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Abstract

Background & Aims: Non-alcoholic steatohepatitis (NASH) represents the fastest growing
underlying cause of hepatocellular carcinoma (HCC) and has been shown to impact immune
effector cell function. The standard of care for the treatment of advanced HCC is immune
checkpoint inhibitor (ICI) therapy, yet NASH may negatively affect the efficacy of ICI therapy
in HCC. The immunologic mechanisms underlying the impact of NASH on ICI therapy remain
unclear.
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Methods: Here, using multiple murine NASH models, we analyzed the influence of NASH on
the CD8* T cell-dependent anti-PD-1 responses against liver cancer. We characterized CD8* T
cells’ transcriptomic, functional, and motility changes in normal (ND) and NASH diet.

Results: NASH blunted the effect of anti-PD-1 therapy against liver cancers in multiple

murine models. NASH caused a proinflammatory phenotypic change of hepatic CD8" T cells.
Transcriptomic analysis revealed changes related to NASH-dependent impairment of hepatic
CDS8* T cell metabolism. /7 vivo imaging analysis showed reduced motility of intra-tumoral CD8*
T cells. Metformin treatment rescued the efficacy of anti-PD-1 therapy against liver tumors in
NASH.

Conclusions: Our study discovered a critical regulation of CD8* T cell metabolism in ICI
therapy for liver cancer in the context of NASH, a finding with potential implications for treating
liver cancer patients with NASH.

Lay Summary

Non-alcoholic fatty liver disease impairs motility, metabolic function and response to anti-PD-1
treatment of hepatic CD8" T cells, which can be rescued by metformin treatment.
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Introduction

Liver cancer remains a global health challenge and its incidence is growing worldwide.
Recent estimates report that >1 million individuals will be affected by liver cancer annually
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by 2025 (1). Even though hepatitis B and C virus infection remain the most prominent risk
factors for hepatocellular carcinoma (HCC) development (1), non-alcoholic steatohepatitis
(NASH), which is associated with metabolic syndrome or diabetes mellitus, represents

the fastest growing etiology for HCC, particularly in the western world (2). Currently the
estimated annual incidence of HCC ranges from 0.5% to 2.6% among patients with NASH
cirrhosis (3).

Immune checkpoint inhibitors (1CIs) are widely used to treat different cancers (4).
Monoclonal antibodies targeting PD-1, PD-L1, and CTLA4 are FDA approved drugs for

the treatment of HCC and represent the standard of care for patients with advanced disease
(5). Recent data suggests that the underlying liver condition might negatively impact efficacy
of ICI treatment in HCC (6, 7) and response to immunotherapy against other hepatic tumors
(8). While obesity has been reported to enhance anti-PD-1/PD-L1 tumor therapy (9), a
recent study by Pfister and colleagues demonstrated that anti-PD-1 therapy was less effective
in mice with NASH driven HCC (10, 11).

Here, we investigated possible mechanisms how NASH impairs response of hepatic CD8*

T cells to anti-PD-1 treatment using different murine tumor models of NASH-HCC and

liver metastasis (8). Importantly, these models allow for the differential analysis of anti-PD-1
treatment efficacy as well as immune cell phenotypes in mice with and without NASH.

Results

NASH impairs the effect of anti-PD-1 therapy against hepatic tumors.

We tested the efficacy of anti-PD-1 treatment in a syngeneic model of primary liver cancer.
Mice were fed a choline-deficient L-amino-defined (CDAA) diet for 24 weeks or kept on
normal diet (ND). CDAA diet caused an increase in bodyweight (Fig. S1A), AST (Fig.
S1B) and steatosis (Fig. SIC+D), a typical histopathological change seen in the liver of
individuals with NASH (12).

RIL-175 tumor cells were injected into livers of mice followed by 3 doses of anti-PD-1
treatment on days 5, 10 and 15 after tumor implantation. Tumor weights were evaluated on
day 18 (Fig. 1A). As expected, anti-PD-1 therapy impaired growth of orthotopic tumors in
mice kept on ND. In contrast anti-PD-1 treatment had no effect in mice with NASH and
even resulted in a trend towards increased tumor growth (Fig. 1B and C).

Next, we depleted CD4* and CD8* T cells in mice kept on ND to identify the T cell subset
mediating the effect of anti-PD-1 treatment (Fig. S1E). Depleting CD8* T cells attenuated
the effect of anti-PD-1 treatment on tumor growth (Fig. SIF+G), whereas depletion of
CD4* T cells had minimal effects (Fig. SLH+I). Thus, the effect of anti-PD-1 treatment on
intrahepatic RIL-175 depended on CD8* T cells. For this reason, we decided to study the
effect of NASH on CD8" T cell function and anti-PD-1 treatment in more detail.

To further confirm our initial observation, we repeated the study using two other dietary
NASH models, one other cell line and a different genetic mouse strain (Fig. 1A). We used
a methionine/choline deficient (MCD) diet, which has previously been described by us and
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others to induce NASH in mice (6, 13). Presence of NASH was confirmed by liver histology
(Fig. S1J) and elevated serum ALT (Fig. S1K). Tumor growth kinetics were monitored using
non-invasive bioluminescence imaging(14). Again, anti-PD-1 treatment impaired growth of
intrahepatic RIL-175 tumors in mice on ND but not in NASH mice kept on MCD diet

(Fig. 1D+E). A similar observation was made in a second mouse strain (BALB/c) using a
different cell line (CT26) and a third diet (Western diet, (WD)) to induce NASH(15). The
murine colon CT26 tumor cell line was chosen based on fact that that the liver is a common
metastatic site for colorectal cancer(16). BALB/c mice were kept on WD for 6 months(17)
(Fig. 1A) which caused significant increase of body weight (Fig. S1L) and the presence of
NASH was confirmed by histology (Fig. SLM+N). Again, anti-PD-1 therapy failed to impact
growth of intrahepatic CT26 tumors in mice kept on WD diet, but effectively impacted CT26
tumor growth in mice on ND (Fig. 1R+S). To determine whether NASH would also impact
anti-PD-1 mediated immune responses outside the intrahepatic environment, we established
subcutaneous (s.c.) RIL-175 tumors in mice kept on WD, followed by anti-PD-1 treatment
(Fig. S10). Anti-PD-1 treatment effectively impaired tumor growth (Fig. 1H) and tumor
weights (Fig. S1IP+Q) of s.c. RIL-175 tumors in mice kept on ND and WD. Of interest,

IgG WD mice had a higher tumor burden than IgG ND mice as previously described

by others(18, 19). In summary, using three different NASH models and two anti-PD-1
responsive liver tumor models in two different mouse strains, our results demonstrate that
NASH impairs the effect of anti-PD-1 treatment against liver cancers.

CD8* T cells are activated in NASH liver.

Next, we investigated hepatic CD8* T cells in mice with NASH in more detail. The
frequency of hepatic CD8* T cells with a CD44*CD62L " effector memory phenotype
increased in the liver of tumor-free mice kept on three different NASH inducing

diets (CDAA and WD Fig. 2A-C and MCD, Fig. S2A). Tim3*PD-1* CD8" T cells

have been described as exhausted CD8" T cells(20). We found higher frequencies of
Tim3*PD-1*CD8* T cells in the liver than in the spleen of mice and the frequency of
Tim3*PD-1*CD8* T cells increased further in mice with NASH (Fig. 2D-F, Fig. S2B).
Furthermore, there was an increase in IFNy*TNFa* hepatic CD8* T cells in all the three
NASH models (Fig. 2G-I, Fig. S2C). Interestingly, this increase was only seen in the liver,
but not the spleen. Further analysis demonstrated more Granzyme B*CD8" T cells in mice
with NASH (Fig. 2J-L, Fig. S2D). Consistent with a recent report, CXCR6*CD8* T cells
were increased in NASH compared to mice kept on ND (Fig. S2E-G)(21).

Next, we evaluated the effect of NASH on tumor infiltrating CD8* T cells in mice with
hepatic tumors with and without NASH. Immunofluorescence staining for CD8* T cells on
liver tumor sections was performed, and the number of CD8" T cells was counted. The
frequency of tumor infiltrating CD8" T cells was similar in mice with and without NASH
in two tumor models (Fig. S2H-K). Phenotypic analyses by flow cytometry revealed an
increase in the frequencies of CD44*CD62L"%, Tim3*% and Granzyme B*% in tumor
infiltrating CD8" T cells compared to CD8* T cells isolated from the surrounding liver
(Fig. S2L-N). Further analysis of tumor infiltrating CD8* T cells after anti-PD-1 treatment
revealed no difference between ND and NASH in the frequency of CD44*CD62L", PD-1%,
IFNy™* and Granzyme B* T cells (Fig. 2M—P). In summary and confirming prior reports
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(22), hepatic CD8™ T cells had an activated and proinflammatory phenotype in mice with
NASH and we did not find significant alterations, which would potentially explain why
anti-PD-1 treatment was less effective in mice with NASH.

Mobility of CD8* T cells is impaired in NASH.

We were interested in further exploring differences in CD8" T cells between ND- and
NASH-fed mice. To observe these cells in real time, we utilized intravital imaging

by 2-photon laser microscopy, a well-established method for /n situ imaging of
microenvironmental dynamics of a tumor (23). We performed /7 situ microscopy of CD8*
T cells in tumor bearing mice to better understand the impact of NASH on hepatic CD8*

T cells /in vivo. NASH was induced by feeding mice WD diet for 6 months or MCD diet
for 2 weeks in control experiments. Tumor cells were orthotopically injected and intravital
microscopy was performed 10-12 days after tumors had been implanted. Fluorochrome
conjugated anti-CD8 and anti-CD31 antibodies were injected to visualize CD8* T cells and
vasculature, respectively (Fig. 3A). Where indicated, studies were performed in CXCR6CFP
mice (24, 25), which allowed us to include analysis of CXCR6 expression in our /n vivo
studies.

Intrahepatic tumors were identified due to their irregular CD31 staining (Fig. S3A) and
fluorescent cells were followed /n vivo. Cell movements were recorded for 60 minutes,
which allowed to compute speed and distance between first and last cell position (track
displacement, see Fig. 3B for representative image) of every labeled cell individually.

First, we studied intra-tumoral CD8" T cells by /7 vivo microscopy in mice kept on ND
and WD. CD8™ T cells demonstrated a higher speed in mice on ND (video 1) than in mice
with WD-induced NASH (video 2, Fig. 3C). Similarly, CD8* T cells in mice with NASH
displayed a shorter track displacement length (Fig. 3D). We noticed that some intra-tumoral
CD8* T cells appeared to remain resident and did not show signs of motility while others
were moving rapidly. To compare only motile CD8™ cells, we performed a focused analysis
limited to cells with a speed of greater than 0.25 pm/sec and again noticed that their mean
speed was higher in mice with ND vs. WD (Fig. 3F). Similar results on tumor infiltrating
CD8™ T cells were also found in a second NASH model using a different tumor model
(CT26) as shown in (video 3+4, Fig. S3B-D). The impaired mobility was also seen in
hepatic CD8" T cells (Fig. S3E+F).

To evaluate if the reduced mobility of CD8" T cells is specific to intrahepatic tumors we
performed intravital imaging of s.c. tumors in WD and ND mice. Again, CD8* T cell
mobility in s.c. tumors of WD (video 5) vs. ND (video 6) mice was decreased (Fig. S3G+H).
However, comparing the speed of CD8* T cells in s.c. vs intrahepatic tumors in WD mice,
revealed a significant reduction of cell speed in intrahepatic tumors (Fig. 3F).

Use of CXCR6CSFP mice allowed us to study CXCR6*CD8™ T cells and CXCR6~CD8* T
cells separately, which was of specific interest since CXCR6*CD8* T cells were recently
reported to promote NASH (21). In addition, this also gave rise to the possibility to visualize
CD8" cells in the same experiment. Flow cytometry analysis of hepatic mononuclear

cells from a naive mouse indicated that the majority of CXCR6*CD8™ cells in livers of
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CXCR6CFP mice were NKT cells (Fig. S31). Similar to our in vivo analysis on bulk

CDS8™ T cells, we observed an impaired motility and track displacement of intra-tumoral
CXCR6-CD8* T cells in mice with NASH (Fig. 3G+H). Restricting the analysis to cells
with a speed of greater than 0.25 pum/sec supported our findings and showed a higher speed
of CXCR6-CD8* T cells in mice kept on ND (Fig. S3J). Next, we studied CXCR6YCD8~
cells and also noticed lower speed and shorter track displacement length in mice kept on
WD (video 7+8, Fig. 31 and Fig S3K+L). Finally, we studied CXCR6*CD8* T cells, which
demonstrated a higher speed and longer track displacement length in mice kept on WD (Fig.
3J and Fig. S3M).

We also studied T cell movement ex vivoto evaluate if NASH-dependent changes in the
liver environment such as architectural changes or changes in the cytokine and chemokine
milieu were responsible for the changes in CD8* T cell motility observed /n vivo. We
isolated hepatic CD8* T cells from mice kept on WD or ND and labeled cells with a red
and green fluorescent dye respectively. Differentially labelled CD8* T cells from mice kept
on ND and WD were mixed in collagen without any chemokine or cytokine supplement,
and their movement was monitored ex vivo (Fig. 3K). CD8* T cells from ND mice showed
spontaneous crawling with frequent change of direction. In contrast, CD8* T cells derived
from WD mice showed reduced speed and a shorter mean track displacement length (video
9, Fig. 3M and Fig S3N). In summary our studies suggest that NASH decreases the motility
of intra-tumoral CD8* T cells /7 vivo through a mechanism independent of chemotaxis or
cell adhesion.

NASH reduces mitochondrial fitness of hepatic CD8" T cells.

Regulation of T cell metabolism has been recognized to be critical in controlling anti-tumor
function (26) and various studies have highlighted important contributions of cellular
metabolism to drive and modulate anti-PD-1 induced immune responses (27). Furthermore
lymphocyte mobility is regulated by the metabolic condition of T cells (28). However, it is
still unknown how NASH, characterized by dysregulation of lipid metabolism in the liver,
affects the metabolism of hepatic CD8* T cells. We studied the transcriptional profile of
hepatic CD8* T cells in mice with and without NASH before and after anti-PD-1 treatment.
Here we used a NanoString NCounter Metabolic Pathway Panel targeting pathways involved
in cell metabolism including metabolic signaling, biosynthesis, anabolic pathways and cell
stress. Unsupervised clustering analysis revealed a clear distinction between CD8" T cells
derived from mice kept on MCD and ND. Furthermore, CD8" T cells derived from mice
kept on ND clearly separated into two different clusters dependent on anti-PD-1 treatment,
which was not as obvious in mice kept on MCD and with NASH (Fig. 4A). Pathway scoring
analysis revealed alteration of key metabolic pathways. Pathway scores for glycolysis, fatty
acid oxidation and mitochondrial respiration in CD8" T cells derived from mice with NASH
(Fig. S4A-C). Interestingly, lysosomal degradation, cytokine and chemokine signaling,

or TCR and costimulatory signaling pathway scores were comparable between anti-PD-1
treatment in CD8* T cells derived from mice with NASH in contrast to CD8* T cells from
mice kept on ND (Fig. S4D-F).
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Next we wanted to confirm the results of the NanoString NCounter Metabolic Pathway
Panel of mice keeped on MCD and ND in a second NASH model. Volcano plot analysis was
used to identify genes related to pathways altered in CD8* T cells derived from mice with
NASH (Fig. S4G-1). 4 genes (Pck1, Adh4, Fbpl and Adhl) related to glycolysis, fatty acid
oxidation and mitochondrial respiration pathways from the Nanostring panel were chosen
and lower expression of these genes was verified in CD8" T cells derived from mice kept on
CDAA diet (Fig. S4J-M).

Next, impaired metabolic function of CD8* T cells derived from mice with NASH was
confirmed in functional assays. Glycolysis is often tested by monitoring cell uptake of
2-NBDG, a fluorescent glucose analog (29). As expected, 2-NBDG uptake was reduced

in hepatic CD8* T cells derived from mice with NASH (Fig. 4B-D). Mitochondrial mass
(30) and membrane polarization (31) was measured using Mitotracker Green and Deep
Red staining. Mitochondrial membrane potential indicates the capacity of the mitochondria
to generate ATP by oxidative phosphorylation (32). Consistent with our results from
NanoString analysis, mitochondrial depolarization and mitochondrial mass of hepatic CD8*
T cells were significantly impacted in CD8* T cells from mice with NASH (Fig. 4E-H).
These finding were further confirmed using mice kept on two different diets (Fig. S4N-S).
In summary, transcriptomic profiling as well as functional studies of T cell metabolism
revealed metabolic dysfunction of CD8" T cells from mice with NASH.

Metformin restores anti-PD-1 treatment efficacy in NASH.

Metformin is well known for its glucose-lowering action. However, there is accumulating
data indicating that metformin’s main mechanism of action is alteration of energy
metabolism within the cell(33). It has previously been shown to induce metabolic
reprograming of CD8* T cells and to empower them to contain bacterial infections(34).
Therefore, we decided to evaluate the effect of metformin treatment on CD8* T cells in mice
with NASH. Naive mice were kept on MCD diet for 2 weeks before metformin treatment
was initiated. 2 weeks later hepatic CD8* T cells were isolated and we quantitatively
analyzed mRNA expression of a set of genes that were previously identified to be
differentially expressed in mice with and without NASH (Fig. S4G-I). An increased
expression of Mpcl, Pckl and Aldh4 was noted in CD8" T cells with metformin treatment
(Fig. 5A-C). No changes were observed for Fbpl, Aldh2 and Aldhl (Fig. SSA-C).

The effect of metformin on mitochondrial function of hepatic CD8" T cells was further
investigated using MitoTracker Deep Red and Green staining. Although metformin did not
change mitochondrial depolarization (Fig. SSD+E), it did increase MitroTracker Green level
of hepatic CD8* T cells in NASH (Fig. 5D-F), suggesting an increased mitochondrial

mass and overall higher mitochondrial functional capacity. Next, we examined the effect

of metformin treatment on CD8* T cell mobility as a functional readout for T cell fitness.
We performed ex vivo imaging of isolated hepatic CD8" T cells after metformin treatment
in mice with NASH (video 10). Interestingly, metformin therapy increased both cell speed
(Fig. 5G) and track displacement length (Fig. 5H) ex vivo. To evaluate the capacity of
metformin treatment to improve mitochondrial function of CD8* T cells we performed
seahorse analysis. Indeed, oxidative consumption rate in CD8" T cells was decreased in
NASH compared to ND and rescued by metformin treatment (Fig. 51). In contrast metformin
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treatment had no effect on the extracellular acidification rate in CD8" T cells (Fig. S5F). In
line with previous reports (35), our results suggest that metformin can improve CD8* T cells
metabolic function and this can potentially lead to improved CD8" T cell response to ICI
therapy.

These findings prompted us to test the effect of metformin treatment in mice and HCC
receiving anti-PD-1 treatment. First, we tested the direct effect of metformin on tumor cell
growth /n vitro. Inhibitory concentration (IC50) of metformin in RIL-175 was 15.24 mM
and 25.64 mM in CT26 (Fig. S5G+H) tumor cells, concentrations that exceed metformin
serum concentrations (36). Additionally, metformin did not inhibit colony formation of
RIL-175 (Fig. S51) and CT26 (Fig. S5J) cells in vitro, suggesting no significant direct
growth inhibition of metformin on these tumor cells. Further /7 vivo studies revealed that
metformin treatment did not enhance the effect of anti-PD-1 treatment in mice kept on ND
(Fig. S5K-M).

Next, we treated mice with intrahepatic CT26 or RIL-175 tumors and NASH with anti-
PD-1 and metformin (Fig. 51). Monotherapy of anti-PD-1 or metformin did not change
tumor growth in mice with NASH. In contrast, metformin treatment potentiated the tumor
inhibitory effects of anti-PD-1 treatment in mice on MCD (Fig. 5J-L) and WD (Fig. 5M+N)
similar to what was seen in mice kept on ND without metformin treatment. We also tested

a possible effect of metformin treatment on NASH, but did not observe changes in steatosis,
serum glucose and ALT levels (Fig. SSN-Q).

Finally, we tested whether metformin would also show an effect in mice with NASH treated
with anti-PD-L1 and anti-VEGFRZ2, an experimental setting similar to the approved first
line therapy for advanced HCC using atezolizumab plus bevacizumab (37). HCC bearing
mice with NASH were treated with metformin, anti-PD-L1 plus anti-VEGFR2. While anti-
PD-L1 plus anti-VEGFR2 demonstrated minimal efficacy in mice with NASH, addition of
metformin to the combination could fully restore the therapeutic efficacy of the treatment in
mice with NASH (Fig. S5R+S).

Discussion

Here we studied the effect of NASH on PD-1 induced anti-tumor responses against tumors
in the liver of mice. We describe that anti-PD1 treatment is less effective for the treatment of
liver tumors in mice with NASH and that metformin treatment rescues efficacy of anti-PD1
treatment in mice with NASH. It has recently been suggested that HCC patients with

NASH benefit less from immune checkpoint inhibitor therapy (10) and therefore the findings
described here may have potential clinical implication for the treatment of HCC patients
with underlying NASH condition.

HCC patients are often diagnosed with unresectable disease with limited treatment options
(1). Sorafenib, a multikinase inhibitor which offers a limited survival benefit for HCC
patients, was the only approved therapy for advanced HCC since 2007 until recent
breakthroughs with ICl-based therapy (38). Although the overall response rate is still low
(~20-30%), ICI therapy provides better survival benefit than sorafenib, and combination
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treatment with anti-PD-1 and anti-VEGF has been recently authorized as the first-line
therapy for advanced HCC (37). NASH, a common condition associated with obesity and
metabolic syndrome, is becoming an increasing cause for HCC (1). Our group found

that NASH impairs CD4* T cell function in murine NASH models (6) and CD4* T cell
dependent immunotherapy against liver cancer 8. A recent study by Pfister et al. suggests
that NASH may impact responses to immune checkpoint inhibitor therapy against HCC

and that anti-PD1 treatment may even promote NASH development and tumor growth (10),
which raises the important question whether HCC patients with NASH should still be treated
with ICI therapy (11). Here, using murine models, which allow a direct comparison of tumor
growth in mice with and without NASH (39), we demonstrate that NASH impacts efficacy
of ICI therapy against liver tumors. Interestingly, metformin, a drug with an excellent

safety profile, which has been used for decades to treat type 2 diabetes effectively rescued
anti-PD-1 efficacy in NASH mice with intrahepatic tumors. These findings suggest the
NASH-induced inability to effectively engage T cells upon ICI therapy may be reversed

by systemic metformin treatment. While we would expect that metformin treatment may
also improve NASH the experimental set-up chosen in our studies clearly suggests that the
metformin treatment had direct effects on CD8* T cells thereby increasing treatment efficacy
of anti-PD1 treatment in mice with NASH. Further clinical investigations are warranted to
test the combination of metformin with ICI therapy to treat HCC patients with NASH or at
least to study the outcome of NASH patients with HCC treated with ICI, who also received
metformin treatment.

NASH is an important risk factor for HCC and alters immune responses in the liver
through various mechanisms (40). However, our knowledge of how NASH affects tumor
immunotherapy is limited and controversial effects of NASH on anti-tumor ICI therapy
have been reported. Obesity has been reported to enhance ICI therapy in both cancer
patients and mouse models (9, 41, 42) and in the NASH-HCC model using high fat diet-fed
MUP-uPA mice, anti-PD-L1 therapy was found to effectively reduce NASH-induced HCC
(43). In contrast, ICI therapy has been found to be less effective in a purely NASH-driven
HCC mouse model and HCC patients with NASH (10). These seemingly contradictory
observations demand a rigorous study design to clarify the impact of NASH on ICI therapy
against liver cancer. To the best of our knowledge this is the first study comparing I1CI
therapy efficacy against liver tumors in mice with and without NASH. Using multiple
murine NASH models, our results provide clear evidence that NASH impacts ICI therapy
against liver cancer. It is also interesting to note that this phenomenon was organ selective
and did not affect subcutaneous tumors. Thus, our study indicates that ICI treatment may be
still effective against extrahepatic tumors in patients with NASH.

Antibody depletion studies confirmed that CD8* T cells were the main effector cell type for
anti-PD-1 therapy in our liver cancer model as expected (44). We first assessed the effect of
NASH on phenotype and function of hepatic CD8* T cells. Consistent with previous reports
(22), hepatic CD8™ T cells from mice with NASH showed signs of aberrant activation and

a proinflammatory phenotype with increased IFNy and TNFa production and increased
expression of exhaustion markers Tim3* and PD-1". Interestingly, tumor infiltrating CD8* T
cells did not show this phenotype and anti-PD1 treatment had the same effect on tumor
infiltrating CD8" T cells in mice with and without NASH despite impaired treatment
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efficacy. Thus, the commonly used immune phenotyping of CD8* T cells could not explain
why NASH led to impaired responses to anti-PD1 therapy and we decided to study T cell
motility /n vivo.

We acquired /n vivo spatial-timing information of tumor infiltrating CD8* T cells using
intravital microscopy and observed that NASH slowed down CD8* T cell motility. Reduced
cell motility was also found 7 vitro using isolated hepatic CD8* T cells from NASH

mice indicating a cell intrinsic cause of motility inhibition rather than changes in the local
environment of NASH livers. Interestingly, CXCR67CD8" T cells showed an even higher
speed in line with studies by others demonstrating a correlation between T cell exhaustion
and motility (45). Interactions among immune cells and tumor cells are critical for mounting
anti-tumor responses (46). We propose that the reduced CD8* T cell motility observed

in mice with NASH is likely due to impaired metabolic function, and may affect their
anti-tumor function. However, more studies are needed to decipher the exact link between T
cell motility and anti-tumor function.

It has been recognized for more than 30 years that cell metabolism can control T cell
function and migration (47) (26). NASH is characterized by dysregulation of the lipid
metabolism in the liver; however, it is still unknown how NASH affects CD8* T cell
metabolism. Based on these considerations, we studied the transcriptomic profile of hepatic
CD8™ T cells focusing on metabolic pathways using NanoString assay. A dramatic, but

not unexpected, broad impairment of metabolic pathways was found in hepatic CD8*

T cells from NASH mice, revealing an overall impaired metabolic fitness. The finding

was confirmed by PCR analysis of selected genes and functional studies of glycolysis

and mitochondrial functions. Impaired metabolic fitness of NASH derived CD8* T cells
may also contribute to their reduced motility since different cell metabolism pathways

such as glycolysis, mitochondrial respiration and mTOR signaling are known to control
cell movement (48-50). We also attempted to study publicly available RNA single cell
sequencing data (10) for metabolism related genes to confirm whether similar findings can
be observed in CD8 T cells derived from human livers with NASH, but such studies did
not result inconclusive results due to the sparcity of single cell whole transcriptome data.
Sequencing reads of glycolysis and mitochondrial related genes were undetectable in a
majority of both healthy and NASH liver derived T-cells. We cannot say for certain if this
is due to an actual low expression of these genes or if it is due to gene expression drop

out characteristic of SCRNA-seq studies. Potentially, targeted gene expression experiments
would yield enriched sequencing depth of glycolysis and mitochondrial related genes to
increase the power for future analysis. Based on these findings, we propose that due to their
metabolic unfitness NASH CD8* T cells cannot respond effectively to ICI therapy leading to
a loss of treatment efficacy.

We chose metformin to test our hypothesis based on three reasons. (i) Targeting a single
metabolic pathway may have not been effective enough since we demonstrated that NASH
causes a broad metabolic dysfunction in CD8* T cells. (ii) Metformin is known to improve
metabolic functions by multiples mechanisms and (iii) it has been shown to improve CD8*
T cell metabolism and function in other pathological situations (35). Indeed, in NASH
CD8* T cells metformin reversed the downregulation of genes related to different metabolic
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pathways and improved mitochondrial function. Interestingly, /77 vivo metformin treatment
also improved CD8* T cell mobility in NASH.

To better mimic current clinical practice, we also tested a combination with anti-PD-L1 and
anti-VEGFR2 in mice, which mimics the currently used first line regimen of atezolizumab
plus bevacizumab (37). Similarly, NASH greatly reduced efficacy of anti-PD-L1 and anti-
VEGFR2 combination therapy against liver tumors compared to non-NASH condition.
Again, adding metformin rescued the effectiveness of the combination therapy in mice with
NASH.

In summary, using multiple NASH-HCC mouse models, we demonstrate that NASH impairs
ICI therapy against liver cancer. CD8* T cells were identified as the main effect for ICI
therapy. We discovered that NASH caused a broad metabolic dysfunction in CD8* T cells
accompanied by reduced motility. Metformin improved CD8* T cells metabolic fitness and
effectively restored ICI therapy against liver cancer in NASH. Future studies should be
conducted to study whether metformin can rescue the efficacy of ICI therapy in patients with
NASH.

Cell Lines and mouse strains

Murine colorectal carcinoma cell lines CT26 (51) and HCC cell line RIL-175 (14) were
used as previously described (8). C57BL/6 and BALB/c mice were purchased from the
Charles River Laboratory. Albino strain B6(Cg)-Tyr<c- 2J>/J and B6.CXCR6-GFP knock-
in (B6.129P2-Cxcr6tm1Litt/J) mice were purchased from the Jackson Laboratory. All
experiments were conducted according to local institution guidelines and approved by the
Animal Care and Use Committee of the National Institutes of Health, Bethesda, USA.

Animal studies

Age- and sex-matched mice were fed regular chow or MCD (Research diets, Ref.
A02082002BR) or CDAA (Dyets inc, Ref. 518753) or WD (Envigo, Ref. TD.120528)(12,
15). Diets started at the age of 6-7 weeks and mice were kept on diet until the end of

the experiment. Intrahepatic RIL-175 or CT26 tumors were established by injecting 2 x10°
RIL-175 or CT26 tumor cells in 20uL of a 50:50 solution of PBS and Matrigel (Corning,
Ref. 354248) into the left liver lobe as described previously(52). Mice were injected i.p
with 200ug anti-PD-1 (clone 29F.1A12, BioXCell) or IgG control (clone 2A3, BioXCell)
on days 5, 10, 15 after tumor injection. When indicated 5mg/ml metformin (Sigma, Ref.
D150950-5G) was added to the drinking water(36). For metformin+anti-PD1 experiments
in ND, treatment was started at day 7. Bioluminescence imaging was used to monitor
growth of RIL175 luciferase—expressing intrahepatic tumors as described (8). For PD-L1
and anti-VEGFR2 treatment, ND and MCD mice were treated with 200ug anti-PD-L1 (clone
10F.9G2, BioXCell) or IgG control (clone LTF-2, BioXCell) on days 5, 9 and 15 and 800ug
anti-VEGFR2 (clone DC101, BioXCell) or 1gG control (clone HRPN, BioXCell) on days
6, 10, 13 and 16. 1x10°% RIL-175 in 100uL PBS were injected in the right lateral flank

to establish subcutaneous tumors. Mice with similar tumor volume of approximately 100
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mm?3 were randomized after 5 days and treatment with 200ug anti-PD-1 or 1gG control was
started. Tumor measurements were done by a blinded investigator every 2— 3 days and tumor
volumes were calculated using this formula: 1/2(length x width2). Mice were sacrificed on
day 18 post tumor cell injection.

Intravital imaging

B6.CXCR6-GFP knock-in or BALB/C mice were fed with ND or MCD for 2 weeks or WD
for 25 weeks. Subcutaneous and intrahepatic RIL-175 tumor cell injection was performed
12-14 days before imaging as described above. For imaging, mice were anesthetized

and the tumor bearing liver was exposed for imaging. Intravital imaging was performed

as previously described(53, 54) with few modifications to provide access to hepatic and
subcutaneous tumors. Briefly, time-lapse videos were acquired using a Leica DIVE (Deep
In Vivo Explorer) inverted microscope (Leica Microsystems) equipped with full range

of visible light lasers (Spectra Physics) and 37°C environmental chamber (NIH Division

of Scientific Equipment and Instrumentation Services). Anesthesia was provided using
SurgiVet vaporizer and a nose-cone mask (Braintree Scientific). Mice were anesthetized
with 2 % Isoflurane delivered into induction chamber (Braintree Scientific) and maintained
at 1.75 % during imaging. The imaging was performed in regular confocal mode using
long-working distance objective (L HC FLUOTAR 25x, NA=0.95, Leica Microsystems).

To visualize blood vessels and CD8* T cells 0.25 mg of anti-CD31-AF647 (clone MEC13.3,
BioLegend) and 0.5 mg of anti-CD8-AF594 (clone 53-6.7, BioLegend) were injected iv.
Tumors were surgically accessed, restricted using custom-built tissue holder, and immersed
in pre-warmed lubricating jelly. Images were acquired at 488 nm excitation for eGFP;

594 nm for CD8, and 647 nm for CD31. Emitted fluorescence was collected with 4

tunable non-descanned hybrid detectors (HyDs) of DIVE detection system. For time-lapse
recording, images were acquired with 1x zoom, a 2.5 - 5 um z step for a depth of 50-70
pum every 30-90 s. Most videos and large static images were tiled, and a merged mosaic
was constructed using Leica tile scanning software. Time-lapse videos were analyzed using
Imaris (Bitplane). Cellular speeds were calculated using the spot function of Imaris. Cells
were classified as immobilized if their speed was under 1.5 pm/min and displacement was
equal to or less than 5 um during each imaging period. Cell were manually assigned to
groups and cellular speeds and displacements were calculated using the spot function.

In vitro CD8* T cell imaging

Hepatic MNC from WD, MCD or ND C57BL/6 mice were isolated and CD8* T cells were
sorted using an AutoMACS Pro following manufacture’s instruction (Miltenyi Biotec, Ref.
130-104-075). Cell purity was confirmed using flowcytometry. To achieve 5x10° hepatic
CD8™ T cells per condition, we pooled cells from three mice. Cells were than stained with
either Deep Red (Invitrogen, Ref. C34565 A) or CellTracker Green (Invitrogen, Ref. C2925)
dye following manufacturer’s instruction. Cells were washed and resuspended in 100uL
media (RPMI, 10% FBS, 1%Pen/Strep) and 10uL of sodium bicarbonate 7.5 % (Gibco,

Ref. 25080-094) and 150uL of bovine PureCol (Advanced Biomatrix, Ref. 5005-100ml)
was added and mixed carefully. The cell mix was put on a microscopy dish (MatTek, Ref.
P35G-1.5-14.C) and incubated for 30 minutes in 37°C. Cells were than imaged using a
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Leica DIVE (Deep In Vivo Explorer) inverted microscope (Leica Microsystems) equipped
with full range of visible light lasers (Spectra Physics) and 37°C environmental chamber
(NIH Division of Scientific Equipment and Instrumentation Services). Movement of cells
was analyzed as described above.

Statistical analysis and graphical design

Sample sizes for animal studies were guided by previous studies in our laboratory in

which similar or identical liver tumor models were used. For all models, randomization

and blinding were performed. Statistical analysis was performed with GraphPad Prism 8
(GraphPad Software). Significance of the difference between groups was calculated by
Student’s unpaired t-test, one-way ANOVA (Tukey’s and Bonferroni’s multiple comparison
test). P<0.05 was considered as statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:
. Multiple murine models of NASH-HCC show CD8* T cell-dependent
resistance to ICI therapy.
. Correlative transcriptomic analysis of hepatic CD8* T cells revealed NASH-
induced mitochondrial aberations.
. Although hepatic CD8* T cells are activated in NASH mice, they have
impaired motility and mitochondrial fitness.
. NASH may diminish the efficacy of ICI therapy in patients with HCC.
. Metformin can salvage ICI therapy and CD8* T cell activity in tumor-bearing

NASH mice.
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Figure 1: NASH impairs anti-PD-1 therapy against liver cancer.
A. Experimental setup: NASH was induced by feeding C57BL/6 or BALB/c mice with

CDAA or WD diet for 6 months or MCD diet for 2 weeks. Then intrahepatic injections

of 2x10° RIL-175 or CT26 tumor cells were performed to induce liver tumor in congenic
mice. Tumor-bearing NASH mice were given i.p. injection of anti-PD-1 (200ug/mouse) at
indicated time points.

B+C. End point assessment of intrahepatic RIL-175 tumors in CDAA or ND mice after
anti-PD-1 treatment. Experimental setup is shown in (A). Representative liver pictures are
shown in (B). Tumor weights were quantified (C). Data are presented as meanzs.e.m. from
two independent experiments. ND 1gG, n=12; ND anti-PD-1, n= 10; CDAA IgG, n=8;
CDAA anti-PD-1 n=10. *p<0.05, one-way ANOVA with Tukey’s multiple comparisons test.
D+E. Tumor growth kinetics of intrahepatic RIL-175 tumors was monitored in MCD

or ND mice following anti-PD-1 treatment using non-invasive bioluminescence imaging.
Experimental setup is shown in (A). Representative images at indicated time points are
shown in (D). Turmor burdens were quantifed in (E). Representative data from one
experiment are presented as meanzs.e.m. Experiments were repeated twice. n=5 per group.
*p<0.05 one-way ANOVA with Tukey’s multiple comparisons test.
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F+G. End point assessment of intrahepatic CT26 tumors WD or ND mice after anti-PD-1
treatment. Experimental setup is shown in (A). Representative liver pictures are shown in
(F). Tumor weights were quantified in (G). Representative data from one experiment are
presented as meanzs.e.m. Experiments were repeated twice. ND 1gG, n=6; ND anti-PD-1,
n=>5; WD IgG, n=4; WD anti-PD-1 n=5. *p<0.05, one-way ANOVA with Tukey’s multiple
comparisons test.

H. Tumor growth curve of s.c. RIL-175 tumors in WD or ND mice given anti-PD-1
treatment. Experimental setup is shown in Fig. S2C. Representative data from one
experiment are presented as meanzs.e.m. Experiments were repeated twice. n=5 per group.
*p<0.05, one-way ANOVA with Tukey’s multiple comparisons test.
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Figure 2: NASH causes an aberrant CD8* T cell activation in liver but does not affect CD8* T
cell immune phenotype in liver tumor upon anti-PD-1 treatment.

A-C. Effector memory phenotyping of CD8" T cells were assessed by flow cytometry
CD44 and CD62L staining. Representative contour plots of hepatic CD44*CD62L~CD8*

T cells (gated on CD3*CD8* cells) from CDAA or ND mice are shown in (A). Hepatic

and splenic CD44*CD62L~CD8* T cells from NASH mice fed with CDAA (B) or WD

(C) were quantified. Representative data from one experiment are presented as means.e.m.
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Experiments were repeated twice. In (B), n=5 per group. In (C), Spleen ND, n=6; Spleen
WD, n=5; Liver ND, n=6; Liver WD, n=5. *p<0.05, **p<0.01, student’s t-test.

D-F. Exhaustion CD8* T cells were measured by PD-1 and Tim3 flow cytometry staining.
Representative contour plot of hepatic PD-1*Tim3*CD8* T cells of CDAA or ND mice

are shown in (D). Hepatic and splenic PD-1*Tim3*CD8* T cells from NASH mice fed
with CDAA (F) or WD (G) were quantified. Representative data from one experiment are
presented as meanzs.e.m. Experiments were repeated twice. In (E), n=5 per group. In (F),
Spleen ND, n=6; Spleen WD, n=5; Liver ND, n=6; Liver WD, n=5. *p<0.05, ***p<0.001,
student’s t-test.

G-1. Cytokine produciton of CD8" T cells were determined by measuring
IFNy*TNFa*CD8* T cells after ex vivo stimulation with PMA/lonomycin for 4h.
Representative contour plot of hepatic IFNy*TNFa*CD8" T cells of CDAA or ND are
shown in (G). Hepatic and splenic IFNy*TNFa*CD8" T cells from NASH mice fed

with CDAA (H) or WD () were quantified. Representative data from one experiment are
presented as meanzs.e.m. Experiments were repeated twice. In (H), n=5 per group. In (1),
Spleen ND, n=6; Spleen WD, n=5; Liver ND, n=6; Liver WD, n=5. **p<0.01, ***p<0.001,
student’s t-test.

J-L. Expression of cytotoxic molecule Granzyme B in CD8* T cells was measured by flow
cytometry. Representative contour plot of hepatic Granzyme B*CD8* T cells of CDAA or
ND mice are shown in (J). Hepatic and splenic Granzyme B*CD8* T cells from NASH mice
fed with CDAA (K) or WD (L) were quantified. Representative data from one experiment
are presented as meanzs.e.m. Experiments were repeated twice. In (H), n=5 per group.

In (L), Spleen ND, n=6; Spleen WD, n=5; Liver ND, n=6; Liver WD, n=5. **p<0.01,
***n<0.001, student’s t-test.

M-P. Upon anti-PD-1 treatment, the infulence of NASH on immune phenotype of tumor
infiltering CD8™" T cells was assessed. Levels of CD44*CD62" (M), PD-1* (N), IFNy* (O)
and Granzym B* (P) in tumor infiltrating CD8" T cells were measued in WD compared to
ND mice. For IFN+y staining, cells were stimulated ex vivo with PMA/lonomycin for 4h.
Representative data from one experiment are presented as meanzs.e.m. Experiments were
repeated twice. n=5 per group. student’s t-test.
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Figure 3: NASH induces an environment-independent reduction of CD8" T cell motility in liver.
A. In vivo intravital imaging assay experimental setup: CXCR6CFP mice fed with WD

or ND for 6 months were given intrahepatic injection of 2x10° RIL-175. At day 10-12
after tumor injection, mice were i.v. injected with fluorochrome-coupled anti-CD8 and anti-
CD31, and intravital multi-photon confocal microscopy microscopy was used to examine the
dynamics of T cells in liver tumors.

B. Representative immunofluorescence images derived from automated tracking of tumor
infiltrating CXCR6-CD8* T in ND mice (upper section) and WD mice (lower section). Cell
movement behavior measured over time using Imaris. Scale bar 50 pm.

C+D. Speed (C, pm/sec) and track displacement length (D, distance between first and last
cell position in um) of tumor infiltrating CD8" T cells were measured by Imaris software in
WD or ND CXCR6%FP mice. Representative data from one mouse are presented as mean.
Imaging was repeated in 3 mice per group. ****p<0.0001, student’s t-test.
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E. Speed (um/sec) of moving tumor infiltrating CD8* T cell of CXCR6SFP mice fed with
WD or ND. Moving cells were defined by a mean speed of >0.25um/sec. Representative
data from one mouse are presented as mean. Imaging was repeated in 3 mice per group.
****p<0.0001, student’s t-test.

F. Speed (um/s) of intrahepatic and s.c. tumor infiltrating CD8* T cells in WD CXCR6GFP
mice. Imaging was repeated in 3 mice per group. ****p<0.0001, student’s t-test.

G+H. Speed (G, um/s) and track displacement length (H, distance between first and last cell
position in um) of tumor infiltrating CXCR6~CD8* T cells (F, G) were measured by Imaris
software in WD or ND CXCR6CFP mice. Representative data from one mouse are presented
as mean. Imaing was repeated in 3 mice per group. ****p<0.0001, student’s t-test.

1+J. Speed (um/sec) of tumor infiltrating CXCR67CD8™ (1) and CXCR6*CD8* (J) cells
were measured by Imaris software in WD or ND CXCR6CFP mice. Representative data
from one mouse are presented as mean. Imaging was repeated in 3 mice per group.
****n<0.0001, student’s t-test.

K. In vitro imaging experimental setup: C57BL/6 mice fed with WD or ND for 6 months.
Hepatic CD8* T cells were isolated and stained with cell tracker green and cell tracker deep
red and imaged in collagen+media overnight.

L. Representative immunofluorescence images derived from automated tracking of hepatic
CD8* T from ND (left section) and WD (right section) mice. Cell movement behavior was
measured over time using Imaris. Scale bar 100um.

M. Speed (um/sec) of hepatic WD and ND CD8* T cells in collagen+media imaged
overnight and analyzed with Imaris. Representative data from one experiment are presented
as meanzs.e.m. Experiments were repeated twice. ****p<0.0001, student’s t-test;
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Figure 4: NASH impairs CD8" T cell metabolic fitness
A. Pathway analysis of hepatic CD8* T cells of mice fed with MCD or ND and treated with

anti-PD-1. Hepatic CD8* T cells from three mice were pooled per sample (n=3 per group)
for RNA isolation. Hepatic CD8* T cells were sorted and sequenced using nCounter® the
metabolic pathways panel. Hierarchical clustering was used to group pathways.

B. Percentage of 2-NBDG staining of hepatic CD8* T cells of C57BL/6 fed with ND or
CDAA and treated with anti-PD-1. Representative data from one experiment are presented
as meanzs.e.m. Experiments were repeated twice. ND 1gG, n=6; ND anti-PD-1, n= 4;
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CDAA IgG, n=5; CDAA anti-PD-1 n=5. **p<0.01, ***p<0.001, one-way ANOVA with
Tukey’s multiple comparisons test.

C. Percentage of 2-NBDG staining of hepatic CD8* T cells of BALB/C fed with ND or
WD and treated with anti-PD-1. Representative data from one experiment are presented as
meanzs.e.m. Experiments were repeated twice. ND 1gG, n=5; ND anti-PD-1, n=4; WD
1gG, n=5; WD anti-PD-1 n=4. ***p<0.001, ****p<0.0001, one-way ANOVA with Tukey’s
multiple comparisons test.

D. Percentage of 2-NBDG staining of hepatic CD8* T cells of C57BL/6 fed with ND or
MCD and treated with anti-PD-1. Representative data from one experiment are presented
as meanzs.e.m. Experiments were repeated twice. ND 1gG, n=5; ND anti-PD-1, n= 4;
MCD IgG, n=5; MCD anti-PD-1 n=6. *p<0.05, one-way ANOVA with Tukey’s multiple
comparisons test.

E. MFI of MitoTracker deep red staining (MDR) of hepatic and splenic CD8* T cells

of mice fed with ND or CDAA.. Representative data from one experiment are presented
as meanzs.e.m. Experiments were repeated twice. n=5 per group. *p<0.05, ***p<0.001,
student’s t-test.

F. Representative histogram of MitoTracker deep red staining of hepatic CD8* T cells of
C57BL/6 fed with ND or CDAA.

G. MFI of mitotracer green (MG) of hepatic and splenic CD8* T cells of mice fed with
ND or CDAA. Representative data from one experiment are presented as means.e.m.
Experiments were repeated twice. n=5 per group. *p<0.05, student’s t-test.

H. Representative histogram of Mitotracker green staining of hepatic CD8" T cells of
C57BL/6 fed with ND or CDAA.
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Figure 5: Metformin restores efficacy of aPD-1 therapy in NASH-HCC

A-C. Relative expression of Mpcl (A), Pckl (B) and Adh4 (C) of C57BL/6 mice fed

with MCD. Mice were treated with metformin for 2 weeks before sacrifice. RNA extracted
from sorted hepatic CD8* T cells from two mice were pooled for PCR analysis. Data

are presented as meanzs.e.m. from two independent experiments. n=9 per group. *p<0.05,
**p<0.01

D. Representative histogram of MitoTracker green staining of hepatic CD8* T cells of
C57BL/6 fed with WD and treated with metformin.

E+F. MFI of MitoTracker green (MG) of hepatic CD8" T cells of mice fed with MCD

(E) or WD (F) and treated with metformin. E: data are presented as meanzs.e.m. from

two independent experiments. n=10 per group. F: representative data from one experiment
are presented as meanzs.e.m. Experiments were repeated twice. n=4 per group. *p<0.05,
student’s t-test.

G+H. Speed (G, um/s) and displacement length (H, um) of hepatic CD8+ T cells from
metformin treated or control WD mice in collagen+media imaged ex vivo overnight and
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analyzed with Imaris. Mice were treated with metformin for 2 weeks before sacrifice.
Representative data from one experiment are presented as means.e.m. Experiments were
repeated twice. *p<0.05, student’s t-test.

1. Oxygen consumption rate (OCR) measured using seahorse analysis of splenic CD8* T
cells from ND, CDAA control or CDAA metformin treated mice. Mice were treated with
metformin for 2 weeks before sacrifice. Means.e.m.

J. Experimental setup: C57BL/6 or BALB/c mice fed with MCD or ND for 2 weeks or

WD or ND for 6 months with intrahepatic injection of 2x10° RIL-175 or CT-26 tumor

cells treated with anti-PD-1 (200ug/mouse at indicated time points). 5 mg/ml metformin was
added to the drinking water on day five.

K. Representative pictures of intrahepatic RIL-175 (left) and CT26 (right) tumors of

mice fed with MCD or ND and treated with anti-PD-1, metformin or the combination.
Experimental setup shown in Fig. 51. Scale bar, 1cm.

L+M. End point assessment of intrahepatic RIL-175 (L) and CT26 (M) tumors of C57BL/6
or BALB/c mice fed with MCD and treated with anti-PD-1, metformin or the combination.
Experimental setup shown in Fig. 51. K: data are presented as meants.e.m. from two
independent experiments. Control, n=9; anti-PD-1, n=9; Met, n=5; Met+anti-PD-1, n=10.
L: representative data from one experiment are presented as meanzs.e.m. Experiments were
repeated twice. Control, n=10; anti-PD-1, n=5; Met, n=5; Met+anti-PD-1, n=11. *p<0.05,
one-way ANOVA with Tukey’s multiple comparisons test.

N. Representative pictures of intrahepatic RIL-tumors of C57BL/6 mice fed with WD and
treated with the combination of anti-PD-1 and metformin. Experimental setup shown in Fig.
51.

O. End point assessment of intrahepatic RIL-175 tumors of C57BL/6 mice fed with WD and
treated with the combination of anti-PD-1 and metformin. Experimental setup shown in Fig.
51. Data are presented as mean+ s.e.m. from two independent experiments. Control, n=8;
Met+anti-PD-1, n=10. ****p<0.0001, student’s t-test.
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