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Accumulating evidence implicates the microbiome as an important determinant of
clinical outcomes in cancer therapies; however, the role of the microbiome in oncolytic
virus therapy remains largely unexplored. We investigated the gut microbiome of
cancer patients following treatment with the oncolytic adenovirus igrelimogene lita- KEYWORDS
denorepvec (Ad5/3-E2F-d24-hTNF-IRES-hIL2; TILT-123). Baseline fecal samples from Adenovirus; cancer therapy;
phase | clinical trials (NCT04695327 and NCT05271318) were analyzed using shotgun fecal microbiome; gut
metagenomic sequencing and compared to treatment outcomes. A higher relative g’]'cmb'ome" oncolytic virus
abundance of Alistipes was observed in patients with treatment benefit, while elevated erapy

Eggerthella was observed with reduced benefit. These associations were validated in a

preclinical mouse model where administration of Alistipes shahii improved the efficacy

of adenovirus therapy. In addition, enrichment analysis in patient samples showed a

positive correlation between higher relative abundance of Alistipes and elevated short-

chain fatty acids in both feces and serum, which in turn revealed higher circulating

neutrophil counts. Finally, in a case study, we observed that adenovirus treatment

resulted in increased Alistipes relative abundance and reduced Eggerthella relative

abundance, indicating that adenovirus therapy may beneficially modulate the micro-

biome. Overall, our findings reveal a novel association between Alistipes, Eggerthella,

and the therapeutic response to oncolytic adenovirus therapy, highlighting their

potential as biomarkers or targets for microbiome-based interventions such as pre-,

pro-, or postbiotics.
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Introduction

Immunotherapies, particularly immune checkpoint inhibitors, have shown promise and received Food and
Drug Administration (FDA) and European Medicines Agency (EMA) approvals in several indications;
however, their initial success has plateaued; hence, more effective treatment options are needed.' In
contrast, cancer vaccines and oncolytic viruses have yet to achieve widespread clinical application.
Oncolytic viruses, which directly kill tumor cells and trigger a strong anti-tumor immune response, are
under active clinical investigation, with several already approved, including T-VEC for metastatic mela-
noma, H101 for head and neck cancer, and Teserpaturev (DELYTACT®) for glioblastoma.2

With the clinical application of immunotherapies, it has become evident that their efficacy is variable and
patient dependent. Emerging evidence highlights the microbiome as a key factor influencing therapy outcomes.
Notably, studies have shown that alterations in the gut microbiota can affect the response to nivolumab in renal
cell carcinoma patients, and studies in advanced-stage non-small cell lung cancer (NSCLC) patients undergoing
anti-programmed death protein 1 (aPD-1) therapy identified positive correlations between a higher relative
abundance of Alistipes shahii, Alistipes finegoldii, and Barnesiella visceriola in the fecal microbiota and
prolonged progression-free survival.>* Additionally, Davar et al. showed that fecal microbiota transplantation
(FMT) from aPD-1-responsive donors restored aPD-1 responsiveness in resistant melanoma patients, and
Tripodi et al. demonstrated that Bifidobacterium spp. supplementation enhanced the antitumoral efficacy of
the oncolytic adenovirus Ad5D24-CpG (Ad-CpG) in mice.>®

Given the growing evidence linking the gut microbiome to immunotherapy outcomes, we believe that
the microbiome also modulates responses to oncolytic virus therapy. This is supported by pre-clinical
findings of Tripodi et al., although clinical validation is lacking.” Therefore, we investigated the interaction
between the fecal microbiome and oncolytic adenovirus TILT-123, which is currently being evaluated in
multiple phase I clinical trials.”® TILT-123 is a human 5/3 chimeric oncolytic adenovirus modified to
encode human IL-2 (hIL2) and tumor necrosis factor (TNF) cytokines to enhance T cell recruitment and
activation in tumors.'”'" Understanding the interplay between oncolytic adenoviruses and the micro-
biome is urgently needed, as the microbiome profile could be used as biomarkers for patient selection or as
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therapeutic strategies, where modulation of the microbiome could expand treatment options for patients
with otherwise incurable cancers.

Materials and methods
Clinical trials

A total of 8 patients were available after treatment with TILT-123 therapy (Figure 1A, Supp Table Sl1),
including 6 patients in the monotherapy trial TUNIMO, treating advanced solid cancer refractory to standard
therapies (TILT-T115, NCT04695327, Figure 1B) and 2 patients in the combination trial PROTA combining
adenovirus therapy with pembrolizumab, treating platinum refractory or resistant ovarian cancer (TILT-T563,
NCT05271318, Figure 1C).”* TUNIMO trial started 11 January 2021, https://clinicaltrials.gov/study/NCT04
695327. The PROTA trial started on 17 May 2022, https://clinicaltrials.gov/study/NCT05271318. Trials are still
ongoing, and all participants provided informed written consent prior to enrollment. The inclusion and
exclusion criteria have been previously described.*”

Clinical response

Computed tomography (CT) scans were performed at baseline and day 78 in the TUNIMO trial and days 36
and 92 in the PROTA trial of which day 36 was used in this study, as this was the last day before the
combination with pembrolizumab started. The treatment response was based on the classification of the
Response Evaluation Criteria in Solid Tumors version 1.1 (RECIST1.1). According to RECIST 1.1, treatment
response is classified into three categories as measured by CT scans. A partial response (PR) is a >30%
decrease in tumor size. Stable disease (SD) is a < 30% decrease or < 20% increase. Progressive disease (PD) is a
>20% increase in tumor size.'”> We grouped patients into disease control (DC), which combines PR and SD
patients, as both indicate treatment benefit and no disease control (No_DC), including PD patients.

Patient samples

Fecal samples were obtained on day 1 (TUNIMO, PROTA) and day 36 (PROTA), 16 h (+8h) post-
treatment. Samples were stored at —80 °C until use. A complete blood count (with differential), as well as
liver and kidney analyses were conducted by routine laboratory testing every visit day pre- and after
treatment. The serum was separated from the blood and stored at —20 °C until use. Serum was not
available for patient 20211; thus, the patient was excluded from serum-based analyses.

Metagenomics analysis of patient and mice fecal samples

Fecal samples were shipped to Microbiome Insights (Richmond, Canada) for Shallow Shotgun metage-
nomics sequencing. DNA was extracted using the MagAttract PowerSoil DNA kit (Qiagen) and the
libraries were sequenced using llumina Next Seq (2X150 BP), targeting an average of 0.5-2 million reads
per sample. Raw reads were pre-processed using the nf-core/taxprofiler [https://github.com/nf-core/
taxprofiler; v1.2], including the removal of low-quality reads and host DNA."” Cleaned reads were
annotated to Greengenes2 and confirmed using MetaPhlan4 databases for taxonomic annotation and to
the Humann3 database for functional annotation.'*'® Downstream analyses were performed via RStudio
(4.3.1), following the guidelines in Orchestrating Microbiome Analysis [https://microbiome.github.io/
OMA/docs/devel/; v3.21], adjusting for potential confounders, including age and sex (Figure 1D).

Quantification of short-chain fatty acids in patient serum

80 uL of human serum was used with 10 uL of internal standard and 410 uL extraction solvent. The
samples were vortexed, centrifuged, and the supernatants were filtered and used for liquid
chromatography-mass spectrometry (LC-MS) to determine the short-chain fatty acid (SCFA) concentra-
tions. Analysis was performed at the Helsinki Metabolomics Center, University of Helsinki, Finland.
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Figure 1. Study design of the fecal microbiota analysis at baseline of TILT-123 therapy. (A) Graphical illustration of the TILT-123
virus used in TILT-123 therapy. (B) Trial outline of the TILT-T115 (TUNIMO) phase I clinical trial. Patients with advanced solid cancer
refractory to standard therapies, received one intravenous (i.v.) dose on day 1, followed by intratumoral (i.t.) doses on days 8, 22,
36, 48, and 64 after treatment initiation. (C) Trial outline of the TILT-T563 (PROTA) phase | clinical trial. Patients with refractory
ovarian cancer received one i.v. dose on day 1, followed by i.t. doses on days 8, 22, 36, 57, and 78 after treatment initiation. (D)
Flowchart of fecal sample analysis. (E) Kaplan—Meier curves for comparing patients who received antibiotics 30 days prior and/or

(Caption on next page)
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during TILT-123 therapy compared to patients who did not received antibiotics. (F) PCoA based on Bray—Curtis dissimilarity
calculated from the species relative abundances. Each point represents an individual sample, colored by antibiotics usage 30 days
prior and during TILT-123 therapy. (G) Outline of the animal experiment. Hamsters were engrafted subcutaneously with HapT1
cells and treated with antibiotics in the drinking water to deplete the microbiota. After 10 days, antibiotics treatment was stopped
and virus therapy (i.t.) was administered every 3 days. (H) Tumor growth is shown per group, with better tumor growth control in
virus-treated animals (purple blue) compared to virus + antibiotic-treated animals (blue) (P=0.042). Statistical analysis for the
patient survival curve was done using Mantel-Cox Log-rank test and analysis of tumor growth curve in hamsters using the
Kenward—Roger linear mixed model test.

<

Cell lines & bacterial strains

The Syrian hamster cell line HapT1 (pancreatic ductal adenocarcinoma) was obtained from the Leibniz
Institute (DSMZ, Braunschweig, Germany). Murine melanoma cell line B16.OVA was kindly provided by
Professor Richard Vile (Mayo Clinic, Rochester, USA). The cells were cultured three times a week prior to
engraftment, according to the manufacturer’s recommended conditions.

Alistipes shahii WAL 8301 (DSM 19121 #0821, Leibniz Institute, Germany) was grown anaerobically in
fastidious anaerobic broth (FAB; Tammer BioLab) at 37 °C for 48 h. Cultures were washed with PBS,
pooled, and aliquoted in skim milk for storage at -80 °C.

Eggerthella lenta 1899 B, VPI 0255 (DSM 2243 #0821, Leibniz Institute, Germany) was grown
anaerobically on Columbia blood agar plates (CBA; Tammer BioLab) at 37 °C for 48 h. Cultures were
collected and stored in skim milk at -80 °C.

For colony forming units (CFU) enumeration, aliquots were pooled, and serial dilutions
(1:1-1:1 x 10~"°) were prepared and plated on CBA plates, followed by anaerobic incubation at 37 °C
for 48 h.

For animal treatment, bacterial stocks were thawed, centrifuged, washed with PBS, and aliquoted in PBS
with 1 x 10’ CFU bacteria per 200 uL PBS.

Virus preparation

For the hamster experiment, TILT-123 virus was used. For the mice experiment, a TILT-123 mouse
equivalent of cytokine-armed adenoviruses encoding murine IL-2 (Ad5-CMV-mIL2) and TNF (Ad5-
CMV-mTNF) was generated as previously described and stored at 80 °C until use."” Upon treatment,
viral stocks were thawed, resuspended in PBS, and pooled to a total volume of 1x 10° VP per 100 uL
(including a 1:1 ratio of both viruses for the mice study).

Animal experiment

Female five-week-old hamsters were ordered from Janvier Labs, and female six-week-old C57BL/6 mice
were ordered from Jackson Laboratory. Hamsters received a cocktail of 1.67 g/l metronidazole and 833.3
mg/l vancomycin for 10 days, while mice received a cocktail of 0.6 g/l ciprofloxacin, 1 g/l metronidazole
and 0.5 g/l vancomycin for 9 days in the drinking water. Antibiotics were purchased from Yliopiston
Apteekki, Helsinki, Finland. The bottles were changed three times a week. Animals were subcutaneously
engrafted with 2 x 10° HapT1 cells (hamsters) or 2.5 x 10° B16.OVA cells (mice). The cells were suspended
in 100 uL of RPMI. When the first tumor reached 3-4 mm (mice) or 5-6 mm (hamster) in the longest
diameter, animals were randomized and treated three times a week, according to different treatments
(Supp Table S2-84). The viral dosage of 1 x 10° VP was based on previous studies.'® A. shahii or E. lenta
bacteria were i.g. administered using 1 x 10’ CFUs, which was a factor of 100 lower compared to previous
studies with the same species, to minimize toxic side effects.'”** Tumor growth was measured three times
a week, and the animals were euthanized via carbon dioxide exposure and cervical dislocation when the
Humane endpoint (HEP) was reached (18 mm tumor diameter for mice, 22 mm for hamsters, 20% weight
loss, or significant pain symptoms) or when the experiment ended. Tumor volumes were calculated with
the formula: (length*width/2)/2, with length defined as the larger dimension. In the mice study, fecal
samples were collected per group on day 7. The study adhered to the ARRIVE guidelines.
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Flow cytometry

Neutrophils were isolated from whole blood using the MACSxpress® Whole Blood Neutrophil Isolation Kit
(Miltenyi Biotec, Germany) and plated 0.5 x 10° cells/well in a 96-well plate, together with 1 mmol/L sodium
butyrate (#303410 Merck, Germany), for 2 h at 37 °C. Thereafter, the cells were washed, incubated with Fc
Block (#564220, BD Biosciences) and stained with CD11b (#557743, BD Biosciences) and CD66b (#562940, BD
Biosciences) for 30 min at 4 °C. Flow cytometry was performed using the Novocyte Quanteon flow cytometer.

Statistics

Statistical analysis was performed using RStudio (4.3.1) or GraphPad Prism (10.1.2). The Wilcoxon test
was used to identify taxonomy and predicted pathways. The Wilcoxon test was chosen as a robust non-
parametric method that has shown good replicability in recent microbiome benchmarks.”' The results
were confirmed using LinDA test.”” Due to the small sample size, multiple testing corrections and
confounding factors were not included. Instead, P-values were used to prioritize the human microbiome
data, and animal studies were performed for validation. NetCoMI was used to predict networks.** Alpha-
diversity used Shannon index. Principal coordinate analysis (PCoA) was based on Bray-Curtis dis-
similarity. No statistical test was included for alpha-diversity and beta-diversity. Tumor growth curves
included the maximum tumor volume before euthanasia, and statistical analysis was done using the
Kenward-Roger linear mixed model test in RStudio. Kaplan-Meier survival curves were generated with
GraphPad and analyzed using the Mantel-Cox log-rank test. Correlation curves were analyzed using
Pearson correlation when both groups were normally distributed and otherwise using Spearman correla-
tion. Normal distribution was determined using Shapiro-Wilk test (p > 0.05 for normal distribution). Flow
cytometry was analyzed using unpaired t-test. For graphical illustration, BioRender was used.

Results

Antibiotic use reduces the therapeutic response to oncolytic adenovirus in both patients and
animal models

As an initial assessment of the microbiota's influence on the oncolytic adenovirus therapy response, we
examined whether antibiotic use prior to and during treatment affected survival outcomes. In this dataset,
three patients who did not receive antibiotics before or during therapy had longer median overall survival
(P=0.014) as compared to those who did (Figure 1E). No differences were observed in alpha diversity
(Supp Figure S1); however, beta diversity analysis suggested that patients who did not receive antibiotics
had comparable species-level microbiota profiles, whereas those who received antibiotics showed greater
variability, suggesting antibiotic-induced changes in the microbiota (Figure 1F). To confirm the impact of
antibiotics, a hamster experiment was performed. Hamsters received antibiotics in their drinking water,
after which they were engrafted with tumor cells and treated with TILT-123 adenovirus (Figure 1G). These
findings revealed that antibiotic exposure reduced the efficacy of adenovirus therapy in controlling tumor
growth (Figure 1H, Supp Figure S2).

Microbiota analysis identifies Alistipes and Eggerthella as key contributors to oncolytic adenovirus
therapy outcome

Next, we compared the baseline microbiota profiles between patients who achieved disease control (DC)
and those who did not. The microbiota composition between DC patients were comparable (Supp
Figure S3). Interestingly, the microbiota profile of patient 20211 (No_DC) resembled that of the DC
patients. Notably, this patient exhibited the longest overall survival among all No_DC individuals. We
hypothesize that this patient might thus have benefited from therapy despite tumor enlargement on CT, a
phenomenon known as inflammatory pseudoprogression.**

Given these observations, we hypothesized that specific microbiota compositions may contribute to
favorable treatment outcomes. Using the Greengenes2 database, we visualized the most relatively
abundant phyla (Supp Figure S4) and genera (Figure 2A) present in DC and No_DC patients,
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Figure 2. Fecal microbiota differences between DC and No_DC patients. (A) Stacked bar plot including the 12 most
relative abundant genera in DC patients and the 12 most relative abundant genera in No_DC patients. (B) Differentially
abundant genera between DC and No_DC patients (P < 0.05). (C) Alistipes_A_871400 relative abundance in DC patients
compared to No_DC patients (P =0.0357). (D) Eggerthella relative abundance in No_DC patients compared to DC patients
(P=0.0357). (E) NetCoMi network analysis; the black arrow shows a negative co-abundance relation between Alistipes and
Eggerthella. (F) The 12 most relative abundant species in DC patients and the 12 most relative abundant species in No_DC
patients. (G) Differentially abundant species between DC and No_DC patients (P < 0.05). (H) A. excrementavium relative
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abundance in DC patients compared to No_DC patients (P=0.0357). (I) A. shahii relative abundance in DC patients
compared to No_DC patients (P=0.0714). (J) E. lenta relative abundance in No_DC patients compared to DC patients
(P =0.0357). Statistics were determined using Wilcoxon test. Owing to the small sample size, unadjusted p-values were
used to prioritize the results.

providing an indication of the microbiota composition of each patient. Additionally, we identified
genera that were differentially abundant (P < 0.05) between DC patients and No_DC patients at
baseline using Wilcoxon test (Figure 2B, Supp Table S5) and LinDA analysis (Supp Figure S5, Supp
Table S6). To validate our findings, we repeated the analysis using MetaPhlan4 database, which
confirmed solely the different abundances of Eggerthella and Alistipes genera (P < 0.05) between DC
and No_DC patients (Supp Figure S6, Supp Table S7). Based on the complementary results from the
Greengenes2 and MetaPhlan4 databases, we decided to examine Alistipes and Eggerthella in greater
detail. For Alistipes_A_71400, we observed a relatively high relative abundance in the fecal microbiota
of DC patients (P =0.0357), with the highest abundance detected in the patient who achieved a partial
response (20103) (Figure 2C). Notably, another Alistipes sp. strain (Alistipes_A_871404) was present
in the data, which also showed a relatively high relative abundance in DC patients (Supp Figure S7). In
contrast, Eggerthella had higher relative abundance in patients with No_DC (P =0.0357) and was
completely absent in the partial responder (20103) (Figure 2D). In addition, we conducted a network
analysis to visualize the co-abundance variation among the genera. Interestingly, Eggerthella genera
showed a negative abundance correlation with Alistipes_A_871404 strain, supporting our previous
findings (Figure 2E, Supp Table S8).

Moreover, we examined the microbiota data at the species level, starting with the most relatively
abundant species across all patients (Figure 2F), followed by analysis of the species that were differentially
abundant (P < 0.05) between DC and No_DC patients (Figure 2G, Supp Table S9). These data confirmed
our previous findings, which revealed a high abundance of Alistipes spp. in DC patients, including
Alistipes excrementavium (P =0.0357, Figure 2H), but also species not shown in the differential abun-
dance analysis, including A. shahii (P =0.0714, Figure 2I). Conversely, Eggerthella lenta was more
abundant in No_DC patients (P =0.0357), including a zero-abundance observed in the partial responder
(Figure 2J).

Alistipes administration improves tumor growth control in mice

Next, we explored the administration of Eggerthella sp. and Alistipes sp. using a mouse melanoma
model. This model was chosen because it has been well-studied for oncolytic adenovirus therapy by
our group and others and allows the use of an orthotopic model accessible for intratumoral
injections.>*® E. lenta administration resulted in toxicity in the animals, even though a 100x
lower concentration was used compared to previous studies with the same bacteria and mice
species.”” The study of E. lenta in animals had to be stopped in accordance with the 3Rs in animal
research and our animal permit (Supp Figure S8). For Alistipes sp., A. shahii was selected because of
its commercial availability, it had been previously characterized in murine studies, and it showed
high abundance in DC patients."” Mice were pre-treated using antibiotics, engrafted with B16.0OVA
cells and treated three times a week with bacteria followed ~2 h later by virus treatment (Figure 3A).
Mice exhibited a transient reduction in body weight following antibiotic treatment; however, they
recovered rapidly upon returning to normal water, and no visible adverse side effects were observed
(Figure 3B). Individual tumor growth curves are shown (Figure 3C-F). Overall, we observed better
tumor growth control (P=0.0097) in the virus + Alistipes combination group as compared to
virus therapy alone (Figure 3G). Additionally, fecal pellets were collected from each group for
sequencing-based microbiota analysis. Analysis revealed that Alistipes spp. was extensively more
abundant in the supplemented groups, observed at both genus and species levels (Figure 3H-I).
Similar findings were observed in an animal experiment performed without antibiotic pre-treatment
(Supp Figure S9). Overall, the findings of these animal studies are consistent with the patient data
and suggest that incorporating Alistipes sp. into oncolytic adenovirus therapy may improve thera-
peutic efficacy.
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Figure 3. Animal experiment showing the effect of a A. shahii WAL 8301 on adenovirus therapy. (A) Outline of the animal
experiment. The mice were engrafted subcutaneously with B16.0VA cells and treated with antibiotics in the drinking
water to deplete the microbiota. After 9 days, antibiotic treatment was stopped, and A. shahii WAL 8301 (i.g.) followed two
hours later by virus therapy (i.t.) were administered three times a week until the end of the experiment. (B) Weight curve
of the animals during the experiment. (C-F) Individual tumor growth curves for each group. (G) Tumor growth shown per
group, including the maximum tumor volume before euthanasia, showing better tumor growth control for
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virus + Alistipes (dark blue) compared to virus monotherapy (green) (P =0.0097). (H) Relative abundance of the Alistipes
genus present in the fecal microbiota, as shown per group. (1) Relative abundance of A. shahii species present in the fecal
microbiota, as shown per group. Tumor growth curve statistics were determined using Kenward-Roger linear mixed
model test.

Functional analysis reveals increased short-chain fatty acid activity in patients achieving disease
control

Following validation in animals, we proceeded with functional analyses using the patient dataset. Using the
KEGG database, we identified several (predicted) pathways that were enriched (P < 0.05) between DC and
No_DC patients (Figure 4A, Supp Table S10). Firstly, the analysis revealed the upregulation of arginine
metabolism pathways in the fecal microbiome of No_DC patients, including the arginine:ornithine antiporter,
which is critical for arginine uptake in the gut, and arginine deiminase, which converts L-arginine to citrulline
(Figure 4B). Secondly, the increase observed in SCFA transporter activity in No_DC patients (P = 0.0168) was
of particular interest (Figure 4C). Given that Alistipes spp. are known for butyrate production, we hypothe-
sized that the enhanced SCFA transporter activity observed in No_DC patients may represent a compensatory
mechanism in response to reduced SCFA availability in the gut. Similarly, we noticed an increase in the acetate
coenzyme A (CoA) pathway in No_DC patients (P =0.0262), a pathway that is often upregulated when
butyrate levels are low (Figure 4D).*® Relatedly, we measured enriched levels of butyrate kinase enzymes in DC
patients, of which the highest levels were present in the partial responder (Figure 4E). These findings prompted
us to examine the relative abundance of other butyrate-producing bacteria, revealing a higher relative
abundance of Faecalibacterium, Odoribacter, and Coprococcus in the fecal microbiota of DC patients
(Supp Figure S10).

Serum analysis demonstrates a correlation between higher short-chain fatty acid levels and
increased neutrophil count

SCFAs are important regulators of the immune response and are known to increase T cells, B cells, and
phagocytes.”*?” Therefore, we investigated whether increased SCFA levels in the fecal microbiome could
also be detected systemically. We analyzed patient serum samples for SCFA content and observed higher
concentrations of 2-methylvaleric acid in DC patients (Figure 4F) and higher butyric-isobutyric acid and
propionic acid concentrations in a subset of DC patients (Figure 4G-H). In addition, we identified
correlations between the circulating neutrophil count and the serum concentrations of 2-methylvaleric
acid (Figure 41, P =0.043) and propionic acid (Figure 4], P =0.048), which was not observed with other
measured blood cells. For validation, we conducted an in vitro experiment in which neutrophil activation
was analyzed upon butyrate exposure. Neutrophils were isolated from whole blood, exposed to sodium
butyrate, after which neutrophil activation markers were measured using flow cytometry. This demon-
strated that butyrate directly induced neutrophil activation (Supp Figure S11), which has also been shown
by others.*®* Together, these findings suggest that increases in Alistipes abundance in the gut may
enhance SCFA production, which can be systemically transported and potentially contribute to elevated
neutrophil counts (Figure 4K).

Oncolytic adenovirus administration favorably modulates Alistipes and Eggerthella abundance: a
case study

Given that the PROTA trial included fecal sampling at days 1 and 36, we were able to assess the impact of
adenovirus therapy on the composition of the fecal microbiome. We investigated DC patient 30207 and
No_DC patient 30209 in a case study and observed an increase in Alistipes relative abundance upon
treatment, with a pronounced rise in the DC patient and a modest increase in the No_DC patient
(Figure 5A). Additionally, the relative abundance of Eggerthella in the No_DC patient decreased by day 36
compared to day 1 (Figure 5B). At the species level, only modest changes were observed among Alistipes
spp., including an increase in A. putredinis relative abundance in DC patients (Figure 5C) and an increase
in A. communis in the No_DC patient (Figure 5D).
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Figure 4. Analysis of the predicted pathways based on the metagenome data. (A) KEGG pathway analysis of the fecal
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microbiome, with color coding representing the gene counts. (C) Predicted short-chain fatty acid transporter abundance
in the fecal microbiome between DC and No_DC patients (P=0.0168). (D) Predicted acetate CoA abundance in the fecal
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microbiome between DC and No_DC patients (P=0.127). (F) 2-Methylvaleric acid levels in the serum between DC and
No_DC patients (P =0.114). (G) Butyric-isobutyric acid levels in the serum between DC and No_DC patients (P = 0.629). (H)
Propionic acid levels in the serum between DC and No_DC patients (P =0.629). (I) Correlation between 2-methylvaleric
acid levels in the serum and neutrophil levels in the blood (P =0.043). (J) Correlation between propionic acid levels in the
serum and neutrophil levels in the blood (P =0.048). (K) Graphical summary of Alistipes associated with increased SCFA
levels in the fecal and blood and increased neutrophil levels in the blood. The KEGG dot plot, boxplot and violin plot
statistics were determined using Wilcoxon test. Correlation analysis statistics were determined using Pearson correlation
when both groups were normally distributed and otherwise via Spearman correlation (determined using Shapiro-Wilk test,
with p > 0.05 indicating a normal distribution). Owing to the small sample size, unadjusted p-values were used to prioritize
the results.

Consistent with the observed shifts in microbial profiles following TILT-123 therapy, supposedly
beneficial changes were noted in previously identified activated pathways. These included a complete
loss of SCFA transporter activity in the No_DC patient (Figure 5E), a reduced abundance of acetate-CoA
ligase activity in the same patient (Figure 5F), and elevated butyrate kinase activity in the DC patient
(Figure 5G). Additionally, DC patient exhibited an increased neutrophil count, along with an increase in
the proportion of other immune cell types, such as monocytes (Figure 5H). In contrast, similar immune
changes were absent in the No_DC patient (Figure 5I), reflecting the smaller increase in the Alistipes
genus, which may have been insufficient to elicit a systemic effect. Overall, these findings suggest a
hypothetical feedback loop in which adenovirus therapy beneficially modulates the microbiome, thereby
enhancing the efficacy of the therapy itself (Figure 5]).

Discussion

Emerging evidence suggests that the microbiome is a key determinant of the success of immunotherapy.
This study highlights the role of the fecal microbiome in the therapeutic response to oncolytic adenovirus
therapy in both humans and rodents. Specifically, we isolated DNA from fecal samples from TILT-123-
treated patients, performed shotgun metagenomic sequencing, and pre-processed the data using two
independent analysis pipelines that use independent databases (GreenGenes2 and MetaPhlan4) to visualize
the bacterial profiles in each sample.'*'* These profiles were used for downstream processing to compare
the most abundant bacteria present in DC and No_DC patients. By using bacterial matrices obtained with
two independent pipelines, we minimized the change of false positives. For the downstream analysis, we
used the Wilcoxon test and confirmed the results using the LinDA test.* This showed that Alistipes genera
were associated with improved treatment outcomes, whereas Eggerthella genera were associated with poor
outcomes. Animal studies using A. shahii confirmed these findings, although our analysis of human fecal
samples suggested that other Alistipes spp. likely elicit similar effects. Given that both Eggerthella and
Alistipes include succinate-producing species, we hypothesize that Eggerthella spp. and Alistipes spp.
competes for metabolic niches and influence each other’s abundance in the gut.’**'

Alistipes are anaerobic gram-negative bacteria within the phylum Bacteroidota, which currently
comprises 13 species.”> Alistipes are components of the healthy human microbiota and are most
abundantly found in the gastrointestinal tract. Consistent with our findings, increased Alistipes spp.
abundance has been observed in responders to immunotherapies, including A. putredinis, A. shahii, and
A. finegoldii in NSCLC patients and A. communic in melanoma patients.**** Eggerthella are anaerobic
gram-positive bacteria within the phylum Actinomycetota, E. lenta being the most well-characterized
species.”> While Eggerthella is a normal constituent of the healthy gut microbiota, elevated levels have
been associated with various pathological conditions, including cancer.*®*” Consistent with our findings,
previous studies demonstrated that a high abundance of Eggerthella is associated with poor responses to
immunotherapy in NSCLC patients.*®

Functional analysis showed upregulation of arginine metabolism pathways in patients without disease
control. Eggerthella is known to use arginine as a substrate for growth; thus, the upregulation of arginine
metabolism may have contributed to Eggerthella abundance.”® Additionally, we observed increased SCFA
abundance in the fecal and serum samples of patients who achieved disease control. Elevated SCFA levels
are likely a consequence of increased Alistipes spp. abundance, as members of this genus are well-
established SCFA producers.’>*’ SCFAs have been shown to inhibit cancer progression through multiple
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mechanisms and are known to enhance both innate and adaptive immune responses.”” Interestingly,
SCFAs have been shown to promote neutrophil migration, in part, through the induction of the
chemoattractant cytokine-induced neutrophil chemoattractant-2ap (CINC-2ap) and the upregulation of
L-selectin expression on the neutrophil surface, as well as by binding to the G protein-coupled receptor
GPR43, which is highly expressed on neutrophils.”>*' Activated neutrophils secrete pro-inflammatory
cytokines such as TNF, which contribute to enhanced antitumor immunity and promote cancer cell death.
Notably, TNF is also expressed by TILT-123, underscoring its central role in the findings reported here,
where a correlation was observed between elevated SCFA levels, increased neutrophil count, and improved
clinical outcomes.

Despite this study being the largest gut microbiome study performed in patients receiving oncolytic
virus therapy, a limiting factor in this study is the small sample size, especially in the case study, combined
with tumor heterogeneity. As adenovirus therapy is currently still in the clinical trial phase, there is only
limited access to fecal samples from adenovirus-treated patients, similar to other cancer microbiome
studies.**** Optimally, more fecal samples would be available to confirm and expand upon our data.
Another limitation is the use of different animal models. For oncolytic adenovirus therapy, hamster
models are preferred because they are permissive to replication of human adenovirus, and they offer a
complementary immunocompetent model.'® However, as intragastric (i.g.) bacterial administration is
technically challenging in hamsters, we also used mouse models. C57BL/6 mice were chosen because they
have been previously used for A. shahii and E. lenta administration.'”*® Mouse models, on the other
hand, are not able to replicate adenovirus. Hence, future studies should ideally include different tumor
types and including humanized mice or PDX models. Moreover, some levels of toxicity were observed
upon A. shahii administration. This limitation was addressed by repeating the experiment without
antibiotic pre-treatment. Nonetheless, for future animal studies, we suggest performing a pilot to deter-
mine the optimal bacterial dose and including groups that directly validate the mechanism of action, such
as an adenovirus group treated with SCFAs, or an adenovirus group treated with A. shahii in combination
with a neutrophil depletion agent. In these studies, tumor and serum samples should be collected for
immune cell profiling and SCFA and metabolite analysis. Additionally, more time points should be
included for fecal sampling.

Nevertheless, we believe these data are highly valuable, as this is the first microbiome study ever
performed on patients treated with oncolytic adenovirus therapy, and our findings offer several transla-
tional opportunities for future clinical implementation. First, the identified microbiome signatures could
serve as potential biomarkers for patient stratification. Second, our microbiota findings could be used for
optimizing donor selection criteria for FMT, as the specific composition and functional traits of a fecal
transplant could benefit from further scientific insights.” Finally, the findings on the downstream
metabolites offer possibilities for advancing into prebiotics, probiotics, and postbiotics research. These
agents are currently under extensive investigation for their potential to enhance various cancer thera-
pies.***” However, a clear rationale for selecting the most effective intervention has been lacking.

In summary, this study highlights the role of Eggerthella and Alistipes in the fecal microbiota,
influencing the secretion of SCFA metabolites. SCFAs modulate immune responses essential for effective
oncolytic adenovirus therapy. Understanding the interplay between the gut microbiome and oncolytic
viruses is vital for enhancing therapeutic response rates and may offer new treatment avenues for patients
who currently lack effective options.
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aPD-1 Anti-Programmed Death Protein 1
BP Base pair
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DC Disease Control

No_DC No Disease Control

PR Partial Response

CBA Columbia blood agar
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CINC-2apf  Chemoattractant Cytokine-Induced neutrophil Chemoattractant-2ap

CoA Coenzyme A

DNA Deoxyribonucleic acid
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it Intratumoral
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NSCLC Non-Small Cell Lung Cancer

RCC: Renal Cell Carcinoma
RECIST Response Evaluation Criteria in Solid Tumors
SCFA Short-Chain Fatty acid
TNF Tumor necrosis factor
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