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Abstract

Cancer patients with liver metastasis demonstrate significantly worse outcomes than those without
liver metastasis when treated with anti-PD-1 immunotherapy. The mechanism of liver metastases-
induced reduction in systemic antitumor immunity is unclear. Using a dual-tumor
immunocompetent mouse model, we found that the immune response to tumor antigen presence
within the liver led to the systemic suppression of antitumor immunity. The immune suppression
was antigen-specific and associated with the coordinated activation of regulatory T cells (Tregs)
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and modulation of intratumoral CD11b* monocytes. The dysfunctional immune state could not be
reversed by anti-PD-1 monotherapy unless Tyeq cells were depleted (anti-CTLA-4) or destabilized
(EZH2 inhibitor). Thus, this study provides a mechanistic understanding and rationale for adding
Treg and CD11b* monocyte targeting agents in combination with anti-PD-1 to treat cancer patients
with liver metastasis.

Introduction:

In many solid and liquid tumors, checkpoint inhibitor immunotherapies (CPIs) can
reinvigorate preexisting antitumor immunity to achieve durable response rates. However, for
melanoma, lung, kidney, and several other malignancies where CPIs have shown efficacy,
accumulating evidence suggests that the presence of liver metastasis reduces response rate,
progression-free and overall survival (1-7). For patients who have disease progression
despite CPlIs, there are limited salvage options. Since the liver is one of the most common
sites of metastases of all malignancies, this problem poses a significant unmet challenge in
the field of immuno-oncology (1, 4, 7-10).

Despite the accumulating clinical data, it remains unclear how liver metastasis modulates
systemic antitumor immunity, and the mechanistic underpinnings behind the CPI resistance
in these patients are not well understood. Our group has previously demonstrated in
melanoma patients that the presence of liver metastases, as opposed to other metastatic sites,
correlated with the reduced expression of activation and functional markers on CD8* tumor-
infiltrating lymphocytes (TILs) when pre-CPI treatment cutaneous tumor biopsies were
analyzed (11, 12). This finding raises the possibility that liver-specific tolerance mechanisms
could be triggered in the context of liver metastasis to suppress systemic antitumor T cell
immunity and undermine current forms of cancer immunotherapy. Previous investigations of
the tolerogenic properties of the liver either focused on settings outside of cancer (such as
infectious disease, transplantation, and autoimmunity) or suggested that the premetastatic
potential of the liver and cancer-related immunosuppression was based on local effects
within the confines of/ the liver parenchyma (13-16). These explanations do not account for
the potential impact of liver tolerance on systemic or distant antitumor immunity. To date,
approaches to study the tumor immunotherapy resistance have focused on preclinical models
that rely on the single subcutaneous (SQ) tumor because of its efficiency and convenience
(17). However, those models rarely represent the most common clinical scenario where
immunotherapy is deployed, when tumors are at multiple anatomical sites and often have
distinct response patterns (18).

Here, we developed a preclinical model to explore if tumor presence within the liver
influences antitumor immunity at a distant SQ site. The model addressed the potential
tolerogenic mechanisms leading to CPl immunotherapy resistance. We show that the
presence of tumor within the liver significantly reduced systemic tumor-specific immunity in
an antigen-specific, PD-1-independent manner. This liver-specific regulatory process led to
distinct changes in T effector CD4" and CD8* T cells at distant tumor sites.
Immunosuppression was dependent on Tyeqs and associated with significant differential
remodeling of tumor-infiltrating myeloid-derived monocytes. Finally, Teq-targeting
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combination immunotherapy strategies, including Tyeq-depleting anti-CTLA-4 antibodies or
functional inhibition using an EZH2 inhibitor, restored systemic antitumor immunity and
CPI-responsiveness. These results are consistent with the hypothesis that liver involvement
in cancer patients could significantly compromise systemic antitumor immunity even at
distant sites and may provide a mechanism of CPI resistance in the setting of liver
metastasis.

Liver tumor reduces distant antitumor immunity and systemic response to anti-PD-1
immunotherapy

In the present study, we developed a mouse model to study the effects of the tumor within
the liver on antitumor immunity at a distant site. As such, the model was based on a two-site
tumor system in which tumor cells were injected simultaneously into a SQ site and the liver
or other anatomic sites of a mouse. Specifically, immunocompetent C57BL/6 (B6) mice
were injected subcutaneously with syngeneic MC38 tumor cells concurrently with the
subcapsular injection of MC38 cells into the liver or intravenous delivery into the lung (19,
20) (Fig. 1A). Mice with tumors present within the liver exhibited significantly increased
tumor growth of the distant SQ tumor as compared to a secondary tumor in the lungs (Fig.
1B). Previous studies have shown that high levels of expression of the activation markers,
PD-1 and CTLA-4, on CD8* tumor-infiltrating lymphocytes (TILS) correlate with tumor
immunity and predict better responses to CPI treatment (12, 21-23). Therefore, the
expression of surface PD-1 and intracellular CTLA-4 was analyzed on tumor-infiltrating
CDS8™ T cells at the SQ site of all three groups. Mice bearing liver tumors had a significantly
lower percentage of PD-1 and CTLA-4 expression on their SQ CD8* TILs, as compared to
mice bearing lung tumors and control SQ tumor-only mice (Fig. 1C). To test the impact of
anti-PD-1 immunotherapy treatment in this model, we injected anti-mouse PD-1 mAb to
three groups of mice - those with SQ tumor only, and SQ plus experimental liver or lung
metastasis. While anti-PD-1 treatment promoted tumor rejection and improved the survival
in mice bearing SQ or SQ plus lung tumors, mice bearing SQ plus liver tumors were
refractory to anti-PD-1 monotherapy, and 10 out of 10 mice required euthanizing by day 25
post tumor injection due to large tumor burden (Fig. 1, D and E). The relative expression of
PD-1 and CTLA-4 by the SQ CD8* TILs was compared between mice with experimental
liver metastasis versus other tumor-bearing groups treated with anti-PD-1 monotherapy.
There was a significant reduction in the frequency of PD-1 and CTLA-4 co-expressing cells
and lower MFI of CTLA-4 and PD-1 on SQ CD8* TILs isolated from liver tumor-bearing
mice (Fig. 1F). The reduced survival and low anti-PD-1 response rate in mice with liver
tumors were not related to hepatotoxicity or liver dysfunction. Standardized liver function
tests performed at the experimental endpoint showed that liver tumor-bearing mice displayed
similar results as mice without liver tumors and had serum values within the healthy control
reference range (fig. S1). Taken together, these findings show that the presence of tumor in
the liver reduced antitumor immunity at a distant tumor site and recapitulated clinical
observations in melanoma patients with liver metastasis where lower co-expression of PD-1
and CTLA-4 on cutaneous CD8" TILs correlated with lower survival and response rate to
anti-PD-1 immunotherapy (1, 12, 21).
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The liver facilitates distant tumor antigen-specific immunosuppression independent of
tumor burden

Previous studies have suggested that higher overall tumor burden, as seen in the liver tumor-
bearing mice, correlated with a poor response (24-26). To investigate whether an increased
tumor burden was responsible for immune suppression, equal amounts of tumors were
implanted at alternative host anatomical sites to examine the immunosuppressive effects on
the distant SQ site. Unlike mice with a liver tumor, mice that had tumors implanted in their
kidney or peritoneum did not show any significant change in tumor growth at their SQ site
compared to SQ tumor-only mice (Fig. 2A). In many instances, the overall tumor burden
was similar or significantly higher, as seen in the intraperitoneal tumor group (fig. S2A).
There were no significant differences in SQ tumor growth in the immunodeficient NSG nor
Rag-1~"~ mice implanted with secondary liver tumor (fig. S2B), suggesting that the
modulation of tumor growth at the distal SQ site was dependent on adaptive immunity.
Notably, implantation of irradiated MC38 tumor cells or tumor lysate alone into the tumor
was sufficient to mediate the effects. Five x 10° irradiated tumor cells, or lysates from 5 x
10° tumor cell equivalents, resulted in a significant increase in tumor growth as compared to
mice animals implanted with MC38 tumor only in the SQ site (Fig. 2B). The degree of
enhanced tumor growth was similar to that seen in animals transplanted with live tumors in
the liver, supporting the conclusion that tumor burden was not associated with the systemic
suppression in tumor immune responses. In fact, implantation of 10-fold less irradiated
MC38 tumor cells showed similar results (Fig. 2C). Finally, liver-mediated immune
suppression was tumor antigen-specific, as implantation of an unrelated B16F10 tumor into
the liver did not promote tumor growth at the distant SQ site (Fig. 2D). Thus, liver tumor-
dependent suppression in systemic antitumor immunity was not merely a consequence of
large tumor burden but likely due to tumor-antigen and liver-specific tolerogenic processes
that modulated systemic antitumor response.

Experimental liver metastasis is associated with phenotypic changes in distant tumor-
infiltrating lymphocytes

The phenotype of CD8* and CD4* T cells within the SQ tumor in mice with and without a
matched tumor within their livers was analyzed to investigate systemic changes to specific
lymphocyte subsets in the context of the liver tumor (Fig. 3A). In addition to PD-1 and
CTLA-4, presented above, other activation markers including ICOS and effector cytokines,
previously shown to correlate with antitumor responses (12, 22), were altered due to the
presence of liver tumors. Although the percentage of CD8* TILs among CD45™ cells within
the tumor remained similar between the two groups, CTLA-4, ICOS and IFNy expression
were significantly lower on the CD8" T cells isolated from mice bearing liver tumors (Fig. 3,
B and C). Moreover, the most highly activated T cell subsets, based on the co-expression of
multiple activation markers, PD-1, CTLA-4, ICOS, and Ki-67, were the most significantly
affected, with liver-tumor implanted mice showing less than 5% of CD8* T cells co-
expressing all four markers as compared to over 12% in SQ only tumor-bearing animals (fig.
S3A). Conventional CD4" TILs, within the SQ tumor of liver tumor-bearing mice, had lower
ICOS expression, but higher expression of PD-1 (fig. S3B). These results were consistent
with other studies showing that ICOS expression on conventional CD4* TILs is linked to
enhanced antitumor immunity, while high expression of PD-1 correlates with reduced
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antitumor responses (22, 27, 28). Thus, both CD8" and CD4™ effector T cell subsets were
compromised in the distant SQ tumor site in mice with a secondary tumor implant within the
liver. In striking contrast, the CD4* Foxp3* Tyeg population within the SQ tumor in mice
with secondary liver tumor implants showed a highly activated phenotype. Although the
percentage of Foxp3* Tregs (~35% of total CD4" T cells) and absolute Treg NUMber within
the SQ tumors of the two groups were not significantly different (fig. S4, A and B), the
expression of PD-1, CTLA-4, and ICOS, was significantly higher on Tegs from liver tumor-
bearing mice (Fig. 3D). When multiple activation markers were combined in the analysis,
we found that the two experimental groups’ phenotypic difference was even more
pronounced (fig. S3C). Similar experiments were performed in a second tumor model, the
B16F10 melanoma model, with similar results observed where there was both a significant
enhancement of SQ tumor growth in mice co-injected with liver tumor and reduced
expression of activation markers and cytokines in cytotoxic T cells isolated from the SQ
tumors (fig. S5). These data are in line with the recent reports showing an increase in
activated CTLA-4 and 1COS expressing Tyegs in the blood and tumors of cancer-bearing
hosts (29-31).

The above findings suggested that the presence of tumor cells in the liver led to a significant
decrease in the number and activation state of effector T cells at a distant site. This raised the
possibility that tumor antigen within the liver either induced clonal deletion or altered the
activation state of tumor antigen-specific T cells (32, 33). To directly monitor the tumor
antigen-specific T cell response, we employed an MC38 tumor antigen-derived peptide
KSPWFTTL-H-2KP-tetramer (KSP) that reacts specifically with tumor-specific CD8* in
MC38 tumor-bearing mice (34, 35). The KSP tetramer bound to CD8* T cells infiltrating the
tumors and tumor-draining lymph nodes of mice bearing MC38 tumors, but not CD8* T
cells from mice bearing the unrelated B16F10 tumors. Additionally, the tetramer reactivity
was confirmed to be highly specific when compared to an irrelevant control peptide tetramer
(fig. S6, A, B and C). A comparison of tetramer” CD8" TILs at the SQ site showed that
there was only a small, but not significant effect on the percentage or the absolute humber of
MC38-specific tetramer* CD8* T cells in the tumors between mice with and without
concurrent liver tumors (Fig. 3E, fig. S4C). These results suggested that the generation and
expansion of CD8" T cells were not altered significantly by tumor presence at the liver site.
Moreover, there was no evidence of sequestration or clonal deletion in the liver tumor site,
as the absolute numbers of KSP tetramert CD8* TILs were similar to the SQ sites (fig.
S4C). However, there was a significant reduction in the expression of several functional
markers on the tetramer™ CD8" T cells within the SQ tumor of liver-tumor bearing mice
(Fig. 3, E and F). Tetramer® CD8* T cells in the SQ tumor of mice with liver tumors
expressed reduced cell surface levels of CTLA-4, ICOS, and CD107a as well as reduced
production of IFNy and TNFa (Fig. 3F). Finally, the inhibition on the CD8* T cells was
both liver- and antigen-specific, since the suppression of ICOS expression, as a surrogate
marker of activation, did not occur in mice bearing lung tumors nor when an unrelated tumor
(B16F10) was implanted in the liver (fig. S7, A and B). Together, these results indicate that
the liver-mediated reduction of tumor-specific immunity at the distant SQ site was the result
of a systemic dysfunction of tumor-specific CD8* T cells. Importantly, this dysfunctional
state was irreversible with anti-PD-1 treatment despite the high expression of PD-1 on the
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Tet™ CD8™ T cells, suggesting that T cell “exhaustion” through the PD-1 axis was unlikely to
be the main mechanism involved in immune suppression of the antitumor response.

Tregs control the suppression of distant tumor immunity in the presence of liver tumors

Numerous lines of evidence suggest that Tyegs play an essential role in hepatic immune
tolerance and can suppress CD8" T cell activation and cytotoxicity (13, 14, 32, 36-38).
Therefore, the potential impact of Tegs in the systemic suppression was examined by
selectively depleting Tyegs Using a mouse strain expressing the diphtheria toxin receptor
under the control of Foxp3 (FP3-DTR) (fig. S8). FP3-DTR mice, implanted with both SQ
and liver tumors, were treated with diphtheria toxin (DT) every other day for up to 24 days
to eliminate Tyegs Systemically during the experiment (39, 40). In the untreated setting,
~30% of CD4 TILs were Tyegs, DT treatment led to near-complete elimination of Foxp3*
Tregs in the circulation and the SQ tumor as compared to untreated mice (fig. S9). Treq
depletion led to enhanced tumor rejection in both the SQ only and SQ plus liver tumor
groups, suggesting that Tyegs Were involved in the liver tumor-specific suppression (Fig. 3G).
Moreover, depletion of Tyegs restored the activation and functional status of tumor specific
CD8* T cells, based on a significant increase in 1ICOS, IFNy and CD107a expression (Fig.
3, Hand I). PD-1 expression was lower in the DT treated group. This result was likely
explained by the reduced tumor burden (caused by Teq depletion) as previously
observed(41). Collectively, the results suggest that Tegs play a critical role in modulating the
distant tumor-specific CD8* T cell immunity in the presence of liver-resident tumors.

Treg depletion or inactivation reverses liver tumor-associated systemic immune
suppression

The results above suggested that Tyeqs may be responsible for the inability of anti-PD-1
monotherapy to induce tumor regression in this tolerogenic model. Therefore, we tested two
independent approaches to selectively compromise Tyegs to see if it would synergize with
anti-PD-1 treatment. First, we tested whether T,eq depleting anti-CTLA-4 mAb, clone 9H10,
in combination with anti-PD-1 mAb, enhanced tumor rejection in SQ and liver tumor-
bearing mice. Treatment with three doses of clone 9H10 on days 7, 9, and 11 post tumor
implantations led to the depletion of SQ tumor infiltrating Tyegs and enhanced rejection of
the tumors at both the SQ and liver sites in the dual tumor-bearing mice (Fig. 4, A and B;
S10A). While treatment with 9H10 as monotherapy had a partial impact on tumor growth
and survival, in combination with anti-PD-1 mAb, 9H10 treatment achieved 100% survival
at 60 days (n=10) and resulted in the complete rejection of tumors at both sites (Fig. 4, B
and C; S10A). The complete rejection of tumors at the liver site was confirmed by full-body
bioluminescent visualization of the mice as well as necropsy (fig. S10, A and B). Finally,
treatment with the anti-CTLAA4, clone 9H10, was able to restore the activation and functional
status of suppressed tumor antigen-specific tetramert CD8* T cells, as demonstrated by their
increase in ICOS, IFN+y, and TNFa relative to an isotype control (Fig. 4D).

To test the hypothesis that Tyeq depletion was essential for the anti-CTLA-4 activity, we

compared the antitumor effects of two different isotypes of the mouse anti-CTLA-4 antibody
clone 9D9 that have been shown to block CTLA-4-B7 interactions but have varying abilities
to deplete Tyegs intratumorally. The anti-CTLA-4 IgG2a isotype has been shown to have high
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Treg-depleting capability intratumorally in contrast to the anti-CTLA-4 1gG2b isotype,
which conferred minimal Tyeg-depletion (42). Similar to the anti-CTLA-4 9H10 antibody
results, only the Teg-depleting 1gG2a antibody was capable of achieving complete rejection
of tumors at both sites in the majority of treated mice (fig. S16, A and B).

Systemic depletion of Tyegs can trigger systemic autoimmune response (43). Therefore, as a
second approach, we took advantage of previous studies showing that inhibitors of Enhancer
of Zeste 2 (EZH2), an H3K27 methyltransferase induced upon Tieq activation, destabilize
and disrupt tumor-infiltrating Tyeq function resulting in enhanced antitumor immunity
without a systemic effect (40, 44). Treatment of mice with the EZH2 inhibitor, CPI-1205
(Constellation Pharmaceuticals), in combination with anti-PD-1 mAb led to enhanced tumor
rejection and improved survival (Fig. 4, E and F).

These combination treatments restored the activation and functional status of tetramer®
CD8™" TILs within the SQ tumor microenvironment of liver-tumor bearing mice (Fig. 4G).
Moreover, analysis of the distant SQ TILs showed that either combination treatment
modality augmented the activated tumor-specific CD8* T cell (tetramer/PD-1/CTLA-4/
ICOS*) to Treg ratio within the tumor microenvironment (Fig. 4H). Finally, 7 out of 18 mice
that achieved 60-day tumor-free survival in the CPI-1205 + anti-PD1 group and 10 out 10
mice in the 9H10 + anti-PD1 group rejected MC38 tumors in subsequent rechallenge
experiments confirming that the immune response was durable (Fig. 41). These results
suggest that combination strategies that include PD-1 checkpoint blockade and the depletion
or disruption of Tyeq function can enhance durable antitumor immunity in the setting of liver
tumor mediated immunosuppression where anti-PD-1 monotherapy is ineffective.

Phenotypic analyses and adoptive transfer of T,gqs from liver tumor-bearing mice
suppress tumor rejection

Given that Tyegs play a significant role in the systemic immunosuppression in the liver tumor
model, we sought to directly compare the /7 vivo suppressive capability of Teqs derived
from mice with and without liver tumors to determine if there were functional differences in
the Tyeg populations. For these studies, transgenic mice that co-express EGFP and Foxp3
under the control of the endogenous promoter were used to efficiently isolate Tyeq cells for
adoptive transfer (45). Phenotypic analysis of Tyegs isolated from SQ tumors in the absence
or presence of liver tumor showed increased levels of PD-1 and CTLA-4 as seen previously.
In addition, liver-tumor bearing mice derived Tyegs expressed higher levels of Neuropilin-1
and Helios (Fig. 5A), which are known Teq activation markers previously correlated with
their suppressive potency (46, 47). Moreover, the transfer of the Teq cells isolated from liver
tumor-bearing mice significantly enhanced tumor growth when compared to the no Tyeg
transfer or the transfer of Tyeq cells from SQ tumor-only bearing mice (Fig. 5B). Together,
these results suggested that the presence of liver tumor induced a highly active population of
Tregs that more effectively suppressed antitumor immunity on a per cell basis.
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High-dimensional gene expression profiling reveals distinct liver tumor-associated
changes in Tyggs and CD8" T cells.

To more fully understand the differences between the Tyeq populations present in the SQ
tumor site in mice where tumor was also present in the liver, single cell transcriptomic
analysis (scCRNAseq) was performed using the 10x Genomics Chromium platform. CD45*
SQ tumor-infiltrating cells, pooled from 6 mice per group from mice with and without
concurrent liver tumors, were analyzed across two separate experiments. In total, 62,743
cells (SQ only; 35,589 and SQ & Liver; 27154) were analyzed. Informatics analysis was
used to identify 14 unique clusters, including nine myeloid/monocyte cell, three T cell, one
NK cell, one plasmacytoid dendritic cell, and one erythrocyte cluster (fig. S11A). Further
analysis of the Tyq cluster, based on the expression canonical lineage markers CD3, CD4,
and FoxP3, identified 82 differentially expressed genes between the Tyeqs from the two
experimental groups (61 upregulated and 11 down-regulated). The top-20 upregulated genes,
shown in Fig. 5C, suggest that the Tegs present in the SQ tumor underwent significant
transcriptomic changes as a result of liver tumor implantation. The top 2 genes differentially
upregulated by Tyegs from mice with liver tumor were 75¢2203 (GILZ) and Cd83.
Specifically, the violin plots suggested a significant number of Tyeqs upregulated these two
genes as compared to Tyegs isolated from the SQ only group (Fig. 5D). Previous studies have
shown that these proteins are essential for Tyq stability and suppressive function (48-51)
consistent with the differential effect on tumor growth seen in the adoptive transfer
experiments. Differential gene expression analysis on the CD8* T cells revealed significant
transcriptomic changes between the two groups as well. There was decreased expression in
activation-associated genes expressed by CD8* T cells isolated from mice with liver tumors,
including Kirk1, Prf1, Ca28, 117r, Ctla4, and Icos (Fig. 5E). The RNAseq findings that ICOS
and CTLA-4 expression levels were significantly lower on the CD8* T cells in the liver
tumor group (Fig. 5F) were similar to the flow cytometry studies showing reduced ICOS and
CTLA-4 expression on Tet* CD8* T cells from liver tumor bearing mice (Fig. 3F). These
results suggest that CD8* T cells in the distant tumor of liver-tumor bearing mice underwent
significant transcriptomic changes consistent with the resulting dysfunction.

High-dimensional profiling of innate immune cells in the tumor microenvironment
implicates changes in gene and protein expression in differential antitumor immunity

Previously, Schreiber and colleagues showed that treatment of mice with CPIs led to distinct
changes in the macrophage phenotypes (52) and other studies showed that innate immune
cell reprogramming in the tumor microenvironment is highly correlated with antitumor
responses (53, 54). Thus, we analyzed the transcriptome of the cells of the innate immune
compartment by scRNAseq. Among the 9 distinct myeloid/monocyte/macrophage clusters,
cluster 6 was significantly increased in the SQ sites of mice bearing liver tumors (Fig. 5G,
S11B). The cells in cluster 6 were identified as myeloid-derived suppressor cells (MDSCs)
based on a previously described gene signature (55), and showed quantitative and qualitative
differences between MDSCs present in the SQ tumor only versus SQ plus liver tumor
conditions (Fig. 5, G and H). There were significant decreases in mMRNA expression
associated with immunosuppression in this monocyte subset, including Socs3, Xbp1, Rhoh,
Wide17, GOs2, and Acod1 (fig. S12) suggesting that the liver tumor-induced
immunosuppression might be a consequence of crosstalk between Tyeq and MDSCs (56).

Sci Immunol. Author manuscript; available in PMC 2021 April 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal. Page 9

Liver-tumor associated Treg control of distant antigen-specific immunity is mediated by
tolerogenic CD11b* MDSCs

Previous studies have suggested that Tyegs can exert tumor antigen-specific suppression of
effector T cells indirectly by altering antigen-presenting cells (APCs) (57, 58). Our results
indicate that the presence of liver tumors can significantly impact the immune composition
of a distant SQ tumor. These findings suggested that the systemic antigen-specific
immunoregulatory mechanism might have been coordinated by Tyegs and MDSCs. MDSCs
are known to be potent suppressors of tumor-specific immunity within the tumor
microenvironment (54), and the crosstalk between Tyegs with MDSCs resulting in antigen-
specific suppression within tumors has been previously described (59). To explore this
possibility in our model and extend gene expression analysis studies, other cells of the
myeloid/monocyte/macrophage lineage in the SQ tumor microenvironment were surveyed
using a 14-color flow cytometry panel of well-established canonical immune cell subset
markers to identify significant cellular changes in the SQ tumor-infiltrating APCs between
mice bearing a SQ tumor only and those expressing SQ plus liver tumors. Unbiased t-
distributed stochastic neighbor embedding (t-SNE) clustering revealed two innate immune
cell populations that underwent extensive phenotypic changes. These changes were
predominately seen as changes in cell surface expression of key cell subset markers on
APCs isolated from the SQ site of the liver tumor-bearing group, including changes in the
canonical myeloid-derived monocyte differentiation marker CD11b as well as other
granulocytic and monocyte markers. For example, there were substantial increases in two
clusters of cells in the liver tumor group, the CD11b*Ly6G*Ly6C™ granulocytic myeloid-
derived suppressor cells (G-MDSCs) and the CD11b*Ly6G~Ly6C* monocytic myeloid-
derived suppressor cells (M-MDSCs) (fig. S13A). Using the B16F10-OVA tumor cell line
that expresses the model antigen chicken ovalbumin, we were able to reproduce the liver-
tumor mediated suppression seen in the MC38 tumor model (fig. S13, B and C).
Importantly, the increase in MDSCs within the SQ tumors of mice with matched liver
tumors was also evident when comparing the MDSC subset expressing the OVA-peptide in
the context of the H-2Kb class | MHC (fig. S13D). Only CD11b* monocytes, not dendritic
cells (CD11c*) or B cells (CD19™), showed a significant increase in percentage within the
SQ tumors from the liver tumor-bearing group (Fig. 6A). Notably, the surface expression of
CD80/86 on the CD45* CD11b* monocytes from the liver group was significantly reduced,
suggesting an increase of potentially tolerogenic CD11b* MDSCs in the tumor
microenvironment, similar to what was found in the gene expression analysis (Fig. 6B). To
determine if these changes were limited to the SQ site of mice bearing liver tumors as the
second site, the SQ immune infiltrate was analyzed in mice with secondary tumors at various
other tissue sites. The significant increase in CD11b* MDSC infiltrates with lower surface
CDB80/86 expression occurred only in the presence of a concurrent liver tumor but not
tumors at other anatomical sites (fig. S14, A and B).

Previous studies have shown that ICOS™, CTLA—4hiTregs can induce transendocytosis of
costimulatory CD80/86 ligands from APCs through binding by CTLA-4 (58). Thus, the
enhanced Tyegs in this setting could coordinate distant antigen-specific effector T cell
suppression by reducing costimulation signals on the tumor-antigen specific monocytes
expanded in the distant tumor microenvironment in the presence of liver tumors. Moreover,
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these findings are consistent with the observation that the dysfunctional effector T cells in
the liver tumor models show significantly decreased ICOS expression, which is known to be
directly correlated with the strength of CD28-mediated costimulation available within the
tumor microenvironment (60, 61). To examine whether the activated Tyegs exert such
influence on the MDSC:s in this setting, we used the FoxP3-DTR mice with established SQ
+ liver tumors to evaluate their direct impact when the Tyqs are depleted. Analysis of the
distant SQ tumor showed that the depletion of Tyeqs led to a decrease in the percentage of
infiltrating MDSCs (Fig. 6C). Moreover, the remaining CD11b* monocytes in the tumor
microenvironment expressed higher levels of CD80/86, suggesting their functionality within
the tumor microenvironment may be reprogrammed to become APCs capable of providing
costimulation to T cells (Fig. 6D), similar to findings previously described(62, 63).

The SQ tumor infiltrating CD45*CD11b* monocytes were the only professional APCs, of
those analyzed, which significantly changed in quantity in the context of liver tumor,
supporting the hypothesis that Tyegs may be responsible for their presence in the SQ tumor
microenvironment. Clodronate liposomes (CLL) has been used to systemically deplete
MDSCs in a variety of in vivo mouse models (64). Therefore, we examined what impact
CLL treatment would have on the Tyegs and vice versa. CLL administration reduced the
percentage of intratumoral CD45* CD11b* MDSCs (Fig. 6E), increased the percentage of
tumor-infiltrating activated ICOS* tetramert CD8* and ICOS* CD4* T cells (Fig. 6F), and
significantly enhanced tumor rejection (fig. S15A). However, the percentage of total Foxp3™*
Tregs in the tumor and CTLA-4* expression in the Tregs did not change, suggesting that it is
the Tregs that recruit MDSCs to the microenvironment and change their phenotype and not
vice versa. Finally, to test our hypothesis that hepatic tumor priming increases activated
CTLA-4* Tregs at the distant tumor site, which leads to the recruitment of MDSCs and
reduction of their CD80/86 expression, we compared two different isotypes of the mouse
anti-CTLA-4 antibody clone 9D9. Notably, treatment with either the Tyeq depleting or non-
depleting antibody led to an increase in CD80/86 expression on the CD45" CD11b™*
MDSCs, however, only the Tyeq depleting 1gG2a antibody resulted in a reduction in the
suppressive monocyte population (Fig. 6 G-I). Importantly, similar to the anti-CTLA-4
9H10 antibody, only the Tyeg-depleting IgG2a antibody treatment was capable of achieving
complete rejection of tumors at both sites in the majority of treated mice when combined
with anti-PD-1 antibody treatment (fig. S16, A and B). Thus, our data suggest that while
CTLA-4 blockade can restore costimulatory surface CD80/86 expression on MDSCs, Tyeg-
depletion may be necessary to further prevent any suppressive MDSCs’ recruitment to the
tumor microenvironment and enable maximal systemic antitumor immunity in the presence
of liver tumor.

Discussion

There is an urgent need to understand the mechanisms of CPI treatment failure and discover
strategies that may augment therapeutic efficacy. In particular, liver metastasis continues as a
significant unmet clinical challenge in immune-oncology. Our prior work revealed
phenotypic changes to effector TILs at the distant biopsy sites in patients with liver
metastasis (11, 12). This result raised the possibility that cancer cells invading the liver may
trigger liver-specific tolerance mechanisms that reduce systemic antitumor immunity and the
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cancer immunotherapy efficacy. Here, we developed a preclinical model that allows us to
study the influence of tumor engraftment at one anatomical site on the antitumor immune
response at a distant site, and demonstrate that experimental liver metastasis can
significantly reduce distant tumor-specific immunity as well as systemic anti-PD-1 treatment
response in a manner mechanistically dependent on the crosstalk between Tyeqs and MDSCs.
The selective anatomic location of the secondary tumor site in the liver resulted in
significant suppression of tumor-specific immunity and anti-PD-1 immunotherapy response
at the SQ site. Moreover, the data show that altering these suppressive pathways restores the
favorable immune environment to promote tumor rejection by PD-1 blockade observed in
the SQ tumor models (17). The findings argue against tumor-intrinsic adaptive or acquired
mechanisms of resistance, as the same MC38 tumor cell line and even tumor lysates alone
could achieve a similar effect in the liver but not when they are injected at other secondary
tumor sites or with a different tumor line (B16F10). This latter point is critical as it rules out
tumor burden but emphasizes the antigen-specificity of the effect. Thus, our data suggest a
coordinated antigen-specific suppression reminiscent of multiple studies demonstrating the
liver’s ability to facilitate systemic antigen-specific tolerance in the case of autoimmunity,
liver organ transplantation and viral immunity (25, 65, 66).

To better understand the mechanism of liver tumor-mediated antitumor immune tolerance at
the distant SQ site, we did extensive profiling of the immune infiltrates at the SQ tumor with
and without the concurrent engraftment of a liver tumor. There was no evidence of clonal
deletion of tumor-specific tetramer* CD8* T cells by the liver, in contrast to other studies
suggesting FAS/FASL pathway-mediated effector T cell depletion as a major liver-
associated tolerogenic mechanism (13). Moreover, treatment with PD-1 blockade could not
enhance T cell function or tumor elimination in the SQ site of mice with liver tumor,
suggesting an additional or alternative suppressive mechanism is involved systemically when
the liver is engrafted with tumors. However, the tumor-specific CD8* T cells in the SQ sites
differed qualitatively between the two experimental groups, with cells from the liver tumor
group having reduced expression of activation markers and effector cytokines. Notably, both
effector CD4 T cells and tumor-specific CD8* T cells showed significantly decreased ICOS
expression in the SQ tumor microenvironment in the liver tumor-bearing mice. ICOS is an
activation marker crucial in the function and identity of active antitumor T cells in the tumor
microenvironment (22, 27) and is correlated with the strength of CD28-CD80/86
costimulation signals provided to T cells locally (60, 61). These results are consistent with
the suggestion that tumor-specific T cell activation was deficient due to insufficient
costimulation, which can be explained by the increased frequency of tumor-infiltrating
MDSCs that expressed reduced levels of CD80/86 surface proteins. These results suggested
that the MDSCs participate in systemic tumor-specific tolerance through the induction of
clonal anergy in the tumor microenvironment (67).

The dynamic interaction between Tyeqs and MDSCs in the tumor microenvironment remains
an area of active investigation (54, 59). Within the /n vivo tumor microenvironment,
CTLA-4 expressing Tregs downregulate or strip CD80/86 from APCs by transendocytosis
preventing CD28-mediated costimulation of antigen-specific effector T cells (58). In the
experimental liver metastasis model, the Tegs in the SQ site clearly had elevated expression
of CTLA-4 as compared to groups without liver tumors. Our molecular analysis revealed
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that the genes encoding the glucocorticoid-induced leucine zipper and CD83, two proteins
which are reported to be important in Tyeq suppressive function and ability to modulate
APCs to promote tolerance, were upregulated in the Tyegs from mice with liver tumors,
suggesting that changes in Tyegs may confer enhanced suppression (48-51). Additionally,
there was decreased MDSC infiltration into the SQ tumor upon systemic depletion of Tyegs,
but no decrease in Tregs when MDSCs were depleted. This suggests that the Tyeqs Were the
driver of tolerance in this setting and supports the hypothesis that the liver tumor priming
microenvironment alters Teg phenotype and function, promoting the circulation of the cells
to the SQ site where they impact tumor-specific MDSC quantity, phenotype, and function
leading to the inhibition of antitumor T cell activation and tumor rejection. Indeed, clinical
tumor hyperprogression after PD-1 blockade treatment has been observed in the setting of an
abundance of activated PD-1* Tygs found in patients with liver metastasis, and in cases of
hepatocellular carcinoma, there is evidence of higher frequencies of CTLA-4M Tregs and
MDSCs with associated systemic effector T-cell dysfunction (68, 69).

Finally, the seminal role of Tyegs is supported by anti-CTLA-4 9D9 1gG2b blocking studies
showing that the effects of CTLA-4N Treg o0n MDSC function could be “reversed” without
Treg depletion, resulting in an increased expression of CD80/86, an improved ability to
provide costimulation to T cells, and somewhat restored antitumor immunity. However,
these effects were insufficient to completely reverse the MDSC-mediated suppression to
allow complete tumor regression when combined with anti-PD-1 treatment. In contrast,
depletion of intratumoral CTLA-4M T o4 by the anti-CTLA-4 antibody 9D9 IgG2a led to a
significant reduction of the tolerogenic MDSCs within the tumor as well as superior tumor
rejection in combination with PD-1 blockade. Similar results were observed by functional
inactivation of intratumoral Tyegs Via the EZH2 inhibitor CPI-1205. Importantly, the site of
most effective depletion by the anti-CTLA-4 mAb or functional inactivation by CPI-1205 is
localized to intratumoral Tyegs, Which express higher levels of CTLA-4 and EZH2,
respectively (40, 70). In this regard, clinical studies are currently underway testing Tyeg-
depleting anti-CTLA-4 antibodies and EZH2 inhibitors and should be tried in the liver
metastases setting which are often excluded from these trials.

Our data suggest that Tyegs Undergo specific priming in the presence of liver tumor and the
enhanced Tyegs can modify the tumor-antigen specific MDSCs that migrate to distant SQ
sites, ultimately suppressing the activation of antigen-specific CD8* T cells via clonal
anergy. While the precise mechanism of intrahepatic priming of tumor-specific Tyegs remains
an area of active investigation, it is well-documented that suppressive hepatic antigenic
priming of highly suppressive Tyeqs 0CCUrs by various tolerogenic liver-resident APCs
including dendritic cells, Kupffer cells, hepatic stellate cells, liver sinusoidal endothelial
cells (LSECs), and even hepatocytes (25, 71, 72).

In summary, our findings complement the mounting clinical studies showing a reduced
response to CPIs in cancer patients with liver metastases and implicate additional regulatory
pathways that are engaged in the presence of liver metastases. The liver tumors compromise
not only intrahepatic immunity but also impact distant antitumor immunity and may
contribute to the reduced efficacy of systemic anti-PD-1-treatment seen in the clinical
setting. Our observation further serves as a proof-of-concept that resistance patterns to
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current forms of immunotherapy could vary as a result of cancer invasion to distinct
anatomic sites that promote additional, non-redundant, host tolerogenic mechanisms that
PD-1 blockade alone cannot overcome. Importantly, our data support the rationale to more
precisely deploy Tyeg-targeting combination immunotherapy in scenarios where Tyeg activity
may be biologically enhanced.

Materials and Methods

Mice and cell lines

Six- to eight-week-old female and male C57BL/6 (B6) mice were purchased from The
Jackson Laboratory. Foxp3°TR mice (FP3-DTR) express the human diphtheria toxin
receptor and EGFP genes from the Foxp3 locus without disrupting expression of the
endogenous Foxp3 gene were described elsewhere (39). Foxp3P7R mice were bred onto a
B6 background a minimum of five generations. All mouse experiments (or cells from mice
of given genotypes) used comparisons between littermates or age-matched control mice. All
mice were maintained in an American Association for the Accreditation of Laboratory
Animal Care—accredited barrier facility. All protocols were approved by the University of
California, San Francisco, Institutional Animal Care and Use Committee. B6 derived MC38
colon adenocarcinoma cell line expressing luciferase was a gift from R. Daniel Beauchamp
(Vanderbilt University). MC38 cell line was maintained in RPMI 1640 with Glutamax,
penicillin, streptomycin, and 10% BSA. B16-F10 melanoma cells were purchased from
ATCC and maintained in DMEM with Glutamax, penicillin, streptomycin, and 10% BSA.
Cell lines were routinely tested for mycoplasma contamination.

In vivo tumor models

All tumor challenge was performed with the injection of 5 x 10° MC38 or B16F10 cells into
syngeneic B6, B6 derived Rag-17~ or immunocompromised NSG mice. Subcutaneous (SQ)
tumor inoculations were performed in 50 pL of PBS in the right or left inguinal sites.
Hepatic and kidney tumors were generated by subcapsular injection of tumor cells in 50 pL
of PBS directly into the liver or left kidney. In some experiments, hepatic tumors were
generated by injecting tumor cells into the upper hemispleen followed by ligation and
resection of the hemispleen post injection Lung tumors (MC38) were generated via tail vein
injection of tumor cells in 50 pL of PBS. Intraperitoneal tumors were generated via
intraperitoneal injection of tumor cells. Kidney tumors were generated via direct injection of
tumor cells into the left kidney capsule. Tumor measurements were performed by a single
operator in two dimensions using calipers at a minimum of twice a week. Tumor lysates
were generated by 10 cycles of freeze (liquid nitrogen) and thaw (37C water bath) of 5 x 10°
whole MC38 cells. For experiments using irradiated MC38 cells, 50 Gy radiation was
applied to the cells before injection of 5 x 10° cells into each animal as described above. For
tumor rechallenge experiments, all mice treated with immunotherapy that survived past 60
days without any detectable tumor were re-injected SQ with 5 x 10° MC38 tumor cells and
monitored for tumor growth compared to treatment naive mouse injected with the same cell
line. For adoptive Tyeq transfer experiments, live Foxp3* Tregs Were FACS-sorted from SQ
MC38 TILs obtained from FoxP3-EGFP mice implanted with a secondary MC38 liver
tumor versus non-liver tumor bearing mouse. The SQ tumors from each group were
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procured 14 days after inoculation. Equal numbers (5 x 10%) of sorted Tregs from each group
were co-injected SQ with 5 x 10° MC38 tumor cells to a matched cohort with just SQ tumor
and monitored for tumor growth compared to mice injected with the same tumor cell line
without any Tiegs.

Diphtheria toxin administration

For FoxP3-DTR mouse studies, continuous systemic depletion of Tyegs Using FOXP3-DTR
mice was achieved by administering of 0.04 mg/kg diphtheria toxin (DT) 1 day before tumor
inoculation followed by every other day DT dosing for the entire duration of the experiment
up to 24 days.

Checkpoint inhibitors administration

For checkpoint inhibitor studies, 250 ug of anti-mouse PD-1 (RMP1-14, BioXCell) and/or
anti-mouse CTLA-4 (clone 9H10, BioXCell; clone 9D9 1gG2a/lgG2b, Bristol-Myers
Squibb) antibody were injected intraperitoneally on days 7, 9, and 11 after tumor
implantations.

EZH2 inhibitor administration

Mice were treated twice daily with CPI-1205 (Constellation Pharmaceuticals) by oral gavage
with 300 mg/kg CPI-1205 made in a vehicle of 0.5% methylcellulose and 0.2% Tween 80
per the manufacturer’s instruction. The treatment regimen began one day after tumor
inoculation and was continued throughout the experiment.

Lymphocyte isolation

For tumor-infiltrating lymphocytes, tumors were resected from the tissue of origin and were
minced to 3-5mm?3 fragments and digested in RPMI media supplemented with HEPES, 20
mg/ml DNase | (Roche), and 125 U/ml Collagenase D (Roche) using a GentleMACS™
tissue dissociator per manufacture’s protocol (Miltenyi). Liver tissues were processed by
maceration through a 70 um filter followed by obtaining the pellet of a 40% percent Percoll
gradient separation. Cells from lymphoid organs were prepared by maceration through a 70
um filter. The single-cell suspensions underwent ACK erythrocyte lysis and all suspensions
were passaged over through 40 pm filters before cell staining or /n vitro stimulation.

Flow Cytometry

Fresh or PMA/lonomycin stimulated cells were stained with BV650 conjugated anti-mouse
CD4 (RM4-5, BioLegend), PerCP-Cy5.5 conjugated anti-mouse CD8 (53-6.7, BD
Biosciences), PE-Cy7 conjugated anti-mouse PD-1 (RMP1-30 or J43, BioLegend), PE
conjugated anti-mouse CTLA-4 (intracellular staining, UC10-4F10-11, BD Biosciences),
PE-CF594 conjugated 1ICOS (C398.4, BD Biosciences), BUV395 conjugated anti-mouse
CD45 (30-F11, BD Biosciences), PE-Cy7 conjugated CD107a (1D4B, BioLegend), FITC
conjugated anti-mouse Foxp3 (FIK-16s, eBioscience), PerCP-eFlour 710 conjugated
SIINFEKL peptide/H-2Kb antibody (25-D1.16, ThermoFisher), BV650 conjugated anti-
mouse CD80 (16-10A1, BioLegend), BV650 conjugated anti-mouse CD86 (GL-1,
BioLegend), APC/Cy7 conjugated anti-mouse CD11b (M1/70, BioLegend), and LIVE/
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DEAD® Fixable Blue Dead Cell Stain (Invitrogen). Intracellular staining of cytokines was
accomplished with 3 x 10° cells after 60-minute culture in RPMI media with Brefeldin A
(eBioscience), followed by 180-minute in vitro stimulation with PMA (Sigma) and
lonomycin (Sigma). Fixation and permeabilization of cells were conducted for intracellular
cytokine staining using BD Cytofix/Cytoperm (BD Biosciences), or transcription factor
staining using eBioscience Foxp3 fixation/permeabilization kit (ThermoFisher) according to
manufacturer’s protocol. PE conjugated anti-mouse TNFa (MP6-XT22, BioLegend),
eFluor450 conjugated anti-mouse IFNy (XMG1.2, eBioscience), and BV711 conjugated
anti-mouse Ki-67 (B56, BD Biosciences) were used. Control staining for activation markers
was performed on T cells from the splenocytes or lymph nodes of naive mice. Flow
cytometry was performed on an LSRII (BD Biosciences) and data sets were analyzed using
FlowJo software (Tree Star, Inc).

Single-Cell RNA sequencing

FACS-sorted live CD45™ tumor infiltrating cells from the subcutaneous tumor were washed
and resuspended in PBS with 0.04% BSA to a concentration of 1000 cell/uL, and loaded
onto the 10x Genomics Chromium platform for droplet-based massively parallel single-cell
RNA sequencing (scRNAseq) according to the manufacturer’s instructions. Libraries were
prepared using 10x Genomics Chromium Single Cell 5° Reagent (GEX + VDJ) Kit
according to manufacturer’s protocol and sequenced using an Illumina HiSeq 2500
according to the manufacturer’s instructions (Illumina). FASTQ were aligned using the Cell
Ranger pipeline (10x Genomics, Inc., version 3.0.2) using mouse genome reference dataset
(GRCm38/Ensembl/10x, 3.0.2) or VDJ reference dataset (GRCm38_alts_ensembl).

Single-Cell RNA sequencing data processing

The Seurat pipeline was used to cluster and identify the cell subsets with the dataset (73,
74). Data was read into R (Version 4). Cells with low gene detection (<300 genes) as well as
high mitochondrial gene content (>5%), were removed and SCTransform was used to
perform normalization, variance stabilization, cluster identification, and feature selection
based on a UMI-based gene expression matrix (75). Specific markers for each cluster
identified by using the “FindAllMarkers” function within the Seurat pipeline. The top
differential expressed genes were used to identify the cell types within the clusters. The
monocyte/myeloid and T cell compartment was subset and re-clustered for analysis. For
gene scoring analysis, “AddModuleScore” was used as previously published (55). For
statistics, adjusted p-values where used from the “FindAllIMarkers” in Seurat and unpaired
Wilcoxon ran sum test with Bonferroni correction was used for the “AddModuleScore”.

Bioluminescent imaging

For in vivo imaging, MC38 colon adenocarcinoma cells modified to express firefly
luciferase were inoculated into mice to establish a tumor model. Mice were intraperitoneally
injected with 150 mg/kg of D-Luciferin (Gold Biotechnology) 7 minutes before imaging
with the Xenogen IVIS Imaging System.
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Tetramer staining

To identify MC38 tumor-specific CD8* T cells, freshly isolated lymphocytes were stained
with APC-conjugated H-2KP restricted KSPWFTTL peptide-MHC tetramer or H-2KP
restricted irrelevant influenza peptide-MHC tetramer control for 30 minutes in 4C prior to
surface or intracellular antibody staining as detailed above. All tetramers were made by the
NIH Tetramer Core Facility at Emory University.

Statistical analysis

Prism software (GraphPad, version 8) was used for all statistical analysis. For all
comparisons between two groups, unpaired two-tailed Student’s ¢test was used to assess P
values, and data were displayed as means +/— SEMs. For survival analysis, Kaplan-Meier
curves were used, and Pvalues were assessed using the log-rank test. For tumor growth
curves, two-way ANOVA was used with Sidak’s multiple comparisons test was performed
on available time points. Pvalues <0.05 were considered significant, and are denoted in the
figures as * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Experimental liver metastasis reduces distant antitumor immunity and systemic response
to anti-PD-1 immunother apy.

(A) Two-site tumor model schema. C57BL/6 mice were implanted with MC38 tumor cells
(5 x 10°) subcutaneously (black), subcutaneously and at the lungs (green), or
subcutaneously and at the liver (red) and monitored for tumor growth and survival. SQ =
Subcutaneous. (B) SQ Tumor growth curves of the three experimental groups (n = 15 mice
per group). (C) Representative flow cytometric plots and percentage of surface PD-1 and
intracellular CTLA-4 co-expression on CD8" T cells sampled from the subcutaneous tumor
of the indicated groups on day 14 post tumor implantation (n=15). (D) SQ Tumor growth
curves of the indicated experimental groups treated with anti-PD1 antibody treatment (n =
10 mice per group). (E) Survival curves of the indicated experimental groups (n = 10 mice
per group). (F) Representative flow cytometric plots and percentage of PD-1 and CTLA-4
co-expression on CD8* T cells from the indicated anti-PD-1 antibody treated groups (n=10).
(C, F) Representative staining controls (blue) of PD-1 and CTLA-4 on CD8* T cells from
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splenocytes of naive mice. (B, E) Asterisks indicating significance determined by Log-rank
tests between groups are * p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001, data pooled
from two or more experiments. (B, D) Data are shown as mean +/- s.e.m pooled from two or
more experiments. Asterisks indicating significance until day 23 post tumor injection
determined by two-way ANOVA with Sidak’s multiple comparisons test are * p<0.05,
**p<0.01, ***p<0.001, and ****p<0.0001. 1 indicate that all mice reached experimental
endpoint and were euthanized per institutional guidelines.
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Fig. 2. Liver-mediated suppression of antitumor immunity istumor-antigen specific and
independent of tumor burden.

(A) Day 20 subcutaneous (SQ) tumor size from B6 mice that were implanted with MC38
tumor cells (5 x 10°) subcutaneously alone as a control, subcutaneously and at the left
kidney, subcutaneously and intra-peritoneum (I.P.), and subcutaneously and at the liver. (B)
SQ tumor sizes in mice implanted with MC38 tumor cells subcutaneously, subcutaneously
and at the liver, subcutaneously with irradiated (50 Gy) MC38 tumor cells (5 x 10°) at the
liver, and subcutaneously with MC38 tumor cell lysates (from 5 x 10° cells) at the liver. (C)
SQ tumor sizes in mice implanted with MC38 tumor cells subcutaneously, subcutaneously
and at the liver, subcutaneously with 5 x 10° irradiated MC38 tumors cells at the liver, and
subcutaneously with 5 x 104 irradiated MC38 tumor cells at the liver. (D) SQ tumor sizes in
mice implanted with MC38 tumor cells subcutaneously, subcutaneously with saline (PBS) at
the liver, subcutaneously with heterologous B16F10 tumor cells (5 x 10°) at the liver, and
subcutaneously with homologous MC38 tumor cells at the liver. Representative whole
mouse bioluminescent image of implanted MC38 tumors from each experimental group for
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day 20 are shown (A-D, upper row). Data are shown as mean +/- s.e.m. Asterisks indicating
significance determined by unpaired ftests between groups are * p<0.05, **p<0.01,
***p<0.001, and ****p<0.0001. Representative data from one out of at least two
independent experiments are shown.
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Fig 3. Liver tumor-associated distant CD8+ T cell dysfunction is antigen-specific and dependent
on Tregs.

(A) Tumor model schema. C57BL/6 mice were implanted with MC38 tumor cells (5 x 10°)
subcutaneously alone (black) or subcutaneously plus in the liver (red) and TILs were
harvested on day 14 post tumor implantation. (B) Percentage of CD8* T cells of viable
CD45" immune cells and (C) percentage of CD8* T cells that express PD-1, CTLA-4,
ICOS, and IFNYy in the subcutaneous (SQ) tumor of mice with (red) or without (black)
concurrent liver tumor by flow cytometry. (D) PD-1, CTLA-4, and ICOS MFIs from Foxp3*
CDA4* Tyegs in the SQ tumor from mice with (red) and without (black) concurrent liver tumor
and naive CD4 T cells (blue). (E) Percentage of tetramer* (KSPWFTTL) cells of total CD8
T cells in the SQ tumor of mice with or without concurrent liver tumor. (F) Percentage of
tetramer* CD8* T cells positive for PD-1, CTLA-4, ICOS, IFNy, CD107a, and TNFa..
(Unpaired ftests, * p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001) (G) SQ tumor
growth curves of mice with SQ tumor without DT (black ), SQ and liver tumor without DT
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(red ), SQ tumor with DT (blue), and SQ and liver tumor with DT (green). (H) Percentage of
tetramert CD8* T cells and (1) percentage of tetramer™ CD8™ T cells that are positive for
PD-1, CTLA-4, ICOS, IFNy, and CD107a in mice bearing liver tumor with (green) or
without (red) DT administration. Data shown as mean +/- s.e.m., (n=15 for E, n=10 for all
others). For tumor growth curves, asterisks indicating significance up till day 23 post tumor
injection were determined by two-way ANOVA with Sidak’s multiple comparisons test are *
p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001. Data were pooled from 2 or more
experiments.
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Fig 4. Treg targeting immunother apy enhances efficacy and rever sesimmune dysfunction in
liver metastasis.

(A) Percentage of Foxp3*™ CD4 Tregs Within the indicated Subcutaneous (SQ) tumors. (B)
SQ tumor growth curves of liver-tumor mice treated with anti-CTLA-4 antibody clone
9H10, 9H10 plus anti-PD-1 antibody, or isotype control. CR= complete rejection with no
measurable SQ tumor at endpoint. (C) Survival curves of indicated groups. (D) Percentage
of KSP tetramer* CD8" TILs and percentage that are positive for PD-1, CTLA-4, ICOS,
IFNy, and TNFa in mice treated with 9H10 versus control. (E) Day 14 SQ tumor sizes from
liver-tumor bearing mice treated with EZH2 inhibitor CPI-1205(n=10), anti-PD-1 antibody
(n=9), or a combination of both (n=10) compared to control (n=8). (F) Survival curves of
indicated groups. (G) Percentage of KSP tetramer* CD8* TILs and percentage that are
positive for PD-1, CTLA-4, ICOS, and IFNvy in mice treated with anti-PD-1 plus CP1-1205
versus anti-PD-1 alone. (H) Activated CD8" T cell to Treg ratio within the SQ tumor sample
of the indicated treatment groups. (I) SQ tumor growth curves from the MC38 tumor
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rechallenge experiment of the indicated groups. All data are shown as mean +/- s.e.m. All
experiments besides E and F were n=5 or 10 and were representative of three or more
independent experiments. Survival curves were analyzed by Log-rank tests, tumor growth
curves were analyzed by two-way ANOVA with Sidak’s multiple comparisons, all others
were analyzed by unpaired t tests. Asterisks indicating significance determined between
groups are * p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001.
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Fig 5. Presence of liver tumor changes phenotype and transcriptome of SQ tumor-infiltrating

adaptive and innate immune cells.
(A) Percentage of Foxp3* Teq cells that express Neuropilin-1 and Helios in the

subcutaneous (SQ) tumor of mice with and without concurrent liver tumor by flow
cytometry, and their relative MFIs between the indicated groups. Naive splenic Foxp3-
CD4* T cells (blue) were stained as control. (B) SQ tumor growth curves from mice that
received adoptive transfer of Tregs isolated from mice with (red, n=6) or without liver tumor
(black, n=5) versus no Treg control (blue, n=5). Data representative of two independent
experiments. (C) Heatmap displaying the top 20 differentially expressed genes by SQ Tregs
between the two groups via scRNAseq. (D) Violin plots showing the top 2 differentially
upregulated genes by SQ Tregs from mice with liver tumor. (E) Heatmap displaying the top
20 differentially upregulated genes by SQ CD8* T cells between the two groups. (F) Violin
plots showing differential expression of ICOS and CTLA-4 by SQ CD8* T cells between the
two groups. (G) Unbiased reclustering (UMAP) and stacked bar graph of relative
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frequencies of monocyte/myeloid cells showing 9 distinct ScRNAseq subclusters. (H) Violin
plots showing relative MDSC score ordered by monocyte/myeloid cell subclusters. Tumor
growth curves were analyzed by two-way ANOVA with Sidak’s multiple comparisons.
Asterisks indicating significance determined between groups are * p<0.05, **p<0.01,
***n<0.001, and ****p<0.0001.
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Fig 6. Treg control of distant tumor-antigen specificimmunity is mediated by tolerogenic
MDSCs.

(A) Percentage of CD19, CD11hb, and CD11c positive cells in the subcutaneous (SQ) tumor
of mice with (red, n=10) or without (black, n=7) concurrent liver tumor by flow cytometry
(B) MFI of CD80/86 from CD11b* cells in the SQ tumor from mice with and without
concurrent liver tumor by flow cytometry (each n=7). (C) Percentage of CD11b* cells in the
SQ tumor of Foxp3-DTR mice bearing liver tumor with (green) or without (red) DT
administration (each n=8). (D) MFI of CD80/86 from CD11b* cells in the SQ tumor of
Foxp3-DTR mice bearing liver tumor with (green) or without (red) DT administration (each
n=8). (E) Percentage of CD19, CD11b, and CD11c positive cells in the SQ tumor of liver-
tumor bearing mice treated with liposomal clodronate (CLL) (blue, n=10) or vehicle control
(red, n=8). (F) Comparative percentage of tetramer* ICOS* CD8" T cells, ICOS* CD4* T
cells, Tregs, and CTLA-4* Tregs in the SQ tumor of mice bearing liver tumor treated with
CLL (n=10) or vehicle control (n=8). (G) MFI of CD80/86 from CD45* CD11b* cells in the
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SQ tumor of mice bearing liver tumor treated with isotype control (red), 9D9 IgG2a (blue),
or 9D9 1gG2b (black). (H) Percentage of Foxp3* CD4 Tregs within the SQ tumor of the
indicated groups. (I) Percentage of CD45* CD11b* cells within SQ tumor of the indicated
groups. (G-1) N=6 for all groups. Data representative from at least 2 independent
experiments. Data analyzed by unpaired t tests, and shown as mean +/- s.e.m. Asterisks
indicating significance determined between groups are * p<0.05, **p<0.01, ***p<0.001,
and ****p<0.0001.

Sci Immunol. Author manuscript; available in PMC 2021 April 02.



	Abstract
	Introduction:
	Results:
	Liver tumor reduces distant antitumor immunity and systemic response to anti-PD-1 immunotherapy
	The liver facilitates distant tumor antigen-specific immunosuppression independent of tumor burden
	Experimental liver metastasis is associated with phenotypic changes in distant tumor-infiltrating lymphocytes
	Tregs control the suppression of distant tumor immunity in the presence of liver tumors
	Treg depletion or inactivation reverses liver tumor-associated systemic immune suppression
	Phenotypic analyses and adoptive transfer of Tregs from liver tumor-bearing mice suppress tumor rejection
	High-dimensional gene expression profiling reveals distinct liver tumor-associated changes in Tregs and CD8+ T cells.
	High-dimensional profiling of innate immune cells in the tumor microenvironment implicates changes in gene and protein expression in differential antitumor immunity
	Liver-tumor associated Treg control of distant antigen-specific immunity is mediated by tolerogenic CD11b+ MDSCs

	Discussion
	Materials and Methods
	Mice and cell lines
	In vivo tumor models
	Diphtheria toxin administration
	Checkpoint inhibitors administration
	EZH2 inhibitor administration
	Lymphocyte isolation
	Flow Cytometry
	Single-Cell RNA sequencing
	Single-Cell RNA sequencing data processing
	Bioluminescent imaging
	Tetramer staining
	Statistical analysis

	References
	Fig. 1.
	Fig. 2.
	Fig 3.
	Fig 4.
	Fig 5.
	Fig 6.

