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Myeloid-intrinsic cell cycle-related kinase
drives immunosuppression to promote tumorigenesis

Jingying Zhou,"” Huanyu Wang,"” Ting Shu," Jing Wang,' Weigin Yang,' Jingging Li,' Lipeng Ding," Man Liu,”
Hanyong Sun,® John Wong,* Paul Bo-san Lai,* Shun-Wa Tsang,” Simon E. Ward,® King-Lau Chow,”
Joseph Jao-yiu Sung,’® and Alfred Sze-Lok Cheng'10.*

SUMMARY

Massive expansion of immature and suppressive myeloid cells is a common feature of malignant solid tu-
mors. Over-expression of cyclin-dependent kinase 20, also known as cell cycle-related kinase (CCRK), in
hepatocellular carcinoma (HCC) correlates with reduced patient survival and low immunotherapy respon-
siveness. Beyond tumor-intrinsic oncogenicity, here we demonstrated that CCRK is upregulated in
myeloid cells in tumor-bearing mice and in patients with HCC. Intratumoral injection of Ccrk-knockdown
myeloid-derived suppressor cells (MDSCs) increased tumor-infiltrating CD8*T cells and suppressed HCC
tumorigenicity. Using an indel mutant transgenic model, we showed that Ccrkinactivation in myeloid cells
conferred a mature phenotype with elevated IL-12 production, driving Th1 responses and CD8"T cell cyto-
toxicity to reduce orthotopic tumor growth and prolong survival. Mechanistically, CCRK activates STAT3/
E4BP4 signaling in MDSCs to acquire immunosuppressive activity through transcriptional IL-10 induction
and IL-12 suppression. Taken together, our findings unravel mechanistic insights into MDSC-mediated
immunosuppression and offer a therapeutic kinase-target for cancer immunotherapy.

INTRODUCTION

The critical role of myeloid cells in regulating anti-tumor immune responses and tumor progression is well established.” Substantial expansion
of immature and immunosuppressive myeloid cells like myeloid-derived suppressor cells (MDSCs) is one of the common and important clin-
ically relevant features of various cancers.' Taking hepatocellular carcinoma (HCC) as an example, accumulating evidence has demonstrated
that MDSC accumulation, both CD15" polymorphonuclear (PMN) and CD14" monocytic (M)-MDSC subtypes in peripheral blood or tumor
tissues, associates with poor prognosis and immunotherapy resistance in patients.3’5 Therapies that target MDSC to relieve immune suppres-
sion therefore represent promising strategies to better control HCC.

There are various ongoing preclinical and clinical studies on developing MDSC-targeting therapies, including targeting tumor-secreted
growth factors, counteracting the suppressive activity of MDSCs, or driving differentiation of these immature myeloid cells into antigen pre-
sentation cells (APCs), which are crucial for T cell priming and activation.' For example, celecoxib, which can block the immunosuppressive
arginase-l (ARG-I) expression in MDSC, was shown to reduce tumor progression in AB1 mesothelioma and 3LL lung carcinoma mouse
models.®” In addition, drugs that induce MDSC differentiation into mature APCs, like all-trans-retinoic acid (ATRA), an FDA-approved stan-
dard-of-care treatment for acute promyelocytic leukemia (APL), could induce macrophage and dendritic cell (DC) differentiation via binding
to RA receptor alpha (RAR) and triggering downstream transcriptional reprogramming.® Moreover, similar differentiation effects could be
observed by chemotherapeutic agent treatment on in vitro-generated MDSCs.” However, most evidence of therapeutic targeting of
MDSCs in human comes from secondary observations in patients undergoing standard or experimental therapies.'” Therefore, understand-
ing the transcriptional regulatory mechanisms of MDSC identity will be essential to develop methods for specific therapeutic targeting.

One of the major transcriptional regulatory factors that drive MDSC expansion and immunosuppressive function in cancer is signal-trans-
ducer-and-activator-of-transcription 3 (STAT3)."""'? STAT3 is critically important for cell proliferation, survival, and motility, which is activated
by phosphorylation at Tyr 705 or Ser 727."° Ablation of STAT3 expression, using conditional knockout mice or selective STAT3 inhibitors, is
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reported to markedly reduce the expansion of MDSC and increased T cell responses in tumor-bearing mice.'” Mechanistically, STAT3 can
upregulate ARG-/ transcription by binding to its promoter region in MDSCs isolated from tumor-bearing mice as well as cancer patients."’
In addition, activation of myeloid STAT3 prevents the differentiation of immature myeloid cells into mature DCs and macrophages system-
ically or in the tumor microenvironment (TME)."*"* Furthermore, a phase Ib trial (NCT01563302) revealed that systemic administration of
AZD9150, an antisense oligonucleotide inhibitor of STAT3, reduced the levels of peripheral PMN-MDSCs in patients with diffuse large B
cell lymphoma (DLBCL),"” and is now in a phase Il clinical trial in combination with immune checkpoint inhibitors (ICls) in patients with
advanced solid tumors and metastatic squamous cell carcinoma of the head and neck (NCT02499328). However, MDSC targeting via abol-
ishing STAT3 signaling was also reported to cause side effects like hyper-IgE syndrome in some patients, which is likely related to the phys-
iological function of STAT3 in other cell types.'®

Cyclin-dependent kinases (CDKs), fundamental drivers of cell cycle and function in various DNA damage responses, have long been re-
garded as promising therapeutic targets in cancer.” Further studies also pinpointed the essential roles of CDKs in the transcriptional control
of immune cells.'® For example, CDK2 and CDK4/6 are highly expressed in T cells, which are associated with the activation of Treg and sup-
pression of memory CD8'T cell formation, respectively.'”" In addition, CDK7 and CDK9 could specifically regulate neutrophil transcription
and survival.”” We have uncovered that the latest CDK family member, CDK20 or cell cycle-related kinase (CCRK), is a signaling hub that is over-
expressed in hepatoma cells and functions in promoting HCC development and liver metastasis.”***> Deletion of hepatoma Ccrk suppresses
tumor-intrinsic oncogenic pathway and reduces HCC proliferation, and disrupts the cross-talk between tumor and MDSCs in TME, which in turn
lead to tumor suppression and better therapeutic efficacy of anti-programmed death 1 (PD1)/PD1-ligand 1 (PD-L1) antibody in vivo."*>?* Here,
we further identified a tumor-induced CCRK upregulation in myeloid cells as a key player for cancer immune escape. Inhibition of myeloid CCRK
could therefore overcome tumor immunosuppression and re-invigorate adaptive anti-tumor immunity to control HCC progression.

RESULT
CCRK is selectively upregulated in myeloid cells from tumor-bearing mice and patients with HCC

To explore the expression pattern of CCRK in immune cells, we isolated CD45"leukocytes and sorted the CD19*B cells, CD3"T cells, NK1.1*
natural killer (NK) cells, and CD11b*myeloid cells from the spleen of naive C57BL/6 mice, or the spleen and tumor of C57BL/6 mice subcu-
taneously inoculated with a hepatoma RIL-175 cell line (Figure 1A).?” Of note, no CCRK expression was observed in all the major immune cells
from naive mouse splenocytes (Figure 1A). In comparison, a selective upregulation of CCRK expression in myeloid cells from both splenocytes
and tumor-infiltrating leukocytes (TILs) was detected in tumor-bearing mice (Figure 1A), suggesting a potential effect of tumor-derived factors
in CCRK upregulation. When we further sorted myeloid cells into CD11b*Gr-1"MDSCs and CD11b*Gr-1"ones which contained CD11¢"DCs
and F4/80*macrophages, we found that CCRK showed significantly higher expressions in CD11b*Gr-1"MDSCs from both splenocytes and
TILs (Figure 1B). To determine whether CCRK upregulation in myeloid cells from tumor-bearing host is translatable into the human context,
CD11b*CD33"myeloid cells were then sorted from peripheral blood mononuclear cells (PBMCs), liver and tumor tissues of patients with HCC.
CD11b*CD33"myeloid cells sorted from healthy donor (HD) PBMCs were served as control. By quantitative RT-PCR (qRT-PCR), we observed a
consistent upregulation of CCRK mRNA expression in myeloid cells from patients with HCC compared to HD controls (p < 0.05; Figure 1C).
Taken together, we found that CCRK is selectively upregulated in myeloid cells from tumor-bearing hosts. Since massive expansion of tumor-
associated myeloid cells contributes to tumor immune escape and progression, we next explored the functional significance of this aberrant
myeloid CCRK upregulation in vivo.

Ccrk expression maintains the immature status of MDSCs to support tumor growth in vivo

To explore the functional significance of Ccrk expression in myeloid cell-mediated immunosuppression and tumor growth, a myeloid cell-
competent lentivirus backbone that packed with GFP-expressing short hairpin RNA (shRNA) was introduced.” Since CCRK expression
was significantly higher in CD11b"Gr-1"MDSCs in tumor-bearing mice (Figure 1B), we adopted an in vitro protocol to generate MDSCs
from bone marrows (BMs) by mouse recombinant IL-6 and granulocyte-macrophage colony-stimulating factor (GM-CSF). Red-fluorescence
protein (RFP)*/* transgenic mice were used as BM source for in vivo cell tracking” (Figure 2A). Compared to naive immature myeloid cells
(IMCs), we first confirmed that BM-MDSCs showed remarkable upregulation of CCRK, as well as of typical MDSC markers p-STAT3™7%
and ARG-I (Figures S1A and S1B). We then used the myeloid cell-competent lentivirus packed with shRNA against Cerk®® (LV-shCecrk) to
knockdown Ccrk expressions in these RFP*BM-MDSCs (Figure 2A). Interestingly, compared to shCtrl control (LV-shCtrl), LV-shCcrk not
only successfully reduced CCRK expression, but also significantly downregulated p-STAT3™7% and ARG-I in BM-MDSCs (Figure 2A). These
data suggested that CCRK might regulate the STAT3 pathway and control MDSC immunosuppression. Thus, we further sorted these lenti-
virus-shCtrl or -shCcrk infected GFP*RFP*MDSCs by fluorescence-activated cell sorting (FACS) and then intratumorally injected into the left
or right subcutaneous tumors of the same recipient C57BL/6 mouse at day é post tumor inoculation (Figure 3A). Of note, the subcutaneous
tumor growth rate as well as endpoint tumor weight were significantly reduced in MDSC-shCcrk-injected tumors compared to those injected
with MDSC-shCtrl (p < 0.05; Figures 2B and 2C), accompanied with increased CD8"T cell numbers (p < 0.05; Figure 2D). To further study how
does CCRK regulate MDSC immature status, we analyzed the myeloid cell proportions in the RFP* cells at 24 h post adoptive transfer in naive
C57BL/6 mice (Figure 2A). Interestingly, we observed an alteration of RFP* adoptive transferred cell components from MDSC-shCcrk injected
mice, with decreased percentages of CD11b"Gr-17Ly6G*Ly6C™PMN-MDSCs, but increased proportions of F4/80"CD11c™ macrophages
when compared to MDSC-shCtrlinjected mice (p < 0.05; Figures 2E and 2F). In parallel, these F4/80"CD11¢™ cells also displayed upregulated
CD86 and CD80 when Ccrk was knocked down (p < 0.05; Figure 2G), suggesting that knockdown of Ccrk might induce MDSC differentiation
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Figure 1. CCRK is upregulated and selectively expressed in myeloid cells from tumor-bearing mice and patients with HCC

(A) Representative flow cytometry dot plots of CD19"B cells, CD3™T cells, CD11b" myeloid cells, and NK1.1*NK cells in splenocytes of naive mice, splenocytes and
tumor infiltrating leukocytes (TILs) of RIL-175 tumor-bearing mice. These cells were sorted by FACS and used to detect CCRK expression by western blot. (n > 3).
(B) Representative flow cytometry dot plots of CD11b*Gr-1"MDSCs and CD11b"Gr-1"myeloid cells from splenocytes and TILs of RIL-175 tumor-bearing mice.
CCRK expression was measured by western blot. B-tubulin was served as loading control. Representative data from at least three independent experiments are
shown. (n > 3).

(C) CD11b*CD33*myeloid cells sorted from the peripheral blood mononuclear cells (PBMCs) of healthy donors (HD), PBMCs, adjacent non-tumor (NT), and
tumor (T) tissues of HCC patients for the measurement of CCRK mRNA expression (relative to GAPDH) by gqRT-PCR. (n > 5). *p < 0.05.

into mature macrophage-like cells. Next, we generated a Ccrk knockdown RIL-175 stable line to exclude the possible effect of tumoral CCRK
expression in this setting (Figure S2A). Although the growth rate of RIL-shCcrk tumors was impaired compared to wild-type (WT) RIL-175,
MDSC-shCcrk-injected tumors consistently showed slower tumor growth rate as well as decreased endpoint tumor weights compared to
those injected with MDSC-shCtrl (Figures S2B and S2C). Taken together, our findings demonstrated that CCRK maintained the immature sta-
tus and tumor supportive functions of MDSCs, independent of tumoral CCRK expression in vivo.

Inactivation of myeloid Ccrk leads to the remodeling of immunosuppressive TME and tumor suppression in Ccrkde/indel
transgenic mouse model

To further confirm the roles of myeloid Ccrk in orthotopic tumor progression, we constructed a host Ccrk inactivated transgenic (TG) mouse
strain (Figure 3A). As an essential kinase needed for embryonic development, knockout of the whole Ccrk gene resulted in miscarriage.”’
Therefore, we adopted the CRISPR/Cas? platform by injecting the CRISPR-Cas? mRNA and Ccrk sgRNA into the zygotes of WT C57BL/6
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Figure 2. Ccrk expression maintains the immature status of MDSCs to support tumor growth in vivo

(A) Schematic diagram. MDSCs were generated from naive RFP**mouse bone marrows (BMs), treated with IL-6/GM-CSF for four days, and infected with
lentivirus (LV)-based shCtrl-GFP or shCcrk-GFP (1 MOI) for 48 h. The success of virus infection, sorting purifies and expressions of CCRK, p—STAT3Ty'705,
E4BP4, and ARG-I were confirmed by fluorescent-microscope or western blot, respectively, in FACS sorted RFP*GFP*MDSCs at 48-h post infection. B-actin
was served as loading control. 2¥10° purified MDSCs were then intratumorally injected into the left or right subcutaneous tumors of the same RIL-175-
bearing mouse at day 6 post tumor inoculation for tumor growth analysis.

(B) Tumor sizes were measured by caliper every two days and expressed as ¥2*(length*width?).

(C and D) (C) Tumor weights, and (D) the absolute numbers of tumor-infiltrating CD8"T cells were measured at the endpoint (n = 6).

(E and F) (E) Blood was collected at 24-h post 2¥10¢ RFP*GFP*MDSCs adoptive transfer in naive C57BL/6 mice for MDSC phenotype analysis in vivo. The
representative flow cytometry dot plots and proportions of CD11b*Gr-1*Ly6G*Ly6C™PMN-MDSCs as well as (F) F4/80"CD11c'macrophages in RFP*
adoptive transferred cells are shown.

(G) The expressions of CD86 and CD80 on F4/80"CD11c’ macrophages are shown in overlay histograms and bar charts. (n = 5). Data are presented as mean + SD.
*p < 0.05. **p < 0.01.

See also Figures S1 and S2.

mouse, aiming at inducing nucleotide deletion or insertion in exons 1 and 3 of Ccrk locus, respectively. We then successfully generated a TG
mouse strain carrying a homozygous Ccrk indel mutant (Ccrkindel/indely with an insertion of ATC (encode amino acid Isoleucine (Ile)) into Ccrk
exon 3, the site between ¢.219 and ¢.220 (Figure 3A). As expected, CCRK expression was consistently upregulated by orthotopic RIL-175 inoc-
ulation in the BMs from Ccrk"@e"in9e! 3nd age-matched WT C57BL/6 mice but exhibited defective downstream p-STAT3™7% expression (Fig-
ure 3B). To study if Cerk™e¥inde! mice displayed impaired CCRK function in myeloid cells, we first repeated the MDSC-adoptive transfer exper-
iment in a subcutaneous tumor model using BMs from WT and Cerk"@in¥e! mice. To this end, C57BL/6 mice were inoculated by Hepal-6
murine hepatoma stable cells with Ccrk-knockout (CrCerk) generated by CRISPR/Cas9” and then intratumorally injected with BM-MDSCs
from WT or Cerk™e¥indel mice described previously (Figure S3A). Of note, slower tumor growth rate as well as decreased endpoint tumor
weights were observed in Hepal-6-CrCcrk tumors receiving BM-MDSCs from Ccrk™@/n%! mice compared WT ones (p < 0.07;
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Figure 3. Inactivation of myeloid Ccrk reduces HCC progression by remodeling tumor microenvironment in orthotopic HCC mouse model
(A) DNA sequence of Ccrk'”devmde/transgenic (TG) mouse. An ATC (encodes amino acid lle) insertion in Ccrk exon 3 between ¢.219 and ¢.220 was generated in

C57BL/6 mouse and confirmed by DNA sequencing.

(B) The expressions of CCRK, p—STAT3TV'705, STAT3 and E4BP4 in BMs of naive and RIL-175-tumor bearing wild-type (WT) and Cerkindel/indel nice were detected by

western blot. B-actin was served as loading control.

(C and D) (C) WT and Cerk"de"inde! mice were inoculated with 5¥10° RIL-175 cells via intrahepatic injection and sacrificed at day 21 post tumor inoculation or

humane endpoint (n > 9). Liver tumor images and tumor weights at the endpoint are shown, and (D) their survival rates were documented.
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Figure 3. Continued

(E) High-dimensional flow cytometry analysis in tumor-infiltrating CD45 leukocytes are shown as visualization of clusters in UMAP plots for total and individual
groups. UMAP plots shown consists of 40,000 cells each and are representative of concatenated samples within each group. Cell clusters corresponding to CD4*
and CD8'T cells, NK cells, DCs, macrophages, M-, and PMN-MDSCs are highlighted and their proportions in WT and Ccrk™3¢/n%¢! mice are shown.

(F) Representative overlay histograms and mean fluorescence intensity (MFI) of CD80, CD86, and IL-12 expressions in CD11b™ macrophages from WT and
Cerkinde/indel mice are shown.

(G and H) (G) Representative flow cytometry dot plots and proportions of IFN-y*, TNF-a*, IFN-y*TNF-a*CD4"T cells or (H) CD8"T cells in tumor-infiltrating
CD45%leukocytes from WT and Cerk™ "¢ mice are shown. Data are presented as mean + SD. *, p < 0.05; **, p < 0.01.

See also Figures S3 and S4.

Figures $3B and $3C). In addition, when we inoculated RIL-175-tumor in Cerk™@/"9! mice and then intratumorally injected with BM-MDSCs
from WT or Cerk"@eindel mice (Figure S3D), we also observed that tumor growth rate and endpoint tumor weights were significantly reduced
in tumors receiving BM-MDSCs from Cerk"@eVin%e! mice compared WT ones, which accompanied with increased tumor-infiltrating CD8*T
cells by immunofluorescence (IF) staining (p < 0.05; Figures S3E-S3G). Together, these data validated that the CCRK indel mutation resulted
in Ccrk inactivation and dysfunction in MDSCs, independent of tumoral and host CCRK expression in vivo.

Finally, we determined the function of CCRK in MDSCs using the orthotopic HCC mouse model by intrahepatic injection of RIL-175 cells into
WT and Cerk™@eVinde! mice as previously.”® Of note, Cerk™@/in%e! mice displayed reduced endpoint tumor weights and improved survival when
compared to WT controls (p < 0.05; Figures 3C and 3D). Interestingly, when we profiled the CD45* TILs from WT and Cerk™e/n¥e! mice by high-
dimensional flow cytometry (Figure 3E), we found that the TILs from Ccrk™#/ "%/ mice contained decreased proportions of CD11b*GR-1*Ly6C*
Ly6G~M-MDSCs as well as increased expressions of maturation markers CD80, CD86 and IL-12in CD11b~F4/80"macrophages, and IFN-y* and/
or TNF-o."CD4" and CD8" T cells compared to WT controls (p < 0.05; Figures 3E-3H). Consistent increase of CD11b/Ly6C double-positive
M-MDSCs but not of other cells was also verified in the tumors from Cerk™/nde! mice by co-IF staining (Figure S4). As we have shown a
myeloid-specific CCRK expression (Figures 1A and 1B) in RIL-175-bearing mice, these findings indicated that myeloid CCRK expression may
function in maintaining the immunosuppressive features of TME to support orthotopic tumor progression in vivo.

CCRK knockdown reduces the immunosuppressive activity and induces an immune-stimulatory phenotype of myeloid cells

Since CCRK showed upregulation in patients with HCC (Figure 1C), we next explored the human relevance of our findings by generating
MDSCs from human PBMCs (Figure S5A). As expected, CCRK expression was upregulated and accumulated in CD33"HLA-DR'MDSCs after
7-day culture in the presence of human recombinant IL-6/GM-CSF, compared to naive myeloid cell (MC) controls (Figure S5B). MDSCs were
then purified by CD33 microbeads (Miltenyi Biotech) and treated with small interfering RNA (siRNA) against CCRK (siCCRK) or control siRNA
(siCtrl)* (Figure 4A). The knockdown efficiency of siCCRK was confirmed by gRT-PCR and western blot (Figure 4B). Since CCRK is regarded as a
member of CDK family that drives cell proliferation,”” MDSC proliferation rate was monitored by a carboxyfluorescein succinimidyl ester
(CFSE) assay. Purified MDSCs were labeled with CFSE before siCtrl or siCCRK transfection, and the cell proliferation rate indicated by
CFSE intensity reduction was then measured at 3-day post siRNA treatment by flow cytometry (Figure 4A). The data showed that knockdown
of CCRK significantly reduced the proliferation rate of MDSCs compared to siCtrl (p < 0.05; Figure 4C), suggesting a potential role of CCRK in
regulating MDSC expansion. Interestingly, further phenotypic analysis showed that MDSCs with lower CCRK expression have higher HLA-DR
expression (p < 0.01; Figure 4D). Of note, the proportions of CD68"HLA-DR" macrophages, which also highly expressed CD86 and CD80,
were increased upon CCRK knockdown (p < 0.05; Figures 4E and 4F), consistent with our observations in the mouse models (Figures 2F,
2G, and 3F). These phenotypic changes suggested that CCRK depletion might prompt MDSC differentiation into mature macrophages
with antigen presentation ability. Indeed, using a mixed lymphocyte reaction (MLR) assay (Figure 4A), we observed that siCCRK-treated
MDSCs were more efficient in stimulating allogenic T cell proliferation and IFN-y releasing when compared with siCtrl-treated controls
(p < 0.05; Figures 4G and 4H), which may be contributed by the decrease of MDSC proliferation rate and the increase of macrophage-like
cells. Taken together, we concluded that CCRK is a key player functioning in the maintenance of immature and immunosuppressive status
of MDSCs.

CCRK activates STAT3/E4BP4 transcriptional activity on IL-10 induction and IL-12 suppression in MDSCs

Previous studies have demonstrated that MDSCs exert their immunosuppression and maintain their immature status via soluble cytokines
and proteins that are controlled by STAT3." Since CCRK can induce STAT3 phosphorylation (Figures 2A and 3B), we next investigated po-
tential functional mediators of CCRK/STAT3 pathway in MDSCs. Therefore, 11 soluble factors that are reported to function in regulating the
immunosuppressive activity and differentiation of myeloid cell’ were screened by qRT-PCR in siCtrl- and siCCRK treated MDSCs. Besides
ARG-I, knockdown of CCRK in MDSCs caused significant reduction of IL-10, and induction of IL-12 (p < 0.05; Figure 5A), while other genes
remained unchanged (IFN-a, IFN-8, IL-18, IL-6, IL-13, NOS2, TNF-a, TGF-8) (Figure 5A). Consistent reduction in protein levels of IL-10 and
ARG-| was also observed accompanied with CCRK knockdown in MDSCs by ELISA, western blot, and flow cytometry intracellular staining,
respectively (p < 0.01; Figures 5B-5D). As important mediators in determining MDSC differentiation and functions, previous studies also
demonstrated that (a) STAT3 can trans-activate ARG-I promoter to upregulate ARG-I in MDSCs; (b) IL-10 expression can be controlled by
the transcription factor, E4 Promoter-Binding Protein 4 (E4BP4), in CD4" T cells; and (c) IL-12 expression can be transcriptionally suppressed
by STAT3/E4BP4 through inhibition of its promoter or a distal enhancer.''*"** Since we have found multiple STAT3 consensus binding
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Figure 4. Knockdown of CCRK reduces the immunosuppressive activity and induces an immune-stimulatory phenotype of MDSCs

(A) Schematic diagram. CD33*MDSCs were generated from healthy donor PBMCs treated with IL-6/GM-CSF for seven days and purified by CD33 microbeads.
Purified MDSCs were transfected with siRNA targeting CCRK (siCCRK) or control (siCtrl). Cells were collected and analyzed by qRT-PCR, western blot, or flow
cytometry. The antigen-presenting capacity of MDSCs treated with siRNA was determined by mixed leukocyte reaction (MLR) assay via co-culturing them
with CD3 microbeads purified and CFSE-labeled CD3"T cells from a different donor, at a ratio of 1:1 in the presence of human recombinant IL-2 (20 U/mL).
T cell proliferation rate and IFN-y releasing were analyzed by flow cytometry and ELISA, respectively.

(B) CCRK expressions in MDSCs treated with siCtrl or siCCRK are shown at mRNA (relative to GAPDH) and protein levels. B-actin was served as loading control.
Data are presented as mean + SD from at least five independent experiments.

(C) MDSCs labeled with CFSE before siRNA treatment were used to measure MDSC proliferation and CFSE'®" cells indicated the proliferating population was
analyzed by flow cytometry at day three post transfection.

(D-F) (D) The expressions of HLA-DR, (E) proportions of CD68*"HLA-DR" macrophages, as well as (F) CD86 and CD80 surface expressions on CD68"HLA-DR*
macrophages were upregulated upon CCRK knockdown in MDSCs.

(G and H) (G) MLR assay showed an up-regulated allogenic T cell proliferation indicated by CFSE'®" proportion and (H) IFN-y production in T cells co-cultured
with MDSC-siCCRK compared to controls. (n = 7). *p < 0.05, **p < 0.01, ***p < 0.001.

See also Figure S5.

sequences in the E4BP4 promoter region, we hypothesized that CCRK may activate STAT3 to control E4BP4 transcriptional activity in MDSCs.
We thus examined the expression and activity of STAT3 and E4BP4 in MDSCs treated with siCtrl or siCCRK. As expected, CCRK ablation in
MDSCs resulted in significant decrease of total STAT3 as well as p-STAT3™7% detected by gqRT-PCR, western blot, and flow cytometry
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Figure 5. CCRK activates STAT3/E4BP4-dependent transcriptional regulation to maintain the IL-10/IL-12 balance in myeloid cells

(A) CD33"MDSCs were generated, purified, and transfected with siCtrl or siCCRK. The mRNA levels of 13 genes (relative to GAPDH) determined by gRT-PCR are
shown in heatmap.

(B and C) (B) IL-10 level, (C) protein expressions of p—STATBTy'705, STAT3, ARG-|, and E4BP4 were detected in siCtrl- or siCCRK-treated MDSCs at 48-h by ELISA or
western blot, respectively.

(D) The expressions of p-STAT3™7% and ARG-I in siCtrl- or siCCRK-treated MDSCs were further confirmed by intracellular flow cytometry analysis and are shown
in overlay histograms.

(E) Western blot analysis of CCRK, p-STAT3"7% STAT3 and E4BP4, and gRT-PCR analysis of CCRK, E4BP4, IL-10, and IL-12 mRNA levels (relative to GAPDH) in
vector- or CCRK-U937 stable cells.

(F and G) (F) gChIP-PCR analyses of STAT3 on E4BP4 and ARG promoters, and (G) E4BP4 on the promoters of IL-10 and IL-12a in vector- or CCRK-U937 stable
cells. The promoter regions for TF binding of indicated genes are shown.

(H) Western blot analysis of CCRK and E4BP4, and gRT-PCR analysis of E4BP4, IL-10 and IL-12 mRNA levels (relative to GAPDH) in U937-CCRK cells treated by
shCtrl or shE4BP4 are shown. B-actin was served as loading control. Data are presented as mean + SD from at least five independent experiments. *p < 0.05,
**p < 0.01, ***p < 0.001.

See also Figure Sé.

intracellular staining, respectively (Figure 5A, 5C, and 5D). In parallel, the reduction of E4BP4 in both mRNA and protein levels was observed
in siCCRK-treated MDSCs compared to control (p < 0.05; Figures 5A and 5C). Consistent EABP4 upregulation was detected in mouse BM-
MDSCs compared to IMC (Figure S1), which could be suppressed by LV-shCcrk infection or CCRK indel mutation (Figures 2A and 3B). More-
over, treatment of MDSCs with a STAT3 inhibitor, Stattic (10 uM) not only abolished STAT3 phosphorylation, but also reduced the expres-
sions of both ARG-I and E4BP4 (p < 0.05; Figures S6A and S6B). In parallel, IL-10 was decreased, while IL-12 was increased (p < 0.05;
Figure S6A), suggesting that STAT3 may be the upstream of E4BP4 in MDSCs. To further confirm the importance of this pathway, we con-
structed a CCRK-expressed stable cell line using human myeloid cell U937, in which ectopic CCRK expression upregulated p-STAT3™703,
E4BP4 and IL-10 and decreased IL-12 expressions, but not total STAT3 expression (Figure 5E). gChIP-PCR analysis in this CCRK-U937 stable
cells showed that CCRK induced a significantly increased occupancy of STAT3 in the promoter region of E4BP4 and ARGI (p < 0.001; Fig-
ure 5F). The upregulated E4BP4 could then bind to the promoter regions of IL-10 and IL-12a, which in turn control their transcription in
CCRK-expressed, but not vector-control U937 cells (p < 0.01; Figure 5G). Knockdown of E4BP4 by a lentivirus-based shRNA approach could
therefore decrease IL-10 expression and increase IL-12 expression in CCRK-expressed U937 cells (p < 0.05; Figure 5H). Since the balance of
ARG-I/IL-10/IL-12 has been demonstrated to determine myeloid cell identity and functions, our findings pinpointed a possible molecular
mechanism of why CCRK is important in MDSCs.

DISCUSSION

Accumulating evidence from preclinical and clinical studies suggests that myeloid cell status and function determine the immunosuppressive
nature of TME." MDSCs are one of the earliest infiltrating cells in HCC tumors that associated with disease progression, recurrence, metas-
tasis, and poor prognosis as well as immunotherapy resistance.® Accordingly, therapeutic approaches aimed at inhibiting MDSC expansion
and recruitment, depleting MDSCs directly or reprograming them toward an immune-stimulatory phenotype have shown great potential in
both pre-clinical HCC models'® and clinical trials (NCT04123379; NCT02868255; NCT01839604). Here, we identified myeloid CCRK activation
as a critical determinator of myeloid cell-mediated immunosuppression and tumor progression. Knockdown or genetic inactivation of CCRK
in myeloid cells restricted tumor growth by skewing myeloid cell toward a mature and immune-stimulatory status. These changes in turn
potentiated T cell responses and a dramatic shift toward a TME enriched with cytolytic cytokines like IFN-y and TNF-a.. Mechanistically,
CCRK upregulation triggered STAT3/E4BP4 transcriptional activity to maintain immunosuppressive features of MDSCs. As our previous find-
ings also showed CCRK overexpression in human HCCs with MDSC abundance,’” we surmise that inhibition of CCRK offers an opportunity to
simultaneously suppress hepatoma intrinsic oncogenic signaling and reprogram immune-suppressive myeloid cells for HCC therapy.

As fundamental drivers of cell cycle that are required for the initiation and progression of various malignancies, CDKs have long been re-
garded as promising therapeutic targets in cancers.”” Accordingly, pharmacological inhibition of CDKs has produced promising results in
clinical trials."”” Mechanistic studies showed that CDKs blockade contributes to tumor suppression not only by directly dysregulating tumor
cell cycle, but also indirectly through orchestrating immune cell fate and function. For example, inhibition of CDK4/6 expressed in T cells en-
hances T cell activation to augment anti-tumor immunity by increasing IL-2 secretion, which in turn largely improves the clinical benefits of
combined CDKA4/6 inhibitors and immunotherapy approaches.®*** In line with these findings, our data pinpointed that the expression of
the latest CDK family member, CDK20 or CCRK can be induced in tumor-bearing hosts, which function in regulating the proliferation, expan-
sion, and immunosuppression of MDSCs. More importantly, suppression of myeloid CCRK disrupted the immunosuppressive TME with
enhanced T cell cytotoxicity, thus inhibiting tumor progression and prolonging mouse survival. As high levels of MDSCs are demonstrated
to be associated with resistance to chemotherapy and immunotherapy in HCC patients,'*° further studies are needed to explore the ther-
apeutic efficacy of combined approaches with myeloid CCRK inhibition.

Our group has previously reported that the pro-inflammatory IL-6/STAT3 and androgen receptor (AR) signaling could directly induce CCRK
transcription in hepatoma cells, which in turn activate the oncogenic B-catenin/mTORC/NF-kB signaling to promote tumor proliferation and
immunosuppression.’”** Interestingly, our preliminary data suggested that IL-6 may also upregulate CCRK expression in MDSCs indepen-
dent of p-STAT3, highlighting the difference in CCRK signals between HCC and MDSCs. Indeed, we discovered a myeloid cell-intrinsic CCRK
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pathway by inducing STAT3 phosphorylation to trigger EABP4-dependent transcriptional regulation in this study. Originally identified as a key
transcription factor in regulating the differentiation and function of NK,* further studies reported that E4BP4 also has multiple functions in
controlling the plasticity of CD4™T cells and NKT cells by transcriptional regulating IL-10 and IL-13 expression.?’ In addition, Smith et al. un-
covered that E4BP4 transcriptionally represses IL-12 expression in myeloid cells under the stimulation by IL-10/IL-10R.* The balance of IL-10/
IL-12 could therefore control the transition between immunosuppressive state and immune activation, through modulating Tregs or the matu-
ration of macrophages and DCs in TME. Our current study further revealed that E4BP4 could be activated by the CCRK/STAT3 pathway and
maintains the immature and suppressive status of MDSCs via control of IL-10/IL-12 balance. However, whether CCRK/E4BP4 may control
MDSC phenotypes and immunosuppression via additional downstream factors needs further investigation. In addition, how CCRK regulates
STAT3 phosphorylation and which factors derived from tumor cells may contribute to the activation of CCRK/E4BP4 in myeloid cells are also
unknown, requiring further studies on the molecular basic of CCRK signal are needed.

Previous studies by us and others have demonstrated the consistent overexpression of CCRK in cancers arising from brain, colon, liver, lung,
and ovary correlates with tumor staging, shorter patient survival, and poor prognosis.”” However, the development of CCRK-specific inhibitors
is still under challenging exploration. A major reason for this is, perhaps, the identification of key effective domains in CCRK protein. Using the
established Ccrk™@/in9e! TG mice, we pinpointed the importance of exon 3 in determining myeloid CCRK function. The altered protein
sequence by the insertion of amino acid lle in exon 3 may be essential to maintain a functional structure and kinase activity of CCRK, which
may provide proof-of-concept for the development of CCRK inhibitors for in vivo use. As MDSC abundance is widely reported to regulated
1012303737 5ur data highlights the multiple facets
of CCRK in promoting tumor immunosuppression and hepatic carcinogenesis. Importantly, CCRK is a highly druggable target, with clear op-
portunities for structure-based drug design and as such represents an eminently exploitable target for MDSCs in HCC as well as other cancers.

tumor immunosuppression and associate with immunotherapy resistance in various cancers,

Limitations of the study

One of the limitations of the current study is the orthotopic mouse model using hepatoma cell line. We are aware that insights from the or-
thotopic HCC mouse model may not fully recapitulate the heterogeneous features in TME and have provided limited prediction for the out-
comes in clinic. Since CCRK is highly expressed by both hepatoma and tumor-associated myeloid cells to maintain tumor immunosuppres-
sion, developing, and evaluating the therapeutic potential of CCRK-specific targeted agents, either in single or combinatory immunotherapy
should be necessary for further investigation. Additionally, considerable evidence on the role of CCRK in MDSCs has been generated by ge-
netic deletion models and it will be important to confirm these findings with suitable chemical tool inhibitors when these become available in
the future.
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Antibodies

PerCP-Cyanine5.5 anti-mouse CD11b (clone M1/70)

PE anti-mouse CD11b (clone M1/70)

APC-eFluor 780 anti-mouse CD11c (clone N418)

BUV563 anti-mouse CD11c¢ (clone N418)

APC anti-mouse CD3e (clone 145-2C11)

BB755 anti-mouse CD4 (clone RM4-5)

Brilliant Violet 711™ anti-mouse CD45 (clone 30-F11)
Brilliant Ultra Violet™ 805 anti-mouse CD45 (clone 30-F11)
FITC anti-mouse CD80 (clone 16-10A1)

BV421 anti-mouse CD80 (clone 16-10A1)

PE-CF594 anti-mouse CD86 (clone GL1)
PerCP/Cyanine5.5 anti-mouse CD86 (clone GL1)

BB790 anti-mouse CD8a (clone 53-6.7)

APC-eFluor 780 anti-mouse CD8a (clone 53-6.7)

BUV395 anti-mouse F4/80 (clone T45-2342)

BUV737 anti-mouse Ly-6G and Ly-6C (Gr-1) (clone RB6-8c5)
PE/Cyanine5 anti-mouse Ly-6G/Ly-6C (Gr-1) (clone RB6-8c5)
UV440 fixable Viability Stain

BV605 anti-mouse Ly-6C (clone AL-21)

BV510 anti-mouse Ly-6G (clone 1A8)

BB660 anti-mouse NK1.1 (clone PK136)

PE-Cyanine7 anti-mouse NK1.1 (clone PK136)

Brilliant Violet 785™ anti-mouse CD274
(B7-H1, PD-L1) (clone 10F.9G2)

PE-Cy5 anti-mouse TCR B Chain (clone H57-597)
APC anti-mouse TNF-a (clone MP6-XT22)

BV650 anti-mouse TNF-a. (clone MP6-XT22)

BV750 anti-mouse IFN-y (clone XMG1.2)

PE anti-mouse IFN-y (clone XMG1.2)

BV711 anti-mouse IL-10 (clone JES5-16E3)
PerCP-Cyanine5.5 anti-mouse IL-10 (clone JES5-16E3)
FITC anti-mouse IL-12 (clone C15.6)

PE anti-human/mouse Arginase 1 (Arg1)

APC anti-human/mouse Arginase 1 (Arg1)

BV650 anti-mouse CD19 (clone 1D3)

PE anti-human CD3 (clone UCHT1)
PerCP/Cyanine5.5 anti-human CD4 (clone SK3)
Brilliant Violet 421™ anti-human CD8a (clone RPA-T8)
FITC anti-human CD11b (clone MEM-174)
APC/Cyanine?7 anti-human CD11c (clone Bu15)

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
BD Biosciences
Thermo Fisher Scientific
BD Biosciences
Biolegend

Thermo Fisher Scientific
Thermo Fisher Scientific
BD Biosciences

BD Biosciences
Biolegend

BD Biosciences

Thermo Fisher Scientific
BD Biosciences

BD Biosciences
Biolegend

BD Biosciences

BD Biosciences

BD Biosciences

BD Biosciences

Thermo Fisher Scientific

Biolegend

BD Biosciences
Thermo Fisher Scientific
BD Biosciences

BD Biosciences

Thermo Fisher Scientific
BD Biosciences

Thermo Fisher Scientific
BD Biosciences

R&D Systems

R&D Systems

BD Biosciences
Thermo Fisher Scientific
Biolegend

Biolegend

Thermo Fisher Scientific

Biolegend

45-0112-82; RRID:AB_953558
12-0112-82; RRID:AB_2734869
47-0114-82; RRID:AB_1548652
749040; RRID:AB_2873434
17-0031-82; RRID:AB_469315
624391

103147; RRID:AB_2564383
368-0451-82; RRID:AB_2896112
11-0801-82; RRID:AB_465133
562611; RRID:AB_2737675
567592; RRID:AB_2916657
105028; RRID:AB_2074994
624296

47-0081-82; RRID:AB_1272185
565614; RRID:AB_2739304
741712; RRID:AB_2871086
108410; RRID:AB_313375
566332; RRID:AB_2869748
563011; RRID:AB_2737949
740157; RRID:AB_2739910
624295

25-5941-82; RRID:AB_469665
124331; RRID:AB_2629659

553173; RRID:AB_394685
17-7321-82; RRID:AB_469508
563943; RRID:AB_2738498
566366; RRID:AB_2739713
12-7311-82; RRID:AB_466193
564081; RRID: AB_2738581
45-7101-82; RRID: AB_996677
560564; RRID:AB_1645243
IC5868P; RRID:AB_10718118
IC5868A; RRID:AB_2810265
563235; RRID:AB_2738085
12-0038-42; RRID:AB_10667884
980810

301036; RRID:AB_10960142
MA1-19560; RRID:AB_1071193
337218; RRID:AB_10662746
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PerCP-Cyanine5.5 anti-human CD33 (clone WM53)
PE/Cyanine7 anti-human CD40 (clone 5C3)
Brilliant Violet 711™ anti-human CD45 (clone HI30)
APC anti-human CDé8 (clone Y1/82A)

Brilliant Violet 605™ anti-human CD80 (clone
2D10)

FITC anti-human CD86 (clone BU63)
Brilliant Violet 421™ anti-human HLA-DR (clone L243)
PE anti-human HLA-DR (clone TU36)

PE anti-human Phospho-STAT3 (Tyr705) (clone LUVNKLA)

anti-human/mouse CCRK antibody
anti-human/mouse STAT3 antibody
anti-human/mouse Phospho-STAT3 (Tyr705) antibody
anti-human/mouse NFIL3 (E4BP4) antibody
anti-human/mouse HSP90 antibody
anti-human/mouse B-Tubulin antibody
anti-human/mouse Arginase 1 antibody
anti-human/mouse B-Actin antibody

Anti-mouse CD8a (clone 53-6.7)

Anti-mouse CD8 alpha antibody

Anti-mouse CD11b antibody

Anti-mouse Ly6C antibody

Anti-mouse Ly6G antibody

Goat anti-Rabbit IgG (H+L) Secondary Antibody, HRP
Goat anti-Mouse 1gG (H+L) Secondary Antibody, HRP
Goat anti-Rabbit IgG (H+L) Cross-Adsorbed
Secondary Antibody, Alexa Fluor™ 488

Donkey anti-Rabbit IgG (H+L) Highly Cross-Adsorbed
Secondary Antibody, Alexa Fluor™ 555

Goat anti-Rat IgG (H+L) Cross-Adsorbed Secondary
Antibody, Alexa Fluor™ 488

Thermo Fisher Scientific
Biolegend
Biolegend
Biolegend
Biolegend

Thermo Fisher Scientific
Biolegend

Thermo Fisher Scientific
Thermo Fisher Scientific
Origene

Cell Signaling Technology
Cell Signaling Technology
Abcam

Cell Signaling Technology
Santa Cruz Biotechnology
Thermo Fisher Scientific
Cell Signaling Technology
Novus Biologicals

Abcam

Abcam

CiteAb

CiteAb

Thermo Fisher Scientific
Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

45-0338-42; RRID:AB_10714975
334322; RRID:AB_10645472
304050; RRID:AB_2563466
333810; RRID:AB_2275735
305225; RRID:AB_11123909

MHCD8601; RRID:AB_10372961
307636; RRID:AB_2561831
MHLDRO4; RRID:AB_10374185
12-9033-42; RRID:AB_2572679
AP13739PU-N

12640

9145

ab93785

4877

sc-5274

PA5-85267

4970

NBP1-49045

ab217344

133357

ab15627

127602

31460; RRID:AB_228341
31430; RRID:AB_228307
A-11008; RRID:AB_143165

A-31572; RRID:AB_162543

A-11006; RRID:AB_2534074

Bacterial and virus strains

Vpx-containing HIV-1-based lentiviral vector

Lentiviral sShRNA vectors targeting mouse
Ccrk (shCcrk)

Gift from Prof. Nathaniel R.

Adopted from our previous publication

Biological samples

Blood, tumor and adjacent non-tumor liver tissues from Prince of Wales Hospital (Hong Kong) N/A

patients with HCC and healthy donors

Chemicals, peptides, and recombinant proteins

Puromycin dihydrochloride Santa Cruz Biotechnology sc-108071
pcDNA™3.1 (+) Mammalian Expression Vector Invitrogen V79020
FuGENE HD transfection reagent Roche 04709691001
Ficoll-Paque Premium GE Healthcare 17-5442-03
gentleMACS Dissociators Miltenyi Biotec 130-093-235
anti-CD3 microbeads Miltenyi Biotec 130-050-101
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anti-CD33 microbeads Miltenyi Biotec 130-045-501
anti-Ly6G microbeads Miltenyi Biotec 130-120-337
Carboxyfluorescein succinimidyl ester (CFSE) Invitrogen C2210
TRIzol Invitrogen 15596026
Cocktail Roche 11697498001
Magna ChIP™ Protein A+G Magnetic Beads Millipore 16-663
Recombinant Human IL-2 Protein R&D system 202-IL
Fixation and Permeabilization Solution BD Biosciences 554722
T-PER Tissue Protein Extraction Reagent Thermo Fisher Scientific 78510
TB Green® Premix Ex Tag™ || Takara RR820A
WesternBright® Sirius® Luminol/enhancer solution Advansta R-03027
WesternBright® Peroxide Chemiluminescent Advansta R-03025
Detection Reagent
CrystalMount® Mounting Medium Histovabio CMT105
Heparin sodium salt Sigma-Aldrich H4784
Fetal Bovine Serum Gibco 10500064
PBS tablets Gibco 18912014
Critical commercial assays
Neon™ Transfection System Thermo Fisher Scientific MPK5000
PrimeScript™ RT Reagent Kit (Perfect Real Time) Takara RRO37A
Pierce™ BCA Protein Assay Kit Thermo Fisher Scientific 23225
QlAquick PCR Purification Kit Qiagen 28104
MMESSAGE mMACHINE™ T7 Transcription Kit Thermo Fisher Scientific AM1344
MEGAclear™ Transcription Clean-Up Kit Thermo Fisher Scientific AM1908
Human IFN-y ELISA kit Invitrogen 88-7316-22
Experimental models: Cell lines
C57BL/6-derived Hepatoma Cell Line RIL-175 Gift from Prof. Lars Zender

and Prof. Tim F. Greten
Human myeloid cell line U-937 ATCC CRL-1593.2
293T cells ATCC CRL-3216
Oligonucleotides
gPCR primers This paper See in Table S1
ChIP-gPCR primers This paper See in Table S1

Software and algorithms

GraphPad Prism 8

GraphPad Software, Inc

https://www.graphpad.com

FACSDIVA Software BD Biosciences https://www.bdbiosciences.com
FlowJo 10.8.1 Tree Star https://www.flowjo.com

ImageJ NIH https://imagej.nih.gov/ij/
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Alfred Sze-Lok

Cheng (alfredcheng@cuhk.edu.hk).

Materials availability

All unique/stable reagents generated in this study are available from the lead contact with a completed Materials Transfer Agreement.
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Data and code availability

® This paper does not analyze existing, publicly available data.

@ All data reported in this paper will be shared by the lead contact upon request.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Patient specimens

Paired blood, tumor and adjacent non-tumor liver tissues from 14 patients with HCC who underwent liver resection at the Prince of Wales
Hospital (Hong Kong) were collected for myeloid cell sorting and quantitative reverse transcription-PCR (gRT-PCR) analysis. Buffy coats of

healthy subjects from Red Cross Blood (Hong Kong) were also included as controls. Studies using human specimens were approved by
the joint CUHK-NTEC Clinical Research Ethics Committee.

Cell lines

Cells were incubated at 37°C in a humidified chamber containing 5% CO,. Mouse hepatoma RIL-175 cell line was provided by Prof. Tim F.
Greten (National Cancer Institute, National Institutes of Health, Bethesda, USA) and Prof. Lars Zender (University Hospital Tubingen, Ger-
many)”’ and maintained in high-glucose DMEM (Gibco; Invitrogen) supplemented with 10% FBS (Hyclone). Ccrk-knockdown RIL-175 cells
were generated by transduced with a lentivirus expressing shCcrk and selected as previously described.”® Single clone was sorted by
FACSArial Fusion (BD Biosciences) and Ccrk knockdown was confirmed by gRT-PCR and western blot. Human myeloid cell line U937 was pur-
chased from the American Type Culture Collection and maintained in RPMI1640 (Gibco; Invitrogen) supplemented with 10% FBS (Hyclone).
CCRK-expressing or control vector pcDNA3.1 (Invitrogen) were transfected into CCRK low-expressed U937 cells using FUGENE HD transfec-
tion reagent (Roche) and selected by puromycin to establish stable cell lines as previously.* E4BP4 knockdown was conducted by transduced
U937-CCRK cells with a lentivirus expressing shE4BP4 (GenePharma), and a control shCtrl stable cell line was constructed in parallel, followed
by puromycin selection. CCRK and E4BP4 expressions were confirmed by qRT-PCR and western blot.

Mice

Six to eight-week-old male C57BL/6 and B6.Cg-Tg(CAG-DsRed*MST)1NaFgy/J mice were obtained and housed at Laboratory Animal Ser-
vices Centre (LASEC) of the Chinese University of Hong Kong (CUHK). Cerk@e"in9e! transgenic (TG) mouse was generated in Hong Kong Uni-
versity of Science and Technology (HKUST) and then imported into CUHK for further in vivo experiments. All animal experiments were carried
out in accordance with the guidelines approved by the Animal Experimentation Ethics Committee (AEEC) of CUHK and Animal Ethic Com-
mittee (VPRDO) of HKUST.

METHOD DETAILS

Single cell isolation and flow cytometry analysis

Peripherial blood mononuclear cells (PBMCs) were freshly isolated from buffy coats of anonymous human healthy donors using Ficoll-Paque
Premium (GE Healthcare). Single cells were isolated from fresh liver and tumour tissues by gentleMACS Dissociators (Miltenyi Biotec)
following manufacturer’s instructions. Cells were collected and washed, and counted as numbers per gram of tissue. 5*10° single cells/
tube were be collected and blocked with Mouse BD Fc Block (BD Biosciences) and True Stain Monocyte Blocker (BioLegend). For surface
staining, the antibody mix was prepared with Brilliant Stain Buffer Plus (BD Biosciences) and incubated with the samples for 20 min at 4°C.
For intracellular markers, the cells were subsequently permeablised with Transcription Factor Buffer Set (BD Biosciences) according to the
manufacture’s protocol. Samples were stained with intracellular antibodies for 50 min at 4°C and washed by Perm wash buffer (BD Biosci-
ences). Flow cytometry was performed using BD FACSAria Fusion or BD FACSymphony A5 Cell Analyzer (BD Biosciences). Spectral unmixing
and high-parameter analysis was performed by FlowJo v10 Software using the UMAP, FlowSOM and ClusterExplorer plugins (BD Biosci-
ences). The cell proportions and absolute number would be calculated. The antibodies used are listed in the key resources table.

Quantitative RT-PCR

Total RNA was extracted by using TRIzol reagent (Invitrogen). 1 ng RNA was reverse transcribed to cDNA using Reverse Transcription Master
Kit (Takara) according to the manufacturer’s instructions. For quantitative PCR analysis, aliquots of cDNA were amplified using TB Green Pre-
mix Ex Taq Il (Takara) and ViiATM7/QuantStudio 7 Flex Real Time PCR System (Applied Biosystems). GAPDH was used as an internal control.
All reactions were performed in triplicate. The sequences of primers used are listed in the key resources table.

Western blot

Protein lysates from primary cells or cell lines were prepared using protease inhibitor cocktail-containing (Roche) lysis buffer (50 mM Tris-HClI,
pH 7.5, 150 mM NaCl, 1% NP-40, 0.5% Na-deoxycholate) and T-PER Tissue Protein Extraction Reagent (Thermo Scientific), respectively. Pro-
tein concentration was determined by the Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific). 40-80 ng of protein was resolved by 10%
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SDS-polyacrylamide gel electrophoresis and electroblotted onto equilibrated nitrocellulose membrane (Bio-Rad Laboratories). Membranes
were incubated with primary antibodies at 4°C overnight followed by secondary antibodies for 2 h at room temperature. Antibody-antigen
complexes were detected using the WesternBright Sirius Luminol/enhancer solution and WesternBright Peroxide Chemiluminescent Detec-
tion Reagent (Advansta). The antibodies used are listed in the key resources table.

Mouse BM-derived MDSCs

Bone marrow (BM) was harvested from naive B6.Cg-Tg(CAG-DsRed*MST)1NaFgy/J (RFP*/*) C57BL/6 mice and plated at 2x10° cells/mL in
Dulbecco modified Eagle medium plus 10% fetal calf serum, 10 mM N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid buffer, 1 mM so-
dium pyruvate, 100 U/mL penicillin, 100 mg/mL streptomycin, and 2 mM L-glutamine, 40 ng/mL granulocyte macrophage colony-stimulating
factor (GM-CSF) and IL-6 at 37°C at 10% CO, for 4 days.

Lentivirus preparation and infection

Lentivirus constructed for efficient transduction of myeloid cells was prepared using a protocol as previously described.”® The plasmids of
lentiviral backbone were kindly provided by Prof. Nathaniel R. Landau, including pRSV-Rev, pVSV-G, pMDL and PcVpx.myc. Briefly, 5%10°
293T cells in a 10 cm dish were co-transfected by the calcium phosphate method with 14 pg pLenti-CMV-eGFP-shCtrl or -shCcrk (Dharma-
con),”® 2.5 ng pRSV-Rev, 3.5 ug pVSV-G, 1.7 ug PcVpx.myc and 5 ug pMDL. The viral supernatants were harvested 48 h post-transfection,
passed through a 0.45 pm pore-size filter. Lentivirus particles were enriched by ultracentrifuge 120 min at 40,000 x g, 4°C and resuspend
in PBS, aliquoted and stored at -80°C. Virus titer was determined as transducing unites (TU/mL) as previously described.”?® 1 multiplicity
of infection (MOI) was used to infect BM-MDSCs as optimized dose. The number of infected cells indicated by GFP positive cells was quan-
tified and enriched by FACSAria Fusion (BD Biosciences) according to the manufacturer’s protocols.

Generation of Ccrk"de/indel transgenic (TG) mouse

Ccrk"”de’/"”de’transgenic (TG) mouse line bearing a ATC (encodes amino acid lle) insertion in Ccrk exon 3 between ¢.219 and ¢.220 was gener-

ated by injection of the CRISPR-Cas? mRNA and Ccrk sgRNA into the zygotes of C57BL/6 mouse. The CRISPR-Cas9 mRNA was prepared by
amplification of the Cas9 coding sequence with addition of T7 promoter sequence and generated by mMESSAGE mMACHINE T7 kit. The
guide sequence for Ccrk exon 3 was cloned into the sgRNA expression vector, amplified by 5-TTAATACGACTCACTATAGGAGCA
CAAAGCCCGCACCATG-3" and 5-AAAAGCACCGACTCGGTGCC-3" from sgRNA expression vector with addition of T7 promoter
sequence, and generated by MEGAshortscript T7 transcription kit. The CRISPR- Cas? mRNA and Ccrk sgRNA were purified by
MEGACclear kit before injection. The injection process was done by Animal & Plant Care Facility (APCF) in the HKUST and approved by Animal
Ethic Committee (VPRDO). A heterozygous insertion mutation Cerk™®" mouse was identified by DNA sequencing to confirm the insertion of
lle (ATC) between His73 and Gly74. Homozygous Cerk"@e/indel was generated by cross-breeding of heterozygous mouse and confirmed by
DNA sequencing. More than 10 rounds of backcrossing with C57BL/6 were performed to fix the Ccrk insertion mutation and to clean up the
genetic background. The sequences of primers for genotyping are listed in key resources table.

In vivo experiments

For in vivo BM-MDSC differentiation experiment, BM-MDSCs were generated from BM of B6.Cg-Tg(CAG-DsRed*MST)1NaFgy/J (RFP*/*)
C57BL/6 mice and infected by lentivirus-shCtrl or -shCerk. GFP*RFP*MDSCs were sorted by FACS at 48h post infection. 2x10¢ purified
GFP*RFP*MDSCs cells were injected into naive C57BL/6 mice via tail vein. Mice were then sacrificed at 24h post MDSC adoptive transfer
and blood samples were collected. Mouse PBMCs were isolated as previously described and stained with anti-mouse CD11b, GR-1,
Ly6G, Ly6C, F4/80, CD11c, CD80, and CD86 antibodies. The data were acquired by flow cytometry using FACS Fortessa/FACSAria Fusion
(BD Biosciences) and analyzed by FlowJo software (Tree Star).

To study the effect of BM-MDSC in subcutaneous tumor growth, lentivirus-shCtrl or -shCcrk-treated GFP*RFP*MDSCs were purified as
described above. 2x10° purified GFP*RFP*MDSC-shCtrl or -shCcrk were then injected intratumorally into the left or right subcutaneous tu-
mors of the same C57BL/6 receipt mouse after RIL-175 subcutaneous tumor inoculation at day é. Subcutaneous tumor growth was measured
every other day by external caliper. The tumor size was obtained using the formula (W(2) x L)/2 (W, width; L, length). Mice were sacrificed at
day 14 post tumor inoculation and CD8'T cell number was determined by flow cytometry.

For the orthotopic HCC model, 5x10° RIL-175 cells were injected into the liver of wild type (WT) C57BL/6 or Cerk™@”"9e! TG mice. Mouse
body weight was monitored every other day and mouse survival were documented, and then sacrificed at 3 weeks post-tumor cell inoculation
or at endpoints approved by CUHK-AEEC. Tumor, liver, spleen and blood were collected for primary cell isolation and high-dimensional flow
cytometry analysis BD FACSymphony A5 Cell Analyzer (BD Biosciences). The antibodies used for flow cytometry analysis are listed in key re-
sources table.

Human MDSC proliferation and differentiation assays

PBMCs isolated from healthy donors were plated at 1x 10° cells/mL in RPMI1640 plus 10% fetal calf serum, 10 mM N-2-hydroxyethylpipera-
zine-N’-2-ethanesulfonic acid buffer, 1 mM sodium pyruvate, 100 U/mL penicillin, 100 mg/mL streptomycin, and 2 mM L-glutamine, 10 ng/mL
GM-CSF and IL-6 at 37°C at 10% CO, for 7 days with half medium refresh every other day. CD33"MDSCs were then enriched by anti-CD33
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mcirobeads (Miltenyi Biotec). 100 nM siRNAs against CCRK (siCCRK: 5'-GGCGGUUGGAGGACGGCUU-3'), and a control sequence (siCtrl:
5"-UUCUCCGAACGUGUCACGU-3")" were transfected into the purified CD33"MDSCs by Neon™ Transfection System (ThermoFisher) ac-
cording to the manufacturer’s protocols. Cells were collected 24-hour post-transfection for RNA extraction and 48 h post-transfection for pro-
tein isolation. For MDSC proliferation assay, carboxyfluorescein succinimidyl ester (CFSE; 5 pmol/L; Invitrogen) was used to label purified
CD33*MDSCs before siRNA treatment. Cells were collected at 72-hour post-transfection and CFSE signals were acquired by flow cytometry
using FACSAria Fusion (BD Biosciences). For phenotype analysis, CD33*MDSCs treated with siCtrl or siCCRK were collected at 48-hour post-
transfection, and analysed by flow cytometry using FACSAria Fusion (BD Biosciences). The antibodies used are listed in the key resources
table.

Mixed lymphocyte reaction (MLR) assay

CD33*"MDSCs treated with siCtrl or siCCRK were collected at 48-hour post-transfection. Allogenic CD3™T cells were purified by anti-human
CD3 microbeads and labelled with CFSE(5 umol/L; Invitrogen) and co-cultured with siRNA-treated CD33*MDSCs (1:1) in the presence of hu-
man recombinant IL-2 (R&D) for 3 days. T cells cultured alone was used as negative control. Supernatant was collected for IFN-y detection by
ELISA (Invitrogen) according to the manufacturer’s protocols. Cells were collected and CFSE signals on T cells were acquired by flow cytom-
etry using FACSAria Fusion (BD Biosciences). The antibodies used are listed in the key resources table.

Chromatin immunoprecipitation-quantitative PCR (ChIP-qPCR)

U937-vector or -CCRK stable cell lines were collected directly crosslinked with 1% formaldehyde in the culture plate and the reaction was
stopped by glycine. Fixed cells were collected and lysed with SDS-Lysis buffer containing proteinase inhibitor. The lysates were fragmented
into 200-300 bp by Bioruptor (Diagenode, Denville, New Jersey, USA). ChIP-graded rabbit anti- STAT3 or E4BP4 antibodies were conjugated
with magnetic beads (Magna ChIP™ Protein A+G Magnetic Beads) by rotation in cold room (4°C) for 1 hour. Meanwhile, the cell lysates were
incubated with magnetic beads and rotated in cold room (4°C) for 1 hour, to remove endogenous antibodies. Cell lysates were then incu-
bated with magnetic beads-conjugated antibodies and rotated in cold room (4°C) for 12-16 hours. After washing and reversed crosslinking,
the immunoprecipitated DNA was purified by purification kit (Qiagen), followed by ChIP-gPCR with gene region-specific primer pairs. The
sequences of primers used are listed in the key resources table.

Immunofluorescence staining

Mouse tumor tissues were collected and fixed in 4% paraformaldehyde (Sigma-Aldrich) for 24 hours, then washed in 70% ethanol and
embedded in paraffin. After dewaxing and antigen-retrieving, five-millimeter sections from embedded tumors were incubated with primary
antibodies at 4°C overnight, followed by secondary antibodies for 1.5-hour at room temperature. Finally, the slides were counterstained with
DAPI for nucleus for 5-10 min and mounted with CrystalMount® Mounting Medium. The immunofluorescence signals were detected by Ax-
ioscan 7 Automatic Slide Scanner (Zeiss, Germany). The antibodies used for immunofluorescence staining are listed in key resources table.

QUANTIFICATION AND STATISTICAL ANALYSIS

At least 5 mice were included in each group, unless noted and the experiments were repeated a minimum 2 times. GraphPad Prism 8 software
was used for statistical analysis. The difference between groups was evaluated by Mann-Whitney U test, unpaired Student's t-test, or one-way
analysis of variance (ANOVA) with Dunnett's multiple comparisons correction. The normality of data was confirmed by Shapiro-Wilk test with a
Pvalue greater than 0.05 when unpaired Student's t-test was applied. Correlation was calculated as Pearson’s correlation coefficient. Kaplan-
Meier survival analysis with log-rank Mantel-Cox test was used to compare differences in overall survival between groups of mice. Data are
presented as mean+SD. A P value smaller than 0.05 was considered statistically significant.
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