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needed. Herein, we unravel a pre-
viously unexplored mechanism
� ZFP64 is frequently upregulated in anti-PD1 resistant HCC.

� PKCa/ZFP64/CSF1 axis is critical for triggering immune evasion and
anti-PD1 tolerance.

� Gö6976 and lenvatinib overcome anti-PD1 resistance by blocking the
PKCa/ZFP64/CSF1 axis.

� Gö6976 combined with anti-PD1 could be an effective new strategy
in HCC therapy.
https://doi.org/10.1016/j.jhep.2022.02.019
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PKCa/ZFP64/CSF1 axis resets the tumor microenvironment and fuels
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Background & Aims: Despite remarkable advances in treatment, inhibitor, and lenvatinib, a multi-kinase inhibitor, reset the tu-

most patients with hepatocellular carcinoma (HCC) respond
poorly to anti-programmed cell death 1 (anti-PD1) therapy. A
deeper insight into the tolerance mechanism of HCC against this
therapy is urgently needed.
Methods: We performed next-generation sequencing, multiplex
immunofluorescence, and dual-color immunohistochemistry and
constructed an orthotopic HCC xenograft tumor model to identify
the key gene associated with anti-PD1 tolerance. A spontane-
ously tumorigenic transgenic mouse model, an in vitro coculture
system, mass cytometry, and multiplex immunofluorescence
were used to explore the biological function of zinc finger protein
64 (ZFP64) on tumor progression and immune escape. Molecular
and biochemical strategies like RNA-sequencing, chromatin
immunoprecipitation-sequencing and mass spectrometry were
used to gain insight into the underlying mechanisms of ZFP64.
Results: We showed that ZFP64 is frequently upregulated in
tumor tissues from patients with anti-PD1-resistant HCC.
Elevated ZFP64 drives anti-PD1 resistance by shifting macro-
phage polarization toward an alternative activation phenotype
(M2) and fostering an inhibitory tumor microenvironment.
Mechanistically, we primarily demonstrated that protein kinase
C alpha (PKCa) directly phosphorylates ZFP64 at S226, leading to
its nuclear translocation and the transcriptional activation of
macrophage colony-stimulating factor (CSF1). HCC-derived CSF1
transforms macrophages to the M2 phenotype to drive immune
escape and anti-PD1 tolerance. Notably, Gö6976, a protein kinase
environment;
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mor microenvironment and restore sensitivity to anti-PD1 by
blocking the PKCa/ZFP64/CSF1 axis.
Conclusions: We propose that the PKCa/ZFP64/CSF1 axis is
critical for triggering immune evasion and anti-PD1 tolerance.
Inhibiting this axis with Gö6976 or lenvatinib overcomes anti-
PD1 resistance in HCC.
Lay summary: Despite remarkable treatment progress, most
patients with hepatocellular carcinoma respond poorly to anti-
PD1 therapy (a type of immunotherapy). A deeper insight into
the tolerance mechanisms to this therapy is urgently needed.
Herein, we unravel a previously unexplored mechanism linking
tumor progression, macrophage polarization, and anti-PD1
resistance, and offer an attractive novel target for anti-PD1
combination therapy, which may benefit patients with hepato-
cellular carcinoma.
© 2022 The Authors. Published by Elsevier B.V. on behalf of European
Association for the Study of the Liver. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
Introduction
Hepatocellular carcinoma (HCC) is one of the most prevalent and
life-threatening malignancies globally, and a considerable pro-
portion of patients with HCC are diagnosed at advanced stages
and, therefore, cannot undergo curative surgery.1,2 Recently,
immune checkpoint blockade (ICB) therapy, especially with an-
tibodies against the programmed cell death (/ligand) 1 (PD1/PD-
L1) signal, has led to impressive breakthroughs in cancer treat-
ment.3 However, randomized clinical trials of anti-PD1 therapy
(KEYNOTE-240 and CheckMate-459) in patients with HCC have
not shown statistically significant improvements, potentially
owing to primary or acquired anti-PD1 resistance.4,5 There is an
urgent need to explore mechanisms of resistance to ICB therapy,
and identify a combined therapeutic strategy to enhance the
effectiveness of ICB therapy in HCC.
022 vol. 77 j 163–176
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Fig. 1. ZFP64 is tightly correlated with anti-PD1 monotherapy tolerance and poor prognosis in patients with HCC. (A) Schematic diagramof the recruitment of
patients and specimens in the training cohort. (B) RepresentativeMRIs of patientswith PD and PR. (C) Volcano plots showing DEGs in the training (PD vs. PR, left panel)
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As an immune-exempt organ, the liver contains a large
number of macrophages, including resident (Kupffer cells) and
recruited macrophages.6 Macrophages that infiltrate tumor tis-
sues, also known as tumor-associated macrophages (TAMs), are
functionally and phenotypically similar to alternately activated
(M2-like) macrophages, and play an important role in tumor
progression, immune escape and ICB therapy resistance.7–9

Several studies have uncovered the marked effect of TAMs on
the efficacy of ICB therapy. For example, a unique population of
macrophages highly expressing CD73 was reported to persist
during anti-PD1 treatment, and consecutive CD73 knockout
improved the efficacy of anti-PD1 therapy.10 Thus, reversing the
M2 phenotype, blocking the recruitment of TAMs, and stopping
TAMs infiltration are expected to be effective strategies to
improve the efficacy of ICB therapy in HCC.

The zinc finger protein 64 (ZFP64) gene, located at 20q13.2,
was identified as a new Kruppel-like C2H2 transcriptional fac-
tor.11 The amplification of genes in the 20q13.12–13.33 locus was
reported to be associated with increased metastasis and reduced
overall survival (OS) in patients with HCC.12 Meanwhile, ZFP64
was revealed to be upregulated in liver metastatic tissues of
colorectal carcinoma.13 A recent study has shown that ZFP64 is
necessary for the continuous expression of mixed-lineage leu-
kemia (MLL) fusion proteins, and ZFP64 knockout completely
inhibited leukemic cell proliferation.14 These findings indicate
that abnormal ZFP64 expression plays a key role in tu-
mor development.

Here, we aimed to identify differentially expressed genes
(DEGs) associated with anti-PD1 tolerance via next-generation
sequencing. We identified crucial genes/pathways and a mech-
anism of the anti-PD1 tolerance in HCC that involves ZFP64, its
upstream regulator, and its downstream effector. Our findings
primarily demonstrated a previously unexplored mechanism
linking tumor anti-PD1 tolerance, provided a predictive indicator
for monitoring anti-PD1 efficacy, and offered a potential com-
bination strategy against HCC.

Materials and methods
Details regarding the materials and methods are described in the
supplementary information. Reagents used in this study are lis-
ted in the CTAT table.

Results
ZFP64 is a crucial gene associated with anti-PD1 tolerance
and unfavorable prognosis in patients with HCC
We performed next-generation sequencing to analyze biopsy
specimens from patients with HCC scheduled to receive anti-PD1
therapy (Fig. 1A). The treatment efficacy was monitored by MRI
bimonthly (Fig. 1B), and assessed according to iRECIST.15 A total
of 41 patients were recruited, and the objective response and
disease control rates were 17.1% and 61.0%, respectively (Table S1,
discovery cohort). Ten progressive disease (PD) and 7 partial
Immunoblotting and qRT-PCR assays showing the efficiency of ZFP64 overexpres
endpoint. The color scale bar depicts the photon flux emitted from tumors. Tumo
ZFP64-specific and CD45-specific antibodies in TMA1 (upper panel). Percentag
lymphocyte number (bottom right). -, negative; +, low; ++, moderate; +++, stron
ZFP64 expression and CD45+ lymphocyte infiltration in TMA2. (J) The AUROC for d
ZFP64 expression using the Kaplan–Meier method and analyzed by log-rank test.
with OS and DFS. DFS, disease-free survival; HCC, hepatocellular carcinoma; IF,
vival; PD, progressive disease; PR, partial response; qRT-PCR, quantitative revers
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response (PR) samples were selected for sequencing and 2,090
DEGs (PD vs. PR, Fig. 1C, left panel) were identified. Of note,
immune checkpoint molecules, such as PD1, PD-L1, and PD-L2,
were not included (Fig. S1A). Then we performed an intersec-
tion of DEGs in the discovery cohort and The Cancer Genome
Atlas (TCGA) cohort (tumor vs. normal, Fig. 1C, right panel), and
39 upregulated and 3 downregulated genes were identified, as
illustrated in Fig. 1D-E.

ZFP64, one of the upregulated genes, was selected for further
study.14,16 In the discovery cohort, ZFP64, primarily in the nu-
cleus, was consistently increased in PD samples compared to that
in SD or PR samples (Fig. 1F), while CD45-positive immune cells
were decreased in the TIME of PD samples. Using an orthotopic
xenograft tumor model, we found that the tumor burden in the
ZFP64-overexpressing group (Hepa1-6-ZFP64) was larger than
that in the empty vector (EV) group (Hepa1-6-EV) (Fig. 1G).
Notably, the tumor burden in the Hepa1-6-EV group was
significantly decreased after anti-PD1 treatment compared with
that after anti-IgG treatment, whereas no statistical difference
was observed in Hepa1-6-ZFP64 groups.

In the TCGA cohort, ZFP64 expression was significantly
elevated in HCC, and the AUROC was 0.903 (Fig. S1B–D). We
performed immunoblotting of HCC samples and found that
ZFP64 was upregulated in tumor tissues compared to normal
tissues (Fig. S1E). In validation cohorts (TMA1 and TMA2), ZFP64
levels were significantly increased in HCC tumor tissues
compared to in normal tissues, and elevated ZFP64 levels were
often accompanied by less lymphocyte infiltration in the TIME
(Fig. 1H-I). The AUROC of ZFP64 was demonstrated to be
0.692 (Fig. 1J).

Prognostic analysis showed that elevated ZFP64 correlated
with malignant phenotype and poor prognosis in patients with
HCC in the TCGA and TMA2 cohorts (Fig. 1K and S1F, Table S2).
Importantly, multivariate logistic regression analyses showed
that highs level of ZFP64 were independent predictors for
postoperative OS and disease-free survival (Fig. 1L, Table S3).
Thus, ZFP64 is a key gene associated with poor prognosis and
anti-PD1 resistance in HCC.

ZFP64 promotes HCC progression and induces an
inhibitory TIME
We then explored the function of ZFP64 in HCC. ZFP64 was
highly expressed in HCC cell lines, especially those with high
metastatic potential (Fig. S2A–B). We then generated the stable
ZFP64-knockout (single-guide ZFP64) MHCC97H and ZFP64-
overexpressing PLC/PRF/5 and HepG2 cell lines (Fig. S2C–F), and
found that cell proliferation, motility, and invasion abilities were
increased in ZFP64high cells compared with those in ZFP64low

cells (Fig. S3A–B). By employing subcutaneous xenograft tumor
models, we found that ZFP64high groups have higher tumor
weights and fewer apoptotic cells than ZFP64low groups
(Fig. S3C–D).
sion. Bioluminescence images of HCC tumors in C57BL/6 mice are shown at the
r weight data were analyzed statistically (n = 6). (H) Double IHC staining with
e of cases were analyzed by ZFP64 expression (bottom left panel) or CD45+

g. (I) IHC staining with ZFP64-specific and CD45-specific antibodies to detect
istinguishing HCC tumors from normal tissues. (K) OS and DFS curves based on
(L) Forest plot showing the results of multivariate analysis of factors associated
immunofluorescence; IHC, immunohistochemistry; N, normal; OS, overall sur-
e-transcription PCR; T, tumor. (This figure appears in color on the web.)
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Then, we employed a spontaneous tumor model in HBV-
transgenic mice (Tg[Alb1HBV]44Bri/J) and overexpressed he-
patic ZFP64 using an adeno-associated virus serotype 8 vector
(Fig. 2A and S4A–B).17 When mice were 15 months old, we
collected the liver and lung tissues, and found that the ZFP64-
overexpressing group showed increased incidences of cirrhosis,
tumorigenesis, lung metastasis, larger tumor sizes, more tumor
lesions, and fewer apoptotic cells relative to those in the EV
group (Fig. 2B–D and S4C-D).

Using mass cytometry by time of flight (CyTOF) and t-
distributed stochastic neighbor embedding analysis, the total
cell population was divided into 11 subclusters, and macro-
phages were increased significantly, while CD8+ and CD4+ T
cells were decreased in the ZFP64-overexpressing group
(Fig. 2E-H). Further analysis showed that the increased macro-
phages predominantly presented an M2-phenotype (Fig. S4E–
F). Multiplex immunofluorescence assay confirmed the results
of CyTOF (Fig. 2I–J). Additionally, we developed an orthotopic
xenograft tumor model and further confirmed that ZFP64
knockdown delayed tumor progression and improved the tu-
mor microenvironment (Fig. S4G–H). These results indicate that
ZFP64 promotes tumor progression and induces a suppres-
sive TIME.

HCC-derived ZFP64 induces recruitment and M2-like
polarization of macrophages
Since TAMs are powerful inducers of immunosuppression,8 we
speculated that ZFP64 induced immunosuppression by promot-
ing macrophage polarization and recruitment. Thus, we treated
THP1 cells with phorbol-12-myristate-13-acetate (PMA) to
differentiate them into macrophages (Fig. 3A). After being
cocultured with ZFP64high HCC cells, macrophages expressed
high levels of CD163 and CD206 membrane proteins, showed an
upregulation of CD206, ARG-1, IL-10, and TGF-b mRNA, and pro-
duced more IL-10 and TGF-b1 (Fig. 3B–D). Using a chemotactic
migration assay, we found that ZFP64high HCC cells promoted the
chemotactic recruitment of macrophages (Fig. 3E). Moreover,
macrophages cocultured with ZFP64high HCC cells strongly sup-
pressed T-cell proliferation and activation compared to those
cocultured with ZFP64low HCC cells (Fig. 3F–G). Together, these
results suggest that ZFP64-overexpressing HCC cells promote
macrophage recruitment and M2-like polarization.

ZFP64 promotes macrophage polarization and recruitment
via transcriptional CSF1 activation
To identify targets regulated by ZFP64, we performed
RNA-sequencing and chromatin immunoprecipitation
analysis of ChIP-sequencing and RNA-sequencing. Black curve, static background;
of overlapping genes between ChIP-sequencing and RNA-sequencing. (G) Enrichm
qRT-PCR, immunoblotting, and ELISA were used for detecting CSF1 expression. (K)
the CSF1 promoter. (L) Relative luciferase activities of different reporters containi
represent the putative ZFP64-binding sites, whereas "X" marks the mutated ZF
mutated ZFP64-binding sequences. (M) Quantification of CD163 and CD206 exp
mRNA levels in macrophages, detected by qRT-PCR analyses. (O) Secreted IL-10
migration assays of macrophages cocultured with HCC cells. ChIP, chromatin im
mutant; P, putative ZFP64-binding site; qRT-PCR, quantitative reverse-transcript
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(ChIP)-sequencing in PLC/PRF/5 cells (Fig. 4A–C). Using de novo
motif analysis, we derived a 20-nucleotide sequence motif
closely correlated with ZFP64 occupancy (Fig. 4D). Next, we used
the binding and expression target analysis (BETA) software to
incorporate the ChIP-sequencing and RNA-sequencing data, and
found that ZFP64 functioned both as a transcriptional activator
and repressor, but more genes appear to be activated (Fig. 4E).

Subsequently, we took an intersection of the RNA-sequencing
and ChIP-sequencing data and obtained 85 genes (Fig. 4F). By
performing KEGG analysis, we found that elevated ZFP64 was
associated with RAS/MAPK, PI3K/AKT, and TGF-b pathways, and
confirmed that elevated ZFP64 increased p-AKT and p-ERK1/2
levels by immunoblotting (Fig. S5A–B). Gene ontology analysis
revealed that enhanced ZFP64 was related to monocyte/macro-
phage activation and migration (Fig. S5C), and associated genes
are presented using a heatmap (Fig. S5D). The correlation ana-
lyses showed that ZFP64 was correlated with most of the genes,
including CSF1, in TCGA cohort (Fig. S5E). Using a 102-cytokine
array kit, we observed elevated CSF1 in the supernatant of PLC/
PRF/5-ZFP64 cells compared with those in PLC/PRF/5-EV cells
(Fig. S6A–B). Thus, we infer that CSF1 may be one of the key
transcriptional targets (Fig. 4F–G).

Similarly, we confirmed that high levels of CSF1 were present
in ZFP64high cells compared with those in ZFP64low cells (Fig. 4H–
J). Then we cloned the CSF1 promoter region into a luciferase
reporter plasmid, and found that all the 3 fragments, including
P1 (-2,000 to +100), P2 (-1,300 to +100), and P3 (-600 to +100),
could activate the luciferase reporter, indicating that the P3
fragment is sufficient for ZFP64-mediated transcriptional acti-
vation (Fig. 4K). Using the JASPAR database, we found that the P3
fragment contained 4 putative ZFP64 binding sites. Mutation of a
(-346, -333), b (-301, -288), and c (+3, +16) sites, but not the
d (+75, +88) site, partially attenuated the ZFP64-mediated
enhancement of CSF1 promoter reporter activity, whereas the
combined mutation of the a, b, and c sites completely abolished
its activity (Fig. 4L). Additionally, we further confirmed that
ZFP64 bound to a, b, and c sites of the CSF1 promoter region
using a ChIP-qPCR assay (Fig. S6C).

Then, we investigated the possibility that CSF1 is a primary
effector of ZFP64-mediated processes. CSF1 knockdown attenu-
ated the levels of CD163 and CD206 (membrane proteins),
CD206, ARG-1, IL-10, and TGF-b (mRNA), IL-10 and TGF-b
(secreted proteins), and the chemotactic migration of macro-
phages induced by ZFP64high HCC cells (Fig. 4M–P and S6D).
These results indicate that ZFP64 promotes macrophage
recruitment and M2-like polarization largely through the tran-
scriptional activation of CSF1.
red curve, activating function; blue curve, repressive function. (F) Venn diagram
ent of ZFP64 in the promoter region of CSF1 according to ChIP-sequencing. (H–J)
Relative luciferase activities of reporters containing full-length or fragments of

ng mutated sequences of the CSF1 promoter in the indicated cells. Filled circles
P64-binding sites. The red letters of each binding region indicate putative or
ression in macrophages using FCM analysis. (N) CD206, ARG1, IL-10, and TGF-b
and TGF-b in macrophage supernatants, detected using ELISA. (P) Chemotactic
munoprecipitation; FCM, flow cytometry; HCC, hepatocellular carcinoma; M,
ion PCR; WT, wild-type. (This figure appears in color on the web.)
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S266 phosphorylation promotes the K63-linked
ubiquitination and nuclear translocation of ZFP64
ZFP64 is subjected to phosphorylation modifications, among
which S266 is reported most frequently.11,18,19 Herein, we per-
formed immunoblotting using phosphate-affinity SDS-PAGE
(Phos-tagTM), and found that ZFP64 had an additional slow-
migrating signal, which was gradually weakened in a time-
dependent manner after calf intestinal alkaline phosphatase
(CIAP) treatment (Fig. 5A). We then employed immunoprecipi-
tation and liquid chromatography-tandem mass spectrometry
(LC-MS/MS) to identify the phosphorylation sites of ZFP64
(Fig. 5B); we detected 4 phosphorylation sites (Fig. 5C, upper).
Among them, S226 was located at the second zinc finger domain
of ZFP64, and the amino acid sequence near S226 (LNKHLRIHS-
DERPF) was highly conserved across species (Fig. 5C–D).

We generated an antibody that specifically recognized the
phosphorylated ZFP64S226 (KHLRIHpSDERPFK) and tested its
purity and specificity (Fig. 5E and S7A–B). Phosphorylated anti-
body detected signals in ZFP64-knockout MHCC97H cells trans-
fected with the wild-type ZFP64 (ZFP64WT) plasmid, but not the
mutated ZFP64 plasmid (ZFP64S226A) (Fig. 5F). Additionally,
immunohistochemistry staining showed that phosphorylated
ZFP64S226 was primarily present in the nuclei of HCC cells and
significantly elevated in tumor tissues compared with those in
paired normal tissues (Fig. 5G–H). Importantly, ZFP64pS226high

patients had shorter OS and disease-free survival than those with
ZFP64pS226low (Fig. 5I).

Interestingly, a recent study reported that ZFP64 is ubiq-
uitinated at the K220 site, which is close to S226.20 We spec-
ulated that S226 phosphorylation might affect ZFP64
ubiquitination. ZFP64 phosphorylation level was decreased af-
ter transfection with the flag-ZFP64S226A plasmid, while this
phosphorylation level was abrogated in cells transfected with
mutated K63-ubiquitin (K63R), but not K48R (Fig. 5J). We
further confirmed this result by using a K63-specific ubiquitin
antibody (Fig. 5K).

K63-linked ubiquitination might affect transcription factors’
subcellular localization and transcriptional activity.21,22 Inter-
estingly, we found that ZFP64S226A was mainly present in the
cytoplasm (Fig. 5L-M). By checking the levels of ZFP64 in the
cytoplasmic and nuclear extracts, we further confirmed that
the S226A mutation is associated with the reduced nuclear
translocation of ZFP64 (Fig. 5N). Predictably, we found that the
transcription and the expression levels of CSF1 were decreased
in cells transfected with ZFP64S226A plasmid (Fig. 5O). These
results indicate that the dephosphorylation of S226 inhibits
the nuclear translocation and transcriptional activity of ZFP64.
The identified PKCa/ZFP64/CSF1 axis induces a suppressive
TIME
To identify the protein kinase, we performed co-
immunoprecipitation and LC-MS/MS. After removing the
cells were transfected with the indicated plasmids, and IF was performed. (M) F
Immunoblotting of nuclear and cytoplasmic extracts of MHCC97H-sgZFP64 cells
were used as nuclear and cytoplasmic controls, respectively. (O) qRT-PCR, luc
expression in indicated cells. DFS, disease-free survival; HCC, hepatocellular carc
cipitation; LC-MS/MS, liquid chromatography-tandem mass spectrometry; OS, o
tative reverse-transcription PCR; WT, wild-type. (This figure appears in color on
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proteins shared by the IgG groups, we took an intersection and
obtained a total of 97 proteins, 9 of which were kinases (Fig. 6A).
Among them, protein kinase C alpha (PKCa) was highly
expressed and activated in HCC tissues (Fig. S8A–B), and con-
tained the putative motif (R-X-X-S/T) that phosphorylated
ZFP64S226.22 Using confocal immunofluorescence imaging, we
found that ZFP64 and PKCa were colocalized in HCC cells (Fig. 6B
and S9A–B). Co-immunoprecipitation results indicated the as-
sociation between ZFP64 and PKCa (Fig. 6C and S10C). Impor-
tantly, GST pull-down assays demonstrated that in vitro-
translated PKCa protein was pulled down by purified GST-ZFP64
fusion protein (Fig. 6D). Furthermore, we found that the zinc
finger domain of ZFP64 (D141-447aa) is sufficient to bind PKCa,
whereas PKCa interacted with ZFP64 through its D336-597aa
and D598-672aa fragments (Fig. 6E). Then we generated a
computational 3D complex structural model based on the X-ray
crystal structure. Docking simulation data demonstrated that
multiple amino acids in D141–447aa of ZFP64 and in
D336–597aa and D598–672aa of PKCa may be responsible for
their interaction (Fig. 6F).

Next, we performed an in vitro kinase assay, and confirmed
that PKCa directly phosphorylated GST-ZFP64 in vitro, whereas
this was abrogated by CIAP (Fig. 6G). We also noticed that
following transfection with small-interfering RNA targeting PKCa
(siPKCa), ZFP64pS226 levels were reduced (Fig. 6H). In contrast,
levels of ZFP64pS226 and CSF1 were increased after treatment
with PMA (an activator of PKCa), while these were reversed
following transfection with siPKCa or siZFP64 (Fig. 6I).

Clinically, we observed positive correlations between PRKCA
or ZFP64 and CSF1 in the TCGA cohort (Fig. S10A–B). In TMA2,
high levels of p-PKCa, p-ZFP64, and CSF1 occurred frequently and
concomitantly, and the overactivated PKCa/ZFP64/CSF1 axis
often induced an immunosuppressive microenvironment in HCC
(Fig. 6J). Additionally, a retrospective evaluation of the discovery
cohort revealed that patients with PD had an overactivated PKCa/
ZFP64/CSF1 axis and suppressive TIME compared to those with
SD and PR (Fig. 6K-L). A highly activated PKCa/ZFP64/CSF1 axis,
especially of p-ZFP64, was positively correlated with poor anti-
PD1 treatment efficacy (Fig. 6M-N). These results indicate that
the identified PKCa/ZFP64/CSF1 axis is positively correlated with
poor efficacy of anti-PD1 treatment.
Gö6976 improves the TIME and anti-PD1 efficacy by targeting
the PKCa/ZFP64/CSF1 axis
We further introduced Gö6976, an inhibitor of PKCa. The cell
viability of MHCC97H was attenuated after Gö6976 treatment,
exhibiting an IC50 of 25.41 lM (Fig. S11A). Importantly, we found
that Gö6976 inhibited the activation of the PKCa/ZFP64/CSF1 axis
in a dose- and time-dependent manner, and decreased the
membrane-localized PKCa and nuclear-localized ZFP64
(Fig. 7A–C).
luorescence signal quantification according to the location of ZFP64 in (L). (N)
transfected with ZFP64WT or ZFP64S226A plasmids. LaminB1 and a-tubulin

iferase reporter gene, and immunoblotting assays were used to detect CSF1
inoma; IF, immunofluorescence; IHC, immunohistochemistry; IP, immunopre-
verall survival; PD, progressive disease; PR, partial response; qRT-PCR, quanti-
the web.)
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Using patient-derived xenograft and orthotopic xenograft
tumor models, we showed that tumor weights in the Gö6976-
treated group were significantly lower than those in the
vehicle group (Fig. 7D and 7F). Decreased p-PKCa, p-ZFP64, CSF1,
nuclear-localized ZFP64 levels, decreased F4/80+ and CD206+

cells, and increased CD4+, CD8+, and apoptotic cells were shown
in the Gö6976-treated group compared with those in the vehicle
group (Fig. 7E, 7G-H, and S11B-D). However, Gö6976-induced
tumor inhibition and immune improvement were reversed by
intraperitoneal administration of recombinant mouse CSF1
(Fig. S12A–B).

We then speculated that blocking the PKCa/ZFP64/CSF1 axis
might improve anti-PD1 efficacy. To verify this, Gö6976 and
another inhibitor, BLZ945 (targeting CSF1R), were introduced
to block the PKCa/ZFP64/CSF1 axis. We found that in Hepa1-6-
EV groups, Gö6976, BLZ945, anti-PD1, Gö6976 or BLZ945
combined with anti-PD1 inhibited tumor growth; while in
Hepa1-6-ZFP64 groups, anti-PD1 could not inhibit, Gö6976
or BLZ945 partially inhibited, and Gö6976 or BLZ945
combined with anti-PD1 significantly inhibited tumor growth
(Fig. 7I-N). Accordingly, we found that the combinational
therapy evidently improved the TIME, as seen by the
increased number of CD4+ and CD8+ cells and the decreased
number of F4/80+ and CD206+ cells, especially in the ZFP64
overexpression group (Fig. S13A–D). We did not observe
changes in body weights or significant side effects in these
mice (Fig. S13E). Additionally, we developed an orthotopic
xenograft tumor model and recorded the survival time of the
mice, which further confirmed the aforementioned results
(Fig. S13F–I).

Studies have reported that instead of sorafenib, lenvatinib
partially inhibited tumor progression by reshaping the TIME.23,24

In particular, lenvatinib was reported to decrease PKC expression,
while sorafenib did not.25 Herein, we found that only lenvatinib
inhibited the PKCa/ZFP64/CSF1 axis, and this inhibition dis-
appeared in siPKCa cells (Fig. S14A–C). Using in vivo assays, we
observed that both lenvatinib and sorafenib inhibited tumor
progression, but only lenvatinib specifically improved the TIME
(Fig. S14D–E). Additionally, lenvatinib and anti-PD1 exerted
synergistic antitumor effects and significantly prolonged the
survival time of tumor-bearing mice (Fig. S14F–H). A combina-
tion of Gö6976 or lenvatinib with anti-PD1 showed no difference
in therapeutic efficacy in ZFP64-overexpressing xenograft tu-
mors (Fig. S14I–J). These findings indicate that lenvatinib re-
shapes the TIME partially through the identified PKCa/ZFP64/
CSF1 axis, and that in treating ZFP64-overexpressing HCC,
Gö6976 is as effective as lenvatinib in the anti-PD1 combinato-
rial scheme.
ZFP64 and PKCa, and Coomassie blue staining showing the levels of GST-ZFP64 fu
indicated plasmids. (F) The crucial amino acids for the interaction between ZFP6
phorylation by an in vitro kinase assay. (H) Immunoblotting detected ZFP64pS226
protein levels in MHCC97H cells after transfection with the indicated plasmids.
performed in the training cohort. (L) mIF analyses were performed in the trainin
yellow arrows (CD4+ cells), white arrows (CD68+CD206+ cells). (M) Patients were c
and CSF1 levels; a correlation analysis of their levels and the efficacy of anti-PD
groups according to the p-ZFP64 level in tumor tissues; a fold line diagram was
treatment. HCC, hepatocellular carcinoma; IF, immunofluorescence; IHC, immun
microenvironment. (This figure appears in color on the web.)
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Discussion
Despite its successful application in multiple solid tumors, anti-
PD1 therapy has benefited only a fraction of patients with HCC.
In this study, we demonstrated that elevated ZFP64 was closely
correlated with the anti-PD1 tolerance and the dismal prognosis
of patients with HCC. Specifically, we found that PKCa phos-
phorylates ZFP64 at S226 and promotes its nuclear translocation,
thereby transcriptionally activating CSF1. This process further
induces the recruitment and M2-like polarization of macro-
phages, inducing immune escape and anti-PD1 tolerance. Clini-
cally, patients with an activated PKCa/ZFP64/CSF1 axis frequently
exhibited anti-PD1 resistance.

Multiple studies suggest that ZFP64 may accelerate tumor
progression, but the exact function remains unclear.14,16 We
confirmed that ZFP64 promoted tumor progression and reflected
poor prognosis in patients with HCC. Remarkably, we first
demonstrated that high ZFP64 levels induced an immunosup-
pressive microenvironment. CSF1 is a central cytokine that reg-
ulates monocyte/macrophage differentiation, survival, and
proliferation and promotes their recruitment and polarization.26

We confirmed that ZFP64 transcriptionally regulated CSF1
expression by directly binding to its promoter region, and that
secreted CSF1 strongly induced M2 polarization of recruited
macrophages, thereby inducing an inhibitory TIME and pro-
moting tumor progression. M2 macrophages play crucial roles in
immune escape and ICB therapy resistance.7,8 A recent study has
demonstrated that patients with high levels of M2 infiltration
tended to be resistant to anti-PD1 treatment.27 Additionally,
CSF1 also promotes tumor progression by activating multiple
signals through the receptor CSF1R expressed by tumor cells.28,29

Taken together, we demonstrate that the ZFP64/CSF1 axis is a
powerful driver of tumor progression and anti-PD1 resistance
in HCC.

Herein, we discovered that PKCa, an important protein kinase,
directly complexed with ZFP64 and phosphorylated it at S226,
promoting its nuclear translocation and the transcriptional
activation of target genes. Clinically, high levels of p-PKCa, p-
ZFP64, and CSF1 occurred frequently and concomitantly, and the
overactivated PKCa/ZFP64/CSF1 axis often induced an immuno-
suppressive microenvironment. We also observed positive cor-
relations between constituents of the PKCa/ZFP64/CSF1 axis and
anti-PD1 efficacy, though most of these correlations were not
statistically different, probably due to our limited sample size.
We further introduced Gö6976, a classic inhibitor of PKCa, which
has been previously shown to inhibit the progression of several
tumors. For example, Gö6976 treatment 2 days after tumor im-
plantation prevented 92% of tumor formation, whereas treat-
ment 7 weeks after implantation caused complete regression of
sion protein. (E) Co-IP was performed in MHCC97H cells after transfection with
4 and PKCa were predicted using 3D structures. (G) Detection of ZFP64 phos-
levels after transfection with indicated plasmids. (I) Immunoblotting showing

(J) IHC and mIF of indicated antibodies were performed in TMA2. (K) IHC was
g cohort, and representative images are presented. Green arrows (CD8+ cells),
ategorized into high and low groups according to p-PKCa, PKC, p-ZFP64, ZFP64,
1 treatment was performed. (N) Patients were categorized into high and low
used to detect the changes in tumor size in patients with HCC after anti-PD1
ohistochemistry; mIF, multiplex immunofluorescence; TIME, tumor immune
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established tumors.30 We revealed that Gö6976 suppressed tu-
mor progression and altered the TIME via the PKCa/ZFP64/CSF1
axis in HCC. Importantly, we presented extensive evidence that
the combined treatment of Gö6976 with anti-PD1 could syner-
gistically improve the survival of tumor-bearing mice, especially
in those with ZFP64-overexpressing HCC.

In summary, we determined that the PKCa/ZFP64/CSF1 axis
favors an inhibitory TIME by promoting M2-like polarization in
recruited macrophages, and Gö6976 reshapes the tumor micro-
environment and reverses anti-PD1 resistance. Our study reveals
a promising therapeutic regimen for combination therapy with
anti-PD1.
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