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Abstract:

Vitamin C (VitC) is known to directly impair cancer cell growth in preclinical
models but there is little clinical evidence on its anti-tumoral efficacy. Additionally,
whether and how VitC modulates anticancer immune responses is mostly
unknown. Here we show that a fully competent immune system is required to
maximize the anti-proliferative effect of VitC in breast, colorectal, melanoma and
pancreatic murine tumors. High-dose VitC modulates infiltration of the tumor
microenvironment by cells of the immune system and delays cancer growth ina T
cell-dependent manner. Not only does VitC enhance the cytotoxic activity of
adoptively transferred CD8 T cells, but it also co-operates with immune checkpoint
therapy (ICT) in several cancer types. Combination of VitC and ICT can be curative
in models of mismatch repair deficient tumors with high mutational burden. This
work provides a rationale for clinical trials combining ICT with high doses of VitC.
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One sentence summary: Vitamin C promotes anticancer adaptive immunity and
enhances efficacy of immune checkpoint therapy.

Introduction

Checkpoint inhibitor-based immunotherapies that target cytotoxic T lymphocyte
antigen 4 (CTLA-4) or the programmed cell death 1 (PD-1) pathways have
achieved remarkable success in the treatment of selected malignancies. Immune
checkpoint therapy (ICT) based on anti-PD-1/PD-L1 and/or anti-CTLA-4
antibodies elicits prominent and long-lasting responses in tumors with high
mutational and neoantigen burdens such as a fraction of melanoma, urothelial and
lung cancers as well as mismatch repair deficient (MMRd) or microsatellite
instable (MSI) tumors (1-6). Unfortunately, even within tumors with high
mutational and neoantigen burdens, only a subset of patients derives clinical
benefit from ICT. For instance, approximately half of MMRd tumors do not respond
to immune checkpoint modulators and among those that respond only a fraction
achieve durable remissions (3, 7, 8). On the other hand, the clinical efficacy of
immunotherapy remains very limited in extremely aggressive cancers (pancreatic)
or in some of the most prevalent tumors, such as breast or microsatellite stable
(MSS) colorectal cancer (9-11). Additionally, in some cases, treatment-related
adverse events limit ICT efficacy. For all the above reasons, there is a need to find
safe combinatorial strategies that can boost the efficacy of ICT and expand the
tumor types and number of patients who may benefit from cancer
immunotherapy.

Vitamin C (VitC) is an essential dietary nutrient, and its chronic deficiency
contributes to impaired immunity (12). Immune cells accumulate high intracellular
concentrations of VitC, suggesting that this cofactor is crucial for the function of
these cells (12, 13). A possible effect of VitC on innate and adaptive immune
responses in infectious diseases has been reported (13, 14). It has also been shown
that VitC can modulate gene expression and differentiation in lymphoid and
myeloid cells (15-17). Indeed, VitC can act as a cofactor of TET dioxygenases and
histone demethylases that are involved in the DNA and histone demethylation
reactions, thus modulating gene expression (16, 18).

The anticancer effect of VitC has been investigated for decades with controversial
results. Cameron and Pauling first reported that concomitant intravenous and oral
supplementation of VitC prolonged survival of terminal cancer patients treated
with different regimens (19). These findings were not confirmed in subsequent
controlled double-blind trials, in which oral administration of VitC did not elicit
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clinical benefit (20). Follow up studies revealed that the route of administration
strongly affects VitC pharmacokinetics, suggesting that this difference may
underlie the discrepant results (21).

Recent studies have provided a better mechanistic understanding of potential VitC
anti-tumoral effects. In addition to the epigenetic effect of VitC mediated by TET
activity, recent works highlighted that high-dose VitC preferentially Kkills cancer
cells in vitro and in mouse models by exerting pro-oxidant effects and disrupting
iron metabolism (22, 23). Some of these effects can be observed only when high-
dose VitC is administered intravenously.

Despite extensive investigations, whether and how VitC modulates the tumor
immune-environment is mostly unknown and the relevance of VitC as a cancer
therapy remains unclear (24, 25). While several clinical trials are exploring the
efficacy of combining VitC with chemotherapy or targeted agents (26), the
potential of combining VitC with immune modulators for anticancer purposes has
not been explored. In this study we investigated whether VitC could modulate
antitumor immune responses and cancer immunotherapy.

Results

Vitamin C delays tumor growth in immunocompetent syngeneic mice

We asked whether VitC could exert anticancer effects not only in a cancer cell-
autonomous manner but also through modulation of anti-tumor immune
responses. To address this, we studied several mouse cancer models including
colorectal (CT26, MC38), breast (TS/A and 4T1), melanoma (B16-F10) and
pancreatic (PDAC). To explore the impact of the immune system on cancer growth,
tumor volume was monitored in immunocompromised (NOD-SCID) as well as in
immunocompetent syngeneic mice. Breast cancer cells were orthotopically
injected in the mammary fat pad, while the other tumor cell lines were injected
subcutaneously. Once the tumors reached around 100 mm3 in volume (typically 5-
10 days), immunocompetent (Fig. 1A) and immunocompromised animals (Fig.
1B) were randomized to receive either control vehicle or high-dose VitC (4 g/kg
per day i.p.). Contrary to humans, mice are capable of synthesizing VitC, and
measurements of endogenous VitC in mice resulted in basal plasma concentrations
within the range of 0.005-0.011 mM, which were unaffected by tumor presence.
One hour after VitC dosing, its plasma concentrations raised nearly one thousand-
folds to over 5 mM (fig. S1). We observed that in most cases tumor growth was
delayed by the addition of VitC only in the presence of a fully competent immune
system (Fig. 1A).



A dose threshold effect of VitC was seen at daily doses including and above 1.5
g/Kg i.p., while lower doses were unable to affect growth of TS/A orthotopic breast
tumors in immunocompetent mice (fig. S2). The tumor antiproliferative effect of
VitC was maintained in the presence of anti-oxidant N-acetyl cysteine (NAC) at an
oral dose of 1.2 g/Kg, which abrogated VitC pro-oxidative effects, as indicated by
the staining of 8-oxoguanine as a sensor of oxidative-stress induced DNA damage
(fig. S3A and B). The evidence that VitC exerts maximal anticancer therapeutic
effects in immunocompetent but not immunocompromised mice, suggests that
VitC antitumor activity is also dependent on some immunomodulatory functions
and not only on its pro-oxidant effects.

Vitamin C affects tumor growth in a T cell-dependent manner

Immunocompromised NOD-SCID mice have impaired T and B lymphocyte
development. T lymphocytes are the main effectors of tumor immune surveillance,
and their modulation has therapeutic efficacy (27). We found that T lymphocytes
isolated from the spleen of VitC-treated immunocompetent animals, when
activated in vitro produced higher interferon gamma (IFNy) concentrations in
comparison with control mice (Fig. 2A and B; see representative flow cytometry
plots in fig. S4), suggesting that these lymphocytes may contribute to VitC immune-
modulation.

Thus, to address the impact of T lymphocytes in the anticancer effects of VitC, we
used two different approaches. On one hand, we repeated the experiment shown in
Fig. 1A in the presence of monoclonal antibodies targeting CD4 or CD8 positive T
cells. An isotype antibody served as a control. We observed that anti-CD4 or anti-
CD8 antibodies abolished the anticancer effect of VitC in breast TS/A and
colorectal CT26 tumors (Fig. 2C and D).

On the other hand, we adoptively transferred T lymphocytes from
immunocompetent to immunocompromised animals. To this purpose, we first
injected breast cancer cells (TS/A) in the mammary fat pad of syngeneic mice and
when tumors reached at least 100 mm3 in volume, treated the mice with VitC or
control vehicle (Fig. 2E). After 30 days, spleens were explanted, and CD4 and CD8
T cells were isolated (28). In parallel, TS/A cells were implanted in
immunocompromised mice. Five and ten days after TS/A cell implantation, CD4
and CD8 T cells isolated from VitC or control vehicle-treated immunocompetent
mice were injected i.v. into immunocompromised animals (see representative flow
cytometry plots of isolated cells in fig. S5). Adoptive transfer of CD4 T cells showed
antitumor activity irrespective of prior VitC treatment (Fig. 2F); whereas adoptive
transfer of CD8 T cells was able to impair tumor growth only when lymphocytes
were isolated from VitC treated animals (Fig. 2G). Since it is known that CD4 T
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cells can regulate CD8 T cells, we hypothesized that CD4 T cells could be required
to co-stimulate CD8 T cells in the presence of VitC. To test this hypothesis, we
repeated the experiment shown in Fig. 2G by first depleting CD4 T cells in
immunocompetent mice, in which we then orthotopically inoculated breast TS/A
cells. Once tumors engrafted, mice were treated with VitC and the isotype-control
antibody (fig. S6). Thirty days after cell injection, spleens were collected and CD8 T
cells from vehicle or VitC-treated mice that had been depleted of CD4 T cells - as
well as from animals pre-treated with the isotype-control antibody - were
transferred into immunocompromised NOD-SCID animals bearing TS/A orthotopic
tumors. Consistent with results shown in Fig. 2G, CD8 T cells impaired tumor
growth only when transferred from VitC-treated animals and not from isotype-
control mice. However, adoptive transfer of CD8 T cells from VitC treated donor
mice that had been concomitantly depleted of CD4 T cells did not induce antitumor
activity in immunocompromised mice (Fig. 2H). Altogether these results show that
treatment with high-dose VitC delays tumor growth and suggest that this effect
depends on T lymphocytes, primarily on CD8 T cells. They also suggest that the
presence of CD4 T cells is required to engage the cytotoxic potential of CD8 T cells
in VitC-treated model systems.

Vitamin C enhances the efficacy of immune checkpoint therapy

Immune checkpoint therapy (ICT) can unleash the immune system and induce
prolonged remissions in several tumors, but its efficacy is still very limited in some
of the most prevalent malignancies such as breast and colon cancer (27, 29, 30).
Intrigued by the finding that the antitumor activity of VitC was dependent on T
cells, we assessed whether VitC could enhance the efficacy of ICT. Immune
checkpoint modulators (anti-PD1 and anti-CTLA-4 mAbs, ICT) alone and in
combination were administered to mice bearing syngeneic pancreatic, breast, or
colorectal tumors. In pancreatic PDAC and breast 4T1 models, the triple therapy
combining VitC with anti-PD1 and anti-CTLA-4 (VitC + ICT) induced tumor growth
impairment compared to single treatments, but without eradicating the tumors
(Fig. 3A and B; fig. S7). In the second breast cancer model (TS/A), combinatorial
VitC + ICT induced prolonged tumor growth impairment (Fig. 3C). Importantly, a
subset of mice (8 out of 13) that received the triple therapy, rejected TS/A tumors
and remained tumor-free for up to a year and eventually died without evidence of
cancer, suggesting that the treatment had been curative (Fig. 3D; fig. SBA). In the
subset of mice that displayed complete regression, no tumors developed even
when they were later re-challenged with the same cancer cells (Fig. 3D), indicating
that mice developed complete immune responses and that effective antitumor
memory T cells had been expanded.



Treatment with VitC and immune modulators in the previous experiments were
administered when tumors were approximately 100 mm3 in volume. As
previously reported by another group (31), CT26 tumors show relatively high
mutational burden and are responsive to dual combinatorial CTLA-4 and PD-1
blockade when treatment is administered to animals bearing tumors between 400
and 600 mm3 in volume. To study the impact of combined VitC and ICT on the
CT26 colon cancer model, we started treatment around 1000 mm3 in volume.
Despite the marked disease burden, the triple therapy induced strong tumor
impairment and remission in several animals (7 out of 13) (Fig. 3E). The subset of
mice experiencing a complete response remained tumor-free up to a year, and no
tumor developed even when they were later re-challenged with the same cancer
cells, indicating effective antitumor immune memory (Fig. 3F; fig. S8B).

Vitamin C induces recruitment of T Ilymphocytes in the tumor
microenvironment

In support to the immune modulatory functions of VitC, immune-fluorescence
analysis of TS/A breast tumors showed that VitC treatment induced tumor
infiltration by both CD4 and CD8 T lymphocytes, which were further increased by
combining VitC and ICT (Fig. 4A and B).

To further characterize the immunological response observed after combining VitC
and ICT, we explanted orthotopically grown TS/A breast tumors and isolated
immune infiltrating cell fractions from control and treated mice. Flow cytometry
analysis revealed that neither the CD45 positive nor the T regulatory cell fractions
were modulated in tumors treated with VitC alone (fig. S9). Combined treatment
with VitC and ICT induced activation of tumor-infiltrating lymphocytes, as shown
by positive staining for the T cell activation marker CD69 and the effector/memory
CD44 marker on CD4 and CD8 T lymphocytes (Fig. 4C-D; see representative flow
cytometry plots in figs. S10 and S11).

Addition of VitC induces complete remission of MMR-deficient tumors
unresponsive to single immune checkpoint inhibitors

ICT is approved for the treatment of any tumor type displaying microsatellite
instability, which is the result of MMR inactivation. Unfortunately, only a subset of
MMRd tumors respond to immune checkpoint modulators and among those that
respond only a fraction derive long lasting benefits (3, 7, 8). We wondered whether
VitC could improve the magnitude and durability of clinical benefit from immune
therapies on MSI tumors. To this end we used MMRd tumor models that we had
previously developed by genetic inactivation of MLH1 in colorectal and breast
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cancer murine cells (32). Mlh1l knock-out (MLH1-KO) cells have increased
mutational burden, augmented number of predicted neoantigens, and higher
immunogenicity (32). Since we previously found that MLH1-KO cells grow slower
than their parental counterpart in syngeneic mice (32), we initially injected them
into immunocompromised animals until large tumors were established. Next,
tumor samples were explanted, fragmented, and transplanted into multiple
immunocompetent mice that were then randomized to receive either control
vehicle or VitC as shown in Fig. 5A. In parallel, matched MLH1 wild-type and
MLH1-KO colorectal and breast tumors were also treated with VitC in
immunocompromised animals. Once again, independently of the MLH1 status (and
neoantigen burdens), VitC had no effect on tumor growth in immunocompromised
mice (fig. S12). In immunocompetent hosts, the growth of MMRd was slower
compared with MMR-proficient tumors as expected (Fig. 5B and C) (32). Notably,
the effect of VitC alone was much more prominent in MMR-deficient cancers than
in their MMR-proficient counterparts (Fig. 5B and C). These findings suggest that
the antitumor effect of VitC is enhanced in mice with tumors harboring increased
mutational/neoantigen burdens. The addition of individual immune modulators
(anti-PD1 or anti-CTLA-4) to VitC improved anticancer responses in mice bearing
sizeable MMRd tumors (Fig. 5D, fig. S13 and S14). The combination of VitC with
anti-CTLA-4 induced complete tumor regression in most mice (fig. S13), and no
relapses were seen for up to a year (Fig. 5E). Notably, after approximately one
month of treatment, the effect of VitC and anti-CTLA4 was comparable to the effect
induced by the combination of anti-PD1 and anti-CTLA4 mAbs (Fig. 5D). Finally,
no tumors developed when mice bearing MMRd tumors that achieved complete
response on VitC and ICT combination were later re-challenged with the same
cancer cells (Fig. 5E). This indicates that these mice had developed protective
immunity and immunological memory. Autoimmune reactions can be observed in
animals treated with CTLA-4 inhibitors as a consequence of T regulatory cell
depletion. Illness, chronic inflammation of ears and eyelids, and reduced motility
have been observed during chronic T reg depletion in mice (33). We found that
treatments were generally well tolerated, and no signs of autoimmune reactions
were recorded in any of the treatment arms.

Discussion

In this work we investigated whether and to what extent the anticancer activity of
VitC relies on the host immune system. We found that in most murine cancer
models tested, VitC potentiates adaptive immune responses against cancer cells
and can effectively combine with ICT. These effects are therapeutically relevant in
MMR-proficient tumors, and the addition of VitC to ICT is often curative in MMRd
tumors.



Several studies have previously shown that administration of VitC can impair or
delay tumor development in mice (22, 23, 34-36). While the different anticancer
efficacy of VitC in immunocompromised versus immunocompetent animals has
been previously reported for the B16-F10 melanoma model (37), the extent and
the relevance of a fully competent immune system has not been systematically
explored. Our study shows that VitC can delay tumor growth by stimulating
adaptive immune responses in several murine cancer models. We acknowledge
that VitC immune-modulatory effects are not expected to be universal, because at
least one model, namely MC38 colorectal tumors, proved to be refractory. Future
work should focus on understanding the mechanisms underlying the lack of VitC
efficacy in these outlier tumors. We also note that clinical trials in cancer patients
have shown no clear benefit from high-dose VitC in monotherapy (26), whereas
our data indicate that VitC alone delays the growth of relatively small tumors in the
presence of a competent immune system in mice. Hence, caution should be taken
when translating findings from model systems to humans.

We show that ablation of CD8 T lymphocytes in immunocompetent mice severely
impairs and often completely abolishes VitC effects. Our results also hint at a
critical role of CD4 T cells to modulate CD8 T cells in the presence of VitC. VitC has
previously been shown to enhance differentiation and proliferation of myeloid and
lymphoid cells, likely due to its gene regulating effects (15, 16). Physiological
concentrations of VitC were reported to preserve the immunosuppressive capacity
of T regulatory cells and prevent autoimmunity (15, 38). We found that high doses
of VitC did not affect the percentage of tumor-infiltrating T regulatory cells. Our
study shows that in vivo administration of VitC increases the number of tumor-
infiltrating T cells and enhances activation of CD4 and CD8 effector T cells. This is
in agreement with a recent study that also showed increased intratumoral T cell
infiltration when mice were treated with VitC (36). Our findings are also in line
with another study that found a higher frequency of CD8 effector and memory T
cells when mice were inoculated with tumor lysate-loaded dendritic cells that had
been pre-treated ex-vivo with VitC (39).

In this work we did not investigate the molecular mechanisms leading to T cell
activation after administration of VitC in mice, because this aspect has already
been studied. In fact, several studies have previously shown that VitC leads to
epigenetic modulation of T cells and their activation, by acting as a cofactor for
both DNA and histone demethylases (18, 40). In relation to this, we speculate that
VitC may cause rejuvenation of T cells, favoring their expansion and clonal
diversity (41). Follow up studies to delve into the underlying mechanism of the
observed therapeutic effect of VitC in the model systems described in this work are
warranted.



In addition to promoting DNA demethylation mediated by TET enzyme activation,
high doses of VitC may kill cancer cells via oxidative stress and by disrupting iron
metabolism (22). However, we found that concomitant administration of a ROS
scavenger did not blunt VitC efficacy in immunocompetent mice, indicating that
oxidative stress is unlikely to exert a major impact in the models and experimental
settings described in this work. Nevertheless, previous reports have shown that
high doses VitC can inhibit the growth of human tumors inoculated in
immunocompromised mouse models(23, 26). Taken together, these previous
works and the data reported in our study suggest that there are multiple means by
which VitC exerts its anti-tumor effects, and the immune-mediated mechanism
might be independent of, and in addition to the pro-oxidative mechanism.

We report that the addition of VitC can potentiate the efficacy of combined anti-
CTLA-4 and anti-PD1 blockade in breast, pancreatic, and colorectal MMR-
proficient murine models. Not only did this combination delay tumor growth in
most cases, but in a few mice complete regressions were observed. We found that
combining VitC and ICT further enhanced tumor-infiltrating CD8 T cells compared
to the increase observed with single treatments.

Immune checkpoint inhibitors are approved for the treatment of several
malignancies. However, intrinsic unresponsiveness is seen in most cases. For
instance, only a fraction of patients with MMRd tumors benefit from
immunotherapy. Combinations of immune checkpoint inhibitors including anti-
CTLA-4 and anti-PD1 achieve responses in a larger fraction of MMRd patients, but
at the price of higher toxicities (42). Although addition of VitC did not improve the
activity of anti-PD1 alone, VitC strongly enhanced the efficacy of anti-CTLA-4 as a
monotherapy, and their combination induced a complete response in several mice
bearing MMR-deficient tumors. In relation to this, a dose reduction of ICT might be
explored in combinatorial regimens with VitC to mitigate toxicity or adverse
events induced by immunotherapy.

The mechanism underlying the cooperation between VitC and immune checkpoint
inhibitors deserves further studies. We found increased production of IFNy by T
cells extracted after VitC administration. This is consistent with the notion that
VitC can modulate cytokine generation (13), although we acknowledge that we did
not investigate this aspect in detail. It is possible that VitC improves T cell
responses and tumor control during treatment with immune checkpoint inhibitors
by reverting T cell exhaustion-associated DNA-methylation programs (41). Taken
together, this evidence prompts us to speculate that VitC pleiotropic functions can
revert a growth-permissive tumor immune environment.

We do not rule out that VitC could exert its functions not only on immune cells but
also on cancer cells. In this regard, a recent study has shown that VitC can
stimulate TET2 activity in cancer cells and potentiate the efficacy of anti-PD-L1 or
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anti PD-1 immune therapy in mouse melanoma cells ectopically expressing the
ovalbumin antigen or a lymphoma model, respectively (36, 43).

The evidence that a vitamin has such a marked impact on ICT in highly aggressive
mouse cancer models prompted us to consider designing clinical trials, which must
keep in mind the points highlighted below. Patients with advanced cancer
reportedly have compromised VitC status, and intravenous administration of VitC
would likely be required to achieve pharmacologically relevant concentrations
(21). Although the highest dose of VitC typically given to humans is lower than that
used in murine experiments, ascorbic acid concentrations in plasma can peak at
10-20 mM in cancer patients after i.v. administration (44) - which is in the same
range or possibly higher than what we found in rodents treated with high-dose i.p.
VitC. Nevertheless, we have not measured plasma VitC concentrations when it was
given with ICT in mice, so we cannot rule out that drug-drug interactions could
have influenced VitC pharmacokinetics in combinatorial regimens. On the bright
side, VitC is known to be well tolerated at high doses, and intravenous
administration is generally considered to be safe. However, the optimal dose or
duration of VitC treatment has not been established (26). This is particularly
relevant when planning combination studies with immune checkpoint inhibitors
that are often administered for several months or years. Results from the adoptive
cell transfer experiments suggest that VitC exposure could be critical in the
priming and/or clonal expansion phases as well as during lymphocyte-mediated
cancer cell killing. Based on our findings, we propose that VitC should be tested
concomitantly with the first few cycles of immune checkpoint inhibitors. Although
mice received only four cycles of ICT, no signs of immune-related adverse events
or other toxicities were seen in animals treated with VitC and ICT, suggesting that
combinatorial regimens may be tolerated by cancer patients (33). Nevertheless,
this issue will require assessment in clinical studies in which escalating doses of
VitC should be administered with concomitant ICT. VitC has been shown to
decrease chemotherapy-related toxicities in cancer patients (26, 45); the same
effect might occur in the presence of ICT, and further work in this direction is
warranted. In summary, we describe that VitC can stimulate anticancer adaptive
immunity and enhance the efficacy of immune checkpoint inhibitors in mouse
cancer models, including MMR-proficient and -deficient tumors, thus paving the
way for the design of combination clinical trials testing VitC-mediated
immunomodulation.

Materials and Methods

Study Design
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The objective of this study was to assess whether high-dose VitC might exert
anticancer activity through the immune system and to verify whether
combinatorial treatment with ICT might limit tumor growth in mouse preclinical
cancer models. The evidence that a fully competent immune system maximizes the
anticancer effects of VitC was demonstrated by administering VitC to
immunocompetent and immunocompromised tumor-bearing mice in parallel. We
also showed that CD4 and CD8 T cells are the main mediators of the anticancer
activity induced by VitC. We demonstrated this by directly depleting the CD4 and
CD8 T lymphocytes in immunocompetent mice by administering specific depleting
antibodies. The helper and cytotoxic role of CD4 and CD8 T cells were verified by
adoptive transfer experiments of lymphocytes from immunocompetent to
immunocompromised mice. The cooperation of high-dose VitC and ICT was
demonstrated by administering combinatorial treatments to mice bearing MMR
proficient and deficient mouse tumors. Immunofluorescence analysis were
performed to uncover that the addition of VitC to ICT increases the infiltration of
CD4 and CD8 T lymphocytes. In all experiments, control and experimental
treatments were randomly administered to age- and sex- matched mice. Tumor
burden was monitored over time to assay response to specific treatments and
combinations. Animals were examined for toxicity by periodic observation and
samples collected. Blinding was not used in this study. However, measurements of
tumors were taken before the identification of the cages. The number of
experimental replicates is indicated in the figure legends. Sample size were chosen
empirically to ensure adequate statistical power and were in line with the
standards for the techniques used in the study.

Mouse cell lines

The TS/A breast cancer cell line was established from a moderately differentiated
mammary adenocarcinoma that arose spontaneously in a Balb/c mouse (46). TS/A
cells were provided by F. Cavallo (Molecular Biotechnology Center, University of
Torino). CT26 is a mouse undifferentiated colon carcinoma, derived from Balb/c
mice (47). CT26 cells were purchased from ATCC. MC38 is a mouse colon
adenocarcinoma line derived from a C57/BL6 mouse and cells were kindly
provided by M. Rescigno (European Institute of Oncology). 4T1 is a spontaneous
mammary adenocarcinoma derived from a Balb/c mouse and was purchased from
ATCC (48). PDAC cells were isolated from FVB transgenic mice bearing pancreatic
cancers with the following genotype: p48cre, Kraslsl-G12D p53R172H/+ [nk4a / Arfflox/+.
PDAC cells were kindly provided by D. Hanahan (49) (ISREC, EPFL, Lausanne).
B16-F10 is a melanoma cell line derived from a C57/BL6 mouse, purchased from
ATCC (50). CT26, MC38, 4T1, and PDAC cells were cultured in RPMI 1640 10%
FBS, plus 2mM glutamine, 100 IU/ml penicillin, and 100 pg/ml streptomycin
(Sigma Aldrich). TS/A and B16-F10 cells were cultured in DMEM 10% FBS plus
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2mM glutamine, 100 IU/ml penicillin, and 100 pg/ml streptomycin (Sigma
Aldrich). All cell lines were tested for mycoplasma regularly. To ensure that the
parental cell models were tumorigenic, before starting the experiments all the
lines were injected into matched syngeneic mice. On tumor formation, we re-
established in vitro cell cultures.

Animal studies

All animal procedures were approved by the Ethical Commission of the Candiolo
Cancer Institute and by the Italian Ministry of Health, and they were performed in
accordance with institutional guidelines and international law and policies. The
number of mice included in the experiments and the inclusion/exclusion criteria
were based on institutional guidelines. We observed tumor size limits (maximum
allowable diameter of 20 mm) in accordance with institutional guidelines. Six- to
eight-week-old female and male C57BL/6], BALB/c, FVB, and NOD-SCID mice were
used according to the approved protocol. Mice were obtained from Charles River.
All experiments involved a minimum of five mice per group. Tumor size was
measured every four days and calculated using the formula: V = (d2xD)/2 (d =
minor tumor axis; D = major tumor axis) and reported as tumor volume (mmb3,
mean = SEM of individual tumor volumes). Animals were kept under supervision
by veterinary personnel throughout the entire duration of the experiments. Mice
were checked at least three times a week for signs of illness, inflammation of ears
and eyelids, and reduced motility, because these side effects had been previously
reported for animals treated with CTLA4 targeted monoclonal antibodies (34). The
investigators were not blinded; measurements were acquired before the
identification of the cages. No statistical methods were used to predetermine
sample size.

Mouse treatments

Ascorbate (Sigma Aldrich) was prepared weekly by resuspending the powder in
sterile water. Ascorbate was administered intraperitoneally 5 days/week at 4 g/kg
dosage. The anti-mouse PD-1 (clone RMP1-14), anti-mouse CTLA-4 (clone 9H10),
anti-mouse CD4 (YTS191), anti-mouse CD8a (YTS169.4), rat IgG2a, and polyclonal
Syrian Hamster IgG and rat IgG2b antibodies were purchased from BioXcell.
Randomization was used for the experiments in which therapeutic effects had to
be evaluated. Animals were treated i.p. with 250 pg anti-PD-1 antibody per mouse,
and 200 pg anti-CTLA-4 antibody per mouse. Treatments were administered at the
timepoints indicated in the graphs after checking for tumor establishment. In
combinatorial treatments, VitC was administered starting with the first cycle of
immunotherapy. Isotype controls were injected according to the same schedule.
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Anti-mouse CD4 and CD8a were used for depletion of T cells in immunocompetent
mice. Anti-mouse CD4, CD8a, and matched isotype mAbs (400 pg per mouse) were
injected intraperitoneally on the day of tumor inoculation. Depleting antibodies
were administered (100 pug per mouse) on day one and day two and then every
three days since tumor cell injection. Depleting antibodies and matched isotypes
were administered every three days throughout the course of the experiments.
Flow cytometry analysis was performed every three days to assess the numbers of
CD4+ and CD8+ cells in the bloodstream of mice. The fraction of CD4+ or CD8+
cells relative to CD45+ cells was around 20% before and 0.5% after the
administration of depleting antibody. The low fraction of CD4+ and CD8+ cells
(0.5%) was maintained throughout the entire experiment.

Flow cytometry cell analysis

Mouse tumors were cut into small pieces, disaggregated with collagenase (1.5
mg/ml), and filtered through 70 pum strainers. Cells were stained with specific
antibodies and Zombie Violet Fixable Viability Kit (BioLegend). Phenotype analysis
was performed with the following antibodies purchased from BioLegend: anti-
CD45-PerCp (30F11), anti-CD11b-APC (M1/70), anti-CD3-PE/Cy7 (17A2), anti-
CD4-FITC (RM4-5), anti-CD8-PE or FITC (YTS156.7.7), anti-F4/80-APC (BM8),
anti-CD49b-PE (DX5), anti-CD44-APC (IM7), anti-CD69-PE (H1.2F3), anti-CD62L-
Pe/Cy7 (MEL-14), anti-CD11c-FITC (N418), anti-CD28-PE (37.51), anti-CD25-APC
(PC61), anti-CD127-Pe/Cy7 (A7R34), and anti-FoxP3-PE (MF-14). For FoxP3
staining, cells were isolated and stained with surface antibodies for 30 minutes,
and then fixed and permeabilized using the FoxP3 Fix/Perm Buffer set
(BioLegend). Cells were then stained with FoxP3-PE (Bio-legend). For IFNy
staining, cells were stimulated in vitro with the cell stimulation cocktail
(eBiosciences) and incubated with GolgiStop and GolgiPlug (BD Biosciences). After
6 hours of incubation, cells were washed and stained for extracellular markers.
Then, cell permeabilization was performed by using the Cytofix/Cytoperm kit (BD
Biosciences), and then the cells were stained for IFNy (XMG1.2 - BioLegend). All
flow cytometry was performed using the FACS Dako instrument and Flow]o
software.

Immunofluorescence analysis

Detection of T cells was performed with a modification of the method for
immunofluorescence of fresh frozen tissues described previously (32). In brief,
tumor samples were included in Killik (Bio-Optica), serially cut (10 um), and fixed
using cold acetone:methanol (1:1). Samples were incubated for one hour in
blocking buffer (1% BSA and 2% goat serum in PBS with 0.05% Tween and 0.1%
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Triton) and incubated overnight with anti-CD8 (clone YTS169 from Thermo
Fisher) and anti-CD4 (clone RM4-5 from Thermo Fisher). For detection, anti-rat
Alexa Fluor 647 was used (Thermo Fisher Scientific). Nuclei were stained with
DAPI. Slides were then mounted using fluorescence mounting medium (Dako) and
analyzed using a confocal laser scanning microscope (TCS SPE II; Leica).

Plasma VitC analysis

The extraction procedure of ascorbic acid (AA) from plasma was carried out as
previously reported (51), while the analytical part was developed based on mass
spectrometry technology, as recently reported (22, 23). Heparinized plasma
samples, previously supplemented with 10% of metaphosphoric acid were
defrosted, vortexed, and centrifuged at 13200 rpm. Ninety-five pL of the
supernatant were supplemented with 5 pul solution (190 pg/ml) of 13Ce-L-Ascorbic
Acid as internal standard (IS), dissolved in acetonitrile:0.1% formic acid (70:30),
then combined with 900 pL of acetonitrile:0.1% formic acid (70:30) and vortexed
for 1 min. After centrifugation at 13200 rpm for 10 min at 4°C, 200 pL were
transferred to micro-vials and 5 pL injected into LC-MS/MS instrumentation
consisting of a LC system Series 200 autosampler and micropump (Perkin Elmer)
coupled to a triple quadrupole mass spectrometer API 4000 (SCIEX).
Chromatographic separation was achieved on an Atlantis column T3 (2.1x150 mm,
3 um) (Waters) fluxing mobile phase at a flow rate of 0.2 mL/min under gradient
conditions. The mass spectrometer worked with electrospray ionization in
negative ion mode and selected reaction monitoring, quantifying target ions m/z
175/115 for AA and m/z 181/119 for IS. The limit of quantification was 0.0055
mM; the day of analysis a plasma standard calibration curve was prepared in the
range 0.0055-5.7 mM. Samples with concentration above 5.7 mM were reanalyzed
diluted 1:1.

Adoptive T Cell Transfer

Mice were euthanized and their splenocytes isolated as previously described (28).
Briefly, spleens were minced and passed through a 70 pm cell strainer. Afterward,
red blood cells were lysed with ACK lysis buffer (Gibco) and the remaining
splenocytes washed with MACS buffer. Magnetic bead sorting, using negative
selection kit (Miltenyi), were used to acquire CD4+ and CD8+ T cells. The purity of
the enriched cells was greater than 94%. Cells were dissolved in 100 pl of PBS and
intravenously injected in an orthotopic model of breast cancer. Mice were injected
twice with 5 million T cells by tail vein injection at days 5 and 10 since cancer cell
injection.
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Antioxidant analysis

In experiments where anti-oxidants were administered, N-acetyl cysteine was
administered by oral gavage (1.2 g/kg in PBS, pH 7.2) as previously described (52-
54). To check antioxidant effects on tumors, 8-oxo guanine (Abcam - N45.1)
staining was performed by immunohistochemistry on FFPE sections (55).

Statistical analysis

Statistical analyses were performed using GraphPad Prism Software. To determine
statistical significance for tumor growth curves, normality and Lognormality tests
were performed for each experiment. In the case of a Gaussian-like distribution,
student t test for two group comparison (P values were adjusted with Welch
correction) and one-way ANOVA for more than two group comparison (P values
were adjusted with Tukey correction) were performed. In case of a non-Gaussian
distribution, non-parametric tests were performed (P values were adjusted with
Welch correction). For immuno-phenotypic analysis, normality and Lognormality
tests were performed. Statistical significance was calculated using one-way ANOVA
(P values were adjusted with Tukey correction) in case of Gaussian-like
distribution. Non-parametric analyses (P values adjusted with Welch correction)
were conducted for datasets that failed to pass a normality test. The Kaplan-Meyer
method was used for survival analysis, and P values were calculated using the log-
rank test (Mantel-Cox). All data are presented as mean + SEM. Sample sizes were
chosen to provide adequate power, based on our previous studies and literature
surveys. The number of replicates and sample size for in vivo experiments were
limited according to the requirements of the Italian Ministry of Health. Animal
studies were performed in accordance with institutional guidelines and
international law and policies. When therapy was applied, we performed
randomization. In this case, only mice bearing tumors with a volume within 50% of
the average size were included in the experiment. Original data are provided in
data files S1-S10.

References and notes

1. L. A. Diaz, D.T. Le, PD-1 Blockade in Tumors with Mismatch-Repair Deficiency.
N Engl J Med 373, 1979 (2015).

2. D.T. Le et al., Mismatch repair deficiency predicts response of solid tumors to
PD-1 blockade. Science 357, 409-413 (2017).

3. M. K. Callahan et al., Nivolumab Plus Ipilimumab in Patients With Advanced

Melanoma: Updated Survival, Response, and Safety Data in a Phase | Dose-
Escalation Study. J Clin Oncol 36, 391-398 (2018).

15



10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

N. A. Rizvi et al., Cancer immunology. Mutational landscape determines
sensitivity to PD-1 blockade in non-small cell lung cancer. Science 348, 124-128
(2015).

M. D. Hellmann et al., Nivolumab plus Ipilimumab in Lung Cancer with a High
Tumor Mutational Burden. N Engl J Med 378, 2093-2104 (2018).

J. Bellmunt et al., Pembrolizumab as Second-Line Therapy for Advanced
Urothelial Carcinoma. N Engl J Med 376, 1015-1026 (2017).

M. J. Overman et al., Durable Clinical Benefit With Nivolumab Plus Ipilimumab
in DNA Mismatch Repair-Deficient/Microsatellite Instability-High Metastatic
Colorectal Cancer. J Clin Oncol 36, 773-779 (2018).

M. J. Overman et al., Nivolumab in patients with metastatic DNA mismatch
repair-deficient or microsatellite instability-high colorectal cancer (CheckMate
142): an open-label, multicentre, phase 2 study. Lancet Oncol 18, 1182-1191
(2017).

S. Adams et al., Pembrolizumab monotherapy for previously treated metastatic
triple-negative breast cancer: cohort A of the phase Il KEYNOTE-086 study. Ann
Oncol 30, 397-404 (2019).

J. Gong et al., Combination systemic therapies with immune checkpoint
inhibitors in pancreatic cancer: overcoming resistance to single-agent
checkpoint blockade. Clin Transl Med 7, 32 (2018).

D.T. Le et al., PD-1 Blockade in Tumors with Mismatch-Repair Deficiency. N
EnglJ Med 372, 2509-2520 (2015).

S. J. Padayatty, M. Levine, Vitamin C: the known and the unknown and
Goldilocks. Oral Dis 22, 463-493 (2016).

A. C. Carr, S. Maggini, Vitamin C and Immune Function. Nutrients 9, (2017).

A. Sorice et al., Ascorbic acid: its role in immune system and chronic
inflammation diseases. Mini Rev Med Chem 14, 444-452 (2014).

X. Yue et al., Control of Foxp3 stability through modulation of TET activity. J Exp
Med 213, 377-397 (2016).

M. Agathocleous et al., Ascorbate regulates haematopoietic stem cell function
and leukaemogenesis. Nature 549, 476-481 (2017).

J. Manning et al., Vitamin C promotes maturation of T-cells. Antioxid Redox
Signal 19, 2054-2067 (2013).

K. Blaschke et al., Vitamin C induces Tet-dependent DNA demethylation and a
blastocyst-like state in ES cells. Nature 500, 222-226 (2013).

E. Cameron, L. Pauling, Supplemental ascorbate in the supportive treatment of
cancer: Prolongation of survival times in terminal human cancer. Proc Nat/
Acad Sci US A 73,3685-3689 (1976).

C. G. Moertel et al., High-dose vitamin C versus placebo in the treatment of
patients with advanced cancer who have had no prior chemotherapy. A
randomized double-blind comparison. N Engl J Med 312, 137-141 (1985).

S. J. Padayatty et al., Vitamin C pharmacokinetics: implications for oral and
intravenous use. Ann Intern Med 140, 533-537 (2004).

J. D. Schoenfeld etal.,, 02 -- and H 2 O 2 -Mediated Disruption of Fe
Metabolism Causes the Differential Susceptibility of NSCLC and GBM Cancer
Cells to Pharmacological Ascorbate. Cancer Cell 32, 268 (2017).

16



23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

J. Yun et al., Vitamin C selectively kills KRAS and BRAF mutant colorectal cancer
cells by targeting GAPDH. Science 350, 1391-1396 (2015).

B. Ngo, J. M. Van Riper, L. C. Cantley, J. Yun, Targeting cancer vulnerabilities
with high-dose vitamin C. Nat Rev Cancer 19, 271-282 (2019).

N. Shenoy, E. Creagan, T. Witzig, M. Levine, Ascorbic Acid in Cancer Treatment:
Let the Phoenix Fly. Cancer Cell 34, 700-706 (2018).

A. C. Carr, J. Cook, Intravenous Vitamin C for Cancer Therapy - Identifying the
Current Gaps in Our Knowledge. Front Physiol 9, 1182 (2018).

S. C. Wei, C. R. Duffy, J. P. Allison, Fundamental Mechanisms of Immune
Checkpoint Blockade Therapy. Cancer Discov 8, 1069-1086 (2018).

N. G. Kooreman et al., Autologous iPSC-Based Vaccines Elicit Anti-tumor
Responses In Vivo. Cell Stem Cell 22, 501-513.e507 (2018).

Y. J. Park, D. S. Kuen, Y. Chung, Future prospects of immune checkpoint
blockade in cancer: from response prediction to overcoming resistance. Exp
Mol Med 50, 109 (2018).

P. Darvin, S. M. Toor, V. Sasidharan Nair, E. Elkord, Immune checkpoint
inhibitors: recent progress and potential biomarkers. Exp Mol Med 50, 165
(2018).

K. Kim et al., Eradication of metastatic mouse cancers resistant to immune
checkpoint blockade by suppression of myeloid-derived cells. Proc Nat! Acad Sci
USA111,11774-11779 (2014).

G. Germano et al., Inactivation of DNA repair triggers neoantigen generation
and impairs tumour growth. Nature 552, 116-120 (2017).

J. Liu et al., Assessing Immune-Related Adverse Events of Efficacious
Combination Immunotherapies in Preclinical Models of Cancer. Cancer Res 76,
5288-5301 (2016).

E. J. Campbell et al., Pharmacokinetic and anti-cancer properties of high dose
ascorbate in solid tumours of ascorbate-dependent mice. Free radical biology &
medicine 99, 451-462 (2016).

A. C. Carr, J. Cook, Intravenous Vitamin C for Cancer Therapy - Identifying the
Current Gaps in Our Knowledge. Front Physiol 9, 1182 (2018).

Y. P. Xu et al., Tumor suppressor TET2 promotes cancer immunity and
immunotherapy efficacy. J Clin Invest 130, 4316-4331 (2019).

O. K. Serrano et al., Antitumor effect of pharmacologic ascorbate in the B16
murine melanoma model. Free radical biology & medicine 87, 193-203 (2015).
V. Sasidharan Nair, M. H. Song, K. I. Oh, Vitamin C Facilitates Demethylation of
the Foxp3 Enhancer in a Tet-Dependent Manner. J Immunol 196, 2119-2131
(2016).

Y. J. Jeong et al., Vitamin C treatment of mouse bone marrow-derived dendritic
cells enhanced CD8(+) memory T cell production capacity of these cells in vivo.
Immunobiology 219, 554-564 (2014).

J. 1. Young, S. Ziichner, G. Wang, Regulation of the Epigenome by Vitamin C.
Annu Rev Nutr 35, 545-564 (2015).

H. E. Ghoneim et al., De Novo Epigenetic Programs Inhibit PD-1 Blockade-
Mediated T Cell Rejuvenation. Cell 170, 142-157.e119 (2017).

P. Arnaud-Coffin et al., A systematic review of adverse events in randomized
trials assessing immune checkpoint inhibitors. Int J Cancer 145, 639-648 (2019).

17



43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

R. A. Luchtel et al., High-dose ascorbic acid synergizes with anti-PD1 in a
lymphoma mouse model. Proc Natl Acad Sci U S A 117, 1666-1677 (2020).

F. Wang et al., Phase | study of high-dose ascorbic acid with mFOLFOX6 or
FOLFIRI in patients with metastatic colorectal cancer or gastric cancer. BMC
Cancer 19, 460 (2019).

A. C. Carr, C. McCall, The role of vitamin C in the treatment of pain: new
insights. J Transl Med 15, 77 (2017).

P. Nanni, C. de Giovanni, P. L. Lollini, G. Nicoletti, G. Prodi, TS/A: a new
metastasizing cell line from a BALB/c spontaneous mammary adenocarcinoma.
Clin Exp Metastasis 1, 373-380 (1983).

T. H. Corbett, D. P. Griswold, B. J. Roberts, J. C. Peckham, F. M. Schabel, Tumor
induction relationships in development of transplantable cancers of the colon
in mice for chemotherapy assays, with a note on carcinogen structure. Cancer
Res 35, 2434-2439 (1975).

D. L. Dexter et al., Heterogeneity of tumor cells from a single mouse mammary
tumor. Cancer Res 38, 3174-3181 (1978).

M. E. Gilles et al., Nucleolin Targeting Impairs the Progression of Pancreatic
Cancer and Promotes the Normalization of Tumor Vasculature. Cancer Res 76,
7181-7193 (2016).

. J. Fidler, Selection of successive tumour lines for metastasis. Nat New Biol
242, 148-149 (1973).

A. Karlsen, R. Blomhoff, T. E. Gundersen, Stability of whole blood and plasma
ascorbic acid. Eur J Clin Nutr 61, 1233-1236 (2007).

D. Arfsten et al., Impact of 30-day oral dosing with N-acetyl-L-cysteine on
Sprague-Dawley rat physiology. Int J Toxicol 23, 239-247 (2004).

A. E. Kane et al., N-Acetyl cysteine does not prevent liver toxicity from chronic
low-dose plus subacute high-dose paracetamol exposure in young or old mice.
Fundam Clin Pharmacol 30, 263-275 (2016).

B. H. Harvey, C. Joubert, J. L. du Preez, M. Berk, Effect of chronic N-acetyl
cysteine administration on oxidative status in the presence and absence of
induced oxidative stress in rat striatum. Neurochem Res 33, 508-517 (2008).
V. l. Sayin et al., Antioxidants accelerate lung cancer progression in mice. Sci
Trans/ Med 6, 221ra215 (2014).

18



Acknowledgements. The authors thank members of the Molecular Oncology
laboratory at IRCCS Candiolo Cancer Institute for critically reading the manuscript.
We also thank Luigia Pace for insightful scientific discussion and Stefania Giove for
help with immunohistochemistry experiments.

Funding. This research was funded by FONDAZIONE AIRC under 5 per Mille 2018
- ID. 21091 program - P.I. Bardelli Alberto - G.L. Di Nicolantonio Federica; G.L.
Abrignani Sergio; AIRC IG 2018 - ID. 21923 project - PI Bardelli Alberto (A.B.);
AIRC-CRUK-FC AECC Accelerator Award contract 22795 (A.B.); AIRC IG 2018 - ID.
21407 project - PI Di Nicolantonio Federica (F.D.N.). Also funded by European
Community's Seventh Framework Programme GA n. 602901 MErCuRIC (A.B.);
European Community‘s Horizon 2020 GA n. 635342-2 MoTriColor (A.B.); IMI
contract n. 115749 CANCER-ID (A.B.); Fondazione Piemontese per la Ricerca sul
Cancro-ONLUS 5 per mille 2014 e 2015 Ministero della Salute Project "STRATEGY"
(F.D.N.) and Project “IMMUNOGENOMICA” (A.B.). Progetto NET-2011-02352137
Ministero della Salute.

Author contributions. A.B., F.D.N. and A.M. conceived the study. A.M., R.C.,, M.M.
and V.A. performed animal experiments. AM. G.G., AL. and F.S. performed
immune-phenotypic and immunohistochemistry analysis. S.L. generated mouse
cell models. M.D., M.Z. and T.C. performed plasma VitC quantification. A.B., F.D.N,,
AM. and G.G. interpreted the data. Se.A. and Sa.A. assisted in critical discussion of
the data. A.B., F.D.N. and A.M. wrote the manuscript. A.B. and F.D.N. supervised the
study.

Competing interests.

A.B has served as an advisor for Biocartis, Guardant, Boehringer and Roche. A.B. is
a member of the scientific advisory board of NeoPhore and Horizon Discovery. AB
and GG are shareholder of NeoPhore. The other authors declare no competing
interests.

Data and materials availability: The MLH1 knock-out cells are available from
Prof Alberto Bardelli and Dr Giovanni Germano under a Material Transfer
Agreement with the University of Torino.

19



Supplementary materials:

- Fig. S1 VitC quantification in plasma.

- Fig. S2. High-doses of VitC are required for maximal anti-proliferative effects in
murine breast tumors.

- Fig. S3 Administration of anti-oxidant NAC does not impair VitC anticancer
effect.

- Fig. S4 Flow cytometry for IFNy in spleen-derived T lymphocytes.

- Fig. S5 Isolation of T cells for adoptive T cell transfer.

- Fig. S6 Depletion of CD4 T cells for adoptive cell transfer experiments.

- Fig. S7 Tumor growth of individual mice treated as shown in Fig. 3A-3B.

- Fig. S8 Tumor growth of individual mice treated as shown in Fig. 3C-3E.

- Fig. S9 Modulation of tumor immune infiltration induced by VitC.

- Fig. S10 Flow cytometry on CD44 and CD69 T cell markers on CD4 T
lymphocytes.

- Fig. S11 Representative CD44 and CD69 positive events on CD8 T lymphocytes
by flow cytometry.

- Fig. S12 VitC effect on growth of MMR-deficient tumors in NOD-SCID mice

- Fig. S13 Tumor growth of individual mice bearing MLH1-KO tumors and
treated with ICT and VitC as shown in Fig. 5D.

- Fig. S14 Tumor volume variations since treatment start of TS/A MLH1-KO and
CT26 MLH1-KO tumors treated with ICT and VitC.

- Data File S1 Tumor measurements of experiments in Figure 1

- Data File S2 Tumor measurements of experiments in Figure 2

- Data File S3 Tumor measurements of experiments in Figure 3

- Data File S4 Measurements of experiments in Figure 4

- Data File S5 Tumor measurements of experiments in Figure 5

- Data File S6 Tumor measurements of experiments in Figure S1

- Data File S7 Tumor measurements of experiments in Figure S2 and S3
- Data File S8 Tumor measurements of experiments in Figure S6

- Data File S9 Tumor measurements of experiments in Figure S8

- Data File S10 Tumor measurements of experiments in Figure S12

Figure legends

Figure 1. Vitamin C delays tumor growth in immunocompetent syngeneic
mice. A, The indicated cell lines were injected orthotopically (100,000 cells for
TS/A and 4T1 models, 50% matrigel) or subcutaneously (500,000 cells for CT26,
MC38, B16, and PDAC models) in immunocompetent syngeneic mice. VitC (4 g/kg)
was administered daily by i.p. injections, and treatment was started when tumor
volume reached around 100 mm?3 (indicated by the black arrow). B, In parallel,
mouse tumor cells were injected in immunocompromised NOD-SCID mice, and
treatment was conducted in the same setting as indicated in panel A. Every
experimental group was composed at least of 7 mice. Every experiment in 1A was
performed at least twice.
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Data and error bars indicate mean +/- SEM P values were calculated by two-tailed
unpaired Student’s t-test. NS, not significantly different. Ctrl, control. VitC, vitamin
C.

Figure 2. Vitamin C affects tumor growth in a T cell-dependent manner. A-B,
Flow cytometry analysis of IFNy release on CD4 (A) and CD8 (B) spleen-derived
lymphocytes isolated from untreated and VitC-treated mice injected orthotopically
with TS/A cancer cells. Spleens were harvested 30 days after tumor cell injection,
and T lymphocytes were stimulated in vitro. Percentages were calculated relative
to CD4 and CD8 live events. The indicated cell percentages were gated on: CD45+
live, CD4+/CD8+, IFNy (500,000 events were taken for each sample). C, Depletion
of CD4 T cells and D, depletion of CD8 T cells in the indicated cell models. Mice
were treated with anti-CD4 or anti-CD8 depleting mAbs (400 pg per mouse at day
0, then 100 pg per mouse at day 1, day 2, and every 3 days through the entire
course of the experiment). Control mice were administered the isotype antibody. E,
Adoptive T cell transfer was performed according to the indicated experimental
design. F-G, Adoptive cell transfer of untreated and VitC-treated CD4 T cells (F) or
CD8 T cells (G) isolated from the spleens of immunocompetent mice were infused
in NOD-SCID mice orthotopically injected with TS/A; CTRL indicates tumor growth
in NOD-SCID without T cell administration. H, To test the effect of VitC on CD8 T
cells in the absence of CD4 lymphocytes, immunocompetent mice were pre-treated
with a depleting CD4 T cell antibody or isotype antibody (as a control) and then
administered Vit C. CD8 T cells, isolated from these immunocompetent mice were
injected into the tail vein of immunocompromised NOD-SCID mice bearing
orthotopic TS/A tumors (n=4). Black arrows indicate the timepoints of T cell tail
vein infusion. Five million T cells per injection were administered to each mouse.
Every experimental group was composed of at least of 6 mice, with the exception
of adoptive cell transfer experiments, which were composed of 4 mice per group.
Every experiment was performed at least twice except for those shown in panels A,
B, D and H. Data and error bars indicate mean +/- SEM. P values were calculated
using two-tailed unpaired Student’s t-test for panels A and B; one-way ANOVA for
all other panels at the indicated timepoints. NS, not significantly different. Ctrl,
control. VitC, vitamin C. aCD4, anti-CD4. «CD8, anti-CD8. Ctrl, control. VitC, vitamin
C.

Figure 3. The efficacy of immune checkpoint therapy is enhanced by Vitamin
C. A, PDAC pancreatic cancer cells were injected subcutaneously (500,000 cells) in
syngeneic mice that were treated with VitC, ICT or their combination B, 4T1
breast cancer cells were injected orthotopically (100,000 cells, 50% matrigel) in
syngeneic mice that were treated with VitC, ICT or their combination. C, TS/A
breast cancer cells were injected orthotopically (100,000 cells, 50% matrigel) in
syngeneic mice that were treated with VitC, ICT or their combination. D, Tumor
relapse-free survival of mice treated with VitC, ICT, or their combination and
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followed for over a year. Two independent experiments performed on a total of
n=13 mice are shown in survival curves. The vertical black arrows indicate the
timepoint at which mice were rechallenged with live tumor cells. E, CT26
colorectal cancer cells were injected subcutaneously (500,000 cells) in syngeneic
mice. F, Tumor relapse-free survival of mice treated with VitC, ICT, or their
combination and followed up to a year. Two independent experiments performed
on a total of n=13 mice are shown in survival curves. The vertical black arrow
indicates the timepoint at which mice were rechallenged with live tumor cells. VitC
(4 g/kg) was administered i.p. 5 days/week starting when tumors reached a
volume around 100 mm3 in the TS/A, 4T1, and PDAC models. VitC treatment
started when tumor volume was around 800-1000 mm?3 in the CT26 model. Anti-
CTLA-4 (200 pg/mouse) and anti-PD1 (250 pg/mouse) were given at the
timepoints indicated by the dashed vertical lines in the graphs. In combinatorial
treatments, VitC was administered starting with the first cycle of immunotherapy.
Every experimental group was composed at least of 5 mice. Every experiment was
performed twice except for those shown in 3A and 3B. Data and error bars indicate
mean +/- SEM. Statistical analysis used one-way ANOVA for tumor growth
comparison at the indicated timepoints and log-rank test (Mantel-Cox) for survival
analysis. NS, not significantly different.

Figure 4. Vitamin C enhances infiltration and activation of CD8+ lymphocytes.
TS/A orthotopic tumors were explanted and analyzed for immune infiltration. A,
Immunofluorescence analysis of CD4 and CD8 tumor-infiltrating lymphocytes.
Maximum projection of a 10-image stack along the z-axis. Scale bar is
representative of 75 um. B, Quantification of CD4 and CD8 T cells from panel A. T
cell counts per high-power field from six different mice. C-D, TS/A orthotopic
tumors were explanted, single cell suspended, and analyzed by flow cytometry.
Staining for memory/effector markers on CD4 (C) and CD8 (D) T cells. The fraction
of positive cells was calculated on CD4+ and CD8+ live events, respectively
(500,000 events were acquired for each sample). Individual values are
represented error bars indicate +/- standard deviation. P values were calculated
using non parametric analysis for panels B and C; one-way ANOVA for panel D. NS,
not significantly different. Ctrl, control. VitC, Vitamin C.

Figure 5. Addition of VitC to individual immune checkpoint inhibitors
induces remission in MMRd tumors. A, MLH1-WT and MLH1-KO cells were first
subcutaneously injected (500,000 cells) in immunocompromised mice (shown in
fig. S12) according to the indicated experimental design. B, Small fragments of
untreated tumors bearing the indicated MLH1 genotype were transplanted into
immunocompetent syngeneic mice; VitC (4 g/kg) was administered by i.p.
injection 5 days/week, starting when tumors reached a volume around 150-200
mm3 (black arrow) to ensure tumor engraftment. C, Percentage of mice (animals
from the experiment shown in panel 5A) whose tumor volume was less than 500
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mm3, which we set as an arbitrary endpoint.. D, In the same setting as in panel A,
MLH1-KO tumors were transplanted into immunocompetent syngeneic mice and
treated with ICT and VitC (4 g/kg) starting at a tumor volume of 800-1000 mm?3.
Anti-CTLA-4 (200 pg/mouse) and anti-PD1 (250 pg/mouse) were given at the
timepoints indicated by the dashed vertical lines in the graphs. E, Tumor relapse-
free survival of mice treated with VitC, immune checkpoint inhibitors, or their
combination shown in panel C. The black arrow here indicates tumor re-challenge
with the same cancer cells. Every experimental group was composed of at least 5
mice. Every experiment was performed twice except for the models shown in 5B
and C. Data and error bars indicate mean +/- SEM. Statistical analysis used two-
tailed unpaired Student’s t-test for panel B; one-way ANOVA for panel D at the
indicated timepoints. Survival analysis in panels C and E used log-rank test
(Mantel-Cox) analysis. NS, not significantly different.
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Supplementary figures:
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Fig. S1 VitC quantification in plasma. Plasma was collected from Balb/c mice
without tumor and Balb/c mice orthotopically injected with TS/A tumor cells
(100,000 cells, 50% Matrigel), one hour after VitC i.p. administration. Heparinized
plasma samples were supplemented with 10% metaphosphoric acid and analyzed
by a LC-MS/MS based method. Individual values are shown. Mean and +/- SEM are
also shown. P values were calculated by student’s t test. NS, not significantly
different. Ctrl, control. VitC, vitamin C.
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Fig. S2 High doses of VitC are required for maximal anti-proliferative effects
in murine breast tumors. TS/A cancer cells were orthotopically injected into
immunocompetent syngeneic mice (100,000 cells, 50% matrigel). Treatment with
the indicated VitC doses was initiated when tumors reached approximately 100
mm3 in volume, as indicated by the black arrow. Each experimental group was
composed of at least 5 mice. Data and error bars indicate mean +/- SEM. P values
were calculated by one-way ANOVA. NS, not significantly different. Ctrl, control.

VitC, vitamin C.
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Fig. S3 Administration of anti-oxidant NAC does not impair VitC anticancer
effect. A, TS/A cells were orthotopically injected into immunocompetent mice
(100,000 cells, 50% matrigel), and N-acetyl cysteine (1.2 g/kg) was administered
by daily gavage. The arrow indicates the timepoint at which treatment was started.
B, Tumors were explanted at the end of the experiment, and FFPE sections were
stained for 8-oxo guanine as a marker for ROS-induced DNA damage. Scale bar is
representative of 100 pm. Each experimental group was composed of at least 6
mice. Data and error bars indicate mean +/- SEM. P value was calculated using
one-way ANOVA at the indicated timepoint. NS, not significantly different. Ctrl,
control. VitC, vitamin C. NAC, N-acetyl cysteine.



CD4+

CD8+

Control
104 104 10t
Mouse 1 Mouse 2 Mouse 4
104 103
a a
3 g
3 8
=
102 2% 1.9% B 3.2%
[&] o
2 2
[ [
101 101
10 T T T
T T 10 T ; T 10 T T T
100 101 102 108 104 2 3 )0 2 ]
10° 10° 02 e 0 02 10
APC Log Comp APC Log Comp AFC Log Comp
Vitamin C
104 104 10t
Mouse 1 Mouse 2 Mouse 5
1034 1034
a
E
H
o
@
1024
3 4.2% 2% 4.8%
2 .
c
1
10 T T T 10 T T T 10 T T T
10! 100 102 104 100 101 102 1 10t 10 10! 102 103 10t
APC Log Comp APC Log Comp APC Log Comp
»
>
IFNy+
Control
104 104 104
Mouse 2 Mouse 3 Mouse 4
103 1
g 2% 2 2.4% g 4.2%
S 3 I3
@102 = =
5 35 3
[ : [ [
101 101 1074
10 10 T T T 10 T T
100 10! 102 10 10+ 100 101 102 100 104 10 101 102 109 104
APC Log Comp APC Log Comp APC Log Comp
Vitamin C
104 104 104
Mouse 1 Mouse 3 Mouse 4
103
2 5% 2 14.9% | 10%
S - 8
ol @
g g
5 5
w =
o [
107 107 1074
10 10 T 10 T T T
™ 108 104 109 10! 102 103 10t
APC Log Comp

T T T
100 101 102 108 104
APC Log Comp

102
APC Log Comp

v

IFNy+

Fig. S4 Flow cytometry for IFNy in spleen-derived T lymphocytes. A-B,
Representative IFNy positivity on CD4 T cells (A) and CD8 T cells (B) shown in Fig.
2 A and B. The fraction of positive cells was calculated on CD4 and CD8 positive
live events, respectively (500,000 events were acquired for each sample).
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Fig. S5 Isolation of T cells for adoptive T cell transfer. A-B, CD4 T cells (A) and
CD8 T cells (B) were isolated from the spleens of syngeneic mice (by negative
selection) and analyzed for purity by flow cytometry. The fraction of positive cells
was calculated on total live events (500,000 events were acquired for each
sample).
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Fig. S6 Depletion of CD4 T cells for adoptive cell transfer experiments. A,
TS/A cells (100,000) were orthotopically injected into immunocompetent
syngeneic mice. Isotype and CD4-depleting (indicated as antiCD4) antibodies were
administered according to the same experimental setting indicated in Figure 2. The
arrow indicates the timepoint at which VitC treatment was started. B, Blood was
collected and analyzed by flow cytometry to confirm effective CD4 T cell depletion.
A representative flow cytometry plot from a single animal is shown. C, The
percentage of CD4+ and CD8+ T cells was quantified by flow cytometry in blood
from animals (N= 4 per group) that received the indicated treatments. After 30
days, spleens were harvested and CD8 T cells isolated and adoptively transferred
into immunocompromised mice shown in Fig. 2H. Data and error bars indicate
mean +/- SEM. P values were calculated using one-way ANOVA. VitC, vitamin C.
aCD4, anti-CD4. aCDS8, anti-CD8. Ctrl, control. VitC, vitamin C.



>

mms)

(

Tumor Volume

N
=]
=]
=]

-
a
=]
=3

=
=
=1
=3

o
=3
=3

v

)

-
a
=3
=1

Tumor Volume (mm3

1000

a
=]
S

PDAC - pancreatic

— CTRL

vITC
2000 2000 aCTLA4 + aPD1
E E . N — aCTLA4 +aPD1 + VITC
%1500 E 4500
£ £
% 1000 3 1000
o
> >
g so01 § s00
3 >
F P =
0 10 20 30 40 0 10 20 30 40 0 20 30 40 o 10 20 30 40
Days Days Days Days
4T1 - breast — CTRL
vITC

aCTLA4 + aPD1

)
a
I
=]
=3
)
o
o
S
3

& s~1500
£ e E — aCTLA4 +aPD1 + VITC
£ E £
(]
g 1000 2 1000 21000
3 3 3
(< 3 o
2 500 2 500 2 500
o o o
£ \ § g
= [ [
F T T T , F |} - T T 1 F 1
0 10 20 30 40 0 10 20 30 20 30 40 0 10 20 30 40
Days Days Days Days

Fig. S7 Tumor growth of individual mice treated as shown in Fig. 3A-3B. A,
PDAC pancreatic cancer cells were injected subcutaneously (500,000 cells) into
syngeneic mice that were treated as indicated. B, 4T1 breast cancer cells were
injected orthotopically (100,000 cells) into syngeneic mice that were treated as
indicated. VitC (4 g/kg) was administered i.p. 5 days/week starting when tumors
reached a volume around 100 mm3. Anti-CTLA-4 (200 pg/mouse) and anti-PD1
(250 pg/mouse) were given at the timepoints indicated by the dashed vertical
lines in the graphs. In combinatorial treatments, VitC was administered starting
with the first cycle of immunotherapy. The arrows indicate the timepoint at which

VitC treatment was started. Individual values are shown. Ctrl, control. VitC, vitamin
C.
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Fig. S8 Tumor growth of individual mice treated as shown in Fig. 3C-3E. A,
TS/A breast cancer cells were injected orthotopically (100,000 cells) into
syngeneic mice that were treated as indicated in Fig. 3C. B, CT26 colorectal cancer
cells were injected subcutaneously (500,000 cells) into syngeneic mice that were
treated as indicated in Fig. 3E. VitC (4 g/kg) was administered i.p. 5 days/week
starting when TS/A and CT26 tumors reached a volume of around 100 mm3 or
800-1000 mm3, respectively. Anti-CTLA-4 (200 pg/mouse) and anti-PD1 (250
ug/mouse) were given at the timepoints indicated by the dashed vertical lines in
the graphs. In combinatorial treatments, VitC was administered starting with the
first cycle of immunotherapy. The arrows indicate the timepoint at which
treatment was started. Individual values are shown. Ctrl, control. VitC, Vitamin C.



% CD45+
(of live cells)
8
o

P=0.0282

S
ﬁ a

% Macrophages
(of live cells)
N w £ (3]
? o o o
o

-
o

o

T T T T

Macrophages

Fig. S9 Modulation of tumor immune infiltration induced by VitC. TS/A
orthotopic tumors were explanted, single cell suspended, and analyzed by flow
cytometry. Indicated cell percentages were gated according to the following gating
strategy: live CD45+, CD4+, CD127-, CD25+, FoxP3+ are indicated as Treg cells; live
CD45+, CD11b+, F4/80+ as macrophages; live CD45+, CD3-, CD49b as natural killer
cells; live CD45+, F4/80-, CD11c+ as dendritic cells. The fraction of positive cells
was calculated on CD45+ live events (500,000 events were acquired for each
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Fig. S10 Flow cytometry on CD44 and CD69 T cell markers on CD4 T
lymphocytes. The fraction of positive cells was calculated on CD45+ CD4+ live
events (500,000 events were acquired for each sample). VitC, Vitamin C.
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Fig. S11 Representative CD44 and CD69 positive events on CD8 T
lymphocytes by flow cytometry. The fraction of positive cells was calculated on
CD45+ CD8+ live events (500,000 events were acquired for each sample). VitC,

Vitamin C.

11



TS/A - breast CT26 - colorectal

&~20007 T MLH1WT 5~25007 o mLH1WT
c MLH1 WT + VITC £ MLH1 WT + VITC
£ | & m1ko | ns. £20001 o mH1ko
15001 o ki ko +vite o -0~ MLH1KO +VITC e
g :E; 1500+
= 1000 >
S < 10001
S 5001 g
£ - £ 5001
5 5
[ | ol
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Days Days

Fig. S12 VitC effect on growth of MMR-deficient tumors in NOD-SCID mice.
Effect of VitC on MMR-proficient and MMR-deficient tumors in
immunocompromised mice that were treated with Vitamin C when tumors
reached approximately 100 mm3 in volume. The arrows indicate the timepoint at
which VitC treatment was started. Data and error bars indicate mean +/- SEM. P
values were calculated by one-way ANOVA. NS, not significantly different. WT,
wild-type. KO, knock-out. VitC, Vitamin C.

12



TS/A — MLH1-KO B CT26 — MLH1-KO

50

50

25007 —~2500 2500
E 2000 E 2000 £ 2000
e g 1500 g 1500
E 1500 £ E
< 1000 S 1000 S 1000
g 500 g 500 2 s00
=1 S =1
= = [~
0 10 20 30 40 0 10 20 30 40 40 50 0 10 20 30 40 50
Days Days Days
—~ 2500 €2500
£ 2000 E 2000
o o
§ 1500 5 1500
3 3 o]
S 1000 > 1000
5 § % g 500
£ 500 ix £
P i =
0 10 ' 20 30 40 0 10 20 30 40 40 50 0 40
Days
Days Days
2500
£ 2000
-3
E 1500
$ 1000 \/\
5
L A N\ ,
. — . —— 7
0 10 2 30 40 0 10 20 30 40
Days Days
.-15‘2500 — CTRL — CTRL
E 20001 vITC vITC
€ 1500 — aPD1 — aPDA
=]
2 1000 — aCTLA4 — aCTLA4
5 — aPD1+VITC — aPD1+VITC
S 5001 W — aCTLA-4 + VITC — aCTLA-4 +VITC
i — aCTLA4 +aPD1 % %0 aCTLA4 + aPD1
0 10 20 30 40
Days Days

Fig. S13 Tumor growth of individual mice bearing MLH1-KO tumors and
treated with ICT and VitC as shown in Fig. 5D. A, Breast TS/A and B, colorectal
CT26 tumor-bearing mice. MLH1-KO tumors were transplanted into
immunocompetent syngeneic mice and treated with ICT and VitC (4 g/kg) starting
at a tumor volume of 800-1000 mm3. Anti-CTLA-4 (200 pg/mouse) and anti-PD1
(250 pg/mouse) were given at the timepoints indicated by the dashed vertical
lines in the graphs. Individual values are shown. Cltr, control. VitC, Vitamin C.
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Fig. S14 Tumor volume variations since treatment start of TS/A MLH1-KO
and CT26 MLH1-KO tumors treated with ICT and VitC. Tumor volume
variations at the indicated timepoints since tumor transplantation of individual
mice shown in Fig. 5D. Individual values are shown. Mean and +/- SEM are also
shown. Ctrl, control. VitC, vitamin C.
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