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The gut microbiota is essential for many aspects of host physiology, and secretory immunoglobulin A (sigA) mod-
ulates its function. The microbiota community determines the efficacy of immune checkpoint blockade (ICB) in
cancer immunotherapy; however, mechanisms able to improve this function are not known. Extracellular adenos-
ine triphosphate (ATP) released by the microbiota restricts the slgA repertoire by limiting T follicular helper (Tgy)
cell activity in the Peyer’s patches via stimulation of the ionotropic P2X7 receptor. We show that sigA amplification
by oral administration of the ATP hydrolyzing enzyme apyrase corrects enteropathic features of ICB and improves
therapeutic efficacy. Consistent with sigA function in reshaping the gut ecosystem and enhancing ICB, IgA~"~
mice did not show any improvement of antitumor response by apyrase administration. Mechanistically, data in
mice and patients with cancer suggest that invigorated enterotropic cytotoxic T cells expressing the chemokine
receptor CCR9 replenish the tumor microenvironment in a CCL25-mediated manner and control tumor growth,

resulting in improved ICB efficacy.

INTRODUCTION

Cancer represents one of the most important causes of mortality in
Western countries. In recent years, several therapeutic strategies
have been successfully exploited to unleash the antitumor immune
response and treat various forms of the disease (I). In solid tumors,
immune checkpoint inhibitors (CPIs) (e.g., anti-PD-1/PD-L1 and
anti-CTLA-4 antibodies) have provided unprecedented successes
in eradicating previously incurable tumors in a fraction of responder
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subjects (2). However, the considerable number of patients nonre-
sponding or developing resistance to the therapy and subjects show-
ing severe immune-related adverse events (irAEs) associated with
CPI administration has prompted the search for more effective and
less toxic combinatorial therapeutic regimens able to overcome
the unsuccessful or pathogenic application of immune checkpoint
blockade (ICB).

The gut microbiota is essential for many aspects of host physiology,
including intestinal and immune system differentiation, tissues ho-
meostasis, and systemic metabolism (3). Deleterious alterations in the
composition of the microbial community structure, referred to as
dysbiosis, have been associated to a number of diseases (4-6). The in-
testinal ecosystem represents an essential cofactor in ICB outcome,
and preclinical studies have pinpointed the specific beneficial function
of selected microbes, such as Bacteroides fragilis, Bifidobacterium,
Akkermansia muciniphila, and Ruminococcaceae (7-12). Accordingly,
dysbiosis induced by antibiotics inhibited the clinical benefit of ICB in
patients with advanced cancer (13), which could be restored by admin-
istration of different bacterial taxa; in this respect, particularly relevant
was the association of improved tumoricidal activity with the accumu-
lation of CD4" T cells expressing the small intestine-associated che-
mokine receptor 9 (CCR9) and the T helper 1-associated chemokine
receptor CXCR3 in mesenteric lymph nodes (mLNs), tumor-draining
LNs, and tumor beds of mice gavaged with A. muciniphila after antibi-
otic treatment (10). Different microbes can condition the migration of
T cells from the intestine to the tumor bed with opposite influence on
ICB outcome (14, 15). Beyond preclinical models, the most compelling
evidence associating the intestinal microbiota with ICB outcome was
the demonstration that fecal microbiota transplant from patients with
advanced melanoma responding to ICB could promote the antitumor
response in immunotherapy-refractory subjects (16-18).
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Many factors contribute to the shaping of the gut microbiota, but
specific mechanisms responsible for host microbiota mutualism are
not thoroughly understood. Secretory immunoglobulin A (sIgA) may
enhance commensal bacteria colonization by promoting adhesion
and/or nutrient utilization of bacteria within the mucosal niche
(19, 20). IgA-coated bacteria contribute to host physiology and me-
tabolism (21) and are important for the preservation of commensals
diversity and community networks in the human gut (22). High-
affinity T cell-dependent sIgA in the gut is mainly generated in gut-
associated lymphoid tissue (GALT), such as Peyer’s patches (PPs), in
the small intestine. We have previously shown that microbiota-derived
extracellular adenosine triphosphate (eATP) can regulate sIgA pro-
duction by limiting T follicular helper (Tgy) cell abundance in the PPs
of the terminal ileum through the stimulation of the ionotropic P2X7
receptor (P2X7R) (23). This signaling mechanism proved to be im-
portant in shaping a beneficial gut microbiota (24) and, conversely,
limited the effective generation of protective sIgA upon oral vacci-
nation with attenuated enteric pathogens (25). Apyrase is an ATP
diphosphohydrolase that catalyzes the sequential hydrolysis of ATP to
adenosine diphosphate (ADP) and ADP into adenosine monophos-
phate (AMP). The abrogation of intestinal eATP in gnotobiotic mice
colonized with Escherichia coli transformants expressing the apyrase
gene from Shigella flexneri (E. coli?*P") resulted in sIgA repertoire
amplification (26). In addition, the enhanced production of sIgA in
mice lacking the P2X7R resulted in increased sIgA coating of bacte-
ria typically residing in the small intestine, especially Lactobacillus,
Enterococcus, and Enterobacteriaceae that conditioned systemic me-
tabolism (21). Given the importance of the gut ecosystem in confer-
ring responsiveness to ICB, we leveraged the function of apyrase on
sIgA repertoire to enhance intestinal fitness during ICB. This approach
proved to be effective in preventing small intestinal alterations associ-
ated to ICB, enhancing effector T cell migration from the gut to the
tumor bed and boosting the tumoricidal effect of CPIs.

RESULTS
slgA amplification and coating of commensal microbes
improve ICB efficacy
sIgA has a pleiotropic function in adapting the gut microbiota com-
munity to a multitude of perturbations. Among many effects (27), it
directly limits absorption of bacterial products (23), accelerates the
small intestinal transit (28), and regulates topography of bacteria,
thereby conditioning epithelial gene expression and nutrient absorp-
tion (26). In patients with IgA deficiency, the impairment of the mu-
cosal IgA response leads to aberrant systemic exposure to commensal
microbes and CD8 T cell dysfunction consistent with an exhaustion-
like process (29). The quantification of IgA-coated bacteria and solu-
ble IgA in the ileum of mice bearing subcutaneous MC38 colon
adenocarcinoma and treated with anti-PD-L1 showed a negative cor-
relation with tumor size, suggesting that sIgA abundance could con-
tribute to the therapeutic efficacy of ICB (fig. S1, B and C).
Microbiota-derived eATP limits sIgA production via P2X7R-
mediated inhibition of Tyy cells in PPs (23). Therefore, we tested
whether reducing eATP concentration in the terminal ileum by oro-
gastric administration of E. coli**P’" resulted in enhanced control of
tumor growth by anti-PD-L1. Quantification of ileal eATP upon
administration of anti-PD-L1 combined with E. coli"*?" or E. coli
transformants carryin%an empty vector (E. coli BAD28y (30) showed
that combining E. coli#**P? to anti-PD-L1 did not cause significant
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changes in eATP concentration as compared to mice treated with
standalone E. coli***P%%; however, the combination of anti-PD-L1
with E. coli”*”" resulted in a significant decrease in eATP concentra-
tion in the ileum and a significant increase in the percentage of IgA-
coated bacteria as compared to the other groups of mice (fig. S1, D
and E). Moreover, the frequency of IgA-bound bacteria was inverse-
ly correlated with ileal eATP concentration (fig. S1F). We grafted
subcutaneously either MC38 cells or the B16-OVA melanoma cell
line into C57BL/6 mice and starting from day 5, when tumors were
measurable, we administered to mice E. coli”*?" or E. coli’®*P? in
combination with intraperitoneal administration of anti-PD-L1 from
day 8 after tumor engraftment (Fig. 1A). As expected, we observed
enhanced sIgA coating of ileal bacteria in mice treated with apyrase
(Fig. 1B), as well as an increase in soluble IgA concentration (fig. S1A).
Notably, in both tumor models, E. coli’"*?’" administration signifi-
cantly improved anti-PD-L1-dependent control of tumor growth
(Fig. 1, Cand E, and fig. S1H) and mice survival (Fig. 1D and fig. S1I),
compared to mice receiving anti-PD-L1 alone or in combination with
E. coli*®P?_ Analogous results were obtained by oral administra-
tion of purified recombinant apyrase, showing that the efficacy of
the treatment did not depend on the delivery of apyrase by the bac-
terial vector (Fig. 1F and fig. S1G). Tumor eradication in mice treated
with the enzyme combined with anti-PD-L1 doubled with respect
to standalone CPI (Fig. 1G). As previously described, mice that re-
jected the tumor were resistant to subsequent tumor engraftment,
suggesting that these mice developed tumor-specific memory (31).
Administration of apyrase in the absence of CPI did not result in
enhanced control of tumor growth with respect to untreated mice,
suggesting that it exerted an adjuvant function on the antitumor re-
sponse induced by the CPI (fig. S2A). To exclude that the effect of
apyrase could be due to reduced eATP levels in the tumor microen-
vironment (TME), we injected E. coli*?" into the tumor of mice
treated with anti-PD-L1. However, we did not observe any variation
in tumor growth with respect to mice injected with E. coli*®P?
(fig. S2B). We checked that gavaging of E. coli*?’" did not affect
eATP concentration in the TME by the analysis of tumor lumines-
cence in mice engrafted with B16 cells expressing plasma membrane—
targeted luciferase (B16-pmeLUC) (32). Figure S2C shows that
oral E. coli*”" did not result in reduction of eATP in the TME,
whereas a reduction was observed in mice in which E. coli”*?" was
injected intratumorally.

To ascertain whether this effect was limited to anti-PD-L1 treat-
ment, we tested different CPIs in combination with E. coli**”" or
recombinant apyrase. We found that apyrase could improve the
efficacy of ICB in mice treated with standalone anti-CTLA-4 or in
combination with anti-PD-L1 (fig. S3, A to D), as well as in mice
bearing poorly immunogenic Lewis lung carcinoma (LLC) and
treated with anti-PD-L1 combined with agonist anti-CD40 anti-
bodies (fig. S3, E and F). These data suggest that apyrase could convert
immunotherapy-resistant tumors to CPI responsiveness. To prove that
apyrase effect was not restricted to C57BL/6 genetic background, we
engrafted CT26 colon carcinoma in BALB/c mice, which are known
to display a different microbiota and IgA polyreactivity with respect
to C57BL/6 mice (33), and treated them as MC38 tumor-bearing
mice (Fig. 1A). As observed in C57BL/6 mice, apyrase treatment
promoted the enhancement of the antitumor response induced by
anti-PD-L1 (fig. $3, G and H). Together, these data suggest that ileal
eATP reduction by oral apyrase could be beneficial in different im-
munotherapeutic strategies.
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Fig. 1. slgA correlates with ICB efficacy. (A) Mice engrafted with MC38 tumor cells were daily gavaged from day 5 with 10'® CFU (colony-forming units) of E. colP®P% or
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gavage. (B) Flow cytometry and bar plots of IgA-coated bacteria in the ileum. (C) Tumor growth and (D) survival curves of mice treated as indicated (n = 20 to 30 mice per group).
In (E), each line represents the tumor growth of a single mouse. Data are presented as means + SEM from three pooled experiments. (F and G) Mice were treated with isotype or
anti PD-L1 alone or in combination with 40 pg of pure apyrase. (F) Representative tumor images (left) and statistical analysis of tumor weights in the two groups (right). (G) Tumor
rejection rate on day 18.The number of mice, which rejected the tumor over total mice, is indicated above the pie charts. Means + SEM from four pooled experiments are shown.
(H) Tumor growth in WT or IgA™~ mice treated with isotype or anti PD-L1 combined with 40 pg of pure apyrase. Data are from two pooled experiments (n = 5 to 13 mice per
group). (I) Treatment schedule: Starting from the day before anti-PD-L1 treatment, mice were orally treated with either PBS or 40 pg of pure apyrase; DMSO (dimethyl sulfoxide)
or FTY720 (1 mg/kg) was administered at the indicated time points. (J) Tumor growth and (K) bar plots of IgA-coated bacteria in the ileum of mice treated as indicated in
(1) (n =10 to 18 mice per group). Data are presented as means + SEM. The Spearman correlation for linear correlation, two-way ANOVA for tumor growth, Mantel-Cox log-rank
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To assess whether the antitumor activity of apyrase was depen-
dent on sIgA, we engrafted wild-type (WT) and IgA™'~ C57BL/6
mice with MC38 cells and administered anti-PD-L1 in combination
with apyrase. As shown in Fig. 1H, the beneficial effect of apyrase in
the control of tumor growth by anti-PD-L1 was lost in [gA™" ™ mice,
whereas the effect of anti—-PD-L1 was not influenced by the lack of
IgA. Therefore, the efficacy of ICB seems to beneﬁt from sIgA ampli-
fication whereas immune dysregulation of IgA ™'~ mice did not affect
the immune stimulating properties of CPI. To exclude the influence
of systemic effects resulting from congenital IgA deficiency on the
outcome of apyrase addition to the CPI, we took advantage of fingo-
limod (FTY720), a functional antagonist of the S1P1 receptor, which
blocks lymphocyte egress from secondary lymphoid organs (Fig. 11).
Tumor control induced by standalone anti-PD-L1 is not influenced
by FTY720 because it is predominantly mediated by T cells already
present in the TME (34). However, fingolimod administration to
WT mice concomitant to apyrase abrogated the improvement of
ICB efficacy (Fig. 1]). This effect was associated to the significant
reduction of IgA coating of the microbiota induced by apyrase due
to blockade of IgA plasmablasts egress from PPs (35) (F1}g 1K).
These data together with the lack of effect of apyrase in IgA™ ™ mice
suggest that sIgA amplification by apyrase during ICB is a prerequi-
site for enhanced control of tumor growth.

slgA amplification by apyrase corrects the enteropathic
response to ICB

ICB can result in severe gastrointestinal irAEs (36, 37). In a phase 1
clinical trial, responder patients that benefited from fecal micro-
biota transplantation (FMT) displayed improved epithelial integrity
and decreased gut permeability (18). The analysis of plasmalemma
vesicle-associated protein-1 (PV-1), a marker of altered vascular gut
permeability (38, 39), in small intestinal villi of tumor-bearing mice
by confocal microscopy showed the increased PV-1 expression in
the ileum of anti-PD-L1-treated mice, suggesting that intestinal in-
tegrity was compromised by ICB (8); the combination of anti-PD-
L1 with apyrase prevented the increase in PV-1 expression (Fig. 2A).
Conversely, when apyrase was combined with anti-PD-L1 in tumor-
bearing IgA ™"~ mice, we no longer observed the beneficial reduction
of the intensity of PV-1 staining in ileal villi (Fig. 2B). The brush
border membrane is organized into apical F-actin-supported pro-
trusions called microvilli that increase the surface area and func-
tional capacity of enterocytes lining the intestinal tract. The reduction
of microvilli and microvilli rootlets is a feature characterizing the
small intestinal pathology of Crohn’s disease (40). Transmission
electron microscopy (TEM) of the ileum of tumor-bearing mice
treated with anti-PD-L1 showed the marked reduction of the den-
sity of microvilli and their rootlets. By contrast, apyrase supplemen-
tation significantly prevented these structural abnormalities in ileal
enterocytes (Fig. 2, C to E). Again, consistent with the role of sIgA in
mediating protection from ICB-induced intestinal damage by apy-
rase, these lesions were not prevented by apyrase administration in
IgA™"~ mice (fig. S4, A to C). To further investigate the impact of
apyrase on intestinal “fitness” during ICB, we performed RNA se-
quencing (RNA-seq) on intestinal epithelial cells (IECs) from mice
treated with standalone anti-PD-L1 or anti-PD-L1 combined with
apyrase. In apyrase-treated mice, several genes involved in gut bar-
rier integrity and immunomodulation (Ido1, Cldn4, Adm, Atohl,
Muc2, Lama3, Itgav, Egfr, and Lpn2) (41-48) were significantly up-
regulated (fig. S4D and table S1). Moreover, the administration of
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apyrase prevented the up-regulation of genes involved in the cellular
response to stress (fig. S4E and table S2). Together, these data sug-
gest that apyrase-mediated sIgA amplification could prevent ileal epi-
thelium damage induced by ICB within the treatment of solid tumors.

Because ICB does not induce an aggressive enteropathy in mice,
to address the possible efficacy of apyrase in improving intestinal
function in severe gastrointestinal irAEs, we exploited the experi-
mental layout described by Zhou et al. (49), in which the combined
administration of CPIs with low-dose dextran sulfate sodium (DSS)
results in the intestinal irAE that characterizes ICB failure and threat-
ens the life of patients treated with CPIs. We recapitulated that low-
dose DSS synergizes with CPIs (anti-CTLA-4 and anti-PD-L1) in
leading to a significant reduction in body weight and colon length,
enhanced intestinal permeability, and histopathological traits in the
colon. Notably, apyrase supplementation restored these features in-
duced by the combination of the two CPIs with DSS, suggesting that
it could prevent the intestinal irAEs induced by immunotherapy in
patients with tumor (Fig. 2, F to J).

Increased effector functions in TiLs by

apyrase administration

Then, we aimed at characterizing possible functional and pheno-
typic differences of tumor-infiltrating lymphocytes (TILs) induced
by combining apyrase to anti-PD-L1 in the treatment of tumor-
bearing mice. To avoid scoring differences that were due to different
tumor masses, we analyzed TILs after the second anti-PD-L1 injec-
tion when differences in tumor size between the various groups of
treatment were not significant. In mice bearing B16-OVA tumors,
tetramer staining revealed a significant increase in the number of
OVA-specific CD8" T cells in the group treated with anti-PD-L1
and apyrase with respect to mice treated with vehicle or standalone
anti-PD-L1 (fig. S5A), consistent with increased infiltration of tu-
mor antigen-specific CD8 T cells. We addressed the antitumor pro-
ficiency of TILs infiltrating MC38 tumors and found significantly
increased secretion of interferon-y (IFN-vy) (Fig. 3A), increased pro-
portion of TNF-o*Granzyme B™ cells (Fig. 3B) in CD8" TILs, as
well as IFN-y and tumor necrosis factor-a (TNF-a) secreting CDh4*
TILs in anti-PD-L1/apyrase-treated mice (fig. S5, B and C). Inter-
leukin-21 (IL-21) was shown to improve T cell-mediated antitumor
immunity within ICB (50); notably, we found enhanced expression
of IL-21 in both CD8* (Fig. 3C) and CD4" (fig. S5D) TILs by apy-
rase administration. In addition, we detected a significant increase
in CD8"PD-1*CXCR5" T cells (Fig. 3D), a cell subset associated
with the proliferative burst induced by PD-1 blockade (51). The
same functional improvement of CD8" T1ILs was also observed in mice
bearing B16-OVA (fig. S5, F to H) and LLC (fig. S5, I to L) tumors by
combining apyrase to anti-PD-L1 and anti-PD-L1/anti-CD40, re-
spectively. These phenotypic changes in TILs were not observed in
mice solely treated with apyrase (fig. S5, M to Q), suggesting that they
resulted from the synergy of the enzyme in the intestine with ICB.

To gain further insights into the underlying biology, we per-
formed single-cell RNA sequencing (scRNA-seq) of the CD45" cells
infiltrating tumors treated with either anti-PD-L1 or anti-PD-L1
plus apyrase. On the basis of CD3 gene expression, we reclustered
and annotated the T cells by checking the expression of several
markers related to T cell biology (fig. S6, A to C). The Cd8a gene
characterized eight clusters (C0, C1, C2, C4, C5, C7, C10, and C12),
whereas the Cd4 gene only two clusters [C3 regulatory T (Tr) and C8
conventional T (T¢opny) cells]. We also annotated a yd T cell receptor
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single mice; means + SEM. AU, arbitrary units. **P < 0.01 by the Mann-Whitney U test. (C to E) TEM images of enterocytes captured from the upper portion of villi from MC38
tumor-bearing mice that were untreated (Ctrl, n = 4), treated with standalone anti-PD-L1, or combined with apyrase. Yellow arrowheads designate microvilli rootlets. TEM
images representative of four mice per group. Scale bars, 1T um (C). Graphs of average rootlets (D) and microvilli (E) density quantified from TEM images are displayed as
means + SEM. Data points represent single mice. *P < 0.05 by the Mann-Whitney U test. (F to J) Murine model of irAEs. (F) Schematic of the irAE model. Mice were given 2%
DSS in drinking water for 3 days, followed by 4 days of water. Starting 2 days before DSS, a group received daily gavage of 40 pg of apyrase. On days 0, 3, and 6, mice received
intraperitoneally either 100 pg of anti-CTLA-4 or 100 pg of anti-PD-L1 or IgG. Body weight loss over time (G), colon length (H), and dextran-FITC serum analysis (I) at the end
of the experiment (n = 10 per group). (J) Representative H&E sections of colonic sample and statistical analysis of histopathological scores. Scale bars, 250 pm. Data points
represent single mice. Error bars represent SEM. One-way ANOVA with Tukey’s multiple comparison test was used. *P < 0.05; **P < 0.01; **#*P < 0.001; **¥**P < 0.0001.
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Fig. 3. Increase in effector functions in CD8 TILs by apyrase administration. (A to D) Representative flow cytometry histograms and bar plots of CD8" TIL subpopulation
recovered from the tumor of mice on day 12 of the schedule shown in Fig. 1A (24 hours after the 2nd dose of anti-PD-L1). Cells were selected as Zombie™, CD45%, and
CD8'TCRP™ and analyzed on the gated lymphocyte population. Histograms and bar graphs reflect the proportion of IFN-y* (A), TNF-a*Granzyme B* (B), and CXCR5* (D) and
the mean fluorescence intensity (MFI) of IL-21 (C) in the indicated subsets of CD8 cells. The boundaries to quantify positive cells with the different staining were established
using isotype-matched negative antibodies (dotted line). Data points represent single mice. Error bars represent SEM. One-way ANOVA with Tukey’s multiple comparison
test was used. (E) Uniform manifold approximation and projection (UMAP) visualization of CD8 T cells infiltrating tumors treated with either anti-PD-L1 plus E. coli"®0% or
anti-PD-L1 plus E. coli”P". Cells are colored according to cluster identity. The clusters in the UMAP are coming from pooled mice from the two differently treated groups.
(F) Gene expression heatmap featuring the top 25 up-regulated and down-regulated differentially expressed genes between CD8 T cells clusters in tumors treated with
anti-PD-L1 plus E. colP®P? versus anti-PD-L1 plus E. coli”P" (n = 3/4 mice per group). (G to I) Statistical analysis of IL-7R (G), ICOS (H), and 4-1BB (I) CD8 TILs recovered from
tumors treated as detailed in Fig. 1A on day 18. Data points represent single mice. Error bars represent SEM. One-way ANOVA with Tukey’s multiple comparison test was used.
(J) Violin plots showing the expression of the ICB nonresponder gene signatures [up-regulated and down-regulated genes in patients not responding to ICB from ref. (55)] in
clusters of CD8T cells. The Mann-Whitney test with Benjamini and Hochberg correction was used. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

De Ponte Conti et al., Sci. Adv. 11, eaeb5308 (2025) 3 October 2025 6 of 22

9202 ‘TO Afenuer uo B10°80U 105" MMM//:SANY WO.) PapeojuMod



SCIENCE ADVANCES | RESEARCH ARTICLE

(TCRyd) T cell cluster (C6), a shared cluster between off T cell
receptor (TCRap) CD4 and CD8 encompassing naive-like cells
(C9), and a cluster expressing high levels of CD14 and most likely
being a contaminant of myeloid origin (C11). This added resolu-
tion allowed us to focus our attention on clusters characterized by
Cd8a gene expression as our preliminary data suggest that they
play a major role in mediating the effects induced by apyrase
combination (Fig. 3E). C5 and C7 were excluded from further
analysis as the former showed expression of markers associated
with CD8-expressing nonconventional T cells such as ydT and natu-
ral killer (NK) cells (Klral, KirbIc, Terg-c4, and Cd160), whereas the
latter showed signs of low-quality capture and sequencing (low tran-
script content, mainly of mitochondrial origin) (fig. S6B). We did not
detect significant differences in the distribution of CD8 clusters in
mice treated with standalone anti-PD-L1 versus anti-PD-L1 com-
bined with apyrase (fig. S6D). The overall comparison of the transcrip-
tome of CD8 T cell clusters showed a significant increase in gene
transcripts associated with an active and functional antitumor im-
mune response, including Pdcdl, 1171, Icos, Tnfrsf4, Tnfrsf9, Tnfrsf18,
Ifngrl, and Stat4 in the ICB plus apyrase group (Fig. 3F), which was
confirmed by flow cytometry analysis for IL-7R, ICOS, and 4-1BB
(Fig. 3, G to I). To annotate the remaining CD8 T cell clusters be-
yond the mere expression of few markers, we ran a series of tran-
scriptional signatures known to characterize diverse CD8 T cell
states. Specifically, we tried to pinpoint the main clusters that fol-
low the CD8 T cell trajectory within tumors. This analysis revealed
that C1 displayed the highest score for a T precursor exhausted
(Tpex) signature (52) (fig. S6E). C2 and C12 showed the highest
score for CD8 dysfunctional cells (53), with C12 being the transitory
effector-like population (Teg-like), still retaining some proliferative
potential, whereas C2 being the terminally exhausted (T¢) pool
(54) (fig. S6F). CO most likely resembled T effector memory (Tem)
cells (Ccl5, Gzmk, Gzma, Nkg7, Cxcr3, Ifgrl, and Kif2), whereas C10
appeared to feature tissue-resident memory T (T,y,) cells (Pgkl, Jun,
Bnip3, and Tnfsf9I) (fig. S6G). In an effort to associate the transcrip-
tional changes happening within the tumor-infiltrating CD8 T cells
with data of human relevance, we further projected the ICB non-
responder signature (55) in the various CD8 T cell clusters by com-
paring differently treated mice. Genes up-regulated in patients not
responding to ICB were more represented in CD8 T cells from mice
treated with anti-PD-L1 combined with control E. coli transformants,
whereas genes down-regulated in nonresponders scored higher in the
Tems> Tpex> and Tey (CO, C1, and C2) infiltrating tumors in mice where
anti-PD-L1 was associated with apyrase releasing E. coli transfor-
mants (Fig. 3]). Together, these data suggest that oral apyrase in
combination with ICB could be exploited to improve the antitu-
mor proficiency of cytotoxic T cells and obtain a better control of
tumor growth.

Enrichment of ileal Lactobacillus johnsonii characterizes
apyrase-mediated enhancement of ICB efficacy

sIgA contributes to the topographical distribution of the microbiota
and controls the translocation of pathobionts into the lamina pro-
pria (56). Several studies have shown the targeting of selected bacte-
rial species by sIgA under physiological and pathological conditions
(57). To define commensal microbes targeted by sIgA during apyrase
administration, we sorted IgA-coated ileal bacteria by fluorescence-
activated cell sorting (FACS) and performed 16S ribosomal RNA
(rRNA) gene sequencing. Bacteria isolated from IgA™~ mice were

De Ponte Conti et al., Sci. Adv. 11, eaeb5308 (2025) 3 October 2025

used as negative controls for sorting (fig. S7C); to identify bacteria
that were conditioned by sIgA coating in differently treated groups,
we calculated the “IgA Index” or “Enrichment Score” of the different
taxa for every single mouse by comparing the abundance in the
IgA* fraction to the IgA~ and unsorted fractions. Three amplicon
sequence variants (ASVs) belonging to the genus Lactobacillus were
significantly enriched in the IgA™ with respect to the IgA~ fraction
in the group of mice treated with anti-PD-L1 and apyrase, whereas
taxa belonging to families Erysipelotrichaceae and Desulfovibriona-
ceae were depleted in the IgA™ fraction. Conversely, no bacteria
with a significant differential abundance in the IgA™ versus IgA~
fraction were identified in the group of mice treated with standalone
anti-PD-L1 (Fig. 4A). This result suggests that the increased pres-
ence of Lactobacilli in the IgA™ sorted fraction within the combina-
tion treatment group was due to specific IgA coating and not merely
a reflection of their overall gut abundance. Further bacterial taxa
with a significant IgA index were identified by comparing the IgA™
to the unsorted fraction (fig. S7, A and B, and table S3). The enrich-
ment of Lactobacilli in the IgA™ fraction of apyrase-treated mice was
reminiscent of previous data obtained in mice with deletion of the
P2rx7 gene and enhanced sIgA coating of Lactobacilli (21). We per-
formed a deeper metagenomic analysis of the microbiome by se-
quencing the full-length 16S rRNA gene using PacBio SMRTbell
sequencing of bacteria residing in the ileum of mice treated with
standalone anti-PD-L1 or anti-PD-L1 combined with apyrase. Rel-
ative abundance analysis of differentially represented ASVs revealed
the selective enrichment of L. johnsonii and L. reuteri by apyrase
administration. Conversely, Lachnospiraceae-, Erysipelotrichaceae-,
and Desulfovibrionaceae-related taxa were reduced (Fig. 4B). The
analysis of the ileal content of differently treated mice by quantita-
tive polymerase chain reaction (qPCR) with primers specific for
L. johnsonii showed the absolute increase in the abundance of this
species in mice treated with anti-PD-L1 combined with apyrase
(fig. S7D). B-Diversity by principal coordinate analysis (PCoA) derived
from unweighted and weighted UniFrac showed that L. johnsonii
was the bacterial species that most induced the segregation of mice
treated with anti-PD-L1 combined with apyrase, whereas Dubosiella
newyorkensis belonging to the family Erysipelotrichaceae promoted
the variance of anti-PD-L1 mice (fig. S7E).

In mice, the abundance of L. johnsonii (8, 58) or oral consump-
tion of an exopolysaccharide from L. delbrueckii (59), which belongs
to the same phylogroup, positively correlated with CD8 T cell anti-
tumor cytotoxicity during ICB, suggesting that these microbes could
have an adjuvant effect on ICB. To test the functional relevance of
Lactobacilli enriched in mice treated with apyrase and anti-PD-LI,
we isolated L. gasseri/johnsonii, Limosilactobacillus balticus/agrestis/
reuteri and Ligilactobacillus murinus/animalis from this group of
mice. To discriminate the importance of the different phylogroups
in promoting the observed enhancement of the response to ICB, we
checked the sensitivity to vancomycin of the different isolates. We
found that Limosilactobacillus and Ligilactobacillus were resistant to
the antibiotic [minimum inhibitory concentration (MIC) > 512 pg/
ml], whereas L. gasseri/johnsonii was sensitive (MIC < 2 pg/ml),
as previously shown (60). Sequencing of ileal bacteria from tumor-
bearing mice that were either treated or not with vancomycin, followed
by anti-PD-L1 combined with apyrase, confirmed the selective elim-
ination of L. johnsonii by the antibiotic treatment (fig. S8). Therefore, to
address whether the apyrase-mediated therapeutic improvement of
ICB could be conditioned by vancomycin-sensitive L. johnsonii, we
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Fig. 4. Enrichment of ileal Lactobacilli characterizes apyrase-mediated enhancement of ICB efficacy. (A) Differential abundance analysis performed with DESeq2
comparing microbial taxa in IgA™ versus IgA~ ileal fractions from mice treated with anti-PD-L1 and apyrase (n = 7). Log, fold changes of significantly different bacterial
taxa, as determined by Wald tests followed by Hochberg correction for multiple testing. Taxa belonging to the genus Lactobacillus are highlighted in blue. All taxa shown
met the statistical significance threshold after correction (P adj. < 0.05). The same analysis performed in mice treated with standalone anti-PD-L1 did not reveal any sig-
nificantly different abundance of bacterial taxa between the IgA* and IgA™ fraction. (B) Significantly different taxa determined through the Mann-Whitney test carried out
with Centered Log-Ratio (CLR)-transformed bacterial abundances. The blue-white-red heatmap represents the median CLR-transformed abundances of the reported
taxonomic units. Taxonomic names written in blue were determined through a manual BLASTN search in GenBank using the sequence of the corresponding ASV.
The bacterial community structure of the ileum was analyzed in anti-PD-L1-treated mice with (n = 8) or without (n = 8) the administration of recombinant apyrase.
(C to E) On day 0, mice were subcutaneously injected with 1 x 10° MC38 tumor cells and treated with isotype or anti-PD-L1 and 40 pg of pure apyrase or 10° L. johnsonii
or PBS. (C) Tumor growth of mice treated as indicated. Means + SEM from two experiments (n = 8 to 15 mice per group). [(D) and (E)] Bar plots of CD8" TIL subpopulations.
Cells were selected as Zombie~, CD45", and CD8*TCRB*. Proportion of Granzyme B*TNF-a™ (D) and CXCR5™ (E) CD8 TiLs. The boundaries to quantify positive cells with the
different staining were established using isotype-matched negative antibodies. Data points represent single mice (n = 10 to 12). ANOVA for tumor growth and one-way
ANOVA with Tukey’s multiple comparison test were used. *P < 0.05; **P < 0.01; ***P < 0.001.
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administered vancomycin to mice before MC38 tumor engraftment
and kept mice under antibiotic treatment for the whole duration of
the experiment. This scheme of vancomycin administration did not
affect the antitumor response induced by anti-PD-L1; however, it
completely abolished the enhancement of tumor growth control
provided by the addition of apyrase to anti-PD-L1 (fig. S9A). The
effect of vancomycin was associated with the abrogation of the in-
crease in CD8*ICOS" and IFN-y secreting CD8" TILs (fig. S9, B
and C). To directly demonstrate the function of L. johnsonii in con-
ditioning the intestinal ecosystem and promoting the tumoricidal
effect of apyrase, we daily gavaged mice with L. johnsonii isolated
from the ileum of apyrase-treated mice as a substitute of apyrase.
The treatment of mice with anti-PD-L1 combined with bacteria
provided analogous control of tumor growth as the combination of
the antibody with apyrase (Fig. 4C) as well as a similar increase in
TNF-a*Granzyme B* and CXCR5" CD8 TILs (Fig. 4, D and E). The
enhancement of anti-PD-L1 efficacy mediated by L. johnsonii was de-
pendent on sIgA because it was not observed in IgA™ ™ mice (fig. S9D).
Together, these data suggest that an apyrase-mediated increase in small
intestinal colonization by L. johnsonii- and L. johnsonii-specific
sIgA amplification promotes the beneficial influence of these bacte-
ria on the tumoricidal activity of enterotropic T cells.

Apyrase conditioning during ICB invigorates gut-resident
CD8T cells and promotes migration of enterotropic T cells
to the TME
In CD8 T cells isolated from PPs and ileal lamina propria of mice
treated with anti-PD-L1 combined with apyrase, we detected en-
hanced staining in flow cytometry for the nuclear proliferation
marker Ki-67 and T-box transcription factor T-bet, as well as increased
IFN-y secretion upon in vitro stimulation, all features associated with
improved effector potential (Fig. 5, A and B). This apyrase-induced
functional improvement of intestinal CD8 T cells was not observed
in mice lacking IgA (fig. S10A). The chemokine receptor CCR9 char-
acterizes enterotropic T cells. In patients with melanoma and mice
with spontaneous melanoma, higher frequencies of peripheral blood
CD8YCCR9™ T cells correlated with prolonged overall survival (61).
We observed a significant increase in CCR9" cells among both CD8*
(Fig. 5C) and CD4* (fig. S5E) TILs isolated from MC38 tumor-
bearing mice treated with anti-PD-L1 and apyrase compared to
mice treated with anti-PD-L1, suggesting that intestinal condition-
ing by apyrase favored the infiltration of enterotropic T cells into the
TME. An analogous increase in CCR9" CD8 TILs upon apyrase
treatment was observed in B16-OVA and LLC tumor-bearing mice
as well (fig. S10, B and C). Consistent with the function of sIgA in
promoting tumor infiltration by CCR9" cells, this effect was lost
in IgA™~ mice (Fig. 5D) as well as in vancomycin-treated mice
(fig. S10D), whereas the proportion of CCR9* CD8 TILs was similar
between apyrase-treated and L. johnsonii-treated mice (fig. SI0E).
A multitude of microbial and dietary antigens shapes the TCR
repertoire of intestinal T cells. Recently, structural homologs of
tumor-associated antigens able to elicit major histocompatibility
complex (MHC) class I-restricted cytotoxic response have been
identified in the microbiota of complete responders to ICB (62).
Therefore, the presence of particular commensal bacteria in the mi-
crobiota might improve antitumor immunity by providing tumor-
mimicking peptides for antigen presentation. To address whether
the combination of apyrase with anti-PD-L1 could result in the ex-
pansion of particular T cell clones in the intestine and/or tumor bed,
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we analyzed the TCRVp repertoire of CD8 T cells in the PPs and
TME by flow cytometry. The comparison of mean frequencies of the
different TCRV{ regions in the PPs of mice treated with anti-PD-L1
and E. coli?®*P% or E. coli?*P" (mean frequencies from four different
groups of mice/treatment constituted by five mice per group) showed
comparable values. In contrast, the frequencies of the different
TCRV] regions in the TME of differently treated mice were charac-
terized by marked variability and a significant increase in CD8 T cells
expressing the TCRV6 region in mice treated with E. coli"*?" ver-
sus E. coli"®*P? (fig. S10F). These data suggest tumor-specific T cell
clones as well as variable bystander cells could be enriched in the
TME following intestinal conditioning by apyrase.

Then, we tested whether these phenomena corresponded to en-
hanced migration of T cells from the intestine to the TME. We took
advantage of photoconvertible KikGR mice that express a green-to-red
photoconvertible protein under the ubiquitously expressed CAG
promoter (63). We photoconverted the three terminal PPs in the il-
eum on day 11 after tumor engraftment and analyzed systemic cells
24 hours later (Fig. 5E). After 2.5 min of ultraviolet (UV) light expo-
sure, most CD45™ cells in the PPs were photoconverted (fig. S11A).
Analysis of T cells in the TME 24 hours after PPs photoconversion
revealed that intestinal-derived CD45 TILs were found in the TME
(Fig. 5F); anti-PD-L1 administration did not affect baseline migration
from the intestine to the TME as compared to untreated tumor-
bearing mice. However, the association of apyrase to anti-PD-L1
resulted in a significantly increased tumor infiltration by PP-derived
CD8" T cells as well as CD4"CD25™ Teopy cells, whereas we did not
find significant variations in the abundance of gut-derived T4 cells
in the TME of differently treated mice (Fig. 5G and fig. S11B). Nota-
bly, the proportion of photoconverted CD8" T cells in the TME
of mice treated with apyrase negatively correlated with tumor size
(Fig. 5H), suggesting that these cells could be proficient in control-
ling tumor growth during ICB. We did not find any substantial en-
richment of CD8' T or CD4" Teopy or Threg cells in tumor-draining
and nondraining inguinal or mLNs or spleen of apyrase-treated
mice (fig. S11, C to E), ruling out modified trafficking of these cells
in lymphoid organs by apyrase. In summary, these data support the
idea that intestinal conditioning by sIgA during ICB could improve
the effector potential of gut T cells, which ultimately infiltrate the
TME and exert antitumor cytotoxic activity. To address the function
of enhanced L. johnsonii colonization in promoting the migration of
intestinal CD8 T cells to the TME in mice treated with anti-PD-L1
combined with apyrase, we photoconverted ileal PPs in mice treated
with anti-PD-L1, anti-PD-L1/apyrase, and anti-PD-L1 combined
with oral gavage with L. johnsonii. The administration of L. johnsonii
resulted in a significant increase in the abundance of photoconvert-
ed CD8" TILs as compared to mice treated with standalone anti-
PD-L1, displaying values similar to mice treated with anti-PD-L1/
apyrase (Fig. 5I).

CCL25 in the TME recruits gut-derived CD8YCCR9" T cells

and positively correlates with ICB responsiveness in patients
with melanoma

Chemokines and their receptors control lymphocyte trafficking and
play an instrumental role in shaping the immune tumor infiltrate.
CCROY is a gut-homing chemokine receptor expressed by T cells and
other innate and adaptive immune cell subsets that preferentially
reside in the small intestinal mucosa, where its sole ligand CCL25/
TECK is expressed. In this respect, CCL25 expression in human
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Fig. 5. Apyrase conditioning of ICB invigorates gut-resident CD8 T cells and promotes their migration in the TME. (A and B) Statistical analysis of Ki-67, T-bet, and
IFN-y-expressing CD8T cells recovered from PPs (A) and lamina propria (B) on day 12 (24 hours after the second dose of anti-PD-L1) of mice treated as detailed in Fig. 1A.
Data points represent single mice from three experiments. (C and D) Representative histograms and bar graphs of CCR9*CD8" TILs in tumors recovered from C57BL/6 WT
(C) or C57BL/6 WT and IgA’/’ (D) mice on day 18 (24 hours after the fourth dose of anti-PD-L1). Cells were selected as Zombie™, CD45%, and CD8+TCR[}*. Data points
represent single mice from two experiments. Error bars represent SEM. One-way ANOVA with Tukey’s multiple comparison. (E) Schematic of the experimental setup of
KikGR mice engrafted subcutaneously with MC38 cells. The first three PPs of the ileum starting from the cecum were photoconverted on day 11 after the second shot of
anti-PD-L1, and organs were collected 24 hours after photoconversion. h, hours. (F) Representative dot plot of TILs from tumor 24 hours after photoconversion or recov-
ered from a nonphotoconverted mouse. (G) Percentage of K-Red CD8*, CD4*CD25"%9 Ty and Treg cells within total CD45" cells in the TME 24 hours postphotoconversion.
Data points represent single mice from three experiments. (H) Correlation between K-Red CD8* T cells in the TME and tumor size 24 hours after photoconversion (day 12).
() Percentage of K-Red CD8™ within total CD45™ cells in the TME 24 hours postphotoconversion in mice treated with anti-PD-L1 alone or in combination with oral gavage
of apyrase or L. johnsonii. Data points represent single mice. Error bars represent SEM. One-way ANOVA with Tukey’s multiple comparison test and Spearman correlation
for linear correlation were used. *P < 0.05; **P < 0.01; ***P < 0.001.
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solid tumors could further enhance the recruitment of CCR9-
expressing cells. We then asked whether CCL25 expression by tu-
mor cells could condition the extent of CCR9* cell infiltration. To
address this point, we used CRISPR-Cas9-mediated Ccl25 down-
regulation in MC38 cells (fig. S12A). The reduction of Ccl25 expres-
sion resulted in the loss of the apyrase-mediated improvement of
tumoricidal activity during ICB (Fig. 6A). Coherently, CD§*CCR9™
T cells were reduced in the TME (Fig. 6B). To test whether this im-
paired infiltration of CCR9™ CD8 TILs was effectively due to re-
duced migration from the gut, we implanted MC38 cells transduced
with sg™" or sg““*** in KikGR mice and treated them with anti-PD-
L1 and apyrase (as detailed in Fig. 5E). The accumulation of photo-
converted CD8 TILs was significantly reduced in mice engrafted
with MC38%8““1% cells as compared to mice bearing tumors trans-
duced with sg®; similarly, the baseline migration of CD4" Typy
and Ty cells from the gut to the TME was reduced in MC38%8°CL2
as compared to control tumors (Fig. 6, C and D). In addition, CD8*
TILs expressing CCR9 produced IFN-y more efficiently compared
to their negative counterpart, suggesting an increased cytotoxic po-
tential of this CD8 T cell subset (fig. S12B).

In an effort to translate the T cell tumoricidal proficiency of en-
terotropic T cells into control of solid tumor growth in humans, we
analyzed CCL25 gene expression in human cancers. In most exam-
ined tumors, the gene encoding for CCL25 was overexpressed in
neoplastic (in red) as compared to the adjacent normal tissue (in
blue) (fig. S13A). To address the function of the CCL25/CCR9 axis
in enhancing the antitumor CD8 T cell cytotoxic activity, we gener-
ated disease-specific survival (DSS) curves by comparing the effect
of the combination of CCR9, CCL25, CD8A, and CD8B genes as a
proxy for the infiltration of CD8*CCR9" cells and production of
CCL25 by the tumor. Notably, the combined expression of CCR9,
CCL25, CD8A, and CD8B genes in tumors positively correlated
with a higher DSS probability in patients with melanoma, with a
better hazard ratio (HR) and P value compared to the expression of
CD8A and CD8B genes only (Fig. 7A). Moreover, the analysis of
public scRNA-seq data from CD8 T cells isolated from patients with
melanoma (GSE123139) (64) revealed a gradient of increasing CCR9
expression in CD8 T cells from ICB-naive patients to previously
treated and on-treatment patients with melanoma (fig. S13B). Last,
the analysis of variations of CCL25 expression in tumor samples
from patients with melanoma treated with anti-PD-1 (table S4) re-
vealed that only responders displayed a significantly increased ratio
between CCL25 levels before and after ICB (Fig. 7B), suggesting that
CCL25 bears the potential of being a predictive biomarker of antitu-
mor response by ICB.

In adult human healthy donors, CCR9 is expressed by around 1%
of circulating CD8" T cells (fig. S13C). When we checked the distri-
bution of T cells subsets among CCR9* and CCR9™ CD8 T cells (ac-
cording to CCR7 and CD45RA expression), we found that CCR9™ cells
were enriched for T central memory (Tcpy) cells (CCR7TCD45RA")
while depleted for terminally differentiated effector T (Temra) cells
(CCR7-CD45RA") (fig. S13D). This functional cell subset distribu-
tion suggests that CCR9* CD8 T cells may bear greater expansion
and effector potential and thus could be exploited for immunothera-
peutic strategies. Last, we isolated CCR9* and CCR9™ CDS8 effector
T cells from healthy donors and ran bulk RNA-seq. Genome-wide
comparative transcriptional analysis of circulating CD8*CCR9™"
versus CD8'CCRY™ effector T cells from human healthy donors re-
vealed an enrichment of genes characterizing effector-like CD8 TILs

De Ponte Conti et al., Sci. Adv. 11, eaeb5308 (2025) 3 October 2025

with antitumor activity and pauperization of genes belonging to a
terminally exhausted like signature in CCR9* cells (52) (Fig. 7C). As
Ccr9 was expressed at low levels in single cells, which likely led to a
high dropout rate and lack of detection of the transcript by 10X Ge-
nomics scRNA-seq, we projected the genes differentially expressed
in human CD8*CCR9™ versus CD8"CCR9™ effector cells on the
CD8 cluster of our mouse scRNA-seq. We observed a significant en-
richment of genes characterizing CCR9" human effector cells in
CD8 TILs from mice treated with anti-PD-L1 and apyrase com-
pared to standalone anti-PD-L1 (Fig. 7D). Together, these results
point to the intestinal environment as a crucial hub in the immune
system for conditioning the antitumor immune response and sIgA
as an inducible safeguard of small intestinal fitness that may hold
true also in human clinical settings.

DISCUSSION

The intestinal microbiota community was recently shown to have a
decisive impact on the outcome of ICB in patients with solid tumors
(16, 17). Beneficial microbiota modifications in patients experienc-
ing response to ICB after FMT resulted in the enrichment of CD8
T cells infiltrating the tumor and contacting melanoma cells as well
as an increase in circulating ICOSTCD8" T cells (18). Therefore,
modulating the gut microbiota represents a promising approach to
enhance the success rate of immunotherapies. Apart from FMT, se-
lected live biotherapeutics, bacterial products, and engineered mi-
crobes are already used in clinical trials with oncologic patients in
combination with ICB (65).

The gut mucosal immune system and the microbiota have a re-
ciprocal relationship; in this respect, sIgA coating plays an instrumental
function in host-microbiota mutualism by supporting beneficial
bacteria while excluding from epithelial contact harmful pathogens
(27, 66). The interaction between B and Ty cells in the PPs results
in the production of affinity-matured sIgA by plasma cells in the il-
eal mucosa (67). Extracellular ATP has emerged as a bacterial me-
tabolite present in the intestinal lumen at concentrations sufficient
to permeate PPs and limit Ty cell activity via P2X7R (23). Admin-
istration of the ATP-degrading apyrase proved to be successful in
amplifying the sIgA repertoire and correcting antibiotic-induced
dysbiosis (26). In the present study, we demonstrated that apyrase
can be used to improve intestinal fitness and promote the adaptive
antitumor immune response during ICB. This adjuvant therapy led
to an increased production of tumoricidal cytokines and infiltration
of functionally active CD8 T cells. Among the transcripts selectively
up-regulated by apyrase administration, we detected II7r, which
characterizes a stemlike and tumor-responsive CD8 T cell popula-
tion capable of sustaining the therapeutic response induced by ICB
(55, 68-70). The gene signature obtained by scRNA-seq of CD8 TILs
from mice treated with anti-PD-L1 combined with apyrase corre-
lated with the response to immunotherapy in patients with mela-
noma (55), suggesting that apyrase-elicited conditioning of the gut
ecosystem has the potential to increase the response rate to ICB in
patients with cancer. The combination of apyrase to anti-PD-L1 re-
sulted in improved responsiveness of CD8" T cells residing in the
small intestine, prompting us to speculate that this functional in-
vigoration could beneficially reflect on the antitumor response. This
hypothesis was corroborated by experiments in photoconvertible
KikGR mice (63) bearing MC38 tumors, in which we could show
the enhanced migration of photoconverted CD8 T, but not T cells,
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Fig. 6. CCL25 in the TME recruits gut-derived CD8"CCR9™ T cells. (A) Tumor growth in mice subcutaneously engrafted with 1 x 106 MC38°9" or MC38°9°% cells and
either untreated or treated with anti-PD-L1 alone or plus 40 pg of pure apyrase (as in Fig. 1A). Data are from one experiment representative of three (n = 6 to 8 mice per
group). Error bars represent SEM. Two-way ANOVA for tumor growth was performed. (B) Representative dot plot and statistical analysis of CCR9-expressing CD8* T cells
in MC38°9<" or MC38°9°*25 tumors from mice treated as indicated. Data points represent single mice. Data were from two pooled experiments. Error bars represent SEM.
One-way ANOVA with Tukey’s multiple comparison test was used. (C and D) Representative dot plots (C) and percentages (D) of K-Red CD8*, CD4*CD25™9 Ty and Treg
cells within total CD45™" cells in tumors 24 hours postphotoconversion of mice engrafted with MC38%9°" or MC38°9°25 cells and treated with anti—PD-L1 plus apyrase (as
detailed in Fig. 5E). Data points represent single mice. Data were from two pooled experiments. Error bars represent SEM. The two-tailed Mann-Whitney U test multiple
comparison test was used. *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 7. CCL25 in the TME positively correlates with ICB responsiveness in patients with melanoma. (A) Kaplan-Meier curves show the survival probability of patients
with melanoma over 20 years, divided on the basis of the expression of CD8A and CD8B (left); CD8A, CD8B, and CCR9 (middle); and CD8A, CD8B, CCR9, and CCL25 (right).
Graphs show the Cox PH ratio (HR), associated P value, and log-rank test results between groups. When more than two groups of patients were compared (middle and
right), the Cox PH P value was calculated between both the “high_high” group versus all the other groups as a whole (first line) and any of the three groups (second line).
The “Number at risk” table represents live individuals for each group at each time point. The “Cumulative number of events” table tracks deaths occurred up to the corre-
sponding time point. (B) CCL25 gene expression ratio between after and before anti-PD-L1 treatment in responder (purple) (n = 22) or nonresponder (green) patients with
melanoma (n = 16). Data were taken from (84) and (85) and represent single patients. Error bar represents SEM. Two-tailed Mann-Whitney U test. *P < 0.022. (C) GSEA
enrichment plots of gene sets from (52) significantly enriched or depleted in CD8*CCR9™ compared to CD8*CCR9™ T effector cells from PBMCs of healthy donors. Four
healthy donors per group were used. (D) Expression of the CCR signature obtained by comparing bulk RNA-seq human CCR9* and CCR9™ TEM cells on CD8 cells from
scRNA-seq. Briefly, it was compiled by selecting differentially expressed genes with a g value lower than 0.01 and up-regulated in CCR9* cells and converted to their mu-
rine orthologs. The expression of the signature in the scRNA-seq experiment was calculated for each cell as the average expression of the genes comprising the signature;
significant difference was evaluated using the Wilcoxon rank sum test. *##P < 0.001.
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from the gut to the TME by combining apyrase to anti-PD-L1 ad-
ministration. Tumor-specific T cells in the gut can arise via molecu-
lar mimicry of tumor associated antigens. In addition, beyond direct
antigen mimicry, bystander activation of gut-derived T cells may
also contribute to the control of tumor growth. Whereas the various
TCRV regions were uniformly expressed in CD8 T cells isolated
from the PPs of differently treated mice, a significant increase in
TCRVpP6-expressing cells was observed in CD8 TILs from mice
treated with anti-PD-L1 and apyrase as compared to mice treated
with standalone anti-PD-L1, suggesting that particular clonotype/s
were selectively enriched within the tumor bed and could eventually
confer enhanced control of tumor growth.

The deficiency of IgA in both mice and humans results in sys-
temic immune dysregulation, enhanced bacterial translocation, and
elevated levels of systemic IgG bound to bacteria (29). The impor-
tance of sIgA in our preclinical proof of concept for apyrase function
in ICB was demonstrated by (i) the percentage of ileal sIgA-coated
bacteria negatively correlated with the tumor size of mice treated
with anti-PD-L1 independently of the addition of apyrase; (ii) the
adjuvant activity of apyrase during ICB was lost in mice lacking IgA.
We addressed which bacterial components of the microbiota were
preferentially targeted by the amplified sIgA repertoire induced by
apyrase. Both IgA sequencing (IgA-seq) and full-length 16S rRNA
gene sequencing revealed Lactobacillus, in particular L. johnsonii and
L. reuteri, which are known to exert an antitumor effect (8, 58, 71, 72),
as possible contributors to the therapeutic effect. Abrogation of the
therapeutic effect of apyrase by vancomycin treatment suggested
that L. johnsonii played a major role. This finding is interesting with
respect to the human response to ICB because L. gasseri, belonging
to the same phylogroup of L. johnsonii, had consistently baseline
higher and increasing overtime abundances in ICB-treated patients
with advanced melanoma showing significantly extended progression-
free survival (73). We have shown the enhanced migration to the
tumor bed and tumoricidal function of enterotropic T cells as well
as improved control of tumor growth by daily gavaging of L. johnsonii
in IgA-competent but not IgA-depleted mice. This result directs to
the relevance of sIgA and L. johnsonii richness in improving the ef-
ficacy of ICB through a gut-tumor axis involving the migration of
invigorated cytotoxic T cells.

Dysbiosis is often linked to ICB, which frequently causes gastro-
intestinal irAEs (37). In addition, cancer itself can result in severe
ileopathy (74). Patients responding to ICB after FMT showed sig-
nificantly reduced serum levels of IL-1R-like 1 (IL-1RL1 or ST2)
protein, a marker of heightened intestinal permeability, thereby sug-
gesting that an enhanced intestinal epithelial integrity can contrib-
ute to ICB outcome (18). We have shown that anti-PD-L1 treatment
in MC38 tumor-bearing mice increases PV-1 expression in the ile-
um, consistent with a negative impact of ICB on vascular gut barrier.
Supplementation of apyrase restored PV-1 expression to baseline
levels, further supporting the role of apyrase in improving the intes-
tinal barrier integrity during dysbiosis (26). Severe intestinal irAEs,
which characterizes ICB failure and threatens life of patients, can be
reproduced in mice by combining oral DSS to anti—-CTLA-4 and
anti-PD-L1 administration (49). Provision of apyrase in this experi-
mental setting resulted in the maintenance of intestinal integrity,
further extending the usefulness of this adjuvant approach in the
prevention of this severe condition.

Lymphocyte migration from the intestine into the tumor is an
interesting possible mechanism by which gut microbiota, probiotics,
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or metabolites might augment the antitumor immune response.
When we examined the phenotype of TILs following oral adminis-
tration of apyrase, we observed that CCR9 expression was signifi-
cantly augmented in CD8 and CD4 T cells infiltrating the TME.
According to a possible beneficial influence of these cells in the
control of cancer progression, CCR9™ T cells in the melanoma mi-
croenvironment have been demonstrated to inhibit metastasis (61).
Moreover, intratumoral delivery of CCL25 enhanced the response
to immunotherapy in triple-negative breast cancer by recruiting
CCRO™ T cells (75). We addressed whether intratumoral CCL25
could influence the therapeutic effect of apyrase by knocking down
the Ccl25 gene in MC38 cells. This intervention was sufficient to in-
hibit the recruitment of CCR9™ T cells in the TME and abrogate
tumor growth control by apyrase. We analyzed variations of CCL25
expression in tumor samples from patients with melanoma treated
with anti-PD-1 and showed that sustained CCL25 expression dur-
ing ICB characterized patients responding versus nonresponding
to the therapy. We observed that, in adult human healthy donors,
CCROY is expressed by a small subset of circulating T cells, presum-
ably originating from the intestine, which represents around 1% of
circulating CD8 T cells. This cell subset expresses increased levels
of CD25, CD69, CD71, and HLA-DR as compared to homologous
CCRYI" cells, thereby indicating CCR9 expression is associated to an
activated phenotype (76). The gene signature of these cells showed
the enrichment of genes involved in robust antitumor functionality
and durable response. Together, these data suggest that conditioning
of the gut ecosystem by apyrase-mediated sIgA amplification could
promote the expansion of proficient intestinal CD8 T cells in onco-
logic patients for obtaining durable antitumor responses during ICB.

MATERIALS AND METHODS

Study design

The aim of this study was to investigate how sIgA amplification
could beneficially condition the small intestinal ecosystem and en-
hance the antitumor response during cancer immunotherapy. Ex-
perimental approaches included scRNA-seq to investigate the gene
signature of CD8 TILs in differently treated mice and to compare it
with publicly available dataset from human samples. We used im-
munofluorescence and TEM to investigate structural features in the
ileal epithelium, which could be induced by ICB and modified by
our treatment. PacBio 16S sequencing was used to determine ileal
bacteria composition at the strain level. In addition, we used photo-
convertible mice to monitor in vivo the migration of enterotropic
T cells from the intestine to peripheral tissues. Immune system and
epithelial cells, and bacteria were further characterized by various
downstream analyses, including multiparameter flow cytometry,
bulk RNA-seq, and enzyme-linked immunosorbent assay (ELISA).
Sample sizes used reflect animal or material availability. Numbers
of biological repeats are provided in the figure legends, and no ran-
domization or blinding was used.

Mice

C57BL/6, BALB/c, and Igha™~ (Ighatm1Grh) mice were bred in
specific pathogen—free (SPF) facility at the Institute for Research in
Biomedicine (Bellinzona, Switzerland). B6.Cg-Gt(ROSA)26Sor<
tm1.1(CAG-kikGR)Kgwa> (B6-ROSA/kikGR KI) was provided by
M. Tomura (RIKEN BioResource Research Center, Ibaraki, Japan)
and bred in homozygosis in our SPF facility. All animal experiments
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were performed in accordance with the Swiss Federal Veterinary
Office guidelines and approved by the Ethical Committee of the
Cantonal Veterinary, with authorization numbers 31985, 33464,
33489, and 35407. For all the experiments, mice (7 to 9 weeks old,
age and sex matched) were used. Mice were housed, up to five per
cage, in ventilated cages under standardized conditions (20° + 2°C,
55 + 8% relative humidity, and 12-hour/12-hour light/dark cycle).
Food and water were available ad libitum, and mice were exam-
ined daily.

Tumor cell lines

Melanoma B16F10-OVA (B16-OVA) were obtained from M. Bellone
(HSR Scientific Institute, Milan, Italy), colon adenocarcinoma MC38
cells were obtained from Kerafast (National Cancer Institute/NIH),
B16 melanoma cells expressing the ATP reporter plasma membrane
luciferase (B16-pmeLUC) were obtained from E Di Virgilio (Uni-
versity of Ferrara, Italy), and colon carcinoma (CT26) and LLC cells
were purchased from the American Type Culture Collection. MC38,
B16-OVA, and CT26 were cultured in RPMI 1640 supplemented with
10% heat-inactivated fetal bovine serum (FBS), penicillin/streptomycin
(100 U/ml), kanamycin (100 U/ml), and 2 mM GlutaMAX (RPMIc+),
whereas LLC cells were cultured in Dulbecco’s modified Eagle’s me-
dium (DMEM) supplemented with 10% heat-inactivated FBS, peni-
cillin/streptomycin (100 U/ml), and 2 mM GlutaMAX. Frozen aliquots
were thawed for each in vivo experiment and passaged in vitro for
the minimum time required. Tumor cells at 70 to 80% confluence were
harvested by diluting them 1:5 in 0.25% trypsin. Cells were tested
for the absence of Mycoplasma and maintained in 5% CO, at 37°C.

Culture conditions of bacterial strains

E. coli?®P? or E. coli?*P’" were grown in LB broth supplemented with
L-arabinose (0.03%), ampicillin (100 pg/ml), and chloramphenicol
(30 pg/ml) at 37°C and 220 rpm. The pBAD promoter is constantly
active in the mouse gut lumen.

Purification of recombinant apyrase

The apyrase gene from S. flexneri was cloned into the pET21a vector
(Novagen, 69740) with a C-terminal histidine tag. The construct
was codon optimized for expression in E. coli by GeneScript. The
plasmid was transformed into Rosetta (DE3)pLysS cells (Novagen,
70956) and plated on LB agar (Sigma-Aldrich, L2897) supplement-
ed with ampicillin (100 pg/ml) and chloramphenicol (34 pg/ml).
After overnight incubation, a single colony was picked and inocu-
lated into 50 ml of LB medium (Sigma-Aldrich, L3032) supplement-
ed with ampicillin (100 pg/ml) and chloramphenicol (34 pg/ml).
The culture was grown overnight to prepare the starter culture.
For purification of apyrase, induction of a 4-liter culture was per-
formed by adding 0.5 mM isopropyl-fB-p-thiogalactopyranoside
(IPTG; Sigma-Aldrich, 16758). The culture was harvested by cen-
trifugation at 6000 rpm for 10 min at 4°C (Fiberlite F9-6 x 1000,
Thermo Fisher Scientific), and the resulting cell pellet washed in
10 mM Tris (pH 8.0), 150 mM NaCl, and 1 mM EDTA. The cell pel-
let was then resuspended in 160 ml of 50 mM tris-HCI (pH 7.5) and
snap frozen in liquid nitrogen. The frozen cell pellet was thawed by
immersion in room temperature (RT) water and supplemented with
300 mM NaCl and 40 mM imidazole (Sigma-Aldrich, 1202). The cell
suspension was sonicated and clarified by centrifugation at 15,000 rpm
for 45 min at 4°C (Fiberlite F20-12 x 50 LEX, Thermo Fisher Scientific).
The clarified lysate was passed through a column (Pierce Disposable
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Columns, 10 ml, Thermo Fisher Scientific) containing 4 ml of Ni-NTA
agarose beads (Qiagen) by gravity flow. The column was then washed
twice with 30 ml of lysis buffer [50 mM tris-HCI (pH 7.5), 300 mM
NaCl, and 40 mM imidazole]. The bound protein was eluted in 1-ml
fractions with the addition of 20 ml of elution buffer [50 mM tris-
HCI (pH 7.5), 300 mM NaCl, and 300 mM imidazole]. Aliquots of
the collected fractions were loaded onto an SDS-polyacrylamide
gel electrophoresis gel and stained with Imperial Protein Staining
(Thermo Fisher Scientific) following the manufacturer’s instruc-
tions to determine the amount and purity of the enzyme. Fractions
containing apyrase were pooled and concentrated to 5 ml using a
10-kDa Molecular Weight Cut-Off (MWCO) spin concentrator
(Amicon Ultra-15, Millipore) and loaded onto a HiLoad S-75 size
exclusion column (Cytiva) preequilibrated with phosphate-buffered
saline (PBS; Sigma-Aldrich, D8537). The peak fractions were pooled
and concentrated to ~2 mg/ml using a spin concentrator. The puri-
fied protein was filter sterilized using a 0.22-pm Millex-GP filter
(Millipore) and stored in aliquots under appropriate conditions.

Tumor model and in vivo treatments

B160VA, MC38, CT26, and LLC were harvested at exponential
growth. On day 0, BI6GOVA, MC38, and CT26 were resuspended in
PBS at a concentration of 1 x 10’ cells/ml, whereas for LLC, a con-
centration of 0.6 X 107 and a volume of 0.1 ml (1 x 10° or 6 x 10°
tumor cells) was injected subcutaneously into the back of C57BL/6,
BALB/c, [gA™"", or KikGR mice. On days 8, 11, 14, and 17 after tu-
mor inoculation, mice were treated intraperitoneally with 100 pg of
anti-PD-L1 (10E9G2, BioXCell), anti-CTLA-4 (9D9, BioXCell), or
anti-CD40 (FGK4.5, BioXCell) antibody. For apyrase administra-
tion, mice were gavaged everydaX with PBS, 40 ug of pure apyrase,
or 1 x 10" of E. coli”*”"/E. coli?®*P? from day 5 until the end of the
experiment. For antibiotic treatment, vancomycin (GoldBio) was
given in water ad libitum at a concentration of 200 mg/liter starting
from 2 weeks before tumor implantation. For experiments with
L. johnsonii, mice were daily orally gavaged with 10° bacteria start-
ing from day 5 from tumor injection. To quantify extracellular ATP
in the TME, mice engrafted with B16-pmeLUC were anesthetized
with 2.5% isoflurane and intraperitoneally injected with p-luciferin
(150 mg/kg; Promega) and after a 15-min interval allowing for biodis-
tribution, luminescence was captured from dorsal view. Photon emis-
sion was quantified using the Living Image software (PerkinElmer)
and averaged as photons/seconds/cm?/steradian (abbreviated as
p/s/cm?/s). To block the egress of IgA™ B cells, FTY720 (1 mg/kg;
Cayman Chemicals) was given intraperitoneally 1 day before the
initiation of anti-PD-L1 therapy regimens and continuously every
second day until day 18 posttumor inoculation. For the mouse model
of irAEs, mice were given 2% DSS (MP Biomedicals) in drinking
water from day 0 for a total of 3 days, followed by 4 days of water.
Two days before DSS treatment, a group of mice also received daily
gavage of 40 pg of pure apyrase until the end of the experiment. On
days 0, 3, and 6, mice received intraperitoneally either 100 pg of
anti-CTLA-4 or 100 pg of anti-PD-L1 or IgG. Intestinal permeability
was assessed using fluorescein isothiocyanate (FITC)-dextran assay.
Mice were starved for 4 hours before treatment and then orally gavaged
with 6 mg of FITC-dextran (molecular weight, 4000 Da) (46944,
Sigma-Aldrich) in PBS. Blood was collected 4 hours posttreatment,
the serum samples were diluted 1:2 with PBS with 25 mM Hepes
(Gibco), and the fluorescence intensity was measured in the serum
at 485/530 nm using a microplate reader (Biotek Synergy 2). Tumor
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growth was scored every 2/3 days with a caliper by measuring the
greatest tumor diameter and its perpendicular to determine an aver-
age, and then the area was calculated as follows: (average/2)2x. For
survival experiments, mice were euthanized when they reached hu-
mane endpoint, defined by tumor volume [estimated with the for-
mula (length X width?)/2] more than 1 cm® or when mice showed
clinical signs of suffering. Upon euthanasia, tumors were directly
excised from the skin using forceps. The small intestine, PPs, mLNs,
inguinal lymph nodes (iLNs), and spleen were harvested and pro-
cessed as described below.

Cell isolation from tissues

Tumors were cut in small pieces and resuspended in RPMI 1640 with
type I collagenase (1.5 mg/ml; Sigma-Aldrich), DNase I (100 pg/ml;
Roche), and 5% FBS and digested for 45 min at 37°C under gentle
agitation. The digestion product was then passed through a 70-pm
cell strainer to obtain a single-cell suspension. Lymphocytes are then
enriched by Percoll density gradient following the manufacturer’s
protocol, and a single-cell suspension was counted before FACS
analysis, making exception for tumors from KikGR mice, which
were analyzed by FACS without performing Percoll enrichment.
Spleens, PPs, mLNs, and iLNs are minced through 70-pm cell strain-
ers. For spleens, cells are resuspended in ACK buffer (8.26 g of am-
monium chloride, 1.0 g of potassium bicarbonate, and 0.037 g of
EDTA in 1 liter of ultrapure water) to lyse red blood cells for 6 min
and then washed twice in PBS. Cells are resuspended in RPMI with
10% FBS, and viable cells are counted by trypan blue exclusion. For
intestinal lamina propria cell purification, PPs were removed from
the ileum, and then it was washed thrice with ice-cold PBS and di-
gested at 37°C for 30 min with RPMI added with 5 mM EDTA for
two times to remove epithelial cells. The filtrated fragments were
then digested in RPMI with 5% FBS, collagenase D (1 mg/ml) from
Clostridium histolyticum 100 mg (Roche), and DNase I grade II
(40 pg/ml; Roche) for 40 min. The filtered suspension was washed
with RPMI with 10% FBS, and a single-cell suspension was used for
FACS analysis using the BD Symphony A5 platform.

Antibodies and flow cytometry

The following anti-mouse monoclonal antibodies (mAbs) were pur-
chased from eBioscience: phycoerythrin (PE)-conjugated anti-4-1BB
(clone: 17B5, catalog no. 251371 82), PercP/Cy5.5-conjugated anti-
CCRO (clone: CW-1.2, catalog no. 46-1991-82), and PE-conjugated
anti-Ki-67 (clone: SolA15, catalog no. 12-5698-82). The following
mAbs were purchased from BioLegend: AF700-conjugated anti-CD45
(clone: 30-F11, catalog no. 103127), PE-Cyanine7-conjugated anti-
CD3 (clone: 145-2C11, catalog no. 100320), Pacific Blue-conjugated
anti-CD8a (clone: C398.4A, catalog no. 313516), Allophycocyanin
(APC)-Cyanine7-conjugated anti-CD4 (clone: GK1.5, catalog no.
100414), PE/Cy7-conjugated anti-IFN-y (clone: XMG1.2, catalog
no. 505808), APC-conjugated anti-IL-7Ra (clone: A7R34, catalog
no. 135007), BV786-conjugated anti-PD-1 (clone: 29E1A12, cata-
log no. 135225), FITC-conjugated anti-EPCAM (clone: G8.8, cata-
log no. 118210), BV605-conjugated anti-T-bet (clone: 4B10, catalog no.
644817), PercP/Cy5.5-conjugated anti-TNF-a (clone: MP6-XT22,
catalog no. 506322), and APC-conjugated anti-Granzyme B (clone:
BGl11, catalog no. 515405). The following mAbs were purchased
from BD Biosciences: anti-BUV737-conjugated anti-TCR (clone:
H57-597, catalog no. 612821), BUV805-conjugated anti-CD8a
(clone: 53-6.7, catalog no. 612898), biotin-conjugated anti-CXCR5
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(clone: 2G8, catalog no. 551960), and BUV395-conjugated anti-CD45
(clone: 30-F11, catalog no. 564279). IL-21 was detected with a re-
combinant mouse IL-21R subunit/human IgG1 Fc chimera (R&D
Systems, catalog no. 596-MR) with goat anti-human Fcy conjugated
to AF488 (Jackson ImmunoResearch, catalog no. 109-095-098). For
surface staining, cells were stained with antibodies against surface
antigens in blocking buffer after blocking unwanted antibody bind-
ing to Fc receptors using Fcy receptors binding inhibitor. Viability
dye (BD Bioscience) was used to exclude dead cells. For tetramer
staining, 1 X 10° cells were labeled for 2 hours at 37°C with H-2Kb
OVA Tetramer SIINFEKL-PE (MBL, iTAg MHC tetramer, catalog no.
T0300). Intracellular staining was performed using the eBioscience
(for transcription factors) or BD (for cytokines) Cytofix/Cytoperm
and Perm/Wash buffers. For cytokine staining, cells were incubated
for 4 hours at 37°C in ionomycin (750 ng/ml) and PMA (phorbol
12-myristate 13-acetate; 20 ng/ml). For the last 3 hours, brefeldin
(eBioscience, 1000X Solution) was added to the cultures. Samples
were acquired on LSRFortessa (BD Bioscience) or BD FACSymphony
flow cytometers (BD Bioscience). Data were analyzed using FlowJo
software (TreeStar) or FACS Diva software (BD Biosciences).

RNA extraction and scRNA-seq analysis of tumor-infiltrating
immune cells

scRNA-seq was performed immediately after FACS of CD45" TILs
with the Chromium Next GEM Single Cell 3" Reagent Kits v3.1 (10X
Genomics, Pleasanton, CA) following the manufacturer’s protocol.
The target number of captured cells ranged from 2000 to 10,000 cells.
Sequencing libraries were prepared per the manufacturer’s proto-
col. Sequencing was performed on a NextSeq2000 (Illumina Inc.,
San Diego, CA) at a median depth of 115,216 reads per cell. The 10x
Cell Ranger Count pipeline (version 3.1.0) was used to align reads to
the reference transcriptome (mm10) and to calculate Unique Molecu-
lar Identifier (UMI) counts from the mapped reads. Expression data
were imported in R (version 4.0.3) and analyzed using Seurat (version
4.0.0) (77) and popsicleR (version 0.2.1) (78) R packages. For each
sample, low-quality cells were identified as outliers within the distribu-
tion of the number of genes, UMI counts, and percent of reads map-
ping on mitochondrial genes per cell and subsequently discarded.
Doublets were identified and discarded using Scrublet (version 0.2.1)
(79). Samples were integrated using the Seurat integration strategy
(FindIntegrationAnchors and IntegrateData functions). Before di-
mensional reduction with principal components analysis (PCA), cell
cycle scores were assigned to each cell and regressed out. We selected
10 principal components for cluster analysis; clusters representing
T cells were identified using the expression level of the CD3 gene.
These cells (n = 3751 in seven samples) were subsequently reinte-
grated and reclustered using the same procedure described above. We
classified T cells clusters monitoring the expression of known markers.
Differentially expressed genes between CD8 T cells infiltrating tumors
treated with anti-PD-L1 and CD8 T cells infiltrating tumors treated
with anti-PD-L1 plus apyrase were identified using the FindMarkers
function in Seurat. Expression of gene signatures related to T cell biol-
ogy was calculated as the average expression of the genes comprising
the signature in each cluster, and significant differences were evaluated
with the Mann-Whitney test and Benjamini and Hochberg correction.

Quantification of extracellular ATP in the intestine
For quantification of extracellular ATP in the ileum, intestinal con-
tent was collected by lavage with 5 ml of intestinal wash buffer (PBS,
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0.5 M EDTA, soybean trypsin inhibitor, and phenylmethylsulfonyl
fluoride), spun, and filtered (0.22 pm) to remove any bacteria-sized
contaminants and immediately frozen in dry ice. ATP concentra-
tion in the intestinal washes was multiplied for the dilution factor to
obtain the actual endoluminal ATP concentration (25). The extracel-
lular ATP concentration was evaluated by bioluminescence assay with
recombinant firefly luciferase and its substrate p-luciferin according
to the manufacturer’s protocol (Life Technologies Europe B.V.).

lleal IgA flow cytometry and sorting of IgA* bacteria

For analysis of IgA-coated bacteria in flow cytometry, fresh ileal pel-
lets were collected into sterile 1.5-ml Eppendorf tubes and homog-
enized in reduced PBS (0.1 g/ml). Large debris was separated by
centrifugation (50g, 15 min, 4°C), and the clarified supernatant was
passed through a 70-pm filter. For flow cytometry of IgA-coated
bacteria, 20 pl of supernatants was resuspended in reduced PBS and
centrifuged at 8000g for 10 min to remove unbound IgAs, whereas
for IgA sorting, all the supernatant was collected. Bacterial pellets
were resuspended in PBS with 10% rat serum and incubated for
10 min on ice. An additional 1 ml of PBS was added to the blocking
suspension and centrifuged, and pelleted bacteria were washed with
1 ml of FACS buffer [PBS + 1% bovine serum albumin (BSA)]. Pel-
lets were stained with APC-conjugated rabbit anti-mouse IgA anti-
bodies. After 30-min incubation, bacteria were washed twice and
resuspended in 2% paraformaldehyde (PFA) in PBS for acquisition
on LSRFortessa or BD FACSymphony. SYTO BC was added to iden-
tify bacteria-sized particles containing nucleic acids. Both for analy-
sis and sorting of the IgA™* fraction on FACSAria, forward scatter
(FSC) and side scatter (SSC) parameters were used in logarithmic
mode, and the threshold was set at 200. [gA™~ mice were used as
negative controls.

Enzyme-linked immunosorbent assay

Fresh ileal pellets were collected into sterile 1.5-ml Eppendorf tubes
and homogenized in PBS (0.1 g/ml). The samples were then centri-
fuged two times for 10 min at maximum speed. ELISA plates (Corn-
ing half-area 96-well plate) were coated (16 hours at 4°C) with 25 pl
of unlabeled goat anti-murine IgA (Southern Biotech) at a concen-
tration of 5 pg/ml in 1X PBS, washed four times with PBS with
0.025% Tween 20, and saturated with 50 ml of PBS with 1% BSA
(Sigma-Aldrich) for 1 hour at RT. Twenty-five microliters of serial
dilutions of the different samples was incubated for 2 hours at RT.
After four washes in PBS with 0.025% Tween 20, 25 pl of alkaline
phosphatase-conjugated goat anti-mouse IgA (Southern Biotech)
(1:500 in PBS with 1% BSA) was added and plates were incubated
for 2 hours at RT. The assay was developed with 4-nitrophenyl phos-
phate disodium salt hexahydrate (Sigma-Aldrich) in carbonate buf-
fer, and the absorbance was detected at 405 nm.

16S rRNA gene sequencing and data analysis for IgA-seq

Library preparation and sequencing: The starting input for 16S
rRNA sequencing starts at 5 ng of isolated genomic DNA. Libraries
are constructed by amplification via PCR with primers covering the
V3 to V4 region (341F and 805R). Sequencing was performed on an
[lumina MiSeq platform [2x250 base pairs (bp)]. The reads were
analyzed by QIIME2. The raw sequences were 1,731,653 (average:
123,689; median: 121,036). Afterward, the filtering and denoising
and merging were performed by DADA2, and the clean reads were
206,245 (average: 14,732; median: 14,472). The taxonomic assignment

De Ponte Conti et al., Sci. Adv. 11, eaeb5308 (2025) 3 October 2025

was performed by the BLAST feature classifier. Then, it assigns consen-
sus taxonomy to each query sequence on the last database version of
Greengenes (gg 12_10). To delve deeper into taxonomy assignment,
manual blastn local alignment was executed between the query and
reference reads from the 16S rRNA database. The retained ASVs
were multialigned by applying MAFFT (PMID: 23329690), and the
obtained multiple sequence alignment (MSA) was used to build a
maximumlikelihood (ML) phylogenetic tree in Fasttree 2 (PMID:
20224823). Differential abundance analyses of bacterial taxa to es-
tablish the IgA index were carried out using the DESeq2 package
within the R environment (version 4.3.1). The dataset included mi-
crobial profiles obtained from 16S rRNA gene sequencing, and the
analysis focused on ASV-level taxonomic resolution. The aim was to
investigate microbial shifts across four specific pairwise compari-
sons: aPD-L1 IgA* versus aPD-L1 unsorted, aPD-L1 IgA™ versus
aPD-L1 IgA™, aPD-L1/apyrase IgA™ versus aPD-LI/apyrase unsorted,
and aPD-L1/apyrase IgA* versus aPD-L1/apyrase IgA™. For each com-
parison, count matrices derived from raw, non-normalized read abun-
dances were imported into DESeq2, and a DESeqDataSet object
was constructed, assigning the appropriate experimental condition
as the design variable. Data normalization was performed using
DESeq2’s internal method on the basis of the estimation of size fac-
tors, which accounts for differences in sequencing depth across
samples. Statistical inference for differential abundance was per-
formed using the Wald test as implemented in DESeq2. To control
for multiple hypothesis testing, P values were adjusted using the
Hochberg correction method. Taxa with adjusted P values below
0.05 were considered significantly differentially abundant between
groups. Log, fold changes were computed for each taxon to quantify
the direction and magnitude of change between the conditions
under comparison.

16S rRNA gene sequencing for full-length 16S PacBio

rRNA sequencing

Two nanograms of total DNA extracted from ileum content of mice
was used as the template for library preparation. Sequencing librar-
ies were prepared by amplifying the full-length 16S rRNA gene, fol-
lowing the method described in (80). The SMRTBell library was
sequenced on the PacBio Sequel System II platform. Output files
were processed and assembled into CCS reads. The workflow for
processing raw data obtained with the PacBio platform following
the standard software tools provided by the manufacturer’s protocol
(81). ASVs were taxonomically annotated by using the QIIME2
classify-sklearn plugin and the release 138 NR 199 of the SILVA da-
tabase (PMID: 17947321). The reads were analyzed by QIIME2. The
raw sequences were 583,370 (average: 36,461; median: 37,254). After
the processing the reads by DADA2, comprising filtration, denois-
ing, and merging, the resulting clean reads were 240,572 (average:
15,034; median: 14,915). ASVs resulting from the DADA2 process
were taxonomically annotated by using the QIIME2 classify-sklearn
plugin and the release 138 NR 199 of the SILVA database (PMID:
17947321). The retained ASV's were multialigned by applying MAFFT
(PMID: 23329690), and the obtained multiple sequence alignment
(MSA) was used to build an ML phylogenetic tree in Fasttree 2
(PMID: 20224823).

qPCR analysis of L. johnsonii
The same DNA used for PacBio SMRTbell sequencing was used for
the quantification of L. johnsonii by qPCR. Briefly, 5 pl of DNA was
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mixed with 7.5 pl of EvaGreen Supermix (Bio-Rad) and 0.75 pl of
10 mM forward and reverse primers. The qPCR cycling conditions
were as follows: for EUB primers: 95°C for 3 min, followed by 40 cycles
0f 95°C for 10 s and 60°C for 30 s (82); for L. johnsonii primers: 95°C
for 3 min, followed by 40 cycles of 95°C for 10 s and 60°C for 30 s. A
melting curve analysis was performed at the end of each run to con-
firm amplification specificity. Data were analyzed using Bio-Rad CFX
Maestro software. The primer sequences used were as follows: EUB
F: 5'-TCCTACGGGAGGCAGCAGT-3', EUB R: 5'-GGACTACCA-
GGGTATCTAATCCTGTT-3'; LJ1F: 5'-TGGTTAAATCAGAGC-
CTGCTT-3', LJ1R: 5'-TTGCGGTAAAACATCCCCAG-3'. The
L. johnsonii-specific primers were designed by aligning publicly
available L. johnsonii genomes from the NCBI with closely related
species (L. gasseri, L. paragasseri, L. taiwanensis, and L. jensenii) and
selecting regions uniquely present in L. johnsonii genomes.

Quantification of PV-1 expression by confocal microscopy
For the imaging of the ileum, intestines were dissected immediately fol-
lowing euthanasia and sections of ileum 10 to 20 mm in length were
washed twice in ice-cold 1X PBS and immersion fixed in 2% PFA over-
night at 4°C with gentle agitation followed by washes in 1X PBS. The
tissues were then embedded in 3% low-gelling temperature agarose and
were sectioned using a Leica VT1200S vibratome to produce 80-um
slices. Sections for immunofluorescence were blocked in blocking buf-
fer (PBS, 1% FBS, 0.1% Triton X-100, and 0.01% NaN3) for 1 hour at RT
and then stained with antibodies anti-PV-1 overnight in blocking buf-
fer. Following three 20-min washes, sections were stained for the sec-
ondary antibody for 1 hour at RT and washed three times for 20 min
and then cell nuclei were stained with 4’,6-diamidino-2-phenylindole
(DAPI) for 15 min at RT. Sections were washed twice and mounted on
glass slides in FluoroMount. A Leica Stellaris SP8 microscope was used
to acquire images. The quantification of PV-1 intensity was performed
using Fiji. Image processing was performed with Imaris Microscopy
Imaging Software.

Transmission electron microscopy

Tissue samples were fixed with 2% PFA and 2,5% glutaraldehyde in
0.1 M cacodylate buffer (pH 7.4) for 1 hour at RT and left overnight
at 4°C in the same fixative. Tissues were then embedded in 3% low-
gelling temperature agarose and sliced at 100 pm using a Leica
VT1200S vibratome. Vibratome sections were then postfixed with
reduced osmium solution [1% OsO4 and 1.5% potassium ferrocya-
nide in 0.1 M cacodylate buffer (pH 7.4)] for 2 hours on ice. After
several washes in Milli-Q water, sections were incubated in 0.5%
uranyl acetate overnight at 4°C. Samples were then dehydrated with
increasing concentrations of ethanol embedded in epoxy resin and
polymerized for 48 hours at 60°C between two plastic acetate sheets.
Ultrathin sections were obtained using a Leica UC7 Ultramicrotome,
collected on copper or nickel grids, stained with uranyl acetate and
Sato’s lead solutions, and observed in a transmission electron micro-
scope Talos L120C (FEL Thermo Fisher Scientific) operating at 120 kV.
Images were acquired with a Ceta charge-coupled device camera (FEI,
Thermo Fisher Scientific). For quantification of microvilli and mi-
crovilli rootlets, images acquired at 4300x were quantified using Fiji
software as previously described (40).

IEC isolation, RNA extraction, and transcriptomic analysis
IECs were isolated by using a previously described method (83). Total
RNA was extracted from IECs using the RNeasy Micro Kit and then
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digested with DNase I at 37°C for 15 min to remove any contaminat-
ing DNA. The NEBNext Ultra Directional RNA Library Prep Kit for
Mumina (New England BioLabs Inc.) was used with the NEBNext
Multiplex Oligos for Illumina (New England BioLabs Inc.) and
NEBNext rRNA Depletion Kit v2 for cDNA synthesis with the addi-
tion of barcode sequences. The sequencing of the pre-pools was per-
formed using the NextSeq2000 (Illumina) with the P2 reagents kit V3
(INlumina). Samples were processed starting from stranded, single-
ended 120-bp-long sequencing reads. We used FastQC v0.11.9 (https://
bioinformatics.babraham.ac.uk/projects/fastqc/) to assess the qual-
ity of the reads. Adapter sequences were removed using Trimmomatic
v0.39. Reads were subsequently mapped to the mouse genome using
HISAT2 v2.1.0. Reference genome sequences were retrieved from
GENCODE (version GRCm39). We then used HTSeq-count v2.0.2
to generate the table of counts containing the number of reads map-
ping to each feature in each sequencing sample. We performed differ-
ential gene expression analysis and gene set enrichment analysis with
DESeq?2 and fgsea package, respectively.

Histopathology and scoring of murine samples

Colon samples were rolled into a Swiss roll configuration and fixed
in 10% neutral-buffered formalin. Tissues were routinely processed
into paraffin blocks, sectioned at ~3 pm thickness, and stained with
hematoxylin and eosin (H&E). Histological architecture and cyto-
morphological features were assessed and scored by a board-certified
veterinary pathologist using a semiquantitative scale described
by Zhou et al. (49), ranging from 0 (no change/lesion) to 4 (severe
alteration/tissue destruction). Evaluated parameters included inflam-
matory infiltrates (the presence of neutrophils or mixed leukocytes in
the lamina propria or submucosa), crypt hyperplasia (characterized
by mitotic figures above the proliferative zone, nuclear pseudostratifi-
cation, distorted crypt architecture, and goblet cell depletion), and
epithelial damage. A cumulative histopathological score was then cal-
culated by summing all individual parameter scores. In a second step,
colon samples were stained with combined periodic acid-Schiff
(PAS)/Alcian blue according to standard laboratory protocols.

Photoconversion procedures

Photoconversion of PPs of KikGR mice was performed as described
previously (63). Briefly, KikGR mice were anesthetized with isoflu-
rane and the first three PPs starting from the distal part of ileum
were exposed to violet light for 2.5 min (65 mW/cm? at 5 mm of
distance using UV Curing LED Systems with a 385-nm band-pass
filter from ThorLabs). After the procedure, mice were monitored
until full recovery from anesthesia, then every 2 hours for 6 hours
after surgery, and then twice a day until the end of the experiment.

CRISPR-Cas9 of CCL25 in MC38 cells

MC38 cells were electroporated with a pSpCas9(BB)-2A-GFP plas-
mid (PX458, Addgene #48138) in which guide RNAs (gRNAs) tar-
geting different genes were inserted by Golden Gate cloning (forward,
CACCGCATTCCATTTGATCCTGTGC; CCL25 reverse, AAACG-
CACAGGATCAAATGGAATGC). Using the Neon Transfection Sys-
tem (Invitrogen), 15 pg of plasmid was electroporated into 5 x 10°
cells in 100-pl transfection tips using the following settings: 1550 V,
three pulses, and 10 ms. Control cells were electroporated with a PX458
vector containing a nontargeting gRNA sequence. After electropor-
ation, cells were resuspended in complete RPMI supplemented with
10% heat-inactivated FBS, penicillin/streptomycin (100 U/ml), and
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kanamycin (100 U/ml). The next day, GFP"&" cells were sorted and
expanded in complete RPMI supplemented with 10% heat-inactivated
EBS, penicillin/streptomycin (100 U/ml), and kanamycin (100 U/ml).
Gene editing efficiency was analyzed by FACS analysis.

Assessment of CCL25 expression in MC38 cells

MC38%8 or MC38s8°“1% cells were subcutaneously injected into
C57BL/6 mice (8 weeks old). After 15 days, the tumor was harvest-
ed, and cells were processed to obtain a single-cell suspension. Cells
were stained with an anti-mCCL25/TECK conjugated to goat IgG
(R&D Systems); the goat IgG was then bound by a biotin-conjugated
anti-goat IgG antibody (Vector Laboratories). Last, APC conjugated
to streptavidin (BioLegend) was used to stain the sample. As negative
controls, MC38sgCtrl cells were stained only with the secondaryand
tertiary antibody. Samples were acquired using a BD FACSymphony
flow cytometer (BD Bioscience), and data were analyzed using
FlowJo v10.7 software (TreeStar).

Human blood sample collection and cell sorting

The study was approved by the Ethical committees of Cantone
Ticino, Switzerland (ref. 2018-02166/CE 3428). Blood from healthy
donors was obtained from the Swiss Blood Donation Center of
Lugano. All blood donors provided written informed consent for par-
ticipation in the study. Peripheral blood mononuclear cells (PBMCs)
were isolated with Ficoll-Paque Plus (GE Healthcare). Total CD8
T cells were isolated by positive selection using anti-CD8 magnetic
microbeads (Miltenyi Biotech). Total CD8" cells obtained by posi-
tive selection were stained for chemokine receptor CCR9 and CCR7
at 37°C and on ice for additional markers. Effector CCR9" or CCR9™
CD8 T cells were sorted with a FACSAria III (BD Biosciences) to
over 98% purity by gating on CD3*CD8"CD4 CCR7~ cells.

Human cancer analysis

Comparison of CCL25 expression [transcripts per million (TPM)]
between human cancer tissue and normal tissues was realized using
the Gene Expression Profiling Interactive Analysis (GEPIA) using
data from The Cancer Genome Atlas (TCGA) and the Genotype-
Tissue Expression (GTEx). For survival analysis, CCL25 expression
data (TPM) of TCGA cancer samples were obtained from the Hu-
man Protein Atlas and clinical data were obtained from the Broad
Institute TCGA Genome Data Analysis Center (GDAC). Overall
survival curves were presented and examined with Kaplan-Meier
survival analysis by log-rank methods. The expression levels of the
CCL25 gene in tumors from patients with advanced melanoma were
obtained from the study conducted by Chen et al. (84) and from
GSE91061 (85). To better represent CCL25 expression in the differ-
ent group of patients, data from Chen et al. were used as provided in
supplementary table S6a of ref. (84). For GSE91061 [ref. (85)], raw
counts were normalized to log, counts per million (CPM) using the
cpm function from the edgeR package [version 4.0.16; (86)]. Log,
CCL25 expression was quantified in matched pretreatment and on-
treatment tumor samples from patients undergoing anti-PD-1 therapy,
and log, expression ratios were calculated. Samples with undetect-
able CCL25 expression in both time points were excluded from further
analysis. Log, expression ratios were compared between responders
(n = 22) and nonresponders (n = 16) using the Mann-Whitney U
test and performed in GraphPad Prism (table S4). A P value of
<0.05 was considered statistically significant. All analyses were con-
ducted in R (version 4.3.2).

De Ponte Conti et al., Sci. Adv. 11, eaeb5308 (2025) 3 October 2025

Survival analyses

Survival analyses were performed using the cSurvival (v1.0.6) web tool
(87) on the indicated TCGA datasets, using the default parameters,
except for the number of permutations, which we increased to 1000.
Analyses generated Kaplan-Meier curves representing DSS probability.
A log-rank test was used to assess the statistical differences in the DSS
between groups. The HR and its P value were calculated using the Cox
proportional hazard (PH) model. To analyze the interaction between
biomarkers (i.e., CD8A, CD8B, CCRY, and CCL25), the “No. of analy-
sis” parameter was increased to 2. When evaluating the impact of CCR9
and CCL25 expression on the survival probability, to normalize for
CD8" T cell tumor infiltration, we included CD8A and CD8B genes in
both the “Analysis #1” and “Analysis #2” gene lists. When we compared
more than two groups of patients, the HR was calculated between the
“high high” group versus all the other groups as a whole, whereas the
Cox PH P value was calculated between both the “high_high” group
versus all the other groups as a whole and any of the three groups.

scRNA-seq data processing and quality control

We obtained processed scRNA-seq data of CD8" T cells isolated
from patients with melanoma from the NCBI GEO (GEO accession:
GSE123139) (64). Preprocessed expression matrices were imported
into Scanpy (v1.9.6) (88) as annotated data (AnnData) objects and
concatenated, using the pd.concat function, into a single object for
unified analysis. Each sample was annotated with information about
anonymized patient ID, tissue of origin, disease stage, and treat-
ment. Then, CD8* T cells were selected on the basis of the expres-
sion of CD3D, CD3E, CD3G, CD8A, and CD8B genes. Last, CCR9
expression in the different patients’ groups was visualized using the
sc.tl.dotplot function using the following parameters: dot_max =
0.01, dot_min = 0, log = True, and standard_scale = ‘var’

Statistical analyses

All statistical analyses were performed using the statistical program-
ming environment R version 4.0.3 (Team, 2017) or GraphPad Prism
v7.04 (GraphPad Software, La Jolla, CA, USA). Statistically signifi-
cant differences in the relative abundance of ASVs between groups
were performed by the Wald test using FDR (false discovery rate) P
value correction following DESeq2 read count normalization. Sta-
tistical significance was set at P < 0.05 (* at P < 0.05; ** at P < 0.01;
#EE qt P < 0.001; **** at P < 0.0001). The mean differences with
0.05 < P < 0.10 were accepted as trends. The Mann-Whitney signed-
rank test or one-way analysis of variance (ANOVA) was used for
statistical evaluations as indicated in each experiment. For tumor
growth curves, significance was determined via two-way ANOVA.
For mouse survival studies, the Mantel-Cox log-rank test was used
to evaluate statistical differences in Kaplan-Meier analysis. For anal-
ysis of contingency tables, Fisher’s test was used.

Supplementary Materials
The PDF file includes:

Figs.S1to S13

Legends for tables S1 to S4

Other Supplementary Material for this manuscript includes the following:
Tables S1to S4
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