Open access

Original research

Safae Terrisse   ,1,2 Anne-Gaelle Goubet,1 Kousuke Ueda,3
Andrew Maltez Thomas,4 Valentin Quiniou,5 Cassandra Thelemaque,1
Garett Dunsmore,1 Emmanuel Clave   ,6 Melissa Gamat-Huber   ,7
Satoru Yonekura,1 Gladys Ferrere,1 Conrad Rauber,1 Hang Phuong Pham,5
Jean-Eudes Fahrner,1,8 Eugenie Pizzato,1 Pierre Ly,1 Marine Fidelle,1
Marine Mazzenga,1 Carolina Alves Costa Silva,1,8 Federica Armanini,4
Federica Pinto,4 Francesco Asnicar,4 Romain Daillère,9,10 Lisa Derosa,1,11
Corentin Richard,12 Pierre Blanchard,13 Bertrand Routy,12,14 Stéphane Culine,2,15
Paule Opolon,16 Aymeric Silvin,1 Florent Ginhoux,1 Antoine Toubert,17,18
Nicola Segata   ,4 Douglas G McNeel   ,19 Karim Fizazi   ,8,20
Guido Kroemer,9,21 Laurence Zitvogel22,23
To cite: Terrisse S, Goubet A-G,
Ueda K, et al. Immune system
and intestinal microbiota
determine efficacy of androgen
deprivation therapy against
prostate cancer. Journal for
ImmunoTherapy of Cancer
2022;10:e004191. doi:10.1136/
jitc-2021-004191
► Additional supplemental
material is published online only.
To view, please visit the journal
online (http://dx.d oi.org/10.
1136/j itc-2021-0 04191).

KF, GK and LZ contributed
equally.
KF, GK and LZ are joint senior
authors.
Accepted 08 January 2022

© Author(s) (or their
employer(s)) 2022. Re-use
permitted under CC BY-NC. No
commercial re-use. See rights
and permissions. Published by
BMJ.
For numbered affiliations see
end of article.
Correspondence to
Laurence Zitvogel;
laurence.zitvogel@orange.fr
Guido Kroemer;
kroemer@orange.f r

ABSTRACT
Background Prostate cancer (PC) responds to androgen
deprivation therapy (ADT) usually in a transient fashion,
progressing from hormone-sensitive PC (HSPC) to
castration-resistant PC (CRPC). We investigated a mouse
model of PC as well as specimens from PC patients to
unravel an unsuspected contribution of thymus-derived T
lymphocytes and the intestinal microbiota in the efficacy
of ADT.
Methods Preclinical experiments were performed in
PC-bearing mice, immunocompetent or immunodeficient.
In parallel, we prospectively included 65 HSPC and CRPC
patients (Oncobiotic trial) to analyze their feces and blood
specimens.
Results In PC-bearing mice, ADT increased thymic
cellularity and output. PC implanted in T lymphocyte-
depleted or athymic mice responded less efficiently to
ADT than in immunocompetent mice. Moreover, depletion
of the intestinal microbiota by oral antibiotics reduced
the efficacy of ADT. PC reduced the relative abundance of
Akkermansia muciniphila in the gut, and this effect was
reversed by ADT. Moreover, cohousing of PC-bearing mice
with tumor-free mice or oral gavage with Akkermansia
improved the efficacy of ADT. This appears to be applicable
to PC patients because long-term ADT resulted in an
increase of thymic output, as demonstrated by an increase
in circulating recent thymic emigrant cells (sjTRECs).
Moreover, as compared with HSPC controls, CRPC patients
demonstrated a shift in their intestinal microbiota that
significantly correlated with sjTRECs. While feces from
healthy volunteers restored ADT efficacy, feces from PC
patients failed to do so.
Conclusions These findings suggest the potential clinical
utility of reversing intestinal dysbiosis and repairing
acquired immune defects in PC patients.

INTRODUCTION
Prostate cancer (PC) is the most prevalent
malignant disease in men, affecting the vast
majority of octogenarians.1 Driven by a heterogeneous set of oncogenic drivers, PC usually
develops in a multistep process from benign
hypertrophy through adenoma to adenocarcinoma that first invades local tissues and then
disseminates to distant sites.2 High-risk localized
PC is initially treated by radical prostatectomy
and/or local radiotherapy, often together with
adjuvant androgen deprivation therapy (ADT)
by surgical castration (bilateral orchiectomy),
chemical castration (subcutaneously injected
releasing hormone receptor
gonadotropin-
agonists) or antiandrogens (orally administered
drugs such as abiraterone or enzalutamide that
inhibit androgen synthesis or the nuclear translocation of the androgen receptor, respectively).3
ADT is also the therapy of choice for metastatic
hormone-sensitive PC (HSPC). However, after
a latency HSPC usually progresses to castration-
resistant PC (CRPC), then requiring more toxic
treatments including chemotherapy before the
final switch to palliative care.4 Importantly, the
prognosis of PC is not only dictated by cancer
cell-autonomous alterations. Thus, infiltration
of PC by CD8+ cytotoxic T lymphocytes indicates
good prognosis, while infiltration by immunosuppressive CD4+ regulatory T cells (Tregs) has
a negative prognostic impact.5–9
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Immune system and intestinal
microbiota determine efficacy of
androgen deprivation therapy against
prostate cancer
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MATERIAL AND METHODS
This section will be described in online supplemental file.
RESULTS
T cell-dependent efficacy of ADT in mice with PC
The murine Myc-CaP cell line has an amplified androgen
receptor gene and requires testosterone for optimal
2

CaP PCs implanted in syngeneic
proliferation.42 Myc-
FVB/N mice respond to androgen depletion therapy
(ADT resulting from subcutaneous injection of the
gonadotropin-
releasing hormone receptor antagonist
degarelix acetate)43 by growth arrest and partial shrinkage.
This effect usually lasts 15 to 25 days until cancer growth
resumes (figure 1A,B), indicating progression from HSPC
to CRPC. Of note, depletion of T lymphocytes by intravenous injection of antibodies depleting CD4+and CD8+
cells attenuated tumor growth control by ADT (figure 1C)
and accelerated time to progression (TTP) from HSPC to
CRPC (figure 1D). A similar effect was observed when PCs
were implanted into mice homozygous for the nude spontaneous mutation (Foxn1 nu) that are athymic and hence
lack thymus-
dependent T lymphocytes. As compared
with PCs evolving in immunocompetent mice, PCs established in nu/nu mice responded less efficiently to ADT
(figure 1E) and progressed more rapidly (figure 1F). Of
note, intravenous transfer of thymocytes from FVB/N
mice into nu/nu mice blunted the natural progression
of PCs (figure 1G,H). However, similar to what has been
found in PC patients 44 45 immune checkpoint blockade
4 and PD-
1 failed to
using antibodies targeting CTLA-
achieve a major improvement of ADT efficacy (online
supplemental file 2).
Opposing thymic effects of PC and ADT in mice
Intrigued by the importance of thymus-derived T cells in
PC immunosurveillance (see above), we investigated the
impact of PC and ADT on the thymus. Histological analysis (figure 2A), followed by morphometric calculations
(figure 2B–D) revealed that, as compared with tumor-
free mice, mice bearing PCs and receiving sham treatment displayed a reduction of thymic area, in particular
the medulla. ADT increased the thymus area, in particular the cortex, thus reversing the effect of PC on the
cortical area (figure 2B–D). Immunophenotyping of
thymocyte suspensions using immunofluorescence and
cytometry unveiled a PC-induced increase in double-
negative type-3 (DN3) cells with a CD4-CD8-CD44-CD25+
phenotype that was only partially reversed by ADT. PC
also caused a relative increase of double-positive (DP)
cells (phenotype: CD4+CD8+). The relative abundance
of single-positive CD4+CD8- or CD4-CD8+ cells, as well
as the percentage of TCRβ+ cells were reduced by PC
irrespective of ADT (figure 2E). In the blood, ADT
stimulated an increase in the percentage of DN T cells
(phenotype: CD4-CD8-CD3+), reversed the increase of
the CD4+/CD8+ T cell ratio and tended to attenuate
the recirculation of DP cells (figure 2F). In contrast,
the PC-induced reduction of TCRβ+ cells among CD3+
lymphocytes was not corrected by ADT or even worsened it (figure 2F).
Altogether, these results indicate subtle thymotropic
effects of ADT that may favor the thymic efflux of DN T
cells and reverse the PC-induced increase in the peripheral CD4+/CD8+ T cell ratio.
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Although the efficacy of targeted therapies (including
ADT) and chemotherapies has been usually considered to be
mediated by cancer cell-autonomous effects,10 11 recent work
suggests that highly successful molecules usually also affect
the cancer-
immune dialog, favoring antitumor immune
responses.12 13 This has been well documented for widely
used chemotherapeutic agents including single-agent anthracyclines,14 15 dactinomycin,16 oxaliplatin,17 taxanes,18 as well
as specific combination therapies.19 20 Such agents induce
immunogenic cell death, rendering malignant cells recognizable to the immune system.21 Moreover, multiple targeted
agents including tyrosine or serine/threonine kinase inhibitors have been found to enhance immunosurveillance by
a plethora of different mechanisms that help explain their
long-term effects beyond treatment discontinuation.13 22 23
This applies as well to estrogen receptor antagonists, which
are used for the treatment of hormone receptor-positive
breast cancer.24 Both in preclinical models and in PC
patients, ADT causes an increase of the immune infiltrate of
the malignant tumor and the adjacent normal prostate25–29
suggesting that ADT triggers at least a transient immune
response, likely against both normal and cancer-
specific
antigens.30 Of note, testosterone is one of the best known
endogenous accelerators of thymic atrophy,31 32 suggesting
that ADT might reverse thymic aging, which is one of the
drivers of T cell aging and the senescence-associated decline
in anticancer immunosurveillance.33 Hence, it is conceivable
that ADT has local as well as systemic effects on antitumor
immune responses.
It would be naïve to assume that the immune-cancer
dialog would not be influenced by external factors.
Indeed, recent work by multiple groups has revealed the
cardinal importance of the gut microbiota in determining
the general immune tonus,34–36 as well as cross-reactive
cancer antigen-specific immune responses.37 38 Circumstantial evidence indicates that ADT modifies the gut
microbiota,39–41 providing yet another possible mechanism
through which ADT might affect PC immunosurveillance.
Driven by the aforementioned considerations, we
decided to investigate the effects of ADT on thymic function and the microbiota while addressing the possibility
that thymus-derived T cells as well as specific bacterial
species might influence the efficacy of ADT against PC.
Our preclinical data (in mice) as well as our clinical-
translational results (in PC patients) suggest a complex
relationship between ADT, gut microbiota, PC and
thymic function that has a major impact on the therapeutic outcome of ADT.
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Relationship between ADT and gut microbiota in mice
In the next step, we investigated the relationship between
ADT and the intestinal microbiota. Oral supplementation of three broad-
spectrum antibiotics (ampicillin,
colistin, streptomycin), a combination that eliminates the
majority of gut commensals46 (figure 3A), reduced the
anticancer effects of ADT in two different laboratories
located in Villejuif, France (figure 3B) and Wisconsin,
USA (figure 3C). Hence, independently from its exact
composition (which depends on the animal facility),
the microflora can support the efficacy of ADT. Of note,
comparative 16S ribosomal RNA sequencing of the
fecal microbiota from tumor-free and PC-bearing mice
revealed a reduction of alpha diversity of the microbiota
determined by two different algorithms (figure 3D) with
a tangible effect on the overall microbial composition
detectable by principal component analyses (figure 3E).
Linear discriminant analysis effect size revealed the PC-associated depletion of Verrucomicrobiaceae family members
including the Akkermansia muciniphila species (figure 3F),
Ruminococcaceae and Rikenellaceae (represented by Alistipes spp) known to be associated with response to PD1
blockade.47 48 The comparison of the microbiota of
PC-bearing mice receiving ADT or sham treatments indicated that ADT restored richness that is, alpha diversity
(figure 3G) and increased the relative abundance of A.
muciniphila (figure 3H), echoing prior reports that oral
antiandrogens, including bicalutamide, enzalutamide
Terrisse S, et al. J Immunother Cancer 2022;10:e004191. doi:10.1136/jitc-2021-004191

and abiraterone acetate increase the abundance of A.
muciniphila in PC patients.39 40 Several Lachnospiraceae
family members were also depleted by PC, but restored by
ADT (figure 3F,H).
Collectively, these results indicate that both PC and
ADT have an impact on the microbiota, which in turn
influences the anticancer effects of ADT.
Thymic and microbial effect of ADT in PC patients
Next, we analyzed a cohort of PC patients (online supplemental figure S3 and table S1) with respect to thymus-
relevant and microbial parameters. Comparisons of
HSPC patients (before or after ADT) with individuals that
have developed CRPC (and hence have been subjected
to long-
term ADT until therapeutic failure) revealed
that CRPC was coupled to a reduction in circulating
lymphocytes (figure 4A) but an increase in naïve CD4+
T cells (phenotype: CD45RA+CD127+CCR7+) (figure 4B)
as well as signal-
joint T cell receptor excision cycles
(sjTREC) indicating enhanced thymic output under ADT
(figure 4C). Metagenomic shotgun sequencing of the
fecal microbiota detected significant differences in the
intestinal ecosystems between HSPC and CRPC patients
with an expansion of some anticancer immune response-
associated species including Alistipes,49 Roseburia faecis (50)
and Ruminococcus51 under ADT (figure 4D,E) that were
lost in the PC mouse model. The overall variance of the
microbiota was best explained by the patient status (HSPC
3
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Figure 1 T cell-dependent efficacy of ADT in mice with prostate cancer (PC). (A) Experimental setup to investigate the effect
of ADT in Myc-CaP prostate cancer model. (B) Tumor growth curves and representation of TTP defining hormone sensitive
(HSPC) and castration resistance (CRPC) intervals. (C) Tumor growth kinetics of Myc-CaP following depletion of T cells using
αCD4 and αCD8 monoclonal antibodies, 3 days before systemic therapy (ADT or sham control) and twice a week until sacrifice.
(D) Kaplan-Meier curves illustrating TTP. (E, F) Tumor growth kinetics in Myc-CaP bearing nu/nu mice, treated with ADT or sham
control (E) and TTP Kaplan-Meier curves (F). (G) experimental setup of thymocytes or vehicle transfer from FVB/N healthy mice
to nu/nu by i.v tail injection before Myc-CaP inoculation the next day. (H) Tumor growth kinetics in the nu/nu groups compared
with immunocompetent FVB/N mice. ADT, androgen deprivation therapy; TTP, time to progression.
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Figure 2 Thymic effect of prostate cancer (PC) and ADT in mice. (A) Micrograph pictures of thymi in naïve and PC tumorbearing 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 TCRβ+in 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 TCRβ+ 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 3 days
before ADT and then, 1 week on/1 week 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
DESeq2 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.

Open access

6

Terrisse S, et al. J Immunother Cancer 2022;10:e004191. doi:10.1136/jitc-2021-004191

J Immunother Cancer: first published as 10.1136/jitc-2021-004191 on 16 March 2022. Downloaded from http://jitc.bmj.com/ on January 9, 2023 by guest. Protected by copyright.

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. Naïve 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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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 progression from HSPC to CRPC. In an initial round of experiments, 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 tumor-free 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)52 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 cancer-
free 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 corticomedullary 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 TCRβ+
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 immunosurveillance47 48 53
and has been found to be increased in PC patients under
ADT.41 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, PC1
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 HV1
and HV2 (but not that of PC1 and PC2) also increased
the efficacy of ADT (figure 6D).
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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+TCRβ-)
(figure 6H). Also, changes have been noticed in thymus
weight and cellularity under microbiota manipulation
conditions (cohousing or oral administration of Akkermansia (online supplemental file 3).
Taken together, these results suggest that the microbiota 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 relationships between PC, ADT, thymus-dependent T lymphocytes and the intestinal microbiota. In several cases these
relationships cannot be interpreted to represent a hierarchical order but instead are bilateral or even multilateral. 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 depletion of T lymphocytes. However, in line with a previous
study on PC,54 PC appears to induce thymic atrophy, and
ADT reverses selective features of this PC-induced effect.
Thus, PC induced a β-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 TCRβ gene, DN thymocytes pass the CD44+CD25±
stage (DN1 and DN2), and development is blocked at the
CD44-CD25+ stage (DN3).55 Thus, our results suggest that
PC compromises TCRβ chain rearrangement and consequently β-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 naïve 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 depletion of beneficial bacteria including A. muciniphila and
Lachnospiraceae), and ADT reverses these effects, as
found in our preclinical studies, echoing prior clinical reports that ADT enriches A. muciniphila in the gut
from PC patients.39 40 On the other hand, normalization
7
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vs CRPC) but also correlated with several immune parameters (in particular the frequency of naïve 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 associated with the frequency of circulating naïve CD4+ T cells
(figure 4G).
Altogether, these results validate the preclinical results
at the patient level. PC and ADT cause interlinked alterations in the microbiota and the immune system, and
ADT induces the export of thymocytes resulting in an
increase in naïve CD4+ T cells in peripheral blood.

Open access

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.56 We used oral
administration of live Akkermansia to improve the
outcome of ADT. It remains to be determined whether
8

these effects involve adjuvant effects (perhaps mediated by the stimulation of Toll-
like receptor two by
the protein Amuc_1100),57 metabolic effects (that
may be mediated by a bacterial protein resembling
glucagon-like peptide-1 or alternatively by an increase
in PPARα agonistic mono-palmitoyl-glycerol and immunostimulatory polyamines)58–60 or a yet-to-be-discovered
cross-reactivity between bacterial and tumor antigens.
Indeed, a recent study reports that intravenous injection of A. muciniphila-derived extracellular vesicles can
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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
DN3 thymocytes (CD44-CD25+ in dn) (F) DP thymocytes (CD3+CD4+CD8+) (G) sp CD4+ thymocytes (H) sp CD8+ thymocytes
(I) and TCRβ+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 5 males/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.
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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.61
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 inflammatory status of the gut wall, while the microflora controls
local and systemic immune responses62–64 including those
involved in cancer immunosurveillance.34–38 Accordingly,
when PC-
bearing mice receiving ADT were cohoused
with cancer-free mice, the shift to a more normal intestinal 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 intestinal ecosystem and thymic output. The mechanistic
Terrisse S, et al. J Immunother Cancer 2022;10:e004191. doi:10.1136/jitc-2021-004191

underpinnings of such a hypothetical link remain to be
elucidated.
It should be noted that our work diverges from that
recently published by Pernigoni et al56 in several points.
Indeed, the work by Pernigoni et al56 postulated that
antibiotic-
mediated elimination of the gut microbiota
may improve the outcome of ADT against PC by eliminating 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.56 First, Pernigoni et al56 used an antibiotic association of neomycin, ampicillin, vancomycin
and metronidazole. In our study, we used a different antibiotic cocktail including ampicillin, streptomycin, and
colistin without vancomycin. We have accumulated data
to show that vancomycin depletes immunosuppressive
bacteria such as Clostridia spp65, suggesting that this point
is indeed crucial. Second, Pernigoni et al56 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
al56 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)
9
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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 (CD44CD25+ in DN) and blood CD3+ TCRβ- δ- 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.
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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.56
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 checkpoint inhibitors 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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