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Gut microbiota composition
IS associated with the efficacy
of Delta-24-RGDOX in malignant gliomas
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Glioblastoma, the most common primary brain tumor, has a
6.8% survival rate 5 years post diagnosis. Our team developed
an oncolytic adenovirus with an OX-40L expression cassette
named Delta-24-RGDOX. While studies have revealed the inter-
action between the gut microbiota and immunotherapy agents,
there are no studies linking the gut microbiota with viroimmuno-
therapy efficacy. We hypothesize that gut bacterial signatures will
be associated with oncolytic viral therapy efficacy. To test this hy-
pothesis, we evaluated the changes in gut microbiota in two
mouse cohorts: (1) GSC-005 glioblastoma-bearing mice treated
orally with indoximod, an immunotherapeutic agent, or with
Delta-24-RGDOX by intratumoral injection and (2) a mouse
cohort harboring GL261-5 tumors used to mechanistically eval-
uate the importance of CD4" T cells in relation to viroimmuno-
therapy efficacy. Microbiota assessment indicated significant
differences in the structure of the gut bacterial communities
in viroimmunotherapy-treated animals with higher survival
compared with control or indoximod-treated animals. More-
over, viroimmunotherapy-treated mice with prolonged survival
had a higher abundance of Bifidobacterium. The CD4" T cell
depletion was associated with gut dysbiosis, lower mouse sur-
vival, and lower antitumor efficacy of the therapy. These findings
suggest that microbiota modulation along the gut-glioma axis
contributes to the clinical efficacy and patient survival of viroim-
munotherapy treated animals.

INTRODUCTION

Glioblastoma (GBM) is the most common and aggressive primary ma-
lignant brain tumor. The current standard of care, including radio-
therapy, chemotherapy, and surgery, only extends the overall patient
survival to approximately 15 months,' ™ with a 6.8% 5-year survival
rate.! Upon recurrence, the median survival associated with GBM is
typically 6 months.* While immunotherapy using immune checkpoint
inhibitors (ICIs) has shown success in several solid tumors, such as
melanoma,”® and in preclinical studies on GBM murine models,”
its effectiveness in patients with GBM has been limited.'’™"

The development of oncolytic virus-based therapy has revealed
encouraging results in preclinical and clinical settings."* Besides their

direct oncolytic effect on tumor cells,"'” oncolytic viruses exert

an immunostimulatory effect through activating cytokines and a
T cell-mediated response, leading to the induction of antitumoral im-
munity.'®'® Specifically, our group developed Delta-24-RGD (DNX-
2401), a replication-competent adenovirus with tumor selectivity and
enhanced infectivity.'®'? A phase I clinical trial testing Delta-24-RGD
on recurrent GBM patients extended survival by more than 3 years in
20% of patients, and 12% of responders had more than a 95% reduc-
tion in tumor size (ClinicalTrials.gov: NCT00805376).>° Addition-
ally, encouraging results have also been observed in two other clinical
trials in adult and pediatric patients with malignant gliomas or diffuse
intrinsic pontine gliomas (DIPGs) (Clinical Trials.gov: NCT02798406
and NCT03178032, respectively).”"** To further improve the efficacy
of Delta-24-RGD, we modified the agent to express the immune cos-
timulatory OX40 ligand (OX40L), which is known to enhance tumor-
specific T cell activation as well as the antigen-presenting capabilities
of tumor cells.”® Preclinical studies using this new oncolytic adeno-
virus, Delta-24-RGDOX, have shown that the indoleamine-2,3-
dioxygenase (IDO)-dependent immunosuppressive pathways are
responsible for mechanisms of resistance of solid tumors to virother-
apy and that the combination of Delta-24-RGDOX with inhibitors of
IDO results in better preclinical outcomes.**

Extensive literature has described the importance of the human gut
microbiota, and its integration into the hallmarks of cancer reflects
its importance to human health.”” Several studies have described a
close relationship between the gut microbiota and immunotherapy ef-
ficacy.”* ™ Specifically, a preclinical study with anti-PD-L1 treatment
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Figure 1. Conceptual framework of the GBM-microbiome study design

(A) The GSC-005 GBM cohort compromises four experimental groups: naive (n = 5), control (n = 3), indoximod treated (n = 5), and Delta-24-RGDOX treated (n = 4). (B) The
GL261-5 GBM cohort with a total of three experimental groups: control (n = 5), Delta-24-RGDOX and indoximod treated plus the IgG control antibody (n = 5), and Delta-24-
RGDOX and indoximod treated plus the CD4 neutralizing antibody (n = 5). Study design outcomes include microbiota changes related to viroimmunotherapy treatment for
both cohorts and association with mouse survival period for the GSC-005 GBM cohort. Created with BioRender.

found an association between Bifidobacterium and antitumor T cell
response.”’ Differential gut microbiota dynamics, including a higher
gut diversity and an increase in Ruminococcaceae and Faecalibacte-
rium, have been associated with melanoma patients responding to
anti-PD-1.”

Understanding the gut-glioma axis might provide novel mechanisms
of efficacy and resistance to therapies of solid tumors, including gli-
omas. To our knowledge, the association of the gut microbiota to
the response to virotherapy has yet to be addressed. This study
aims to determine whether the gut microbiota composition is linked
to the efficacy of oncolytic viruses as single therapy or combined with
IDO inhibitors in two murine glioma models. In addition, we aimed
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to understand the extent to which modification in the population of
CD4" T cells contributes to changes in the gut microbiota. Our study
demonstrates a strong positive relation between gut microbiota and
viroimmunotherapy and suggests the possibility of modifying the
gut-glioma axis to improve response to therapy.

RESULTS

To better understand the link between the gut microbiota and
virotherapy, we collected fecal samples from two independent exper-
imental studies to define bacterial composition and diversity associ-
ated with the therapy (Figure 1). In the first set of experiments,
C57BL/6 mice were implanted intracranially with GSC-005 murine
glioma cells and randomly assigned to receive treatment with
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Delta-24-RGDOX or the immunomodulatory IDO inhibitor indoxi-
mod (Figure 1A).** A second set of experiments involved the implan-
tation of GL261-5 murine glioma cells into the brain of C57BL/6
mice, followed by treatment with Delta-24-RGDOX in combination
with indoximod in the context of CD4 T cell depletion to decipher
their role in the gut microbiota and response to therapy (Figure 1B).**

Microbiota profiling using 16S ribosomal RNA (rRNA) gene
sequencing was performed on fecal samples. After a detailed quality
assessment of the 16S rRNA dataset, we recovered more than
77,000 good-quality reads for the GSC-005 GBM cohort (Table S1)
and 44,000 for the GL261-5 GBM cohort (Table S2). The GSC-005
GBM cohort analysis used a rarefaction level of 6,448 reads per sam-
ple, and for the GL261-5 GBM cohort, we used 11,707 to guarantee
that the even subsampling among all samples would be controlled
for bias in the diversity estimates. As we found significant differences
between the gut bacterial structure of PBS-treated GL261-5 and the
PBS-treated GSC-005 (analysis of similarities [ANOSIM] p = 0.016;
stress value = 9.572417e—05), we decided to analyze the data for these
two cohorts independently (Figure S1).

Increase in anti-inflammatory gut biota, Bifidobacterium and
Akkermansia, is associated with the viroimmunotherapy
treatment

Animals treated with Delta-24-RGDOX exhibited significantly pro-
longed survival (168.00days + 39.23) compared with indoximod- or
PBS-treated mice (53.40 days + 2.07 or 51.33 + 1.53, respectively)
(Tables S1 and S3). Prokaryotic community structure and composi-
tion were analyzed for both treatments (Delta-24-RGDOX and in-
doximod) and mouse survival period (50-56 days and more than
100 days) in the GSC-005 GBM cohort (Figures 2A and 2B). The
healthy naive mice had a distinct bacterial composition compared
with those bearing intracranial tumors and treated either with
PBS (permutational multivariate analysis of variance [PERM-
ANOVA] p = 0.022) or indoximod (PERMANOVA p = 0.009) (Fig-
ure 2A; Table S4). The taxa arrow-feature Muribaculaceae uncultured
bacterium explains the distances formed by the naive group clustering
(Figure 2A). Our results also indicate significant differences in the
composition of the gut bacterial communities in Delta-24-RGDOX-
treated animals with higher survival compared with the naive group
(PERMANOVA p = 0.007) (Figure 2A; Table S4). Additionally, ani-
mals treated with indoximod had significant PERMANOVA dis-
tances to the PBS-treated animals (p = 0.017) (Figures 2A and 2B;
Table S4). An in-depth analysis between the treatment groups, in
which naive samples were removed, depicted significant differences
between the animals treated with PBS and those with Delta-24-
RGDOX (PERMANOVA p = 0.032) (Figure 2B; Table S4). Further-
more, though there were no significant differences in the richness on
the gut microbiota among the different treatment groups (Figure 2C),
we observed prominent changes in bacterial diversity between the
naive and PBS-treated group (survival of 50-56 days) (Kruskal-
Wallis [KW] p = 0.025347; Table S1), highlighting that the tumor
presence is associated with changes in the gut biota (Figure 2D;
Table S4). We also found differences in diversity between the gut mi-

crobiota of PBS- and indoximod-treated mice (both with survival of
50-56 days) (KW p = 0.025347; Figure 2D; Table S4). The highest
gut diversity was observed in tumor-bearing control animals (PBS),
emphasizing the impact tumor presence has on modulating bacterial
diversity (Figure 2D; Table S4). We also found similarities in the alpha
diversity levels between the indoximod- and viroimmunotherapy-
treated mice compared with the naive controls (Figure 2D;
Table S4). This indicates an effect of both immunomodulators,
Delta-24-RGDOX and indoximod, on modifying the diversity associ-
ated with the tumor into one that is most similar to the “healthy”
naive group.

Taxonomic profile analyses identified differences in composition at
the phylum (Figure S2A) and genus (Figure S2B) levels among the
gut microbiota from the experimental groups. The most drastic
changes were an increased abundance in Actinobacteria among the vi-
roimmunotherapy-treated animals (Figure S2A), represented by Bifi-
dobacterium (Figure S2B). As the Firmicutes/Bacteroidetes (F/B) ratio
is essential in maintaining normal gut homeostasis,’' we analyzed this
parameter among our samples. Our results showed that, although not
statistically significant, samples from PBS-treated mice had a higher
F/B ratio compared with the other groups (Wilcoxon rank-sum test
[WRST] p > 0.05; Figure 3; Table S5), suggesting that the presence
of the brain tumor induces gut dysbiosis. The Delta-24-RGDOX-
and indoximod-treated animals had reduced F/B ratio, similar to those
of the naive mice (WRST p > 0.05; Figure 3; Table S5). As both indox-
imod- and viroimmunotherapy-treated mice show alpha diversity and
F/B ratios similar to those of the naive controls, it suggests that treat-
ment with any of the two immunomodulators is associated with likely
reversal of the tumor-associated dysbiosis.

A multivariable association analysis through MaAslin2 revealed that,
for the naive mice, there was a significantly higher dominance in the
phylum Proteobacteria (false discovery rate [FDR] p = 1.486e—02)
(Figure 4A) and the genera Lactobacillus (FDR p = 8.972e—02) (Fig-
ure 4B), Muribaculum (FDR p = 1.367e—02) (Figure 4C), and Para-
sutterella (FDR p = 1.348e—02) (Figure 4D). On the other hand, in the
PBS-treated mice, the model identified a higher abundance of the
phyla Epsilonbacteraeota (FDR p = 4.266e—02) (Figure 4E) and Cy-
anobacteria (FDR p = 1.910e—02) (Figure 4F) and the genera Intesti-
nimonas (FDR p = 3.033e—02) (Figure 4G), Oscillospira (FDR p =
3.549¢—02) (Figure 4H), Ruminiclostridium (FDR p = 4.862e—02)
(Figure 4I), and Roseburia (FDR p = 1.348e—02) (Figure 4]). In the
case of indoximod-treated animals, a higher abundance of Turici-
bacter was detected (FDR p = 2.000e—02) (Figure 4K). Additionally,
in the viroimmunotherapy-treated mice, a significant association be-
tween enrichment of Actinobacteria (FDR p = 1.263e—01) (Figure 4L)
and Verrucomicrobia (FDR p = 1.486e—02) was found (Figure 4M),
characterized by increased presence of Bifidobacterium (FDR p =
9.642e—02) (Figure 4N) and Akkermansia (FDR p = 1.959e—02)
(Figure 40), respectively. In summary, these preliminary results
suggest that (1) indoximod-treated mice have an increase in taxa
capable of deconjugating bile acids (Turicibacter),”* and (2) animals
that responded to the viroimmunotherapy showed an increase in
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Figure 2. Combined overview of the microbiota changes showing that tumor presence alters gut bacterial structure and diversity in the GSC-005 mouse

cohort

(A) We observe significant differences in the bacterial composition and structure (Aitchison distance) between groups: naive, PBS, indoximod, and Delta-24-RGDOX
(PERMANOVA p = 0.001). The taxa arrow-features responsible for group clustering are highlighted in the compositional biplot. Each arrow corresponds to the specific
feature (ASV), and its size indicates the strength of the relationship of that ASV with the community composition and grouping. (B) Differences in the bacterial structure with
clear clustering between treatments (PERMANOVA p = 0.004), naive group excluded. (C) No differences in richness (Chao1) between groups (KW p > 0.05), although animals
administered PBS have a tendency toward higher richness. (D) Shannon index and significant differences in the bacterial community diversity between naive vs. PBS with
survival of 50-56 days (KW p = 0.025347) and PBS with survival of 50-56 days vs. indoximod with a survival of 50-56 days (KW p = 0.025347), observing a higher diversity in

the GSC-005 glioma-bearing mice administered PBS. See also Table S4.

anti-inflammatory taxa, such as Bifidobacterium and Akkermansia,
which could be associated with treatment response and correlated
with long-term survival.

CD4* T cell depletion affects Bifidobacterium and other anti-
inflammatory taxa important in viroimmunotherapy-treated

mice

CD4" T cell-mediated adaptive immune responses are pivotal
in maintaining intestinal homeostasis by distinguishing between
commensal and pathogenic organisms.”® Symbiotic commensals
contribute to CD4" T cell differentiation,”” and their depletion may
affect the gut microbiota homeostasis.***> We have previously re-
ported that the combination of Delta-24-RGDOX and IDO inhibitors
resulted in extended survival compared with those treatments admin-
istered as single agents.”* Of interest, the activity of CD4" T cells was
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essential to achieve this anticancer effect since the depletion of these
cells resulted in a survival similar to that of untreated mice. In this
study, we further evaluate the importance CD4" helper T cells have
in the modulation of the gut microbiota associated with the combina-
tion therapy of Delta-24-RGDOX and indoximod in intracranial
GL261-5-bearing mice treated with depletion antibodies for CD4"*
T cells or an immunoglobulin G (IgG) isotype (Figure 1B). The me-
dian survival of the mice studied in this analysis was representative of
our reported paper, showing a long-term survival (100 days) in mice
treated with the combined therapy and similar survival between PBS-
treated mice (43.00 days +6.00) and those treated with the combined
therapy and CD4" T cell depletion (53.0 days +£18.60) (Tables S2
and $3).>* The analysis of bacterial community structure and compo-
sition showed significant differences between the treatment groups
(PERMANOVA p = 0.003; Table S6). This was highlighted by strong
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Figure 3. Boxplot depicting the F/B ratio for the experimental groups in the
GSC-005 mouse cohort

This ratio is slightly reduced but not significantly (WRST p > 0.05; Table S5) in Delta-
24-RGDOX-treated mice compared with all other groups. Animals administered
PBS showed a very high F/B ratio.

dissimilarity between PBS-treated mice and those treated with
both immunomodulatory therapies (PERMANOVA p = 0.015;
Table S6), where Bifidobacterium was responsible for sample clus-
tering of the combined therapy (Figure 5A).

While alpha diversity metrics showed no significant differences in
richness or diversity between the treatment groups (KW p > 0.05;
Table S6), mice treated with the combination therapy with CD4"
T cell depletion tended to have lower richness compared with the
treated mice with functional CD4" T cells and a higher richness
than those bearing tumors and that were not treated (Figure 5B).
Particularly, the F/B ratio, although not significantly reduced
(WRST p > 0.05) in the immunomodulatory treated animals without
CD4" T cell depletion, there seems to be a slight decrease in dysbiosis
(Figure 5C; Table S6). In CD4™ T cell-depleted mice treated with the
combined therapy, we found a lower abundance of Actinobacteria
(Figure 5D) corresponding at the genus level to a decrease of Bifido-
bacterium and Lactobacillus Figure 5E). These anti-inflammatory
taxa were, however, increased in mice with functional CD4" T cells
(Figures 5D and 5E).

The multivariable association model, MaAslin2, showed that CD4*
T cell depletion in mice treated with the combined therapy resulted
in a significant decrease in the phyla Actinobacteria (Figure 6A)
and Verrucomicrobia (FDR p = 3.073e—02) (Figure 6B), highlighted
by the genera Bifidobacterium (Figure 6C) and Akkermansia (FDR
p = 9.691e—02) (Figure 6D), respectively. In addition, other anti-
inflammatory taxa were found to be reduced in the CD4" T cell-
depleted mice and included Lactobacillus (FDR p = 1.093e—01)
(Figure 6E), Ruminococcaceae UCG 014 (FDR p = 1.623e—01) (Fig-

ure 6F), Muribaculum (FDR p = 4.934e—03) (Figure 6G), and Lach-
nospiraceae A2 (FDR p = 1.623e—01) (Figure 6H) (See also Figure S3).
This analysis demonstrates that CD4" T cell depletion affects the
levels of Bifidobacterium and other anti-inflammatory taxa that
may be associated with efficacy of the combined therapy.

DISCUSSION

This is the first study describing the changes in murine gastrointes-
tinal microbiota associated with oncolytic viral therapy efficacy
against GBM. Although reversing tumor-mediated immunosuppres-
sion is one of the key elements necessary for immunotherapy to be
successful, our results show that viroimmunotherapy (Delta-24-
RGDOX)-treated animals had a higher survival compared with those
treated with indoximod alone.** These IDO inhibitor-treated ani-
mals, although they had a median survival slightly higher than the
controls, their biota had significant levels of Turicibacter, which
were not detected in the naive and PBS-treated animals but that
certainly had to be present in the community to increase its abun-
dance in this group. This taxon, often associated with a healthy
host, including probiotic properties, has been found in association
with ICI response’® and anti-inflammatory effects.””

Tumor injection affects the bacterial community structure and diver-
sity by yet undescribed mechanisms. A skew toward a higher F/B ratio
in the control mice of both cohorts shares similarities with that
observed in obese individuals, indicating dysbiosis.’®** Changes in
microbiota due to physiological alterations associated with the tumor
might account for resistance to cancer therapies such as chemo-
therapy drugs’® and immunotherapy.*' Our results highlight the
resemblance in gut diversity between viroimmunotherapy-treated
mice and the naive group. Chemotherapies, such as irinotecan, affect
the composition of the gut microbiome. Still, an important bidirec-
tionality has been proven to occur, with the gut microbiota inducing
enzymatic changes to the drug, changing its efficacy, and impacting
gut homeostasis.*>** In this study, tumors seem to induce a change
in the microbiota, with communities returning to a homeostatic state
upon viroimmunotherapy—in fact, to a similar state as to how it was
before tumor establishment.

Healthy naive animals (non-tumor bearing) displayed significant
amounts of Muribaculaceae; members of this taxon are propionate
producers and often found to be associated with gut health and mouse
longevity.** We used two glioma cohorts to address the possibility of
obtaining results due to the specific genetic makeup of a single model.
In both models, we observed an enrichment of anti-inflammatory
taxa associated with viroimmunotherapy treatment, supporting our
hypothesis that gut bacterial signatures are associated with oncolytic
viral therapy efficacy. Some of the most notorious taxonomic changes
observed in the viroimmunotherapy-treated mice (GSC-005 GBM
cohort) with prolonged survival included an increase in the phyla
Actinobacteria and Verrucomicrobia and genera Bifidobacterium
and Akkermansia, respectively. Other studies have confirmed the
role of these genera in association with response improvement to
ICIs.””** In fact, mice undergoing anti-PD-L1 with Bifidobacterium
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supplementation have demonstrated an improved antitumor T cell
response through enhanced tumor control, stimulation of tumor-
specific T cells, and increase in antigen-specific CD8" T cells within
the tumor compared with non-Bifidobacterium-treated mice.”’ In
another clinical study, patients with metastatic melanoma that re-
sponded to anti-PD-1 had a higher abundance of Bifidobacterium
longum.* Inosine, a purine metabolite produced by Bifidobacterium
pseuodolongum, has been shown to enhance the efficacy of ICIs.*
These studies support our hypothesis and confirm our results, pin-
pointing the potential role of certain gut microbes in influencing ther-
apeutic efficacy. An important physiological function characteristic of
the Bifidobacterium genus is the production of acetate and lactate
through carbohydrate fermentation. These short-chain fatty acids
(SCFAs) are further converted into butyrate by other commensal
gut bacteria, such as Akkermansia.*® Butyrate has been linked to
the modulation of the CD8" T cell function in the tumor microenvi-
ronment and to antitumor properties."””** Further studies have
directly tested the anticancer attributes of Bifidobacterium against
colorectal cancer,”” highlighting the benefits of probiotic supplemen-
tation for enhancing patient response to therapies. The bidirectional-
ity in the gut-glioma axis has been demonstrated in a study where
GL261-5 GBM mice were administered antibiotics, and further eval-
uation showed that GBM growth was enhanced, and cytotoxic natural
killer cells were reduced.” Depletion of CD4* T cells due to HIV
infection has been shown to lead to dysbiosis of gut commensals®
by affecting production of mucosal IgA.** This low-affinity IgA has
been related to Bifidobacterium depletion.”’ In a previous study by
our team, CD4" T cell depletion in a GBM mouse cohort resulted
in lower mouse survival and lower efficacy of the oncolytic virus ther-
apy,”* here correlated with gut dysbiosis.

Similarly, previous studies have focused on the anti-inflammatory
role of Akkermansia muciniphila in the colon® and response to
PD-1 blockade.”® An abundance of Akkermansia and Bifidobacterium
adolescentis has been associated with better response to PD-1
blockade therapy and overall survival in non-small cell lung cancer
patients.” A similar trend was observed in our data; mice treated
with Delta-24-RGDOX had a higher overall survival compared with
control or indoximod-treated animals with an increase in Akkerman-
sia and Bifidobacterium. With data obtained from the GL261-5 GBM
cohort, we found a reduction of anti-inflammatory taxa in Delta-24-
RGDOX-treated mice that had CD4" helper T cell depletion. One de-
tected taxon was within the Ruminococcaceae family which has also
been associated with treatment efficacy.”” It is true, however, that
CD4" helper T cells may not only respond to the viroimmunotherapy

but also to the commensal gut microbiota, which inherently poses
some difficulty in interpreting fluctuations of bacterial taxa with
T cell depletion. Nonetheless, our data showed that Bifidobacterium
seemed to be a key player in viroimmunotherapy-treated mice that
had CD4" helper T cells, as it was absent in animals with CD4"
T cell depletion.

Our expanding knowledge of microbial taxonomy and its associated
mechanisms sometimes challenges the notion of “good” versus “bad”
microbes, and our study brings the opportunity for us to discuss these
stereotypes. Akkermansia, and its species A. muciniphila, is a
mucosal-dwelling anaerobic bacterium that is often found to be
impacted (reduced) in a variety of metabolic disorders, including
obesity.”>*” Tt is generally a beneficial bacterium, and commercial
probiotics have even been developed, as supplementation restores
epithelial mucosal integrity in mouse models of diabetes and
obesity.”® However, these generalizations should be careful, given
the duality we clearly find in our two small cohorts: an increase in Ak-
kermansia in responders of the GSC-005 cohort and a reduction in
the CD4" T cell-active cohort of GL261-5. In fact, studies of the gut
microbiome of Parkinson’s disease patients reported an increase in
Akkermansia,”” and in gnotobiotic mouse models with co-coloniza-
tion of Salmonella and Akkermansia, there seems to be severe mucous
degradation leading to leaky gut.”® Akkermansia abundance has also
been denoted to have a negative impact in Alzheimer’s disease.”
With this in mind, except for the universal knowledge of the impor-
tance of high levels of bifidobacteria, in the case of Akkermansia, the
correct relative abundance is very important. Currently, what is
accepted is that, depending on Akkermansia levels, there is a response
resistance or improvement in immunotherapy.”>* An absence or
overabundance of this taxon can lead to unresponsiveness to treat-
ment, highlighting that adequate levels, depending on each case,
would induce CD4* T helper cell activation as well as interferon
(IFN)-related gene responses.”” As of yet, there are no mechanistic
studies that have really explored in detail these associations of Akker-
mansia with viroimmunotherapy, which is urgently needed.

Even with these interesting results, the study holds some limitations,
which include a lack of appropriate controls in the GL261-5 GBM
cohort and few biological replicates in some of the groups. Due to
intrinsic gut bacterial changes between the two GBM cell lines
used (GSC-005 and GL261-5), we were not able to use the single-
agent controls from the GSC-005-implanted mice in our GL261-5
microbial cohort analysis or combine the replicates from the
groups to maintain accuracy. Therefore, though these results are

Figure 4. The Actinobacteria and Verrucomicrobia phyla, highlighted by Bifidobacterium and Akkermansia, respectively, are important taxa in
viroimmunotherapy mouse responders with longer survival in the GSC-005 cohort

The naive mice had higher prevalence of the phylum Proteobacteria (FDR p = 1.486e—02) (A) and the genera Lactobacillus (FDR p = 8.972e—02) (B), Muribaculum (FDR p =
1.367e—02) (C), and Parasutterella (FDR p = 1.348e—02) (D). The phyla Epsilonbacteraeota (FDR p = 4.266e—02) (E) and Cyanobacteria (FDR p = 1.910e—02) (F) are more
characteristic of the glioma-bearing mice administered PBS, also reflected by higher levels of Intestinimonas (FDR p = 3.033e—02) (G), Oscillospira (FDR p = 3.549e—02) (H),
Ruminiclostridium 5 (FDR p = 4.862e—02) (), and Roseburia (FDR p = 1.348e—02) (J). Indoximod-treated mice showed a significant increase only in Turicibacter (FDR p =
2.000e—-02) (K). In mice treated with the oncolytic virus, we found an increase in Actinobacteria (FDR p = 1.263e—01) (L) and Verrucomicrobia (FDR p = 1.486e—02) (M). At
the genus level, Bifidobacterium (FDR p = 9.642e—02) (N) and Akkermansia (FDR p = 1.959e—02) (O) are important biomarkers for Delta-24-RGDOX-treated mice.
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Figure 5. Combined overview of the microbiota shows that CD4" T cell depletion alters gut bacterial structure, diversity, and composition

(A) Significant differences in the bacterial composition and structure (Aitchison distance) between the groups: PBS, RGDOX + indoximod + anti-CD4, and RGDOX +
indoximod + 1gG (PERMANOVA p = 0.003). The features that strongly influence the clustering of the groups are highlighted in the compositional biplot, where Bifido-
bacterium is responsible for sample clustering of the RGDOX + indoximod + IgG group. (B) There are no differences in richness (Chao1 index) or diversity (Shannon index)
between groups (KW p > 0.05), although animals treated with the oncolytic virus and indoximod with depleted CD4* T cells have a tendency toward lower richness and

(legend continued on next page)
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very promising, a more robust analysis with appropriate controls is
warranted.

These results highlight the intrinsic bidirectional communication that
exists in the gut-glioma axis and the host immune system. Bifidobac-
terium was linked to a better antitumoral immune response and,
consequently, to improvement of the therapeutic efficacy of the vi-
roimmunotherapy. Nonetheless, more studies, including the mecha-
nisms unfolded by the gut microbiota in modulating antitumor
immunity, are necessary to determine a causal link between the gut
microbiota and response to oncolytic viruses.

MATERIALS AND METHODS

Cell lines

Malignant gliomas are tumors characterized by high heterogeneity;
therefore, our study used two intracranial glioma models, GL261-5
and GSC-005, to address the possibility of obtaining results due to
the specific genetic makeup of a single model. The murine glioma cell
line GL261-5 (a clone with slower in vivo growth kinetics compared
with GL261, from the Tumor Bank Repository, National Cancer Insti-
tute, Frederick, MD, USA)* was cultured in Dulbecco’s modified Ea-
gle’s medium with nutrient mixture F12 (DMEM/F12) (Corning).
Additionally, the murine GSC-005 glioma cells (kindly provided by
LM. Verma, The Salk Institute for Biological Studies, CA, USA)*
were maintained in DMEM/F12 supplemented with N2 (1x, Invitro-
gen), fibroblast growth factor 2 (20 ng/mL, PeproTech), epidermal
growth factor (20 ng/mL, Promega), and heparin (50 pg/mL, Sigma).
Cell cultures were further supplemented with 10% fetal bovine serum
(HyCline Laboratories), penicillin (100 ng/mL, Corning), and strepto-
mycin (100 pg/mL, Corning) and were stored under the following con-
ditions: 37°C and 5% CO..

Oncolytic adenovirus Delta-24-RGDOX

Delta-24-RGDOX, a previously generated oncolytic adenovirus,”
was amplified in human lung carcinoma A549 cells. Following the
manufacturer’s protocol for the Adenopure kit (Puresyn), the virions
were collected and purified. To determine viral titers and replication
of Delta-24-RGDOX, the plaque-forming units per milliliter were
measured using conventional methods.

Indoximod, the IDO inhibitor

Indoximod (275 mg/kg, Sigma-Aldrich) 1-methyl-DL-tryptophan,
was mixed in PBS and rotated overnight with 3-mm glass balls
(Thomas Scientific, 3,000) to help resuspend the drug effectively.

In vivo studies

As reported previously for glioma implantation,” 5 x 10* GL261-5
or GSC-005 cells/mouse were implanted into the caudate nucleus of
7- to 10-week-old C57BL/6 mice using a guide-screw system as

described previously.”> On day 7, mice were randomly assigned to
different experimental groups. For the GSC-005 GBM cohort, four
experimental groups were determined: (1) PBS administered (n = 3),
(2) indoximod treated (n = 5), and (3) Delta-24-RGDOX treated
(n = 4); a naive group (n = 5) of mice with no tumor or treatment
was added as a control. For the GL261-5 GBM cohort, mice were
randomly divided into three experimental groups: (1) PBS plus IgG
control antibody (Bio X Cell-InVivoMAb rat IgG2b isotype control,
anti-keyhole limpet hemocyanin) (n = 5), (2) Delta-24-RGDOX plus
indoximod and IgG, and (3) Delta-24-RGDOX plus indoximod and
CD4-neutralizing antibody (Bio X Cell-InVivoMAb anti-mouse CD4
(clone GK1.5) (n = 5). Mice received intratumoral injections of
Delta-24-RGDOX (5 x 107-1 x 10® plaque-forming units [PFUs]/
dose) on days 7, 9, and 11, and indoximod (275 mg/kg) treatment
was administered twice daily by oral gavage (5 days/week) beginning
on day 7 and lasted until day 35 after tumor implantation. The neutral-
izing and control antibodies (200 jig/mouse) were administered every
fourth day for nine rounds. All experimental protocols were approved
by the University of Texas MD Anderson Cancer Center Institutional
Animal Care and Use Committee and carried out according to the
United States Department of Agriculture guidelines.

Mouse fecal pellet collection

Five mice were housed per treatment and separated into individual
cages for fecal pellet collection. Sample collection was aseptically
done using hot bead-sterilized forceps previously washed in alcohol
between each animal to prevent cross-contamination. Fecal samples
were collected on day 50 and day 37 after tumor implantation for
the GSC-005 and GL261-5 GBM cohorts, respectively. Fecal pellets
were stored in an ultra-low freezer (—80°C) until DNA extraction.

Genomic DNA extraction

gDNA was extracted from mice fecal pellets with the DNeasy
PowerSoil Kit (QIAGEN, Germantown, MD, USA) with the following
modifications of the manufacturer’s protocol. (1) 200 pL of the bead
solution was replaced with 200 pL of phenol:chloroform:isoamyl
alcohol (PCL pH 7-8). (2) C2 and C3 (100 pL of each) were mixed
in one single step. (3) Equal parts of C4 and ethanol 100% were added
to the supernatant. (4) Lysate was placed in a spin filter membrane us-
ing a QIAvac Vacuum System (QIAGEN). (5) Before adding solution
C5, a wash of 650 pL of ethanol 100% was performed. (6) elution was
made with 50 pL of warmed (55°C) C6 solution. gDNA quantifications
were performed using the Qubit 1x dsDNA HS Assay Kit (high sensi-
tivity; Thermo Fisher, Waltham, MA, USA) and the Qubit 2.0 fluorom-
eter. The 16S rDNA gene hypervariable V4 region was amplified with
the universal primers 515F (5-GTGCCAGCMGCCGCGGTAA-3)
and 806R  (5-GGACTACHVGGGTWTCTAAT-3) (https://
earthmicrobiome.org/protocols-and-standards/).  Amplicons
sequenced on Illumina MiSeq using a 2 x 250-bp paired-end protocol.

were

diversity compared with viroimmunotherapy-treated mice with functional CD4* T cells. (C) The F/B ratio for the experimental groups. This ratio is slightly reduced, but not
significantly (WRST p > 0.05), in RGDOX/indoximod without CD4* T cell depletion mice compared with all other groups, whereas animals administered PBS showed a very
high F/B ratio. (D) Taxonomic composition of gut bacteria at the phylum and genus levels between groups, where mice treated with combination therapies that had CD4*
T cell depletion had a decreased abundance of Actinobacteria highlighted by lower levels of Bifidobacterium and Lactobacillus. See also Table S6.
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Figure 6. Significant taxonomic changes predicted by
MaAsLin2 observed in viroimmunotherapy-treated
mice with CD4* T cell depletion

The phyla Actinobacteria (FDR p = 3.073e—02) (A), char-
acterized by the genus Bifidobacterium (C), and Verruco-
microbia (FDR p = 3.073e—02) (B), highlighted by the
genus Akkermansia (FDR p = 9.691e—02) (D), were
decreased in the gut microbiota of mice treated with the
oncolytic virus and the IDO inhibitor when having depleted
CD4" T cells. Other reduced biomarkers at the genus
level of this group included Lactobacillus (FDR p =
1.093e-01) (E), Ruminococcaceae UCG 014 (FDR p =
1.623e—01) (F), Muribaculum (FDR p = 4.934e—03) (G),
and Lachnospiraceae A2 (FDR p = 1.623e—01) (H).

Analyses of the microbial communities

Beta diversity

Compositional biplots were calculated with
QIIME2®* through DEICODE, plotting a vari-
ance-based diagram through a robust Aitchison
principal-component analysis (PCA), which links
specific features or taxa to a beta diversity ordina-
tion.°® Each arrow corresponds to the specific
feature (ASV) responsible for group clustering.
Arrows respond to Euclidian distance from the
origin, and their size indicates the strength of
the relationship of that ASV to the community
composition and grouping.”**” Since 16S rRNA
sequencing provides a resolution of genus level,

there are various similarly named ASVs that
may have different functions.*>* The QIIME2
Emperor biplot selects these top feature arrows
based on magnitude on all of the dimensions,
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largest value in each matrix.®® PERMANOVA
was employed to assess statistical significance

The 16S rRNA demultiplexed amplicons were deposited and pre-pro-
cessed for quality control in QIITA®® and analyzed with the platforms
QIIME2** and R (http://www.R-project.org/).

Quality control of sequencing reads

Raw 16S rDNA reads were pre-processed with a Phred offset of 30
and default split libraries (QIIMEq2 1.9.1). Trimming was settled at
250 bp, and a deblur workflow (deblur 2021.09)%° was followed,
with SILVA taxonomy®>® as a reference database with a minimum
of 97% similarity threshold. The amplicon sequence variant (ASV)
feature table was downloaded from QIITA, and elimination of single-
tons, mitochondria, and chloroplasts was performed. To continue
downstream analyses on QIIMEZ,(’4 the rarefaction level used was
6,448 reads per sample for the GSC-005 GBM cohort, 11,707 reads
for the GL261-5 GBM cohort, and 8,835 for the control sample anal-
ysis for both cohorts.
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using the QIIME2 pipeline.®* For the control
sample analysis of both cohorts (Figure S1), pair-
wise dissimilarities between communities were calculated by employ-
ing the Bray-Curtis distance and visualized through a non-metric
multidimensional scaling (NMDS) with the phyloseq”® and ggplot2”’
packages in R. ANOSIM tests were employed to assess statistical
significance of group distances using the QIIME?2 pipeline.

Alpha diversity and taxonomic profiles

We calculated Chaol (richness) and Shannon index (diversity) alpha
diversity metrics. In addition, taxonomic bar plots of phylum and
genus levels were computed. Figures were built using the phyloseq,”
vegan,”” and ggplot2”' packages in R. Non-parametric KW test was
used to assess statistical significance for alpha diversity metrics.

F/B ratio
As Firmicutes and Bacteroidetes correspond to almost 90% of the gut
microbiome, it is increasingly accepted that the F/B ratio could be
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used as a biomarker in microbiota analyses.”>””> Boxplots depicting
the F/B ratio were built using the vegan package’” in R. Statistical sig-
nificance was addressed with WRST.

Microbial biomarkers

To detect bacterial biomarkers associated with the treatment effi-
ciency of Delta-24-RGDOX against GBM with both cohorts, we
selected the significant ASVs with a p value or q value of less than
0.05 to create phylum- and genus-level boxplots using the MaAslin2
library’® in R. To perform the control sample analysis for both
cohorts, we used a LEfSe (linear discriminant analysis effect size) al-
gorithm”” by employing a non-parametric KW rank-sum test on Mi-
crobiomeAnalyst.”®”® Taxa shown had a log linear discriminant anal-
ysis (LDA) score of 1.0 and a p value cutoff of 0.05. Last, for the
GL261-5 GBM cohort, a selection of significant ASVs with a raw p
value of less than 0.01 from a normalized biome with DESeq2*’
was visualized through a heatmap, specifically through the heatmap.2
function from the gplots package.®'

DATA AND CODE AVAILABILITY

16S rRNA gene sequences can be found in the QIITA®’ study (sandbox
ID 12724 [GL261-5 GBM cohort] and 12729 [GSC-005 GBM cohort])
(https://qiita.ucsd.edu/study/description/13433#). They are also avail-
able in the European Nucleotide Archive ENA Project (PRJEB58738,
ERP143806).

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.
1016/j.omton.2024.200787.
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Supplemental Information

Table S1: Experimental groups, number of animals and summary of the number of sequences (reads) and ASVs across the GSC-005 glioblastoma
cohort dataset.

Experimental Grou Sambples Mice Survival Mean Survival Average Number of Average Number
P P P Period (days) * Stdev* Reads * Stdev* of ASVs # Stdev*
Naive 5 NA NA 19432.00 + 11259.68 209.00 * 34.31
GSC-005 PBS 3 50 - 56 days 51.33 + 1.53 19725.00 + 10266.22 290.67 + 93.07
Glioblastoma
Cohort Indoximod 5 50 - 56 days 53.40 £ 2.07 10415.20 + 2436.14 203.60 + 15.47
Delta-24-RGDOX 4 More than 100 days 168.00 £ 39.23 27508.50 + 14201.95 219.75 + 68.65
TOTAL 17

*Stdev: standard deviation



Table S2: Experimental groups, number of animals and summary of the number of sequences (reads) and ASVs across the GL261-5 glioblastoma
cohort dataset.

Experimental Grou Sambles Mean Survival Average Number of Average Number of
P P P (days) * Stdev* Reads * Stdev* ASVs * Stdev*
GL261-5 PBS 5 43.00 £ 6.00 15,536.80 + 1417.51 176.80 + 26.25
Glioblastoma Delta-24-RGDOX + Indoximod + aCD4 5 53.0 £18.60 14,807.20 + 2098.82 180.60 + 30.32
Cohort
one Delta-24-RGDOX + Indoximod + IgG 5 100.0 + 0.00 13,857.40 + 1426.24 184.00 + 18.68
TOTAL 15

*Stdev: standard deviation



Table S3: Statistical values of Tukey's Multiple Comparisons Test on the median survival of both GSC-005 and GL261-5 GBM cohorts.

Experimental Group 1 Experimental Group 2 PE?)T;:::SVA
GSC-005 PBS (51.33 days £ 1.53) (n=3) Indoximod (53.40 days + 2.07) (n=5) 0.9915
GBM PBS (51.33 days * 1.53) (n=3) Delta-24-RGDOX (168.00 days + 39.23) (n=4) 0.0002
Cohort Indoximod (53.40 days + 2.07) (n=5) Delta-24-RGDOX (168.00 days + 39.23) (n=4) <0.0001
GL261-5 PBS (43.00 days £ 6.00) (n=5) Delta-24-RGDOX + Indoximod + aCD4 (53.0 days + 18.60) (n=5) 0.371
GBM PBS (43.00 days * 6.00) (n=5) Delta-24-RGDOX + Indoximod + IgG (100.0 days + 0.00) (n=5) <0.0001
Cohort Delta-24-RGDOX + Indoximod + aCD4 (53.0 days + 18.60) (n=5) Delta-24-RGDOX + Indoximod + 1gG (100.0 days + 0.00) (n=5) <0.0001

Significant p-values in bold.



Table S4: Statistical values of PERMANOVA and Kruskal-Wallis (KW) pairwise tests on the compositional biplots and alpha diversity metrics for the

main text Figure 2.

Figure 2A Figure 2B Figure 2C Figure 2D
Experimental Group 1 Experimental Group 2 PERMANOVA  PERMANOVA Chaot Shannon
p-value p-value KW p-value KW p-value

Naive (n=5) PBS 50-56 days (n=3) 0.022 - 0.051 0.025
Naive (n=5) Indoximod 50-56 days (n=5) 0.009 - 0.753 0.076
G%%-&% Naive (n=5) Delta-24-RGDOX more than 100 days (n=4) 0.007 - 0.806 0.806
Cohort PBS 50-56 days (n=3) Indoximod 50-56 days (n=5) 0.017 0.017 0.101 0.025
PBS 50-56 days (n=3) Delta-24-RGDOX more than 100 days (n=4) 0.051 0.032 0.289 0.157
Indoximod 50-56 days (n=5) Delta-24-RGDOX more than 100 days (n=4) 0.139 0.059 1.000 0.462

Significant p-values in bold.



Table S5: Statistical values of the Wilcoxon Rank-Sum (WRST) pairwise test on the Firmicutes/Bacteroidetes ratio for the main text Figure 3.

Experimental Group 1 Experimental Group 2 WRST p-value
Naive (n=5) PBS 50-56 days (n=3) 0.21
Naive (n=5) Indoximod 50-56 days (n=5) 1.00
GSGCB-I(\)IIOS Naive (n=5) Delta-24-RGDOX more than 100 days (n=4) 1.00
Cohort PBS 50-56 days (n=3) Indoximod 50-56 days (n=5) 0.36
PBS 50-56 days (n=3) Delta-24-RGDOX more than 100 days (n=4) 0.91
Indoximod 50-56 days (n=5) Delta-24-RGDOX more than 100 days (n=4) 0.91

Significant p-values in bold.



Table S6: Statistical values of PERMANOVA, Kruskal-Wallis (KW) and Wilcoxon Rank-Sum (WRST) pairwise tests on the compositional biplots,

alpha diversity metrics, and F/B ratios respectively for main text Figure 5.

Figure 5A Figure 5B Figure 5C
Experimental Group 1 Experimental Group 2 PERMANOVA Chaot Shannon WRST
p-value KW p-value KW p-value p-value
GL261-5 PBS (n=5) Delta-24-RGDOX + Indoximod + aCD4 (n=5) 0.055 0.754 0.917 0.67
GBM PBS (n=5) Delta-24-RGDOX + Indoximod + IgG (n=5) 0.015 0.465 0.754 0.67
Cohort Delta-24-RGDOX + Indoximod + aCD4 (n=5) Delta-24-RGDOX + Indoximod + IgG (n=5) 0.265 0.917 0.754 0.67

Significant p-values in bold.
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Figure S1: (A) Changes in bacterial composition and structure between the control groups (PBS
administered mice) of the GL261-5 and GSC-005 glioma-bearing mice (ANOSIM p-value=0.016; stress
value=9.572417e-05). Even though no differences in richness (Chao1) were observed (KW p-value=0.05),
there is a tendency of a higher number of species in the PBS GSC-005 glioma-bearing mice. When
evaluating the Shannon Index, we observed significant differences in the bacterial community diversity
between both groups (KW p-value=0.03), observing a higher diversity in the PBS GSC-005 glioma-bearing
mice. (B) Demonstrates the taxonomic changes at phylum and genus level between both groups. We
observe a higher abundance of Verrucomicrobia in the GL261-5 glioma-bearing mice, while Cyanobacteria
and Tenericutes is higher in GSC-005 glioma-bearing mice. (C) Highlights the biomarkers of each PBS
group with a Linear Discriminant Analysis Effect Size (LeFSe) (Log LDA Score: 1.0; p-value cutoff: 0.05
Original). These differences highlight the importance of having separate microbiome analysis for both
glioblastoma cohorts.
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Figure S2: Taxonomic composition of gut bacteria between groups showing that responders to
oncolytic viral therapy that had longer survival periods have a gut microbiome profile similar to that
of Naive mice. Taxonomic changes are observed at phylum (A) and genus (B) level between groups. We
observe a higher abundance of Actinobacteria in the oncolytic viral therapy mice responders, highlighted
by an abundance of Bifidobacterium.
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Figure S3: Heatmap of significant ASVs (raw p-value<0.01) from the GL261-5 cohort highlights the

significant reduction of Bifidobacterium in the viroimmunotherapy and Indoximod-treated mice that had

depleted CD4" T cells.
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