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Summary:

The gut microbiota has been shown to be a critical regulator of anti-tumor immunity during
immune checkpoint inhibitor therapies. Several bacteria that promote an anti-tumor response to
immune checkpoint inhibitors have been identified in mice(1-6), and transplantation of fecal
specimens from responders has been shown to improve the efficacy of anti-PD-1 therapy in
melanoma patients(7, 8). However, the increased efficacy from fecal transplants is variable and
how gut bacteria promote anti-tumor immunity remains unclear. Here, we show that the gut
microbiome downregulates expression of PD-L2 and its binding partner Repulsive Guidance
Molecule b (RGMDb) to promote anti-tumor immunity and identify bacterial species that mediate
this effect. PD-L1 and PD-L2 share PD-1 as a binding partner, but PD-L2 can also bind RGMb.
We demonstrate that blockade of PD-L2/RGMb interactions can overcome microbiome-dependent
resistance to PD-1 pathway inhibitors: antibody-mediated blockade of the PD-L2/RGMb pathway
or conditional deletion of RGMb in T cells combined with anti-PD-1 or anti-PD-L1 promotes
anti-tumor responses in multiple mouse tumor models that do not respond to anti-PD-1 or anti-PD-
L1 alone (Germ Free mice, antibiotic treated mice, and even mice colonized with non-responder
patient stool). These studies identify downregulation of the PD-L2/RGMB pathway as a specific
mechanism by which the gut microbiota can promote responses to PD-1 checkpoint blockade and
define a potentially effective immunological strategy for treating patients who do not respond to
PD-1 cancer immunotherapy.

Antibodies blocking programmed death 1 (PD-1) or programmed death ligand 1 (PD-L1)
have been approved for over 25 different tumors. However, the response rates for PD-1/
PD-L1 blockade in approved indications range from 13% to 69% depending on tumor
type(9, 10). There is great interest in understanding factors regulating responsiveness to
PD-1 inhibitors to develop strategies to benefit more patients. Studies have shown that the
gut microbiota can modulate the efficacy of PD-1 pathway inhibitors in cancer (7, 8). These
findings have stimulated investigation of probiotic bacteria and fecal transplants to promote
anti-tumor responses to PD-1 immunotherapy with inconsistent results, highlighting the
need to understand mechanisms by which the gut microbiota can promote anti-tumor
immunity. Our goal was to identify targetable immunologic mechanisms by which the gut
microbiome regulates anti-tumor effects of cancer immunotherapy.

Gut microbiota enhances immunotherapy

We established mouse tumor models in which the anti-tumor response depended on gut
bacteria (Fig. 1a). When MC38 colon carcinoma cells were implanted subcutaneously,
conventional specific pathogen-free (SPF) mice containing the vendor’s (Taconic) gut
microbiome responded to anti-PD-L1 therapy (Extended Data Fig. 1a), while germ-free
(GF) mice did not respond to anti-PD-L1 or anti-PD-1 (Extended Data Fig. 1b,c).
Reconstitution of GF mice with healthy human microbiota (HMB) (Fig. 1b) or healthy
mouse microbiota (MMB) (Extended Data Fig. 1d) (11) promoted a robust anti-tumor
response to anti-PD-L1. To further investigate the immunoregulatory influence of human
bacteria, we used HMB as our responder microbiota. Similar to GF mice (Extended data
Fig. 1b,c), depletion of gut commensals with a cocktail of 4 oral antibiotics (ABX) (Fig.
1c, Extended Data Fig. 1¢), prevented anti-PD-L1 or anti-PD-1-mediated control of MC38
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tumors. In contrast, mice given ABX until day 7 after tumor implantation (pi) and then
orally gavaged with HMB (termed ABX/HMB) reduced MC38 tumors in response to anti-
PD-L1 or anti-PD-1 (Fig. 1c, Extended Data Fig. 1e) (11, 12). Analysis of tumors at day

24 in ABX + anti-PD-L1 mice compared to ABX/HMB + anti-PD-L1 mice revealed the
ABX/HMB + anti-PD-L1 mice had a significant increase in the CD8*: regulatory T (Treg)
cell ratio with increased frequency of CXCR5*TIM-3~CD8* progenitor T cells, decreased
frequency of the terminally exhausted PD-1*TIM-3*CD8* T cells, and enhanced CD8*

T cell effector functions including increased frequencies of Granzyme B* CD8* T cells,
TNF-a* CD8" T cells, , IFNa* CD4* and CD8" T cells, and TNF-a* IFNy* CD8* T

cells. These results indicate that HMB promotes CD8* and CD4" T cell function in the
responding tumors (Extended Data Fig. 2a-h). The enhanced response of ABX/HMB versus
ABX mice to anti-PD-L1 or anti-PD-1 allowed examination of mechanisms by which the
gut microbiota regulates antitumor responses during anti-PD-L1 or anti-PD-1 treatment (Fig.
1c, Extended Data Fig. 1e).

Gut microbiotas modulate PD-L2 expression

Because gut microbiotas impact the efficacy of PD-1/PD-L1 blockade, we hypothesized
that gut bacteria could modulate expression of checkpoint molecules and thereby impact
antitumor immune responses. Therefore, we compared expression of several immune
checkpoint molecules on immune cells from tumors, tumor draining lymph nodes (dLNs),
and mesenteric lymph nodes (MLNs) in ABX vs. ABX/HMB mice. To distinguish between
checkpoint molecules that play a causative role in an anti-tumor response rather than

are a consequence of the response, we analyzed immune cells at days 10-13 following
implantation, before tumor sizes diverge (Fig. 1c). Frequencies of PD-1*, PD-1* TIM-3*,
CD44* PD-1*, or IFNy* CD8* T cells, previously shown to increase at later timepoints in
the microbiota-mediated response to PD-1 blockade (3, 4), did not significantly differ at the
day 13 timepoint in tumors of ABX vs. ABX/HMB mice treated with aPD-L1 (Extended
Data Fig. 2i-1), indicating that this timepoint was before PD-1 blockade significantly
enhanced CD8* T cell anti-tumor function in responder (ABX/HMB + a.PD-L1) mice.
However, at day 13 pi, the numbers of CD45* immune cells, CD8* T cells, CD4* T cells,
and MHCII* CD11b* cells, but not MHCII* CD11c™* cells in the dLNs were coordinately
increased in ABX/HMB + anti-PD-L1 mice, compared to ABX or isotype control groups
(Fig. 1d-h). We found differences in expression of immune checkpoint molecules in
dendritic and myeloid cells but not T cells; PD-L2 expression was significantly decreased
while PD-L1 expression was increased on CD11b*MHC class I1* and CD11c*MHC class
11" cells in the dLNs of ABX/HMB compared to ABX mice. CD80, CD86, and ICOSL
showed no significant expression differences (Fig. 1i,j, Extended Data Fig. 2m-p). Thus,
PD-L2 expression was downregulated while PD-L1 was increased on these populations in
dLNs of responder mice. These data suggest that the gut microbiota regulates signaling
pathways involved in expression of coinhibitory molecules.

Reduced PD-L2 expression in responder mice led us to hypothesize that high expression
of this coinhibitory molecule in non-responder mice inhibited anti-tumor immunity. PD-L2
expression also was reduced at both day 10 and 13 on CD11c* and CD11b* cells in the
dLNs and MLNs, but not in tumors in ABX/HMB compared to ABX mice (Fig. 1i-I;
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Extended Data Fig. 2g) nor at day 10 in dLNs of SPF compared to GF mice (Extended

Data Fig. 2r). PD-L2 expression was still reduced at day 24 pi on CD11c+ cells in the

dLNs and MLNs but not in tumors or spleens of ABX/HMB mice (Extended Data Fig.
2s-V), suggesting HMB colonization results in reduced PD-L2 expression on CD11c+ DCs
in the gut and tumor dLN, but does not cause universally reduced PD-L2 expression.
Anti-tumor effects of PD-1 pathway blockade derive, at least in part, from T cell responses
in the dLN (13), and there is reduced PD-L2 expression in dLNs of the responder HMB
mice. Therefore, we hypothesized that high PD-L2 expression on antigen presenting cells in
dLNs of non-responder ABX mice is important for inhibiting anti-tumor immunity. Because
anti-PD-1 was also not effective in GF or ABX mice, even though it blocks interaction with
both PD-L1 and PD-L2, we considered whether PD-L2 was working through a receptor
other than PD-1.

Combined therapy in GF, ABX and SPF mice

To directly investigate the contribution of upregulated PD-L2 expression to impaired anti-
tumor responses in GF and ABX mice that do not respond to PD-L1 or PD-1 alone,

we treated GF and ABX mice with a combination of anti-PD-L2 and anti-PD-L1 mAbs.
Combined anti-PD-L1 and anti-PD-L2 (3.2 clone) treatment reduced MC38 tumors in GF
and ABX mice, whereas treatment with either antibody alone failed to inhibit tumor growth
(Fig. 2a, b). Combined anti-PD-L2 with anti-PD-1 or anti-PD-L1 also reduced growth

in MB49 bladder tumors in ABX mice (Extended Data Fig. 3a,b). Moreover, combined
anti-PD-L2 and anti-PD-L1 treatment reduced growth of B16 melanoma tumors expressing
ovalbumin (B16-OVA) and Py8119 mammary tumors expressing ovalbumin (Py8119-OVA)
in SPF mice, significantly better than treatment with either antibody alone (Extended Data
Fig. 3c,d), suggesting that this combination therapy can improve responses in the context
of an endogenous microbiota. Anti-PD-L1 + anti-PD-L2 combination therapy promoted

an anti-tumor response in SPF mice with MC38 tumors, but this combination was not
significantly better than anti-PD-L1 alone, which already promoted a robust response
(Extended Data Fig 3e). Anti-PD-L2 treatment did not enhance the efficacy of anti-PD-

L1 or PD-1in EQ771 breast cancer tumors in SPF mice or of anti-PD-L1 in Lewis

Lung Carcinoma expressing ovalbumin (LLC-OVA) (Extended Data Fig. 3f-h). Therefore,
combined blockade of anti-PD-L2 and anti-PD-1 or PD-L1 may be beneficial for treating
multiple, but not all, cancers.

Combined therapy with patient microbiota

To test the translational potential of anti-PD-L1 + anti-PD-L2 combination therapy in
humans, we colonized groups of GF mice (in a blinded fashion) with feces either from
one melanoma patient who had a complete response to anti-PD-1 therapy (CR) or from
two melanoma patients who did not respond to anti-PD-1 therapy (non-responders, NR1
and NR2, Extended Data Fig. 4a). 16S rRNA gene sequencing of stool samples from mice
colonized with patient stool for one week before tumor implantation revealed significant
differences in each cohort of mice colonized with stool from a different patient (Extended
Data Fig. 4a-h).
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Consistent with the clinical responses of the patients to anti-PD-1, mice colonized with CR
feces had significantly smaller MC38 tumors when treated with anti-PD-L1 monotherapy
than mice colonized with anti-PD-L1 non-responder fecal samples from patients NR1 or
NR2 (Extended Data Fig 4i) (14). Given that the response to anti-PD-1 is already good,
combination therapy did not significantly increase the anti-tumor response compared to
monotherapy in mice colonized with CR feces. Strikingly, combined anti-PD-L1 + anti-PD-
L2 therapy significantly improved the anti-tumor response when compared to monotherapy
in mice colonized with either of the NR feces and significantly increased overall survival
(Fig. 2c-e, Extended Data Fig. 4j).

A gut commensal can suppress PD-L2

Next, we tested whether specific bacteria in HMB could induce PD-L2 downregulation on
dendritic cells (DC) in the dLN and enhance anti-PD-L1-mediated anti-tumor responses. To
determine which bacteria from HMB are associated with anti-PD-L1-mediated anti-tumor
responses, we gavaged ABX mice with HMB at day 7 pi and maintained them on a

single antibiotic for the duration of the experiment to select for different populations of

gut bacteria. Vancomycin, which mainly targets Gram-positive bacteria, and metronidazole,
which mainly targets anaerobic bacteria, were individually sufficient to abrogate anti-PD-
L1 anti-tumor responses. Ampicillin, which can target some Gram-positive and some
Gram-negative bacteria, dampened anti-PD-L1 anti-tumor responses, but tumor volumes
did not statistically differ from HMB + anti-PD-L1 mice. Neomycin, which mainly targets
aerobic and facultative Gramnegative bacteria, did not significantly change anti-PD-L1
anti-tumor responses compared to HMB + anti-PD-L1 (Extended Data Fig. 5a-d). These
data suggest that Gram-positive anaerobes in HMB are disproportionately responsible for
promoting anti-PD-L1 anti-tumor responses. 16S rRNA sequencing of stool samples at days
13 and 23 p.i. revealed significant differences in microbes between groups treated with

the 4 antibiotics (Extended Data Fig. 5e-g). By comparing anti-PD-L1 responder (HMB,
Neomycin) versus non-responder (VNMA, ampicillin, vancomycin, metronidazole) stool,
we identified three genera from the Order Clostridiales (Gram-positive anaerobes, Extended
Data Fig. 5h) and two Gram-negative bacteria (f_Porphyromonadaceae;g_Parabacteroides
and f_Rikenellaceae;g_) associated with response to anti-PD-L1. Although 16S rRNA
sequencing revealed that multiple genera from HMB have the potential to promote anti-
tumor immunity, because our antibiotic data suggested Gram-positive anaerobes from HMB
were associated with an anti-tumor response, we focused on identifying Gram-positive
anaerobes from our HMB stock, potentially from the Order Clostridiales, that could
promote an anti-PD-L1-mediated anti-tumor response (15, 16). Using a combination of
antibiotic selection, selective media and sequencing, we identified 2 species (Coprobacillus
cateniformis and Erysipelatoclostridium ramosum) that when monocolonized into mice,
were sufficient to enhance anti-PD-L1-mediated anti-tumor responses (Fig. 2f, Extended
Data Fig. 6a-¢). Bulk 16S rRNA gene sequencing of HMB did not provide enough sequence
specificity to identify C. cateniformis. However, when primers specific to C. cateniformis
were used(17), C. cateniformis could be detected in HMB stock, but not in Taconic

stool (Extended Data Fig. 6f). The lack of strain-specific resolution for C. cateniformis
with 16S rRNA gene sequencing of stool could explain why few studies identify C.
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cateniformis from bulk 16S rRNA gene sequencing. Similar to other studies(17, 18), it was
only when individual colonies were isolated and the full-length 16S gene was sequenced,

C. cateniformis was identified. Therefore, isolation of individual strains and full-length
sequencing of individual colonies may be needed to fully understand which bacterial strains
may be best for effective live microorganism-enhanced immunotherapy.

Colonization of GF mice with C. cateniformis, but not E. ramosum significantly reduced
PD-L2 expression in CD11b+ and CD11c+ cells in the tumor dLNs and reduced PD-L2
expression in CD11c+ cells in the MLNs (Fig. 2g,h, Extended Data Fig. 6g-h). Additionally,
treatment of bone marrow-derived dendritic cells (BMDCs) with soluble surface extracts

of C. cateniformis downregulated PD-L2 expression (Fig. 3a) and this suppression was
dependent on MYD88 (Extended Data Fig 7a). These data demonstrate that C. cateniformis
can downregulate PD-L2 expression on DCs /n vivoand in vitro.

As observed with ABX/HMB compared to ABX mice, C. cateniformis monocolonized
mice versus GF mice also had increased frequencies of dLN CD45+ cells with significant
increases specifically in MHCII+ CD11b+ and MHCII+ CD11c+ cells 13 days pi (Extended
Data Fig 7b-f). At day 18 pi, C. cateniformis + anti-PD-L1 mice had increased percentages
of tumor infiltrating CD8+ T cells expressing Granzyme B, IFNvy, and TIM-3+ PD-1+

(like ABX/HMB mice) but not TNFa (Extended Data Fig. 7g-j) indicating C. cateniformis
recapitulates many of the beneficial immunologic effects of HMB but that other bacteria in
HMB have additional immunologic effects.

PD-L2 suppression on dendritic cells

To directly investigate whether C. cateniformisimpacts immune function by downregulating
PD-L2 expression or whether PD-L2 expression is a marker for other immunologic
activities, we transduced BMDCs with lentivirus expressing either GFP (GFP) or GFP and
PD-L2 (PD-L2-GFP) (Extended Data Fig. 7k). GFP BMDCs pre-treated with soluble C.
cateniformis surface extracts /n vitro stimulated OT-1 CD8+ T cells to express increased
IFNy, TNFa, CD107a, Granzyme B, CD44, and CD25 compared to vehicle control DC,
indicating that C. cateniformis treatment of BMDCs promotes an increased proinflammatory
CD8+ T cell response in vitro (Fig. 3b-d, Extended Data Fig. 71-p). Conversely, pretreatment
of PD-L2-GFP BMDCs with C.cateniformis extract did not have these effects. IFNy, TNFa,
CD107a, and CD44 expression were not increased, Granzyme B was modestly increased,
and CD25 expression was similarly increased (Fig. 3b-d Extended Data Fig. 7I-p). These
data show that many of the immunomodulatory effects of C. cateniformis can be negated

by forced PD-L2 expression consistent with the idea that C. cateniformis downregulation of
PD-L2 expression is the mechanism by which this microbe enhances anti-PD-L1 therapy.

When C. cateniformis was orally gavaged at the time anti-PD-L1 treatment was given,

the resulting anti-tumor response was as robust as anti-PD-L1 + anti-PD-L2 treatment in
ABX mice. The combination of C. cateniformis + anti-PD-L1 + anti-PD-L2 did not further
enhance the anti-tumor response, suggesting that C. cateniformis and anti-PD-L2 have
overlapping mechanisms of action (Extended Data Fig. 8a).
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To determine if C.cateniformis’ anti-tumor properties depend on suppression of PD-L2
expression on DCs, we transferred GFP or PD-L2 GFP BMDCs into B16-OVA tumors
in GF and C. cateniformis monocolonized mice three days after tumor implantation.
GFP BMDCs promoted significantly more robust anti-tumor response in C. cateniformis
monocolonized mice compared to GF mice, supporting our hypothesis that C. cateniformis
enhances DC mediated anti-tumor immunity (Fig. 3e). Strikingly, transfer of PD-L2
overexpressing DCs resulted in significantly larger tumor volumes compared to transfer
of GFP DCs in C. cateniformis, GF mice (Fig. 3e), and SPF mice (Extended Data Fig.
8b) indicating that high levels of PD-L2 expression on DCs inhibit anti-tumor immunity.
C. cateniformis’ anti-tumor properties are dependent on PD-L2 downregulation, as C.
cateniformis cannot promote robust anti-tumor immunity in the presence of high PD-L2.
Thus, our in vitroand in vivo data demonstrate that C. cateniformis’ anti-tumor effects
depend on downregulation of PD-L2 expression on DCs.

To directly show that C. cateniformis promotes anti-tumor immunity via downregulation

of PD-L2 on DCs, we implanted WT or PD-L2 KO DCs with or without C. cateniformis
treatment into tumor sites in SPF mice with B16-OVA tumors. Because our data showed
that transfer of GFP BMDCs promoted robust anti-tumor immunity in SPF mice (Extended
Data Fig. 8b) we sought to find a BMDC transfer model in which WT BMDC transfer

was less efficacious and thus could be enhanced by PD-L2 suppression. We hypothesized
that less mature BMDCs that had been cultured for 6-7 days, and expressed lower levels

of MHCII compared to more mature BMDCs that had been cultured for 10 days (Extended
Data Fig. 8c-e) and used in Figure 3e, would be less immunostimulatory. Though transfer of
day 6 cultured WT BMDC:s slightly delayed B16-OVA tumor growth, by day 20 there was
no significant difference between no transfer and WT BMDC transferred tumors (Fig 3f).
Injection of WT BMDC tumors pre-treated with C. cateniformis, however, was sufficient

to promote a robust anti-tumor response, indicating C. cateniformis’ immunomodulatory
impact on DCs is sufficient to promote anti-tumor immunity. Importantly, transfer of PD-L2
KO DCs promoted a robust anti-tumor response that could not be further enhanced by
pretreatment with C.cateniformis (Fig. 3f). These data indicate that inhibition of PD-L2
expression on DCs plays a key role in promoting anti-tumor immunity and C. cateniformis
treatment cannot enhance anti-tumor immunity independent of PD-L2 downregulation.

Targeting PD-L2/RGMb interactions

Based on our observation that combined blockade of PD-1 and PD-L2 gave better antitumor
responses than PD-1 blockade alone (Extended Data Fig. 3a), we hypothesized the PD-L2
effect is mediated by a receptor other than PD-1. Consequently, we investigated whether

the interaction of PD-L2 with RGMb rather than PD-1 led to microbiome-dependent
resistance to anti-PD-L1 or anti-PD-1 cancer therapy. We tested whether blocking the
PD-L2/PD-1 interaction or the PD-L2/RGMb interaction was necessary to promote an
anti-tumor response to PD-L1 blockade by comparing the effects of two functionally distinct
PD-L2 blocking antibodies in combination with anti-PD-L1 in GF or ABX mice. The

2C9 anti-PD-L2 clone selectively blocks the RGMb/PD-L2 interaction, whereas the 3.2
anti-PD-L2 clone blocks both RGMb/PD-L2 and PD-1/PD-L2 interactions (Fig. 4a)(19, 20).
While monotherapy with anti-PD-L1 or either anti-PD-L2 clone did not suppress MC38
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tumor growth in ABX or GF mice, administration of either the 3.2 clone or the 2C9

clone together with anti-PD-L1(Fig. 4b,c) or anti-PD-1(Fig. 4d) elicited a potent anti-tumor
response in ABX and GF mice, showing that blockade of PD-L2 interaction with RGMb
was sufficient. Similarly, anti-PD-L1 plus either anti-PD-L2 antibody reduced growth of
the less immunogenic B16 OVA tumor (Fig. 4e). S2m-/-mice lacking CD8* T cells and
implanted with MC38 tumor cells failed to respond to combined treatment with anti-PD-L1
and the 2C9 anti-PD-L2 clone, suggesting that CD8* T cells are needed for the anti-tumor
response to this combination treatment (Extended Data Fig. 8f).

Next, we investigated the effects of combined administration of an anti-RGMb mAb and
anti-PD-L1 or anti-PD-1 in the MC38 tumor model in GF mice. Anti-RGMb (9D1 clone
(19)) attenuated tumor growth in GF mice when given with either anti-PD-L1 or anti-PD-1
(Fig. 4f, g), in contrast to the poor response to anti-RGMb, anti-PD-L1 or anti-PD-1 alone.
Anti-PD-L1 combined with either anti-PD-L2 antibody or anti-RGMb similarly promoted

a robust anti-tumor response in GF mice with MC38 tumors (Extended Data Fig. 89) as
well as in Taconic SPF mice with B16-OVA tumors (Extended Data Fig. 8h). To determine
whether the anti-RGMb antibody exerts its anti-tumor effects by blocking pathway activity
or by depleting cells, we compared recombinant anti-RGMb 9D1 antibody with a wild-type
(mouse 1gG2a) or effectorless Fc (mouse 1gG2a-LALA-PG) in which the Fc portion is not
able to bind to the Fc receptor, and therefore cannot function to deplete RGMb positive
cells. Both RGMb antibodies attenuated tumor growth in ABX + anti-PD-L1 treated mice,
and significantly increased survival compared to anti-PD-L1 therapy alone, indicating that
RGMDb blockade is sufficient and depletion of RGMb positive cells is not part of the
mechanism (Fig 4h,i). Given that anti-PD-1 therapy benefits from combination with anti-
PD-L2 and that PD-1/PD-L1 blockade combined with anti-PD-L2 2C9 clone or anti-RGMb
promotes as robust an anti-tumor effect as when combined with the anti-PD-L2 3.2 cloneg,
these findings demonstrate that the RGMb/PD-L2 pathway plays an important role in
limiting the response to anti-PD-1 or anti-PD-L1 immunotherapy in a GF or colonized host.

Microbiota impacts RGMb expression

To further understand how the gut microbiota regulate the RGMb/PD-L2 interaction, we
compared RGMb expression in MC38 tumor-bearing SPF and GF mice. RGMb is expressed
in the nervous system, epithelial cells, and immune system, where it is most highly
expressed by macrophages(19, 21, 22). Surprisingly, the transcript levels of RGMb in
CD8™ tumor infiltrating T cells were 6.1-fold higher in GF mice compared to SPF mice
(Fig. 5a). Similarly, RGMb protein expression, measured by a monoclonal antibody (9D3
clone) or a polyclonal antibody (Fig. 5b, Extended Data Fig. 9a-d), was significantly higher
in CD8* tumor infiltrating T cells from GF mice compared to SPF mice. Differences in
RGMb expression in other immune cell subsets were not significant (Fig. 5b), suggesting
that RGMb expression on T cells plays an important role in CD8+ T cell mediated
anti-tumor immunity. Analysis of patient stool-colonized mice at day 29 pi revealed that
NR2 tumors had significantly higher expression of RGMb on CD8* T cells, but not on
CD11b+ or CD11c+ DCs, suggesting that certain non-responder patients might have a
microbiota resulting in increased RGMb expression on T cells (Extended Data Fig. 9e-g).
We also found significantly fewer RGMb-expressing intratumoral CD8" T cells in SPF
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+ anti-PD-L1 or isotype treated mice compared to GF + anti-PD-L1 or isotype treated
mice (Fig 5¢). MC38 tumor cells expressing GFP showed high expression of PD-L1 as
reported (23) but undetectable RGMb or PD-L2 expression when implanted in SPF or
GF mice, suggesting RGMb or PD-L2 expression on immune cells and not the tumor is
responsible for influencing anti-tumor immunity (Extended Data Fig. 9h). Taken together,
these findings demonstrate that blockade of PD-L2/RGMb interactions can overcome
microbiome-dependent resistance to anti-PD-1 or anti-PD-L1.

RGMb functions on T cells

To determine how anti-RGMb treatment affected immune responses in GF mice, we
analyzed immune cell subsets at day 18 after MC38 tumor implantation. Combined anti-
PD-L1 and anti-RGMb therapy in GF mice led to a significant increase in the numbers of
intratumoral CD8* and CD4* T cells, compared to isotype controls (Fig. 5d,e). Anti-PD-L1
treatment alone did not significantly change the numbers of intratumoral CD8* and CD4*

T cells in GF mice consistent with other findings (15). The numbers of intratumoral Treg
cells were similar in GF mice given anti-PD-L1, anti-PD-L1 plus anti-RGMb or isotype
control antibody, consequently, the CD8" to Treg cell ratio was increased in the tumors

of GF mice treated with anti-PD-L1 and anti-RGMb (Fig. 5f,g). Even as early as day 11

pi, anti-RGMb combined with anti-PD-L1 treatment significantly increased Tumor Necrosis
Factor o (TNF-a.) production by CD4* T cells (Extended Data Fig. 9i), suggesting a
potential role for RGMb in regulating pro-inflammatory cytokine expression by T cells.
PD-1 expression on CD8" tumor infiltrating T cells was increased in anti-RGMb treated
groups without upregulation of the co-inhibitory receptors TIM-3 and LAG-3 (Extended
Data Fig. 9j-1). These data suggest that combined anti-PD-L1 and anti-RGMb treatment acts
on the T cells to enhance anti-tumor immunity.

To directly investigate the function of RGMb on specific cell types in regulating antitumor
immunity, we developed RGMb conditional knockout mice (RGMbf/f) and crossed them
with CD4-Cre to delete RGMb in T cells or with LysM-Cre mice to delete RGMb in
macrophages and granulocytes (Extended Data Fig. 9m-0). Deletion of RGMb in T cells,
but not macrophages and granulocytes, improved anti-tumor responses in ABX mice given
anti-PD-L1 (Fig. 5h, i). Furthermore, in co-cultures of WT BMDCs with WT or RGMb KO
CD8™ T cells, the RGMb KO T-cells displayed a more activated phenotype with increased
mean fluorescence intensity of CD44 (Fig 5j), T-bet, and a slight but not significant
increase of CD107a (Extended Data Fig. 9p,q) and significantly increased percentages of
cells expressing IFN+y, IL-2, and TNFa (Fig 5k). Both sets of T-cells had high levels of
proliferation and Granzyme B MFI, but were not significantly different (Extended Data Fig.
9r-s). Together, these findings reveal a novel, inhibitory function for RGMb on T cells and
provide a deeper mechanistic understanding of the role of RGMb in anti-tumor immunity.

Discussion

Current understanding of how the gut microbiota can enhance cancer immunotherapy is still
at an early stage. FMTs have been shown to increase the efficacy of anti-PD-1 therapy in
patients by 30%(7, 8) but probiotics did not enhance patient survival. In fact, an inverse
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correlation between use of probiotics and anti-PD-L1 response has been reported(24). There
are multiple ways gut bacteria can promote anti-tumor immunity. For example, different
bacteria can secrete inosine (5), a hydrolase that generates muropeptides (6), or STING
agonists that enhance the response to immunotherapy(14). Further work is needed to define
mechanisms by which the gut microbiota enables the adaptive immune system to overcome
the immunosuppressive tumor microenvironment.

By investigating immune responses in microbiome-dependent mouse cancer models, we
discovered a new mechanism by which the microbiota can promote response to anti-PD-1
and anti-PD-L1: by downregulating PD-L2 and RGMb expression on immune cells in
responder mice. Upregulated expression of PD-L2 and RGMb in non-responder GF or ABX
mice is functionally significant because blockade of the PD-L2/RGMb pathway (using either
anti-PD-L2 or anti-RGMb antibodies) combined with anti-PD-1 or anti-PD-L1 promotes
anti-tumor responses in GF or ABX mice that do not respond to anti-PD-1 or anti-PD-L1
alone. The requirement for RGMb or PD-L2 blockade to potentiate the effect of PD-1
blockade in GF mice suggests that PD-L2 inhibitory effect may be largely via RGMb/PD-
L2 interactions and not PD-1/PD-L2 interactions. Combined anti-PD-L1 and anti-PD-L2
therapy enhanced tumor clearance and survival compared to monotherapy in mice colonized
with stool from NR patients, suggesting that this combination therapy may have translational
relevance, particularly in patients with a non-responder microbiota.

Monocolonization with C. cateniformis is sufficient to promote response to anti-PD-L1
therapy and suppress PD-L2 expression on DCs in MLNs and tumor dLNs. Our data
suggest this signal could originate in the MLNSs and travel to tumor dLNs. Notably,
incubation of BMDCs with C. cateniformis surface extracts suppressed PD-L2 expression
and injection of C. cateniformis-treated WT BMDCs or PD-L2 KO BMDCs promoted

a robust anti-tumor response compared to controls. Conversely, transfer of PD-L2
overexpressing BMDCs resulted in significantly larger tumors than WT BMDCs transfer

in C. cateniformis mice. Together, these studies demonstrate that PD-L2 expression on

DCs plays a key role in limiting anti-tumor immunity and that C.cateniformis promotes
anti-tumor immunity by downregulating PD-L2 expression on DCs. Our finding that PD-L2
KO DCs potently promote an anti-tumor response suggests a novel strategy for cellular
therapy. As previous studies have shown that bacteria from different phyla can have
overlapping immunoregulatory consequences and strains of the same species can produce
different immunoregulatory outcomes, C. cateniformisis likely not the only strain in human
microbiota that can mediate this effect (25). We isolated a second organism that also
promotes anti-tumor immunity to anti-PD-L1 but does not significantly suppress PD-L2.
Therefore, while PD-L2 suppression by some bacteria can promote anti-tumor immunity,
this is not the only mechanism by which gut microbes can impact immune function during
immunotherapy.

RGMDb is expressed by several cell types including neuronal cells, epithelial cells, and
immune cells(21, 22, 26). In the immune system, RGMb has been implicated in mucosal
tolerance and asthma(19, 27). RGMb plays an important role in neuronal development,
kidney function, and most recently, global conditional RGMb knockout has been shown
to alter the gut microbiome and increase susceptibility to Dextran Sulfate Sodium (DSS)-
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induced colitis(28). Thus, the PD-L2/RGMb axis may be a key mediator of tolerogenic
interactions between the microbiota and the host immune system. Our work using RGMb
conditional knockout mice lacking RGMb only on T cells reveals a novel and unanticipated
role for RGMb on T cells in anti-tumor immunity, as previous studies have focused on
RGMb function on DCs and myeloid cells(19, 29).

In conclusion, by investigating how the gut microbiome modulates anti-tumor immunity, we
identified attenuation of PD-L2 and RGMB expression as an immunoregulatory mechanism
that informs a possible therapeutic strategy to overcome resistance to PD-1 blockade. We
propose a two-step model in which certain gut bacteria suppress PD-L2 expression on

DCs in lymph nodes and PD-L2!° DCs play a critical role in activating CD8* T cells to
promote antitumor immunity, whereas PD-L2N9" DCs interact with RGMb on CD8"* T cells
to inhibit CD8* T cell responses. RGMb expression is maintained at a low level in the
tumor microenvironment of a host with a favorable gut microbiota, whereas unfavorable gut
microbiota may induce upregulation on CD8* TILs. Blockade of PD-L2/RGMb interactions
combined with anti-PD-1 or anti-PD-L1 can overcome microbiome-dependent resistance to
monotherapies with PD-1 pathway inhibitors and provides a novel strategy for treating
patients who do not respond to PD-1 cancer immunotherapy. Our study provides an
innovative approach to identify new cancer immunotherapy targets using the gut microbiome
as a discovery platform.

Materials and Methods

Mice

6-week old C57BL/6 female mice were purchased from Taconic Biosciences. pm-deficient
mice were obtained from The Jackson Laboratory. Germ-free mice were maintained in

the germ-free facility at Harvard Medical School. All experimental mice were housed

in specific pathogen-free conditions or germ-free isolators. RGMb conditional knockout
mice were generated by homologous integration of a construct, which contains LoxP sites
flanking exon 2 of the rgmb gene and Neomycin cassette (Extended Data Fig. 9m). Neo
flanked by Frt sites was removed by breeding mice with germ-line transmission of the
homologously integrated construct with a Flp deleter strain. RGMb conditional knockout
mice were further crossed with LysM-Cre (Jackson Laboratory, #004781) or CD4-Cre

mice (Jackson Laboratory, #022071), to generate Macrophage-specific or T-cell specific
conditional knockout mice, respectively. All mice were used in accordance with animal care
guidelines from Harvard Medical School Standing Committee on Animals and the National
Institutes of Health. Mice were housed by the facilities operated by Harvard Center for
Comparative Medicine under the following housing conditions: 12:12 hr light-dark cycle,
main room temperature 68-79°F and humidity 40-65%. All mice were used in accordance
with animal care guidelines from Harvard Medical School Standing Committee on Animals
and the National Institutes of Health.

Tumor models and antibody treatment

Mice were anesthetized with 2.5% 2,2,2,-Tribromoethanol (Avertin, Sigma Aldrich Cat#
T48402-25G) diluted in DPBS and injected subcutaneously in the abdominal flank with 2.5
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x 10° MC38 tumor cells, B16-OVA tumor cells, LLC-OVA, MB49 or Py8119-OVA cells.
2.5 x 10° E0771 cells were injected into the mammary fat pad. Whenever GF or ABX

mice were directly compared to SPF, HMB, or ABX/HMB, the same tumor cell harvest was
implanted into all groups of mice on the same day. Mice were given the following antibodies
intraperitoneally: 100ug of anti-PD-L1 antibody (clone 10F.9G2), anti-PD-1 antibody (clone
RMP1-14), anti-PD-L2 antibody (clone 3.2), anti-PD-L2 antibody (clone GF17.2C9), anti-
RGMb antibody (clone 307.9D1), recombinant anti-RGMb antibody (clone 307.9D1 Fv
with either wild-type mouse 1gG2a Fc or L234A/L235A/P329G (LALA-PG) triple mutant
Fc effector silent antibody (30), rat IgG2b isotype control (LTF-2, BioXCell Cat# BE0090)
or rat 1gG2a isotype control (2A3 BioXCell Cat#BE0089), individually or in combination as
indicated, on days 7, 10, 13, 16 post tumor implantation. Tumor volume was determined by
the volume formula for an ellipsoid: 0.5 x D x d2, where D is the longer diameter and d is
the shorter diameter. Mice were humanely euthanized when tumors were greater than 30%
ulcerated for SPF or greater than 50% ulcerated for gnotobiotic or reached the volume of
2000 mm?3 or greater, in accordance with our IACUC protocol.

Antibiotic treatment and fecal transfer

Antibiotics were given via drinking water. For broad-spectrum antibiotic treatment (ABX),
0.5mg/mL of Vancomycin, 1mg/mL of Neomycin, 1Img/mL of Metronidazole and 1mg/mL
of Ampicillin were added to drinking water containing Splenda (4g/L). Antibiotic water
was refreshed every three days. To confirm antibiotic activity, fecal matter was resuspended
in PBS (1 ml/pellet) and cultured on Trypticase soy agar (TSA) and Brucella blood agar
plates in aerobic and anaerobic conditions, respectively. For human microbiota (HMB) or
mouse microbiota (MMB) treatments, colon contents from 10 C57BL/6 HMB mice or MMB
mice (11, 12) were squeezed into a pre-weighed 50 ml tube and resuspended in Brain Heart
Infusion media at 100 mg/ml in the anaerobic chamber. Aliquots were kept at —80 °C. GF
mice were orally gavaged with 200 pl of HMB or MMB stock one week before tumor
implantation. For ABX/HMB mice, antibiotics were stopped at day 7 p.i. and mice were
orally gavaged with 200 pl of HMB stock (11, 12). For individual antibiotic experiments,
mice were treated with broad spectrum antibiotics until day 7 pi at which point they were
orally gavaged with HMB and continued with only a single antibiotic in the drinking water
until the end of the experiment.

Patient stool samples

For /n vivo studies involving human samples, stool samples were obtained from melanoma
patients treated with immune checkpoint blockade (ICB; anti-PD-1). Fresh frozen fecal
samples were used, including one responder (CR, Sample ID 274(14)) and two non-
responders (NR1, sample ID 376 (unpublished) and NR2 Sample ID 426(14))). Patients
were selected based on their tumor progression and overall survival after surgery and
subsequent treatment with PD-1 blockade (pembrolizumab or nivolumab). Response to
treatment was assessed with radiographic imaging and according to Response Evaluation
Criteria in Solid Tumors (RECIST 1.1)(31); patients with complete or partial response or
stable disease =6 months were classified as responders and those with stable disease < 6
months or progressive disease were classified as non-responders. The mean patient age was
56.3 years (50-62), and mean BMI was 29.9 kg/m? (20.4-42.31). The complete responder
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sample was taken 2 years post-treatment. Complete response was identified 3 years prior

to fecal sample collection. The non-responder samples were taken during treatment, 3
months to 1 year after the start of ICB. Samples were collected under approved IRB
protocols 2012-0846 and PA15-0232. Fresh stool samples were collected in stool collection
cups, shipped overnight on ice to the Melanoma Clinical Database, Tissue Resource and
Translational Pathology Core (MELCORE) at the University of Texas MD Anderson Cancer
Center. Samples were then aliquoted and stored at =80 C.

FMT Tumor Studies

For FMT studies, stool samples were prepared in an anaerobic chamber. One gram of stool
was diluted in 10 mL PBS + 10% Glycerol. Diluted stool samples were filtered using a
100 pum cell strainer, aliquoted, and stored at —80 °C. 200 pl of diluted patient stool was
administered to mice via oral gavage 8, 6, and 4 days prior to tumor implantation.

16S sequencing of mouse stool

DNA from frozen stool samples was extracted using QlAamp Fast DNA Stool Mini Kit
(Qiagen Cat#51604) for Extended Data Figure 11 or by Phenol Chloroform Extraction as in
(32) for Extended Data Figure 9. Purified DNA was quantified by Qubit dsSDNA HS Assay
(Thermo Fisher Cat#Q32854) and normalized. The V4 region of the 16S rRNA gene was
amplified with primers 515F and 806R as previously described(33), and ~390 bp amplicons
were purified and quantified by Qubit dsSDNA HS Assay and combined with equal mass to
make a pooled library. The pooled library was multiplexed and sequenced (Illumina MiSeq,
251 nt x 2 pair-end reads with 12 nt index reads) at the Harvard Biopolymers Facility. Raw
sequencing data were processed with QIIME2 pipelines(34). In brief, raw sequencing data
were imported to QIIMEZ2 and demultiplexed, then DADA2 were used for sequence, quality
control, and feature table construction. The feature table was further used for beta diversity
analysis, taxonomic analysis, and differential abundance testing using QIIME2. We used
QIIME2_DADAZ? to convert raw sequencing data into Amplicon Sequencing Variant ASV-
level feature identification, and then performed differential abundance testing on all different
taxonomy levels. We then focused on the genus level because of the resolution limitation

of the 16S V4 region. We identified in total 5 genera significantly associated with response
to anti-PD-L1 groups with an abundance ratio (R/NR) over 5. Beta group significance

was determined by permutational analysis of variance (PERMANOVA). Identification of
taxa associated with different groups was determined using Analysis of Composition of
Microbiomes (ANCOM).

Isolation of Gram-positive strains from HVB

Isolation of Gram-positive strains from HMB was performed in an anaerobic chamber.

Feces from HMB mice were collected and resuspended in PBS at 100 mg/ml. Serial
dilutions of HMB stock were plated on Brain Heart Infusion plates made according to

the manufacturer’s instructions (BD Cat# 241830) and stored in the anaerobic chamber for
three days. Individual isolates were selected from these plates and cultured in Reinforced
Clostridial Medium (BD Cat#218081) overnight in the anaerobic chamber. Stocks were
made from overnight cultures, diluted so that they were 20% glycerol, and stored at —80 °C.
Stocks were plated on BD BBL Brucella plates (BD Cat#8807311) in the anaerobic chamber
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to confirm viability and colonies were sequenced to identify strains. Individual colonies
were resuspended in 50 pl of DMSO and heated at 95 °C for 15 minutes and quickly

spun down to access bacterial DNA. For PCR of full length 16S bacteria sequence, 2 pl of
bacterial DNA was mixed with 10 pl 5x GC Buffer (New England BioLabs Cat#B0519S)
+1ul of 1 uM dNTPs + 2.5 pl each of 10 uM forward (27F AGA GTT TGA TCM

TGG CTC AG) and reverse primers (1492R CGG TTACCT TGT TACGAC TT) +1

ul PhusionDNA Polymerase (New England BioLabs Cat#M0530) + 31 pl water. PCR was
performed according to manufacturer’s instructions. PCR reactions were purified using
QIAquick PCR purification kit (Qiagen Cat#28104) and eluted with 30° C of water. 16S
rDNA PCR product was cloned using ZeroBlunt TOPO PCR Cloning Kit (Thermo Fisher
Scientific #K280020) according to manufacturer’s instructions and Sanger sequenced at the
Harvard Biopolymers Facility using the (M13 Forward 5'-GTAAAACGACGGCCAG-3)or
(M13 Reverse 5'-CAGGAAACAGCTATGAC-3") primers. Individual sequences were
identified using NCBI BlastN. Species were identified by having >99% identity to published
sequences.

On the first dilution plate in which individual colonies could be observed, we isolated

and sequenced 24 different colonies and identified 7 different species of bacteria, five
Gram-positive anaerobes (Blautia hydrogenotrophica, Clostridium orbiscindens, Clostridium
innocuum, Coprobacillus cateniformis and Ersyipelatoclostridium ramosum), one facultative
Gram-positive (Longicatena caecimuris), and one Gram-negative anaerobe (Phocaeicola
dorel). The combination of these 7 different species promoted an anti-tumor response to
anti-PD-L1 therapy in GF mice (Extended Data Fig. 6a). From these 7, we next tested the
combination of the 3 Gram-positive anaerobes that have been reported as human commensal
bacteria (C. innocuum, C. cateniformis, E. ramosum), and found this combination was

also sufficient to promote an antitumor response in GF mice (Extended Data Fig. 6b).

We further monocolonized mice with each of these bacteria and found colonization with
either C.cateniformis or E. ramosum was sufficient to promote anti-tumor immunity to
anti-PD-L1(Fig 2f, Extended Data Fig. 6¢,d), whereas colonization with C. innocuum did
not (Extended Fig 6e).

Bacterial DNA isolation for gPCR

C.cateniformis, E. ramosum, and HMB stocks were pelleted, and pellets and Taconic
stool samples were extracted by Phenol Chloroform Extraction as in (32). Reactions
comprised of 50 ng of extracted DNA as template, 10 ul SSoAdvanced Universal
SYBRGreen Super Mix (BioRad1725270), 10 ul PCR-grade water, and 0.25 pl of
forward and reverse primers at 10uM and analyzed on a QuantStudio5. (Universal
forward: 5’-CTCCTACGGGAGGCAGCAG-3’, Universal reverse: 5’-TTACCGCGG
CTGCTGGCAC-3’ C. cateniformis F: 5’-ACCGCATAGGTGAAGGGGTC-3’, C.
cateniformis-R: GAATCATTTCCTATTCATA(17)). Cycle conditions were 95°C for 3 min,
followed by 39 cycles (95°C for 10 sec, 55°C for 30 sec, 95°C for 10 sec, 65°C for 5 sec,
95°C for 5 sec). For each sample, C. cateniformis Ct values were normalized to universal
16S Ct values.
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Preparation of Bacteria

Cell lines

Coprobacillis cateniformis, Erysipelatoclostrium ramosum, and Clostridium innocuum
stocks were plated on Brucella plates and stored in the anaerobic chamber for 3

days. Individual colonies were inoculated in chopped meat medium (Anaerobe Systems
Cat#AS-811). ODggg was measured and 200 pl of overnight culture was orally gavaged into
GF mice in isolators one week before tumor implantation.

For C. cateniformis bacterial extracts, individual colonies were inoculated in Reinforced
Clostridia media overnight in the anaerobic chamber. One ml of overnight culture was used
to inoculate 10 L of Reinforced Clostridia Media and culture was left to grow for 2-3 days.
Surface extracts were isolated as in (35).

MC38 and B16-OVA(36) cells were cultured in DMEM supplemented with 10% FBS

and 1% penicillin/streptomycin at 37°C in the presence of 5% CO,. B16-OVA cells were
selected for 2 days with 2ug/ml puromycin after thawing a new batch of cells. E0771
(ATCC Cat#CRL3461), LLC (ATCC Cat#CRL1642) and MB49 (Sigma Cat#SCC148) were
cultured in DMEM supplemented with 10% FBS and 1% penicillin/streptomycin at 37°C
in the presence of 5% CO,. PY8119 (ATCC Cat#CRL3278) was cultured in F12 media
supplemented with 5% FBS and 1% penicillin/streptomycin at 37°C in the presence of 5%
CO». To create OVA-expressing cell lines of LLC and PY8119, lentivirus was produced
by transfecting 293x cells with the packaging plasmids pMD2.G (Addgene ID: 12259) and
psPAX2 (Addgene ID: 12260), and the OVA expression plasmid (pLX305-BlastR-OVA).
LLC and PY8119 cells were transduced with lentiviral supernatants and polybrene as a
transduction enhancer. Transduced cells were then selected with Blasticidin and confirmed
to express the SIINFEKL peptide by flow cytometry following stimulation with IFN-y. All
cell lines were confirmed mycoplasma negative.

Bone marrow-derived dendritic cell (BMDC) generation

Bone marrow cells were isolated from mouse femurs and cultured in RPMI 1640 media
supplemented with 10% FBS, 1% penicillin/streptomycin, 10mM HEPES, 1mM Sodium
Pyruvate, 55uM B-mercaptoethanol and 20 ng/ml of GM-CSF (R&D Systems, Cat#315-03)
and 20 ng/ml of IL-4 (BioLegend, Cat#574302) for BMDC at 37°C in the presence of 5%
CO,. GM-CSF and IL-4 were refreshed every two days.

In vitro CD8* T cell differentiation and proliferation assay

Naive CD8" T cells were purified from splenocytes of OT-1 (C57BL/6-
Tg(TcraTcrb)1100Mjb/J) RGMb flox/flox and OT-1 RGMb flox/flox CD4-Cre* mice using
the Naive CD8* T cell isolation kit (Miltenyi Biotec, Cat#130-093-543). The purified
naive CD8* T cells were labeled with 5pM Cell Trace Violet Proliferation dye (Thermo
Fisher Scientific Cat#C34557), and co-cultured with BMDC:s at the ratio of 5:1 in the
presence of 100U/ml of IL-2 (PeproTech Cat#200-02) and OVA57.064 peptide (Anaspec
Cat#AS-60193-1) for 72hrs. For measurement of cytokine production, the cells were
restimulated with Golgi inhibitors and PMA/lonomycin for 5 hrs, followed by intracellular
cytokine staining.
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Tumor-Infiltrating Leukocyte Isolation

Tumors were harvested on post-implantation days 10-16, mechanically dissociated, and
incubated in DPBS containing calcium, magnesium and 250 units/mL of Type 1 Collagenase
(Worthington Biochemical Corporation) for 20 minutes at 37°C with gentle rocking. After
filtration, tumor-infiltrating lymphocytes were isolated by Percoll density gradient (40%/
70%) centrifugation at 800 x g for 20 minutes without brake. The interface of the Percoll
layers were recovered for further analyses.

Flow cytometry and cell sorting

Primary mouse cells were isolated from draining lymph node, mesenteric lymph nodes and
tumors. Single cell suspensions were prepared with a 70um cell strainer and incubated

with TruStain FcX (BioLegend Cat#101319) to block Fc receptors prior to staining.

Cells were stained with LIVE/DEAD™ Fixable Near-IR Dead Cell Stain Kit (Thermo
Fisher Scientific Cat#L.34975) according to the manufacturer’s instructions. Surface antigen
staining was performed in DPBS containing 1% FBS and 2 mM EDTA, followed by
intracellular staining using the eBioscience™ FoxP3/Transcription Factor Staining Buffer
Set (Thermo Fisher Scientific Cat#00-5523-00). For intracellular cytokine staining, isolated
cells were stimulated with 50 ng/mL of Phorbol 12-myristate 13-acetate and 500 ng/mL

of ionomycin for 5 hours in the presence of 1X GolgiPlug protein transport inhibitor (BD
Biosciences Cat#555029) and 1X GolgiStop protein transport inhibitor (BD Biosciences
Cat#554724) prior to intracellular staining. The following antibodies were used for staining
procedures: BUV395 anti-mouse CD8p clone H35-17.2 (BD Biosciences Cat#740278
1:200), Brilliant Violet 421 anti-mouse CD8p clone YTS156.7.7 (BioLegend Cat#126629
1:200), PerCP-Cy5.5 anti-mouse CD8p clone YTS156.7.7 (BioLegend Cat#126610 1:200),
Alexa Flour 700 anti-mouse CD8a. clone 53-6.7 (BioLegend Cat#100730 1:200), BUV395
anti-mouse I-A/I-E clone 2G9 (BD Biosciences Cat#743876 1:500), Pacific Blue anti-
mouse I-A/I-E clone M5/114.15.2 (BioLegend Cat#107620 1:500), BUV737 anti-mouse
CD45.2 clone 104 (BD Biosciences Cat#564880 1:200), Brilliant Violet 711 anti-mouse
CD44 clone IM7 (BioLegend Cat#103057 1:200), Brilliant Violet 605 anti-mouse CD44
clone IM7 (BioLegend Cat#103047 1:200), Alexa Fluor 700 anti-mouse CD45 clone 30-
F11 (BioLegend Cat#103128 1:200), Brilliant Violet 510 antimouse CD45 clone 30-F11
(BioLegend Cat#103138 1:200), PE-Texas Red anti-mouse CD4 clone RM4-5 (Thermos
Fisher Scientific Cat#MCD0417 1:200), BUV564 anti-mouse CD4 clone GK1.5 (BD
Biosciences Cat#612923 1:200), PE anti-mouse CD4 clone GK1.5 (BioLegend Cat#100408
1:200), PE-Cy7 anti-mouse IL-17A clone TC11-18H10.1 (BioLegend Cat#506922 1:200),
Brilliant Violet 510 anti-mouse CD366 clone 5D12/TIM-3 (BD Biosciences Cat#747625
1:200), Brilliant Violet 711 anti-mouse CD366 clone 7D3 (BD Biosciences Cat#565566
1:200), PE-CF594 anti-mouse CD11b clone M1/70 (BD Biosciences Cat#562317 1:200),
BUV805 antimouse CD11b clone M1/70 (BD Biosciences Cat#741934 1:200), Brilliant
Violet 605 antimouse CD11b clone M1/70 (BD Biosciences Cat#563015 1:200), BUV496
anti-mouse CD3e clone 145-2C11 (BD Biosciences Cat#564661 1:200), Brilliant Violet
570 anti-mouse CD3e clone 17A2 (BioLegend Cat#100225 1:200), PE-Cy7 anti-mouse
CD3e clone 17A2 (BioLegend Cat#100220 1:200), Brilliant Violet 570 anti-mouse TCRp
clone H57-597 (BioLegend Cat#109231 1:200), BUV615 anti-mouse TCRp clone H57-597
(BD Biosciences Cat#751212 1:200), APC anti-mouse IFNy clone XMG1.2 (BioLegend

Nature. Author manuscript; available in PMC 2023 November 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Park et al.

Page 17

Cat#505810 1:200), PerCP-eFluor 710 anti-mouse CD274 clone MIH5 (Thermo Fisher
Scientific Cat#46-5982-82 1:200), BUV737 anti-mouse CD80 clone 16-10A1 (BD
Biosciences Cat#564670 1:200), Pe-Cy7 anti-mouse CD11c clone HL3 (BD Biosciences,
Cat#558079 1:200), Brilliant Violet 510 anti-mouse CD11c clone HL3 (BD Biosciences
Cat#562949 1:200), FITC anti-mouse CD11c clone N418 (BioLegend Cat#117306 1:200),
PE anti-mouse CD11c clone N418 (BioLegend Cat#117307 1:200), PerCP-Cy5.5 anti-
mouse TNF-a clone MP6-XT22 (BioLegend Cat#506322 1:200), Brilliant Violet 711
anti-mouse TNF-a clone MP6-XT22 (BioLegend Cat#506349 1:200), FITC anti-human/
mouse Granzyme B clone GB11 (BioLegend Cat#515403 1:200), PE-Cy7 anti-human/
mouse Granzyme B clone QA16A02 (BioLegend Cat#372214 1:200), Brilliant Violet 605
anti-mouse CD279 clone 29F.1A12 (BioLegend Cat#135220 1:200), PE-Cy7 anti-mouse
Galectin-9 clone RG9-35 (BioLegend Cat#136113 1:200), Brilliant Violet 510 anti-mouse
CDA40 clone 3/23 (BD Biosciences Cat#745041 1:200), PerCP-Cy5.5 anti-human/mouse/rat
CD278 clone C398.4A (BioLegend Cat#313518 1:200), PE-Cy7 anti-mouse CD252 clone
RM134L (BioLegend Cat#108813 1:200), Biotinylated anti-mouse RGMb polyclonal
antibody (R&D Systems Cat#BAF3597 1:200), APC streptavidin (BioLegend Cat#405243
1:200), Brilliant Violet 605 anti-mouse CD86 clone GL1 (BD Biosciences Cat#563055
1:200), PE anti-mouse CD275 (BioLegend Cat#107405 1:200), Brilliant Violet 421 anti-
mouse CD273 clone TY25 (BioLegend Cat#107219 1:200), APC anti-mouse CD273

clone TY25 (BioLegend Cat#107210 1:200), PE anti-mouse CD223 clone eBioC9B7W
(Thermo Fisher Scientific Cat#12-2231-82 1:200), PE-Cy7 T-bet clone 4B10 (BioLegend
Cat#644823 1:200), PE anti-mouse CD107a clone 1D4B (BioLegend Cat#121612 1:200),
BV711 anti-mouse IL-2 clone JES6-5H4 (BioLegend Cat#503837 1:200). Alexa Fluor 594
anti-RGMb clone 9D3 antibody (1:100) was generated in Gordon Freeman’s laboratory as
previously described(29). Flow cytometry analyses were performed on a BD™ LSR Il or BD
FACSymphony ™. For cell sorting, a BD FACSAria" Il was used. Data were collected using
BD DIVA 9 software analyzed using FlowJo (version 10.8.1) software. Gating strategies
displayed in Extended Data Fig. 10.

Quantitative real-time PCR analysis

Cells were sorted by FACS BD Aria Il and lysed with RLT lysis buffer. RNA was extracted
using an Qiagen RNeasy Plus Mini kit (Qiagen Cat#74236). cDNA was generated using a
SuperScript™ VILO™ cDNA synthesis kit (Thermo Fisher Scientific Cat#11754250), and
analyzed on a LightCycler 96 machine and LightCycler 96 1.1 software using Applied
Biosystems'™ TagMan™ Fast Advanced Master Mix (Fisher scientific Cat#44-445-57) and
Tagman probes (ThermoFisher Scientific Cat#4331182, Cat#4319413E).

Lentiviral production

Lentiviruses were generated using LV-MAX™ lentiviral production system (Thermo Fisher
Cat# A35684). In brief, HEK293F cells were transfected with a mixture of pLV-C-
GFPSpark lentiviral vector (Sino biological) or pLV-mPD-L2-GFPSpark lentiviral vector
and LV-MAX™ lentiviral packaging mix (Thermo Fisher Cat# A43237) using the LV-
MAX™ transfection reagent kit (Thermo Fisher Cat# 35348), following the manufacturer’s
instruction. The supernatants from the cell culture were obtained and concentrated using
Lenti-X concentrator (Takara Cat# 631232).
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Adoptive transfer of BMDC

WT or PD-L2 KO bone marrow cells were cultured in the presence of 20 ng/ml of GM-CSF
for 6 days to generate BMDCs, followed by pulsing with 100 pg/ml of Ovalbumin protein
(Endofit, Cat#vac-pova) for 24 hrs in the presence of 10 ug/ml of C.cateniformis extract
or vehicle control. On post-implantation day 3, 5 x 10° of OVA-pulsed BMDCs were
injected subcutaneously into B16-OVA tumor bearing mice, at the tumor site (37). For
PD-L2 overexpressing BMDCs, the cells were infected with lentivirus at MOI of 30 by
spin-inoculation for 90 min at 25 °C in the presence of 8 pg/ml of polybrene (Millipore
Sigma, Cat# TR-1003G) on BMDC culture day 3 and day 4. On day 7, GFP expressing
BMDCs were sorted by FACS, followed by subsequent culture for 2 days in the presence
of 20 ng/ml of GM-CSF. GFP expressing BMDCs were pulsed with OVA protein for 24
hrs, and 2 x 10° cells were injected subcutaneously into the B16-OVA tumor site on the
post-implantation day 3.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 9 software. Statistical
significance was determined by p-value < 0.05 by using an unpaired Student’s t-test for
comparing two groups or non-parametric one-way ANOVA for comparisons with more than
two groups. Two-way ANOVA was used for tumor growth curves with multiple groups,
followed by Bonferroni’s, Tukey’s, or Sidak’s multiple comparison test as indicated. All the
data are represented as mean + s.e.m. or s.d. P-values were denoted in figures, not significant

(n.s.).
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Extended Data Fig. 1. SPF, MM B, and HM B promote anti-tumor responsesto PD-1/PD-L 1

blockade.

MC38 tumor growth with or without anti-PD-L1 in (a) Taconic SPF n= 10 mice per

group. Significance indicated on graph and measured by Two Way ANOVA and Sidak’s
multiple comparisons test or (b) GF n =5 mice per group, performed at the same time

as (a), representative experiment of 14 individual experiments. MC38 tumor cells were
implanted subcutaneously in (c) GF mice n=4 mice for isotype group and n=5 mice for
anti-PD-1 group. (d) GF mice were orally gavaged with MMB one week before implantation
of MC38 tumor cells. N=3 mice for no treatment group and n=6 mice for anti-PD-L1

group. Significance indicated on graph and measured by Two Way ANOVA and Sidak’s
multiple comparisons test. (€) MC38 tumor cells were implanted subcutaneously in ABX

or ABX/HMB mice and treated with anti-PD-1 according to Figure 1a, and monitored for
tumor growth. N=3 mice for ABX + isotype group and n=4 mice for ABX + anti-PD-1,
ABX/HMB + Isotype, and ABX/HMB + anti-PD-1 groups. Significance indicated on graph
and measured by Two-Way ANOVA and Tukey’s multiple comparisons test. (a-€) Error bars

show mean and s.e.m.
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Extended Data Fig. 2. Immune cell responsesin ABX, ABX/HMB, GF, and SPF mice.
MC38 tumor cells were implanted subcutaneously in ABX and ABX/HMB mice. Mice were

treated with isotype or anti-PD-L1 on days 7, 10, 13, and 16, followed by sacrificed on day
24 after tumor implantation. For detection of cytokines, tumor-infiltrating lymphocytes were
stimulated with PMA/lonomycin for 5 hours in the presence of Golgi inhibitors. (a) Ratio of
CD8™ T cells to Treg cells n=10 mice per group (b) Percent of Granzyme B* CD8* T cells
n= 10 mice per group (c) Frequency of PD-1*TIM-3* n= 10 mice per group or (d) CXCR5*
TIM-3~ among CD8* T cells in tumors n=5 mice per group for ABX groups and ABX/
HMB+ Isotype group and n=7 for ABX/HMB + anti-PD-L1 group. Percent of (e TNF-a*
n= 10 mice per group (f) IFNy*n=10 mice per group, and (g) TNF-a*IFNy* CD8* T

cells n =10 mice per group for ABX groups and ABX/HMB + isotype and n= 9 mice

for ABX/HMB + anti-PD-L1 (h) Percent of IFNy* CD4* T cells n = 10 mice per group

for ABX groups and ABX/HMB + anti-PD-L1 and n=12 mice per group for ABX/HMB

+ isotype. Mice were analyzed on day 24 after tumor implantation, representative of two
independent experiments. Significance measured by non-parametric one-way ANOVA and
Dunn’s multiple comparisons and P values are indicated on graphs, error bars show mean
and s.d. (i-1) MC38 tumor cells were implanted subcutaneously in ABX and ABX/HMB
mice. Mice were treated with isotype or anti-PD-L1 on days 7 and 10 and sacrificed on
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day 13 after tumor implantation. (i) Percent of PD-1* CD8* T cells in tumors, dLNs, and
mesenteric lymph nodes (MLNs) n=5 mice per group (j) Percent TIM-3* among PD-1*
CD8* T cells in Tumors, dLNs, and MLNs n=5 mice per group for all except MLN
ABX/HMB + anti-PD-L1 n= 4 mice per group (k) Percent CD44" expression on PD-1*
CD8* T cells in tumors, dLNs, and MLNs n = 4 mice per group (I) Percent IFNy* CD8*

T cells in tumors, dLNs, and MLNs n= 5 mice per group. (i-1) Significance determined by
non-parametric one-way ANOVA with Dunn’s multiple comparisons test, error bars show
mean and s.d. Expression of (m) PD-L1, (n) CD80, (o) CD86, and (p) ICOSL on CD11c*
MHCII* and CD11b* MHCII* cells in draining lymph nodes of ABX and ABX/HMB mice
implanted with MC38 tumor cells subcutaneously and treated with isotype control mAb as
in Figure 1la. Mice were analyzed on day 13 after tumor implantation. N=4 mice in ABX
group and n=5 mice in ABX/HMB group. Significance measured by unpaired two-tailed,
Mann-Whitney test. Expression of PD-L2 on CD11c* MHCII*, CD11b* MHCII* cells and
CD8* T cells in draining lymph nodes of (q) ABX vs. ABX/HMB mice n n= 4 mice per
group for ABX and n=5 mice per group for ABX/HMB or (r) GF vs. Taconic SPF mice n =
4 mice per group, implanted with MC38 tumor cells subcutaneously and treated with isotype
control mAb as in Figure 1a. Mice were analyzed on day 10 after tumor implantation.
Significance measured by unpaired, two-tailed Mann-Whitney test, and significant P values
indicated on graphs. ABX and ABX/HMB mice were sacrificed 24 days after implantation
with MC38 tumor cells. PD-L2 was measured on MHCII* CD11c*, MHCII* CD11b*, and
CD8™* T-cells in (s) draining lymph nodes n = 5 mice per group, (t) MLN n =5 mice

for ABX and n=4 mice for ABX/HMB, (u) tumors n =5 mice per group and (v) spleen
n=5 mice per group. Significance measured by Two-Way ANOVA and Sidak’s multiple
comparison’s test. Significant P values indicated on graph. Representative experiment of two
different experiments. Error bars show mean and s.d.
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Extended Data Fig. 3. Combination therapy with anti-PD-1 or anti-PD-L 1 plusanti-PD-L 2 or
anti-RGMb promotes an anti-tumor response in multiple, but not all, tumor typesin SPF mice.

MC38, B16-OVA, MB49, Py8119-OVA, LLC-OVA cells were implanted subcutaneously,
and E0771 cells were injected into mammary fat pad of C57BL/6 mice with the indicated
microbiota. The mice were treated with four doses of anti-PD-L1 or anti-PD-1 with/without
anti-PD-L2 3.2 or anti-PD-L2 2C9 or anti-RGMb 9D1 one week after tumor implantation
as indicated. (a) Growth of MB49 tumors in ABX mice given isotype, anti-PD-1 alone or
combined with anti-PD-L2 3.2 n =10 mice per group for Isotype and anti-PD-1 + anti PD-L2
3.2 groups, n = 9 mice for anti-PD-1 group (b) Growth of MB49 tumors in ABX mice given
isotype, anti-PD-L1 alone or combined anti-PD-L2 3.2 n = 10 mice per group (c) Growth
of B16-OVA tumors in Taconic SPF mice given isotype, anti-PD-L1, anti-PD-L2 3.2 or
anti-PD-L1 + anti-PD-L2. n=5 mice per group for isotype and anti-PD-L2 3.2 groups and
n= 10 mice per group for anti-PD-L1 and anti-PD-L1 + anti-PD-L2 3.2 groups. (d) Growth
of Py8119-OVA in Taconic SPF mice given isotype or anti-PD-L1 and/or anti-PD-L2 3.2.
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n= 5 mice per group for all except n=4 mice for anti-PD-L2 3.2 group (€) Growth of MC38
tumors in Taconic SPF mice given isotype, anti-PD-L1, anti-PD-L2 3.2, or anti-PD-L1 +
anti-PD-L2 n = 10 mice per group for all except n= 9 mice for anti-PD-L2 3.2 group. (f-g)
Growth of EQ771 tumors in Taconic SPF mice (f) given isotype, or anti-PD-1 combined with
anti-PD-L2 3.2, anti-PD-L2 2C9 or anti-RGMb 9D1 n = 10 mice per group or (g) given
isotype n=10 mice, anti-PD-L1 alone n= 9 mice or combined with anti-PD-L2 n=5 mice.

(h) Growth of LLC-OVA tumors in Taconic SPF mice given isotype, anti-PD-L1, or anti-
PD-L1 and either anti-PD-L2 3.2 or anti-RGMb 9D1. n=10 mice per group. Significance
measured by two-way ANOVA and Tukey’s multiple comparisons test. Significant P vales
are designated on graphs. Error bars show mean and s.e.m.
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Extended Data Fig. 4. 16S sequencing of fecal samples, tumor growth, and survival of mice
colonized with melanoma patient stool.

(a) Patient characteristics for stool samples. *Samples were characterized as complete
responder (CR) or non-responder (NR) based on RECIST 1.1 response criteria. Mean
age is 56.3 years, mean BMI is 29.9 kg/m2. **Stage at start of ICB treatment. (b-h)
Bacterial community configuration and distances in fecal samples collected from three
different sets of mice colonized with melanoma patient stool: complete responder (CR),
Non-responder 1 (NR1) and Non-responder 2 (NR2) as well as input. (b) Principal
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coordinates analysis (PCoA) of unweighted UniFrac distance measurements based on the
16S sequencing analysis of the composition of bacterial communities at 7 day after gavage.
Each colored circle represented a fecal community sampled from a mouse belonging to the
indicated donor group or input gavage sample. Pairwise unweighted UniFrac distances of
the composition of bacterial communities in fecal samples within (¢) CR and across NR1
and NR2 groups compared to CR (d) NR1 and across CR and NR2 groups compared to
NR1 and (€) NR2 and across CR and NR1 groups compared to NR2. Pairwise weighted
UniFrac distances of the composition of bacterial communities in fecal samples within

(f) CR and across NR1 and NR2 groups compared to CR (g) NR1 and across CR and

NR2 groups compared to NR1 and (h) NR2 and across CR and NR1 groups compared

to NR2. n= number of pairwise distances calculated between all samples in each group
compared to the comparator group. *** g-values=0.001, PERMANOVA. Minima, maxima,
center, bounds, and percentiles of boxplots shown in source data. GF mice were colonized
with stool from Responder (R) or Non-Responder (NR) melanoma patients treated with
anti-PD-1, implanted with MC38 tumors, and given anti-PD-L1, anti-PD-L2 or anti-PD-L1
plus anti-PD-L2 mADbs. (i) Tumor growth in mice treated with anti-PD-L1 monotherapy.
N=6 mice for CR and NR1 groups and n=5 mice for NR2 group. Significance determined
by 2 way ANOVA and Tukey’s multiple comparisons test and significant p values are
indicated on graph. Error bars show standard error of the mean. (j) Survival of mice given
anti-PD-L1, anti-PD-L2 or anti-PD-L1 plus anti-PD-L2 mAbs. Survival defined as number
of live mice with tumors <2 cm?3 or <50% ulcerated. N= 6 for CR + anti-PD-L1, CR+
anti-PD-L1 + anti-PD-L2, NR1 + anti-PD-L1, NR1 + anti-PD-L1 and anti-PD-L2, NR2 +
anti-PD-L1 and anti-PD-L2, n=5 for CR + anti-PD-L2, NR2 anti-PD-L1, NR2 anti-PD-L2,
n=3 for NR1 + anti-PD-L2. Significance of anti-PD-L1 monotherapy versus combination
therapy for each group of mice shown and significance indicated on graph.
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Extended Data Fig. 5. Individual antibiotic treatments and 16S sequencing show Grampositive
species are associated with an anti-tumor response.

All mice were treated with Vancomycin, Neomycin, Metronidazole, and Ampicillin
(VNMA) in the drinking water 4 days before tumor implantation until day 7 pi. VNMA
mice continued with the antibiotic cocktail for the duration of the experiment. VNMA +
HMB mice stopped VNMA at day 7 and were orally gavaged with HMB stock. Mice given
individual antibiotics stopped VNMA at day 7 pi and water was replaced with an individual
antibiotic and mice were orally gavaged with HMB stock. MC38 tumor growth curves in
mice receiving HMB + (@) Vancomycin (Vanco) n=5 mice per group (b) Metronidazole
(Met) n=5 mice per group (c) Ampicillin (AMP) n =5 mice per group and (d) Neomycin
(Neo) n =5 mice for no treatment and n=3 mice for anti-PD-L1 group with or without
anti-PD-L1. N =4 for VNMA groups and n=5 for HMB groups. Significance determined by
two-way ANOVA and Tukey’s multiple comparisons test and significant p values between
individual antibiotic treatments versus HMB or VNMA are shown. Error bars show mean
and s.e.m. (e-f) Pairwise weighted and unweighted UniFrac distances of the composition of
bacterial communities in fecal samples within HMB and across treatment groups compared
to HMB. Each dot represented the weighted or unweighted UniFrac distance between

the configuration of bacterial populations as judged from the relative abundances of its
members, determined by 16S sequencing, in fecal samples collected from members of
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the indicated treatment group. g-values were indicated for each group comparisons as
determined by permutational analysis of variance (PERMANOVA) for beta diversity group
significance. Minima, maxima, center, bounds, and percentiles of boxplots shown in source
data. (g) Principal coordinates analysis (PCoA) of weighted UniFrac distance measurements
based on the 16S sequencing data of the composition of bacterial communities in the

fecal samples of mice with different treatment at day 13 and 23 pi. Each colored circle
represented a fecal community sampled from a mouse belonging to the indicated antibiotic
treatment group or input gavage sample. (h) The relative abundance of the taxa in the order
of Clostridiales in each treatment group at day 23 pi after anti-PD-L1 treatment. These
identified taxa were significantly (W-statistic=39, 35 and 34 respectively, p-value<0.05)
associated with response to anti-PD-L1 by differential abundance testing of taxa between the
responder group (HMB n=5, Neomycin n = 3) to the non-responder group (ABX n =3,
Ampicillin n = 4, Vancomycin n =3, and Metronidazole n = 2) using ANCOM (Analysis of

Composition of Microbiomes).
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Extended Data Fig. 6. Narrowing down bacteriaisolated from HM B stocks that promote anti-
tumor immunity and suppress PD-L 1.

MC38 tumor growth in gnotobiotic mice colonized one week prior to tumor implantation
with (a) Mix of overnight cultures of Longicatena caecimuris, Blautia hydrogenotrophica,
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Clostridium orbiscindens, Clostridium innocuum, Phocaeicola dorei, Coprobacillus
cateniformis, and Ersyipelatoclostridium ramosum n= 4 mice for GF + Isotype, n=5 mice
per group for GF + anti-PD-L1, 7 mix + isotype, and 7 mix + anti-PD-L1 (b) mix of
overnight cultures of C. innocuum, C. cateniformis, E. ramosum n= 4 mice for GF + isotype,
n= 5 mice for GF + anti-PD-L1, n = 10 mice for 3 mix + Isotype, n=9 mice for 3mix +
anti-PD-L1 (c) C. cateniformisn=5 mice per group (d) E. ramosum n= 10 mice per group
(e) C. innocuum n= 5 mice for isotype and n= 4 mice for anti-PD-L1. Significance at day
23 is shown and was determined by two-way ANOVA with Tukey’s multiple comparisons
test for a and b. Significance is shown and was measured by two-way ANOVA with Sidak’s
multiple comparisons test for all days was shown for c-e. Error bars for all tumor graphs
show mean and s.e.m. (f) C.cateniformis-specific primers for the 16S gene were used to
detect C. cateniformisin C. cateniformis stock, HMB stocks, Taconic feces, and E. ramosum
stocks. C. cateniformis gene expression was normalized using the 16S universal primers

in each group. N= 3 technical replicates for C. cateniformisand E. ramosum pure stocks,
n=5 biological replicates from 5 HMB stocks, n= 2 biological replicates of stool samples
from two different Taconic mice. To show sequence specificity, data are shown as log fold
change over the normalized C. cateniformis-specific 16S levels in £ .ramosum stock. Error
bars represent standard deviation. GF mice or GF mice monocolonized with £. ramosum
one week prior to tumor implantation were sacrificed at day 10 p.i. PD-L2 was measured
on MHCII+ CD11c+, MHCII+ CD11b+, and CD8+ T cells in (g) draining lymph nodes, n=
9 mice for GF and 7 mice for £. ramosum (h) MLN, n = 10 mice per group. Significance
measured by Mann-Whitney test and error bars show mean and s.d.
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Extended Data Figure 7. C. cateniformis and its surface extractsimpact immune function.
(a) BMDCs from WT, TLR2 KO, Dectin-1 KO, and MyD88 KO mice were treated with

surface extracts isolated from C. cateniformis pellets. PD-L2 expression was measured by
flow cytometry. Percent reduction (compared to vehicle treatment) of PD-L2 expressing
dendritic cells is shown. Significance measured by Kruskal-Wallis test and P values
compared to WT are indicated on graph. Error bars show mean and s.d., n = 3 wells

of BMDC:s per group. (b-f) Isotype treated-GF versus GF mice monocolonized with C.
cateniformis one week prior to tumor implantation were sacrificed at day 13 p.i. and dLNs
were analyzed by flow cytometry. Frequencies of (b) CD45+ cells, (c) CD8* T cells (d)
CD4* T cells (€) MHCII+ CD11b+ cells and (f) MHCII+CD11c+ cells. (b-f) n= 10 mice
for GF and n= 9 mice for C. cateniformis, significance measured by unpaired, two-tailed
Mann-Whitney test and P values are indicated on graphs, error bars show mean and s.d.
(9-j) GF mice were monocolonized one week prior to tumor implantation and treated with
either isotype or anti-PD-L1. Mice were sacrificed at day 18 p.i. and tumors were harvested
for analysis. Frequencies of CD8* T cells expressing (g) Granzyme B (h) IFNvy (i) TIM-3
and PD-1 and (j) TNFa. For (g-j) n=5 mice for isotype and n=3 mice for anti-PD-L1,
significance determined by unpaired, two-tailed Mann-Whitney tests and P values are
indicated on graphs, error bars show mean and s.d. (k) Histograms of PD-L2 expression on
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BMDCs measured by flow cytometry. Red= BMDCs transduced with PD-L2 GPF lentivirus,
Blue = BMDCs transduced with control GFP lentivirus, Gray = BMDCs from PD-L2 KO
mice. (I-p) BMDCs transduced with GFP lentivirus (GFP) or lentivirus expressing GFP and
PD-L2 (PD-L2-GFP) were treated with C. cateniformis extract 24 hours before co-culture
with CD8+ T cells. Expression measured by flow cytometry. (I) Example of flow cytometry
plots of Granzyme B and CD107a expression on CD8* T cells. Quantification of mean
fluorescence intensity of (m) CD107a and (n) Granzyme B expression on CD8* T cells
displayed in (I). Quantification of mean fluorescence intensity of (o) CD44 and (p) CD25
on CD8* T cells. (m-p) Significance determined by unpaired, two-tailed t tests, with Welch
correction and P values indicated on graph, n = 4 wells of BMDC-CD8+ T cell co-culture
per group, error bars show mean and s.d.
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Extended Data Fig. 8. C. cateniformistreatment and PD-L 2 blockade impacts anti-tumor
immunity.
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(a) Taconic mice were treated with broad spectrum antibiotics one week prior to tumor
implantation. On days 7, 10, 13, 16 C. cateniformis or PBS was orally gavaged and
antibodies were administered i.p. Significance between anti-PD-L1 + C. cateniformis
treatment and the other groups at day 27 is shown. Significance measured by Two way
ANOVA and Tukey’s multiple comparisons test, n = 10 mice per group, error bars show
mean and s.e.m. (b) B16-OVA tumor growth in SPF mice that received GFP or PD-L2-GFP
BMDCs at tumor site 3 days after tumor implantation. Significance indicated on graph and
measured by 2way ANOVA and Sidak’s multiple comparisons test, n= 10 mice per group,
error bars show mean and s.e.m. (c-€) BMDCs were cultured for 7 (blue) or 10 (red) days
and MHCII expression was measured by flow cytometry. (c) Expression of CD11c and
MHCII gated on live cells from BMDC culture. (d) Histogram of MHCII expression gate
on live cells from BMDC culture. (e) Histogram of MHCII expression gated on CD11c+
MHCII+ cells. (f) Growth of MC38 tumor cells implanted subcutaneously in 82m—-/—mice
(B2M KO), g2m+/- (Het), and WT littermate controls. n=5 mice per group for WT/het

+ anti-PD-L1 and B2M KO + anti-PD-L1 and n= 3 mice for B2M KO + anti-PD-L1 and
anti-PD-L2. Significance indicated on graph measured by one-way ANOVA and Tukey’s
multiple comparisons, error bars show mean and s.e.m. Tumor growth of (g) MC38 tumor
cells in GF mice treated with Isotype (n= 5 mice), anti-PD-L1 (n= 5 mice), anti-PD-L2 clone
3.2 (n=5 mice), anti-RGMb (n= 4 mice), anti-PD-L1 + anti-PD-L2 3.2 (n= 4 mice), or
anti-PD-L1 + anti-RGMb (n=5 mice) and (h) B16-OVA tumor cells in Taconic mice treated
with Isotype (n=5 mice), anti-PD-L1 (h= 10 mice), anti-PD-L2 clone 3.2 (n=5 mice),
anti-PD-L2 clone 2C9 (n= 5 mice), anti-RGMb (n= 5 mice), anti-PD-L1 + anti-PD-L2 3.2
(n=10 mice), anti-PD-L1 + anti-PD-L2 2C9 (n= 10 mice), or anti-PD-L1 + anti-RGMb
(n=10 mice). (g,h) Significance measured by Two-way ANOVA and Tukey’s multiple
comparisons, P values are shown on graph, error bars show mean and s.e.m.
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Extended Data Fig. 9. RGMb expression is modulated by the gut microbiota.
Tumor draining lymph nodes from GF and SPF mice implanted with MC38 tumor cells

subcutaneously, as in Figure 1a, were analyzed on day 11 after implantation. (a) Relative
MRNA expression of RGMb in tumor draining lymph nodes of indicated cells. The levels of
rgmb transcripts were normalized to expression of an internal control gene 78S rRNA. N =
5 mice for GF and n= 4 mice for SPF and (b-d) cell surface expression of RGMb protein in
CD4* T cells, CD8" T cells, CD11c* MHCII* and CD11b* cells. (b) Frequencies of RGMb
-expressing CD4* T cells, CD8* T cells, CD11c* MHCII* and CD11b* cells were measured
using 9D3 clone mAb in dLN, n = 5 mice per group. (c-d) Geometric Mean Fluorescent
Intensity (gMFI) of RGMb was assessed in indicated populations from (c) tumor and (d)
tumor draining lymph nodes using aRGMb polyclonal antibody, n = 5 mice per group.
Significance measured by unpaired, two tailed Mann-Whitney test and significant p values
indicated on graph, error bars show mean and s.d. (e-g) GF mice were colonized with stools
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from three patients who received anti-PD-1 therapy and responded or did not respond -
Complete Responder (CR, n = 6) or Non-Responder 1(NR1, n = 5) or Non-Responder 2
(NR2, n = 5). The mice were injected subcutaneously with MC38 tumor cells and treated
with rat 1gG2b isotype control. Frequencies of RGMb-expressing tumor-infiltrating (€)
CD8* T cells, (f) CD11b*MHC 1I* cells, and (g) CD11c*MHC 11" cells were examined

on post-implantation day 29. Significance measured by non-parametric one-way ANOVA
with Dunn’s multiple comparisons test and significant p values indicated on graph. Error
bars show mean and s.d. (h) MC38 tumor cells expressing GFP were implanted in GF or
SPF mice. The mice were treated with two doses of isotype control or anti-PD-L1 one

week after tumor implantation, and tumors were harvested 13 days after tumor implantation.
MC38-GFP cells were isolated and examined to measure PD-L2 (Upper), PD-L1 (Middle),
and RGMb (Lower) expression by flow cytometry. Representative of 5 mice per group. (i)
GF mice were implanted with MC38 tumor cells subcutaneously and treated with indicated
antibodies as in Figure 1a. Tumor-infiltrating CD4* T cells were isolated on day 11 after
tumor implantation and stimulated with PMA/lonomycin for 5 hours. Frequencies of TNF-a
producing cells among CD4* T cell population were measured by intracellular staining

and flow cytometry. N= 4 mice for isotype and n = 5 mice for anti-PD-L1, anti-RGMb,

and anti-PD-L1 + anti-RGMb groups. Significance measured by non-parametric one-way
ANOVA with Dunn’s multiple comparisons and indicated on graph. Error bars show mean
and s.d. (j-1) GF mice were implanted with MC38 tumor cells subcutaneously and treated
with indicated antibodies as in Figure 1a. Cells in tumor and tumor draining lymph node
were analyzed on day 11 after tumor implantation. Frequencies of tumor infiltrating CD8+ T
cells expressing (j) PD-1 (k) TIM-3 and (I) LAG-3. N= 4 mice for isotype and n = 5 mice
for anti-PD-L1, anti-RGMb, anti-PD-L1 + anti-RGMb groups.

Significance measured by non-parametric one-way ANOVA with Dunn’s multiple
comparisons and significant p values indicated on graphs. Error bars show mean and s.d.
(m) Strategy to generate RGMDb conditional knockout mice (n) Validation of CD4-Cre
mediated deletion of RGMb in peripheral naive CD8 T cells by qPCR (0) Validation of
LysM-Cre mediated deletion of RGMb in bone marrow derived macrophages by gPCR, n =
2 mice per group. Error bars show mean and s.d. (p-s) WT or RGMb KO CD8+ T-cells were
co-cultured with WT BMDCs. CD8+ T cells were analyzed by flow cytometry for (p) Mean
Fluorescence Intensity (MFI) of T-Bet (q) MFI of CD107a (r) MFI of Granzyme B and (s)
proliferation measured by Cell Trace Violet. N=3 per group. Representative experiment of
3 experiments. Significance determined by unpaired Mann-Whitney test and significant p
values indicated on graphs. Error bars show mean and s.d.
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Extended Data Fig 10. Gating strategies for flow cytometric analysis.
The following gating schemes were used to define CD11c¢* MHC 11, CD11b* MHC II*

cells, CD8* T cells, CD4* T cells and Treg cells in (a) draining lymph nodes and mesenteric
lymph nodes and (b) tumor-infiltrating immune cells. () Gating strategy to examine OT-I
cells stimulated by OVA-loaded BMDCs. (d) Gating strategy used to analyze tumor cells
from the mice implanted with MC38 tumor cells expressing GFP. Gating strategies used

to sort CD4* T cells, CD8" T cells, CD11c*MHC 11" cells and CD11b* cells from (€)
tumor-infiltrating leukocytes and (f) tumor draining lymph nodes.
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Figure 1. Microbiota promotes an effective anti-tumor responseto PD-L 1 blockade and
suppresses PD-L 2 expression.

(a) Schematic of the experimental design. s.c. subcutaneously, i.p. intraperitoneally, p.o.
orally, i.g. intragastric (oral gavage). MC38 tumor growth (b) with or without anti-PD-L1

in GF

+ HMB mice, n = 10 mice per group, representative experiment of 4 individual

experiments, significance, shown on graph, measured by two-way ANOVA and Sidak’s
multiple comparisons test and (c) in ABX and ABX/HMB mice, n = 4 mice for ABX
groups and n= 5 mice for ABX/HMB groups, representative experiment of 5 individual

experiments, significance at day 23 is shown and was measured by two-way ANOVA with
Tukey’s multiple comparisons test. For (a-b) error bars show mean and standard error of
the mean (s.e.m.). (d-k) ABX and ABX/HMB mice were treated as in (a) and sacrificed on
day 13 after tumor implantation. Numbers of (d) CD45" cells, (e) CD8" T cells, (f) CD4*
T cells, (g) MHCII* CD11b* cells and (h) MHCII* CD11c™ cells in tumor draining lymph
nodes (dLNs). (d-k) n =5 mice per group, representative experiment of two individual
experiments, p values indicated on graph and measured by one-way ANOVA with Dunn’s
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multiple comparisons test, error bars show mean and standard deviation (s.d.). (i) contour
plots of representative examples of PD-L2 expression gating in dLNs. Percent of PD-L2
expression on MHCII* CD11c¢*, MHCII* CD11b*, and CD8* T cellsin (j) dLNs, n=5
mice for ABX, n=4 mice for ABX/HMB, (k) tumors, n =5 mice per group, and (I) MLNSs,
n =5 mice for ABX and n = 4 mice for ABX/HMB. For (j-1), significance determined by
unpaired, two-tailed Mann-Whitney test and significant p values indicated on graph, error
bars show s.d., representative experiment of two different experiments.
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Figure 2. Anti-PD-L 2 antibody blockade or colonization with C. cateniformisin combination
with PD-L 1 blockade promotes anti-tumor responsesin non-responder GF or ABX mice.

MC38 tumor growth in (a) GF, and (b) ABX mice. (a-b) n = 4 mice for isotype, and n =5
mice for anti-PD-L1, anti-PD-L2, and anti-PD-L1 + anti-PD-L2, data are representative of
3 experiments. (c-€) MC38 tumor growth in GF mice colonized with stool from melanoma
patients treated with anti-PD-1 therapy (c) complete responder (CR) n = 6 mice for isotype,
anti-PD-L1, and anti-PD-L1 + anti-PD-L2 groups, n = 5 mice for anti-PD-L2 group. (d)
Nonresponder (NR1), n = 5 mice for isotype, n = 6 mice for anti-PD-L1 and anti-PD-L1

+ anti-PD-L2, n = 3 for anti-PD-L2. (e) Non-responder (NR2), n = 5 mice for isotype, anti-
PD-L1, anti-PD-L2 groups, n = 6 for anti-PD-L1 + anti-PD-L2 groups. (a-€) Significance
measured by two-way ANOVA and Tukey’s multiple comparisons test and significant p
values for day 23 are shown, error bars show mean and s.e.m. (f) MC38 tumor growth in
GF mice colonized with C. cateniformis, n = 10 mice per group, significance determined by
two-way ANOVA with Sidak’s multiple comparisons test and significant p values indicated

on graph, error bars represent s.e.m. Percent of PD-L2 expression on indicated cells from GF

mice or C. cateniformis colonized mice at day10 pi in, (g) dLN, n =9 mice for GFand n =

10 mice for C. cateniformis (h) MLN, n = 10 mice per group. (g-h), Significance determined
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by unpaired, two-tailed, Mann-Whitney test and indicated on graph, error bars show mean
and s.d.
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Figure 3. C. cateniformis promotes anti-tumor immunity via PD-L 2 downregulation.
(a) % PD-L2 expressing BMDCs treated with vehicle, 10 pg/ml surface extracts from

C. cateniformis (C. cateniformis extract), or 10 pg/ml lipoteichoic acid (LTA) from
Staphylococcus aureus, as a control for Gram-positive surface molecules, n = 3 wells

per group, representative experiment of 2 experiments, significance measured by one-way
ANOVA with Tukey’s multiple comparisons test, error bars show mean and s.d. (6-a)
BMDCs transduced with GFP lentivirus (GFP) or lentivirus expressing GFP and PD-L2
(PD-L2-GFP) were treated with C. cateniformis extract 24 hours before co-culture with
CD8™ T cells. Expression measured by flow cytometry. (b) Example of flow cytometry plots
of IFNy and TNFa expression by CD8+ T cells. Quantification of % of (c) IFNy+ and
(d) TNFa+ CD8* T cells displayed (b). (c-d) Significance measured by two-way ANOVA
with Sidak’s multiple comparisons test, significant p values shown, n = 4 wells per group,
error bars show mean and s.d. (€) B16-OVA tumor growth in GF and C. cateniformis
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monocolonized mice injected with GFP or GFP-PD-L2 (PD-L2 overexpression) BMDCs at
tumor site 3 days after tumor implantation. N = 9 mice for GF + GFP and C. cateniformis +
GFP-PD-L2, n = 8 mice for GF + GFP-PD-L2, n = 10 mice for C. cateniformis + GFP (f)
B16-OVA tumor growth in SPF mice injected at tumor site with WT or PD-L2 KO BMDCs
treated with or without C. cateniformis extract. n=10 mice per group. (e-f) Significance
measured by Tukey’s multiple comparisons test, significant p values indicated, error bars
show mean and s.e.m.
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Figure 4. PD-L2/RGMb blockade is sufficient to promote anti-tumor responsesin mice that do
not respond to anti-PD-1 or anti-PD-L 1 alone.

(a) Diagram of PD-L2 binding to PD-1 or RGMb, and blocking specificity of anti-PD-L2
antibodies. Anti-PD-L2 clone 3.2 blocks both PD-L2/PD-1 and PD-L2/RGMb interactions.
Anti-PD-L2 clone 2C9 blocks only the PD-L2/RGMb interaction(19). MC38 tumor growth
in (b) ABX mice, n =5 mice per group for all except n= 4 mice for anti-PD-L2 2C9

group and (c) GF mice, n =5 mice per group. Data are representative of 2-3 different
experiments. (d) MC38 tumor growth in GF mice given isotype (n=4 mice), anti-PD-1 (n=
5 mice), or anti-PD-1 combined with either anti-PD-L2 clone (n=5 mice per group). (€)
B16-OVA tumor growth in Taconic SPF mice given isotype (n = 10 mice), anti-PD-L1 (n

= 10 mice), anti-PD-L2 3.2 (n= 10 mice), anti-PD-L2 2C9 (n = 10 mice), or anti-PD-L1
with either anti-PD-L2 clone (n = 9 mice each), representative experiment of 3 experiments.
Tumor growth curves in GF mice with MC38 tumor cells and (f) treated with isotype (h =
4 mice), anti-RGMb (n = 4 mice), anti-PD-L1 (h = 5 mice) or anti-PD-L1 + anti-RGMb

(n = 5 mice), representative experiment of 2 experiments or (g) treated with isotype (n =

4 mice), anti-RGMb (n = 4 mice), anti-PD-1 (n = 5 mice) or anti-PD-1 + aRGMb (n =

5 mice), representative of 2 different experiments. (h) MC38 tumor growth in ABX mice
with MC38 tumors and treated with isotype, anti-RGMb (mlgG2a), anti-RGMb (mlgG2a-
LALA-PG, termed Fc’), anti-PD-L1, anti-PD-L1 + anti-RGMb (mlgG2a), or anti-PD-L1 +
anti-RGMb (Fc’), n = 10 mice per group and (i) corresponding survival curve, significance
between anti-PD-L1 versus anti-PD-L1 + either anti-RGMb antibody determined by Log-
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rank (Mantel-Cox) test. (b-h) Significance determined by two-way ANOVA with Tukey’s
multiple comparisons test, error bars show mean and s.e.m.

Nature. Author manuscript; available in PMC 2023 November 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Park et al.

Page 46

RGMb (D13, Tumor)
p=0.0051
p=00028
p=0.0076

Tumor Tumor

p=0.031370

00 ° p=0.031746 °
o —_— °

a
&
.
L9
ek |
3
3
8

Gemn-Free
SPF(Taconic) (g 1 ol

3
w
3

" 60 p=0.0051

3
L

CD11c*
MHC class II*

Relative RGMb mRNA level
(normalized to 18S rRNA)
% RGMb* in tumor (9D3)

N

38

.

°

cp4* cog* cD11b*  CD11c* cpa* cps* cD1b*  cbi1ct
MHC class I 00 0 100 100 10° MHC class I*
RGMb-Alexa 594

%RGMb* of CD8* T ILs

d e f g h « o)?‘ & 0»"
CD8* TIL CD4*TIL CD8:Treg R MR
p=0.0036 p=00029 p=00036 & & P 5 o« E
3x108 = P=0.0914 3%10° = p=0.7738 40 p=0.0670 MC38 Tumor Growth in ABX mice

9
X
2%

25007 - rgmb”+ aPD-L1
== rgmb" CD4-Cre + aPD-L1

2x10°

CDB8:Treg ratio

1x10°

S
%
#CD4" T cells in g of tumor

#CD8" T cells in g of tumor
#CD4* Foxp3* T cells in g of tumor

70000~

Tumor volume (mm?)

& M ° & & &
07 O 5V Q7 O
& & & E 500
N N
& &
& 7 10 13 16 20 23 27 30
i i Kk Post-implantation days

Control RGMb KO

MC38 Tumor Growth in ABX mice

=
2

p=0.0031 p<00001 p<0.0001
20009 o gmpfts DALY 0m — — —_—
~#= rgmb"' LysM-Cre + aPD-L1

© Control
0 Rgmb KO

&
3
8

40

TNF-a-PerCP-Cy5.5 —

s
5863 q

1000

10°43.13

149

1000

0’0 100wt w0’

o
3
8

20

Tumor volume (mm?3)
gMF1 of CD44 in CD8* T cells

% of CD8* T cells

T T T T T T T 7T
7 10 13 16 20 23 27 30

Post-implantation days 0

1L-2-BV711

3J87.5 - "ﬁm IFN-g TNF-a IL-2

a0°o 10 w0t 10° a0’ 10 10t 10®

IFN-APC

Figure5. RGMb on T cellsregulates anti-tumor immunity in GF mice.
(@) Levels of RGMb RNA expression in tumor-infiltrating CD4* T cells (n = 3 tumors for

GF and n = 4 for SPF), CD8* T cells (n = 4 GF, n =5 SPF), CD11c¢*MHC class 11* cells (n
=5 for GF and SPF) and CD11b* cells (n = 4 for GF, and n= 5) sorted from MC38 tumors
in GF and SPF mice on day 11 after implantation, and quantified by gPCR. (b) Surface
expression of RGMb protein on tumor-infiltrating leukocytes isolated from MC38 tumors on
day 13 after implantation, measured by flow cytometry using monoclonal antibody (clone
9D3) against RGMb. Representative histograms of expression of RGMb on CD8* T cells
(upper left) and CD11c+MHC class 11* cells (lower left) in GF (black) and SPF (red) mice
are shown and frequencies of RGMb* cells within indicated cell populations quantified
(right). N = 5 mice per group. (a-b) Significance measured by unpaired, two-tailed, Mann-
Whitney test. Data are representative from 2 different experiments, error bars show mean
and s.d. (¢) RGMb expression on CD8+ T cells in MC38 tumors day 11 pi from GF and
SPF mice treated with isotype and anti-PD-L1, n = 5 mice for GF + Isotype and SPF
groups, N= 4 mice for GF + anti-PD-L1, significance determined by one-way ANOVA and
Sidak’s multiple comparisons test, significant p values indicated on graph, error bars show
mean and s.d. (d-g) MC38 tumors were harvested at day 18 pi from GF mice treated with
indicated antibodies and total numbers of (d) CD8* T cells, (€) CD4* T cells and (f) Treg
cells in tumors were measured. (g) The ratio of CD8* to Treg was calculated. Significance
measured by non-parametric one-way ANOVA and Dunn’s multiple comparisons test, n

= 5 mice per group, error bars show mean and s.d. MC38 tumor growth in (h) rgmbf

(n = 8 mice) vs rgmbf CD4-Cre (n = 10 mice) or (i) rgmb™f (n = 7 mice) vs rgmb*
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LysM-Cre (n = 12 mice) mice treated with ABX and given anti-PD-L1. Significance at day
30 is shown and was measured by two-way ANOVA and Sidak’s multiple comparisons test,
error bars show mean and s.e.m. Data are representative from 2 different experiments. WT
BMDCs were co-cultured with WT or RGMb KO T-cells and CD8" T-cells were analyzed
by flow cytometry for (j) Mean Fluorescence Intensity (MFI) of CD44 and (k) frequency
of cells expressing IFN-y, TNFa, and IL-2. Significance measured by unpaired, two-tailed,
Mann-Whitney test, error bars show mean and s.d.
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