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CANCER IMMUNOTHERAPY

Commensal Bifidobacterium
promotes antitumor immunity and
facilitates anti-PD-LI1 efficacy

Ayelet Sivan,'* Leticia Corrales,’* Nathaniel Hubert,” Jason B. Williams,'
Keston Aquino-Michaels,? Zachary M. Earley,” Franco W. Benyamin,' Yuk Man Lei,>
Bana Jabri,” Maria-Luisa Alegre,> Eugene B. Chang,” Thomas F. Gajewski">t

T cell infiltration of solid tumors is associated with favorable patient outcomes, yet the
mechanisms underlying variable immune responses between individuals are not well
understood. One possible modulator could be the intestinal microbiota. We compared
melanoma growth in mice harboring distinct commensal microbiota and observed
differences in spontaneous antitumor immunity, which were eliminated upon cohousing
or after fecal transfer. Sequencing of the 16S ribosomal RNA identified Bifidobacterium as
associated with the antitumor effects. Oral administration of Bifidobacterium alone
improved tumor control to the same degree as programmed cell death protein 1 ligand

1 (PD-L1)-specific antibody therapy (checkpoint blockade), and combination treatment
nearly abolished tumor outgrowth. Augmented dendritic cell function leading to enhanced
CD8* Tcell priming and accumulation in the tumor microenvironment mediated the effect.
Our data suggest that manipulating the microbiota may modulate cancer immunotherapy.

arnessing the host immune system consti-
tutes a promising cancer therapeutic be-
cause of its potential to specifically target
tumor cells although limiting harm to nor-
mal tissue. Enthusiasm has been fueled
by recent clinical success, particularly with anti-
bodies that block immune inhibitory pathways,
specifically CTLA-4 and the axis between pro-
grammed cell death protein 1 (PD-1) and its
ligand 1 (PD-L1) (Z, 2). Clinical responses to these
immunotherapies are more frequent in patients
who show evidence of an endogenous T cell re-
sponse ongoing in the tumor microenvironment
before therapy (3-6). However, the mechanisms
that govern the presence or absence of this phe-
notype are not well understood. Theoretical sources
of interpatient heterogeneity include host germ-
line genetic differences, variability in patterns of
somatic alterations in tumor cells, and environ-
mental differences.
The gut microbiota plays an important role in
shaping systemic immune responses (7-9). In the
cancer context, a role for intestinal microbiota in
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mediating immune activation in response to chemo-
therapeutic agents has been demonstrated (10, 11).
However, it is not known whether commensal
microbiota influence spontaneous immune re-
sponses against tumors and thereby affect the
therapeutic activity of immunotherapeutic inter-
ventions, such as anti-PD-1/PD-L1 monoclonal
antibodies (mAbs).

To address this question, we compared sub-
cutaneous B16.SIY melanoma growth in genetically
similar C57BL/6 mice derived from two different
mouse facilities, Jackson Laboratory (JAX) and
Taconic Farms (TAC), which have been shown to
differ in their commensal microbes (72). We found
that JAX and TAC mice exhibited significant
differences in B16.SIY melanoma growth rate,
with tumors growing more aggressively in TAC
mice (Fig. 1A). This difference was immune-
mediated: Tumor-specific T cell responses (Fig. 1,
B and C) and intratumoral CD8" T cell accumu-
lation (Fig. 1D) were significantly higher in JAX
than in TAC mice. To begin to address whether
this difference could be mediated by commensal
microbiota, we cohoused JAX and TAC mice be-
fore tumor implantation. We found that cohous-
ing ablated the differences in tumor growth (Fig.
1E) and immune responses (Fig. 1, F to H) be-
tween the two mouse populations, which sug-
gested an environmental influence. Cohoused TAC

and JAX mice appeared to acquire the JAX pheno-
type, which suggested that JAX mice may be col-
onized by commensal microbes that dominantly
facilitate antitumor immunity.

To directly test the role of commensal bacteria
in regulating antitumor immunity, we transferred
JAX or TAC fecal suspensions into TAC and JAX
recipients by oral gavage before tumor implan-
tation (fig. S1A). We found that prophylactic trans-
fer of JAX fecal material, but not saline or TAC
fecal material, into TAC recipients was sufficient
to delay tumor growth (Fig. 2A) and to enhance
induction and infiltration of tumor-specific CD8*
T cells (Fig. 2, B and C, and fig. S1B), which sup-
ported a microbe-derived effect. Reciprocal trans-
fer of TAC fecal material into JAX recipients had
a minimal effect on tumor growth rate and anti-
tumor T cell responses (Fig. 2, A to C, and fig.
S1B), consistent with the JAX-dominant effects
observed upon cohousing.

To test whether manipulation of the microbial
community could be effective as a therapy, we ad-
ministered JAX fecal material alone or in combi-
nation with antibodies targeting PD-L1 (aPD-L1)
to TAC mice bearing established tumors. Trans-
fer of JAX fecal material alone resulted in signif-
icantly slower tumor growth (Fig. 2D), accompanied
by increased tumor-specific T cell responses
(Fig. 2E) and infiltration of antigen-specific T cells
into the tumor (Fig. 2F), to the same degree as
treatment with systemic o PD-L1 mAb. Combina-
tion treatment with both JAX fecal transfer and
oPD-L1 mAb improved tumor control (Fig. 2D) and
circulating tumor antigen-specific T cell responses
(Fig. 2E), although there was little additive effect
on accumulation of activated T cells within the
tumor microenvironment (Fig. 2F). Consistent with
these results, oPD-L1 therapy alone was signifi-
cantly more efficacious in JAX mice compared
with TAC mice (Fig. 2G), which paralleled improved
antitumor T cell responses (fig. S1C). These data
indicate that the commensal microbial compo-
sition can influence spontaneous antitumor im-
munity, as well as a response to immunotherapy
with oPD-L1 mAb.

To identify specific bacteria associated with im-
proved antitumor immune responses, we moni-
tored the fecal bacterial content over time of mice
that were subjected to administration of fecal
permutations, using the 16S ribosomal RNA (rRNA)
miSeq Illumina platform. Principal coordinate
analysis revealed that fecal samples analyzed from
TAC mice that received JAX fecal material grad-
ually separated from samples obtained from sham-
and TAC feces-inoculated TAC mice over time
(P =0.001and P = 0.003, respectively, ANOSIM
multivariate data analysis) and became similar
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to samples obtained from sham- and JAX feces-
inoculated JAX mice (Fig. 3A). In contrast, TAC-
inoculated TAC mice did not change in community
diversity relative to sham-inoculated TAC mice
(P = 0.4, ANOSIM). Reciprocal transfer of TAC
fecal material into JAX hosts resulted in a sta-
tistically significant change in community diver-
sity (P = 0.003, ANOSIM), yet the distance of the
microbial shift was smaller (Fig. 3A).
Comparative analysis showed that 257 taxa
were of significantly different relative abundance
in JAX mice relative to TAC mice [false discovery
rate (FDR) < 0.05, nonparametric ¢ test] (Fig. 3B
and table S1). Members belonging to several of
these groups were similarly altered in JAX-fed
TAC mice relative to sham- or TAC-inoculated
TAC mice (Fig. 3C and tables S1 and S2). To fur-
ther identify functionally relevant bacterial taxa,
we asked which genus-level taxa were significantly
associated with accumulation of activated antigen-
specific T cells within the tumor microenviron-
ment across all permutations (Fig. 2C). The only
significant association was Bifidobacterium (P =

Fig. 1. Differences in

5.7 x 107, FDR = 0.0019, univariate regression)
(table S3), which showed a positive association
with antitumor T cell responses and increased in
relative abundance over 400-fold in JAX-fed TAC
mice (Fig. 3C). Stimulatory interactions between
bifidobacteria and the host immune system, in-
cluding those associated with interferon-y (IFN-y),
have been described previously (13-16). We thus
hypothesized that members of this genus could
represent a major component of the beneficial
antitumor immune effects observed in JAX
mice.

At the sequence level, Bifidobacterium opera-
tional taxonomic unit OTU_681370 showed the
largest increase in relative abundance in JAX-fed
TAC mice (table S1) and the strongest association
with antitumor T cell responses across all permu-
tations (Fig. 3D and table S3). We further iden-
tified this bacterium as most similar to B. breve,
B. longum, and B. adolescentis (99% identity). To
test whether Bifidobacterium spp. may be suffi-
cient to augment protective immunity against
tumors, we obtained a commercially available

*k

cocktail of Bifidobacterium species, which in-
cluded B. breve and B. longum and administered
this by oral gavage, alone or in combination
with aPD-L1, to TAC recipients bearing estab-
lished tumors. Analysis of fecal bacterial content
revealed that the most significant change in
response to Bifidobacterium inoculation occurred
in the Bifidobacterium genus (P = 0.0009, FDR =
0.015, nonparametric ¢ test), with a 120-fold in-
crease in OTU_681370 (fig. S2A and table S4),
which suggested that the commercial inoculum
contained bacteria that were at least 97% identical
to the taxon identified in JAX and JAX-fed TAC
mice. An increase in Bifidobacterium could also
be detected by quantitative polymerase chain
reaction (PCR) (fig. S2B).
Bifidobacterium-treated mice displayed signif-
icantly improved tumor control in comparison
with their non-Bifidobacterium treated counter-
parts (Fig. 3E), which was accompanied by ro-
bust induction of tumor-specific T cells in the
periphery (Fig. 3F) and increased accumulation
of antigen-specific CD8" T cells within the tumor
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(Fig. 3G and fig. S2C). These effects lasted several
weeks (fig. S2, D and E).

The therapeutic effect of Bifidobacterium feed-
ing was abrogated in CD8-depleted mice (fig. S3A),
which indicated that the mechanism was not di-
rect but rather through host antitumor T cell re-
sponses. Heat inactivation of the bacteria before
oral administration also abrogated the therapeu-
tic effect on tumor growth and reduced tumor-
specific T cell responses to baseline (fig. S3, B to
D), which suggested that the antitumor effect
requires live bacteria. As an alternative strategy,
we tested the therapeutic effect of B. breve and
B. longum strains obtained from the American Type
Culture Collection, which also showed significantly
improved tumor control (fig. S4A). Administra-
tion of Bifidobacterium to TAC mice inoculated

A

with B16 parental tumor cells or MB49 bladder
cancer cells also resulted in delayed tumor out-
growth (fig. S4, B and C, respectively). Oral ad-
ministration of Lactobacillus murinus to TAC mice,
which was not among the overrepresented taxa
in JAX-fed mice, had no effect on tumor growth
(fig. S4D) or on tumor-specific T cell responses
(fig. S4E), which suggested that modulation of
antitumor immunity depends on the specific bacte-
ria administered. Collectively, these data point to
Bifidobacterium as a positive regulator of anti-
tumor immunity in vivo.

Upon inoculation with Bifidobacterium, a
small set of species were altered in parallel with
Bifidobacterium (ANOSIM, P = 0.003) (fig. S5A and
table S4)), however, for the most part, they did not
resemble the changes observed with JAX feces

administration. Although we observed reduc-
tions (~2- to 10-fold) in members of the order
Clostridiales, as well as in butyrate-producing
species, upon Bifidobacterium inoculation, which
could point to an inhibitory effect on the regula-
tory T cell compartment (17-19), we did not ob-
serve any difference in the frequency of CD4"
Foxp3™ T cells in tumors isolated from JAX
and TAC mice (fig. S5B). Thus, although we
cannot definitively rule out an indirect effect, it is
unlikely that Bifidobacterium is acting primar-
ily through modulation of the abundance of
other bacteria.

We next assessed whether translocation of
Bifidobacterium was occurring into the mesenter-
ic lymph nodes, spleen, or tumor; however, no
Bifidobacterium was detected in any of the organs
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Fig. 2. Oral administration of JAX fecal material to TAC mice enhances
spontaneous antitumor immunity and response to «PD-L1 mAb therapy.
(A) B16.SIY tumor growth in newly arrived TAC mice, TAC and JAX mice orally
gavaged with phosphate-buffered saline or TAC or JAX fecal material before
tumor implantation. (B) Number of IFN-y spots x mean spot size (107> mm?),
determined by ELISPOT 7 days after tumor inoculation. (C) Percentage of SIY*
CD8" T cells within the tumor of TAC and JAX mice treated as in (A), 21 days
after tumor inoculation. Representative plots (left), quantification (right).
(D) B16.SIY tumor growth in TAC mice, untreated or treated with JAX fecal
material 7 and 14 days after tumor implantation, oPD-L1 mAb 7, 10, 13, and
16 days after tumor implantation, or both regimens. (E) IFN-y ELISPOT as-
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sessed 5 days after start of treatment. (F) Percentage of tumor-infiltrating SIY*
CD8* Tcells, determined by flow cytometry 14 days after start of treatment.
(G) B16.SIY tumor growth kinetics in TAC and JAX mice, untreated or treated
with oPD-L1 mAb 7, 10, 13, and 16 days after tumor implantation. Means + SEM
analyzed by two-way analysis of variance (ANOVA) with Dunnett's (A) or
Tukey's (D) and (G) correction for multiple comparisons; or individual mice with
means + SEM analyzed by one-way ANOVA with Holm-Sidak correction for
multiple comparisons (B), (C), (E), and (F); data are representative of (A) to
(C), (F), and (G) or combined from (D) and (E) two to four independent
experiments; five mice per group per experiment; *P < 0.05, **P < 0.01, ****P <
0.0001; NS, not significant.
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0.0002, correlation R? = 0.86 (univariate regression). (E) B16.SIY tumor
growth kinetics in TAC mice, untreated or treated with Bifidobacterium 7 and
14 days after tumor implantation, aPD-L1 mAb 7, 10, 13, and 16 days after
tumor implantation, or both regimens. (F) IFN-y ELISPOT assessed 5 days
after start of treatment. (G) Percentage of tumor-infiltrating SIY* CD8" Tcells,
determined by flow cytometry 14 days after start of treatment. Means + SEM
analyzed by two-way ANOVA with Tukey's correction (E) or individual mice with
means + SEM analyzed by one-way ANOVA with Holm-Sidak correction (F) and
(G), and are combined from two independent experiments; five mice per group
per experiment: *P < 0.05, ***P < 0.001, ****P < 0.0001.
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isolated from Bifidobacterium-gavaged tumor-
bearing mice (fig. S5C). We thus concluded that
the observed systemic immunological effects
are likely occurring independently of bacterial
translocation.

We subsequently interrogated the immuno-
logic mechanisms underlying the observed dif-
ferences in T cell responses between TAC, JAX,
and Bifidobacterium-treated TAC mice (fig. S6A).
CD8* STY-specific 2C T cell receptor (TCR) Tg T cells
exposed to tumors in JAX and Bifidobacterium-
treated TAC mice exhibited greater expansion in
the tumor-draining lymph node, as compared
with their counterparts in TAC mice (fig. S6B).

However, they produced markedly greater IFN-y
in both the tumor-draining lymph node and the
spleen of JAX and Bifidobacterium-fed TAC tumor-
bearing mice (Fig. 4A), consistent with our analy-
ses of the endogenous T cell response (Figs. 1C,
2E, and 3F). These data pointed to an improve-
ment in immune responses upstream of T cells,
at the level of host dendritic cells (DCs). Con-
sistent with this hypothesis, we found an increased
percentage of major histocompatibility complex
(MHC) Class II" DCs in the tumors of JAX and
Bifidobacterium-treated TAC mice (Fig. 4B).

‘We therefore used genome-wide transcriptional
profiling of early tumor-infiltrating DCs isolated

from TAC, JAX, and Bifidobacterium-treated TAC
mice (fig. S7A and table S5). Pathway analysis of
760 gene transcripts up-regulated in both JAX
and Bifidobacterium-treated TAC-derived DCs
relative to DCs from untreated TAC mice identi-
fied cytokine-cytokine receptor interaction, T cell
activation, and positive regulation of mononu-
clear cell proliferation as significantly enriched
pathways (Fig. 4C and fig. S7B). Many of these
genes have been shown to be critical for antitu-
mor responses, including those involved in CD8*
T cell activation and costimulation [H2-m2 (MHC-I),
Cd40, Cd70, and IcamI] (20-22); DC maturation
(Relb and Ifngr2) (23, 24); antigen processing and
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G0:0032813~tumor necrosis factor receptor superfamily binding Ifitm1 282 5.00
G0:0002456~T cell mediated immunity ! . : . . . Azi2 771 3.04
12 14 16 18 20 22 Ikbke 1.60 2.03
-log(pval) Uki 578 351
E TAC JAX TAC
" . ® TAC1 ® JAX1 ® TAC + BIF1 il BTF
L O TAC2 O JAX2 O TAC + BIF2 °
40 . — ® 3: Fig. 4. Dendritic cells isolated from JAX and Bifidobacterium-fed
o e — a §> TAC mice show increased expression of genes associated with
8 30 (%) . g e antitumor immunity and heightened capability for T cell activa-
O ° T 2 i' tion. (A) Quantification of IFN-y mean fluorescence intensity (MFI)
N 20+ > o g) — % of 2C CD8" Tcells in the tumor-draining lymph node (left) and spleen
+° Q ) (right) of TAC, JAX, and Bifidobacterium-fed TAC mice on day 7 after
; 10+ ® &0 é) adoptive transfer. (B) Percentage of MHC Class II" DCs in tumors
'3 * o 'y s @ ¢ $ L isolated from TAC, JAX, and Bifidobacterium-fed TAC mice 40 hours
& olee @0 T T T T after tumor implantation as assessed by flow cytometry. Data in (A)
N "o o "o & and (B) show individual mice with means + SEM, analyzed by one-

Peptide (nM)

way ANOVA with Holm-Sidak correction; representative of two to four
independent experiments, eight or nine mice per group per experi-

ment: *P < 0.05, **P < 0.01, ****P < 0.0001. (C) Enriched biological pathways and functions found within the subset of elevated genes in JAX and Bifidobacterium-
treated TAC-derived DCs relative to untreated TAC DCs isolated from tumors 40 hours after tumor inoculation, as assessed by DAVID pathway analysis. Red bars
indicate the percentage of genes in a pathway up-regulated in DCs isolated from JAX and Bifidobacterium-fed TAC mice. Blue line indicates P values calculated by
Fisher's exact test. (D) Heat map of key antitumor immunity genes in DCs isolated from JAX, Bifidobacterium-treated TAC or untreated TAC mice. Mean fold-
change for each gene transcript is shown on the right. (E) Quantification of IFN-y* 2C TCR Tg CD8" T cells stimulated in vitro with DCs purified from peripheral
lymphoid tissues of naive TAC, JAX, and Bifidobacterium-treated TAC mice in the presence of different concentrations of SIY peptide. Analyses in (C) to (E) were
performed on data combined from two independent experiments, five mice pooled per group per experiment. (E) Technical replicates of pooled samples from
each experiment separately and were analyzed by fitting a linear mixed model, with Bonferroni correction for multiple comparisons: *P < 0.05, ****P < 0.0001.
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cross presentation (Tapbp, Rab27a, and Slcllal)
(25-27); chemokine-mediated recruitment of im-
mune cells to the tumor microenvironment (Cacl9,
Cx3cll, and Cxcr4) (28-30); and type I interferon
signaling (I7f1, Ifnar2, Oas2, Ifi35, and IfitmI)
(31, 32) (Fig. 4D and fig. S7C). Expression of these
genes was also increased in murine bone marrow-
derived DCs stimulated with Bifidobacterium
in vitro (table S6), consistent with previous re-
ports that these species of Bifidobacterium can
directly elicit DC maturation and cytokine pro-
duction (13).

To test whether functional differences in DCs
isolated from TAC, JAX, and Bifidobacterium-
treated TAC mice could be sufficient to explain
the differences in T cell priming observed in vivo,
we purified DCs from lymphoid tissues of naive
TAC, JAX, and Bifidobacterium-treated TAC mice
and tested their ability to induce carboxyfluorescein
diacetate succinimidyl ester (CFSE)-labeled CD8*
SIY-specific 2C TCR Tg T cell proliferation and
acquisition of IFN-y production in vitro. DCs pu-
rified from JAX and Bifidobacterium-treated TAC
mice induced 2C T cell proliferation at lower
antigen concentration than did DCs purified from
naive TAC mice (fig. S8, A and B). Furthermore,
at all antigen concentrations, JAX-derived DCs
elicited elevated levels of T cell IFN-y production
(Fig. 4E and fig. S8A). We observed similar effects
upon oral administration of Bifidobacterium to
TAC mice before DC isolation (Fig. 4E and fig.
S8A). Taken together, these data suggest that
commensal Bifidobacterium-derived signals modu-
late the activation of DCs in the steady state, which
in turn supports improved effector function of
tumor-specific CD8 T cells.

Our studies demonstrate an unexpected role
for commensal Bifidobacterium in enhancing anti-
tumor immunity in vivo. Given that beneficial
effects are observed in multiple tumor settings
and that alteration of innate immune function
is observed, this improved antitumor immunity
could be occurring in an antigen-independent
fashion. The necessity for live bacteria may imply
that Bifidobacterium colonizes a specific compart-
ment within the gut that enables it to interact
with host cells that are critical for modulating DC
function or to release soluble factors that dis-
seminate systemically and lead to improved DC
function.

Our results do not rule out a contribution of
other commensal bacteria species in having the
capability to regulate antitumor immunity, either
positively or negatively. Our data support the idea
that one source of intersubject heterogeneity with
regard to spontaneous antitumor immunity and
therapeutic effects of antibodies targeting the
PD-1/PD-L1 axis may be the composition of gut
microbes, which could be manipulated for ther-
apeutic benefit. These principles could apply to
other immunotherapies, such as antibodies tar-
geting the CTLA-4 pathway. Similar analyses can
be performed in humans, by using 16S rRNA se-
quencing of stool samples from patients receiving
checkpoint blockade or other immunotherapies,
to identify commensals associated with clinical
benefit.
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MALARIA

Malaria parasites target the
hepatocyte receptor EphA2 for
successful host infection
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The invasion of a suitable host hepatocyte by mosquito-transmitted Plasmodium
sporozoites is an essential early step in successful malaria parasite infection. Yet precisely
how sporozoites target their host cell and facilitate productive infection remains largely
unknown. We found that the hepatocyte EphA2 receptor was critical for establishing a
permissive intracellular replication compartment, the parasitophorous vacuole. Sporozoites
productively infected hepatocytes with high EphA2 expression, and the deletion of EphA2
protected mice from liver infection. Lack of host EphA2 phenocopied the lack of the
sporozoite proteins P52 and P36. Our data suggest that P36 engages EphA2, which is likely
to be a key step in establishing the permissive replication compartment.

alaria infections place a tremendous bur-
den on global health (7). Their causative
agents, Plasmodium parasites, are trans-
mitted to mammals as sporozoites by
the bite of Anopheles mosquitoes. After
entry into a capillary, sporozoites are carried to
the liver, where they pass through multiple cells
before recognizing and invading hepatocytes.
During invasion, the sporozoite forms a protec-

tive parasitophorous vacuole made of hepatocyte
plasma membrane, which ensconces the para-
site, establishes the intrahepatocytic replication
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Commensal Bifidobacterium promotes antitumor immunity and
facilitates anti—-PD-L1 efficacy
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