








Figure 2 Thymic effect of prostate cancer (PC) and ADT in mice. (A) Micrograph pictures of thymi in naive and PC tumor-
bearing mice treated with ADT. From the left to the right: hematoxylin eosin-stained thymi sections from healthy controls (CO),
sham-treated PC bearing mice (PC sham), and ADT -treated PC bearing mice (PC +ADT), sacrificed at D10 post-treatment
(scale bars are indicated in the graphs). (B-D). Surface assessment of overall, cortex and medulla areas in the three groups
described in (A). Each dot represents one thymus. (E) Flow cytometry determination of thymocyte phenotypes at D10 post
-treatment. from left to right: proportion of DN3 thymocytes (CD44 CD25 in dn), DP thymocytes (CD3*CD4*CD8"), sp CD4*
and CD8*, and TCRpin live cells (F). Flow cytometry determination of circulating lymphocytes at D10 post-treatment. From

left to right: proportion of dn in CD3* cells, DP thymocytes (CD3*CD4*CD8), sp CD4" and CD8", and TCRpB* in CD3" cells.
Means+SEM are depicted for 4-12 mice/group. A representative experiment is depicted for all graphs except (F) where a pool of
two experiments is shown. ANOVA statistical analyses (Kruskal-Wallis test) were used for multiple comparisons. ADT, androgen
deprivation therapy; ANOVA, analysis of variance.
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Figure 3 Relationship between ADT and gut microbiota in mice. (A) Experimental setup of Myc-CaP tumor-bearing mice
treated with ADT or sham control in the presence or absence of broad-spectrum antibiotics (ATB). ATB were delivered 3days
before ADT and then, 1 week on/1week off. (B, C) Tumor growth kinetics and TTP in the French animal facility (B) duplicated

in a second independent US animal facility (C). (D) Richness of the microbiota intestinal ecosystem estimated by two different
methods monitoring the alpha diversity of stools in a longitudinal and paired mouse follow-up, in samples collected before and

after tumor inoculation. (E) Beta-Diversity ordination plot based on principal coordinate analysis of normalized and standardized

fecal microbiota composition in paired animals before (red dots) and after (black dots) Myc-CaP inoculation. Bray-Curtis
distance and weighted UniFrac distance were used as beta diversity metrics and visualized through NMDS method. (F) Bar
plots of fecal species that discriminate taxonomic composition between pretumor and post-tumor inoculation in mice by
DESeg2 method. (G) Idem as in (D) before and 7 days after ADT. (H) Idem as in (F) pre-ADT and post-ADT in mice. Results were
confirmed in two independent experiments; one representative experiment being shown. Tumor growth curves are depicted

by means+SEM of tumor sizes over time and P values were calculated using two-way ANOVA for paired repeated measures.
Kaplan-Meier curves were used for TTP. The Mann-Whitney U test and the Wilcoxon signed-rank test were used to determine
significant differences among the different groups according to alpha-diversity. ADT, androgen deprivation therapy; ANOVA,
analysis of variance; CSS, cumulative sum scaling; NMDS, non-metric multidimensional scaling; TTP, time to progression.
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Figure 4 Thymic and microbial effect of ADT in prostate cancer patients. (A) Routine blood monitoring of lymphocyte counts.
Absolute blood lymphocyte counts in patients with HSPC at baseline (pre-ADT) and 4-6 months after ADT (post-ADT) as well
as in patients with CRPC. (B, C) Flow cytometric determination of blood cell populations. Naive CD4 +cell proportion (B) and
circulating sj TREC cells (C) in patients with (HSPC) pre-ADT and 4-6 months post-ADT and in CRPC patients compared with
age-matched and sex-matched healthy controls. (A—-C). Each dot represents one patient. The graph depicts means+SEM

of lymphocyte counts. ANOVA statistical analyses (Kruskal-Wallis test) were used for multiple comparison. (D-F) Patient

fecal microbiota composition and flow cytometry-based blood analysis. Principal coordinate analysis (PcoA) using Bray-
Curtis distances calculated using species level relative abundances in CRPC (dark gray dots) and HSPC patients (red dots)
(D) prevalence and relative abundances of differentially abundant species between CRPC and HSPC patients (E). Associations
between the overall microbial community composition and flow cytometry-based blood analyses (F). Spearman’s correlations
between immune cell profiles and species’ abundances controlling for time-point, age and patient (G). ADT, androgen
deprivation therapy; ANOVA, analysis of variance; CRPC, castration-resistant prostate cancer; HSPC, hormone-sensitive PC.
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vs CRPC) but also correlated with several immune param-
eters (in particular the frequency of naive CD4" T cells,
sjTRECs, but also CD4" T cells with a central memory
(TCM) phenotype: CD45RA'CCR7°'CD27") and clinical
parameters (patient age and ADT duration) (figure 4F).
At the individual species level, the abundance of the
health-associated Roseburia faecis was negatively associ-
ated with the frequency of circulating naive CD4" T cells
(figure 4G).

Altogether, these results validate the preclinical results
at the patient level. PC and ADT cause interlinked alter-
ations in the microbiota and the immune system, and
ADT induces the export of thymocytes resulting in an
increase in naive CD4" T cells in peripheral blood.

Microbial improvement of ADT effects in mice

In the final step of this study, we investigated whether the
microbial shifts induced by PC and ADT favor the progres-
sion from HSPC to CRPC. In an initial round of exper-
iments, all mice in the same cage were inoculated with
PC cells or, alternatively, only half of the mice received
PC cells, meaning that these PC-bearing mice were
cohoused with tumorfree mice (figure 5A). Cohousing
reduced initial PC growth (figure 5B), suggesting that
environmental factors including the microbiota (which
is transferred between mice due to their coprophagic
behavior)® have a major impact on PC progression. To
evaluate the influence of cohousing on the efficacy of
ADT, we subjected mice with established PC to cohousing
with cancerfree mice and later ADT (figure 5C).
In this context, cohousing improved tumor growth
control, enhanced TTP and increased overall survival of
PC-bearing mice (figure 5D). Moreover, cohousing plus
ADT improved the histological appearance of thymic
architecture, divided into a morphologically distinct
cortex and medulla, with a clear separation at the corti-
comedullary junction (figure 5E) and fully corrected
the PC-induced increase in DN3 and DP thymocytes
(figure 5F,G), as well as the depletion of SP and TCRB"
thymocytes (figure 5H-J). Finally, cohousing induced
major microbial shifts, including a relative enrichment
in Ruminococcus spp (figure 5K), which is reputed for its
stimulatory effects on tumor immunosurveillance®” ** %
and has been found to be increased in PC patients under
ADT.* In sum, transfer of the microbiota from tumor-
free to PC-bearing mice had a major positive impact on
PC-induced perturbations of the thymus and ameliorated
the therapeutic efficacy of ADT.

Of note, the transfer of feces from two PC-bearing
patients (one with HSPC and one with CRPC, PCl
and PC2, respectively) accelerated the growth of PC
in mice. In contrast, feces from two healthy volunteers
(HV1, HV2) failed to affect PC growth as compared with
normal mice housed in specific pathogen-free conditions
(figure 6A-C) Fecal microbial transplantation of HVI
and HV2 (but not that of PC1 and PC2) also increased
the efficacy of ADT (figure 6D).

Importantly, the gavage of mice with Akkermansia
(Akkp2261) enhanced the efficacy of ADT against PC
(figure 6E,F) and normalized the frequency of DN3
cells in the thymus (figure 6G) as well as the number of
circulating immature T cells (phenotype: CD3"TCRf)
(figure 6H). Also, changes have been noticed in thymus
weight and cellularity under microbiota manipulation
conditions (cohousing or oral administration of Akker-
mansia (online supplemental file 3).

Taken together, these results suggest that the micro-
biota from healthy mice or humans, as well as specific
health-associated bacteria such as A. muciniphila, impact
the immune system and ameliorate the efficacy of ADT in
preclinical models.

DISCUSSION

This study unravels the existence of a network of relation-
ships between PC, ADT, thymus-dependent T lympho-
cytes and the intestinal microbiota. In several cases these
relationships cannot be interpreted to represent a hier-
archical order but instead are bilateral or even multi-
lateral. For instance, the relationship between PC and
the cellular immune system is non-hierarchical. On one
hand, PC is under immunosurveillance, meaning that
PC evolves and relapses following ADT more quickly in
athymic nu/nu mice or after antibody-mediated deple-
tion of T lymphocytes. However, in line with a previous
study on PC,”* PC appears to induce thymic atrophy, and
ADT reverses selective features of this PC-induced effect.
Thus, PC induced a B-TCR deficiency probably related
to a TCR rearrangement defect, consistent with the
maturation block at the DN3 stage. Indeed, in mice with
targeted mutations in the recombinase-activating gene
or the TCRP gene, DN thymocytes pass the CD44"CD25*
stage (DN1 and DN2), and development is blocked at the
CD44 CD25" stage (DN3).” Thus, our results suggest that
PC compromises TCRP chain rearrangement and conse-
quently B-selection leading to a maturation blockage. Of
note, ADT ultimately favored a surge of DN T cells in the
blood from mice, as well as an increase in naive CD4" T
cells in patients, that might reflect an increase in thymic
output. In accord with this speculation, CRPC patients
that had undergone prolonged ADT manifested an
increase in recent thymic emigrants positive for sjTREC.
Altogether, it appears that PC and its treatment by ADT
affect the immune system in opposite manners and that
thymus-dependent T cells are involved in the control of
PC progression from HSPC to CRPC.

Yet another example of a non-hierarchical, bilateral
relationship concerns the mutual influence between
PC and the gut microflora. On one hand, the presence
of PC apparently alters the microbiota (with the deple-
tion of beneficial bacteria including A. muciniphila and
Lachnospiraceae), and ADT reverses these effects, as
found in our preclinical studies, echoing prior clin-
ical reports that ADT enriches A. muciniphila in the gut
from PC patients.39 % On the other hand, normalization
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Figure 5 Co-housing (CoH) improved ADT-mediated taxonomic composition of the intestinal ecosystem and anticancer
effects. (A—C) Experimental setup of cohousing experiments where tumor-bearing mice were housed with naive littermates prior
to (A) or after (C) treatment with ADT. (B-D) Spontaneous and ADT-mediated tumor growth kinetics and TTP with and without
cohousing and ADT (D). (E) Idem as in figure 2A. Representative animal for each micrograph picture: left and right panel (without
and with cohousing) at D10 post-ADT. Bar scale: 200 mm. (F-J) Flow cytometric determination of thymocytes. proportion of
DNS3 thymocytes (CD44°CD25" in dn) (F) DP thymocytes (CD3"CD4*CD8) (G) sp CD4" thymocytes (H) sp CD8" thymocytes

(I) and TCRB*in live cells (J). (K) Idem as in figure 3H where metagenomic species discriminating between ADT-treated cohoused
and non-cohoused mice. Tumor growth curves are depicted showing means+=SEM of tumor sizes over time and p values were
calculated using two-way ANOVA for paired repeated measures. Kaplan Meier curves were used for TTP and OS. A typical
experiment comprizing at least 5males/group is depicted, out of 2-3 experiments conducted and yielding similar conclusions.
ADT, androgen deprivation therapy; ANOVA, analysis of variance; OS, overall survival; TTP, time to progression.

of the PC-driven microbial shifts can be achieved by
three different methods: (1) cohousing with cancer-
free mice, (2) fecal microbiota transplantation using
the natural product of human volunteers (but not PC
patients), and (3) oral administration of Akkermansia.
These three manipulations reduce PC growth and/
or improve the efficacy of ADT against PC, retarding
the progression from HSPC to CRPC.”® We used oral
administration of live Akkermansia to improve the
outcome of ADT. It remains to be determined whether

these effects involve adjuvant effects (perhaps medi-
ated by the stimulation of Toll-like receptor two by
the protein Amuc_llOO),57 metabolic effects (that
may be mediated by a bacterial protein resembling
glucagon-like peptide-1 or alternatively by an increase
in PPAR@ agonistic mono-palmitoyl-glycerol and immu-
nostimulatory polyamines)”*® or a yet-to-be-discovered
cross-reactivity between bacterial and tumor antigens.
Indeed, a recent study reports that intravenous injec-
tion of A. muciniphila-derived extracellular vesicles can

Terrisse S, et al. J Immunother Cancer 2022;10:¢004191. doi:10.1136/jitc-2021-004191

"yBuAdoo Aq paloalold 1sanb Aq Zz0oz ‘2 18g0o190 uo /wod wg-onl/:dny woiy papeojumod '2z0zZ Yorew 9T Uo T6TH00-T202-oM/9sTT 0T Se paysiignd 1siiy :1adued Jayiounwiw| ¢


http://jitc.bmj.com/

A B Cc D
FVB/N 60 bC1 (16 60 o BV (= 19) 100, Median TTP
~ |- n= —~ = ——HV1 ADT:32d (n=8)
B NE - PC2 (ni 20) Hg ¢ ::_— g}\I’/IZZ E:; g; |:| ns 80 ——HV2 ADT:33d (n=5)
g 0 - SPF (n=6) S E 40 r 3 ——PC1ADT:15d (n=7)
3days gg m TRy - € 60 ——PC2 ADT:19d (n=7)
FMT— or) N N — ——SPF ADT:25d (n=5)
Day -15 ® o = 40
Myc-CaP 220 £20 8
Day 0 E 2 & 20
ADT or Sham T N p=0.0002
Day 20 0 - 0
0 5 10 15 20 0 5 10 15 20 0 10 20 30 40 50
Tumor growth Days after tumor inoculation Days after tumor inoculation Time to progression (days after ADT)
E F G Thymus H Blood
FVBIN 100, Median TTP 25, 00008 _00038 1 o3 03
JEN —ADT 13d s =0.0007 £.0032
@ ——ADT-Akk 21d 204 @& 4
— © z
glyc é:aP 8 Z . —% I %
B 50 o &
o z [agP *
™ (n=23) 0 104 o .
Akkp2261 po @ R . X ° N
ADT or Sham g) 0,001 54 L - * =
Day 20 p=0. . Ry
Akkp2261 po 0 T : 0 . . ol : i
0 10 20 30 N S N &
Tumor growth Time to progression (days after ADT) 2N Q‘?‘ Rl >N 0‘? &,X*
N4 \?9/\ < W

Figure 6

Improving ADT antitumor effects using FMT or Akkermansiap2261 (Akkp2261) (A) Experimental setup of FMT of

stool samples from hormone sensitive patient (PC1) and CRPC patient (PC2) and 2 healthy volunteers (HV1 and HV2). (B) ADT-
induced tumor growth after FMT from hormone sensitive patient (PC1) and CRPC patient (PC2) compared with mice without
FMT under SPF conditions. (C) Idem as in (B) using FMT from healthy volunteers (HV1 and HV2). (D) TTP Kaplan-Meier curves
post-ADT in different FMT arms (PC1, PC2, HV1, HV2, SPF). (E) Experimental setup using oral administration of Akkp2261

or PBS vehicle just before and next after ADT. (F) TTP Kaplan-Meier curves post-ADT with or without Akkp2261. (G-H) Flow

cytometric determination of thymic (G) and blood lymphocytes (H)

at day 10 post-ADT. Proportion of DN3 thymocytes (CD44"

CD25" in DN) and blood CD3* TCRp™ & in three different groups: sham control, ADT without and with A. muciniphila. Results
from one representative experiment out of two or a pool of two experiments are shown. At least five mice per experimental
condition. Each dot represents one animal. P values were calculated using two-way ANOVA for paired repeated measures.
Kaplan-Meier curves were used for TTP and OS. ADT, androgen deprivation therapy; ANOVA, analysis of variance; CRPC
castration-resistant prostate cancer; FMT, fecal microbiota transplantation; OS, overall survival; SPF, specific pathogen-free;

PBS, phosphate-buffered saline; TTP, time to progression.

induce CD8" cytotoxic T cells responses against mouse
PC established in immunocompetent C57BL/6 mice
that slow down tumor growth in the absence of ADT.™
At this point, the mechanisms explaining how PC and
its hormonal treatment affect the gut microflora or vice
versa are mostly elusive. Recent data reported that the
intestinal commensal microbiota in mice and patients
with CRPC were enriched for species having the ability
to convert precursors into active androgens.56

There is some evidence suggesting that the relationship
between the gut microbiota and the immune system may
be reciprocal as well. The immune system controls the
homeostasis of the microbiota as well as the inflamma-
tory status of the gut wall, while the microflora controls
local and systemic immune responsesG?_64 including those
involved in cancer immunosurveillance.** Accordingly,
when PC-bearing mice receiving ADT were cohoused
with cancer-free mice, the shift to a more normal intes-
tinal microflora was accompanied by an improvement
of thymic architecture, as well as restoration of normal
thymopoiesis. Moreover, in a heterogeneous cohort of PC
patients comprizing both HSPC and CRPC, the variations
in the gut microbiota correlated with the abundance of
sJTREC, suggesting a functional link between the intes-
tinal ecosystem and thymic output. The mechanistic

underpinnings of such a hypothetical link remain to be
elucidated.

It should be noted that our work diverges from that
recently published by Pernigoni ¢t af® in several points.
Indeed, the work by Pernigoni et aP® postulated that
antibiotic-mediated elimination of the gut microbiota
may improve the outcome of ADT against PC by elimi-
nating bacteria that produce androgens, thus annihilating
the effects of ADT. However, there are several important
methodological differences between our study and that
by Pernigoni et al®® First, Pernigoni et al® used an anti-
biotic association of neomycin, ampicillin, vancomycin
and metronidazole. In our study, we used a different anti-
biotic cocktail including ampicillin, streptomycin, and
colistin without vancomycin. We have accumulated data
to show that vancomycin depletes immunosuppressive
bacteria such as Clostridia s[)p65, suggesting that this point
is indeed crucial. Second, Pernigoni et al® performed
surgical castration (which is rarely used in the treatment
of human PC), while we used chemical castration with
an LHRH antagonist (Degarelix). Third, Pernigoni et
al® used the murine TRAMP C1 model, syngeneic from
C57BL/6 mice while we focused on the Myc-CaP model
growing in FVB/N mice. Altogether, these multiple
differences (at (1) the levels of antibiotic cocktails, (2)
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treatments to induced ADT and (3) preclinical models)
preclude a direct comparison of our study with that by
Pernigoni et al.”®

In conclusion, within the uncertainties of experimental
and translational oncology, our work reveals that both the
immune system and the intestinal microflora determine
the efficacy of ADT against PC. Although immunotherapy
with immune checkpointinhibitors targeting CTLA-4 and
PD-1 fails to improve ADT, the restoration of a healthy gut
microbiota may constitute a valid strategy for prolonging
tumor control by ADT.
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