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Abstract

Purpose: Immune checkpoint inhibitors combined with anti-angiogenic agents produce benefits
in the treatment of advanced hepatocellular carcinoma (HCC). We investigated the efficacy and
immunomodulatory activity of cabozantinib alone and combined with anti-PD1 in experimental
models of HCC, and explored the potential target population that might benefit from this
combination.

Experimental Design: C57BL/6J mice bearing subcutaneous Hepal-6 or Hep53.4 tumours
received cabozantinib, anti-PD1, their combination or placebo. Tumour and blood samples

were analysed by flow cytometry, immunohistochemistry, transcriptome and cytokine profiling.
Cabozantinib-related effects were validated in a colorectal cancer PDX model. Transcriptomic
data from three human HCC cohorts (Cohort 1: n=167, Cohort 2: n=57, TCGA: n=319) were used
to cluster patients according to neutrophil features, and assess their impact on survival.

Results: The combination of cabozantinib and anti-PD1 showed increased anti-tumour
efficacy compared to monotherapy and placebo (~<0.05). Cabozantinib alone significantly
increased neutrophil infiltration and reduced intra-tumour CD8*PD1*T cell proportions, while
the combination with anti-PD1 further stimulated both effects and significantly decreased
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Treg infiltration (all ~<0.05). In blood, cabozantinib and especially combination increased the
proportions of overall T cells (P<0.01) and memory/effector T cells (£<0.05), while lowering

the neutrophil-to-lymphocyte ratio (/A<0.001 for combination). Unsupervised clustering of human
HCCs revealed that high tumour enrichment in neutrophil features observed with the treatment
combination was linked to less aggressive tumours with more-differentiated, less-proliferative
phenotypes.

Conclusions: Cabozantinib in combination with anti-PD1 enhanced anti-tumour immunity by
bringing together innate neutrophil-driven and adaptive immune responses, a mechanism of action
which favours this approach for HCC treatment.

Statement of Translational Relevance

Hepatocellular carcinoma (HCC) is the most common type of liver cancer, which is the 34 leading
cause of cancer-related death worldwide. The combination of immune checkpoint inhibitors

with anti-angiogenic agents produces survival benefits in advanced HCC, but only for around

30% of patients, so new strategies to overcome tumour-intrinsic resistance are urgently needed.
Here we used preclinical models to explore the efficacy and immunological impact behind
combining cabozantinib and anti-PD1 therapy for the treatment of HCC. We provide evidence
that cabozantinib in combination with anti-PD1 enhances anti-tumour immunity by bringing
together innate neutrophil-driven and adaptive immune responses, which is associated with greater
anti-tumour responses than either monotherapy, thus providing a mechanistic rationale supporting
this combination as a new treatment strategy for HCC. We also identify a subgroup of human
HCC with reduced enrichment of active neutrophil phenotypes which displays significantly worse
outcomes, and may therefore benefit the most from this combination.

Keywords

Hepatocellular carcinoma; molecular therapies; immune therapies; precision oncology; checkpoint
inhibitors

Introduction

Hepatocellular carcinoma (HCC) is the most common form of primary liver cancer, the
fourth leading cause of cancer-related death and a major health problem globally(1,2).
Around 50-60% of patients will be ultimately exposed to systemic therapies, where the
combination of atezolizumab and bevacizumab has become the standard of care in first-line.
In the Phase 111 IMbravel50 trial, this combination demonstrated significantly better overall
and progression-free survival vs. sorafenib (median overall survival (OS) 19.2 vs. 13.4
months)(3,4), the multi-kinase inhibitor which had been the previous standard of care for
advanced HCC for the past 12 years(5). This marks the first combination therapy and first
treatment regimen involving an immunotherapy to induce a greater survival benefit for
HCC patients compared to existing therapies, although objective responses were restricted
to 30% of patients(3). Single-agent immune checkpoint inhibitors (ICIs) —i.e. nivolumab and
pembrolizumab- had also shown promising results over the past decade, with median OS
of 13-16 months reported in advanced HCC patients(6,7). However, no ICI monotherapy
significantly extended overall survival in Phase Il trials. In addition, recent data have
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revealed that non-viral HCC, particularly non-alcoholic steatohepatitis (NASH)-related
HCC, might be less responsive to immunotherapy due to the intra-tumour accumulation

of a population of dysfunctional activated CD8"PD1* T cells(8). Thus, there is an unmet
need to better understand the complex mechanisms underlying anti-tumour immunity and
explaining response and resistance to immunotherapies, to favour the development of more
efficacious therapeutic strategies with immunotherapies(9), including combination therapies.

Given that immunotherapeutic strategies show better results among tumours with an
inflammatory microenvironment(10), efforts are being made to enhance the anti-tumour
activity of ICls by promating the infiltration or re-activation of immune cells in tumours
which lack an inflamed profile. One approach to this is via the combination of 1CIs with
anti-angiogenic agents, in light of the reported immunosuppressive role of pro-angiogenic
molecules (mainly VEGF, angiopoietins, HGF and the PDGF family)(11,12). Encouraging
results have been obtained for combinations of ICls plus anti-angiogenic therapies in
preclinical studies(13,14), as well as in clinical trials across different cancer types including
HCC(3,15,16).

Cabozantinib, a tyrosine kinase inhibitor (TKI), proved its efficacy in a phase 11 trial with
advanced HCC patients who had progressed on sorafenib, and extended median OS to

10.2 months from 8.0 months with placebo(17). Among other kinases, cabozantinib targets
VEGFR, AXL and MET, key factors in pathways promoting angiogenesis, proliferation

and epithelial-to-mesenchymal transition(18,19). Therefore, the combination of cabozantinib
and ICIs may lead to enhanced clinical benefits over monotherapies in HCC, and in fact,

the combination of nivolumab + cabozantinib conveyed a median progression-free survival
(PFS) of 5.5 months in advanced HCC patients, with median OS not reached(20). The phase
I11 study assessing the combination of atezolizumab + cabozantinib (COSMIC-312)(22)
reported in the first interim analysis a significant improvement in PFS versus sorafenib

(HR: 0.63, 99% ClI: 0.44-0.91, P=0.0012), and a non-significant trend in terms of overall
survival impact(23). Studies in experimental models of prostate cancer have also suggested
that cabozantinib may have immunomodulatory activity(24), however this has not yet been
explored in HCC.

Our study explored the anti-tumoural, mechanistic and immunomodulatory effects of
cabozantinib alone and in combination with anti-PD1 in two preclinical HCC mouse models.
The combination of cabozantinib with anti-PD1 was a) associated with greater efficacy than
any single treatment alone, b) enhanced neutrophil recruitment and neutrophil activation
profiles, and c) decreased CD8*PD1* T and T regulatory cell infiltration in the tumour.
Finally, human HCC data revealed that tumours with neutrophil-based enrichment are linked
with better molecular and clinical features. Therefore, the combination of cabozantinib and
anti-PD1 has the potential to bring together the activation of adaptive and innate immune
responses against the tumour in patients with HCC.
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Materials and Methods

Experimental mouse models

Immunocompetent murine models of HCC were generated by subcutaneously implanting
5x108 Hepal-6 cells (Model 1) or 5x106 Hep 53.4 cells (Model 2) suspended in Matrigel
(50% v/v) into the right flank of male 5-week old C57BL/6 mice (Model 1: n=80, Model 2:
n=40). When tumours reached a volume of 200-300 mm3, animals were randomly assigned
to receive: a) Placebo: Hamster IgG 10 mg/kg /.p. every 3 days for a total of 5 doses;

b) Cabozantinib: 30 mg/kg p.o. daily until the end of the study; ¢) Anti-PD1: Hamster
anti-murine PD1 mAb J43 (BioXCell) /p. at 10 mg/kg every 3 days for a total of 5 doses;
or d) Combination of cabozantinib with anti-PD1. Tumour volume measurements were
taken every 2-3 days using bilateral callipers, and tumour response rates were calculated as
described in the Supplementary Methods. In Model 1, six mice per group were randomly
selected and culled on day 14 of treatment for pharmacodynamic analyses. The remaining
14 mice per group were monitored until their tumour volume surpassed 1500 mm3 or
reached day 32 of treatment (Supplementary Figure 1). Model 2 was used as validation and
all animals were culled at day 14. Animal experiments were approved by the corresponding
review board. As a further independent model we also analysed the RNA sequencing data
from paired human colorectal cancer patient-derived tumour explant (PDX) models treated
with cabozantinib (30 mg/kg daily p.0.) or vehicle(25).

Flow cytometry

Peripheral blood samples were collected by cardiac puncture under deep terminal
anaesthesia and subjected to red blood cell lysis. Tumour tissues were minced with forceps
and scissors, followed by chemical and mechanical disaggregation. The resulting single-cell
suspensions were incubated with antibody conjugates to identify specific populations of
myeloid (dendritic cells, macrophages and neutrophils) and lymphoid (leukocytes, CD4* T
cells, CD8* T cells, T regulatory cells, PD1-expressing CD8" T cells, memory T cells and

B cells) immune cells, and stained with a viability dye (Supplementary Tables 1-3) and in
the presence of a Fc Receptor blocking reagent. Samples were analysed on a 5-laser Fortessa
flow cytometer (BD Biosciences) using BD FACSDiva software v8.0.

Gene expression profiling of mouse tumours

Gene expression profiling of mouse tumour samples was performed using a whole

genome microarray platform (GeneChip Mouse Genome 430 2.0 Array, Affymetrix;
GSE174770). Mouse expression data were retrieved, quality checked and processed
through RMA using the R package affy (v.1.62.0). After quality filtering, probe-gene
correlates were identified with the R package Atmg430pmprobe (v.2.18.0). Subsequently,
the mouse gene expression matrix was humanized using the mouse-human orthologs data
available in ENSEMBL (retrieved using BioMart) and Mouse Genome Informatics (MGI,
informatics.jax.org). Molecular Signature Database gene sets (MSigDB, broadinstitute.org/
msigdb) and previously reported gene signatures representing different states of
inflammation, HCC subclasses or distinct immune cell populations(26—29) were tested using
enrichment tools implemented in GenePattern(30) (GSEA and ssGSEA). Additionally, the
GenePattern module Comparative Marker Selection (CMS) was used to identify differential
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gene expression between treated and untreated tumours (FDR<0.05, FC=1.5), and the
Enrichr tool(31) was used to evaluate enrichment in specific pathways and biological
functions among the differentially expressed genes (DEGs, Supplementary Tables 5-6). We
considered as neutrophil-related genes those DEGs classified within biological functions
linked to neutrophil activity. A signature reflecting the specific molecular effect of
combination therapy (CAP-100) was retrieved by selecting the upregulated genes in the
combination arm vs. placebo and deducting those genes commonly upregulated between the
combination and the monotherapies.

Human samples and molecular profiling

We analysed the gene expression data of 167 paired HCC tumour and tumour-adjacent

liver obtained by our group(26,32) from untreated, surgically-resected fresh-frozen samples
(Cohort 1: Heptromic, GSE63898). Supplementary Table 7 depicts the clinical features of
the subset of 167 patients, and a complete description of the full cohort can be found
elsewhere(26,32). In addition, we used a second cohort of 57 untreated HCC patients with
paired expression data from the tumour and tumour-adjacent liver (Cohort 2: Supplementary
Table 7, GSE174570). Samples from both cohorts were collected through the International
HCC Genomic Consortium under the corresponding IRB approval for each centre. We also
used the survival and expression data of 319 HCC patients publicly available from The
Cancer Genome Atlas (TCGA)(33).

RNA extractions from fresh-frozen samples were performed as previously reported(32), and
RNA profiling was conducted using the Human Genome U219 Array Plate (Affymetrix).
The processing of transcriptome data (normalization, background correction and filtering)
was carried out as previously described(32). Prediction of mRNA-based signature positivity
was performed with GenePattern’s Nearest Template Prediction (NTP) module, and gene
expression signature enrichment as well as differential gene expression analysis were carried
out as with the mouse tumour expression data. K-medoids clustering was used for the
unsupervised classification of samples according to the enrichment in gene expression
signatures (Supplementary Figure 9). The optimal number of clusters was determined as the
k with the maximum silhouette width.

Statistical analysis

Statistical analyses were performed using R (version 3.6.1). Specifically, non-parametric
tests were used for the comparison of distribution of continuous variables (Wilcoxon or
Kruskal-Wallis tests). For the assessment of correlations between two continuous variables,
we used Spearman’s rank correlation coefficient test. Univariate analysis of survival

was conducted using the Log-Rank test, while a multivariate Cox Proportional Hazards
model was conducted to identify independent predictors of survival. In the event of a
multiple comparison testing, Benjamini-Hochberg’s correction was applied unless specified
otherwise. In general, adjusted P-values <0.05 (two-sided) were considered to be statistically
significant and are denoted as follows (unless stated otherwise in specific analyses):
*P<0.05, **F<0.01, ***£<0.001. NS indicates not significant, P>0.05.
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Data availability

Results

Data generated or analysed by the authors is available in Gene Expression Omnibus (GEO)
at GSE174770, GSE60939, GSE63898 and GSE174570.

Full details of the Materials and Methods are given in the Supplementary Data file.

Cabozantinib plus anti-PD1 treatment displayed higher anti-tumour efficacy as compared
to the monotherapies

We used subcutaneous murine models of HCC to assess the anti-tumour efficacy of
cabozantinib, anti-PD1 and combination (Supplementary Figure 1), and evaluated tumour
response rate according to RECIST criteria adapted for murine models. In the Hepal-6
model, the combination of cabozantinib and anti-PD1 most rapidly induced an objective
response (OR) out of all treatment arms, with statistically significant improvements vs.
cabozantinib alone or anti-PD1 monotherapy, as well as placebo (median time to OR: 12.6
days for combination vs. 20.1 days for cabozantinib monotherapy, with time to OR not
reached in the anti-PD1 and placebo arms having ORRs of 40% and 0% respectively,
F<0.05, Figure 1A, Supplementary Figure 2A). Of note, cabozantinib and anti-PD1
monotherapies also significantly accelerated time to achieve an OR compared to placebo
(P<0.05). In addition, the combination treatment induced the highest OR and complete
response rates (70% ORR and 15% CRR), followed by cabozantinib (35% ORR and 5%
CRR) and anti-PD1 (25% ORR and 15% CRR), and all treatment-induced ORRs were
significantly higher as compared to placebo (0% ORR, £<0.05) (Figure 1B). All treatments
also delayed tumour growth vs. placebo (#<0.05), and no adverse clinical signs or loss in
starting body weight were detected throughout the study (Supplementary Figures 2B-C).
These findings were also recapitulated in the Hep53.4 model (Supplementary Figures 2D—
F).

Excised HCC tumours were then evaluated at the molecular and histopathological level.
Firstly, examination of the tumour sections revealed that cabozantinib and combination
treatments were associated with significant reductions in viable tumour volume and
increases in the percentage of tumour necrosis (Figure 1C). On the other hand, and
confirming the anti-angiogenic activity of cabozantinib(18,19,25), immunohistochemical
detection of endothelial cells by CD31 staining revealed that only placebo and anti-

PD1 tumours contained marked or moderate levels of vascular endothelial cells,

and cabozantinib-treated tumours (monotherapy and combination) were associated with
significantly-reduced areas of CD31* staining compared to placebo (/<0.05) (Figure 1D).
Additionally, only cabozantinib and combination-treated tumours displayed an absence of
vessels encapsulating tumour clusters (VETCs, Figure 1D).

Analysis of the tumour whole genome expression profile revealed the impact of therapies

in reducing proliferation and angiogenesis. Regarding proliferation, using the NTP and
ssGSEA modules of GenePattern we observed that placebo-treated tumours were associated
with the Chiang proliferation(27) and the Boyault G3(29) subclasses of HCC, and also
displayed increased expression of a wide array of proliferation and DNA repair signatures
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(Figure 1E). Furthermore, administration of cabozantinib (monotherapy or combination)
significantly impacted angiogenesis by reducing VEGF and endothelial cell signalling and
promoting enrichment in molecular signatures of hypoxia (Figure 1E). Combination was
the only treatment associated with a significant reduction in proliferation and DNA repair
signatures as compared to placebo, with a similar but non-significant trend also observed

in cabozantinib monotherapy-treated tumours. Taken together, these data demonstrate that
cabozantinib treatment induced anti-proliferative effects in the tumours and these were more
marked when administered in combination with anti-PD1.

Combination treatment induced intra-tumoural neutrophil infiltration

Immune population analysis using flow cytometry, immunohistochemistry and
transcriptomic data revealed that cabozantinib administration promoted the recruitment

of neutrophils in the tumour tissue. Specifically, through flow cytometry we observed
median 2.5 and 1.8-fold increases in the prevalence of tumour-infiltrating neutrophils in
cabozantinib and combination treatment arms versus placebo (P<0.05 vs. placebo and anti-
PD1, Figure 2A). Furthermore, in combination-treated animals the increased proportion of
neutrophils coincided with high ESTIMATE immune cell infiltrate scores(34), suggesting
that neutrophils were a prevalent immune subtype in these higher-infiltrated tumours
(Supplementary Figure 2G). We further assessed neutrophil intra-tumour infiltration and
activation by IHC using a panel of three markers: Ly6G, which is expressed by neutrophils
and granulocytes; myeloperoxidase (MPQO), which is expressed by active polymorphonuclear
cells including neutrophils; and neutrophil elastase (NE), which is expressed in the
lysosomal granules of active neutrophils. Overall, we observed a significantly elevated
percentage of stained cells in tumours from the cabozantinib (median 4% for Ly6G, 12%
for MPO, 8% for NE) and combination (8.5% for Ly6G, 15% for MPO, 4% for NE) arms
vs. placebo (1.5% for Ly6G, 4.2% for MPO, 0.5% for NE; £<0.05, Figure 2B). These

data suggest that active neutrophils are significantly increased in the intra-tumoural regions
of mice treated with combination and cabozantinib, whereas no changes in peri-tumour
neutrophil infiltration were observed across treatment groups (Supplementary Figure 4A—
B). These findings were also recapitulated in the Hep53.4 model (Figure 2B), and when
compared with Hep53.4 tumour samples treated with the anti-angiogenic lenvatinib + anti-
PD1 also generated by our lab(35), this effect was revealed to be cabozantinib specific
(Supplementary Figure 2H).

To further investigate this observation, we extracted differentially expressed genes (DEGs,
FDR<0.05, fold-change>1.5) among the treatment groups through Comparative Marker
Selection (CMS) analysis of tumour transcriptomic data. Combination treatment had the
greatest impact reshaping the molecular profile of the tumour, since it was associated with
the greatest number of DEGs compared to placebo at 157 genes, followed by anti-PD1

with 86 DEGs, while only 7 genes were significantly upregulated by cabozantinib. The

100 genes exclusively upregulated in the combination arm were used to generate the
cabozantinib plus anti-PD1 100-gene signature (CAP-100), capturing the specific molecular
effect of the combination (Supplementary Table 5). Gene Ontology enrichment analysis
revealed that CAP-100 was significantly associated with 12 biological function GO-terms, of
which 6 (50%) were linked to neutrophil activity (P<0.05, Figure 2C, Supplementary Table
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6). The anti-tumour neutrophil phenotype in the combination arm was further supported

by higher enrichments in gene expression signatures of the N1 neutrophil profile(36),
neutrophil activity and maturation (late Neutrotime(37)) (Figure 2D). In parallel, the 7
genes upregulated by cabozantinib monotherapy were associated with the chemotaxis and
migration of leukocytes, fundamentally neutrophils (5/12 GO-terms; 42%), and with innate
immunity responses (4/12 GO-terms, 34%) (Figure 2C, Supplementary Table 6). On the
other hand, the 86 genes upregulated by anti-PD1 monotherapy were linked to broader
pro-inflammatory signalling cascades (17/47 GO-terms; 36%) and chemotaxis of a wide
variety of leukocyte subpopulations (12/27 GO-terms, 26%).

We then validated the molecular effect of cabozantinib using RNAseq data from colorectal
cancer (CRC) tumours in a patient-derived xenograft (PDX) model(25) (Supplementary
Figure 3A). Gene Ontology enrichment analysis of the 244 genes up-regulated by
cabozantinib versus placebo revealed a positive regulation of neutrophil chemotaxis
(Supplementary Figure 3B, Figure 2E), and GSEA identified an enrichment in neutrophil,
inflammation, hypoxia and apoptosis-related pathways (Supplementary Figure 3C).

Combination of cabozantinib and anti-PD1 induces a strong inflammatory phenotype

To further investigate the immunomodulatory roles of cabozantinib and its combination with
anti-PD1, we assessed several infiltrating lymphoid and myeloid immune populations along
with the tumour transcriptomic profiles. Regarding anti-tumour immunity features, anti-PD1
and combination induced a higher enrichment in stromal and immune microenvironment
components based on expression data (Supplementary Figure 4D). Flow cytometry analysis
revealed a specific reduction in the proportions of the exhausted CD8*PD1* T cell
subpopulation induced by cabozantinib and combination (mean 7% and 6% of CD45+ cells;
£<0.05 vs. 25% in placebo and 35% in anti-PD1, Figure 3A), even though no significant
differences in the IHC counts of infiltrating CD8+ and CD4+ T cells were observed
(Supplementary Figure 4E-F). In addition, the location of CD8 positivity was mostly
intra-tumoural in combination and anti-PD1 tumours (means of 73% and 60%, respectively;
FP<0.05 vs. 26% in placebo, Figure 3C), suggesting a higher capacity to infiltrate the tumour
parenchyma to exert their effector function.

Aligning with these results, transcriptomic analysis revealed that all anti-PD1 and
combination-treated tumours recapitulated the HCC Immune Class(26), compared to none

in the placebo arm (Figure 3D). Combination further contributed to the pro-inflammatory
and anti-tumour immunity effect of anti-PD1 with the highest enrichments in pathways

of cytokine and chemokine signalling, T cell activation and Th1-related responses, B

cell signalling, classically activated M1 macrophages, dendritic cells, antigen presentation
and features of response to nivolumab in melanoma(38) (~£<0.05 vs. placebo, Figure 3D,
Supplementary Figure 4D). Flow cytometry did not reveal significant changes in the immune
infiltrate composition for B cells or dendritic cells, but showed a cabozantinib-related
reduction in macrophage percentages (Supplementary Figure 4G).

In terms of immune suppression features, IHC analysis revealed decreased infiltration of
T regulatory cells (FOXP3*) in combination and anti-PD1 arms versus placebo (£<0.05),
with a clear trend for cabozantinib (Figure 3B). Additionally, combination and cabozantinib-
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treated tumours excluded T regulatory cells from intra-tumoural areas, with mean 1.7%
and 3.2% of the total FOXP3* positivity in the IHC sections being intra-tumoural

(P<0.05 vs. 15% in placebo, Figure 3C). In parallel, gene expression data revealed

that combination treatment also caused a significantly reduced enrichment in TGFp and
B-catenin signalling pathways, associated with immune exclusion features in HCC and
resistance to immunotherapies(26,39-41) (A<0.05 vs. placebo, Figure 3D). Furthermore,
cabozantinib and combination arms were also linked to the strongest PD-L1 expression

in tumour cells and increased CTLA4 staining (Supplementary Figure 4H), which could
potentially be associated with the activation of feedback loops to negatively regulate T cell
activation. Overall, tumour molecular data suggest that combination enhanced anti-tumour
immunity by stimulating both innate and adaptive components.

Combination treatment with cabozantinib promotes adaptive immune cell populations in

blood

We then investigated treatment-related effects on systemic immunity in our Hepal-6

model through flow cytometry and chemokine profiling in blood. In contrast to what

was observed in tumour tissue, the proportions of circulating overall T lymphocytes
(CD45*CD3%) as well as CD4* and CD8™ subpopulations were significantly increased

by cabozantinib and combination (mean 38% and 34% of CD45* cells) as compared

to placebo and anti-PD1 (20% and 21%, ~<0.05, Figure 3D). In addition, combination
induced a significant increase in the proportions of proliferating CD8* T cells in blood
(P<0.05 vs. placebo, Figure 3E), and the greatest enrichment in the subset of memory/
effector T cells (CD45*CD3*CD44%"), particularly memory/effector CD8* T cells (A<0.01
vs. placebo), which were seen increased to a lesser extent by cabozantinib monotherapy
(P<0.05 vs. placebo, Figure 3D). We also assessed the neutrophil to lymphocyte ratio
(NLR), associated with poor prognosis in HCC patients(42), as the rate between CD3* T cell
and CD11b*Ly6G™ cell percentages. Cabozantinib and combination induced a significant
reduction of the NLR as compared to placebo (mean 0.47 and 0.38 vs. 1.4, £<0.05, Figure
3F). Of note, no significant changes were observed for circulating T regulatory cells, B cells,
macrophages or dendritic cells (Supplementary Figure 5A). Finally, cytokine and chemokine
profiling of peripheral blood revealed significantly increased levels of two chemoattractants
in the combination arm: CTACK/CCL27 (chemotactic agent for T lymphocytes) and

IL-16 (leukocyte chemoattractant and modulator of T cell activation) (A<0.05 vs. placebo,
Supplementary Figure 5B). Overall, cabozantinib and especially combination impacted
systemic immunity by promoting an enrichment in adaptive immune cell subsets.

Human HCCs with combination-like neutrophil features have favourable clinical outcomes
and molecular profiles

We then elucidated whether these active neutrophil profiles were linked to any specific
molecular or clinical features in human HCC, using two cohorts of patients (Cohort

1: n=167, and Cohort 2: n=57 including paired tissue and blood samples), and the
MCPCounter(43) neutrophil signature which correlated strongly with the neutrophil
infiltration and activation profile in combination-treated mice (Supplementary Figure 6).
Unsupervised clustering of human HCC based on enrichment of the neutrophil signature
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revealed three distinct clusters of samples Neutrophil Enriched, Neutrophil Depleted, and
Tumour-only Neutrophil Depleted (Supplementary Figure 7A-B).

The Neutrophil Enriched cluster, accounting for 25% (42/167) of patients, was characterized
by high neutrophil enrichment both in the tumour and in the adjacent tissue. These samples
exhibited significant enrichment in the S3 HCC molecular class(28) and liver metabolic
pathways - capturing more differentiated tumours- and suppression of TGF-f signalling(44),
but a reduced activation of proliferation and DNA repair pathways (Figure 4A). In terms

of immunity, Neutrophil Enriched HCCs were neither associated with adaptive immunity
pathways, the HCC Inflamed(45) or Immune Classes(26) nor their Active or Exhausted
subclasses, and they lacked HCC immune exclusion features derived from p-catenin
pathway activation(40).

The Neutrophil Depleted cluster captured 31% of cases (52/167) which presented low
neutrophil enrichment in both the tumour and adjacent non-tumour tissue. Finally, the
Tumour-only Neutrophil Depleted (TND) cluster encompassed 44% of cases (73/167)
displaying low neutrophil enrichment in the tumour but high enrichment in the adjacent
tissue. Both the Neutrophil Depleted and TND groups presented pro-proliferative traits, with
a higher prevalence of stem cell features and an enrichment in oncogenic TGF-p signalling
(late TGF-B)(44) (Figure 4A). In addition, Neutrophil Depleted HCCs were more polyploid
(FDR<0.05 vs. TNVD) and displayed a marked enrichment in poor prognosis signatures in
the adjacent tissue (FDR<0.05 vs. TND and Neutrophil Enriched). Further, we observed

a reduced proportion of hepatitis B and C virus infections in Neutrophil Enriched cases
(Supplementary Figure 8A) and a higher proportion of cirrhotic cases in the Neutrophil
Depleted subgroup (FDR <0.05). We also observed an overall lack of correlation between
tumour and adjacent neutrophil enrichment values (Supplementary Figure 7C-D).

To gain insight into the neutrophil phenotypes and potential molecular mechanisms

driving neutrophil recruitment in the tumours, we analysed the differentially expressed
genes in tumour tissue among clusters (FDR<0.05, fold-change>1.5). We identified 74
genes commonly upregulated in the Neutrophil Enriched group when compared to 7TAD,
some of which were linked to innate immune cells like the macrophage-related CD14

and the neutrophil chemoattractant CXCL2 (Figure 4B, Supplementary Figure 9B). In
parallel, we confirmed that Neutrophil Enriched HCCs were significantly associated with
transcriptomic features of anti-tumour activity like the N1 phenotype, neutrophil migration,
activation and cytotoxicity (Figure 4C, Supplementary Figure 9C). We also detected an
enrichment in neutrophil chemokines mostly driven by CXCL2and CXCL12 expression,
which were more strongly correlated with MCPCounter tumour enrichment (£<0.05, Figure
4D, Supplementary Figure 9D). In addition, following up on the absence of p-catenin-
driven immune exclusion among Neutrophil Enrichedtumours, we observed that p-catenin
activation (assessed through the presence of the Chiang CTNNB1 subclass) was linked to
lack of active neutrophil features and a reduced expression of neutrophil chemoattractants
(P<0.05 for CXCL3and CXCL12in the CTNNBL subclass vs. Rest, Supplementary Figure
9E).
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Importantly, and consistent with the favourable molecular features of Neutrophil Enriched
tumours, patients of this cluster presented significantly longer survival as compared to the
rest of the cohort (Figure 4E, HR=0.49 [95% CI 0.28-0.85]), log-rank ~£=0.011, which
remained significant in a multivariate analysis (Cox proportional hazards model, £=0.025,
Table 1). On the other hand, the Neutrophil Depleted subgroup presented reduced survival in
the univariate analysis (Figure 4E, Table 1, log-rank P=0.02, HR=1.62 [95% CI 1.07-2.45]).
Furthermore, we observed that tumours with the highest MCPCounter signature enrichment
were associated with significantly better outcomes as compared to the rest (n=164, HR=0.45
[95% CI 0.25-0.81], multivariate Cox P=0.007) and these results were recapitulated in
TCGA (n=319, HR=0.37 [95% CI 0.21-0.66], multivariate Cox ~<0.001) (Supplementary
Figure 10, Supplementary Table 9). Additionally, we confirmed all the above molecular
findings in an independent cohort (Cohort 2: n=57, Supplementary Figures 8B-9A).

Overall, we identified that a subset of human HCC recapitulates the specific neutrophil-
related molecular effect of cabozantinib and anti-PD1 combination from our preclinical
model, and these tumours of the Neutrophil Enriched cluster were linked to favourable
molecular and clinical features.

Discussion

The recent approval of atezolizumab + bevacizumab has been a pivotal milestone in

the treatment of advanced HCC and suggests that combination therapies with immune
checkpoint inhibitors are the future for HCC treatment. However, responses are typically
observed in a subset of patients, and there is currently a surge of research into broadening
the spectrum of responders by overcoming potential tumour-intrinsic resistance to immune
checkpoint blockade. The fact that recent reports suggest that immune therapies might be
more effective in viral than non-viral related HCCs(8,46) also further highlights the need to
understand the benefits of combining distinct agents with ICls, since not all TKIs lead to
equal immunomodulatory effects. In this study, we determined using preclinical models that
the experimental combination of cabozantinib with anti-PD1 was associated with a greater
proportion of anti-tumour responses in a shorter time, and enhanced molecular features

of anti-tumour immunity including higher neutrophil recruitment and activation. To our
knowledge this is the first study reporting a dominant role of neutrophils, particularly of the
N1 phenotype, in the immune effects associated with a TKI combined with anti-PD1 therapy
in HCC. We also identified distinct subgroups of human HCCs based on neutrophil features
with potential clinical relevance (Figure 5).

The observed increase in neutrophil infiltration after cabozantinib administration in our
murine models had only been previously reported in a prostate cancer model, where
neutrophil recruitment proved to be essential for the anti-tumour effect of the drug(24).
These results were also supported by the transcriptomic data from a human colorectal cancer
PDX model(25), contributing to the notion that this effect of cabozantinib may not be
limited to a specific cancer type. Our transcriptomic analysis revealed that cabozantinib
could be driving neutrophil infiltration through the upregulation of ligands for the neutrophil
receptor CXCR2 (CXCL3 in our subcutaneous tumours, CXCL1 in the CRC PDX model),
and that the upregulation of CXCL12 could promote their retention in the tumour, as
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previously reported in prostate cancer(24). In light of the phenotypic plasticity attributed

to neutrophils in cancer biology(47), we observed that cabozantinib in combination with
anti-PD1 could further enhance a molecular phenotype of neutrophil activation, possibly due
to a contributing pro-inflammatory effect of the immunotherapy. In fact, the combination
had the greatest impact upregulating genes linked to N1 phenotype, neutrophil maturity
and degranulation, as well as immunoglobulin-related genes, which could also contribute to
an anti-tumour neutrophil phenotype through antibody-dependent cellular cytotoxicity(48).
Moreover, combination treatment was linked to reduced p-catenin signalling, which is
associated with immune exclusion in HCC(39,40), as well as lower enrichment of TGF-$
signalling, which has been demonstrated to polarize neutrophils towards a pro-tumour

N2 phenotype(36,47). Overall, this demonstrates the potential of cabozantinib to trigger

a neutrophil-mediated anti-tumour innate immune response, which is enhanced when
combined with anti-PD1 therapy.

Additionally, cabozantinib significantly reduced infiltrating CD8*PD1* T cells, a clinically
interesting effect given that the accumulation of a dysfunctional CD8*PD1* T cell
subpopulation could be responsible for the reduced efficacy of ICls in non-viral HCC,
particularly NASH-HCC(8). Further studies are required to confirm whether cabozantinib
and anti-PD1 combinations could improve NASH-HCC patient response by depleting this
CD8*PD1* T cell subset while increasing neutrophil infiltration. Of note, the evaluation

of this combination in preclinical NASH-HCC models (e.g. high-fat diet) and a subgroup
analysis of the COSMIC-312 trial(22) could shed light on this question.

In parallel to these effects, the combination of cabozantinib and anti-PD1 had the most
favourable impact on the tumour immune microenvironment out of the treatment arms
investigated, such as a significant reduction of T regulatory cells, enriched Th1 and M1
macrophage phenotypes, and enriched innate/adaptive immune pathways. The increased
proportions of memory/effector T cells found in blood suggest that adaptive immunity

was also activated with this treatment, a feature associated with a significant lowering of
the neutrophil-to-lymphocyte ratio (/£<0.001 for combination). HCC progression is closely
linked with inflammation, and the importance of this is underscored by the wealth of
evidence linking inflammation-based scores such as the NLR with HCC prognosis (49).
Finally, consistent with the inhibitory activity of cabozantinib against tyrosine kinases
including VEGFR2(19), our data indicate that at least part of the anti-tumour mechanism
of action of cabozantinib is derived from its anti-angiogenic properties (reduced endothelial
cells and VEGF signalling, and absence of VETCs, which have been proposed as a predictor
of aggressive HCC(49)).

In HCC patients, using MCPCounter(43) as a transcriptomic tool to evaluate active
neutrophil infiltration in tumour and non-tumour adjacent tissue, we confirmed that
neutrophil enrichment in the adjacent tissue or in blood is not always linked to intra-tumour
enrichment. This suggests that neutrophil recruitment mechanisms may be independent

in liver adjacent and tumour tissues, and the circulating NLR associated with poor
prognosis(42) may not reflect intra-tumoural neutrophil levels nor their phenotype. This
finding has significance given we found that a high enrichment of active neutrophils in

the tumour was linked to better outcomes in two independent cohorts, along with less
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proliferative and more differentiated molecular features, and no enrichment in inflammation
profiles (HCC Immune Class(26)). In addition, intra-tumour neutrophil enrichment was
linked to the expression of the chemokines CXCL2 (a CXCR?2 ligand like CXCL1 and
CXCL3, upregulated by cabozantinib in mice) and CXCL12 (upregulated in our model

and previously described as a cabozantinib effect in prostate cancer(24)), suggesting that
relevant mechanisms of neutrophil chemoattraction in human HCC were recapitulated in the
preclinical models. Moreover, p-catenin pathway activation(40) may negatively influence
the presence of this neutrophil phenotype in HCC as we observed it was linked to reduced
enrichment in neutrophil signatures and expression of neutrophil chemokines; this may
represent an additional immune exclusion effect of B-catenin activation that is worth further
exploration.

Taken together, these observations suggest that cabozantinib, particularly in combination
with anti-PD1 treatment, contributes to inducing neutrophil infiltration, decreasing an
immune suppressive environment and enhancing anti-tumour activity compared to the
monotherapies in HCC. Those patients with a reduced enrichment of active neutrophil
phenotypes in the tumour (~30% of cases) could potentially gain the greatest benefits from
this combination (Figure 5), although the molecular assessment of tumour samples from
HCC patients exposed to cabozantinib in combination with PD1/PDL1 inhibitors will be
necessary to test these hypotheses.

Overall, the combination of cabozantinib and anti-PD1 has the potential to bring together the
activation of adaptive and innate immune responses against the tumour, and this provides a
mechanistic rationale for combining cabozantinib and anti-PD1 therapy to render enhanced
anti-tumour immune responses among HCC patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1 |. Cabozantinib + anti-PD1 has a strong anti-tumour activity and promotes vascular
normalisation in a murine HCC model.

C57BL/6J mice bearing Hepal-6 tumours were treated with anti-PD1 or placebo 1gG +

oral cabozantinib (n=20 mice per arm). A. Time taken to achieve an objective response

(Log-Rank test P-values depicted). B. Waterfall plot of tumour response at day 14 according
to RECIST criteria (Fisher’s exact test A-values depicted). N.B. The Y-axis is capped at
+100% and therefore only the first doubling in tumour volume is accurately depicted. PD

= progressive disease, SD = stable disease, PR = partial response, CR = complete response,
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OR = objective response. C. Volume of viable tumour (mm3) and % of tumour necrosis
from tumours at day 32 (compared vs. placebo). D. Representative images of CD31 staining
across the four treatment groups, 100x magnification (left panel, scale bar = 200 pm).

Plots on the right panel depict the proportion of samples with mild, moderate or marked
CD31 staining, the quantification of tumour vascular endothelial cells stained with CD31
(compared vs. placebo, and validation in the Hep53.4 model), and the percentage of samples
with vessels encapsulating tumour clusters (VETCs). Images taken at 100x magnification.
Scale bar = 200 pm. E. Heatmap reflecting enrichment in signatures of proliferation, DNA
repair, angiogenesis and hypoxia obtained through NTP and ssGSEA. * £<0.05, ** P<0.01,
*** p<0.001, ns £>0.05.
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Figure 2 |. Cabozantinib treatment induces intra-tumoural neutrophil infiltration and activation
in preclinical models.

A. Representative flow cytometry results for the Ly6G gating among CD45+CD11b+ cells
(upper panel), and resulting proportions of intra-tumoural neutrophils (CD11b+Ly6G+)
across treatment arms (bottom panel). Data are depicted as the median percentage +
interquartile range of CD45+ cells. B. The mean percentage of the overall tumour immune
infiltrate corresponding to intra-tumoural immune cells positive for the neutrophil markers
Ly6G, myeloperoxidase (MPO) and neutrophil elastase (NE), as determined by IHC across
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treatment arms in Hepal-6 and Hep53.4 tumours (upper panel). Representative images from
Hepal-6 tumours taken at 200x (bottom panel, scale bar = 100 um). C. Venn diagram
for the number of overexpressed genes among treatment groups as compared to placebo,
false discovery rate (FDR) <0.05, fold change (FC) = 1.5. Bottom pie charts depict the
distribution of the GO-based biological function terms found to be significantly enriched
(FDR < 0.05) in each group of genes using Enrichr analysis. GO = Gene ontology. D.
Heatmap representing sample enrichment in neutrophil-related signatures and expression
of differentially-expressed chemokines. A, C, D data obtained from the Hepal-6 model.
E. Wolcano plot of differentially-expressed genes (DEGs) from the CRC PDX model by
Song et al., as determined by RNAseq in paired tumours after 3 days of treatment, with
significantly DEGs in red and top neutrophil-related genes circled in blue. * £<0.05 and
FDR<0.1 compared to placebo; + A<0.05 and FDR<0.1 compared to anti-PD1.
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Figure 3 |. Cabozantinib + anti-PD1 therapy induces a strong pro-inflammatory effect.
A. Representative dot plots showing PD1 gating among CD45+CD3+CD8+ cells (left),

and proportions of intra-tumoural CD8+ T lymphocytes and their PD1+ and PD1- subsets
as a % of CD45+ cells, as determined by flow cytometry (right). B. Mean percentage

of FOXP3 positive cells in tumour parenchyma as determined by IHC using QuPath,
relative to all cells. C. The proportion of total CD8 and FOXP3 staining in intra-tumoural
or peripheral areas. Each bar represents a mouse, and the darker colour depicts which

% of staining is intra-tumoural. D. Heatmap showing tumour immunity features. Gene
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signatures representing different states of inflammation, HCC subclasses or distinct immune
cell populations were tested using NTP and ssGSEA. Bonferroni-corrected A-values from
Dunn’s post-hoc test. E. Overall populations of T lymphocytes (CD3+), and specifically
CD8+ T cells, CD4+ T cells and proliferating CD8+ T cells (defined as CD8+Ki67+) in
peripheral blood after 14 days of treatment, and the proportions of the memory/effector
subgroups within these populations (characterized by CD44 expression). F. The ratio of
neutrophil to lymphocyte proportions in peripheral blood. * £<0.05 and FDR<0.1 compared
to placebo; + £<0.05 and FDR<0.1 compared to anti-PD1. Data obtained from the Hepal-6
model.
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Figure 4 |. Unsupervised clustering reveals distinct neutrophil profiles in human HCC.
A. Heatmap displaying molecular features linked to the three neutrophil-related profiles:

Neutrophil Depleted (ND), Tumour-only Neutrophil Depleted (TND), and Neutrophil
Enriched (NE), with adjusted P-values comparing between groups. B. Volcano plot
displaying the top differentially-expressed genes between the 7umour-only Neutrophil
Depleted and Neutrophil Enriched group. C. Heatmap representation of the median
enrichment in neutrophil-related gene expression signatures across neutrophil-related
clusters. Genes included in the Neutrophil chemoattractants signature are depicted below.

D. Correlation between the tumour expression of a set of neutrophil-attracting chemokines/
chemokine receptors, and the enrichment in MCPCounter neutrophil signature in the tumour
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and adjacent tissues. E. Kaplan-Meier survival analysis (with log-rank P-value). All data
presented are from Cohort 1 (n=167).
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Univariate and multivariate analysis of the 3 neutrophil clusters and key clinical features
associated with survival in Cohort 1 (n=167).

Statistically significant values (£<0.05) are in bold.

Variable

Univariate analysis

Multivariate analysis

Hazard Ratio (95% CI)

Log-Rank P-value

Hazard Ratio (95% CI)

Cox PH P-value

MCPCounter clusters

Neutrophil Depleted 1.62 (1.07 - 2.45) 0.02 (Reference)
Tumor-only Neutrophil Depleted 1.04 (0.70 - 1.57) 0.8 0.79 (0.50 - 1.26) 0.329
Neutrophil Enriched 0.49 (0.28 - 0.85) 0.011 0.50 (0.27 - 0.91) 0.025
Age (2 65) 0.70 (0.47 - 1.05) 0.079
Cirrhosis 1.20 (0.73-1.99) 0.5
Poor Differentiation 1.23(0.74 - 2.03) 0.4
Gender (male) 0.60 (0.39 - 0.93) 0.022 0.55 (0.35- 0.88) 0.012
High AFP (2400 ng/mL) 1.47 (0.82 - 2.62) 0.19
Multinodularity (>1 nodule) 2.22 (1.46 - 3.36) <0.001 2.34 (1.50 - 3.65) <0.001
Satellites (yes/no) 1.69 (1.10 - 2.60) 0.015 1.52 (0.99 - 2.35) 0.056
Size (23.5 cm) 1.60 (1.05 - 2.44) 0.027 1.04 (0.99 - 1.10) 0.145
Vascular Invasion (micro/macro) 2.10 (1.40 - 3.15) <0.001 1.49 (0.97 - 2.30) 0.07
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