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Objective—Myeloid-derived suppressor cells (MDSCs) contribute to tumour immunosuppressive
microenvironment and immune-checkpoint blockade resistance. Emerging evidence highlights the
pivotal functions of cyclin-dependent kinases (CDKS) in tumour immunity. Here we elucidated the
role of tumour-intrinsic CDK20, or cell cycle-related kinase (CCRK) on immunosuppression in
hepatocellular carcinoma (HCC).

Design—Immunosuppression of MDSCs derived from patients with HCC and relationship with
CCRK were determined by flow cytometry, expression analyses and co-culture systems.
Mechanistic studies were also conducted in liver-specific CCRK-inducible transgenic (TG) mice
and Hepal-6 orthotopic HCC models using CRISPR/Cas9-mediated Ccrk depletion and liver-
targeted nanoparticles for interleukin (IL) 6 trapping. Tumorigenicity and immunophenotype were
assessed on single or combined antiprogrammed death-1-ligand 1 (PD-L1) therapy.

Results—Tumour-infiltrating CD11b*CD33*HLA-DR~ MDSCs from patients with HCC
potently inhibited autologous CD8*T cell proliferation. Concordant overexpression of CCRK and
MDSC markers (CD11b/CD33) positively correlated with poorer survival rates. Hepatocellular
CCRK stimulated immunosuppressive CD11b*CD33*HLA-DR™ MDSC expansion from human
peripheral blood mononuclear cells through upregulating IL-6. Mechanistically, CCRK activated
nuclear factor-xB (NF-xB) via enhancer of zeste homolog 2 (EZH2) and facilitated NF-xB-EZH2
co-binding to /L-6 promoter. Hepatic CCRK induction in TG mice activated the EZH2/NF-xB/
IL-6 cascade, leading to accumulation of polymorphonuclear (PMN) MDSCs with potent T cell
suppressive activity. In contrast, inhibiting tumorous Ccrk or hepatic IL-6 increased interferon -y
*tumour necrosis factor-a*CD8* T cell infiltration and impaired tumorigenicity, which was
rescued by restoring PMN-MDSCs. Notably, tumorous Ccrk depletion upregulated PD-L1
expression and increased intratumorous CD8* T cells, thus enhancing PD-L1 blockade efficacy to
eradicate HCC.

Conclusion—Our results delineate an immunosuppressive mechanism of the hepatoma-intrinsic
CCRK signalling and highlight an overexpressed kinase target whose inhibition might empower
HCC immunotherapy.

INTRODUCTION

Hepatocellular carcinoma (HCC) is the second leading cause of cancer-related deaths
worldwide. While chronic hepatitis B/C virus infections account for more than 80% of the
HCCs in eastern Asia and sub-Saharan Africa,X non-alcoholic fatty liver disease (NAFLD)
has become the major predisposing factor in Western countries, whose HCC incidence rises
dramatically in parallel with the obesity and diabetes epidemics.? Both viral and NAFLD-
associated HCCs are characterised by strong sexual dimorphism, with male-to-female ratio
ranging from 2:1 to 7:1.12 Despite the advancement in molecular therapy using the
multikinase inhibitor sorafenib, the prognosis of advanced HCCs remains poor, with 5-year
survival rates of 3%-11%.3 Taken together with the recent failure of multiple phase 11
clinical trials of targeted therapies and the lack of druggable driver mutations as revealed by
the HCC genomics studies,3 contemporary clinical investigations have geared towards
cancer immunotherapy which harnesses the patient’s own T cell activity. Therapeutic
blockade of T cell co-inhibitory molecules including cytotoxic T-lymphocyte associated
protein 4 (CTLA-4), programmed cell death receptor 1 (PD-1) or its ligand (PD-L1) has
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demonstrated durable antitumour responses and long-term remissions in a subset of patients
with many solid and haematological cancers.4~8 While the current HCC immunotherapy
trials have produced favourable results, the relatively low response rates emphasise the
strong immunosuppressive barriers which need to be tackled by complementary immune-
stimulatory approaches.”-9

Cancer cells and tumour-associated suppressive cells can alter the intratumorous T cell
landscape through production of multiple immunosuppressive metabolites/cytokines and
expression of checkpoint molecules such as PD-L1 which induce T cell exhaustion.? These
T cell-inhibitory mechanisms are activated in the tumour microenvironment of a broad
spectrum of cancers including HCC, which is often characterised by ‘exhausted” CD8* T
cells with high PD-1 expression.1112 Growing evidence suggests that sufficient tumour-
infiltrating CD8" T cells and PD-L1 expression are associated with clinical responses to PD-
L1 blockade.?61314 Therefore, delineating the molecular mechanisms underlying T cell
dysfunction in HCC is instrumental for developing novel combination strategies that can
improve the responsiveness to immunotherapy.

Myeloid-derived suppressor cells (MDSCs) represent the major immunosuppressive
population that exists only in pathological conditions such as chronic inflammation and
cancer.1® The tumour microenvironment secretes many different cytokines and chemokines
to promote the generation and egress of these immature myeloid cells from the bone marrow
(BM) into the tumour sites, which in turn suppress CD8* T cell proliferation and function by
depriving amino acids via arginase-1 expression, releasing oxidising molecules, and inducing
other immunosuppressive cells such as tumour-associated macrophages and regulatory T
cells.1> Human MDSCs are phenotypically characterised as CD11b*, CD33*, HLA-DR™,
and can be divided into granulocytic (CD147/CD15*/CD66b*) and monocytic (CD14%)
subtypes.1® In patients with HCC, both CD14717 and CD14* MDSCs8 have been shown to
accumulate in the peripheral blood or tumour tissues, and associate with poor prognosis.1920
However, little is known about the phenotypes of MDSCs within the human HCC
microenvironment. More importantly, despite the insight provided by different murine
models,2! the tumour-intrinsic oncogenic signalling that drives MDSC accumulation and
activation in human HCCs remains poorly defined.

Given their pivotal roles in cell cycle and transcriptional regulation, deregulation of cyclin-
dependent kinases (CDKs) has become a hallmark of several cancer types.22 Accordingly,
pharmacological inhibition of some of these serine/threonine kinases has produced
promising results in clinical trials.2324 We have recently uncovered the role of the latest
family member CDK20 or cell cycle-related kinase (CCRK) in driving hepatocarcinogenesis
in men.25-27 Upregulated by aberrant androgen receptor (AR) signalling in either viral or
NAFLD condition, CCRK functions as a signalling hub to connect multiple oncogenic
transcriptional regulators such as -catenin/T cell factor and enhancer of zeste homologue 2
(EZH2), as well as kinases such as glycogen synthase kinase 3p (GSK-3p) and protein
kinase B (AKT).25-27 As emerging evidence highlights the key roles of CDKs in tumour
immunity,282° we aimed to explore the immunomodulatory function of CCRK in human
HCC. Here we provide evidence from clinical specimens, co-culture systems, liver-specific
CCRK-inducible transgenic (TG) mice and orthotopic HCC models to illustrate a hepatoma-
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intrinsic CCRK-interleukin(IL) 6 pathway that renders T cell dysfunction via MDSC-
mediated immunosuppression. As we also found that tumorous Ccrk depletion significantly
enhanced PD-L1 blockade efficacy in the preclinical model, our study suggests a new kinase
target to improve HCC immunotherapy.

Patient samples

Paired tumour and non-tumour tissues from 162 patients with HCC who underwent liver
resection at the Prince of Wales Hospital (Hong Kong) were collected for immune profiling,
quantitative reverse transcription-PCR (qRT-PCR) and immunohistochemical analyses (see
supplementary methods for details). Eight histologically normal livers from patients with
benign focal nodular hyperplasia and 12 blood samples from healthy subjects served as
controls. Studies using human specimen were approved by the joint CUHK-NTEC Clinical
Research Ethics Committee.

Cell culture and transfection

Huh7, PLC5 and Sk-Hepl HCC cell lines and the immortal human liver cell line LO2 were
transfected with wild type (WT)/kinase-defective (KD) CCRK-expressing or pcDNA3.1
control vector as well as different short-interfering RNAs (siRNAs), followed by gene
expression, co-immunoprecipitation and quantitative chromatin immunoprecipitation-PCR
(qChIP-PCR) analyses as previously described.25-27

MDSC and T cell proliferation assays

Single cells freshly isolated from human blood, liver and tumour tissues were analysed for
MDSC phenotypes and autologous T cell proliferation by flow cytometry using FACSFusion
(BD Biosciences).3% Human peripheral blood mononuclear cells (PBMCs) freshly isolated
from buffy coats of anonymous healthy donors were treated by supernatants of transfected
cells for 5 days and then analysed for MDSC expansion and T cell suppression (see
supplementary methods).

Liver-specific CCRK-inducible TG mouse model

The liver-specific CCRK-inducible TG mouse model was constructed as described in
supplementary methods. At 10-day and 4-week post-tamoxifen injection, the transgene
expression and myeloid cell proportions and functions were analysed by western blot and
flow cytometry, respectively.30

Orthotopic HCC models and liver-targeted nanoparticles

An orthotopic HCC model was established as described in supplementary methods using a
luciferase-stably transfected mouse hepatoma cell line Hepal-6,3L in which Ccrk knockout
(CrCcrk) or control (CrCtrl) cells were generated by clustered regularly interspaced short
palindromic repeats (CRISPR)/Cas9 and confirmed by sequencing and western blot.
Orthotopic tumour-bearing mice were treated by BM-derived polymorphonuclear (PMN)-
MDSCs from naive CAG-DsRed fluorescence protein (RFP) TG mouse or lipid/calcium/
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phosphate nanoparticles optimised for delivering plasmid DNA encoding an IL-6 protein
trap (plL-6-trap) or green fluorescent protein control (pGFP)32 as described in
supplementary methods. In addition, a large hepatoma model was established by injection of
5x10° cells into the liver capsule. CrCtrl or CrCcrk tumour-bearing mice were treated with
PD-L1 blockade antibody (10F.9G2, Bio-X-Cell) or rat IgG2b control (LTF-2, Bio-X-Cell)
via intraperitoneal injection (200 pg/each), followed by tumorigenicity and
immunophenotypical assessments.33

Statistical analysis

RESULTS

The independent Student’s t-test was used to compare data between two groups. The
clinicopathological features of patients with HCC with high or low CD11b6/CD33/ CCRK/
/L-6 expressions were compared using Fisher’s exact test for categorical variables and
Mann-Whitney U test for continuous data.2®> The Kaplan-Meier survival analysis was also
performed. A two-tailed p value <0.05 was considered statistically significant.

Tumour-infiltrating CD11b*CD33*HLA-DR~ MDSCs in patients with HCC exert potent
autologous CD8™" T cell suppression

We first investigated the abundance of CD11b*CD33*HLA-DR™ immature myeloid cells in
patients with HCC by fluorescence-activated cell sorting (FACS), which contained similar
levels of both monocytic (CD14*) and granulocytic (CD15%) subsets!® (online
supplementary figure 1A, B), and observed significantly higher frequencies in tumours,
matched non-tumour liver tissues and PBMCs compared with PMBCs of healthy donors
(p<0.05; figure 1A). While there was no obvious difference in CD14* monocytic (M)-
MDSCs between genders, we observed a trend of higher CD15* granulocytic MDSCs in
blood, non-tumour and tumour tissues in male compared with female patients (online
supplementary figure 1C,D). In contrast, the frequencies of CD8* T cells in tumours, livers
and PBMC:s of patients with HCC were significantly lower than the PMBCs of healthy
donors (p<0.01; figure 1B). We next performed immunohistochemistry for CD8 and the
myeloid cell marker CD11b in human HCC tissues (figure 1C and online supplementary
figure 1E). Interestingly, the intratumorous CD8 immunohistochemical score was positively
correlated with CD11b in 33 patients with HCC (p<0.0001; figure 1C), indicating that the
intratumorous CD8* T cells may be inactivated in the tumour microenvironment!2 (data not
shown). We further performed autologous CD8* T cell proliferation assay to investigate the
immunosuppressive activity of the CD11b*CD33*HLA-DR" cells derived from patients
with HCC and observed potent inhibition of CD3/CD28-induced and IL-2-induced T cell
proliferation, in particular by co-cultured CD11b*CD33"HLA-DR™ cells from tumour of
patients with HCC (figure 1D), thus verifying their MDSC identity.16

Concordant overexpression of CCRK and MDSC markers in HCCs correlates with poor
prognosis of patients

Given the strong oncogenic activity of CCRK in HCC,25-27 we next investigated the
relationship between CCRK and MDSCs in clinical samples by gRT-PCR using 8 normal
livers and 122 pairs of HCC tumour and non-tumour liver tissues. In contrast to the low
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basal levels in normal livers, upregulation of CD11b6, CD33and CCRK expressions were
observed in human HCCs (figure 1E). Association analyses showed that while the MDSC
markers CD11band CD33 positively and significantly correlated with each other
(p<0.0001), their expressions also significantly correlated with CCRK (p<0.0001; figure
1E), which could be observed in both genders (online supplementary figure 2A). Consistent
with our previous observation, the CCRK transcript and protein levels in tumour tissues
were significantly higher than those in non-tumour tissues in male but not female patients
(online supplementary figure 2B). We further investigated whether overexpression of CCRK
and MDSC markers associates with prognosis of 102 patients with HCC which were
supplemented with clinicopathological and survival data. Kaplan-Meier analysis revealed
that patients with HCC with high CD116/ CD33/ CCRK expressions significantly correlated
with shorter overall (HR=2.813; p<0.05; figure 1F) and disease-free survival rates
(HR=2.011; p<0.05; figure 1G). We confirmed the prognostic associations using an
independent cohort of 34 patients with HCC with semiquantitative CD11b and CCRK
protein levels by immunohistochemistry and western blot,2” respectively (online
supplementary figure 2C), thus demonstrating the clinical significance of concordant CCRK
overexpression and MDSC accumulation in HCC.

Hepatocellular CCRK stimulates MDSC expansion from human PBMCs

We next determined whether CCRK induces the accumulation of MDSCs that share the
same phenotypes of the MDSCs derived from patients with HCC using human PBMCs
(online supplementary figure 3A). Conditional medium of LO2 hepatocytes or Sk-Hepl
HCC cells on ectopic expression of WT CCRK, but not the KD mutant2627 (figure 2A),
significantly induced the expansion of CD11b*CD33*HLA-DR™ MDSCs from PBMCs
(p<0.05; figure 2B), which was accompanied by increased T cell-suppressive function as
shown by reduced T cell proliferation (p<0.05; figure 2C and online supplementary figure
3B) and interferon -y (IFN-y) production (p<0.05; figure 2D). In the complementary
experiments, PBMCs cultured with conditional medium of Huh7 or PLC5 HCC cells on
siRNA-mediated knockdown of CCRK (figure 2E) resulted in a significantly lower
population of MDSCs (p<0.05; figure 2F), which exhibited lower T cell-suppressive
activities (figure 2G,H). Taken together, these findings suggest that hepatocellular CCRK
expression induces the accumulation of MDSCs with T cell-immunosuppressive activity.

Hepatocellular CCRK drives MDSC accumulation through IL-6 production

To identify the factor(s) in the conditional medium of CCRK-expressing hepatocytes/HCC
cells that mediates MDSC accumulation, we measured the gene expression levels of 27
cytokines and chemokines in transfected cells by gRT-PCR (online supplementary table 1).
Compared with control, ectopic WT CCRK expression significantly induced the expressions
of /L-1B, IL-6, tumour necrosis factor-a (TNF-a), IFN-B, C-C motif chemokine ligand 2
(CCLZ)and CCL4in both LO2 and Sk-Hep1 cells (p<0.05; figure 3A and online
supplementary figure 4). While the CCRK-induced chemokines may influence MDSC
recruitment, we selectively confirmed the significant secretion of IL-6 in LO2 and Sk-Hepl
cells expressing WT but not KD CCRK (p<0.05; figure 3B), since this proinflammatory
cytokine, in combination with granulocyte-macrophage colony-stimulating factor, has been
shown to induce the generation of MDSCs with the most potent T cell suppressive capacity.
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15 To determine the importance of IL-6 in hepatocellular CCRK-induced MDSC
accumulation, IL-6 neutralisation antibody (Nab) or isotype control was added into the
conditional media of CCRK-expressing LO2 and Sk-Hep1 cells. The results showed that
IL-6 Nab completely abolished the CCRK-induced MDSC expansion from PBMCs (p<0.05;
figure 3C) and the consequential T cell inhibition (p<0.05; figure 3D). In the reciprocal
experiments, knockdown of CCRK dramatically reduced IL-6 expression and secretion in
Huh7 and PLC5 HCC cells (p<0.05; figure 3E,F). Notably, addition of IL-6 recombinant
protein in the conditional medium of CCRK-knockdown cells fully restored the MDSC
induction (p<0.05; figure 3G) and T cell inhibition (p<0.05; figure 3H). In support of the
notion that hepatocellular CCRK induces MDSC accumulation and functions via IL-6
production, significant correlations among CCRK, /L-6, CD11band CD33expressions were
detected in human HCCs (p<0.0001; figure 3I-K). Serum IL-6 concentrations were also
significantly higher in patients with HCC than healthy donors (p<0.01; figure 3L).
Clinicopathological correlation analysis demonstrated that patients with HCC with high
CCRK/IL-6/CD11bl CD33 expressions were significantly associated with hepatitis virus
infection (p<0.05; online supplementary table 2). Moreover, Kaplan-Meier analysis also
showed the worse prognostic association of concordant upregulation of these genes in
patients with HCC (p<0.05; online supplementary figure 2D). These data indicate that the
CCRK/IL-6 signalling contributes to MDSC accumulation which negatively impacts the
survival of patients with HCC.

CCRK upregulates IL-6 through EZH2/NF-xB signalling

We next elucidated the molecular mechanism underlying CCRK-induced IL-6 production.
We speculated that CCRK may activate nuclear factor-xB (NF-xB) signalling due to the
concordant upregulation of NF-xB responsive genes (/L-18, IL-6, TNF-a, CCL2) by CCRK
(online supplementary figure 4). Indeed, ectopic expression of WT but not KD CCRK in
LO2 and Sk-Hep1 cells increased the phosphorylation of p65 at Ser536 (p-p65°¢7236), while
the basal levels of p50 and p65 did not change (figure 4A). To investigate the role of NF-xB
in CCRK-induced IL-6 production, we treated both LO2 and Sk-Hep1 lines with JSH-23
which interferes with NF-xB nuclear translocation.34 JSH-23 abrogated both CCRK-
induced /L-6expression and production (p<0.05; figure 4B).

As CCRK drives hepatocarcinogenesis through upregulation of EZH2,27 which can function
as a transcriptional activator of NF-«B targets,3® we determined whether CCRK activates
NF-xB/IL-6 signalling through EZH2. Knockdown of EZH2 by siRNA in LO2 and Sk-Hepl
cells abrogated CCRK-induced p-p655¢r536 (figure 4C), and /L-6 expression and production
(figure 4D). Conversely, knockdown of CCRK in Huh7 and PLCS5 cells decreased p-
p655€r336 (figure 4E) and 1L-6 levels (figure 4F), which could be rescued by ectopic EZH2
expression (figure 4E,F). Since the transactivating function of EZH2 is independent of its
histone methyltransferase activity but requires the physical interaction with NF-xB,3° we
next conducted co-immunoprecipitation and qChIP-PCR assays to determine whether EZH2
physically interacts with p-p655€r536 to facilitate CCRK-induced /L -6 expression. We found
that CCRK overexpression induced a robust EZH2-p-p655¢r236 complex formation (figure
4G) and co-occupancy of /L-6 promoter (figure 4H). Concordant CCRK, EZH2 and p-
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p655€r336 gverexpression in human HCCs (figure 41) further supports the notion that CCRK
upregulates /L-6expression and production in an EZH2/NF-xB-dependent manner.

Liver-specific CCRK TG mice exhibit Ezh2/NF-xB/IL-6 activation and immunosuppressive
MDSC accumulation

To investigate the effects of CCRK on IL-6 production and MDSC accumulation in vivo, we
have established a TG mouse model that specifically expresses human CCRK in a tissue-
specific and temporal-specific manner. The transgene expression was controlled by a liver-
specific transferrin promoter (p77) in a tamoxifen-inducible setting (online supplementary
figure 5A). At 10 days post-tamoxifen stimulation, CCRK expression was induced in the
liver of pTF-LSL-CCRK/+,; Rosa26CreERtZ/+ TG mouse compared with Rosa26CreERt2/+
control mouse (figure 5A). Consistent with the in vitro findings, the hepatic Ezh2 and p-
p655€r336 expression (figure 5A) as well as the hepatocellular (figure 5B) and serum IL-6
levels (figure 5C) were upregulated. Using TG mouse-derived primary cells, we confirmed
that the Ezh2-NF-xB cascade was activated in the hepatocytes (figure 5D).

We next examined the myeloid cell populations in the blood and liver of control and CCRK
TG mice at 1 month post-tamoxifen injection via phenotypical profiling of M-MDSC
(CD11b*Gr-1*Ly6G Ly6C*), PMN-MDSC (CD11b*Gr-1*Ly6G*Ly6Ci") and macrophage
(CD11b*Gr-1"F4/80*Ly6C") (online supplementary figure 5B).16 FACS analysis
demonstrated a significant induction of circulating MDSCs in CCRK TG mice compared
with control mice (figure 5E). The enriched MDSCs mainly presented PMN-MDSC
phenotype with high Ly6G and intermediate Ly6C expressions (p<0.01; figure 5E,F), which
remained elevated for at least 90 days after tamoxifen stimulation (online supplementary
figure 5C). Consistent with the observations in patients with HCC, we observed a significant
increase in the circulating PMN-MDSCs, but not M-MDSCs, in male compared with female
CCRK TG mice at 1 month post-tamoxifen stimulation (online supplementary figure 5D). In
contrast, other CD11b* myeloid populations did not show significant differences (figure 5F).
Notably, liver-infiltrating PMN-MDSCs were also enriched in CCRK TG mice compared
with control mice (figure 5G,H). To determine whether the CD11b*Gr-1*Ly6G*Ly6CI"
PMN-MDSCs possess immunosuppressive function, the same number of PMN-MDSCs
from the blood or liver of TG and control mice were co-cultured with allogeneic splenic T
cells. We found that the blood PMN-MDSCs from the TG mice exerted a strong inhibition
of T cell proliferation compared with those of the control mice (figure 51). Notably, the liver-
infiltrating PMN-MDSCs from TG mice exhibited even more potent T cell suppression
(figure 5J). These data support the notion that hepatocellular CCRK activates EZH2/NF-xB/
IL-6 signalling to specifically induce accumulation of immunosuppressive PMN-MDSCs in
the liver.

Ccrk-IL-6 signalling drives liver tumorigenicity through MDSC immunosuppression

Since CCRK induces MDSC accumulation in vitro (figure 2) and in vivo (figure 5), we next
investigated the role of MDSCs in CCRK-induced hepatocarcinogenesis using an orthotopic
model via syngeneic Hepal-6 HCC cells in C57BL/6 immune-competent mice3! (online
supplementary figure 6A). BM-derived RFP*PMN-MDSCs were generated (online
supplementary figure 6B) for adoptive transfers in a 5-day interval based on their survival in
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blood and tumour tissues on tail vein injection (online supplementary figure 6C). CRISPR/
Cas9-mediated depletion of Cerk (CrCcrk) in Hepal-6 cells diminished the Ccrk/Ezh2/p-
p655€r938signalling cascade (figure 6A) as well as IL-6 production in vitro (p<0.05; figure
6B) and in vivo (p<0.01; figure 6C) as compared with the control CrCtrl cells. Ccrk
depletion significantly attenuated liver tumorigenicity by 60% (p<0.001; figure 6D), which
was accompanied by reduced circulating, liver and tumour-infiltrating levels of CD11b
*Gr-1*Ly6G*Ly-6Cint PMN-MDSCs (p<0.05; figure 6E and online supplementary figure
6D) and increased IFN-y* TNF-a*CD8* T cells (p<0.05; figure 6F and online
supplementary figure 6E). Notably, restoration of IL-6-expressing and Arg-l-expressing
PMN-MDSCs (figure 6E, online supplementary figure 6F,G) by adoptive transfers abrogated
the tumorous infiltration of IFN-y* TNF-a*CD8* T cells (p<0.05; figure 6F), leading to a
complete rescue of the CrCcrk tumorigenicity (p<0.001; figure 6D). These findings
demonstrate that MDSCs play an important role in CCRK-induced T cell dysfunction and
hepatocarcinogenesis.

To elucidate the immunomodulatory and oncogenic role of IL-6 in vivo, we diminished the
hepatic IL-6 levels via nanoparticle-mediated delivery of plasmid DNA encoding an
engineered plL-6-trap to the nucleus of liver hepatocytes32 (online supplementary figure
7A). Repeated plL-6-trap administration in the orthotopic HCC model significantly reduced
the hepatic IL-6 protein levels by 50% when compared with the pGFP control (p<0.001;
figure 6G), which dramatically inhibited HCC growth by 85% as determined by the
luminescence intensity (p<0.01; figure 6H). Concurrently, pIL-6-trap significantly reduced
the tumour-infiltrating IL-6"Arg-1* PMN-MDSCs (p<0.01; figure 61 and online
supplementary figure 7B) and elevated the IFN-y* TNF-a*CD8* T cells (p<0.001; figure
6J). The same immunophenotype was also observed in the liver (online supplementary
figure 7C) but not blood (online supplementary figure 7D) of the treated mice. Notably,
while plL-6-trap administration did not influence tumour cell proliferation as measured by
intracellular Ki67 staining (online supplementary figure 7E), necrotic tumour cells were
significantly increased (p<0.05; online supplementary figure 7F), presumably triggered by
the elevated cytotoxic CD8™ T cells. These data suggest that local blockade of I1L-6
attenuates HCC growth at least partially through inhibiting MDSC immunosuppression in
the tumour microenvironment.

Combined blockade of Ccrk and PD-L1 eradicates large hepatoma

Finally, we determined the therapeutic potential of CCRK inhibition using a large hepatoma
model via direct intrahepatic injection of Hepal-6 cells into the liver capsule (figure 7A). As
expected, Ccrk depletion significantly reduced the tumorous IL-6 protein level in CrCcrk
tumours as compared with the CrCtrl tumours (p<0.001; figure 7B,C). Intriguingly, CrCcrk
tumours exhibited significantly higher PD-L1 level (p<0.001; figure 7D,E) in conjunction to
a significant increase in tumour-infiltrating CD8* T cells (p<0.001; figure 7F). While the
PD-L 1 transcript level was significantly higher in human HCCs compared with non-tumour
tissues, no significant difference in PD-L 1 expression between high- and low- CCRK-
expressing HCCs was observed (online supplementary figure 8A). Since high intratumorous
CD8* T cell level, tumorous PD-L1 expression and low MDSC level are immunogenic
biomarkers indicating potential response from PD-1/PD-L1 pathway blockade,4-61314 we
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combinatorially modulated both Ccrkand PD-L1 by administering PD-L1 blockade
antibody (10F.9G2) or the control rat IgG2b (LTF-2) into CrCtrl or CrCcrk tumour-bearing
mice (figure 7G). Although either Ccrk depletion or 10F.9G2 treatment significantly reduced
tumorigenicity as compared with isotype/genotype control in LTF-2-treated CrCtrl tumour-
bearing mice (p<0.05 or p<0.01, respectively), these single treatments alone were unable to
eradicate the large hepatoma (figure 7H). Notably, co-blockade of Ccrkand PD-L1
markedly improved the treatment, curing 40% (4/10) of the 10F.9G2-treated CrCcrk tumour-
bearing mice (p<0.01; figure 7H). FACS analysis revealed significant reduction in the
percentages of tumour-infiltrating PMN-MDSCs and M-MDSCs from mice receiving the
co-blockade (p<0.001 and p<0.05, respectively; figure 71), which were accompanied by
markedly increased cytotoxic IFN-y* TNF-a*CD8" T cells (p<0.01; figure 7J). Moreover, a
similar immunophenotype pattern was observed in the liver of the co-blockade-treated mice
(online supplementary figure 8B-D). These findings demonstrate that targeted inhibition of
Ccrk enhances the efficacy of anti-PD-L1 in HCC via abrogation of MDSC
immunosuppression.

DISCUSSION

Accumulating evidence from preclinical and clinical studies suggests that the tumour
microenvironment, especially the immunosuppressive myeloid cells,36-38 represents the
Achilles’ heel of cancer immunotherapy.*-% As MDSCs have emerged as a major barrier of
antitumour immunity in human HCCs,7-20 understanding the mechanisms of MDSC
accumulation and functions will guide rational design of combination therapies. Here we
report a hepatocellular CCRK/EZH2/NF-xB/IL-6 signalling that mitigates antitumour T cell
responses by induction of MDSC immunosuppression. Corroborating evidence from the
liver-specific CCRK TG model revealed a specific expansion and recruitment of PMN-
MDSCs with potent T cell-suppressive activity. Functional analyses by genome editing,
liver-targeted nanoparticle and adoptive transfer in orthotopic HCC model further showed
that inhibiting the hepatoma Ccrk-1L-6 signalling circumvents MDSC-mediated IFN-y*
TNF-a*CD8* T cell exhaustion, leading to a dramatic reduction in tumorigenicity. More
importantly, tumorous Ccrk depletion improves the efficacy of anti-PD-L1 therapy to
unleash greater cytotoxic T cell responses for large hepatoma eradication. Taken together,
our results underscore an instrumental role of tumour-intrinsic CCRK signalling in fostering
HCC immune evasion (figure 8).

The androgen/AR-activated CCRK signalling has been regarded as a key pathway
contributing to the male predominance of human HCC.3940 |n this study, we have discovered
a non-cell-autonomous protumorigenic function of CCRK in driving the expansion of
MDSCs via NF-xB-mediated production of IL-6. This tumour-promoting cytokine, which
could also be produced by the liver-resident macrophages, Kupffer cells, during acute liver
damage and inflammation,*! is crucial for hepatocellular proliferation and malignant
progression.*2 Interestingly, oestrogen levels in female mice could effectively suppress NF-
xB-dependent IL-6 production from Kupffer cells, thus inhibiting chemically induced
hepatocarcinogenesis.*3 These findings unveil a complex interplay between sex hormone
signalling and innate immune system during HCC development, which would need further
investigation into the gender difference of immunity.244 In addition, we found that majority
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of the liver-infiltrating and tumour-infiltrating MDSCs produced IL-6, which may promote
further MDSC accumulation, and feed back induced tumour cell-intrinsic CCRK signalling
via signal transducer and activator of transcription 3 activation to form a vicious cycle (data
not shown). Liver-specific IL-6 trapping in our orthotopic HCC model dramatically
diminished tumorigenicity partially via reduced MDSC immunosuppression and increased
cytotoxic CD8* T cell activity, further highlighting the importance of CCRK/IL-6 signalling
in the immune regulation of hepatocarcinogenesis.

Our group has previously reported that dual GSK-3p and AKT phosphorylation by CCRK
regulates the transcription and phosphorylation of EZH2,27 which in turn upregulates a p-
catenin/AR cascade to transactivate CCRKZ226 to constitute a vicious epigenetic circuitry in
HCC.27 In addition to CCRK, at least three components of this circuitry have been recently
shown to exert tumour-immune escape functions. First, melanoma-cell-intrinsic p-catenin
signalling contributes to T cell exclusion from tumour microenvironment via suppression of
dendritic cell (DC) recruitment.#> Besides, EZH2-mediated epigenetic silencing of T helper
1-type chemokines, CXCL9and CXCL 10, restrains intratumorous effector T cell infiltration
to enhance ovarian cancer progression.® More recently, the AKT-mechanistic target of
rapamycin signalling has been shown to drive granulocytic MDSC accumulation to promote
mammary carcinogenesis.*’ Taken together, these findings suggest that the self-reinforcing
CCRK circuitry may orchestrate the establishment of immunosuppressive tumour
microenvironment by enriching protumorigenic MDSCs and excluding antitumour DCs and
effector T cells. This notion is supported by the marked increase in intratumorous IFN-y
*TNF-a*CD8" T cell infiltration in Ccrk-depleted tumours, which provides proof of concept
for the development of CCRK inhibitors to overcome tumour-mediated immunosuppression.

Immunotherapy targeting the immune checkpoint inhibitors has been approved for the
treatment of an expanding list of cancers.4-8 Clinical trials of PD-L1/PD-1 antibodies in
HCC have also shown favourable results,”~2 however, the response rates (~20%) appear to
be much lower than that of the immunogenic tumours such as melanoma and Hodgkin’s
lymphoma (~40%-90%), which are characterised by higher tumorous PD-L1 expression,
intratumorous CD8* T cell level, and less immunosuppressive microenvironment in most
responding patients.#-8 These clinical observations underscore the compelling need to
reverse the non-immunogenic liver tumour microenvironment for better therapeutic
responses to checkpoint therapy. Notably, we found that tumorous Ccrk depletion increased
PD-L1 expression, intratumorous effector T cells and reduced MDSC immunosuppression,
thus presumably rendering the tumour more susceptible to PD-L1 blockade.4-61314 |ndeed,
data from our preclinical HCC model showed that co-blockade of Ccrkand PD-L1
engendered potent IFN-y*TNF-a*CD8" T cell responses to induce complete remission in
40% of the tumour-bearing mice. The mechanism underlying PD-L1 upregulation in Ccrk-
depleted hepatoma is currently unknown. One possibility is that the activated T cells release
type | and type 11 IFN to stimulate de novo PD-L1 expression,> which will need further
elucidation.

Our clinical data demonstrated that CD11b*CD33*HLA-DR™ MDSCs are elevated in both
peripheral blood and intratumorous tissues of patients with HCC and potently inhibit CD8*
T cell proliferation. Moreover, concordant overexpression of CCRK and T cell-suppressive
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MDSC markers is significantly associated with poorer patient survival. Nevertheless, the
current study is limited by the availability of fresh patient samples for immune profiling.
More clinical samples, especially female HCCs, will be required to elucidate whether
CCRK-mediated MDSC expansion and recruitment is similar among the genders. Elevated
circulating levels of CD11b*CD33"HLA-DR~ MDSCs in patients with advanced melanoma
have been shown to significantly correlate with poor responsiveness to anti-CTLA4 therapy.
48 Besides its predictive value for treatment response, these findings further vindicate the
therapeutic potential of targeting MDSC to empower cancer immunotherapy.36-38 Taken
together with the multiple facets of CCRK in promoting hepatic carcinogenesis?>~27 and the
rapid development of selective CDK inhibitors for cancer therapy,2324 this study provides
the rationale for targeting the druggable CCRK to augment immunotherapy of HCC.
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Significance of this study

What is already known on this subject?

Recent clinical trials have demonstrated that inhibition of immunoregulatory
checkpoints such as the programmed death-1-ligand 1 (PD-L1)/programmed
cell death receptor 1 axis, which elicits antitumour T cell responses in a broad
spectrum of cancers, has produced durable efficacy in a fraction of patients
with advanced hepatocellular carcinoma (HCC).

The heterogeneous responses to immune-checkpoint blockade therapy are
attributable to the complex interplay between a range of cancer cell
autonomous cues and the tumour microenvironment, in particular through
myeloid-derived suppressor cell (MDSC) immunosuppression.

The latest cyclin-dependent kinase family member, cell cycle-related kinase
(CCRK), is a new HCC oncogene that activates multiple protumorigenic
signalling pathways.

What are the new findings?

Concordant overexpression of CCRK, interleukin (IL) 6 and MDSC markers
correlates with poor prognosis of patients with HCC.

Tumour-intrinsic CCRK mitigates antitumour T cell responses by expanding
MDSCs via an enhancer of zeste homolog 2/nuclear factor-xB/IL-6 cascade.

Targeting tumorous Ccrk signalling diminishes MDSC-mediated
immunosuppression to inhibit HCC tumorigenicity.

Tumorous Ccrk depletion upregulates PD-L1 expression and increases
intratumorous effector T cells, which improve anti-PD-L1 therapy for large
hepatoma eradication.

How might it impact on clinical practice in the foreseeable future?

These findings elucidate a novel therapeutic kinase target in HCC that shapes
the immunosuppressive microenvironment to blunt antitumour immune
responses.

Our results suggest that co-blockade of CCRK and PD-L1 represents a
rational development of combination immunotherapy for patients with HCC.
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Cell cycle-related kinase (CCRK) overexpression in human hepatocellular carcinomas
(HCCs) correlates with immunosuppressive CD11b*CD33*HLA DR~ myeloid-derived

suppressor cell (MDSC) accumulation and poor patient survivals. (A) Representative CD11b

*HLA-DR™ MDSCs dot plots are shown in blood, non-tumour and tumour tissues from

patients with HCC and healthy controls following a leucocytes gate (CD45%). Cells stained
by isotype antibody were used as fluorescence baseline control. CD33 expression in CD11b

*HLA-DR™ cells were further analysed and presented in 26 patients with HCC and 12

healthy donors. (B) Corresponding CD3*CD8" T cell proportions in CD45* leucocytes were
determined. *, p<0.05; **, p<0.01; ***, p<0.001. (C) Representative pictures of CD11b and
CD8 immunohistochemical staining in tumours of patients with HCC are shown (x100
magnification). The association between CD11b and CD8 scores is shown in 33 patients
with HCC. (D) Autologous T cell proliferation assay. The percentage of carboxyfluorescein

succinimidyl ester (CFSE)!®W population represents the proportion of proliferating

CD3*CD8* T cells. Representative flow cytometry data and a statistical diagram are shown.
(E) The mRNA level of MDSC markers CD11b6, CD33and CCRK relative to GAPDH was
measured by quantitative reverse transcription-PCR. Correlations among CD11b6, CD33and
CCRK in 122 HCC tumour and paired nontumour tissues as well as 8 normal liver tissues
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were denoted with Pearson’s correlation coefficients (r). (F) Kaplan-Meier overall survival
and (G) disease-free survival curves of patients with HCC with high (n=41) and low (n=61)
expressions (stratified by median) of CD11b6, CD33and CCRK mRNAs.
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Figure 2.
Hepatocellular cell cycle-related kinase (CCRK) induces T cell-suppressive myeloid-derived

suppressor cell (MDSC) expansion from human peripheral blood mononuclear cells
(PBMCs). (A) Immunoblot analysis of CCRK in LO2 and Sk-Hep1 cells expressing wild
type (WT) or kinase-defective (KD) CCRK compared with pcDNA3.1 vector control. p-
actin was used as loading control. (B) The percentages of CD11b*CD33*HLADR™ MDSCs
in PMBCs treated with conditional medium from vector, WT or KD CCRK-expressing L02
and Sk-Hep1 cells. (C) The percentages of CFSE!W proliferated CD3* T cells and (D)
interferon iy (IFN-vy) production levels on co-culture with the stimulated PMBCs as
described in (B) were presented by histogram and bar charts, respectively. (E) Immunoblot
analysis in Huh7 and PLCS5 cells with or without short-interfering RNA (siRNA)-mediated
CCRK knockdown. (F) The percentages of CD11b*CD33*HLA-DR™ MDSCs, (G) CFSE!ow
proliferated CD3* T cells and (H) IFN-y levels in the control and CCRK knockdown groups
are shown. The data represent at least five independent experiments. *, p<0.05; **, p<0.01.
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Hepatocellular cell cycle-related kinase (CCRK) induces myeloid-derived suppressor cell
(MDSC) expansion through IL-6 production. (A) Quantitative reverse transcription-PCR
(QRT-PCR) and (B) ELISA analyses of /-6 mMRNA and protein levels, respectively, in LO2
and Sk-Hep1 cells expressing wild type (WT) or kinase-defective (KD) CCRK compared
with pcDNAS3.1 vector control. The mRNA and supernatants were collected at 24 hours and
72 hours post-transfection, respectively. (C) The percentages of CD11b*CD33*HLA-DR™
MDSCs in PMBCs treated with conditional medium from vector, WT CCRK-expressing
L02 and Sk-Hepl cells with or without IL-6 neutralisation antibody (Nab; 100 ng/mL). (D)
The percentages of CFSE!'®W proliferated CD3* T cells on co-culture with the stimulated
PMBCs as described in (C) were presented in bar charts. (E) qRT-PCR and (F) ELISA
analyses of /L-6 mRNA and protein levels, respectively, in Huh7 and PLC5 cells with or
without short-interfering RNA (siRNA)-mediated knockdown of CCRK. The mRNA and
supernatants were collected at 24 hours and 72 hours post-transfection, respectively. (G) The
percentages of CD11b*CD33"HLA-DR™ MDSCs in PMBCs treated with conditional
medium from CCRK-knockdown Huh7 and PLC5 cells with or without recombinant IL-6
protein (100 ng/mL). (H) The percentages of CFSE!W proliferated CD3* T cells on co-
culture with the stimulated PMBCs as described in (G) were presented in bar charts. The
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data represent at least five independent experiments. (I-K) The /L-6 mMRNA level relative to
GAPDH was measured by gRT-PCR. Correlations among (I) /L-6and CCRK, (J) CD11b
and /L-6, and (K) CD33and /L-6in 122 hepatocellular carcinoma (HCC) tumour and paired
non-tumour tissues as well as eight normal liver tissues were denoted with Pearson’s
correlation coefficients (r). (L) Serum IL-6 concentrations in 41 patients with HCC and 10
healthy donors were measured by ELISA. *, p<0.05; **, p<0.01.
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Hepatocellular cell cycle-related kinase (CCRK) activates enhancer of zeste homologue 2
(EZH2)-nuclear factor-xB (NF-xB) signalling pathway to stimulate IL-6 production. (A)
Immunoblot analysis of phosphorylated p65 (Ser536), p65 and p50 in LO2 and Sk-Hepl
cells expressing wild type (WT) or kinase-defective (KD) CCRK compared with pcDNA3.1
vector control. B-actin was used as loading control. (B) Quantitative reverse transcription-
PCR (gRT-PCR) and ELISA analysis of /L-6 mMRNA and protein, respectively, in control or
WT CCRK-expressing LO2 and Sk-Hep1l cells with or without treatment with JSH-23 (10
uUM). (C) Immunoblot of CCRK, EZH2, phosphorylated p65 (Ser536), p65 and p50, (D)
gRT-PCR and ELISA analyses of /L-6 mRNA and protein, respectively, in control and WT
CCRK-expressing LO2 and Sk-Hep1 cells with or without short-interfering RNA (siRNA)-
mediated knockdown of EZH2. (E) Immunoblot of CCRK, EZH2, phosphorylated p65

(Ser536), p65 and p50, (F) gRT-PCR and ELISA analyses of /L-6 mRNA and protein,

respectively, in Huh7 and PLC5 cells co-transfected with siCtrl or siCCRK and EZH2 or
empty vector. The data represent at least five independent experiments. (G) Co-
immunoprecipitation(IP) of EZH2 and p-p655€r3% in control and WT CCRK-expressing
LO2 and Sk-Hep1 cells, followed by immunoblot analysis of EZH2 and p-p655¢336, |gG
represents a control antibody used for IPs. (H) Quantitative chromatin immunoprecipitation-
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PCR (qChIP-PCR) analyses of EZH2 and p65 on /L-6 promoter in control and WT CCRK-
expressing LO2 cells. The data represent at least three independent experiments. *, p<0.05;
** p<0.01; *** p<0.001. (I) Representative immunoblot analysis of CCRK, EZH2 and p-
p655€r536 in human normal liver (NL), matched non-tumour (N) and tumour (T) tissues from
two patients with hepatocellular carcinoma (HCC). p-actin was used as loading control.
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Figure 5.
Liver-specific cell cycle-related kinase (CCRK) expression selectively enhances

polymorphonuclear (PMN)-myeloid-derived suppressor cell (MDSC) accumulation and T
cell suppression in transgenic (TG) mice. (A) CCRK expression was induced by tamoxifen
in transferrin promoter (p77)-LSL-CCRK/+, Rosa26CreERZ/+ (TG) mice. Immunoblot
analysis of CCRK, enhancer of zeste homologue 2 (EZH2) and phosphorylated p65 (Ser536)
in liver tissues harvested from Rosa26CreERt2/+ (control) and CCRK TG mice at 10 days
post-tamoxifen injection. B-actin was used as loading control. (B) IL-6 levels in CD45~ liver
cells and (c) serum of control and CCRK TG mice were determined by flow cytometry and
ELISA, respectively. (D) Primary hepatocytes isolated from control and TG mice were
infected by Cre-expressing adenovirus to induce CCRK expression. Immunoblot analysis of
CCRK, EZH2 and phosphorylated p65 (Ser536) in hepatocytes at 4 days postinfection. (E)
Representative flow cytometry dot plots of CD11b*Gr-1*Ly6G*Ly6C"PMN-MDSCs in
control and TG mouse blood CD45* cells. (F) The proportions of PMN-MDSC, monocytic
(M)-MDSC and macrophage were measured in peripheral blood mononuclear cells
(PBMCs) isolated from male mouse blood at 30 days post-tamoxifen injection. (G) The
representative flow cytometry dot plots of CD11b*Gr-1*Ly6G*Ly6C"PMN-MDSCs and
(H) the myeloid cell proportions in the livers of control and TG mice are shown. The data
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contain two independent sets of control and TG mice (n=6). (I) CD11b*Gr-1*Ly6G
*Ly6CINPMN-MDSCs were sorted from control and TG mice blood or (J) liver, followed by
co-culture with CFSE-labelled splenic CD3* T cells from Balb/c mice at the ratio of 1:1 in
the presence of phorbol 12-myristate 13-acetate (50 ng/mL) and ionomycin (500 ng/mL) for
3 days. CFSE!W proportion in CD3* T cells was measured by flow cytometry (n=3). *,
p<0.05; **, p<0.01.
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Figure 6.
Cell cycle-related kinase (Ccrk)/IL-6 signalling promotes tumour growth via inducing

polymorphonuclear (PMN)-myeloid-derived suppressor cells (MDSCs) in orthotopic
hepatocellular carcinoma (HCC) model. (A) Immunoblot of Ccrk, Ezh2, phosphorylated p65
(Ser536) and (B) ELISA analyses of 1L-6 production in CRISPR/Cas9-derived control
(CrCitrl) and Ccrk-depleted (CrCcrk) Hepal-6 murine hepatoma cells. B-actin was used as
loading control. (C) Tumorous IL-6 expression was determined by mean fluorescence
intensity (MFI) of intracellular IL-6 in CD45™ tumour cells. (D) Representative morphology
and luciferase images of livers. The average tumour size determined by luminescence
intensity of region of interest (ROI) in the three groups are shown. (E) The percentages of
CD11b*Gr-1*Ly6G*Ly6CI" PMN-MDSCs and (F) Interferon iy (IFN-y)* tumour necrosis
factor (TNF)-a*CD8* T cells in tumour-infiltrating CD45*leucocytes were measured by
flow cytometry. (G) Hepatic IL-6 depletion in the orthotopic HCC model using lipid/
calcium/phosphate (LCP) nano particles encapsulating IL-6 protein trap (plL-6-trap) or
green fluorescent protein control (pGFP) control plasmid. ELISA analysis of 1L-6
concentration in liver tissue lysates of the pGFP and plL-6-trap groups. (H) Representative
morphology and luciferase images of livers in both groups are shown. The average tumour
size was determined by luminescence intensity of ROI. (1) The percentages of CD11b
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*Gr-1*Ly6G*Ly6CI" PMN-MDSCs and (J) IFN-y* TNF-a*CD8" T cells in tumour-
infiltrating CD45™ leucocytes were measured by flow cytometry. *, p<0.05; **, p<0.01; ***,
p<0.001.
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Figure 7.

In?ﬂbition of tumorous cell cycle-related kinase (Ccrk) enhances the efficacy of
antiprogrammed death-1-ligand-1 (PD-L1) therapy to eradicate large hepatoma. (A)
Schematic diagram of the orthotopic hepatocellular carcinoma (HCC) model via direct
intrahepatic Hepal-6 cell injection, generating large hepatoma in vivo. (B) IL-6 levels of
CD45~CrCtrl and CrCcrk tumour cells were determined by flow cytometry and (C) depicted
as maximum fluorescence intensity (MFI) in the bar chart. (D) PD-L1 expressions on
CD45~CrCtrl and CrCcrk tumour cells were determined by flow cytometry and (E) depicted
as percentage of PD-L1* tumour cells in the bar chart. (F) The proportions of CD8* T cells
in tumour-infiltrating CD45* leucocytes were measured by flow cytometry. (G) Single or
combined blockade of Ccrkand PD-LL1 in the large hepatoma model using CrCtrl or CrCcrk
Hepal-6 cells and rat IgG2b control (LTF-2) or anti-PD-L1 antibody (10F.9G2),
respectively. The antibodies were intraperitoneally injected (200 pg/each) at 6 days, 11 days
and 16 days post-tumour cell intrahepatic injection. Mice were sacrificed after 28 days for
blood/liver/tumour sample collections (n>6 per group). (H) Representative images of livers
in the four groups are shown. The average tumour weight was determined. (1) Representative
flow cytometry dot plots and the percentages of CD11b*Gr-1*Ly6G*Ly6C"
polymorphonuclear (PMN)-myeloid-derived suppressor cells (MDSCs), CD11b*Gr-1*Ly6G
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~Ly6C* monocytic (M)-MDSCs and (J) Interferon iy (IFN-y)* tumour necrosis factor
(TNF)-a*CD8* T cells in tumourinfiltrating CD45* cells were measured (n=6). CrCtrl, Ccrk
control. *, p<0.05; **, p<0.01; ***, p<0.001.
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Figure 8.
Schematic representation of the hepatoma-intrinsic cell cycle-related kinase (CCRK)

signalling in hepatocellular carcinoma (HCC) immune evasion. Therapeutic co-blockade of
CCRK and programmed death-1-ligand 1 (PD-L1) would simultaneously inhibit myeloid-
derived suppressor cell (MDSC) accumulation and engender polyfunctional CD8* T cell
responses in the tumour environment, resulting in eradication of HCC. ARG-I, arginase-I;
EZH2, enhancer of zeste homologue 2; IFN-y, interferon y; PD-1, programmed cell death
receptor 1; TNF-a, tumour necrosis factor a.
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