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ABSTRACT

Immunotherapy with immune checkpoint inhibitors (ICl) in hepatocellular carcinoma (HCC) patients only
achieves response rates of 25%-30%, indicating the necessity of new therapies for non-responder
patients. Since myeloid-related suppressive factors are associated with poor responses to ICl in
a subgroup of HCC patients, modulation of these targets may improve response rates. Our aim was to
characterize the expression of the efferocytosis receptor MERTK in HCC and to analyze its potential as
a new therapeutic target. In HCC patients, MERTK was expressed by myeloid cells and was associated with
poorer survival. In a murine HCC model with progressive myeloid cell infiltration, MERTK was detected in
dendritic cells and macrophages with an activated phenotype, which overexpressed the checkpoint
ligand PD-L1. Concomitant expression of PD-1 in tumor T-cells suggested the pertinence of combined
PD-1/PD-L1 and MERTK blockade. In vivo experiments in mice showed that inhibition of MERTK improved
the therapeutic effect promoted by anti-PD-1 or by ICl combinations currently approved for HCC. This
effect was associated with enhanced tumor infiltration and superior activity of antigen presenting cells
and effector lymphocytes. Our results indicate that MERTK may behave as a relevant target for immu-
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notherapeutic combinations in those HCC patients with tumors enriched in a myeloid component.

Introduction

Patients with advanced hepatocellular carcinoma (HCC) are
treated with immune checkpoint inhibitors (ICI) blocking
PD-L1 + VEGF or PD-L1 + CTLA-4."* Response rates reach
a 25-30% and are common in patients with a tumor micro-
environment (TME) enriched in lymphocytes. However, lim-
ited responses are observed in patients with a poor preexisting
immunity and lack of expansion of effector lymphocytes upon
therapy.3 Therefore, new strategies are necessary to increase
response rates in patients lacking the appropriate TME, such as
those containing an immune exhausted/suppressive TME.*®
Here, blockade of additional immunosuppressive targets
would be necessary to overcome ICI resistance.
Immunosuppressive myeloid cells, including myeloid-
derived suppressor cells (MDSC),® tolerogenic dendritic cells
(DC)” and tumor-associated macrophages (TAM),*’ inhibit
antitumor immunity in HCC. Targeting these cells and/or
their associated inhibitory molecules would reinforce their
antitumor properties and their cross-talk with effector
T-cells.'"” We previously demonstrated that vaccination upre-
gulated the immunomodulatory molecule MERTK in DC, and
its blockade improved vaccine potency, resulting in superior
therapeutic effect, which was potentiated by combination with
ICL!' MERTK, a member of the Tyro3/Axl/Mertk receptor

tyrosine kinase family, is involved in efferocytosis'* and has
immunomodulatory properties in DC and macrophages,'’
inhibiting their TLR-dependent activation.'* Characterization
of these immunomodulatory properties has prompted the
development of strategies using MERTK inhibitors in cancer
immunotherapy, in some cases in combination with ICL."

Antitumor immunity in HCC is developed in the tolero-
genic hepatic milieu and can be co-opted by the tumor micro-
environment to escape from immune surveillance.'® HCC
patients with increased MERTK expression had poorer overall
survival and MERTK expression in HCC cells modulates its
metabolism, proliferation and resistance to
immunotherapy,'”'® pointing out to its relevance in HCC.
However, these studies mainly considered the role of MERTK
in tumor, but not myeloid cells, where it can modulate tumor
immune control and escape, as well as the efficacy of
immunotherapy.

Thus, we investigated MERTK expression in human and
murine HCC, to understand its role and the potential effect
that MERTK inhibition would have on tumor growth and
response to immunotherapy. We show that in human and
murine HCC, MERTK is mainly expressed in myeloid cells.
In murine HCC MERTK is found in activated DC and macro-
phages that overexpress PD-L1. Combination of ICI with
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MERTK inhibition results in improved therapeutic efficacy,
indicating that MERTK could be a promising target for com-
binatorial immunotherapies in HCC patients with tumors
enriched in myeloid cells.

Materials and methods

Analysis of MERTK expression in human samples and
survival studies

MERTK expression in HCC samples was analyzed using
TNMplot'® and TISCH2.*° Survival studies were done using
Kaplan-Meier Plotter*' and patients were stratified using the
option which auto-selects the best cutoff percentile.

Mice

Female C57BL/6] mice (8 weeks old) were obtained from Envigo.
MERTK KO mice (Mertk™ ")?? were kindly obtained from
Dr G. Lemke through Dr A. Morales and bred in our institution.
They were maintained in pathogen-free conditions and treated
according to the guidelines of our institutional Animal Research
Ethics Committee (protocol 088-22).

Cell line

The HCC PM299L cell line, a kind gift of Dr A. Lujambio
(MSSM, NY, USA), has been previously described.” It was
obtained from a tumor generated in mice by hydrodynamic
injection of plasmids MYC-lucOS (encoding MYC, luciferase
and OVA peptides 257-264 and 323-339) and CTNNBI
(encoding a constitutive active beta-catenin form).

HCC tumor model and treatments

An orthotopic HCC tumor model was used, by inoculating
intrahepatically 5x 10* PM299L cells.””> At different time
points, tumors were obtained for analyses of the TME. For
treatment, tumor size was evaluated by microCT at day 7 after
inoculation, and mice with 4-5mm diameter tumors were
randomized: Antibodies (anti-PD-1 50 pg; anti-PD-L1 200 pg
+ anti-VEGEFR 800 pg; anti-PD-L1 50 pg + anti-CTLA-4 50 pg;
isotype control 50-800 ug, depending on the therapeutic anti-
bodys; all from Bioxcell) were administered i.p. at days 8, 11 and
14. The MERTK inhibitor RXDX-106 (Medchem) was admi-
nistered orally (30 mg/kg) at days 8-17. At day 18 mice were
sacrificed and tumors obtained. Volume was calculated with
the formula V=(D x d*)/2, where D and d correspond to the
large and small tumor diameters, respectively.

Flow cytometry

Tumors were digested with collagenase/DNase (Roche) for
15min, homogenized and incubated with Fc Block™
(BD-Biosciences) for 10 min. Then, they were stained with
antibody panels (Supplementary Methods) to characterize
myeloid and lymphoid cells. In cytokine secretion assays,
after tumor homogenization, cells were stimulated for 4h
with PMA (0.05 pg/ml) and Ionomycin (0.5 pg/ml) in the

presence of GolgiStop/GolgiPlug (BD-Biosciences). After
washing and surface staining, cells were treated with Cytofix/
Cytoperm (BD-Biosciences) and stained with antibodies
against IFN-y and TNF-a. Dead cells were excluded with
promofluor 840 (Maleimide). Next, cells were acquired with
Cytoflex (Beckman Coulter) flow cytometer and analyzed
with FlowJo software.

In vitro cultures of bone marrow-derived macrophages
and dendritic cells

For macrophage cultures, bone marrow cells (10° cells/well) were
cultured in 12-well plates with M-CSF (100 ng/ml) and polarized
toward M1 or M2 cells as described.** DC was differentiated by
culturing 10° cells in 24-well plates with GM-CSF (20 ng/ml).
At day 6, they were treated with the STING agonist cGAMP
(10 pg/ml; Invivogen) or IFN-y (50 ng/ml; Peprotech).

RNAseq and gene expression analyses

RNAseq experiments and analyses of results were carried out
using tumor extracts from C57BL/6] mice treated with differ-
ent immunotherapies (Supplementary Methods).

Statistical analyses

Statistical analyses were performed using GraphPad Prism v10.
Normality was checked with Shapiro - Wilk. T-tests, ANOVA,
Pearson correlation and non-parametric tests were used. A
P <0.05 was taken to represent statistical significance.

Results
MERTK is expressed on macrophages in HCC

We first analyzed MERTK expression in human HCC and
observed levels similar to normal liver (p=0.309)
(Supplementary Figure Sla). Moreover, they did not change
along pathological stages (Supplementary Figure S1b).
According to TISCH2,> MERTK was mainly expressed in
monocytes/macrophages, with a marginal expression in other
immune cell subsets and also in malignant cells (Figure 1(a)).
Higher MERTK expression is associated with poor outcomes in
HCC patients, mainly for those with stage III-IV."” Of note,
MERTK expression negatively associates with survival of
patients with grade 3 tumors (p=0.0052) (Figure 1(b)),
whereas no differences were observed for grade 1 and 2 tumors
(Supplementary Figure Slc).

Expression of MERTK ligands GAS6 and PROS1 was also
analyzed, showing a diverse expression profile, including leu-
kocytic and non-leukocytic cells (endothelial, fibroblast,
epithelial and malignant cells) (Supplementary Figure S1d).

Growth of orthotopic PM299L tumors associates with
increasing levels of myeloid cells expressing MERTK

Given the relevance of MERTK in human HCC and its pre-
dominant expression in myeloid cells, we analyzed these sub-
sets in the murine HCC orthotopic PM299L model
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Figure 1. Expression of MERTK in human healthy and tumorous liver samples. (a) Expression of MERTK in HCC cell subsets according to TISCH2. (b) Overall survival of

grade 3 HCC patients according to the expression of MERTK.

(Supplementary Figure S2). While the total leukocytic infiltrate
(CD45" cells) decreased with tumor growth, monocytes and
monocyte-derived tumor-associated macrophages (TAM)
increased. Remaining subsets (DC, Kupffer cells (KC) and
MDSC) remained stable (Figure 2(a)). These changes were spe-
cific to tumor tissue, with lower levels of infiltrating leukocytes
in tumors vs non-tumor regions or healthy liver (Figure 2(b)),
and a general increase in myeloid cells in tumor tissue, with
significant differences for TAM. Interestingly, lower proportions
of KC were found in tumor tissue (Figure 2(b)).

Analyses of MERTK in leukocytes showed a predominant
expression by myeloid cells, with DC and macrophages (TAM
and KC) containing higher proportions of MERTK" cells (16%,
13% and 16%, respectively) than monocytes and MDSC (<5%)
(Figure 2(c)). Non-leukocytic CD45" cells, mainly comprising
tumor cells, showed a very low proportion (<1%) of MERTK"
cells (data not shown). To better understand the relevance of
MERTK expressed by each of these myeloid cell subsets, we
studied: (i) the relative contribution of each cell subset to the
total pool of MERTK" myeloid cells, observing that TAM and
DC represented 62% and 20% of MERTK" cells, compared
with KC, monocytes and MDSC, with 7%, 5% and 3%, respec-
tively (Figure 2(d)); (ii) the level of MERTK expression in these
cells (measured as mean fluorescence intensity, MFI), with DC
displaying the highest levels, followed by TAM and KC,
whereas MDSC and monocytes had the lowest values
(Figure 2(e)); and finally (iii) we defined the MERTK Score,

as the product of the percentage of MERTK" cells in CD45"
cells and the MFI of MERTK in these cells. We observed that
DC and TAM had the highest MERTK Score values, well above
those found in remaining myeloid subsets (Figure 2(f)), indi-
cating that DC and TAM are the most relevant populations in
terms of MERTK expression.

Considering these features of MERTK expression, we analyzed
a potential association between MERTK expressed by total mye-
loid cells, DC or TAM and tumor size, but no association was
found in any case (Figure 2(g)).

MERTK" myeloid cells have an activated phenotype

MERTK has been associated with immunoregulatory
mechanisms.'*** Accordingly, in a previous work, we demon-
strated that MERTK inhibition during therapeutic vaccination
enhanced vaccine efficacy.'’ In that context, in vitro use of the
MERTK inhibitor RXDX-106°° enhanced cytokine production
and MHC-II expression by DC. To confirm the inhibitory role of
MERTK in antigen presentation we cultured OV A-specific T cells
with bone marrow-derived macrophages (BMDM) and OVA
peptides, observing that in the presence of RXDX-106, a higher
T cell proliferation was found (Supplementary Figure S3).

Thus, the phenotype of MERTK-expressing cell subsets was
analyzed. MERTK" TAM and DC contained higher proportions
of CD86" and PD-L1™ cells (Figure 3(a), upper panels). There was
a positive correlation between MERTK expression levels
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Figure 2. Evolution of myeloid cell subsets during murine PM299L HCC growth and expression of MERTK. (a) The presence of total leukocytes (among alive
cells) and myeloid cells (in CD45" cells) was analyzed by flow cytometry in PM299L HCC orthotopic tumors obtained at different time points. (b) Proportion of
total leukocytes and myeloid cells in the liver of healthy mice (HL) (n=5), and in tumor (TUM) (n=15) and non-tumor (NTUM) (n = 8) samples. (c) Percentage
of mertk-expressing cells in different myeloid subsets. (d) Contribution of each myeloid subset to total pool of MERTK" cells. (e) Intensity of MERTK expression
(measured as mean fluorescence index-MFI) in myeloid subsets. (f) MERTK score (product of the percentage of MERTK" cells in CD45" cells and the MFI of
MERTK) of myeloid subsets. g. Correlation between tumor volume and the percentage of MERTK" cells in total myeloid cells, DC and TAM (ns, non-statistically

significant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).

(measured as MFI) and MFI of CD86 and PD-L1 in TAM and DC
(Figure 3(a), lower panels).

Given that CD86 has been considered an M1 marker in
macrophages, we studied MERTK expression in TAM

according to their M1/M2 classification. By using CD38
and Argl as M1 and M2 markers, respectively, we found
that most TAM corresponded to CD38 Argl™ M2 subtype
(Figure 3(b)), characterized by lower expression of CD86,
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PD-L1 and MHC-II than M1 TAM (Supplementary
Figure S4).

Although MERTK has been described as a molecule
mainly associated with M2 macrophages,”” the few M1
TAM tended to express higher MERTK levels (MFI of
MERTK) (Figure 3(c)) and contained a higher proportion
of MERTK" cells (Figure 3(d)). However, when we distrib-
uted the total MERTK Score corresponding to TAM
between M0, M1 and M2 cells, M2 TAM had significantly
superior values, presumably due to the higher presence of
these cells (Figure 3(e)). Separate analysis of MERTK expression
in KC showed that, as occurred with TAM, CD38* KC contained
a higher proportion of MERTK™ cells (Figure 3(f)).

Phenotypic characterization of these cells according to their
MERTK expression showed that in MO and M2 TAM,
MERTK" cells displayed higher levels of CD86, PD-L1 and
MHC-II molecules than MERTK™ cells, whereas no differences
were seen for M1 TAM (Figure 3(g), upper panels). Equivalent
results were obtained when studying the proportions of cells
positive for these markers (Figure 3(g), lower panels). These
results were not restricted exclusively to monocyte-derived
TAM, since those KC expressing MERTK had also higher levels
of CD86 and MHC-II (Figure 3(h)). Overall, these results
indicate that MERTK™ cells express higher levels of activation
molecules.

We also studied the phenotype of in vitro polarized bone
marrow-derived macrophages (BMDM) (Supplementary Figure
S5a) and of bone marrow-derived DC (BMDC) according to
MERTK expression. M1 macrophages had the highest expres-
sion of MERTK and high levels of CD86, PD-L1 and MHC-II
(Supplementary Figure S5b). Similarly, cGAMP- and IFN-y-
activated BMDC had higher MERTK, CD86, PD-L1 and
MHC-II expression than immature BMDC (Supplementary
Figure S5c). Efferocytosis assays carried out using MO, M1 and
M2 BMDM and apoptotic PM299L tumor cells showed that M1
macrophages had a higher efferocytic capacity (Supplementary
Figure $5d), with higher proportions of CFSE™ cells than MO
and M2 (21.7%, 30.6% and 19.8% for M0, M1 and M2, respec-
tively). Finally, within MO, M1 and M2 macrophages
(Supplementary Figure S5e), and in BMDC (Supplementary
Figure S5f), MERTK" cells usually had higher levels of CD80,
CD86, PD-L1 and MHC-II and included higher percentages of
cells expressing those markers, confirming in vitro the in vivo
data associating MERTK expression with the presence of activa-
tion molecules.

MERTK correlates with higher levels of antigen
experienced T-cells and promotes PD-L1 expression

Tumor-derived signals (with cGAMP as a surrogate) and
T-cell-derived signals (IFN-y), upregulated expression of
MERTK and of other immunomodulatory molecules in DC
and TAM, potentially affecting their cross-talk with lympho-
cytes. We thus analyzed the association between MERTK
expression and lymphocyte presence (gating strategy in
Supplementary Figure S6). In addition to total CD4 and CD8
T-cells, since PM299L cells express OVA peptides, we also
analyzed OV A-specific CD8 T-cells (as a surrogate of tumor-
specific T cells) by using MHC/OVA tetramers (TetOVA™

cells). Levels of total CD3 cells, CD4 T-cells and TetOVA"
CD8 T-cells decreased in larger tumors. No changes were
found for total CD8 T-cells, Tregs, NK cells or B cells
(Figure 4(a) and Supplementary Figure S7a). Tumor tissue
contained increased levels of TetOVA™ CD8 T-cells and NK
cells (Supplementary Figure S7b). Remarkably, tumor infiltrat-
ing CD8, CD4 and TetOVA™ T-cells contained a higher pro-
portion of cells expressing PD-1, TIM-3 and LAG-3
(Supplementary Figure S7c). Of note, MERTK expression in
total myeloid cells showed a trend for positive correlation with
total leukocytes (p =0.058), with a statistical significance for
CD4 T-cells and TetOVA™ CD8 T-cells (Figure 4(b)).
Moreover, whereas CD4 and TetOVA®™ CD8 T-cells had
a significant positive correlation with MERTK" DC (p=
0.0073 and p =0.0091, respectively), correlation was marginal
with MERTK" TAM (p=0.14 and p=0.10, respectively)
(Supplementary Figure S8), suggesting a more relevant inter-
action of T cells with DC than with TAM. Finally, MERTK
expression also correlated with levels of antigen-experienced
T-cells (PD-1" cells) (Figure 4(b)). Interestingly, many of these
PD-1" T-cells retained their functional capacity, since tumor
T-cell stimulation with PMA/Ionomycin showed that PD-1"
T-cells produced IFN-y, TNF-a or both cytokines, which in the
case of CD8 T cells was higher than that observed for PD-1~
cells (Figure 4(c)). However, functionality of these tumor
T-cells was lost with tumor growth, with lower cytokine levels
produced by T-cells infiltrating large (>1000 mm’) tumors
(Figure 4(d)).

Ligation of MERTK by Gas6/phosphatidylserine in tumor
cells upregulates PD-L1 expression.”® Moreover, MERTK inhi-
bition decreases PD-L1 and PD-L2 expression in macrophages
in a murine leukemia model.*” Thus, we studied the effect of
MERTK modulation on PD-L1 levels. Analyses of PD-L1 in
hepatic myeloid cells showed that, although no differences
were observed between hepatic macrophages in wild-type
(WT) and MERTK KO mice, higher proportions of PD-L1*
DC were found in WT mice, with higher per cell levels (MFI) of
PD-L1 (Figure 4(e)).

Therefore, PM299L tumor growth is associated with
increasing levels of a myeloid infiltrate expressing MERTK
and PD-L1, as well as with the presence of PD-1" infiltrating
lymphocytes, suggesting that MERTK and PD-1/PD-L1-
dependent pathways could be targeted to enhance antitumor
activity.

Simultaneous blockade of MERTK and PD-1 results in
enhanced therapeutic efficacy

The role of MERTK in PM299L tumor growth was checked by
using MERTK KO mice.”” The strain used, as opposed to other
MERTK KO models, is known to have an improved anti-tumor
immune response,”® and according to it, a trend for smaller
tumor volumes was observed in MERTK KO mice 18 days after
tumor inoculation (p = 0.09). This was associated with a higher
leukocytic infiltrate (p=0.12) (Supplementary Figure S9a),
suggesting that monotherapies based on MERTK inhibition
would have a poor effect in tumor growth in our HCC
model. PD-1 blockade in WT and MERTK KO mice did not
decrease tumor size in any of the strains (p = 0.24 in WT mice
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T cells obtained from small and large tumors. (e) PD-L1 expression was analyzed in hepatic macrophages (left panels) and DC (right panels) of wild type (WT)
C57BL/6J and MERTK KO mice (n=5/group). (*p < 0.05; **p < 0.01; ***p < 0.001).
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and p =0.76 in MERTK KO mice). Again, MERTK KO mice
treated with control antibodies had a trend for smaller tumor
size when compared with WT mice (p =0.051). Interestingly,
MERTK KO mice treated with anti-PD-1 had significantly
smaller tumors than WT mice treated with isotype control
antibodies (Supplementary Figure S9b), suggesting that simul-
taneous blockade of PD-1 and MERTK would have a superior
effect than monotherapies.

With these results, pharmacological inhibition of PD-1 and
MERTK was tested by using anti-PD-1 antibodies and the
MERTK inhibitor RXDX-106.*° Anti-PD-1 alone had
a negligible effect on tumor growth, as occurred with RXDX-
106, in agreement with previous results using MERTK KO
mice. However, their combination induced a significant
decrease in tumor volume and weight (Figure 5(a)). In vitro,
RXDX-106 demonstrated no effect on PM299L cell prolifera-
tion below 15 uM (Supplementary Figure S10), in agreement
with its poor antiproliferative capacity,”® suggesting a lack of
direct effect of RXDX-106 on tumor cells.

RNAseq studies carried out using tumor samples from
treated mice showed that, compared with isotype-treated
mice, most upregulated genes corresponded to the combina-
tion group (434 genes), whereas lower numbers of downregu-
lated genes were observed in the different comparisons
(Figure 5(b)). The combination upregulated genes grouped in
immune-related pathways such as PD-1 signaling, T-cell acti-
vation, chemokines, cytokines and cytokine receptors (Figure 5
(c)), as demonstrated for representative genes (Figure 5(e)) and
confirmed in Protein—protein Interaction enrichment analyses
(Figure 5(d)) and transcriptional regulatory networks
(Supplementary Figure S11). This transcriptomic profile
depicted a scenario with increased leucocyte infiltration and
antigen presentation, leading to a higher effector lymphocyte
activation.

Flow cytometry confirmed increased levels of CD45" and
TetOVA™ cells. Regarding myeloid cells, the combination
group contained higher proportions of PD-L1" TAM, presum-
ably due to the higher inflammatory microenvironment, and of
CD38" TAM, indicating a shift toward an M1 profile (Figure 5
(f)). Thus, combined blockade of PD-1 and TAM receptors
results in enhanced antitumor effect associated with improved
immunity.

Combination of MERTK blockade with approved HCC
immunotherapies improves their efficacy

We were interested in testing the effect of MERTK blockade in
combination with currently approved immunotherapies for
HCC."* Combination of RXDX-106 with anti-PD-L1 + anti-
VEGFR (murine VEGF-blocking antibodies were not avail-
able) led to the highest tumor volume reduction (Figure 6
(a)). When using anti-PD-L1 + anti-CTLA-4, although this
combination did not achieve statistically significant differences
with isotype-treated mice, addition of RXDX-106 led to sig-
nificantly smaller tumors (Figure 6(b)). Flow cytometry ana-
lyses showed that MERTK blockade increased CD45" cell
levels, mainly associated with CD4 T-cells. Regarding myeloid
cells, reduced proportions of DC were observed after combin-
ing RXDX-106 with any of the immunotherapies, whereas

a decrease on MDSC and TAM was found when combining
RXDX-106 with anti-PD-L1 +anti-VEGFR or with anti-PD-
L1 + anti-CTLA-4, respectively (Figure 6(c-d)).

RNAseq analyses performed using tumor samples obtained
after treatment with anti-PD-L1 + anti-CTLA-4 + RXDX-106
showed that, as compared with isotype-treated mice, immu-
notherapy and the combination containing RXDX-106 upre-
gulated 600 and 840 genes, respectively, whereas 205 and 259
genes were downregulated in these groups (Figure 6(e)). Since
only 21 genes were differentially expressed between immu-
notherapy and the combination, we analyzed their differences
with respect control mice. Upregulated genes enriched only in
the combination group corresponded to activation of myeloid
subsets (myeloid DC activation, antigen processing and pre-
sentation via MHC-II, positive regulation of macrophage
fusion) and to T-cell response-associated pathways (positive
regulation of Thl cytokine production) (Figure 6(f)). Genes
commonly upregulated by immunotherapy and by the combi-
nation were associated with pathways involved in positive
regulation of immune activation, such as inflammasome,
inflammatory responses or Fc gamma receptor signaling,
among others (Suplementary Figure SI12a). No immune-
related pathways were found among genes exclusively enriched
in mice treated with immunotherapy (Supplementary Figure
S12b) or in down-regulated genes in any of the groups
(Supplementary Figure S12c). Thus, combination of RXDX-
106 with currently approved immunotherapies enhances its
therapeutic efficacy, related to a higher leukocyte infiltration
that involves more active lymphoid and myeloid
compartments.

Discussion

Immunosuppressive myeloid cells may inhibit response to
immunotherapy in HCC patients.>'*> Modulation of these
cells would help to reinforce their antitumor activity while
improving their cross-talk with effector lymphocytes, favoring
immunotherapy response. We focused on MERTK, efferocytic
receptor that downregulates myeloid cell activity."* Although
previous works have reported MERTK expression in tumor
cells as a resistance mechanism to checkpoint inhibitors,'®
patient analyses indicated a higher expression in myeloid cells
(macrophages and DC). Interestingly, MERTK expression has
a higher impact on survival in patients with less differentiated
and more aggressive tumors, probably related to the relevance
that macrophages acquire in this setting.” However, we cannot
discard that the association between MERTK expression and
survival could be associated with higher macrophage infiltra-
tion in these patients. Our murine HCC model mirrors human
findings, demonstrating preferential expression in TAM and
DC, associated with progressive recruitment of monocyte-
derived TAM as tumor grows. Previous reports associate
MERTK expression with M2 macrophages.”” Our in vivo and
in vitro data reveal MERTK expression in all TAM subsets.
However, despite higher MERTK levels in M1 TAM, M2 TAM
had the highest contribution to MERTK expression in TAM
(MERTK Score), confirming the relevance of M2 macrophages
in MERTK expression.



ONCOIMMUNOLOGY 9

Up-regulated Down-regulated
o mn
£ g 0a-PD-1vs ISO RXDX-106 vs ISO o-PD-1vs ISO RXDX-106 vs ISO
£ &
(]
S S
5 )
©° [
: : AA u
S
S 1<)
£ £
3 =]
[~ [
Combo vs ISO Combo vs ISO
c d @H2.DMb1 r OHels1 @rdcanf@Pdcd!
i ’uz.., QL,,%,,‘,‘ |
Signaling by interleukins Qclecid . L b3 O\\J% :rt QBeizo A8
- Cytokine signaling in immune system @Clecte JcCare .. . > ¢ Spipne @RIcy2 ..“. ez
Immune system OFes Cdde  OPrary 1 °Lp 2 # Casf
g PD-1 signaling O @ 1 & ,.rc.\.J::,.Q""' TP @vcangl @inam
z Interleukin-10 signaling Gerwein ~ g @ling OFcyrs | /e mamN
“"' Chemokine receptors bind chemokines OBat 2 QCx3eh OCd8a bciza1
Q Interferon-gamma signaling OT.,,:OH:!:C‘GMQD\CU»! Dcls Th1/Th2 clzala
P Interleukin-2 family signaling HOck diff - Ofi21r PD-1/NF-kappa B
£ of second ) -~ e ifferentiation 5 .
S of ZAP-70 to synapse s e signaling
° Innate immune system g Ocxers
© Phosphorylation of CD3 and TCR zeta chains
& Costimulation by the CD28 family . . -
Neutrophil degranulation Qudr RCsf2rb  Qaark ociu QPsmbs
Interferon signaling OCok? i OPsmbe
I T T 1 Whcl4 ORipk3 QT \— OFsmel
0 5 10 15 - ONIKD2 @uprik Gikoke O'"PPSY @igp - oroto
INCP, OPdgfira -
-log4o FDR Ll ¥ ng cross-presentation it Lymphocyte-mediated
“” respiratory burst 5t immunity
MY A
MV G I
A 4 5 FFFOL TS
R Q39 Q'-\'o Q'}o »“00‘9(“’&0"&(9& *kk
40+ k1.3 801 x
Ccl8 K] 2 60
ccl19 3 307 =
Ccl22 o - 40
ol g 21 3
XC T
Cxcl16 0 10 2 20+
Cxcl9 B% s
oz Lymphocyte activation 1.0 0- 0-
Cx3cl1 *
cdl *kKk
Ccl5 60 * 1007 *x
. . x 4 k&
Ag processing and presentation g 0.5 8 E 80 =¥
s =¥ el
H2-Eb1 3 204 Q 407
H‘Z:‘_’g: Cytokine receptors E § 20 4
H2-DM 0.0 -
H2-DMb1 X o0- °
H2-DMb2
Lo Bore BN iSO [ RXDX-106 [JantiPD-1 [] RXDX-106 + antiPD-1

Figure 5. Simultaneous blockade of MERTK and PD-1 results in enhanced therapeutic efficacy. (a) C57BL/6) mice with orthotopic PM299L tumors were treated
with control (ISO) or anti-PD-1 antibodies, RXDX-106, or the combination (RXDX-106 + anti-PD-1). They were sacrificed at day 18 to determine tumor volume
and weight. (b) Number of up- and down-regulated genes in RNAseq experiments comparing tumor samples from isotype-treated mice (ISO) and treatment
groups. (c) Pathway enrichment analyses according to reactome of genes upregulated by the combination vs 1SO. (d) Protein—protein interaction networks of
genes upregulated by the combination vs I1SO according to Metascape. (e) Normalized expression of individual genes corresponding to immune functions and
cell components in the four groups. (f) Analysis by flow cytometry of tumor infiltrating cells of mice (n = 7-9/group) corresponding to the different treatments.
(*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).

In general, expression of MERTK in macrophages and DC
was associated with increased levels of MHC, co-stimulatory
and co-inhibitory molecules. This was observed in vivo and
in vitro, after activation with the STING agonist cGAMP (as

a tumor surrogate) or with the T-cell derived stimulus IFN-
a. This would suggest that, as for other immunosuppressive
molecules (e.g. PD-L1, IDO),** MERTK may be upregulated
as a negative feedback mechanism to counteract
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Figure 6. Combination of MERTK blockade with approved HCC immunotherapies improves their efficacy. C57BL/6J mice with orthotopic PM299L tumors were treated
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using tumor samples (n =4 mice/group) from each groups. (f) Pathway enrichment analyses of genes upregulated only by IT + RXDX-106.



inflammatory signals. Accordingly, infiltrating CD4 T-cells
and tumor-specific (TetOVA™) CD8 T-cells, including PD-
1-expressing CD4 and CD8 T-cells, positively correlated with
MERTK expression. The stronger correlation of infiltrating
CD4 and TetOVA™ T-cells with MERTK" DC than with
MERTK"™ TAM might indicate that T-cell-derived signals
would have a higher impact on MERTK expressed by DC,
whereas MERTK expression on TAM would depend more
on other signals. Indeed, most MERTK expression on TAM
occurs in M2 cells, which as opposed to the small presence of
M1, would not depend on inflammatory cytokines. Changes
in the proportion of functional T-cells, DC and TAM during
tumor growth may lead to different levels of MERTK expres-
sion by the myeloid cell subsets, resulting in a compensatory
effect that maintains overall MERTK expression without
significant changes.

In myeloid cells, besides inhibiting TLR-derived
signals," MERTK may upregulate other immunosuppres-
sive pathways, such as PD-L1, as reported in tumor cells.
Our data using MERTK KO mice indicate that in the
absence of MERTK signaling, lower PD-L1 expression is
observed, in agreement with data obtained in a murine
leukemia model.? Altogether, the association of myeloid
MERTK with enhanced PD-L1 levels, and the presence of
tumor-infiltrating PD-1" T-cells, suggest that combined
inhibition of MERTK and PD-1/PD-L1 would have
a better therapeutic effect.

In our model, combining MERTK blockade with anti-
PD-1 had a superior efficacy than monotherapies. In other
murine tumors, RXDX-106 alone has demonstrated antitu-
mor effects,?® as well as when combined with a vaccine,'!
suggesting a higher activity in lymphocyte infiltrated
tumors. In our myeloid-enriched HCC model, mechanisms
responsible for the efficacy of the combination involve
targeting myeloid cells, by increasing antigen processing
and presentation machinery (as demonstrated in vitro),
and lymphoid cells, promoting their infiltration and activa-
tion, which may also contribute to the superior lymphocy-
tic activity.

Although initial HCC immunotherapy trials targeted
PD-1,'® currently approved therapies contain ICI
combinations.”> MERTK blockade with these regimes
also resulted in superior in vivo efficacy, associated again
with higher lymphocytic infiltrate, but with different
effects on the myeloid compartment, depending on the
combination. VEGF blockade inhibits immunosuppressive
pathways that operate in myeloid cells,” while CTLA-4
inhibition is supposed to act mainly on T-cells.”® Gene
expression analyses of MERTK + PD-L1/CTLA-4 blockade
demonstrated activation of myeloid subsets and T-cell
response-associated pathways (Thl cytokine production),
highlighting the relevance of simultaneous targeting the
myeloid and lymphoid compartments in these tumors
enriched in immunosuppressive myeloid cells.

In summary, our data indicate that MERTK blockade
may improve therapeutic efficacy of ICI in myeloid-
enriched HCC tumors, opening the way for new therapies
in HCC patients.
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