% (18) 41% (11)

Female, % (number) 41% (43) 63% (31) 599% (16)

Clinical Diagnosis,% (number) <0.001
GPA 97% (102) 33% (16) - -
MPA 3% (3) 65% (32) - -

l(;liz\évaggye;szaniin%r;rr())lIment (vs relapsing 429% (44) 78% (38) i <0.001

Any granulomatous manifestation, % (number) 76% (80) 35% (17) - <0.001

Any capillaritis’ manifestation, % (number) 84% (88) 96% (47) - 0.0363

Any renal involvement, % (number) 64% (67) 82% (40) - 0.0259

Alveolar hemorrhage, % (number) 30% (32) 18% (9) 0.1133

Glucocorticoid treatment at screening, % 54% (57) 59% (29) -

(humber) 0.6047

Baseline BVAS/WG score, mean (SD) 8.2 (3.3) 8.0 (3.1 - 0.7351

ESR (SD), mm/1 hr, median [IQR] 33[14.5; 56.5] 44 [15;77.5] - 0.1414

CRP (SD), mg/L, median [IQR] 1.2[0.35;4.45]  1.2[0.3; 3.025] - 0.8521

ﬁgiﬁ””e €GFR (SD), mUmin/1.73 m?, median o) 157 6.1276] 459(30.1:71.2] - <0.001

ANCA levels (normal <20 IU)

MPO-ANCA 0.6 [0.3;1.1] 121 [56.9; 177] - <0.001

PR3-ANCA 258 [165.5; 346] 2.7 [1.4; 4.65] - <0.001

Randomized Treatment group 0.8629
Rituximab, % (number) 49% (52) 47% (23) - -
Cyclophosphamide/Azathioprine, % (number) 50% (53) 53% (26) - -

*One-way ANOVA: cut-off for p value interpretation after Bonferroni correction: 0,0167
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Abbreviations: ANCA=anti-neutrophil cytoplasmic antibodies; BVAS/WG=Birmingham Vasculitis Activity
Score for Wegener's Granulomatosis; CRP= C-reactive protein; ESR=erythrocyte sedimentation rate;
eGFR=estimated glomerular filtration rate, by means the Modification of Diet in Renal Disease (MDRD)
study  equation; GPA=granulomatosis  with polyanagiitis; MPA-microscopic polyangiitis;
MPO=myeloperoxidase; PR3=proteinase-3; SD=standard deviation; IQR=Interquartile range. P values are
for the comparison of MPO-AAV and PR3-AAV groups.

Footnotes: Capillaritis was defined as the presence of one or more of the following BVAS/WG items:
cutaneous purpura, scleritis, retinal hemorrhage or exudate, sensorineural deafness, hematuria, red blood
cell casts on urinalysis or glomerulonephritis, increase in creatinine level, alveolar hemorrhage, mesenteric
ischemia, sensory peripheral neuropathy, or motor mononeuritis multiplex. In contrast, BVAS/WG items
reflecting underlying necrotizing granulomatous inflammation included mouth ulcers, retro-orbital
mass/proptosis, bloody nasal discharge, sinus involvement, salivary gland enlargement, subglottic
inflammation, conductive deafness, other major or minor ear/nose/throat involvement, pulmonary
nodule/cavity, endobronchial involvement, meningitis, and cord lesion. Patients were considered to have
renal disease if any renal item on the BVAS/WG (hematuria, red blood cell casts or glomerulonephritis,
increase in creatinine level, or “other”’) was scored. A patient was categorized as having alveolar
hemorrhage only if that item was scored on the BVAS/WG. All other BVAS/WG items cannot be clearly
attributed to either necrotizing granulomatous inflammation or capillaritis and were, therefore, not
considered to categorize the patient one way or another.
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Supplemental Table 2. Glucocorticoid treatment at screening (before sample collection). Results
are represented as median (25-75% IQR).

Subset of disease Glucocorticoids No Glucocorticoids
P values

PR3-AAV patients

Lymphocytes # (10°ells/L) 1.12 (0.72,1.69) 1.16 (0.89,1.65) 0.591
Lymphocytes (% of PBMCs)  25.31 (15.66, 34.61) 28.93 (19.66, 40.19) 0.129
B cells (cells/pL) 123.69 (66.63, 182.64) 102.94 (68.98,217.63) 0.940
B cells (% of Lymphocytes) 10.61 (5.43, 16.22) 10.2 (5.32, 15.60) 0.589
PR3* B cells (cells/pL) 5.85 (3.33, 8.97) 4.69 (2.72, 10.12) 0.445
PR3* B cells (% of B cells) 4.82 (3.92, 6.30) 4.55 (3.99, 5.59) 0.246
Tth (cells/mm3) 20.95 (10.14, 48.62) 20.75 (8.44, 46.62) 0.599
Tth (% of CD4* T cells) 3.58 (2.21, 4.88) 3.06 (1.83, 4.63) 0.144
MPO-AAYV patients

Lymphocytes # (10°ells/L) 1.23 (0.93, 2.12) 1.25 (0.72, 2.33) 0.622
Lymphocytes (% of PBMCs)  25.57 (18.33, 34.64) 26.99 (19.89, 34.68) 0.504
B cells (cells/pL) 112.58 (56.22, 205.39) 118.92 (55.53, 236.65) 0.991
B cells (% of Lymphocytes) 8.43 (5.94, 17.87) 8.90 (6.07, 12.35) 1.000
PR3* B cells (cells/pL) 2.74 (2.02, 8.34) 3.68(1.61, 9.66) 0.801
PR3* B cells (% of B cells) 3.13 (2.39, 5.04) 3.18 (2.72, 5.66) 0.569
Tth (cells/mm3) 27.52 (15.18, 48.50) 24.96 (10.21, 33.43) 0.411
Tth (% of CD4* T cells) 4.05 (2.23, 5.59) 3.63 (2.69, 5.36) 0.954

ANCA=anti-neutrophil cytoplasmic antibodies; MPO=myeloperoxidase; PR3=proteinase-3; Tfth=T follicular
helper cells; IQR=Interquartile range.

P values were determined by 2-tailed Mann-Whitney test.
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Supplemental Table 3. Baseline features of subjects included in the aim #2 of the study.

Non vasculitis subjects PR3-AAV patients
Characteristics (n=8) (n=9) p value

Demographics

Age at sampling, year, median [IQR] 65.75 [46.8, 72.85] 66.0 [58.2, 75.95] 0.3840

Male sex, M/F (number) 5/3 7/2 0.4901

Previous Diagnosis 2 HCs/2 MDS/2 AML/1 PR3-AAV i
HES/1 CML*

Treatment at sampling -

Oral Glucocorticoid, number 0 4 -
Imatinib, number 2 - -
Azathioprine, number - 4 -
Off-therapy, number 7 4 -

Laboratory features

WBC, x1079/ul, median [IQR] 4150 [3325, 5250] 6900 [5750, 8250] 0.0164
Ly, x1079/ul, median [IQR] 1300 [1225, 1775] 1500 [900, 1650] 0.7606
Hb, g/dL, median [IQR] 13.3[11.2, 13.8] 13.5[10.8, 14.8] 0.4368
Detectable PR3-ANCA, >20 U/L, number (%) 0 (0%) 9 (100%) -
Detectable MPO-ANCA >20 U/L, number (%) 0 (0%) 0 (0%) -

All the subjects were white and Caucasian.

* all the non-vasculitis subjects were healthy or had a chronic myeloproliferative disorder (MDS, HES, CML)
or were in long-standing remission after treatment for an acute myeloproliferative disorder AML, > 12
months after achieving remission)

Abbreviations: WBC=white blood cells; Ly=Lymphocyte; CRP= C-reactive protein; Hb=Hemoglobin,

PR3=proteinase-3; MPO=myeloperoxidase, ANCA=anti-neutrophil cytoplasmic antibodies, SD=standard
deviation, IQR= Interquartile range.
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Supplemental Table 4. Baseline features of AAV subjects included in the aim #2 of the study.

Characteristics

PR3-AAV patients
(n=9)

At diagnosis

Age at diagnosis, years, median [IQR]

BVAS.v3 at diagnosis, median [IQR]

Positive circulating PR3-ANCA,% (number)

GPA diagnosis,% (number)

Relapsing disease,% (number)

Intravenous glucocorticoid at induction, % (number)

Induction regiment used, CYC / RTX/ CYC+ RTX

56.6 [46.35, 67.65]
21 [16, 22.5]
100% (9)
77.8% (7)
33.3% (3)
100%
5/2/2

At sampling

Age at sampling, years, median [IQR]
Active/inactive patients at sampling, (number)
BVAS.v3 at sampling, active/inactive, median [IQR]
CRP, mg/L, median [IQR]

Baseline eGFR mL/min/1.73 m2, median [IQR]
Active/lnactive Urinary Sediment, (number)

PR3-ANCA IgG, 1U, median [IQR]

66.0 [58.2, 75.95]
3/6
20 [13,21] /0 [0. O]
5.50 [1.70, 27.45]
50.4 [32.5; 87.50]
3/6
266 [86.4;366]

Oral glucocorticoid at sampling, active/inactive, % (number)* 2/2

DMARDs treatment at sampling, active/inactive, % (number)** 0/4

* In active cases daily oral prednisone dose was 1 mg/Kg and sample was withdrawn before intravenous
bolus of methylprednisolone, while in patients in remission daily oral prednisone dose ranged between
2.5and 5 mg.

**|n all cases DMARD used was Azathioprine

Abbreviations: BVAS.v3 =Birmingham Vasculitis Activity Score version 3, PR3=proteinase-3; ANCA=anti-
neutrophil cytoplasmic antibodies; GPA=granulomatosis with polyangiitis, CYC=cyclophosphamide,
RTX=Rituximab, CRP= C-reactive protein; eGFR=estimated glomerular filtration rate, by means the
Modification of Diet in Renal Disease (MDRD) study equation, DMARDs= Disease modifying
antirheumatic drugs, SD=standard deviation; IQR= Interquartile range.
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Supplemental Table 5. Baseline features of subjects with AAV included in the aim #3 of the study,

by future relapse.

Relapsers Non-relapsers

Characteristics (n=10) (n=13) p value
Age at diagnosis, median [IQR] 45 [27.25;54] 54 [47,70] 0.0761
Male sex, % (number) 80% (8) 54% (7) 0.9624
GPA,% (number) 100% (10) 100% (13) 1.000
;}egu?]zee?;e at enrollment (vs relapsing disease), 40% (4) 61% (8) 04136
Any granulomatous manifestation, % (number) 100% (10) 77% (10) 0.2292
Any capillaritis’ manifestation, % (number) 80% (8) 92% (12) 0.5596
Any renal involvement, % (number) 50% (5) 77% (10) 0.2213
Glucocorticoid treatment at screening, % (number) 80% (8) 77% (10) 1.000
Baseline BVAS/WG score, median [IQR] 9.5[7; 11] 9[6.5; 10] 0.777
Albumin,g/dL,median [IQR] 3.8[3.25;3.9] 3.8[3.2; 4.05] 0.1414
CRP, mg/L, median [IQR] 0.8 [0.45; 2.25] 2.8[1.1; 6.3] 0.3094
Baseline eGFR mL/min/1.73 m?2, median [IQR] 113.4[90.5; 156.3] 62.2 [34.4;107.7] 0.0369
PR3-ANCA IgG, IU, median [IQR] 243.5[95.7; 327] 266 [86.4;366] 0.6418

All the subjects were white except a Hispanic subjects in the non-relapsers group.

Abbreviations: GPA=granulomatosis with polyangiitis; BVAS/WG=Birmingham Vasculitis Activity Score for
Wegener's Granulomatosis; CRP= C-reactive protein; eGFR=estimated glomerular filtration rate, by

means the Modification of Diet in Renal Disease (MDRD) study equation; PR3=proteinase-3; ANCA=anti-
neutrophil cytoplasmic antibodies; SD=standard deviation; IQR= Interquartile range.
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Supplemental Table 6. Relationship between PR3-ANCA IgG titer increase and frequency of
plasmablasts within PR3-reactive B cell increase.

All Relapsers  Non-relapsers
Characteristics (n=23) (n=10) (n=13)

PR3-ANCA IgG titer increase before PB-PR3
increase 0 0 0
PR3-ANCA IgG titer increase with PB-PR3 increase

13 (57%) 7 (70%) 6 (46%)
PR3-ANCA IgG titer increase after PB-PR3 increase

7 (30%) 3 (30%) 4 (31%)
PR3-ANCA IgG remain undetectable 3 (13%) 0 (0%) 3 (23%)

All comparisons between relapsers and non relapsers were nonsignificant (p>0.05).

PR3-ANCA IgG=Proteinase 3 ANCA Immunoglobulin G; ANCA=anti-neutrophil cytoplasmic antibodies;
PB=Plasmablasts
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