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Microbiome-derived inosine modulates response to
checkpoint inhibitor immunotherapy
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Seungil Paik?, John Stagg®, Ryan A. Groves®, Marco Gallo®, lan A. Lewis®,

Markus B. Geuking?, Kathy D. McCoy**

Several species of intestinal bacteria have been associated with enhanced efficacy of checkpoint
blockade immunotherapy, but the underlying mechanisms by which the microbiome enhances antitumor
immunity are unclear. In this study, we isolated three bacterial species—Bifidobacterium pseudolongum,
Lactobacillus johnsonii, and Olsenella species—that significantly enhanced efficacy of immune checkpoint
inhibitors in four mouse models of cancer. We found that intestinal B. pseudolongum modulated
enhanced immunotherapy response through production of the metabolite inosine. Decreased gut barrier
function induced by immunotherapy increased systemic translocation of inosine and activated antitumor
T cells. The effect of inosine was dependent on T cell expression of the adenosine A, receptor and
required costimulation. Collectively, our study identifies a previously unknown microbial metabolite
immune pathway activated by immunotherapy that may be exploited to develop microbial-based

adjuvant therapies.

mmune checkpoint blockade (ICB) ther-

apy can be an effective therapy in some

tumors and certain cancer patients by

harnessing the therapeutic potential of

the immune system. Targeting cytotoxic
T lymphocyte-associated antigen 4 (CTLA-4)
or programmed cell death protein 1 (PD-1) or
its ligand (PD-LI) has revolutionized the treat-
ment of some cancers, including melanoma,
renal cell carcinoma, and non-small cell lung
cancer (7, 2). Nevertheless, many other cancers
show primary resistance to ICB therapy, and
response rates remain low and differ between
patients, even in those cancers where ICB ther-
apy has provided benefit (3-5). There is there-
fore an urgent need to determine the underlying
reasons for such nonresponsiveness. Recent
studies have provided strong evidence that
the gut microbiota can affect antitumor im-
munity, and composition of the intestinal
microbiome may even predict the efficacy of
ICB therapy. A series of seminal studies re-
vealed that the efficacy of ICB therapies was
dependent on specific gut bacteria (6-10) and
that treatment with ICB-promoting bacteria
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may help overcome primary resistance to ICB
therapies (8). Despite the findings that spe-
cific bacterial species have been associated
with increased antitumor immunity, the pre-
cise molecular mechanisms by which these
microbes enhance ICB therapy remain elu-
sive. In this study, we used an animal model
of colorectal cancer (CRC) to identify specific
ICB-promoting bacteria, elucidated the under-
lying molecular mechanism of how these mi-
crobes enhanced ICB therapy efficacy, and
validated our findings in additional models of
bladder cancer and melanoma.

Although the intestinal microbiota can af-
fect CRC progression (11, 12) and may alter the
efficacy of chemotherapeutics (13, 14), clin-
ically, ICB therapies are notoriously ineffective
in most CRC cases (I5), and the role of the
microbiome in nonresponsiveness has not yet
been determined. We therefore investigated
the efficacy of ICB therapy in a mouse model
where colonic tumors are induced using
azoxymethane (AOM) and dextran sulfate
sodium (DSS) (Fig. 1A). Treatment with anti-
CTLA-4 or anti-PD-L1 antibodies led to sig-
nificantly fewer and smaller tumors (Fig. 1, B
and C) and reduced the frequency of EpCam*
Lgr5" cells in the tumor, which are markers
for epithelial cell stemness (Fig. 1D). Anti-
CTLA-4 treatment also resulted in increased
immune cell infiltration into the tumors (Fig.
1E). Increased CD8" T cell frequencies in the
tumor-draining lymph node (fig. S1A) was also
observed together with increased IFN-y*CD4*
and IFN-y*CD8" T cells in the spleen (IFN-y,
interferon-y) (fig. S1, B and C). In this model,
the effects of anti-CTLA-4 were greater than
those induced by anti-PD-L1 treatment when
using the same antibody dose. The differ-
ence in anti-CTLA-4 and anti-PD-L1 efficacy
in this model may be dependent on the dose-
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effect relationship, and higher doses have
previously been described for anti-PD-1 ther-
apy (8). Moreover, effector functions of anti-
CTLA-4 and anti-PD-1 or anti-PD-L1 rely on
distinct mechanisms, among them regula-
tory T cells (Tregs) (16), and indeed Tieg
composition and function are different be-
tween cancer types (17). We next used this
model system to screen for potentially ben-
eficial bacteria that were associated with ICB
responsiveness. Although no significant changes
were observed in the overall fecal bacterial
composition (B-diversity) between ICB-treated
and control mice (fig. S1D), a few bacterial
families were differentially abundant (fig. S1E).
In contrast, sequencing of tumor-associated
bacterial communities revealed differences
in B-diversity (fig. S1F), and additional bac-
terial genera were differentially abundant in
the ICB-treated tumors (Fig. 1F and fig. S1, G
and H). We therefore performed anaerobic
culture of homogenized tumors from both
groups and were able to culture and identify
21 distinct bacterial isolates. Seven bacterial
species were cultured only from ICB-treated
tumors, whereas four were found only in
the control group (Fig. 1G). Bifidobacterium
pseudolongum was one of the isolates cultured
only from ICB-treated tumors. B. pseudolongum
belongs to the genus Bifidobacterium, which
was identified as differentially abundant by
sequencing (Fig. 1F and fig. S1, G and H). In-
terestingly, Akkermansia muciniphila, which
was recently identified to enhance the effi-
cacy of anti-PD-L1 and anti-PD-1 treatments
in lung and kidney cancers (8), was also one
of the seven bacteria cultured only from ICB-
treated tumors (Fig. 1G). Isolation and identi-
fication of distinct bacterial species associated
with ICB responsiveness provided us with the
opportunity to identify the molecular mecha-
nism involved.

Next, we determined whether the efficacy
of ICB therapy in CRC was dependent on the
microbiota, as has been shown with other tu-
mor types (6). As the development of ortho-
topic adenocarcinomas is severely reduced in
animals with a limited microbiota (I8), we
switched to a heterotopic in vivo model of CRC
where MC38 colorectal cancer cells were im-
planted into the flank of germ-free (GF) or
specific-pathogen-free (SPF) mice followed by
ICB therapy once tumors were palpable (fig.
S2A). Anti-CTLA-4 treatment led to smaller
tumors (fig. S2B) and markedly increased in-
tratumoral and splenic CD4" and CD8" T cell
activation and proliferation in SPF mice com-
pared with GF mice (fig. S2, C to F). To ensure
that the lack of ICB efficacy was not merely a
reflection of the immature immune system of
GF mice, we also assessed the effect of ICB
therapy in antibiotic-treated SPF mice (fig.
S2G). Similar to what was observed in GF
mice, broad-spectrum antibiotics reduced
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ICB therapy efficacy in tumor-bearing SPF | efficacy of ICB therapy, GF mice were mono-
colonized with five different isolated bacte-

To evaluate whether the isolated bacteria | rial species. MC38 tumor cells were injected
that were enriched in the tumors of ICB- | heterotopically into monocolonized or GF mice
treated mice (Fig. 1G) were able to boost the | and, upon palpable tumor development, all

mice (fig. S2, H to J).
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Fig. 1. Identification of bacteria
that promote response to ICB
therapy. (A) Schematic of the
experimental setup. Animals were
treated with either anti-CTLA-4,
anti-PD-L1, or isotype control
antibody. i.p., intraperitoneally;
p.o., orally. (B) Number of tumors,
(C) tumor weight, (D) EpCAM*LGR5*
cancer stem cells, and (E) tumor-
infiltrating leukocytes (TILs)

of AOM/DSS intestinal tumors

in SPF mice after treatment

with isotype, anti-PD-L1, or anti-
CTLA-4 antibodies. (F) 16S rRNA
gene V4 region amplicon
sequencing to identify bacteria in
tumor tissue. Bacteria enriched

or reduced in tumors of anti-PD-L1
or anti-CTLA-4 (ICB) compared

with isotype-treated animals are
shown in green and red, respectively.
f, family; g, genus; o, order.

(G) Bacteria cultured from
homogenized tumors under
anaerobic conditions from anti-PD-L1
or anti-CTLA-4 (ICB groups) or
isotype (Iso group) treated animals.
Bacteria isolated only from ICB-
treated tumors shown in green,
bacteria isolated only from isotype-
treated tumors shown in orange,
and bacteria isolated from both
ICB- and isotype-treated tumors
shown in yellow. (H) Schematic of
the experimental setup. s.c.,
subcutaneously. (I) Tumor

growth, (J) tumor weight, and

(K) quantification of intratumoral
IFN-y*CD8" and IFN-y*CD4"

T cells are shown in GF or mono-
colonized (B. pseudolongum,
Colidextribacter species, L. johnsonii,
Olsenella species, or Prevotella
species) MC38 tumor—bearing mice.
Data indicate mean + SEM [(B) to
(E), and (I) to (K)] or mean + log
fold change standard error (F) and
are pooled from three individual
experiments. [(A) to (E)]n =16 to
20 mice per group. [(H) to (K)]

>n = 8 to 15 mice per group.

*P < 0.05; **P < 0.01; ***P < 0.00L;
**¥xp < 0.0001.
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Fig. 2. Effect of

B. pseudolongum and
ICB on Tyl T cell
phenotype and
identification of

the immunotherapy-
promoting metabolite
inosine. (A, D, and

F) Schematic of the
experimental setups. i.v.,
intravenously. (B) Rep-
resentative plots and
quantification of T-bet”
and T-bet*IFN-y* events
of CD3e*CD4" cells in
the small intestine

(SI) in the presence of
indicated bacteria at
day 28. (C) Same as (B),
but in the spleen.

(E) Representative plots
and quantification of
T-bet"IFN-y* events of
CD3e"CD4" T cells in the
spleen in the presence
of indicated bacteria and
anti-CTLA-4 treatment
at day 32. (G) Tumor
growth and (H) tumor
weight are shown

32 days after MC38
tumor challenge and
subsequent serum
transfer and anti-CTLA-4
treatment. (I) Quantifica-
tion of intratumoral IFN-
y*CD8" and IFN-y*CD4*
T cells. (J) Scatter

plot of untargeted
metabolomics data in the
serum of anti-CTLA-4-
treated tumor-bearing

B. pseudolongum-
monocolonized mice
compared with
Colidextribacter species—
monocolonized and

GF mice. Red circles
or dotted red circles
depict inosine or
inosine fragments and
adducts, respectively.
Inset shows an
extracted ion
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significantly enhanced the efficacy of anti-
CTLA-4 treatment compared with GF mice or
mice monocolonized with Colidextribacter spe-
cies or Prevotella species (Fig. 1, I and J, and
fig. S3, A and B). In addition, CD4" and CD8"
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T cell activation was substantially increased (Fig.
1K), whereas proliferation of intratumoral CD8*
T cells (fig. S3, C and D) was modestly increased
in the tumors of B. pseudolongum, L. johnsonii,
and Olsenella species-monocolonized animals.

ember 2020

The isolated ICB-promoting B. pseudolongum
strain also improved the efficacy of anti-PD-L1
treatment in the MC38 heterotopic tumor mod-
el compared with the Colidextribacter species
control bacteria (fig. S4), albeit to a lesser
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extent than that observed for anti-CTLA-4
treatment (at the same dose), similar to our
observations in the AOM/DSS model. Because
B. pseudolongum provided the most robust
ICB-promoting effect, it was selected for fur-
ther mechanistic studies. Note that other
Bifidobacterium species, such as B. breve
and B. longum, have previously been found
to promote antitumor immunity and enhance
anti-PD-L1 efficacy in a murine model of
melanoma (7). In humans, B. longum has
been reported to be enriched in anti-PD-1
responders (9). Furthermore, B. pseudolongum
species are widely distributed in the mamma-
lian gut, with many different strains displaying
genomic diversity and differential metabolic
capacities (19), suggesting strain-dependent
functions.

We found that antitumor immunity was
dependent on ICB therapy, as monocoloniza-
tion with B. pseudolongum in the absence of
anti-CTLA-4 treatment was not able to reduce
tumor growth (fig. S5, A to C) or induce anti-
tumor immunity (fig. S5, D and E), which is
similar to previous studies with other ICB-
promoting bacteria (6, 8). And although
previous studies have shown that some bacte-
ria accumulate in the tumor environment,
where they locally stimulate the immune sys-
tem and Kill tumor cells through toxic metabo-
lites (20), we could not detect B. pseudolongum
within the heterotopic tumors (fig. S6). There-
fore, despite the fact that B. pseudolongum was
initially isolated from intestinal tumors, the
presence of bacteria within tumors was not
required for the enhancement of ICB therapy
in our model, suggesting the potential involve-
ment of soluble factors.

Although B. pseudolongum did not induce
antitumor immunity in the absence of ICB
therapy (fig. S5), intestinal B. pseudolongum
did induce a significant increase in expression
of the T helper cell 1 (Ti1) master transcription
regulator T-bet in small intestinal lamina
propria CD4" T cells, which was not observed
in GF or Colidextribacter species monocolon-
ized mice (Fig. 2, A and B). Induction of T-bet
illustrated that B. pseudolongum has immuno-
modulatory capacity even in the absence of ICB.
In its absence, the immunomodulatory effect
was restricted to the gut-associated lymphoid
tissue (GALT) and was also observed, albeit to
a lesser extent, in the mesenteric lymph nodes
(MLN) (fig. S7A), but it was not observed in
the spleen (Fig. 2C). In the absence of ICB,
B. pseudolongum did not increase the ac-
tivation of effector function of Ty1 cells, as
IFN-y"T-bet" cells did not differ from controls
in any of the tissues assessed (Fig. 2, B and C,
and fig. S7A). Thus, in the absence of tumors
and ICB therapy, B. pseudolongum promoted
mucosal Tyl transcriptional differentiation
in GALT without increasing effector function
in the gut and draining lymph nodes. While
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B. pseudolongum had no effect on other CD4*
T cell subsets in the small intestine (fig. S7B),
it did increase CD8*T-bet" T cells (fig. S7C).
Moreover, B. pseudolongum had a minimal
effect on Ty17 cells and Ty in the MLN and
spleen (fig. S7, D to G).

Because B. pseudolongum monocoloniza-
tion in the absence of tumors and ICB therapy
induced only local mucosal Ty;1 differentiation
during homeostasis, we next asked whether
the combination of B. pseudolongum and anti-
CTLA-4 therapy (in the absence of a tumor)
would lead to systemic Ty1 activation. Indeed,
colonization with B. pseudolongum combined
with ICB treatment led to significantly enhanced
splenic Ty1 cell activation and effector function,
as evidenced by IFN-y production compared
with Colidextribacter species-monocolonized
or GF animals (Fig. 2, D and E, and fig. S7, H
and I). We concluded that B. pseudolongum
induces Ty1 differentiation and, together with
anti-CTLA-4, activation of Ty;1 effector T cells.
Interestingly, a recently defined consortium
of 11 bacteria (which did not include any
Bifidobacterium spp.) induced IFN-y produc-
tion preferentially in CD8" T cells and promoted
antitumor immunity in the absence of immu-
notherapy (21). In contrast, B. pseudolongum
induced IFN-y production in both CD4" and
CD8" T cells (fig. S7J), and ICB treatment was
required for antitumor immunity.

We were intrigued by the ability of
B. pseudolongum to induce Tyl transcrip-
tional differentiation during homeostasis as
opposed to activation of Tyl effector function
after ICB treatment. Gastrointestinal inflamma-
tion is a common immune-related adverse effect
of anti-CTLA~4 treatment (), and we reasoned
that this may be due to alterations in gut bar-
rier integrity. Indeed, monocolonized animals
treated with anti-CTLA-4 displayed increased
systemic serum anticommensal antibody re-
activity, particularly Tyl-associated immuno-
globulin G2b, and reduced small intestinal
transepithelial electrical resistance compared
with controls (fig. S8, A and B). Despite this,
anti-CTLA-4 treatment did not induce overt
local or systemic inflammation (fig. S8, C and
D). In this regard, it is notable that some
Bifidobacterium species have been reported to
provide protection from anti-CTLA-4-induced
enterocolitis with no effect on tumor growth
(22). The induction of systemic antibacterial
antibodies after ICB therapy was not required
for the ICB-promoting effect, as anti-CTLA-4
treatment was also effective in B. pseudolongum-~
monocolonized mice deficient in B cells and
antibodies (fig. S9). Therefore, because bacteria
did not accumulate in (heterotopic) tumors
(fig. S6), anti-CTLA-4 reduced the integrity
of the gut barrier (fig. S8), and B cells and
anticommensal antibodies were not required for
the ICB-promoting effect of B. pseudolongum
(fig. S9), we hypothesized that increased systemic
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translocation of metabolites may be responsi-
ble for the systemic effect of B. pseudolongum
during ICB therapy. To address this hypoth-
esis, serum collected from tumor-bearing GF,
B. pseudolongum, or Colidextribacter species—
monocolonized mice treated with anti-CTLA-
4 was transferred concomitantly with anti-
CTLA-4 into GF MC38 tumor-bearing mice
(Fig. 2F). Unexpectedly, serum from anti-CTLA-
4-treated B. pseudolongum monocolonized
mice, but not serum from anti-CTLA-4-treated
GF or Colidextribacter species-monocolonized
mice, was sufficient to reduce tumor growth
and elicit strong antitumor immunity in the
tumor and spleen of GF mice (Fig. 2, G to I,
and fig. S10). Together, these data show that
soluble factors derived from, or induced by,
B. pseudolongum were responsible for the
observed ICB-promoting effects.

Untargeted metabolomics of the serum sam-
ples revealed increased levels of several metab-
olites in sera from B. pseudolongum compared
with Colidextribacter species—-monocolonized
and GF mice (Fig. 2J and fig. S11, A and B).
Notably, the purine metabolite inosine was
the only metabolite that was significantly more
abundant (eight to ninefold) in sera from
B. pseudolongum-monocolonized mice com-
pared with sera from Colideatribacter species—
monocolonized or GF mice (Fig. 2K). Of note,
xanthine and hypoxanthine, degradation prod-
ucts of inosine, were also elevated in the sera of
B. pseudolongum-monocolonized mice (table
S1). Analysis of bacterial culture supernatant
revealed that both B. pseudolongum and
A. muciniphila produced significantly higher
amounts of inosine than did Colidextribacter
species under the same culture conditions
(fig. S11C), revealing that inosine is a bacterial
metabolite produced by B. pseudolongum and
A. muciniphila. In contrast, although L. johnsonii
did not produce inosine, it did produce large
amounts of hypoxanthine—a potent ligand
binding to the same receptor as inosine—
compared with Colidextribacter species (fig.
S11D) (23). Inosine monophosphate and hy-
poxanthine were two of the most elevated
metabolites in the cecum and serum of mice
colonized with the consortium of 11 bacteria
that Tanoue et al. recently identified to im-
prove ICB therapies (21). The identity of inosine
was confirmed by fragmentation analysis
(fig. S11E).

To determine the physiological inosine lev-
els in vivo, we measured inosine concentra-
tions in duodenal, jejunal, and cecal contents
of B. pseudolongum-monocolonized mice.
Inosine concentrations were highest in the
duodenum and gradually decreased along
the gastrointestinal tract [duodenum (66.13 +
14.23 uM) > jejunum (29.26 + 9.38 uM) > cecum
(0.5 + 0.05 uM)] (fig. S11F). We also quantified
inosine concentrations in the serum of anti-
CTLA4- and anti-PD-Lil-treated B. pseudolongum
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Fig. 3. Inosine promotes Ty1 activation and antitumor immunity. (A) Naive
CD4" T cells were cocultured with BMDCs and IFN-y. Quantification of
T-bet*CD3*CD4" T cells 48 hours after coculture in the presence or absence of
inosine, Aa receptor inhibitor (ZM241385), cell-permeable cAMP (db-cAMP), and
protein kinase A inhibitor (RP-8-CPT-cAMPS). (B) Same as (A), but without
IFN-y. (C) Schematic overview to assess the requirement of AR signaling for
B. pseudolongum—induced antitumor immunity. GF Rag-1-deficient mice were
gavaged with B. pseudolongum and 7 days later 1 x 10° MC38 cells (s.c.)

and wild-type (WT) or AsaR-deficient 1 x 107 T cells (i.v. 6 x 10° CD4* and 4 x
108 CD8* T cells) were injected. Upon development of palpable tumors, mice
were treated with 100 pg anti-CTLA-4 (four times every 72 hours). (D) Tumor
weight and (E) quantification of IFN-y* in CD8" or CD4" T cells in the tumor are
shown. (F) Schematic overview of experimental setup to assess the effect of
inosine on antitumor immunity. Upon development of palpable tumors, mice
were treated with 100 ug anti-CTLA-4 i.p. (five times every 72 hours) and in
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some groups 20 ug CpG i.p. (five times every 72 hours). In addition, inosine
(300 mg per kilogram of body weight) or PBS was given daily orally (O) through
gavage or systemically (S) through i.p. injection. (G) Tumor weight and
quantification of intratumoral IFN-y* cells among (H) CD4" or CD8" T cells are
shown. (I) Schematic overview to assess the requirement of AoaR signaling

for inosine-induced antitumor immunity. GF Ragl™~ mice were injected with

1 x 10° MC38 cells (s.c.) and WT or ApaR-deficient 1 x 107 T cells (i.v. 6 x 10° CD4*
and 4 x 10° CD8" T cells). Upon development of palpable tumors, mice were
treated with 100 ug anti-CTLA-4, 20 ug CpG (four times every 72 hours, both i.p.)
and inosine (daily, 300 mg per kilogram of body weight, through gavage).

(J) Pictures of tumors and tumor weight are shown at day 20. KO, knockout. Scale
bar, 1 cm. (K) Quantification of IFN-y* in CD8" or CD4" T cells in the tumor

are shown. Data indicate mean + SEM, pooled from two individual experiments.
[(A) and (B)] n = 10 biological replicates per group. [(C) to (K)] n = 6 to 10 mice
per group. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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(anti-CTLA-4: 26.16 + 3.32 uM; anti-PD-LI:
37.5 £ 10.2 uM) and Colidextribacter spe-
cies (anti-CTLA-4: 3.26 +1.01 uM; anti-PD-
L1: 4.8 + 1.3 uM) monocolonized mice (fig.
S11F), in the serum of SPF mice before (4.08 +
1.12 uM) and after anti-CTLA-4 treatment
(11.65 = 2.09 uM) and in the serum of antibiotic-
treated SPF mice given anti-CTLA-4 (2.03 +
0.86 uM) (fig. S11G). These data indicated
that bacterial production of inosine in the
upper gastrointestinal tract is likely to be the
predominant source of elevated systemic ino-
sine levels in B. pseudolongum monocolo-
nized mice.

The identification of inosine was initially
surprising because inosine binds to the aden-
osine 2A receptor (A;xR), which has been
demonstrated to inhibit Ty1 differentiation in
vitro and antitumor immunity in vivo (24-27).
Data supporting an immunosuppressive role
for adenosine and A,R signaling have led to
the development of novel immune check-
point inhibitor targets, such as monoclonal
antibody-targeting CD73, CD39, and CD38
and pharmacological antagonists of AyxR,
many of which are currently in clinical trials
[reviewed in (28)]. However, a small body
of literature has demonstrated that inosine
analogs can be proinflammatory and that
A,4R signaling can sustain Tyl and anti-
tumor immunity in mice (29-31). On the basis
of these opposing findings, we investigated
whether inosine could enhance Tyl cell dif-
ferentiation in vitro. Activated ovalbumin
323-339 (OVAg3,3.339) peptide-pulsed bone
marrow-derived dendritic cells (BMDCs) were
cocultured with naive OVAgz,5.339-specific
OT-II CD4" T cells in the presence or ab-
sence of inosine. The effect of inosine in
terms of induction or inhibition of CD4" Tyl
T cell differentiation turned out to be con-
text dependent. Specifically, in the presence
of exogenous IFN-y, inosine strongly boosted
Tyl differentiation of naive T cells (Fig. 3A),
whereas in the absence of IFN-y, inosine in-
hibited Ty1 differentiation (Fig. 3B and fig.
S12A). We next dissected the molecular mech-
anism through which inosine enhanced Tyl
differentiation. Whereas the pharmacological
inhibition of A,sR signaling (with the high
affinity antagonist ligand ZM241385) com-
pletely abrogated the effect of inosine, the
addition of cell-permeable dibutyryl-cyclic
adenosine monophosphate (db-cAMP), a sig-
naling molecule downstream of A,,R, re-
stored Tyl differentiation and bypassed
the need for inosine (Fig. 3A). Furthermore,
inhibition of protein kinase A (PKA), a down-
stream effector molecule of cAMP, negated
inosine-driven Ty;1 differentiation (Fig. 3A). In
addition, the inosine-A,sR-cAMP-PKA sig-
naling cascade led to phosphorylation of the
transcription factor cAMP response element-
binding protein (CREB) (fig. S12B), a known
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transcriptional enhancer of key Ty1 differ-
entiation factors, such as interleukin-12
(IL-12) receptor and IFN-y (32-34). We also
observed inosine-dependent up-regulation of
the IL-12 receptor, beta 2 subunit (IL12RB2)
(fig. S12C).

The effect of inosine was T cell-intrinsic,
because the addition of inosine to naive T cells
that had been activated with anti-CD3- and
anti-CD28-coated beads also enhanced Tyl
differentiation, even in the absence of IFN-y
(fig. S12D). Furthermore, induction of Tyl
differentiation and phosphorylation of CREB
was absent when A, R-deficient T cells were
stimulated with inosine (fig. S12, E and F). In
contrast, bypassing the need for A, R sig-
naling by using db-cAMP increased Tyl dif-
ferentiation and phosphorylation of CREB in
AjaR-deficient T cells, confirming that the
Ty1 promoting effect of inosine is dependent
on A,xR signaling (fig. S12, E and F). Ad-
ditionally, given that phosphorylated CREB is
known to bind to key Tyl target genes, we
confirmed that inosine stimulation led to a
sustained up-regulation of 1712rb2 and Ifng
gene expression in CD4" T cells (fig. S12, G
and H). Inosine dose response experiments
revealed that the physiological concentrations
of inosine observed in sera of B. pseudolongum
but not Colidextribacter species—-monocolonized
mice were sufficient to induce Tyl activation
(fig. S12I). In contrast, adenosine, which also
binds to the AspR, was present only at extremely
low levels in intestinal contents, and serum
levels did not differ between B. pseudolongum
and Colidextribacter species-monocolonized
mice (fig. S12J), indicating that adenosine was
unlikely to be mediating the ICB-promoting
effects of B. pseudolongum. Furthermore, aden-
osine dose-response experiments revealed that
the levels of adenosine in the serum were in-
sufficient to promote Ty;1 activation and effector
function (fig. S12K). To confirm whether the
inosine-mediated Ty1 promoting effect in vitro
also applied to in vivo conditions, GF mice
were immunized with ovalbumin in combina-
tion with CpG as a costimulus. Note that we
used CpG as a costimulus because it is a widely
used antitumor adjuvant in different settings
[reviewed in (35)]. One day later, mice received
inosine or vehicle by intraperitoneal adminis-
tration. Inosine increased the proportions of
T-bet TFN-y"CD8" and T-bet TFN-y*CD4" T cells
in the MLN (fig. S12, L to N), validating our
in vitro results.

We next determined whether the ICB-
enhancing ability of B. pseudolongum required
AsxR expression specifically on T cells. Anti-
tumor immunity was assessed in B. pseudolongum
monocolonized RaglI-deficient mice bearing
MC38 tumors that had been adoptively trans-
ferred with either A, R-deficient or wild-type
T cells and treated with anti-CTLA-4 (Fig. 3C).
We found that the absence of A,5R expression
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on T cells reduced the ICB-promoting effect of
B. pseudolongum (Fig. 3, D and E).

We then determined whether inosine could
promote antitumor immunity induced by anti-
CTLA-4 in the absence of B. pseudolongum. GF
mice were challenged with MC38 tumor cells
and upon development of palpable tumors,
inosine or phosphate-buffered saline (PBS) was
given orally or systemically in combination
with anti-CTLA-4 treatment and CpG as a
costimulus (Fig. 3F). Compared with PBS, both
oral and systemic administration of inosine
led to reduced tumor weights and increased
antitumor immunity when given together
with anti-CTLA-4 and CpG (Fig. 3, G and H).
But in the absence of CpG, inosine increased
tumor weight and reduced antitumor im-
munity (Fig. 3, G and H), validating our pre-
vious in vitro findings demonstrating that
the effect of inosine was context-dependent
and based on the presence or absence of co-
stimulation. Inosine-induced antitumor im-
munity was also dependent on A,4R signaling
in T cells, as oral supplementation with ino-
sine failed to induce antitumor immunity
in MC38 tumor-bearing GF Ragl-deficient
animals adoptively transferred with A,,R-
deficient T cells (Fig. 3, I to K). These data
indicated that the ICB-promoting effect of
B. pseudolongum was mediated by inosine
and was dependent on A,4R signaling specif-
ically in T cells.

Because we detected A. muciniphila—a spe-
cies that was previously shown to increase ICB
therapy efficacy (8) and to produce inosine
in vitro (fig. S11C)—in ICB-treated tumors
(Fig. 1G), we further investigated whether
A. muciniphila also relies on AR signaling
to enhance ICB-therapy efficacy. We found
that monocolonization with A. muciniphila
in combination with anti-CTLA-4:1ed to smaller
tumors and increased antitumor immunity,
and this was dependent on T cell expression
of A,5R (fig. S13, A to D). Although mono-
colonization with L. johnsonii was able to
promote the antitumor effects of anti-CTLA-4
(Fig. 1, I to K, and fig. S5), hypoxanthine
(another ligand of the A,5R), not inosine, was
elevated in in vitro cultures (fig. S11, C and
D). Despite this, the ICB-promoting effect of
L. johnsonii, although less potent than that
of B. pseudolongum and A. muciniphila, was
also partially dependent on T cell expression
of AsR (fig. S13, E to H).

We next tested whether inosine could also
promote the efficacy of anti-CTLA-4 therapy
in the presence of a complex microbiota. We
first used a gnotobiotic model where mice are
stably colonized with a defined microbiota
consisting of 12 bacterial species, referred to
as Oligo-Mouse-Microbiota-12 (Oligo-MM*?)
(36), which lacks B. pseudolongum. We found
that inosine was able to promote the anti-
tumor effects of anti-CTLA-4, with reduced
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tumor size and increased intra-tumoral IFN-
y"CD8" and IFN-y*CD4" T cells even in gnoto-
biotic Oligo-MM™ mice (fig. S14, A to D). We
also found that inosine could promote the
efficacy of anti-CTLA-4 in SPF mice, which
contain a highly diverse microbiota (fig.
S14, E to H). We then examined whether
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B. pseudolongum needed to be viable to
enhance anti-CTLA-4 efficacy. Whereas gavage
of live B. pseudolongum, with or without anti-
biotic pretreatment, enhanced anti-CTLA-4
effects in SPF mice (fig. S14, E to H), heat-
killed B. pseudolongum was unable to boost
the effects of ICB therapy, likely because of

18 September 2020

daily. (M) Tumor weight and (N) pictures of tumors are shown. Quantification
of IFN-y" in (0) CD8" or (P) CD4" cells in the tumor are shown. Data
indicate mean + SEM. [(A) to (F)] n = 8 mice per group. [(G) to (P)]

n =7 mice per group. *P < 0.05; **P < 0.01; ***P < 0.001, ****P < 0.0001.

the inability to produce inosine (fig. S14,
E to H).

In addition to direct stimulation of T cells,
inosine could potentially affect tumor cells
directly through altering tumor cell survival
or susceptibility to T cell-mediated Killing.
However, direct in vitro exposure of MC38
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tumor cells to inosine did not modulate tu-
mor cell viability (fig. S15A), and pretreat-
ment of MC38 tumor cells before coculture
with activated tumor-specific T cells did not
promote or inhibit T cell-mediated killing
of tumor cells (fig. S15B), further support-
ing the conclusion that the antitumor effect
of inosine was mediated primarily through
T cells.

Together, these data indicate that the effect
of inosine on T cells required sufficient co-
stimulation (likely by DCs), IL-12 receptor
engagement for Ty1 differentiation, and IFN-y
production for efficient antitumor immunity.
Indeed, conventional dendritic cells (cDCs),
not macrophages, were found to be the pri-
mary source of IL-12 (fig. S16, A and B). To
further assess the role of cDCs in ICB-bacteria
cotherapy, bone marrow (BM) cells from ¢DC-
DTR mice (DTR, diphtheria toxin receptor)
were transferred into lethally y-irradiated
recipient SPF mice to allow for inducible,
conditional depletion of ¢cDCs. After BM re-
constitution, mice were treated with anti-
biotics and gavaged with a mixture of the
three previously identified ICB-promoting
bacteria: B. pseudolongum, L. johnsonii, and
Olsenella species. Ten weeks later, mice were
implanted with MC38 cells and when palpable
tumors were established, cDCs were depleted
by injection of diphtheria toxin followed by
anti-CTLA-4 treatment (fig. S16C). Depletion
of ¢DCs led to larger tumors (fig. S16D), a
significant reduction in intratumoral CD8*
and CD4" T cell frequencies and IFN-y pro-
duction (fig. S16E), and markedly reduced
IFN-y production and proliferation of splenic
CD8" and CD4" T cells (fig. S16F). Therefore,
depletion of ¢DCs strongly impeded the abil-
ity of the bacteria-elicited ICB response to
reduce established tumors, which indicated
the requirement for continuous antigen pre-
sentation, IL-12 production, and T cell co-
stimulation by cDCs for efficient ICB therapy.
The critical involvement of ¢cDC and IL-12
has previously been reported for anti-PD-1
treatment (37).

Because enhanced Tyl immunity is gener-
ally considered to be beneficial for most anti-
tumor responses [reviewed in (38)], we next
determined whether intestinal colonization
with the isolated ICB-promoting bacteria or
treatment with inosine would be equally effec-
tive in other tumor models. First, we tested the
ICB-promoting effect of B. pseudolongum,
L. johnsonii, and Olsenella species in SPF
Msh2"“ /L yillin Cre (39) animals that have
conditional inactivation of Msh2 (a DNA mis-
match repair gene) in intestinal epithelial cells
and develop adenocarcinomas in the small
intestine. Previous reports have shown greater
efficacy of ICB in mismatch repair-deficient
(MMRD) cancer in the clinical setting (15, 40).
In the Msh2 /L% yi11in-Cre model, anti-
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CTLA-4 treatment alone (without the addition
of ICB-promoting bacteria) led to reduced
tumor weights and EpCam*Lgr5" cells in the
tumor, markers for epithelial cell stemness,
and increased T cell activation and immune
cell infiltration in the tumor (fig. S17, A to F).
Cotreatment with ICB-promoting bacteria
markedly boosted the effect of anti-CTLA-4
(fig. S17G), leading to a further reduction of
tumor weight and EpCam "Lgr5™ cells together
with drastically enhanced T cell activation and
immune cell infiltration in the tumor com-
pared with control bacteria (fig. S17, H to L).
These results suggested that bacterial co-
therapy may optimize treatment regimens
in MMRD tumors. Notably, anti-IL-12p75
treatment almost completely abrogated the
effect of ICB-promoting, anti-CTLA-4 co-
therapy in Msh2 /Lo \i[lin-Cre tumors
(fig. S17, G to L), which supports a critical
role for inosine-dependent up-regulation
of IL12RB2 on T cells and ¢DC production of
IL-12 and corroborates similar findings upon
simultaneous depletion of IL-12 and IL-23,
using anti-IL-12p40 treatment (6, 8). As
oxaliplatin and anti-PD-L1 cotreatment is a
more commonly used therapy in clinics, we
also confirmed that ICB-promoting bacteria en-
hanced the efficacy of oxaliplatin and anti-PD-
L1 cotreatment in SPF Msh2™**L %P yilin-Cre
animals (fig. S18).

As B. pseudolongum was enriched in AOM/
DSS tumors of ICB-treated animals (Fig. 1, F
and G), and Bifidobacteria were previously
associated with improved ICB-therapy effi-
cacy in cancer patients (9), we wondered
whether Bifidobacteria were also enriched
in Msh2ko®t/LorPy7i11in-Cre tumors of 1CB-
treated mice. While the total amount of tumor-
associated bacteria did not change with
anti-CTLA-4 or anti-PD-L1 treatment (fig.
S19A), ICB treatment led to specific enrich-
ment of tumor-associated Bifidobacteria (fig.
S19B). A recent report revealed that, compared
with other tissues, Bifidobacteria colonize tu-
mors, likely owing to the hypoxic environment
often found in tumors (4I). At this point, it is
unclear why Bifidobacteria seem to preferen-
tially accumulate in ICB-treated conditions.

We next tested the ICB-promoting effect of
B. pseudolongum, L. johnsonii, and Olsenella
species in SPF Apc™™#*; Kras LG22/ Fappl-
Cre (42) mice, which have conditional Apc
deficiency and activation of Kras specifically in
colonocytes. In this model of CRC, anti-CTLA-4
treatment did not improve survival compared
with isotype-treated animals (fig. S20, A and B),
and transfer of the ICB-promoting bacteria
failed to enhance survival (fig. S20, C and D),
revealing a limitation of bacterial cotherapy
in this model.

Finally, we tested whether the bacterial
metabolite inosine in combination with co-
stimulation was sufficient to enhance the ef-
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ficacy of ICB therapy in other cancer models.
Oral administration of inosine together with
anti-CTLA-4 and CpG treatment in SPF
Msh2"*/Lo%P17i11in-Cre mice led to significant
reduction in tumor weight and a corre-
sponding increase in splenic IFN-y*CD4*
and IFN-y"CD8" T cells (Fig. 4, A to F). No-
tably, inosine together with CpG was also
found to be effective in promoting the ef-
ficacy of anti-CTLA-4 in two additional murine
cancers—bladder cancer and melanoma. Spe-
cifically, inosine plus CpG administration to
GF mice that had been injected with MB49
murine bladder cancer cells was able to sig-
nificantly enhance the ability of anti-CTLA-4
to reduce tumor weight and increase the
proportion of IFN-y*CD4" and IFN-y*CD8"
T cells infiltrating the tumors (Fig. 4, G to
K). Similarly, inosine plus CpG augmented
the ability of anti-CTLA-4 to mediate antitumor
immunity in a heterotopic mouse model of
melanoma (Fig. 4, L to P).

Our results identify a B. pseudolongum
strain isolated from ICB-treated CRC tumors
as a key commensal intestinal bacterial species
that is capable of boosting a ¢cDC-dependent
Ty1 cell circuit to greatly enhance the effect of
ICB therapies in mouse models of intestinal
and epithelial tumors (fig. S21). These data
support the premise that modification of the
microbiota or targeted bacterial therapies
with defined microbial consortia may provide
a promising adjuvant therapy to ICB in CRC
and other cancers. Although isolated from
mice, all three ICB-promoting bacteria are
also found in humans, indicating their po-
tential for translation (43-45). Furthermore,
we analyzed published human fecal micro-
biome metagenomic datasets (8, 9, 46) and
found a trend, although not significant, where
B. pseudolongum was enriched [up to 2.4-fold
(8)] in responders compared with nonrespond-
ing cancer patients (fig. S22A). At the genus
level, Bifidobacteria were also enriched (albeit
nonsignificantly) in responders compared with
nonresponders [5.9-fold (9)] (fig. S22B), with
the species B. longum and B. adolescentis
significantly enriched (47). Owing to the low
abundance of B. pseudolongum in fecal sam-
ples of adults, higher-powered studies with
larger sample sizes will be needed to confirm
this trend. We also identified inosine as a key
bacterial-derived metabolite acting through
T cell-specific Ay zR signaling to promote Tyl
cell activation in a context-dependent manner.
We further confirmed that A. muciniphila,
which is known to be associated with respon-
siveness to ICB therapy in humans (8), uses
inosine-A,5R signaling for its ICB-promoting
effect. In light of our findings, one might
caution against the blockade of inosine-A,sR
signaling for cancer immunotherapy, as this
may negate any positive effect provided by
beneficial microbes. We suggest that A,xR
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signaling is likely an integral antitumor path-
way for bacterial-ICB cotherapies. Further in-
vestigation of the effects of xanthine and
hypoxanthine, degradation products of ino-
sine, are warranted.
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Inosine modulates antitumor immunity

Checkpoint blockade immunotherapy harnesses the immune system to kill cancer cells and has been used with
great success to treat certain tumors, but not all cancer patients respond. The efficacy of checkpoint blockade
immunotherapy has been shown to depend on the presence of distinct, beneficial bacteria residing in the gut of patients,
but how the microbiome mediates such beneficial effects is unclear. Mager et al. found that specific bacteria produce a
metabolite called inosine that enhances the effect of checkpoint blockade immunotherapy (see the Perspective by Shaikh
and Sears). In mouse models, inosine, together with proinflammatory stimuli and immunotherapy, strongly enhanced the
antitumor capacities of T cells in multiple tumor types, including colorectal cancer, bladder cancer, and melanoma.

Science, this issue p. 1481; see also p. 1427
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