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ABSTRACT
Cancer is a heterogeneous disease and its treatment remains unsatisfactory with inconstant therapeutic 
responses. This variability could be related, at least in part, to different and highly personalized gut 
microbiota compositions. Different studies have shown an impact of microbiota on antitumor therapy. It 
has been demonstrated that some gut bacteria influences the development and differentiation of 
immune cells, suggesting that different microbiota compositions could affect the efficacy of the antitumor 
vaccine. Emerging data suggest that recognition of neoantigens for the generation of neoantigen cancer 
vaccines (NCVs) could have a key role in the activity of clinical immunotherapies. However, it is still 
unknown whether there is a crosstalk between microbiota and NCV. This study aimed to understand the 
possible mechanisms of interaction between gut microbiota and NCV delivered by DNA-electroporation 
(DNA-EP). We found that decreased microbiota diversity induced by prolonged antibiotic (ATB) treatment 
is associated with higher intratumor specific immune responses and consequently to a better antitumor 
effect induced by NCV delivered by DNA-EP.
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INTRODUCTION

Immunotherapy is revolutionizing the treatment of cancer. 
The clinical success of immunotherapy has been demonstrated 
in a growing number of cancer types, including melanoma, 
lung cancer, bladder cancer, and hematological malignancies. 
However, response rates to immunotherapy are generally low 
and vary among cancer types and patients with the same type 
of malignancy. Recent evidence suggests that this variability 
may depend upon the composition of intestinal microbiota.1 

The host-microbiota is highly personalized, depending on the 
host’s genetic background, physiology, diet, and lifestyle. 
Evidence regarding the impact of gut microbiota composition 
on the efficacy of immune checkpoint inhibitors (ICI) has been 
reported with monoclonal antibodies against programmed cell 
death protein 1 (PD1) (nivolumab, pembrolizumab), pro-
grammed death-ligand 1 (PD-L1)2 (atezolizumab), and cyto-
toxic T-lymphocyte-associated protein 4 (CTLA-4)3 

(ipilimumab). Several studies showed that some bacterial 
strains can modulate cancer progression and treatment 
efficacy.1 Gut microbiota may also play a role in adoptive 
T cell therapy (ACT). Paulos et al. revealed that total body 
irradiation leads to gut bacteria translocation into mesenteric 
lymph nodes thus increasing antitumor CD8+T cell adoptive 
transfer efficacy in a melanoma model.4 Recently, this was 
confirmed in the cervix and lung tumor mice models by show-
ing that ACT efficacy depends on native gut bacteria 

composition and ATB treatment.5 In particular, vancomycin 
treatment increased ACT efficacy as a result of a high level of 
systemic CD8α+ dendritic cells (DCs). Different hypotheses 
have been formulated to explain the antitumor effects of gut 
microbiota on tumors growing at distant sites. Bacterial pep-
tides or bacteria themselves can activate DCs cells, which 
migrate to the draining lymph nodes to prime T cells. T cells 
diffuse systemically and induce immune response at distant 
sites6,7 against the same organism or other organisms expres-
sing cross-reacting antigens.8,9 Besides, dysbiosis induced by 
chemotherapy can breakdown mucosal barriers, allowing 
translocation of gut bacteria in lymph nodes modulating cyto-
kine production.10 Viaud et al. demonstrated that the effect of 
cyclophosphamide treatment can be due to translocation of 
specific Gram− bacteria, which facilitates Th17 response and 
induced memory Th1 immune response.11 Overall these data 
provide a solid basis for the existence of a crosstalk between 
microbiota and the antitumor immunotherapy and suggest 
that the modulation of gut microbiota with ATB, probiotic 
administration or fecal microbiota transplantation can be uti-
lized to improve immunotherapy.12

The role of microbiota in the immune response induced by 
prophylactic vaccines has been characterized mainly in infec-
tious diseases.13 A high level of microbial diversity correlated 
with a more stable microbial community following vaccination 
and challenge with Shigella disenteriae in macaques.14 In 
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human volunteers, vaccination with attenuated Salmonella 
Typhi was assessed by measuring IFN-γ+ in CD8 T cells. 
Most of the individuals showing an increased T cell response 
harbored a greater community richness and diversity of 
microbiota.14 Recently, microbiota composition was correlated 
with memory T cell response. The transfer of activated CD8+ T 
cells in germ-free mice resulted in impaired transition into 
long-lived memory cells, which was associated with a lack of 
microbiota-derived short-chain fatty acid (SFCA) 
metabolism.15 Broad-spectrum ATB treatment in healthy 
adults with low preexisting antibody titers strongly reduced 
the humoral response induced by the influenza vaccine.16

In the last decade, thanks to next-generation sequencing, it 
became feasible to identify cancer-specific mutations, which 
can be recognized by the T cells. This new class of cancer 
antigens is known as neoantigens. Somatic mutations are, by 
definition, not expressed in healthy tissues, and their cognate 
T cells are not shaped by central tolerance. Thus, neoantigens 
provide a unique opportunity for inducing potent tumor- 
specific T cells. Preclinical studies have shown the efficacy of 
the neoantigen cancer vaccine (NCV) using a variety of vaccine 
technologies in melanoma,17 colon carcinoma,18–21 sarcoma,22 

and glioma.23 The promising results of preclinical studies have 
encouraged the development of clinical trials with neoantigen 
vaccines.24–26 Different vaccination platforms were utilized 
including dendritic cells, long peptide vaccine, or RNA vaccine 
delivered alone or in combination with ICIs. Although neoan-
tigen-specific immune responses were observed in most 
patients clinical benefits were not reported,27,28supporting the 
need for further characterization of NCV mediated anti-tumor 
effects. It is reasonable to suppose that external factors, such as 
the microbiota may affect this type of immunotherapy.

In contrast, limited information is available on the T cell 
response to cancer vaccines, especially to personalized ones. 
Previous evidence using the ovalbumin antigen system ectopi-
cally expressed in the MC38 tumor model revealed an adjuvant 

effect of microbiota translocation, which was induced by che-
motherapy treatment, on vaccine-specific T cell response.29 

Here, we interrogated the potential interaction of the microbiota 
with a DNA vaccine targeting cancer-specific neoantigens natu-
rally expressed by the MC38 cells.19,30 We discovered that 
changes in the microbiota composition may favorably affect 
the efficacy of the DNA vaccine delivered by electroporation.

RESULTS

Changes in microbiota correlate with improvement of the 
antitumor effect of a NCV

To evaluate the impact of microbiota on the NCV delivered by 
DNA-EP, we used the MC38 tumor model and, as a DNA 
vaccine, the M2 vector, which encodes for 10 neoantigens 
specifically expressed in this cell line.19 As expected, mice 
treated with broad-spectrum ATB showed a dramatic reduc-
tion of gut bacterial colonies11 at two weeks (Suppl. Figure 1) . 
After two weeks of ATB administration, mice were treated with 
the M2 vaccine weekly for four weeks (Figure 1). Nine days 
after the last immunization, mice were challenged subcuta-
neously with MC38 cells and tumor growth followed overtime. 
Surprisingly, tumor growth was significantly reduced in the 
DNA-EP + ATB group (p < 0.001) as compared to the DNA-EP 
group or the control (i.e. untreated) group and survival was 
increased by more than 50% (Figure 1a, 1b).

Reduction of tumor growth was observed neither in ATB- 
only treated mice nor in vaccinated mice suggesting that NCV 
was effective only in combination with ATB treatment. Recent 
evidence in mice15 and humans16 showed the role of the 
microbiota in modulating the memory T cell response induced 
by different vaccines. To verify the role of the memory immune 
response, we performed a tumor challenge 28 days after the last 
vaccination. In line with previous evidence that antibiotic 
treatment diminishes the effect of immunotherapy. the 

Figure 1. ATB treatment enables NCV to delay tumor growth. C57Bl/6 mice were treated or not with ATB starting from day zero for the whole experiment, vaccinated 
with M2 DNA-EP (see M&M) once a week for four weeks, and injected with MC38 cells on day 45. a, Tumor volumes were measured twice a week by caliper. Tumor 
growth was significantly reduced in vaccinated and ATB treated mice as compared to the control group (* p < 0.05) and vaccinated mice (** p < 0.01). Unpaired two- 
tailed Student’s t-tests were conducted. b, Percentage of tumor-free mice. Sixteen mice per group were utilized in three independent experiments. The results of one 
representative experiment out of three are shown. The tumor-bearing mice curve of DNA-EP and ATB treated mice is significantly different (p < 0.0298) compared to the 
DNA-EP group. Log-rank (Mantel-Cox) test was conducted.
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memory T cell response against NCV was significantly reduced 
in the DNA-EP + ATB treated mice but it did not correlate 
with tumor growth (Suppl Figure 2). These results raised the 
question of how the microbiota composition interacts with the 
NCV delivered by DNA-EP.

To understand how the combination of the DNA-EP vac-
cine plus ATB elicited a delay in tumor growth, immune 
responses were evaluated by flow cytometry (FC) one week 
after the last vaccination and one week after tumor challenge. 
The neoantigen specific-immune response was analyzed in 
PBMC samples after stimulation with the pool of neoantigen 
peptides. One week after the last vaccination, we observed 
a significant reduction of neoantigen-specific 
CD3+CD8+IFNγ+ T cells, CD3+CD8+TNFα+ T cells, and also 
of the polyfunctional double-positive T cell population 
CD3+CD8+IFNγ+TNFα+ in DNA-EP + ATB group as com-
pared to DNA-EP (Figure 2a, b). The analysis performed in 
splenocytes showed similar results (Suppl. Figure 3). It seems 
that upon tumor challenge, neoantigen-specific CD8 response 
remains at the steady-state level in DNA-EP and ATB treated 
mice while a decrease in circulating immune response was 
observed in DNA-EP treated mice. The result suggests 
a different mobilization of tumor-specific responses when 
microbiota composition is altered. To verify the impact of 
tumor growth on the NCV-specific immune responses 
PBMCs were analyzed again one week after the tumor chal-
lenge. Differently from the previous time point, this analysis 
showed a slight, albeit not statistically significant, increase in 
cytokine production by CD8 T cells in the DNA-EP + ATB 
group as compared to DNA-EP (Figure 2c). To further mea-
sure the neoantigen-specific immune responses in tumor- 
bearing mice, IFNγ producing cells were evaluated by IFNγ 
ELIspot assay in splenocytes at the time of sacrifice. This 
analysis suggests a slight increase in IFNγ production in DNA- 
EP + ATB as compared to DNA-EP (Figure 2e, f).

NCV increases the diversity of ATB reduced microbiota

To check the impact of ATB on bacterial composition, we 
analyzed the bacterial load the day before the tumor challenge 
on day 44 (Supp. Figure 1). The strong reduction of bacterial 
colonies observed at day 15 was not confirmed at day 44 
suggesting that a prolonged ATB treatment selected 
a different bacterial population.31 To correlate the reduced 
tumor growth with gut bacteria composition, DNA from sam-
ples of stools on day 44 was extracted and analyzed by NGS on 
16S rRNA (Suppl. Fig. 4a). As expected, ATB administration 
produced a reduction in the number of operational taxonomic 
units (Figure 3a). Principal component analysis (PCA) did not 
separate DNA-EP treated mice from untreated mice, while 
DNA-EP+ATB treated mice were separated from the other 
groups (Figure 3b). Furthermore, this analysis made it possible 
to identify some families of bacteria not shared by the two 
groups (Suppl. Tab. 1). A reduction in α- and β- diversity, 
measured by Shannon index and distance, respectively, was 
observed in ATB treated mice. However, in DNA-EP+ATB 
treated mice, a greater diversity of bacteria species in the gut 
as compared to ATB alone was revealed (Figure 3c, 3d).

Treatment with ATB promoted the survival of some bacteria 
strains that were poorly or not normally existing in mice 
untreated with ATB. Gut microbiota in untreated mice was con-
stituted prominently of Firmicutes and Bacteroides (Suppl. 
Tab. 2). ATB administration reduced both, in particular 
Bacteroides, in favor of Proteobacteria. DNA-EP vaccine, in ATB 
treated mice, restored Firmicutes phyla and increased Bacteroides 
and Proteobacteria compared to ATB treated mice. Some of the 
families identified by PCA, such as Bosea, (Beijerinckiaceae), 
Thermoactinomyces (Thermoactinomycetaceae), Bacillus 
(Bacillaceae), and Romboutsia (Peptostreptococcaceae) were also 
the most abundant in DNA-EP + ATB group (Suppl. Figure 4b, 
Suppl. Tab. 3). DNA-EP+ATB group presented some bacteria 
strains that were not present in ATB-treated mice, such as 
Muribaculaceae and Bacillaceae (Suppl. Tab. 3). In addition, 
differences in the relative frequency of bacteria composition 
between the DNA-EP group and DNA-EP+ATB group were 
observed, such as Bosea, Thermoactinomyces, Bacillus, 
Muribaculaceae, Lactobacillus, Lachnospiraceae, (Suppl. 
Tab. 3). Hence, the DNA-EP vaccine modifies the microbiota 
composition of ATB treated mice and this effect might contribute 
to the observed antitumor effect.

Changes in short-chain fatty acids composition does not 
correlate with tumor growth

We next asked whether the modified microbiota composition 
is acting on NCV-specific immune responses through the 
release of soluble factors. Different studies have shown that 
the influence of microbiota on the immune response is 
mediated by metabolites produced by microbiota, among 
which the most studied are SCFAs.32 Therefore, one week 
after the tumor challenge, we evaluated whether there were 
differences in propionate, butyrate, and acetate in the mice 
serum. The results showed a significant difference in the con-
centration of acetate between the group of mice treated with 
ATB and mice treated only with DNA-EP (Figure 4). Although 
it was shown that acetate concentration correlates with 
CD3+IFNγ+ T immune responses,33 in our experimental con-
dition this observation did not associate with different tumor 
growth.

Increased TILs functionality in DNA-EP and ATB treated 
mice

To further characterize the correlation between microbiota, 
NCV, and tumor growth, analysis of gene expression by 
RNAseq was carried out on tumor samples 12 days after 
tumor challenge (tumor volume ≅ 100 mm3). This analysis 
showed that changes in microbiota composition, in association 
with the vaccine, modified the expression levels of different 
genes. Of particular interest were the changes in Arg1, Gzmc 
and Gzmb genes (Figure 5a). The expression of Arg1, encoding 
for the enzyme arginase involved in the urea cycle, was reduced 
in vaccinated mice compared to control and further reduced in 
DNA-EP + ATB group (Figure 5b). Moreover, increased 
expression of T cell functionality markers (Gzmc) was observed 
in DNA-EP+ATB treated mice (Figure 5b). These data were 
further supported by RT-PCR, which showed similar trends 
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(Figure 5c), and a strong correlation with RNAseq results 
(Suppl. Figure 5). Moreover, to characterize the immune 
responses, tumor-infiltrating lymphocytes (TILs) and spleno-
cytes were analyzed 12 days after tumor challenge (tumor 
volume ≅ 100 mm3) by FC. The frequency of infiltrating 
lymphocytes was not affected by NCV or ATB treatments 

(Suppl. Figure 6), however, the frequency of CD8+IFNγ+, 
CD8+TNFα+, CD4+IFNγ+, CD4+TNFα+ cells was significantly 
increased in TILs of DNA-EP+ATB treated mice (Figure 5d). 
Moreover, we observed a significant increase of innate immune 
populations, such as NK+IFNγ+ and TNFα-producing mono-
cytes (Figure 5e), in DNA-EP + ATB group compared to the 

Figure 2. ATB treatment affects neoantigen-specific immune responses induced by DNA-EP. a, b, Immune response was evaluated one week after the last vaccination 
on day 43 (a, b) and one week after tumor challenge on day 52 (c) by flow cytometry in the PBMCs. To analyze neoantigen-specific cytokine production by intracellular 
staining live cells were gated on CD3+CD8+ for IFNγ and TNFα production. Unpaired two-tailed Student’s t-tests were conducted (*** p < 0.0001). c, At the end of the 
experiment on day 65 mice were sacrificed and IFNγ producing cells were evaluated by IFNγ ELIspot assay with splenocytes restimulated with neoantigens pool (e, f). 
Unpaired two-tailed Student’s t-tests were conducted. Data are from two independent experiments.
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Figure 3. Vaccination increases the diversity reduced by ATB administration. Stool samples were analyzed before the tumor challenge on day 44. a, Bacteria load was 
expressed by operational taxonomic unit (OTU)/mg of stools and measured by NGS 16 S. b, Principal component (PC) analysis between groups. The PC1 explains 42,3% 
of the total variance, PC2 explains 8,7%. c, Alpha diversity, measured by Shannon’s index, represents species richness. d, Beta diversity represents the different 
microbiota composition between two groups. The value can be from 0 to 1, where 0 represents groups with similar species composition and 1 represents groups with 
no species in common. In the beta diversity, a weighted average was considered. Data are from two independent experiments.
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DNA-EP group. Although not statistically significant, neoanti-
gen-specific cytokine production by CD8 was increased in the 
DNA-EP+ATB group in the TILs population (Figure 5f) and 
slightly reduced in splenocytes (Figure 5g), in comparison to 
the DNA-EP group.

DISCUSSION

A growing body of evidence indicates that the host microbiota 
may affect cancer progression and response to therapy, includ-
ing cancer immunotherapy, although data on the impact of the 
microbiota on cancer vaccines are generally limited.29 

Therefore, we wondered if NCV-induced immune response 
and antitumoral effect could be affected by the modulation of 
microbiota composition. To this end, we used the M2 vaccine 
that we previously demonstrated to be effective in preventing 
tumor growth when delivered one month before tumor 
challenge.19 Here, we show that early point, i.e. one week 
after the last vaccination, the antitumor effect mediated by 
the M2 vaccine is observed only in DNA-EP+ATB treated 
mice (Figure 1a) while there was no impact at four weeks 
(Suppl. Figure 2). The observation that a reduced T cell 
response does not impact on tumor growth at four weeks post- 
vaccination may suggest that quality and not the quantity of 
T cells was relevant.34 An alternative explanation may be the 
so-called depot effect. A sort of vicious loop effect induced by 
a strong expression of the antigen at the vaccination site that 
diverts the anti-tumor immune response.35 This effect is likely 
to wane over time given that the transgene expression is less 
prominent at four weeks. However, the observation that 
a reduced peripheral T cell response is associated with 
a significant increase of effector function in the TIL population 
suggests that external factors such as tumor microenvironment 
may play a role in the tumor delay.

The antitumor effects correlate with microbiota alterations 
induced by DNA-EP treatment in association with ATB 
(Figure 3d). Indeed, we observed that ATB administration in 

vaccinated mice causes a reduction in the relative distribution 
of bacteria strains such as Lachnospiracee (Suppl. Table 3), 
involved in Treg development, and an increase of Bacillales 
(including Thermoactinomyces and Bacillus) and 
Alphaproteobacteria (including Bosea) (Figure 4a), of which 
very little is known in the literature. FC analysis on peripheral 
blood showed that these microbiota modulations are associated 
with different NCV-specific immune responses among the 
groups. Indeed, in ATB treated mice, NCV-specific cytokine 
production by CD8 T cells is significantly reduced one week 
after the last vaccination (Figure 2a), and this immunological 
observation is in line with previous evidence that supports 
a role of the healthy microbiota as adjuvant of humoral13 and 
T cell response.11 However, after the tumor challenge, we 
observed a reduced percentage of cytokine-producing CD8 
T cells in the DNA-EP group, while it remained the same in 
DNA-EP + ATB mice (Figure 2c). Therefore, these results 
suggest a role of ATB-induced dysbiosis in protecting vaccine- 
induced immune response. Nevertheless, further studies are 
necessary to clarify why tumor cell injection in DNA-EP vac-
cinated mice reduces NCV-specific CD8+ T response. The 
interaction between gut microbiota and host immune response 
is complex. Several studies have suggested that this relationship 
is mediated by metabolites produced by microbiota, among 
which the most studied are SCFAs.36 However, in our study, we 
did not observe any difference in serum levels of SCFAs 
between DNA-EP mice and DNA-EP + ATB mice. On the 
other hand, bacteria strains identified only in ATB treated 
mice and enriched in DNA-EP+ATB treated mice, such as 
Bacillales (gen. Bacillus) and Alphaproteobacteria (gen. 
Bosea), have been correlated with amino acid metabolism.6,7

In line with the immune responses and tumor growth, the 
analysis of gene expression on tumor samples revealed 
a reduced Arg1 gene expression level in DNA-EP+ATB mice 
compared to the DNA-EP group. Arg1 gene is involved in 
L-arginine metabolism and it has been shown that it can have 
a role in immune response regulation. A recent study showed 

Figure 4. SCFAs metabolites do not correlate with tumor growth. Level of SCFAs analyzed in the serum of mice one week after tumor challenge on day 52 determined 
using LC-SIM-MS (n = 5 mice for group). Data are from one out of two experiments. Unpaired two-tailed Student’s t-tests were conducted (*p < 0.05).
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Figure 5. Increased TIL effector functions in DNA-EP and ATB treated mice a, Volcano plot demonstrating the significantly differentially expressed genes, highlighting 
Arg1 and Gzmc. b, Level of RNA expression (FPMK, fragments per kilobase of exon model per million reads mapped) of Gzmc, Gzmb, and Arg1 measured by RNAseq in 
tumors of mice sacrificed one week after tumor challenge. c, Tumor expression of Gzmc, Gzmb, and Arg1 genes assessed by RT-PCR. d, Flow cytometry (FC) analysis of 
IFNγ and TNFα expression in TILs (CD4 and CD8) gated on CD45+CD3+ and stimulated with PMA/iono. e, FC analysis of cytokines expression of innate immune cells gated 
on CD45+CD3−CD11b+CD11c−; monocytes (Ly6ChighLy6G−), macrophages (Ly6ClowLy6G−), and polymorphonucleated (PMN, Ly6ChighLy6G+). Natural killer (NK, NK1.1+) 
cells were gated on CD45+CD3−. f, FC analysis of IFNγ and TNFα expression in TILs (CD3+CD8+) gated on CD45+ and stimulated with M2-specific peptides. g, FC analysis of 
IFNγ and TNFα expression in splenocytes (CD3+CD8+) gated on CD45+ and stimulated with M2-specific peptides. Unpaired two-tailed Student’s t-tests were conducted. 
(*p < 0.05). Data are from two independent experiments.
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that L-Arginine is important for T cell metabolism, enhancing 
their survival and anti-tumor activity,37 and it is expressed in 
some immune populations, such as myeloid-derived suppressor 
cells, resulting in the inhibition of T-cell receptor expression and 
consequent antigen-specific T cell response, thus promoting 
tumor evasion. Moreover, granulocytes-associated arginase, 
through suppression of T cell proliferation and cytokine pro-
duction, inhibits immune reactivity in different tumor models.38 

In our model, the combination of DNA-EP+ATB resulted in an 
increased expression of Gzmc and Gzmb genes, which are 
important for cytotoxic lymphocyte functions.39 Therefore, our 
data suggest that in DNA-EP + ATB group, microbiota altera-
tions could inhibit Arg1, resulting in a higher amount of argi-
nine and intratumoral functional T cells able to destroy tumor 
cells. Besides, FC analyses in TILs confirmed that CD8+IFNγ+ 

and CD8+TNFα+ T cells were significantly increased in DNA- 
EP + ATB group compared to the DNA-EP group in the tumors 
(Figure 5d). This could suggest an increased homing of activated 
and functional CD8 + T cells in the tumor of DNA-EP + ATB 
mice. Indeed, the percentage of NCV-specific CD8 T response 
(CD8+IFNγ+ and CD8+TNFα+) was slight, though not signifi-
cantly, increased In the TILs of the DNA-EP+ATB group 
(Figure 5f) but not in the spleen (Figure 5g). Moreover, although 
solid tumor-infiltrating NK cells have been shown to become 
dysfunctional in a mouse model and human cancers,40 we 
observed a significant increase of NK+IFNγ+ cells in the tumors 
of the DNA-EP+ATB group compared to DNA-EP group 
(Figure 5e). A significant increase of monocytes expressing 
TNF was also observed, further experiments are necessary in 
order to understand the role of these cells in the tumor. Our 
data are in line with previous evidence showing the interplay of 
gut microbiota and antitumor effects mediated by natural killer 
T cells.41 Further studies are required to rule out the antitumor 
role of NK cells and the interplay with ATB induced dysbiosis.

Our data suggest a crosstalk between microbiota, NCV- 
specific immune response, and tumor growth with an 
altered microbiota composition enabling a more effective 
anti-cancer T cell response (Figure 6). The simple ATB 

treatment resulted in an improved NCV efficacy suggesting 
the possibility of improving NCV specific immune response 
by modulating the microbiota composition. The mechan-
isms underlying these complex interactions remain to be 
determined and deserve further investigation.

MATERIAL & METHODS

Cell lines and mice

The MC38 colon carcinoma cell line was purchased from 
Kerafast (ENH204-FP). Master and working cell banks were 
generated upon receipt and used at the third and fourth pas-
sage for all tumor challenge experiments. Cells were myco-
plasma free as per internal regular controls. Six week old 
C57BL/6 female mice (Envigo, USA) were housed in the 
Plaisant animal house according to national legislation and 
kept in standard conditions according to Takis ethical com-
mittee approval. Animal studies were authorized by the Italian 
Minister of Health (586/2019-PR).

Antibiotics treatments and immunization schedule

Mice were treated with or without an ATB cocktail (1 mg/ml 
ampicillin, 1 mg/ml colistin, 5 mg/ml streptomycin) in their 
drinking water and the solution was changed twice a week.

The M2 DNA vaccine vector was generated as previously 
described.19 50 μg of plasmid DNA was injected in a 50 μL 
volume into the tibialis muscle followed by electroporation, as 
previously described.42 Tumor challenge was performed by 
injecting 3 × 105 MC38 cells s.c. in the right flank of the mice.

Immune responses

The neoantigen-specific T-cell response was determined 
using intracellular cytokine staining (ICS) performed by 
FC detection and IFNγ ELIspot as previously described19 

For the FC analysis, the following antibodies were utilized 

Figure 6. Microbiota alteration elicits T cell activation in DNA-EP treated mice. A schematic model of possible crosstalk between microbiota and tumor is represented. 
ATB treatment, in combination with a vaccine, modifies microbiota composition reducing some bacteria species in favor of others that are not normally present in mice. 
This microbiota alteration induces a reduction of Arginase1 in tumor lysate, possibly related to reported TIL activation in the DNA EP+ATB group.
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according to different panels: anti-CD3-Alexafluor488 (cat. 
53–0031-82, eBioscience), anti-CD3-PEefluor610 (cat. 61– 
0031-82, eBioscience), anti-CD4-PerCP-Cy5.5 (cat. 
45–0042-82, eBioscience), anti-CD8-APCeFluor780 
(cat 47–0081-82, eBioscience), anti-CD45-efluor450 (cat. 
48–0451-82, eBioscience), anti-CD45-APC (cat. 559,864, 
BD), NK1.1-BV786 (cat. 740,853, Bio Legend), anti-CD11b- 
FITC (cat. 53,310, BD), anti-CD11c-SB645 (cat. 64–0114- 
82, Ebioscience), anti-LY6C-PE-Cy7 (cat. 560,593, BD), 
anti-LY6G-Alexafluor700 (cat. 561,236, BD), anti-IFN-γ- 
PE (cat. 12–7311-82, eBioscience), anti-TNF-α-PE-Cy7 
(cat. 25–7321-82, eBioscience), anti-TNF-α-eFluor450 (cat. 
48–7321-82, eBioscience FC was carried out with a Citoflex 
flow cytometer (Beckman Coulter) and data analyzed with 
Cytexpert software (Beckman Coulter). For the IFNγ 
ELIspot cells were plated at 4 × 105 and 2 × 105 cells/well 
in duplicate and spots were counted using an automated 
ELISPOT reader (Aelvis ELIspot reader, A.EL.VIS Gmbh, 
Germany).

Metabolomic analysis of short-chain fatty acids (SCFA)

Metabolomic analysis was performed by Tuscano Life 
Science. Each serum sample (25 ul) was processed, adding 
deuterated internal standard and acetonitrile: methanol mix-
ture (50%:50%, v/v) and centrifuged at 1300 rpm for 10 min-
utes (4°C). The supernatant was analyzed at LC-SIM-MS. For 
the analyses, Acquity UPLC HSST T3 1,8 μm 2.1 × 50 mm 
(Waters) column in UHPLC Ultimate 3000 was used. Used 
eluent phases were 0.1% formic acid in water (A-phase) and 
0.1% formic acid in acetonitrile (B phase). Mass spectrometer 
Q-Exactive Plus (ThermoFisher) was used. It was possible to 
analyze all six species, monitoring ions mass: m/z 59.01385 
and 62.03210 for acetic acid and D4-acetic acid, 
respectively; m/z 73.02950 e 78.06030 for propionic acid and 
D5-propionic acid; m/z 87.04515 e 94.08850 for butirric acid 
and D8-butirric acid. The area generated by each pair of 
signals was used for the external calibration curve and the 
quantitative determination of the analytes in the murine 
serum samples.

Next-generation sequencing (NGS) analysis

DNA extraction from fecal samples was performed by QIAamp 
PowerFecal DNA Kit (QIAGEN) according to the manufac-
turer’s instructions. NGS analyses were performed by Biofab 
research. DNA was amplified to enrich the bacterial 16S V3-V4 
rRNA region by PCR with a fusion primer containing the 
sequence to incorporate Illumina adapters and indexing bar-
codes. The gene-specific sequences used have been selected 
from the Klindworth et al. publication.43 The Illumina adapter 
overhang nucleotide sequences are added to the gene-specific 
sequences. The full-length primer sequences are:

16S Amplicon PCR Forward Primer = V3
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGC-

CTACGGGNGGCWGCAG
16S Amplicon PCR Reverse Primer = V4

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-
GACTACHVGGGTATCTAATCC.

Analysis was performed according to published literature43

RNAseq and RT-PCR

RNA was extracted by 30 mg of frozen tumor tissues according 
to the manufacturer’s instructions (RNeasy kit, QIAGEN). To 
smash and homogenize a TissueLyser LT (QIAGEN) was used 
and operated at 50 Hz for 2 minutes. RNA extracted was used 
for RNAseq. Moreover, RNA extracted was retro-transcribed 
to cDNA using high capacity cDNA Reverse Transcription Kit 
(applied biosystem) according to the manufacturer’s instruc-
tions. Real-time (RT)-PCR was performed using TaqMan™ 
Gene Expression Master Mix (applied biosystem) and com-
mercial Taq-Man probes for Arg1, Gzmc, and Gzmb genes 
(applied biosystem). Gene expression was normalized to 18S 
and expressed using the 2-Δct method.

Statistical analysis

Statistical analysis was performed with the Prism 7.04 
Graphpad software. The nonparametric t-test (Mann– 
Whitney test) was applied to compare the results between 
groups of treatment and tumor growth curves at different 
time points. Log-rank (Mantel-Cox) test was conducted for 
the tumor-free curve. A two-tailed p-value of 0.05 was consid-
ered statistically significant.
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