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Introduction

Radiotherapy (RT) is a well-established antitumor treatment, with
more than 50% of newly diagnosed cancer patients with solid
tumors receiving RT at some point during their treatment, usually
in combination with chemotherapy (1). High-dose, hypofraction-
ated radiotherapy was initially introduced for intracranial tumors
as stereotactic radiosurgery and was later extended to extracranial
sites as stereotactic body RT (SBRT) (8-30 Gy/fraction) (2).

Hypofractionated, high-dose RT can generate immunogenic
cell death (ICD) and elicits adaptive antitumor immunity through
tumor-associated antigen (TAA) cross-priming (3-5). Tumor cells
succumbing to ICD stimulate antigen presenting cells (APCs),
such as dendritic cells (DCs), to efficiently engulf tumor antigens
and cross-present them to CD8* cytotoxic T lymphocytes (6, 7).
This process culminates in the generation of a specific immune
response capable of impacting distant nonirradiated tumors,
known as the abscopal effect (8).

Combination of RT with immunotherapy has recently garnered
considerable clinical interest due to its potential for transforming RT
from a modality used to treat localized disease to a modality used
to treat systemic malignancies (9). However, several issues con-
cerning dosage, timing, patient selection, and toxicity need to be
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Alterations in gut microbiota impact the pathophysiology of several diseases, including cancer. Radiotherapy (RT), an
established curative and palliative cancer treatment, exerts potent immune modulatory effects, inducing tumor-associated
antigen (TAA) cross-priming with antitumor CD8" T cell elicitation and abscopal effects. We tested whether the gut microbiota
modulates antitumor immune response following RT distal to the gut. Vancomycin, an antibiotic that acts mainly on gram-
positive bacteria and is restricted to the gut, potentiated the RT-induced antitumor immune response and tumor growth
inhibition. This synergy was dependent on TAA cross presentation to cytolytic CD8* T cells and on IFN-y. Notably, butyrate, a
metabolite produced by the vancomycin-depleted gut bacteria, abrogated the vancomycin effect. In conclusion, depletion of
vancomycin-sensitive bacteria enhances the antitumor activity of RT, which has important clinical ramifications.

resolved (10-13). Moreover, combinations of immunotherapy with
other modalities are curative in only a fraction of patients, raising the
question of whether important regulators of RT-mediated antitumor
immune responses are yet to be discovered.

The intestinal microbiota plays a critical role in secondary and
tertiary lymphoid structure: germ-free mice that lack microbiota
have smaller Peyers patches and a reduced number of CD4* T cells
and IgA-producing plasma cells. Indeed, early studies have iden-
tified significantly impaired host immune responses to pathogens
in mice raised under germ-free conditions (14). Moreover, a direct
correlation exists between the presence of specific bacteria in the
gut microbiota and T cell development and differentiation (15, 16).

Since the gut microbiota impacts the function of T cells and
other immune cell subsets, both within the gut-associated lym-
phoid tissue (GALT) and beyond, microbiota-derived signals have
been shown to have broad roles in the regulation of several diseases
and in their treatments, including cancer and its response to che-
motherapy (17-20). Therefore, we hypothesized that perturbation
of the gut microbiota can modulate the antitumor effects of ablative
RT and influence antigen-specific antitumor responses. In line with
this hypothesis, we recently demonstrated that the gut microbiota
impacts the antitumor effects of adoptive cell therapy (ACT) (21).

In the present manuscript we describe the impact of the gut
microbiota composition on hypofractionated RT and demonstrate
that the microbiota can be altered to improve RT efficacy. We
selected vancomycin, a glycopeptide antibiotic that acts mainly on
gram-positive bacteria, as an agent to specifically perturb the gut
microbiota, because vancomycin is very poorly absorbed after oral
administration and does not enter the systemic circulation (22, 23).
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Figure 1. Oral vancomycin treatment enhances the direct and abscopal antitumor effects of hypofractionated RT in a preclinical melanoma and lung/
cervical tumor model. Shown are tumor volumes from control (untreated), vancomycin treatment alone (Vanco), RT treatment alone (RT), or vancomycin
plus RT combination treatment (RT+Vanco) on irradiated tumors derived from the B16-0VA melanoma model (A) or from the TC-1lung/cervical cancer
model (C) and abscopal tumors (B and D, respectively). (E) B16-0VA tumor volumes of mice treated with RT alone, or RT and vancomycin (F) nonirradiated
(abscopal) B16-0VA tumor volumes from mice treated with RT alone, or RT and vancomycin. n = 5 to 14 mice per group. Data are representative of at least
2 independent experiments. Mean + SEM are shown. Statistical significance was assessed by 2-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001.

Using both a melanoma model (24, 25) and a HPV E6/7-
expressing lung and cervical cancer model (26), we found that
the antitumor effects elicited by RT in tumor-bearing mice are
positively impacted by treatment with vancomycin. Notably,
this effect was strictly dependent on a functioning immune sys-
tem and was abrogated by the intake in trans of sodium butyrate,
a key metabolite of gram-positive bacteria. Our results suggest
that alterations in the gram-positive gut bacterial communi-
ty can elicit tumor microenvironment remodeling, mediate
increased antigen presentation in draining lymph nodes, and
improve RT antitumor efficacy. Since vancomycin is a widely
used clinical agent with a relatively safe profile, these findings
raise the potential for utilizing this antibiotic to enhance the
effects of RT in patients with cancer.

Results

Oral vancomycin treatment enhances the direct and abscopal anti-
tumor effects of hypofractionated RT in preclinical melanoma and
lung/cervical tumor models. Given the role of the gut microbiota in
modulating immune cells that are also known to be involved in the
response to RT, we examined whether the microbiota-regulated
systemic immune response contributes to the RT-mediated anti-
cancer immune response. The effects of oral vancomycin treat-
ment are localized and impact the gut microbiota directly without
any known systemic effects (21-23).

Vancomycin (mostly targeting gram-positive bacteria) or a
neomycin/metronidazole (Neo/Met) regimen (mostly targeting
gram-negative bacteria) was administered orally in C57/Bl6 mice
(27). The following day, the mice were challenged subcutaneous-
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ly with B16-OVA or tissue culture number 1 (TC-1) tumor cells.
Each cell line was injected on both flanks of each mouse, and when
tumors were approximately 50 mm?® (10-11 days), RT was delivered
on 1 tumor on each mouse with a 21 Gy single fraction dose using
an XRAD320iX irradiator (28), while taking precautions to avoid
irradiating any areas of the gut by shielding nonirradiated areas.
Previously published work has shown that in breast and col-
orectal cancers, cross-priming can be affected in a dose-dependent
manner due to the activation of TREX1 nucleases at doses above
8 Gy (13). Because we used melanoma and lung cancer, we chose
to test 2 RT modalities implemented in clinic (29-31) relevant to
such mechanism: one consisting of 3 x 8 Gy fractionated RT and
a single dose of 21 Gy. As demonstrated in Supplemental Figure 1
(supplemental material available online with this article; https://
doi.org/10.1172/JCI124332DS1), the 2 treatments produced simi-
lar tumor control in this model after 3 weeks. Therefore, in subse-
quent experiments with this tumor model, we maintained the 1 x 21
Gy regimen (Supplemental Figure 1). We observed in both the B16-
OVA (Figure 1A, and Supplemental Figure 2) and TC-1 (Figure 1C)
tumor models that the addition of vancomycin with RT as a combi-
nation therapy produced antitumor effects that were greater than
the antitumor effects mediated by either vancomycin alone or RT
alone as single modalities (P < 0.001, P < 0.001, P = 0.0018 when
the RT+vancomycin group was compared with untreated, van-
comycin, and RT respectively). In contrast, preadministration of
gram-negative targeted antibiotics (i.e., Neo/Met) did not augment
the antitumor effects of RT (Supplemental Figure 3). The nonirra-
diated (abscopal) tumors in RT+vancomycin combination-treated
mice cohorts in the B16-OVA (Figure 1B,) and TC-1 (Figure 1D)
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models also experienced delayed growth compared with control
untreated and RT-alone-treated cohorts. The combined antitumor
effects for RT+vancomycin was consistent in B16-OVA-bearing
mice sourced from a different vendor (Jackson laboratories) (Sup-
plemental Figure 4). Of note, when the 21-Gy dose of RT was deliv-
ered directly to B16-OVA tumors sized less than 50 mm?, RT con-
trolled primary tumor growth with or without vancomycin (Figure
1E), which is consistent with our previous results. However, in the
abscopal tumor, growth was significantly decreased with the addi-
tion of vancomycin to RT compared with RT alone (P < 0.01) (Fig-
ure 1F). Cumulatively, these results demonstrate that vancomycin
enhances RT-mediated antitumor effects both locally at the tumor
site and systemically via abscopal effects.

The effects of vancomycin are abrogated in CD8-depleted animals.
Since T cells mediate both local and systemic antitumor immune
response after RT (32, 33), we initially tested the overall presence
of infiltrating CD3* T cells within tumor sections from both irra-
diated and abscopal B16-OVA tumors by immunohistochemistry.
We found a measurable CD3* T cell infiltrate within B16-OVA
primary tumors that were treated with vancomycin alone, RT
alone, or with the combination of RT+vancomycin (P < 0.05, P <
0.01, and P < 0.001 respectively) (Figure 2A). B16-OVA abscopal
tumors treated with RT alone or with the combination of RT+van-
comycin also had measurable infiltrating CD3* T cells, and CD3* T
cell infiltration was significantly higher following RT+vancomycin
combination treatment compared with RT treatment alone (P <
0.05) (Figure 24A).

In addition to analyzing the numbers of infiltrating CD3* T
cells, we also characterized the antigen specificity of the tumor
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infiltrating CD8* T cells by using OVA MHC1 tetramer. Tumors
from mice treated with vancomycin alone, RT alone, or the com-
bination of RT+vancomycin were digested, and individual cells
were assayed for tetramer staining by flow cytometry. The results
showed that tumors from mice treated with the combination of
RT+vancomycin had a significantly higher number of OVA-spe-
cific CD8" T cells (i.e., percentage of CD45"/CD3*/CD8*/TET-
OVA cells) compared with control untreated tumors, vancomycin
alone-treated tumors, and RT alone-treated tumors (P = 0.0117,
P=0.0028, and P = 0.0472, respectively) (Figure 2B). Therefore,
vancomycin treatment increased the number of RT-generated
tumor cytolytic CD8* T cells within the tumor. Because T regula-
tory cells (Tregs) have been reported to be influenced by microbi-
ota composition (15, 34) and because Tregs influence RT antitu-
mor effects (35, 36), we evaluated the impact of the vancomycin
treatment on Tregs in the tumor. In our model, the number of
intratumoral Tregs were only minimally affected by vancomycin
(Supplemental Figure 5).

To determine whether a causal link exists between the increase
in CD8' T cell infiltration and the improved antitumor response in
mice receiving RT+vancomycin combination treatment, we selec-
tively depleted CD8* T cells by pretreating the mice with an anti-
CD8 monoclonal antibody (37). Depletion of CD8* cells prior to the
combination treatment of RT+vancomycin abrogated the antitu-
mor effects of the combination treatment (Figure 2C, Supplemental
Figure 6), demonstrating that the CD8* T cell population is required
for mediating the observed antitumor effects (P = 0.0120). Taken
together, the results of these experiments demonstrate that vanco-
mycin enhances the systemic antitumor effects mediated by RT via
amechanism that requires a cytolytic CD8* T cell population.

Antitumor effects of RT+vancomycin combination treatment are
IFN-y dependent. Several cytokines contribute to the priming of the
effector functions of cytotoxic T cells, and IFN-y is known to play a
critical role in both differentiation and effector functions of CD8*
cytolytic T cells in the antitumor immune response (38, 39). To deter-
mine whether IFN-y is involved in the antitumor effects of RT+van-
comycin combination treatment in the tumor microenvironment,
we measured intratumoral expression of IFN-y in B16-OVA tumors
at 5 days after radiation. We found that Ifiig mRNA expression lev-
els were significantly increased in the RT+vancomycin combination
treatment group compared with treatment with either vancomycin
alone or RT alone (P = 0.0131 and P = 0.0293, respectively) (Figure
3A). Previously, we reported that vancomycin in combination with
T cell therapy induces the expansion of CD8* DCs and affects the
level of IL-12; in turn, IL-12 stimulates the production of IFN-y and
promotes both Th1 differentiation and CTL activity (21, 40). Hence,
we assessed the levels of such cytokine in the tumors of treated
mice. In agreement with the IFN-y results, we found increased lev-
els of I/12 expression (Supplemental Figure 7). In parallel, we found
that IFN-y protein expression levels were significantly increased in
the RT+vancomycin combination treatment group (P = 0.0028 and
P =0.0179, respectively, for vancomycin and RT) (Figure 3B). IFN-y
is produced by T cells and is a signature of the Thl phenotype (41).
To assess the functionality of the antigen-specific tumor-infiltrating
CD8* T cells, we dissociated tumor cell suspensions, incubated with
Kb-OVA (SIINFEKL) peptide overnight, and measured intracellular
IFN-y within the CD8* T cell fraction. Tumors treated with RT+van-
comycin combination had a significantly increased number of IFN-y*
CD8" T cells compared with either of the single treatments (P < 0.05
for both comparisons) (Figure 3C). To further test the role of IFN-y in
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the antitumor response, we used Ifng knockout mice. We found that
in B16-OVA tumor-challenged Ifing knockout mice, the enhancement
of the radiation effects by vancomycin was ablated (P = 0.5601 and
P = 0.0911 compared with RT and vancomycin, respectively) (Fig-
ure 3D). These results indicate that vancomycin remodels the tumor
microenvironment and increases the functionality of tumor-infiltrat-
ing OVA-specific CD8" T cells, and that IFN-y is required to augment
the RT-induced immune effect against the tumor.

Vancomycin treatment increases local TAA cross-presentation
and antigen recognition in tumors. Recent studies have shown that
appropriate dosing and scheduling of high-dose RT can lead to
increased T cell priming and T cell-dependent tumor regression
(28). We therefore reasoned that enhanced antigen presentation
may be a driver of enhanced CD8* T cell activity.

Hypofractionated RT activates the cross-priming capacity of
tumor-infiltrating DCs, with IFN-f serving as the master regula-
tor of tumor antigen cross-presentation (42). We examined the
expression of Ifib] in tumor-draining lymph nodes (TDLNs) and
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tumors after RT of B16-OVA tumors. Concordantly, vancomycin
treatment synergistically enhanced Ifnbl gene expression com-
pared with RT alone in TDLNs (P = 0.0032) (Figure 4A) and in the
tumor (Supplemental Figure 8).

Next, we directly assessed the level of antigen presentation in
MHC class I by staining the TDLN cell suspension with an anti-
body specific for the MHC1 (K")-SL8 OVA peptide, and found a
significant increase in DCs from the RT+vancomycin combination
treatment group (P = 0.0396) when compared with RT (Figure 4B
and Supplemental Figure 9). To confirm an increase in function-
al antigen presentation in TDLNs of treated animals, we assessed
the production of IFN-y by coculturing OT1 T cells with APCs from
treated mice. Given that, in vivo, the priming of reactive T cells
occurs mostly in the lymph nodes, and in order to maintain the
complexity of the lymphoid tissue in vitro, we used a whole TDLN
cell suspension as a source for APCs. Specifically, we incubated a
cell suspension of TDLNs from B16-OVA tumors coming from mice
treated with the RT+vancomycin combination or with RT alone, in
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Figure 5. SCFAs impair APC activity in vitro and abrogate vancomycin-enhanced RT antitumor activity in vivo. (A) Bone marrow-derived DCs (bmDCs)
were either untreated, treated with 100 uM butyrate (C4), or treated with 100 uM propionate (C3) together with OVA protein (100 pg/mL) for 24 hours before
they were plated to an ELISPOT plate with T cells from OT1 mice. (B) Purified T cells were in vitro-stimulated with aCD3/aCD28 in the presence or absence of
100 puM C4/butyrate in a IFN-y ELISPOT plate. (C) In vivo effects on tumor growth in irradiated mice treated with vancomycin-containing drinking water with
or without C4. Mean + SEM are shown. Statistical significance was assessed by 2-way ANOVA. (D) /fng mRNA expression levels in tumors from irradiated
mice treated with vancomycin-containing drinking water with and without C4/butyrate. Mean + SEM are shown. Statistical significance was assessed by
Tukey's test. (E) Flow cytometry analysis of OVA-presenting DCs and (F) CD3*CD8*Tet-OVA* cell subsets. Mean + SEM are shown. Statistical significance was
assessed by Tukey’s test. n = 5 to 10 mice per group. Data are representative of at least 2 independent experiments. *P < 0.05, **P < 0.01.

the absence or presence of OVA peptide together with OT1 T cells
in an IFN-y ELISPOT assay (Figure 4C). In order to confirm that all
the IFN-y signals in the ELISPOT were produced by OT1 T cells,
TDLNs were also seeded alone without any significant number of
spots detected. However, when cocultured with OT1 T cells, we
observed a significant increase in the number of IFN-y-producing
cells with TDLNs derived from the mice treated with RT+vanco-
mycin combination compared with TDLNs from mice treated with
RT alone (P=0.0398 and P = 0.0010 for assays in absence or pres-
ence of OVA peptide, respectively) (Figure 4C). Next, to confirm
priming of naive OVA-specific T cells by CD11c* DCs, we purified
the CD11c* population from the TDLNs and set up an IFN-y ELIS-
POT assay where we cocultured CD11c* DCs from TDLNs from
each treatment group with naive OT1 CD3* T cells. Our results
demonstrated that vancomycin in combination with RT enhances
the local antigen presentation functionality of CD11c* DCs (Figure
4D). Moreover, using intracellular staining, we demonstrated that
purified CD11c* cells isolated from TDLNs from the RT+vanco-
mycin group (but not the other groups) specifically increase IFN-y
production in CD8* T cells from unprimed (naive) OT1 cells (i.e.,
percentage of IFN-y-producing CD8* T cells) (P<0.05) (Figure 4E).

Finally, we dissociated B16-OVA tumors from treated mice
and coincubated the cells with OT1 OVA-specific CD8'T cells
purified from OVA transgenic OT1 mice and assayed for IFN-y-
producing cells by ELISPOT. The combination treatment with

RT+vancomycin augmented IFN-y secretion compared with RT
treatment alone (P = 0.0016) (Figure 4F). Importantly, MHC1
blocking antibodies significantly reduced IFN-y-producing
cells, demonstrating MHC1-dependent activation of CD8" T
cells (P = 0.0073) (Figure 4F). Similar results were observed
with the TC-1 tumor model (Supplemental Figure 10). Collec-
tively, our data indicate that vancomycin enhances local anti-
gen presentation, promoting increased tumor recognition by
antigen-specific T cells.

Short-chain fatty acids impair APC activity in vitro and abro-
gate vancomycin-enhanced RT antitumor activity in vivo. The gut
microbiota aids host digestion and generates a large repertoire of
metabolites, including short-chain fatty acids (SCFAs) that consti-
tute the major products of bacterial fermentation (43). SCFAs are
saturated aliphatic organic acids that contain between 1-6 carbon
atoms of which acetate (2 carbon atoms [C2]), propionate (3 car-
bon atoms [C3]), and butyrate (4 carbon atoms [C4]) represent
95% of total SCFAs present in the intestine (44, 45). Interestingly,
SCFAs can directly modulate cytokine production and impact DC
functions, including IL-12 transcription and secretion (46).

Given the central role of DCs in T cell priming and the role
of CD8" T cells in RT+vancomycin combination, we examined the
potential contributions of C3 and C4 in DC APC function in vitro.

For this, we generated bone marrow DCs (bmDCs) by cultur-
ing bone marrow cells in GM-CSF/IL-4 for 7 days and adding C3
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and/or C4 at 100 uM during OVA protein pulsing. The DCs pulsed
with the full-length OVA protein were then cultured with T cells
taken from OT1 mice in an IFN-y ELISPOT assay. Our results
demonstrate that the APC function of DCs was inhibited by C4
alone, as shown by measurements of decreased IFN-y-secreting
cellsin bmDCs treated with C4 relative to untreated control. Inter-
estingly, C3-treated DCs also exhibited a partial inhibition of anti-
gen presentation when used alone but did not potentiate the inhi-
bition induced by C4 alone (P = 0.0134) (Figure 5A). Therefore,
we focused on the role of C4 in subsequent experiments. Next,
we phenotypically characterized bmDCs exposed to SCFAs. We
found that although overall CD11c* population was not affected,
their activation state, measured by CD86 expression, was reduced
by the presence of SFCA (Supplemental Figure 11). To ensure that
SCFAs were affecting primarily DCs and not T cells, we evaluat-
ed the direct impact of C4 on purified T cells by stimulating over-
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night T cells purified from splenocytes of healthy mice with aCD3/
aCD28 antibodies in the presence or absence of C4. The presence
of C4 during aCD3/aCD28 stimulation resulted in no significant
effects on IFN-y production by T cells (Figure 5B). In line with pre-
viously published results, these data confirm the impact of SCFAs
on DC phenotype and inhibition of antigen presentation.

We then tested whether C4/butyrate can negatively impact
the synergy of RT+vancomycin combination therapy in vivo by
supplying sodium butyrate to the drinking water of mice at the
same time they were being treated with vancomycin. One day lat-
er, the mice were challenged with B16-OVA, and irradiated (21 Gy)
when their tumors reached approximately 50 mm?®. In agreement
with our previous results, vancomycin enhanced the tumor-inhib-
itory effects of RT (P = 0.0307), but the addition of C4 abrogated
this effect (P = not significant) (Figure 5C). To determine whether
the effects of the C4 in vivo correlate with the observed impact
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in vitro, we enumerated OVA-presenting DCs in lymph nodes of
mice and found a significant decrease of this population in mice
treated with butyrate (Figure 5D). Moreover, we analyzed the
mRNA expression levels of Ifng and Il12b in the tumors by real-
time quantitative PCR (QPCR). Notably, the impact of vancomycin
on Ifng and Il12b levels was reduced when C4 was included in the
treatment regimen (Figure 5E and Supplemental Figure 12). Final-
ly, the addition of butyrate to RT+vancomycin treatment reduced
the percentage of intratumoral, antigen-specific T cells compared
with RT+vancomycin (Figure 5F). Collectively, our results indi-
cate that C4/butyrate produced by intestinal bacteria impairs
the activity of APCs in vitro and interferes with the cross-priming
activity and abrogates vancomycin-enhanced RT-mediated anti-
tumor effects in vivo.

Vancomycin treatment alters short-chain fatty acid concentra-
tion and bacterial community composition. To determine whether a
causal relationship exists between butyrate production and vanco-
mycin treatment, we investigated whether vancomycin treatment
decreased the levels of SCFAs in mouse feces and altered the pro-
portion of bacteria producing SCFAs in the gut microbiota. Cecum
contents and stools from untreated mice, mice treated with vanco-
mycin alone, and mice treated with the combination of RT+vanco-
mycin were collected, and C4 levels were analyzed. Vancomycin
treatment alone or RT+vancomycin combination treatment sig-
nificantly decreased the concentration of C4 relative to untreated
controls (Figure 6, A and B).

Since the SCFA concentrations in the blood and tissues have
been reported to be substantially lower than in intestinal content
(47), we examined the effects of vancomycin in both the TDLNs
and the tumors by collecting tissue from tumor-bearing animals
that were either untreated (control) or treated with vancomycin. We
observed that in both tumor and TDLN tissues, vancomycin signifi-
cantly decreased the amount of available C4 (Figure 6, C and D).

The bacterial population in the cecum has been reported to be
more abundant in Firmicutes, the phylum of SCFA-producing gut
bacteria, relative to feces (48). Therefore, we carried out 16S rRNA
marker gene sequencing and confirmed that the levels of gram-pos-
itive SCFA-producing bacteria were substantially reduced following
treatment with vancomycin alone. Fecal samples from mice treated
with 0.5 g/L oral vancomycin were sequenced and compared with
samples from untreated control mice. As expected, we found that
vancomycin treatment induced major alterations in the bacterial
community composition, including elimination of the majority of
gram-positive taxa together with some impact on gram-negative
taxa (Figure 6E). As a result, the number of bacterial taxa found in
the vancomycin-treated group was 4 times lower than that of the
untreated controls (P = 0.01) (Figure 6F). The composition of the
bacterial community was altered consistently by vancomycin treat-
ment, as indicated by an analysis of unweighted UniFrac distance,
which is a measure of community dissimilarity between samples.
Sample distances within the control and vancomycin treatment
groups were drastically lower than the between-group distances
(P<0.001) (Figure 6G).

Vancomycin treatment eliminated the 2 major families of
short-chain fatty acid-producing Clostridia: Ruminococcaceae and
Lachnospiraceae (P < 0.01 for both families) (Figure 6H). Because
some bacteria remained under the parent order of Ruminococca-
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ceae and Lachnospiraceae after vancomycin treatment, we aligned
the 16S sequence reads that were assigned to Clostridiales to a
database of all characterized bacterial species and examined
SCFA products attributed to the closest matching bacterial species
using a 90% sequence similarity cut off. Based on our analyses,
we determined that the vancomycin treatment group showed no
evidence of remaining butyrate-producing bacteria from the Clos-
tridiales order. Our data demonstrate that vancomycin treatment
preferentially targets the gram-positive bacterial populations,
including butyrate-producing bacteria, and decreases SCFA con-
centrations in fecal and tissues samples.

Discussion
In this study, we describe the impact of gut microbiota composi-
tion on hypofractionated RT delivered to sites distal to the gut, and
demonstrate that the gut microbiota can be modulated to improve
RT-mediated antitumor responses. Using both a B16-OVA mela-
noma model and a TC-1 lung/cervical cancer model (expressing
HPV E6/7), we report that vancomycin pretreatment enhanced
the antitumor effects of RT in tumor-bearing mice, whereas pre-
treatment with a neomycin and metronidazole (Neo/Met) regi-
men had no such effect. The improving effects of vancomycin in
irradiated mice were confirmed using mice sourced from a second
animal vendor, proving that our observation is not limited to a spe-
cific microbiota baseline. We also showed that the RT-enhancing
effects of vancomycin treatment are IFN-y- and CD8-dependent,
and that vancomycin treatment increases antigen presentation
by CD1lc* DCs in the TDLNs of RT-treated mice. Furthermore,
we report that butyrate/C4-producing bacteria are eliminated by
vancomycin treatment and that C4-mediated impairment of APC
function abrogates vancomycin-enhanced RT antitumor activity.
Collectively, our data suggest a new mechanism in which the van-
comycin-mediated increase in RT-mediated efficacy involves the
elimination of bacteria-producing SCFAs, which is accompanied
by tumor microenvironment remodeling together with increased
antigen presentation and cytotoxic T cell infiltration in the tumor.
Although an increase in the total number of T cells infiltrating
the tumor in the vancomycin-alone group was observed, the OVA
T cell-specific response was, unexpectedly, not improved in the
same group, suggesting that in nontreated tumors, cross presenta-
tion may increase the recognition of other TAAs (49, 50).
Although the interplay between the intestinal microbiota and
the immune system was originally described some time ago, it has
recently regained momentum (51-55). Our findings using 2 distinct
preclinical cancer models showed that the use of a specific antibi-
otic such as vancomycin can augment the antitumor effects of RT.
Importantly, vancomycin is retained locally within the gut when
administered orally (56), strongly suggesting that our observed
phenotype is due to the local interactions between the gut micro-
biota and the immune system that results in long-range systemic
effects. Previously, Viaud et al. (20) studied the impact of antibiotic
treatment on the antitumor immune effects of cyclophosphamide.
In contrast to our data, that study demonstrated that vancomycin
administration abrogated the response to cyclophosphamide thera-
py. Interestingly, the study by Viaud et al. also showed that the anti-
tumor immune response to cyclophosphamide therapy was medi-
ated by the specific phenotype of Th17 cells (20). In contrast, our
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data show that the enhanced antitumor effects of RT+vancomycin
combination treatment is dependent on IFN-y and cytotoxic T cells.
Moreover, Ivanov et al. (14) demonstrated that depletion of certain
gram-positive bacteria, including SFB, influenced the local and sys-
temic Th17 development, suggesting that there are different mech-
anisms involved in the 2 models.

Another notable difference between the results presented
here and previous studies is that the delivery of hypofractionated
localized RT largely avoids any direct effects on the gut, whereas
chemotherapy, being systemic in nature, may also impact the gut
microbiome, which can be a confounding factor in such compar-
isons. As demonstrated by previous work in chemotherapy and
systemic-based RT, therapies such as total body irradiation (TBI)
have a direct effect on gut microbiota and damage to the gut epi-
thelial barrier, with possible transient intraperitoneal extraversion
and inflammation, which can in turn influence tumor response (20,
57,58). In our studies, RT is locally delivered to the tumor, avoiding
direct damage to the gut epithelium, which parallels most clinical
modalities involving radiotherapy.

One important aspect to consider when dealing with antiim-
mune responses to radiotherapy is the radiation dose and frac-
tionation scheme. Vanpouille-Box et al. (13) recently showed that
DNA exonuclease TREX1 is induced by radiation doses above
12-18 Gy and attenuates their immunogenicity by degrading DNA
that accumulates in the cytosol upon radiation. Interestingly, in
our studies we did not observe significant differences between 8
x 3-Gy and 1 x 21-Gy regimens. While we did not analyze TREX1
activation in our study, it is possible that these differences are due
to the distinct tumor types used in the 2 studies (breast carcinoma
vs. melanoma) as well as possible differences in the gut microbio-
ta, as indicated by our data.

Recently, our group demonstrated in preclinical models that
gut microbiota influence the impact of ACT, which is in line with
the present results that vancomycin treatment increases the anti-
tumor effects of ACT (21). This increase in the antitumor effects
of ACT, in agreement with our current data in RT, also involved
DCs, which, in the case of ACT, sustained systemic adoptively
transferred antitumor T cells through IL-12. Moreover, in patients
undergoing allogeneic hematopoietic cell transplantation, admin-
istration of oral vancomycin also increased IL-12 levels (21).

This complexity in immune response and microbiome diversi-
ty is also evident in recent human and mouse studies that demon-
strate an impact of specific bacteria on the antitumor effects of
treatments with CTLA-4 or PD1/PD-L1 blockade (51, 54, 59-61).
Elimination of bacterial species by broad-spectrum antibiotics or
fecal transfer from immunotherapy-resistant patients to germ-
free mice eliminated the response to immune checkpoint therapy.
These findings and our data suggest that different bacterial spe-
cies may be redundant in their impact on the immune system by
the presence of possibly overlapping metabolites, with different
possible outcomes for tumor growth (60).

Although it is established that some of the “off-target” antitu-
mor effects of RT are immune-mediated (42), the mechanism(s)
by which RT+vancomycin combination treatment mediates the
antitumor effects has not been investigated.

Dietary fiber (e.g., complex carbohydrates) can be digested
and subsequently fermented in the colon by gut microbes, primar-
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ily Clostridia (gram-positive bacteria), generating SCFAs such as
C4, C3, and C2 (62). These SCFAs activate the G protein-coupled
receptors GPR41, GPR43, GPR109a, and Olfr78, which are widely
expressed in a variety of cell types, including gut enteroendocrine
cells and immune cells (63-65). Specifically, SCFAs were shown
to have a direct impact on the functionality of macrophages and
DCs. Propionate was shown to affect mouse DCs and macro-
phage biology in the bone marrow and to impair the ability of DCs
to promote Th2 cell effector function in the lungs (66). Butyrate
and propionate treatment of human DCs significantly reduced
LPS-induced Il6 mRNA and I/12 gene expression and enhanced
leukocyte trafficking, and SCFAs strongly reduced the release of
several proinflammatory chemokines (46). In agreement, our data
demonstrate that butyric acid impacted expression of costimula-
tory molecules and antigen presentation of bmDCs, but did not
directly decrease IFN-y secretion by T cells. Although DCs can
also modulate T cells in a butyrate-dependent manner (67), to
our knowledge, the direct impact on antigen presentation in the
context of RT has not been investigated. Finally, butyrate adminis-
trated in vivo abrogated the increase of antigen presenting cells in
TDLNs and decreased tumor levels of IFN-y and IL-12. Similarly,
the adjuvant antitumor effects of vancomycin on RT were lost in
animals fed with butyrate. SCFAs produced by colonic Clostridia
were also shown to induce the differentiation of colonic Treg cells
in mice (68). However, in our model, we did not observe signifi-
cant changes when we investigated this population in the tumor.

In conclusion, our data suggest that the response to anti-
tumor therapies in mice is mediated by a complex interplay
between microbes and immune system interactions. Consis-
tent results with antibiotics demonstrate the effectiveness of
this treatment to modulate the gut composition. However, the
range of results observed in our study and in previous studies
emphasizes the need to carefully characterize gut microbial
composition when studying host-microbial interactions in can-
cer immunotherapy. Based on our findings, we propose the use
of gut modulation in a patient-specific manner in order to trans-
late local antitumor effects of RT into a systemic response that
can target metastatic disease.

Methods

Mouse strains and cell lines. Six-to-eight-week-old C57BL/6 female
mice were purchased from Envigo and Jackson Laboratories. Six-
to-eight-week-old Ifig-KO female (strain B6.129S7-Ifng™!™/]) mice
were purchased from Jackson Laboratories. OT1 mice were provided
by Jackson Laboratories (strain C57BL/6-Tg(TcraTcrb)1100Mjb/])).
Since gut microbiota play an important role in the design of these
experiments, the mice were maintained under special conditions
upon delivery; only one cage was placed inside the hood, and both
glove replacement and decontamination using chlorine dioxide-
based sterilant (clydox-S) were carried out between cages, to avoid any
bacterial exchange. Autoclaved food and individual autoclaved water
bottles were used in order to protect against any contamination. Fur-
thermore, to ensure microbiota homogeneity between wild-type and
Ifng-KO when cages were changed, a mix of mouse feces coming from
all used cages was added into the clean unused cages to normalize the
animal’s bacterial flora. This process was discontinued after tumor
challenge. The mice were randomly assigned to different experimen-
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tal groups before tumor challenge. TC-1 cells were propagated in 5%
CO, at 37°C and cultured in RPMI 1640 medium with 2 mM L-gluta-
mine (Corning, catalog 25005CI) supplemented with 10% FBS (Gib-
co, lot 1456821), adjusted to contain 1.1 g/L sodium pyruvate and 10
mM HEPES (Corning, catalog 25060CI), supplemented with 2 mM
nonessential amino acids (Gibco, catalog 11150050), 100 U/mL peni-
cillin, and 100 mg/mL streptomycin (Corning, catalog 30002CI). The
murine melanoma tumor model B16 cell line engineered to express
ovalbumin (B16-OVA) was grown in DMEM (Gibco, catalog 10566)
supplemented with 10% FBS, 100 U/mL penicillin, and 100 mg/mL
streptomycin. G418 (500 pg/mL) was used for positive selection of
B16-OVA-transfected cells. Both B16 and TC-1 cell cultures (ATCC)
were tested to detect mycoplasma contamination.

Invitro dendritic cell generation. After bone marrow cells were har-
vested from the mouse femur, the resulting cells were seeded in 6-well
plates and incubated with granulocyte-macrophage colony-stimu-
lating factor (GM-CSF) and IL-4 at concentrations of 10 ng/mL for 7
days. Media containing each treatment were replaced every 2 days. On
day 7, cells were collected and adjusted to 1 x 10° cells/mL and incu-
bated with 1 pg/ml LPS (Invivogen, catalog tlrl-eblps) overnight (69).

In vitro SCFA treatment. BMDCs were treated with 100 pM sodi-
um butyrate (MilliporeSigma, catalog B5887), 100 uM sodium pro-
pionate (MilliporeSigma, catalog P1880), or a combination of both
for 24 hours (46), and pulsed with OVA peptide. After LPS and LPS+
SCFA incubations, the cells were detached and placed in an ELISPOT
plate with T cells from the OT1 mice. CD3* T cells were isolated from
spleens of OT1 mice using the Miltenyi Pan T cell isolation kit (catalog
130-095-130). Purified T cells (1 x 10%) were seeded in triplicate in a
96-well ELISPOT plate and stimulated overnight with «CD3 (clone
145-2C11, BioLegend) / aCD28 (clone 37.51, Invitrogen) in the pres-
ence or absence of 100 uM sodium butyrate. Part of the bmDCs were
collected, stained, and analyzed by flow cytometry.

ELISPOT. Ninety-six well multiscreen immobilon-P (MAIP)
filtration plates (Millipore, catalog MAIPS4510) were coated over-
night with a 2.5 pg/mL solution of rat anti-mouse IFN-y (BD Biosci-
ences, catalog 551216) in sterilized PBS. The assay was carried out
using R10 medium containing RPMI with HEPES and glutamine,
10% FBS, 100 U/mLpenicillin, 100 mg/mL streptomycin, and 55
uM 2-mercaptoethanol (Gibco, catalog 21985023). The plates were
washed 3 times with sterilized PBS and blocked with R10 for 2 hours
before cells were plated. Lymph node cells (0.5 x 10° cells/well),
bmDCs (1 x 10* cells/well and 2 x 10* cells/well), and tumor cells
(0.1 x 106 cells/well) were incubated in triplicate for 20 hours at
37°C with 0.1 x 10° T cells from OT1 mice with or without 1 pg/mL
OVA peptide. bmDCs from C57BL/6] were pulsed with OVA protein
(100 pg/mL) and LPS (10 ng/mL) during the final 24 hours. After
the incubation, the plates were washed 6 times with PBS containing
0.05% Tween-20 (Bio-Rad). This process was repeated before the
plates were incubated with anti-mouse biotin-conjugated anti-IFN-y
antibody (clone, BD Biosciences, catalog 5 54410) for 3 hours at
room temperature, followed by incubation with streptavidin-alkaline
phosphatase conjugate (BD Biosciences, catalog 55065) for 30 min-
utes at 37°C. Finally, the plates were washed 3 times with washing
buffer and 3 times with PBS and then developed by adding nitroblue
tetrazolium/5-bromo-4-chloro-3-indolyl phosphate (Pierce, catalog
34042). The spots were measured using an automated ELISPOT
reader (Autoimmun Diagnostika GmbH).
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Tumor challenge. Six-to-eight-week-old C57BL/6 mice (Jackson
Laboratories or Envigo) were injected subcutaneously in both legs
with 1x10° TC-1 or B16-OVA cells per mouse in 100 pL PBS. The non-
irradiated (abscopal) tumor was injected 3 days after the primary one.
Once tumors were detectable, development was monitored every oth-
er day by caliper measurements.

Antibiotic and sodium butyrate administration. Mice received
drinking water containing vancomycin (0.5 g/L, MilliporeSigma,
catalog V2002) or neomycin (1 g/L, MilliporeSigma, catalog N1876),
plus metronidazole (1 g/L, MilliporeSigma, catalog M3761) (Neo/Met)
ad libitum beginning 1 day before the tumor challenge. In the butyr-
ate-containing experiments, sodium butyrate (5 g/L) was included
in the water at the same time and in combination with vancomycin.
All the reagents were purchased from Sigma-Aldrich. Neo/Met treat-
ment was supplemented with 1.5 g/L of a dextrose, maltodextrin, and
sucralose mix. No significant differences in water consumption were
observed among groups.

Irradiation. Tumors were irradiated with 21 Gy when tumor vol-
umes were approximately 50 mm?, using an XRAD320iX, an x-ray
system capable of delivering a precise radiation dosage to small
animals such as mice. The process included shielding the gut area
from the irradiation with lead, in order to avoid direct perturbations
in the gut microbiome. Irradiation of TDLNs was also avoided in
order to allow T cell priming. The Department of Radiation Oncol-
ogy houses an X-Rad 320IX Biological X-Ray Irradiator (Precision
X-Ray) in the Smilow Center for Translational Research. The irradi-
ator is calibrated for absolute dose using the AAPM TG-61 protocol
for kV x-ray beam dosimetry (70). The calibrations are performed
with a 0.6-cc volume Exradin Model A12 Farmer chamber (Standard
Imaging) and paired Welhoffer Dose 1 (IBA Dosimetry) electrome-
ter, both with the National Institute of Standards and Technology
(NIST) and Accredited Dosimetry Calibration Laboratory (ADCL)
certificates. Regular film and optically stimulated luminescent
dosimeter (OSLD) measurements were performed to monitor irra-
diator output.

Invivo CD8 depleting antibody treatment. Mice received 3 doses (once
aweek) of 200 pg/mouse of either anti-mouse monoclonal CD8-block-
ing antibody (InVivoMAb anti-CD8a YTS 169.4, BioXCell, catalog
BEO0117) or rat IgG2b isotype control (InVivoMADb LTF-2, BioXCell, cata-
log BEO090) by intraperitoneal injection (37).

Cell isolation and purification. Tumors were digested using 600
U/mL of collagenase type IV (Gibco, catalog 17104019) resuspended
in HBSS (Gibco, catalog 14175-079). DCs were isolated from tumors
and lymph nodes using CD11c MicroBead UltraPure (Miltenyi Biotec,
catalog 130-108-338) according to the manufacturer’s instructions.
TDLNs and spleens were digested with collagenase D (2 mg/mL,
Sigma-Aldrich, catalog 11088858001) in HBSS. T cells were isolated
from OT1 mouse splenocytes using the mouse Pan T Cell Isolation Kit
11 (Miltenyi Biotec, catalog 130-095-130) according to the manufac-
turer’s instructions.

Coculture assay. Tumors and draining lymph nodes from treated
mice were collected and dissociated. Tumor cells (1 x 10°) were incu-
bated for 24 hours with 1 x 10° T cells from OT1 mice or from E6/7
immunized mice in IFN-y ELISPOT plates (71). CD11c* cells isolated
from TDLN cell suspension were cocultured with purified naive CD3*
T cells from OT1 mice in a ratio 1:10 and incubated overnight. OT1
T cells were then collected, stained, and analyzed by flow cytometry.
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Flow cytometry. Cells were subjected to up to 8-parameter flow
cytometry on a FACS Canto flow cytometer using BD FACS Diva soft-
ware (BD Biosciences) and data were analyzed using Flow]Jo version X
(Tree Star). Briefly, intracellular staining to detect T cell polarization
was performed fromisolated purified CD3* T cells. Cells were washed,
stained with surface bodies, fixed, permeabilized, and incubated with
intracellular antibodies using the FOXP3/Transcription Factor Stain-
ing Buffer Set from eBioscience (catalog 00-5523-00). The following
monoclonal antibodies against mouse markers were used to pheno-
type the T cells: anti-CD45 (clone 30-F11, Invitrogen) anti-CD3 (clone
17A2, BD Pharmingen), anti-CD25 (clone 145-2C11, BD Pharmingen),
anti-CD4 (clone RM4-5, BL), and anti-CD8 (clone 53-6.7, BioLegend).
iTAg Tetramer/PE-H-2 Kb OVA (SIINFEKL) (MBL International) was
used to detect specifically infiltrating OVA T cells. LIVE/DEAD Fix-
able Aqua Dead Cell Stain (Life Technologies) was used to gate living
cells. Intracellular staining was carried out using anti-IFN-y (clone
XMG1.2, eBioscience) and anti-FOXP3 (clone FJK-16s, Invitrogen)
after cells were stimulated by incubating 1 x 10° cells with 5 pg/mL
OVA peptide (257-264, GenScript, catalog RP10611) overnight or PMA
(25 ng/mL), ionomycin (1 pg/mL) and Golgi stop for 6 hours.

DC phenotyping was carried out using the following monoclonal
antibodies against mouse markers: MHC2 (clone M5/114.15.2, BioLeg-
end), CD11c (clone N418, eBioscience), CD11b (clone M1/70, BioLeg-
end), anti-CD86 (clone GL-1, BioLegend) and CD45 (clone 104, Bio-
Legend). Anti-H-2kb bound to SIINFEKL (clone 25-D1.16, BL) was used
because of its specific reaction with ovalbumin-derived peptide SIIN-
FEKL ((Kb)-SL8 OVA peptide) bound to H-2Kb of MHC class I, avoiding
both unbound H-2Kb and H-2Kb bound with an irrelevant peptide.

Immunohistochemical tumor analyses. Tumors were embedded in
OCT (VWR International LLC, catalog 4583) or immediately snap fro-
zenindryice. Sections (6-um thick) were stained for mouse CD3 (CD3
Early T-Cell Marker, rabbit monoclonal antibody, Thermo Fisher Sci-
entific, catalog RM-9107-S0) with hematoxylin as a counterstain.
Images of the slides were taken using a Nikon Eclipse Ti microscope.
Investigators performed a blind assessment of the IHC sections.

Cytokines analyzed by ELISA. Mouse IFN-y levels were measured
from supernatants using a DuoSet ELISA mouse IFN-y kit (R&D
Systems, catalog DY485) according to manufacturer’s instructions.
Protein extractions from tumors were carried out using T-PER Tis-
sue Protein Extraction Reagent (Thermo Fisher Scientific, catalog
78510), and the resultant lysates were used to analyze IFN-y levels
with the Mouse IFN-y Quantikine ELISA Kit (R&D Systems, catalog
MIF0O). The results were normalized to the total protein levels mea-
sured by BCA assay.

Gene expression analysis. The relative quantification of the expres-
sion levels of selected genes was carried out by real-time reverse
transcription PCR (qPCR). Total RNA from B16-OVA tumors and
from TDLNs was extracted using TRIzol reagent (Invitrogen, catalog
15596018) according to the manufacturer’s instructions. The quality
of the RNA samples was determined by visualization of intact 18S and
28S RNA bands following agarose gel electrophoresis with ethidium
bromide staining. Two micrograms of total RNA were reverse tran-
scribed with random primers using the High Capacity cDNA Reverse
Transcriptionkit (Thermo Fisher Scientific, catalog 4368814). Twenty-
five nanograms of cDNA were used in each qPCR reaction with a
QuantStudio 6 Flex Real-Time PCR System (Thermo Fisher Scien-
tific). TagMan gene expression assays were used to quantify expres-
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sion levels of the following target genes 1 day after radiation: Infbl
(MmO00439546_s1); and 3-5 days after radiation: Ifing (Mm01168134_
ml), [112b (MmO01288989). Gapdh (Mm99999915 gl) was used as
housekeeping gene.

Analysis of SCFAs in fecal samples. Stools and fecal contents were
collected from mice and stored frozen in sterile tubes until analysis.
Fecal samples were homogenized in volatile free fatty acid mix (5
uL/mg stool, Sigma-Aldrich) and centrifuged (13,000g for 5 min-
utes). The supernatant was filtered using 1.2 pm, 0.65 um, and 0.22
um filter plates (Millipore, catalog MSBVN1210, MSDVN6510, and
MSGVN2210, respectively). The filtrate was loaded into total recovery
vials (Waters, catalog 186007197C) for analysis. SCFAs were quan-
tified using a Waters Acquity uPLC System with a Photodiode Array
Detector and an autosampler (192 sample capacity). Samples were
analyzed on a HSS T3 1.8 um 2.1 x 150 mm column. The flow rate was
0.25 mL/min, the injection volume was 5 pL, the column temperature
was 40°C, the sample temperature was 4°C, and the run time was 25
minutes per sample. Eluent A was 100 mM sodium phosphate mono-
basic, pH 2.5; eluent B was methanol; the weak needle wash was 0.1%
formic acid in water; the strong needle wash was 0.1% formic acid in
acetonitrile; and the seal wash was 10% acetonitrile in water. The gra-
dient was 100% eluent A for 5 minutes, gradient to 70% eluent B from
5-22 minutes, and then 100% eluent A for 3 minutes. The photodiode
array was set to read absorbance at 215 nm with 4.8 nm resolution.
Samples were quantified against standard curves of at least 5 points
run in triplicate. Standard curves were run at the beginning and end
of each metabolomics run. Quality control checks (blanks and stan-
dards) were run every 8 samples. Results were rejected if the standards
deviated by more or less than 5%. Concentrations in the samples were
calculated as the measured concentration minus the concentration of
the solvent (volatile free fatty acid mix, 10 mM); the range of detection
was at least 1-100 pmol/g stool. Analysis was performed by the Micro-
bial Culture & Metabolomics Core, PennCHOP Microbiome Program.

Analysis of SCFAs in TDLNs and tumor samples by liquid chroma-
tography high-resolution mass spectrometry (LC-HRMS). SCFA analy-
sis was conducted using a 2-hydrazinoquinoline derivatization and
LC-HRMS modified from ref. 72. Tumor tissues or lymph nodes
were placed in 0.4 mL 80% methanol/water (from -80°C) spiked
with 20 pL internal standard mix (1000 ng [*C,]-p-hydroxy-butyr-
ate and 1000 ng [*C,?H,]-acetate). The tissues and lymph nodes in
metabolic solution were homogenized using a Bullet Blender 24 AU
(Model BB24-AU) for 5 minutes at power 12 at 4°C. For serum SCFA,
0.2 mL 80% methanol/water (from -80°C) and 20 pL internal stan-
dard mix were added to 10 pL serum. Samples were then placed on
ice for 20 minutes to allow for metabolite extractions from tissues
into the methanol solution. The tubes were hand vortexed for 5 sec-
onds each, then spun down for 5 minutes at 20,400g, and the clear
supernatants were moved to a clean Eppendorf tube. The protein
pellets from the precipitate were used for protein quantification by a
Bradford assay (Thermo Fisher Scientific). Supernatant was evapo-
rated to dryness under nitrogen gas, then 50 uL derivatization solu-
tion (2.5 uM 2-hydrazinoquinoline and 2 uM 2,2-dipyridyl disulfide
in acetonitrile) was added followed by 50 uL 2 uM triphenylphos-
phine in acetonitrile. Derivatization was done for 15 minutes in a
water bath at 60°C. The mixture was placed on ice for 5 minutes to
cool, followed by an addition of 100 pL water and vortex mixing to
stop the reaction. A quantity of 100 pL of this reaction mixture was
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transferred to HPLC vials. A quantity of 10 pL was injected on a Ulti-
mate 3000 UHPLC with a Waters Acquity UPLC BEH C18 column
(1.0 x 150 mm, 1.7 um) using a reversed phase gradient with solvent
A of 2 mM ammonium acetate in water with 0.05% acetic acid to
solvent B 2 mM ammonium acetate in 95% acetonitrile/5% water
with 0.05% acetic acid at 0.08 mL/min flow rate at 55°C. The LC
was coupled to a Q Exactive Plus (Thermo Fisher Scientific) with a
heated ESI source operating in positive ion mode alternating full-
scan and MS/MS. The [M+H]" ion of each analyte and its internal
standard was quantified with a 5 ppm window in the full-scan acqui-
sition, with peak confirmation by MS/MS using the product ion
derived from the HQ derivative (143 and 160 m/z).

16S rRNA marker gene sequencing. Mouse fecal samples were col-
lected and frozen at -80°C. DNA was extracted using the DNA Stool
Kit from Qiagen, according to the manufacturer’s instructions. PCR
amplification of the 16S rRNA marker gene was carried out using
Phusion High-Fidelity DNA Polymerase (New England Biolabs). The
primers targeted the V4-V6 regions of the 16S gene (5'-TGYCAGCMG-
CCGCGGTA-3', 5'-TCACGRCACGAGCTGACG-3'), and contained
10 bp DNA barcodes used to identify samples in sequencing. Products
were purified using AMPure XP from Beckman Coulter. The DNA was
sequenced on a Roche 454 GS FLX instrument. DNA sequence data
were processed using the QIIME pipeline version 1.8 using default
parameters unless indicated (73). We required an exact match to
the expected barcode and primer sequence. We removed low-qual-
ity sequence reads with more than 2 ambiguous base calls, or if the
sequence length was less than 200 bp. Operational taxonomic units
were selected with UCLUST (74) and taxonomic assignments were
generated using the default consensus assignment method in QIIME.
Representative sequences were aligned with PyNAST (75) and used
to construct a phylogenetic tree with FastTree (76). UniFrac distances
(77) were computed between each pair of samples using QIIME. Non-
parametric statistical tests (Mann-Whitney, Kruskal-Wallis) were used
to compare the relative abundance of taxa and within-group UniFrac
distances. Sequencing data is deposited in the NCBI Sequence Read
Archive (SRA) under accession number PRJNA565607.

Statistics. Sample sizes were chosen on the basis of pilot experi-
ments and on our experience with similar experiments. Two-tailed
Student’s ¢ tests were used to compare data sets where indicated.
Two-way ANOVA was used to compare tumor progression. The rel-
ative abundance of bacterial taxa was compared using a 2-sided ¢ test
after log transformation. Sample dissimilarity between groups was
evaluated using permutational multivariate ANOVA (PERMANOVA).
Survival over time was analyzed using the Kaplan-Meier estimator. A
Pvalue less than 0.05 was considered significant. Correction for false
discovery rate was used to correct for multiple comparisons.
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Study approval. All animal studies were approved by the IACUC
and the University Laboratory Animal Resources at the University
of Pennsylvania. Mice were treated in accordance with University of
Pennsylvania guidelines.
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