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A B S T R A C T   

Immune checkpoint blockade (ICB) therapy targeting the programmed death 1/programmed death-ligand 1 (PD- 
1/PD-L1) axis has achieved considerable success in treating a wide range of cancers. However, most patients with 
pancreatic cancer remain resistant to ICB. Moreover, there is a lack of optimal biomarkers for the prediction of 
response to this therapy. Palmitoylation is mediated by a family of 23 S-acyltransferases, termed zinc finger Asp- 
His-His-Cys-type palmitoyltransferases (ZDHHC), which precisely control various cancer-related protein func
tions and represent promising drug targets for cancer therapy. Here, we revealed that tumor cell-intrinsic 
ZDHHC9 was overexpressed in pancreatic cancer tissues and associated with impaired anti-tumor immunity. 
In syngeneic pancreatic tumor models, the knockdown of ZDHHC9 expression suppressed tumor progression and 
prolonged survival time of mice by modifying the immunosuppressive (‘cold’) to proinflammatory (‘hot’) tumor 
microenvironment. Furthermore, ZDHHC9 deficiency sensitized anti-PD-L1 immunotherapy mainly in a CD8+ T 
cell dependent manner. Lastly, we employed the ZDHHC9-siRNA nanoparticle system to efficiently silence 
ZDHHC9 in pancreatic tumors. Collectively, our findings indicate that ZDHHC9 overexpression in pancreatic 
tumors is a mechanism involved in the inhibition of host anti-tumor immunity and highlight the importance of 
inactivating ZDHHC9 as an effective immunotherapeutic strategy and booster for anti-PD-L1 therapy against 
pancreatic cancer.  

Abbreviations: ICB, immune checkpoint blockade; PD-1, programmed death 1; PD-L1, programmed death-ligand 1; TME, tumor microenvironment; NP, nano
particle; KD, knockdown; siRNA, small-interfering RNA; mAb, monoclonal antibody; TEM, transmission electron microscopy; TIICs, tumor-infiltrating immune cells; 
GZMB, granzyme B; IFN-γ, interferon gamma; IL, interleukin; TNF-α, tumor necrosis factor alpha; ZDHHC9, zinc finger Asp-His-His-Cys-type palmitoyltransferase 9; 
RT-qPCR, Real-time quantitative polymerase chain reaction; FACS, fluorescence-activated cell sorting; IgG2a, immunoglobulin G2a; PAAD, pancreatic adenocar
cinoma; MDSCs, myeloid-derived suppressor cells; MHC, major histocompatibility complex; DC, dendritic cell; NK, natural killer; Th17, T helper type 17; FACS, Flow 
cytometry; TMA, tissue microarrays; GEPIA, Gene Expression Profiling Interactive Analysis; CBA, Cytometric bead array; H&E, Hematoxylin and eosin; IHC, 
Immunohistochemistry; RT-qPCR, Real-time quantitative PCR. 
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1. Introduction 

Pancreatic adenocarcinoma (PAAD) is one of the most lethal malig
nancies accounting for 331,000 cancer-related deaths annually world
wide. In 2021, It was the third leading cause of cancer-related mortality 
worldwide, and is expected to rank second by 2030 [1,2]. Current 
chemotherapeutic drugs, namely gemcitabine plus paclitaxel or FOL
FIRINOX (folinic acid, fluorouracil, irinotecan, and oxaliplatin), 
constitute the preferred first-line systemic treatment for patients with 
advanced (unresectable or recurrent) PAAD [2,3]. Despite partial clin
ical benefit observed in some patients in response to currently available 
chemotherapy strategy, the overall response rate remains unsatisfactory 
[4,5]. Moreover, current standard treatments (i.e., chemotherapy, sur
gery, and targeted therapies) for patients with pancreatic cancer are 
rarely linked to long-term remissions, highlighting the unmet need for 
new therapeutic options [6,7]. Immune checkpoint blockade (ICB) 
therapy targeting the programmed death 1/programmed death-ligand 1 
(PD-1/PD-L1) axis has achieved considerable success in treating a wide 
range of cancers over the past decade, allowing a subset of patients to 
achieve long-term survival [8–11]. Pancreatic cancer is one of the most 
immune-resistant tumor types, a feature that is determined by its unique 
genomic landscape where key oncogenic drivers shape a highly immune 
inhibitory tumor microenvironment (TME) at the earliest stages of 
tumor development [12]. Notably, the efficacy of ICB in the treatment of 
pancreatic cancer is hampered by the high rate of primary or acquired 
resistance, indicating that only a small proportion of patients are 
responsive to this form of immunotherapy [13]. Thus, uncovering the 
cellular and molecular determinants of resistance to ICB in pancreatic 
cancer is critical to improving the efficacy of anti-PD-1/L1 therapy. 
Cancer cells often develop various molecular mechanisms to subvert 
anti-tumor immunity in favor of tumor growth and progression [14]. 
The complex interactions between tumor cells and the TME, and 
particularly the crosstalk between cancer and immune cells, regulate 
tumor immunity and the response to ICB [15–17]. In addition, genetic 
and epigenetic alterations during tumor initiation and progression 
support tumor-cell-intrinsic factors that encourage tumor cell prolifer
ation whilst altering the TME in favor of immune desertification 
[18–21]. However, the molecular determinants that describe 
tumor-immune cell interactions and evasion remain poorly defined, 
thereby hampering the development of novel and effective ICB treat
ment strategies against pancreatic cancer. 

Tumor-intrinsic oncogenic signalling pathways are complex net
works that involve alterations in the activity of genes, protein in
teractions, signalling, and metabolic networks. These networks are 
closely orchestrated by dynamic post-translational modifications in both 
normal and cancer cells. Palmitoylation is a reversible enzyme-driven 
modification that involves the covalent attachment of fatty acids to 
cysteine residues in substrate proteins [22]. This modification affects 
both the integral membrane and soluble proteins, including numerous 
cancer-associated proteins. Palmitoylation is mediated by a family of 23 
S-acyltransferases, namely zinc finger Asp-His-His-Cys-type palmitoyl
transferases (ZDHHC), which target over 10 % of the proteome and 
control various protein functions. These functions include protein 
maturation, trafficking, anchoring, degradation, and signaling [23,24]. 
Recent studies suggested a strong rationale for targeting specific ZDHHC 
enzymes as a promising anti-tumor strategy [25]. Proteins of the ZDHHC 
family are aberrantly increased in diverse tumor tissues; these elevations 
are correlated with a poor prognosis for glioblastoma and breast carci
noma [26,27]. Furthermore, genetic inactivation of ZDHHC-proteins (e. 
g., ZDHHC3, ZDHHC5, ZDHHC17, ZDHHC9, and ZDHHC12), has been 
associated with therapeutic effects in colon cancer, glioblastoma, 
leukaemia, and ovarian cancer [26,28–32]. Mechanistically, the ZDHHC 
family affects tumor progression by increasing the palmitoylation levels 
of certain key oncogenes (e.g., RAS) and enhancing the activity of pro
teins involved in melanomagenesis (e.g., melanocortin 1 receptor 
[MC1R]) [33,34]. ZDHHC9 controls tumor development by directly 

regulating important cancer-related proteins, such as HRAS and NRAS, 
by enhancing their plasma membrane affinity [35]. This presents an 
attractive anti-tumor strategy for targeting potentially undruggable 
proteins (e.g., RAS and other oncoproteins) through this key 
post-translational modification. Indeed, it has been shown that the ge
netic knockout of ZDHHC9 suppresses in situ tumor formation and 
cancer progression in T-cell acute lymphoblastic leukemia and chronic 
granulocytic leukemia [31], as well as inhibits the proliferation of 
glioblastoma and colorectal cancer cells [30,36]. Nevertheless, thus far, 
there are no studies investigating the effect of ZDHHC9 on pancreatic 
cancer. Therefore, it is necessary to determine whether ZDHHC9 can 
serve as an immunotherapeutic target to control pancreatic cancer 
progression and potentiate ICB treatment. 

In this study, we investigated a molecular and cellular mechanism for 
inhibiting pancreatic tumor progression and improving the survival of 
transplantable pancreatic tumor models by ZDHHC9 knockdown (KD). 
Poorly immunogenic tumor models were used to evaluate the synergistic 
effect of ZDHHC9 deficiency and PD-L1 monoclonal antibody (mAb) 
therapy. Furthermore, to improve the translational potential of the 
ZDHHC9-based treatment strategy, we developed a ZDHHC9 small- 
interfering RNA (siRNA) (siZDHHC9) nanoparticle (NP) delivery sys
tem to effectively silence ZDHHC9 and delay tumor progression. 
Collectively, our results showed that ZDHHC9 deficiency improves re
sponses to PD-L1 blockade and overcomes resistance to immunotherapy. 
These siZDHHC9 NPs elicited synergistic anti-tumor immune effects in 
combination with an anti-PD-L1 mAb. Mechanistically, ZDHHC9KD 

suppressed tumor progression by reprogramming the immunosuppres
sive (‘cold’) TME to the favourable pro-inflammatory (‘hot’) TME. This 
was evidenced by: i) increased infiltration and activation of anti-tumor 
immune effector cells (e.g., CD8+ T cells); ii) decreased infiltration of 
CD11b+Gr-1+ myeloid-derived suppressor cells (MDSCs); and iii) 
increased expression of pro-inflammatory cytokines and chemokines. 
Collectively, our findings reveal the immunomodulatory role of the 
tumor-intrinsic S-palmitoylation regulator, ZDHHC9, in the inhibition of 
anti-tumor immunity in pancreatic cancer. We further demonstrated 
that the inhibition or KD of ZDHHC9 reprograms the TME from being 
inherently immunosuppressive to assume a pro-inflammatory state. The 
present findings also validated the use of a ZDHHC9-based treatment 
system for improving the efficacy of anti-PD-L1 therapy in pancreatic 
cancer, with implications for other forms of ICB. 

2. Materials and methods 

2.1. Cell culture and transfection 

Mouse pancreatic cancer cell line (Pan02) was purchased from the 
American Type Culture Collection (Manassas, VA, USA). The KPC cancer 
cell line, derived from (KrasG12D/+; Trp53R172H/+; Pdx1-Cre) mice, was 
obtained from the Model Organisms Center, Inc. (Shanghai, China). All 
cells were cultured in RPMI 1640 medium or Dulbecco’s Modified Eagle 
Medium, supplemented with 10 % Foetal Bovine Serum (FBS; Excellbio) 
and 1 % penicillin/streptomycin (Beyotime, China) in a CO2 incubator at 
37 ℃ and 5 % CO2. The ZDHHC9 short hairpin RNA (shRNA) lentiviral 
vector (Beijing TSINGKE Biological Technology Co. Ltd., Beijing, China) 
was used to establish stable transfection cell lines, namely KPC and 
Pan02. The following 5’–3’ sequences were used: shZDHHC9#1: 
CAACCAGATTGTGAAACTGAA; shZDHHC9#2: GGAAGATGAAGAA
GATGAA; shZDHHC9#3: GGATGATACTAATAAACTA. Mouse tumor 
cells (30 % confluency) were incubated in medium containing optimal 
dilutions of lentivirus mixed with polybrene for 48 h. Thereafter, cells 
were subjected to puromycin selection to obtain stably transfected cells. 
The retroviral vector PDS406-pL-RFP-IRES-BSD (Beijing TSINGKE Bio
logical Technology Co. Ltd., Beijing, China), was constructed by 
inserting NheI and AscI fragments of the full-length mouse ZDHHC9 
cDNA into the vector. At 72 h after transfection and blasticidin selection, 
the cells were harvested for immunoblotting analysis. All cell lines were 
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authenticated and identified by short tandem repeat profiling and my
coplasma testing, respectively. 

2.2. In vivo evaluation of ZDHHC9KD in tumor mouse models 

All animal work was approved by the Animal Care Committee of 
Wenzhou Medical University (Wenzhou, China) (approval number: 
SYXK 22 Zhejiang Province 2015–0009). NOG (NOD/Shi-scid, IL-2 re
ceptor gamma null) mice (The Vital River Laboratory, Beijing, China), 
aged 6–8 weeks were allowed to acclimate to colony conditions for at 
least 7 days prior to conducting experiments. For the preparation of the 
immunocompetent tumor mouse model, stable cells (Pan02, 5 × 106 or 
2 × 106; KPC, 3 × 106) in 100 µL of phosphate-buffered saline (PBS) 
were subcutaneously injected into the right limb flank of C57BL/6 mice 
belonging to the ZDHHC9KD (shZDHHC9) group; mice in the shControl 
group received a non-ZDHHC9-targetting control shRNA. For the prep
aration of the immunodeficiency tumor mouse model, ~5 × 106 

shZDHHC9 Pan02 cells and shControl cells in 100 µL PBS were subcu
taneously implanted into the right flank of NOG mice. The tumors were 
monitored every 2–3 days, and the volume of the tumor was calculated 
according to the following formula: 0.523 × length × width2 (length and 
width represent the major and minor axes, respectively). Mice were 
sacrificed when the tumor size or ulceration reached 2000 mm3 and >
25 % of the surface area, respectively. For the evaluation of therapeutic 
efficacy in vivo, the mice were euthanized, and tumors were harvested 
and weighed. Pan02 tumors resected from the immunocompetent mouse 
models were further isolated for flow cytometry (fluorescence-activated 
cell sorting [FACS]) analysis to evaluate the immune landscape. 
Furthermore, the levels of secreted cytokines and chemokines were 
examined in isolated Pan02 tumors. 

2.3. Database evaluation of the immunological status of the TME 

The association between ZDHHC9 expression and tumor-infiltrating 
immune cells (TIICs) in pancreatic adenocarcinoma (PAAD) was inves
tigated using the TIMER (https://cistrome.shinyapps.io/timer/) and 
TISIDB (http://cis.hku.hk/TISIDB/) databases. The correlation between 
ZDHHC9 and 124 immunomodulators and pan cancer-associated im
mune cells was explored using the TISIDB database. The four major 
immunological characteristics of the TME are: the cancer-immunity 
cycle, the infiltration levels of TIICs, and the expression of immuno
modulators and inhibitory immune checkpoints. PAAD patients were 
stratified according to the expression of ZDHHC9 in their tumors, 
whereby ZDHHC9 transcript levels were defined as high (above the 60th 
quartile) and low (below the 40th quartile). We obtained fragments per 
kilobase million (FPKM) information relating to immunomodulators 
(including immune stimulators, MHC, receptors, and chemokines) from 
PAAD-TCGA (The Cancer Genome Atlas) transcriptomic data. We then 
generated a heat-map of gene expression using the ‘ComplexHeatmap’ 
package. The ssGSEA (single sample Gene Set Enrichment Analysis) was 
used to evaluate the activities of the cancer-immunity cycle, which 
reflect the anti-tumor immune response and dictate the fate of cancer 
cells. Thereafter, we developed multiple algorithms to estimate the 
infiltration level of TIICs in the TME based on RNA sequencing (RNA- 
seq) data. We used six independent algorithms (TIMER, CIBERSORT- 
ABS, quanTIseq, xCell, TIP, and MCP-counter) to perform this calcu
laton with the aim of minimising calculation errors. Moreover, the 
effector genes of TIICs and 20 inhibitory immune checkpoints with 
therapeutic potential were also identified by the ‘ComplexHeatmap’ and 
‘Corrplot’ packages, respectively. We also calculated a pan-cancer T-cell 
inflammation score [37], which is critical for determining the extent of 
cancer immunity and the ICB response, to estimate the correlation be
tween these parameters and ZDHHC9 expression. The immunotherapy 
response was predicted by the Tumor Immune Syngeneic MOuse data
base (http://tismo.cistrome.org), TIDE database (http://tide.dfci.har
vard.edu), and ROC Plotter (http://www.rocplot.org/) based on the 

ZDHHC9 gene expression. 

2.4. In vivo efficacy of ZDHHC9KD and anti-PD-L1 in the Pan02-bearing 
tumor mouse model 

The Pan02-bearing tumor mouse model was used to examine the in 
vivo efficacy of the ZDHHC9KD and anti-PD-L1 combination therapy. 
After tumor implantation into C57BL/6 mice (as described above), two 
groups of mice received an intraperitoneal injection with anti-PD-L1 
(BE0101) or an isotype control (immunoglobulin G2a [IgG2a]; 
BE0089) mAb at a dose of 100 µg per mouse in 100 µL InVivoPure pH 7.0 
Dilution Buffer (Bio X Cell, Lebanon, NH, USA) (IP0070), every 3 days 
for a total of four cycles. Tumors were monitored and their size was 
recorded every 2–3 days. The tumor volume was calculated according to 
the following formula: 0.523 × length × width2. The efficacy of the 
combination therapy was evaluated by tumor imaging and tumor weight 
measurement. 

We also established CD8+-T-cell-depleted mice to investigate 
whether CD8+ T cells were responsible for the anti-tumor effect of 
ZDHHC9KD and anti-PD-L1 combination therapy. Briefly, C57BL/6 mice 
initially received 100 μg of the murine anti-CD8α antibody (BP0117) 
through intraperitoneal injection for a total of five cycles; the treatment 
was initiated on day 3 before tumor challenge and administered every 3 
days (the treatment workflow is shown in Fig. 5e, i). The isotype control 
(IgG2b; BP0090) mAb was utilized as a negative control. Anti-PD-L1 was 
intraperitoneally administered after tumor implantation, as described 
above. Following the last injection, tumors were harvested for imaging 
and weighed. Next, the size of tumors was measured, and their volume 
was calculated according to the formula shown above. Tumor cells were 
further isolated and evaluated for their CD8+ T cell composition (%). 
Simultaneously, tumor samples were frozen in liquid nitrogen, fixed in 
formalin, embedded in paraffin, and sliced into sections (thickness: 5 
µm). Subsequently, the sections were stained with hematoxylin and 
eosin (H&E) and analyzed using immunohistochemistry (IHC). 

2.5. Flow cytometry (FACS) 

For the preparation of a single-cell suspensions, tumors were washed 
and digested in RPMI 1640 (Gibco), supplemented with 1000 U/mL 
collagenase type IV (Gibco) and 50 U/mL DNase I, for 30 min at 37 ◦C. 
Thereafter, the cells were filtered through 70 µm cell strainers (BD 
Falcon Cell Strainers; BD Biosciences, Oxford, U.K.). For surface markers 
staining, the cells were washed with cold PBS containing 2 % FBS and 2 
mM ethylenediaminetetraacetic acid, harvested, and incubated with Fc 
Block (BD Biosciences) for 30 min. Next, the cells were stained with cell 
surface antibodies (Supplementary Table S1) in 50 µL of PBS (containing 
1 % FBS and 2 mM ethylenediaminetetraacetic acid) at 4 ◦C for 1 h in the 
dark. After staining with surface antibodies, as described above, intra
cellular interferon-γ (IFN-γ) antibody staining was also performed. For 
IFN-γ staining, single tumor cells were treated with GolgiStop (BD Bio
sciences) and then stimulated with phorbol myristate acetate (100 ng/ 
mL) and ionomycin (500 ng/mL) at 37 ◦C for 4 h. The tumor cells were 
then fixed and permeabilized with BD Fixation/Permeabilization solu
tion (BD Biosciences, Franklin Lakes, NJ, USA). Finally, unstained and 
single-stained cells were subjected to FACS analysis. Data were collected 
using an Attune NxT flow cytometer (Thermo Fisher) and analyzed using 
the FlowJo software. All antibodies used for flow cytometry are listed in 
Supplementary Table S1. 

2.6. Real-time quantitative polymerase chain reaction (RT-qPCR) and 
immunoblotting 

RT-qPCR and immunoblotting were performed as previously 
described [38,39]. The following primer sequences were used for 
RT-qPCR: glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
(mouse), 5′-AGGTCGGTGTGAACGGATTTG-3′ (forward) and 
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5′-TGTAGACCATGTAGTTGAGGTCA-3′ (reverse); ZDHHC9 (mouse), 
5′-AAGGTGACACGGAAATGGGAG-3′ (forward) and 5′-CGACACTCG 
AAGGCAAAGAA-3′ (reverse). Antibodies against ZDHHC9 
(HPA031814; Sigma Aldrich; USA) and β-actin (66009–1-Ig; Pro
teintech; China) were used for immunoblotting. Briefly, 5 × sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis buffer was added to 
the samples, which were subsequently boiled at 95 ◦C for 10 min. Next, 
the samples were subjected to dodecyl sulfate-polyacrylamide gel elec
trophoresis on a 10 % gel and analyzed by immunoblotting with the 
indicated antibodies. 

2.7. IHC and tissue microarrays (TMAs) 

IHC analysis was performed as previously described [40]. Antibodies 
targeting granzyme B (GZMB; ab4059; Abcam), CD8α (98941S; Cell 
Signaling Technology), and Gr-1 (GB11229; Servicebio) were used for 
IHC. High-density protein TMAs of human pancreatic cancer clinical 
samples (catalog number PAC1602) were constructed by the Super
biotek Pharmaceutical Technology Co. Ltd. (Shanghai, China). PAAD 
TMA slides were heated and dewaxed. The antigen was subsequently 
retrieved and incubated with an anti-ZDHHC9 antibody. A signal was 
obtained via the labeled streptavidin-biotin method. The staining in
tensity of anti-ZDHHC9 antibody. A total of 80 TMAs were classified into 
four groups: weak staining was marked as 1; faint staining as 2; mod
erate staining as 3; and strong staining as 4. The degree of immuno
staining was examined and blindly scored in a blinded manner by two 
independent pathologists. The scores were assigned according to the 
percentage of stained cells and staining intensity. 

2.8. Cytokine analysis 

The secretion of cytokines by tumors was measured using the 
enzyme-linked immunosorbent assay (ELISA) and the cytometric bead 
array (CBA). The ELISA was performed as previously described [41]. A 
commercial BD™ CBA mouse Th1/Th2/Th17 cytokine kit (BD Bio
sciences) was used to detect the level of cytokines in tumor plasma. The 
specific experimental procedures were consistent with our previous 
study [42]. According to the assay protocol, dissociated tumor cells were 
centrifuged to collect tumor plasma samples for further detection on a 
BD Accuri™ C6 Plus flow cytometer (BD Biosciences, Franklin Lakes, NJ, 
USA). Briefly, a vial of lyophilized cytokine standards was prepared in 
assay diluent and serially diluted. Mixed cytokine capture beads were 
then incubated with tumor plasma samples, standards, and the negative 
control for 30 min at room temperature in the dark. The assay was 
subsequently performed on a BD Accuri™ C6 flow cytometer, and the 
data were analyzed using the BD FCAP Array software (BD Biosciences). 

2.9. Synthesis and physicochemical characterization of NP-siZDHHC9 

We used the double emulsion solvent evaporation technique to 
prepare siZDHHC9-encapsulating polymeric NPs as previously 
described [43]. siRNA targeting mZDHHC9 and siRNA negative control 
(siNC) were synthesized by Beijing TSINGKE Biological Technology Co. 
Ltd. The sequences of siZDHHC9 were: sense strand, 5’-CAACCA
GAUUGUGAAACUGAA-3’, antisense strand, 5’-UUCAGUUUCACAAU
CUGGUUG-3’. The sequences of siNC were: sense strand, 
5’-CCUUGAGGCAUACUUCAAAdTdT-3’, antisense strand, 5’-UUU
GAAGUAUGCCUCAAGGdTdT-3’. Briefly, an aqueous solution contain
ing 10 μg of siRNA (siZDHHC9, siNC, or 5’-carboxyfluorescein-labelled 
[FAM-labelled] siNC) in 25 µL of BeyoPureTM Ultrapure water (Beyo
time) was emulsified in 0.5 mL of chloroform solution (containing a 
cationic molecule DOTAP and a copolymer of mPEG-PLGA at 2 mg/mL 
and 50 mg/mL, respectively) by sonicating for 1 min. Next, this primary 
emulsion was rapidly added dropwise to a tube containing 5 mL of Ul
trapure water, and another round of sonication for 1 min was performed 
at 4 ◦C. This led to the instant formation of siRNA-loaded NPs 

(NP-siRNA) in a water-in-oil-in-water emulsion. The NPs were subse
quently collected using a rotary evaporator (EyeLaN; Tokyo Rikakikai 
Co., Ltd., Tokyo, Japan) under reduced pressure to remove the solvent 
(chloroform and Ultrapure water). The sample was concentrated to a 
volume of 1 mL, and the NP-siRNA was filtered and stored at – 80 ◦C. The 
average hydrodynamic size, polydispersity index, and zeta potential of 
the NP-siRNA complexes were determined via dynamic light scattering 
(Malvern Zetasizer). The morphology of NP-siRNA was also determined 
by transmission electron microscopy (TEM; JOEL, Japan). For TEM, the 
NP-siRNA was initially stained with 2 % uranyl acetate and air dried on a 
Formvar/Carbon film grid (Electron Microscopy Sciences, Hatfield, PA, 
USA). 

2.10. Cellular uptake and transfection with NP-siZDHHC9 in vitro 

FAM-labelled siNC-loaded NPs (NP-FAM-siNC) were prepared to 
monitor the uptake of NPs. A total of 2 × 105 Pan02 cells per well were 
seeded in a six-well plate containing 2 mL of RPMI 1640 medium and 
incubated at 37 ◦C overnight. Subsequently, the cells were incubated 
with medium containing NP-FAM-siNC for 6 h, washed with Dulbecco’s 
PBS and analyzed on a BD Accuri™ C6 Plus flow cytometer. To confirm 
that the transfection with FAM-labelled siNC was successful, the cells 
were treated with NP-FAM-siNC for 6 h, prior to incubated with Lyso
TrackerTM Deep Red (1:20,000, Invitrogen; CA, USA) and observed on a 
Zeiss LSM 880 confocal laser scanning microscope. The Pan02 cells were 
transfected with the NP-siZDHHC9 complexes to evaluate their in vitro 
gene silencing efficacy by RT-qPCR. 

2.11. Cell proliferation assay and in vitro cytotoxicity 

The Cell Counting Kit-8 (CCK-8) assay (Dojindo, Kumamoto, Japan) 
was utilized to determine the viability of cells in the proliferation and 
cell cytotoxicity assays. For the in vitro cell cytotoxicity assay, 2 × 103 

cancer cells per well were seeded in 96-well plates containing the cor
responding culture medium. The following day, cells were treated with 
fresh medium containing PBS, naked siRNA, or NP siRNA at indicated 
concentrations. After incubation for 48 h, 100 µL Cell Counting Kit 
(CCK-8) reagent was added to each well, and the cells were incubated for 
a further 1.5 h in the dark at 37 ◦C. The optical density (OD) was 
measured at 450 nm wavelength using the Spectra Max M5 microplate 
reader (Molecular Devices, Sunnyvale, CA, USA). The cell viability rate 
was calculated according to the following formula: Cell viability (%) =
(ODtreated − ODblank) / (ODcontrol − ODblank) × 100 %. 

2.12. In vivo efficacy of the NP-siZDHHC9 and anti-PD-L1 combination 
therapy in Pan02- and KPC-bearing tumor mouse models 

Pan02- and KPC-bearing tumor mouse models were developed to 
evaluate the combined therapeutic efficacy of NP-siZDHHC9 and anti- 
PD-L1. Wild-type cells (Pan02, 5 × 106; KPC, 3 × 106) suspended in 
100 µL of PBS were injected into the right flank of male C57BL/6 mice at 
6 weeks of age. After tumor implantation 10–12 days, the mice were 
randomly divided into five groups (n = 8 or 9 mice/group). Each group 
of mice received intratumoral injection with saline (50 µL), NP-siNC, or 
NP-siZDHHC9 (final siRNA concentration: 0.8 mg/kg body weight) 
every 3 days. Mice in the ‘anti-PD-L1’ and ‘NP-siZDHHC9 plus anti-PD- 
L1’ groups received an additional intraperitoneal injection with anti-PD- 
L1 mAb (100 µg per mouse). The treatment scheme is shown in Fig. 3j 
and o. Tumor size was monitored using an electronic caliper (Mitutoyo, 
Mississauga, Canada) and calculated according to the formula 
mentioned above. After the experiments, the tumors were harvested for 
FACS, RT-qPCR, IHC, and ELISA analyses. 

2.13. Statistical analysis 

All experiments were independently performed in triplicate, and the 
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data are shown as mean ± standard deviation (SD) or mean ± standard 
error of the mean (SEM) (n ≥ 3), as indicated. The statistical analyses 
were carried out using one-way analysis of variance (ANOVA) with 
Tukey’s correction (for comparisons between more than three groups) 
and Student’s t-test or Mann Whitney U test (for comparisons between 
two groups). GraphPad Prism (Version 8.0; GraphPad Software Inc., San 
Diego, CA, USA) and SPSS (Version 23.0; IBM Corp., Armonk, NY, USA) 
statistical software were used to perform the analyses; p-values < 0.05 
denoted statistically significant differences. 

3. Results 

3.1. ZDHHC9 was frequently overexpressed in numerous human cancers, 
including pancreatic cancer 

To analyze the clinical relevance of ZDHHC9 in human cancers, we 
investigated its expression status across numerous types of cancer using 
RNA-sequencing data from The Cancer Genome Atlas (TCGA) and the 
Gene Expression Profiling Interactive Analysis (GEPIA) platform [44]. 
We found that ZDHHC9 mRNA expression was significantly increased in 
20 of the 33 most common types of human cancer (Fig. S1a, b). In 29 
types of human cancer, we observed a negative correlation between 
ZDHHC9 expression and the immune infiltration score (Fig. S1c and S2). 
We further evaluated the correlation between ZDHHC9 expression and 
the 18 signature genes of existing adaptive T cell immune responses 
[37]. The results showed that ZDHHC9 expression was negatively 
correlated with the pro-inflammatory T cell gene signature, as well as 
the immune cell cytotoxicity gene signature (i.e., granzyme A [GZMA] 
and perforin 1 [PRF1]) [45] (Fig. S1d, e). Additionally, the elevated 
expression of ZDHHC9 was associated with poor prognosis in several 
cancer types (Fig. S3), including pancreatic cancer. Pan-cancer analysis 
indicated that ZDHHC9 expression was negatively correlated with most 
immunomodulators (i.e., chemokines, major histocompatibility com
plex [MHC] molecules, immune stimulators, and receptors) and 
tumor-infiltrating immune cells (TIICs) in a variety of human cancers 
from the TISIDB database (Fig. S4a) [46]. Numerous studies have 
demonstrated the low expression of immune checkpoints such as 
PD-L1/PD-1 in the immunosuppressive TME [47,48]. Notably, the 
expression of ZDHHC9 and several immune checkpoints, such as PD-L1, 
cytotoxic T-lymphocyte associated protein 4 (CTLA-4), and lymphocyte 
activating 3 (LAG-3), was largely mutually exclusive (Fig. S4b, c). A 
positive correlation was found between MDSC infiltration and ZDHHC9 
expression, whereas a negative correlation was observed between CD8+

T cells and ZDHHC9 expression in multiple human cancers (Fig. S5a, b). 
Taken together, our data indicate that ZDHHC9 was frequently upre
gulated in human cancers, including pancreatic cancer. However, the 
biological role and underlying mechanism of the ZDHHC9 in pancreatic 
cancer have not previously been reported. 

3.2. ZDHHC9 was highly expressed in pancreatic cancer and correlates 
with impaired anti-tumor immunity 

We next explored the expression of ZDHHC9 by IHC in a TMA con
taining 80 cancerous and normal pancreatic tissues. As shown in Fig. 1a 

and b, the protein expression levels of ZDHHC9 were markedly higher in 
cancer tissues versus normal pancreatic tissues. To further examine the 
critical role of ZDHHC9, we explored its connection with immunity- 
related factors in pancreatic cancer using data from the TCGA data
base ZDHHC9 expression was found to be negatively correlated with a 
large number of immunomodulators (Fig. 1c), the genetic signature of 
the pro-inflammatory TME [49]. Anti-tumor immune response involves 
a series of stepwise events. This advance provides an opportunity for 
dissecting the complex interactions between cancer and the immune 
system [50]. We further uncovered potential steps of the cancer-immune 
cycle that were influenced by ZDHHC9 in PAAD. The activities of the 
majority of these cancer-immune cycle steps were downregulated in the 
ZDHHC9-high expression group, including cancer antigen presentation 
(Step 2), immune cell recruitment (Step 4), and cytotoxicity against 
cancer cells (Step 7; Fig. 1d). Of note, Step 4 involved the recruitment of 
CD4+ T cells, CD8+ T cells, dendritic cells (DCs), macrophages, mono
cytes, natural killer (NK) cells, T helper type 17 (Th17) cells, and B cells. 
Thus, the reduced activities of these cancer-immune cycle steps may 
suppress the anti-tumor immune response and reduce the infiltration of 
effector TIICs into the TME. We further calculated the infiltration of 
TIICs into the TME using six independent algorithms in PAAD. In line 
with the above results, ZDHHC9 was negatively correlated with the 
infiltration of CD8+ T cells, NK cells, and macrophages (Fig. 1e). Simi
larly, ZDHHC9 was negatively correlated with the effector genes of these 
TIICs (Fig. 1f). Moreover, ZDHHC9 was also negatively correlated with 
the majority of immune checkpoint inhibitors including PD-L1, PD-1, 
CTLA-4, LAG-3, T cell immunoglobulin and mucin-domain-containing 
molecule 3 (TIM-3), T cell immunoglobulin and immunoreceptor 
tyrosine-based inhibitory motif domain (TIGIT), and adenosine 2A re
ceptor (ADORA2A) (Fig. 1g). The mutation profiles of high- and 
low-ZDHHC9 tumors revealed that KRAS and dynein axonemal heavy 
chain 11 (DNAH11) were among the most differentially mutated genes 
(Fig. S6a, b). KRAS mutations are associated with an immunosuppres
sive pancreatic cancer microenvironment [51]. ZDHHC9-high tumors 
had a higher frequency of KRAS mutations compared with ZDHHC9-low 
tumors. Similarly, tumors containing KRAS mutations were more likely 
to be ZDHHC9-high (64 %, 49/77) compared with wild-type KRAS tu
mors (37 %, 24/65) (Fig. S6c). Moreover, ZDHHC9 was positively 
correlated with genes upregulated as a result of KRAS mutation. In 
contrast, it was negatively correlated with genes downregulated due to 
the KRAS mutation (Fig. S6d, e). Collectively, these findings led us to 
propose that ZDHHC9 expression promoted an immunosuppressive or 
‘cold’ TME in pancreatic cancer. 

3.3. ZDHHC9 deficiency significantly induced tumor regression and 
prolonged the survival time of mice with transplantable pancreatic tumors 

To further assess whether ZDHHC9 represents a potential thera
peutic target in pancreatic cancer, we initially examined the effect of 
targeting ZDHHC9 on tumor growth and weight in different tumor 
models. We achieved ZDHHC9 KD by stably transfecting Pan02 cells 
with an expression vector encoding one of three shRNA targeting 
ZDHHC9 or the shControl. We confirmed the efficacy of ZDHHC9 KD by 
RT-qPCR and immunoblotting analyses (Fig. S7a, b), which revealed 

Fig. 1. ZDHHC9 was highly expressed in pancreatic cancer and promoted an immunosuppressive TME. (a) IHC analysis of ZDHHC9 using microarrays of human 
normal pancreatic tissues and pancreatic cancer tissues. (b) Violin plot of ZDHHC9 expression in tissue sections based on the IHC score recorded by the IHC score 
obtained by pathologists (n = 80 normal pancreatic specimens, n = 80 pancreatic cancer specimens, p = 0.003, t(2) = 3.821, df = 79) tissue sections; scale bars 
= 200 µm. (c) Differential expression heat map of published immunomodulators (chemokines or their receptors, MHC molecules, and immune stimulators) between 
high- and low-ZDHHC9 groups in patients with PAAD. (d) Different expression patterns of the various steps of the cancer-immunity cycle between the high- and low- 
ZDHHC9 groups. (e) Correlation analysis between the expression of ZDHHC9 and the infiltration levels of five types of TIICs (i.e., CD8+ T cells, NK cells, macro
phages, Th1 cells, and DCs), according to six independent algorithms. (f) Differential expression heat map of the effector genes in the above-mentioned tumor- 
associated immune cells between the high- and low-ZDHHC9 groups. (g) Correlation between the expression of ZDHHC9 and 20 inhibitory immune checkpoints. The 
color scales and the values represent the Spearman correlation coefficient. The clustered heat map depicts the mRNA expression z-scores relative to all samples. (b) p- 
value was calculated using paired Student’s t-test; (d) p-values were calculated using Mann-Whitney U test with asterisks indicating statistical significance (*p < 0.05, 
**p < 0.01, *** p < 0.001, and ****p < 0.0001). 
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almost complete ZDHHC9 KD in the shZDHHC9#1 Pan02 subclones. We 
next established the critical role of ZDHHC9 KD in tumor progression 
using a subcutaneous mouse model of pancreatic cancer (by trans
planting Pan02 cells). We subcutaneously injected 5 × 106 parental or 
Pan02-ZDHHC9KD cells into the right flank of immunocompetent 
C57BL/6 mice and monitored tumor growth every 2–3 days. Mice lack of 
survival was defined as death or a tumor size >1000 mm3. Notably, 
ZDHHC9KD in Pan02 cells dramatically impaired tumorigenesis, as evi
denced by the smaller tumor size, lower tumor weight, and prolonged 
survival time of the animals (Fig. 2a). To further confirm the specificity 
of ZDHHC9KD on tumor progression, overexpression of ZDHHC9 in 
Pan02-ZDHHC9KD cells reversed the inhibitory effect on tumor growth, 
confirming the on-target anti-tumor effect of ZDHHC9KD (Fig. 2b, 

Fig. S7c). 
We further assessed whether ZDHHC9 deficiency in tumor cells could 

exert a similar tumor suppressive effect on different molecular subtypes 
of pancreatic cancer. For this purpose, we tested the therapeutic po
tential of ZDHHC9 KD using an additional syngeneic mouse subcu
taneous KPC tumor model: (LSL-KrasG12D/+; LSL-Trp53R172H/+; and 
Pdx1-Cre) derived cell line KPC (with two mutations confirmed by PCR 
analysis) (Fig. S7d, e) [17]. The efficiency of stable shRNA-mediated 
ZDHHC9 KD was validated by RT-PCR and immunoblotting analyses 
in the KPC cells (Fig. S7f, g). In the KPC subcutaneous tumor model, we 
subcutaneously inoculated 3 × 106 parental or KPC-ZDHHC9KD cells 
into the right flank of immunocompetent C57BL/6 mice as described 
above. We found that the tumor inhibition rate was 51.5 % with a 

Fig. 2. Targeting ZDHHC9 decreased tumor growth and prolonged survival in pancreatic tumor models. (a) Curves of subcutaneous tumor growth in the right flank 
of syngeneic mice that received 5 × 106 Pan02 cells stably expressing shZDHHC9 or shControl vector Pan02 subclones (n = 10 mice per group; tumor volume 
(p = 0.0001, t(2) = 4.820, df = 18); tumor weight (p = 0.0002, t(2) = 4.708, df = 18); survival rate (p = 0.0002, Chi square = 14.36, df = 1). The tumor volume, 
tumor weight, representative images of shControl and shZDHHC9 Pan02 tumors at the end of the experiment, and survival curves of shControl or shZDHHC9 Pan02 
tumors are shown (n = 10 mice per group). (b) Subcutaneous tumor growth in syngeneic mice that received 2 × 106 Pan02 subclones stably expressing the Control, 
shZDHHC9, or (shZDHHC9+ZDHHC9) constructs (n = 6 mice per group). Growth curves, tumor weight, representative images of the tumors, and mice survival 
curves are shown (tumor volume (shZDHHC9 vs shZDHHC9+Flag-ZDHHC9: p = 0.0003, q = 7.332, df = 15); tumor weight (shZDHHC9 vs shZDHHC9+Flag- 
ZDHHC9: p = 0.0003, q = 7.418, df = 15); survival rate (p = 0.0002, Chi square = 16.88, df = 2). (c) Growth curves, tumors weight, representative images of the 
tumors, and survival curves for the mice bearing shControl or shZDHHC9 KPC tumors (n = 10 mice per group; tumor volume (p = 0.0059, t(2) = 3.124, df = 18); 
tumor weight (p = 0.0044, t(2) = 3.257, df = 18); survival rate (p = 0.0092, Chi square = 6.793, df = 1). Survival curves from the subcutaneous tumor model were 
determined until death or a tumor volume > 1000 mm3. Tumor-bearing mice were euthanized when the calculated tumor volume ~2000 mm3 or when tumors 
became necrotic. All results are presented as mean ± SD. (a and c) p-values were calculated using a two-sided unpaired Student’s t-test; (b) p-values were calculated 
using a one-way ANOVA with a Tukey post hoc test. Survival curves were analyzed using the log-rank (Mantel-Cox) test (** p < 0.01, and *** p < 0.001). 
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significant improvement in the survival of tumor-bearing mice (Fig. 2c). 
In summary, KD of ZDHHC9 in pancreatic tumor cells could significantly 
induce pancreatic tumor regression and prolong the survival time of 
mice. 

3.4. ZDHHC9 inhibition induced a pro-inflammatory TME with 
characteristic anti-tumor immune profiles 

To understand the mechanism through which ZDHHC9 KD mediated 
anti-tumor effects, we examined the overall immune landscape by 
focusing specifically on TME remodelling. The alterations of immune 
cell subsets in ZDHHC9KD tumors were characterized using multispectral 
flow cytometry. The gating strategies for immune cell subsets are shown 
in Fig. S8. ZDHHC9 KD in Pan02 tumors significantly increased the 
proportion of live CD45+ cells, NK cells, CD8+ T cells, CD4+ T cells, and 
M1 macrophages at the tumor site; however, it did not affect the 
recruitment of M2 macrophages. MDSCs play essential roles in the 
suppression of host immune responses, and their accumulation at the 
tumor site maintains the immunosuppressive TME [52]. The results 
revealed that the infiltration of CD11b+Gr-1+ MDSCs decreased in 
ZDHHC9KD Pan02 tumors. There was no significant difference in the 
percentages of DCs, as determined by FACS staining for relevant cell 
surface markers (Fig. 3a-f). Strikingly, in the ZDHHC9KD Pan02 tumors, 
intratumoral NK cells and CD8+ T cells exhibited a reduction in PD-1 
expression (a marker of exhaustion), compared with untreated tumors. 
In addition, the expression of PD-1 on CD4+ T cells was not significantly 
changed in ZDHHC9KD Pan02 tumors (Fig. S9a-c). These findings sup
port the view that, in Pan02 tumors, ZDHHC9KD boosted the cellular 
immune response and delayed effector T-cell exhaustion. ZDHHC9 KD in 
the tumor reprogrammed the TME in favor of the anti-tumor immune 
landscape. We observed that ZDHHC9 KD improved T cell infiltration 
and function. In addition, it also increased the expression of the PD-L1 
checkpoint molecule on CD11b+ myeloid cells, F4/80+ macrophages, 
and DCs (Fig. 3g-k). 

The crosstalk between tumor and immune cells within the TME relies 
primarily on cytokine and chemokine signalling, which drives and de
termines tumor progression [53]. Therefore, we next evaluated the 
cytokine and chemokine milieu within the ZDHHC9-deficient TME. We 
examined the T-cell-mediated production of IFN-γ and GZMB in sub
cutaneously grown shControl and shZDHHC9 Pan02 tumors. The results 
demonstrated that tumor-infiltrating CD8+ T cells and CD4+ T cells from 
the shZDHHC9 group exhibited higher IFN-γ and GZMB production than 
those of the shControl group (Fig. 3l; Fig. S10a-d). These findings sug
gest that the activation of functional CD8+ and CD4+ effector T cells was 
achieved by ZDHHC9 KD. We further investigated the concentrations of 
Th1- and Th2-related cytokines in the tumors using a mouse 
Th1/Th2/Th17 CBA kit. We detected increased levels of the Th1 
pro-inflammatory cytokines interleukin 2 (IL-2), IFN-γ, and tumor ne
crosis factor alpha (TNF-α), as well as a decreased levels of IL-10 in 
ZDHHC9KD tumors, compared with the control group; there were no 
changes in the levels of IL-4 and IL-6. In addition, we did not detect 
significant levels of IL-17 in tumor tissues (data not shown). The raised 

Th1/Th2 cytokine ratio indicates that ZDHHC9 KD in the tumor 
increased the local pro-inflammatory response (Fig. 3m). Chemokines 
play an essential role in driving T cell trafficking, thus regulating the 
immune response and homeostasis [54]. Indeed, we observed that 
ZDHHC9 KD in tumors increased the plasma concentrations of C-C motif 
chemokine ligand 5 (CCL5), C-X-C motif chemokine ligand 10 
(CXCL10), CXCL9, and IFN-γ within the TME (Fig. S11a). Previous 
research showed that such a chemokine signature was correlated with 
the infiltration of CD8+ T cells in PAAD [55]. Of note, all these 
inflammation-related chemokine and cytokine profiles were observed 
only within the locality of the tumor, but not in the blood (Fig. S11b). 
This, indicates that the increased production of CCL5, CXCL10, CXCL9, 
and IFN-γ may have originated from the tumor site with minimal sys
temic effects. Taken together, these results establish a critical role of 
tumoral ZDHHC9 in the regulation of the composition and activation of 
the cellular immune response at the tumor site. The increased T-cell 
infiltration into the tumor, as well as the localized release of 
pro-inflammatory chemokines and cytokines, serve to create a 
pro-inflammatory TME. In summary, our data indicated that ZDHHC9 
deficiency improves anti-tumor immunogenicity and may strongly 
synergize with anti-PD-L1 checkpoint therapy, thereby resulting in sig
nificant tumor regression. 

3.5. Combination therapy with anti-PD-L1 and ZDHHC9 deficiency 
overcome tumor resistance to PD-L1 blockade therapy 

As described above, ZDHHC9 KD improved T cell infiltration and 
function but also upregulated the expression of the PD-L1 checkpoint 
molecule on CD11b+ myeloid cells, F4/80+ macrophages, and DCs. For 
this purpose, we hypothesized that ZDHHC9 KD may enhance the 
therapeutic efficacy of PD-L1 blockade therapy. We next tested the 
synergistic therapeutic effect of ZDHHC9 inhibition and PD-L1 blockade 
in poorly immunogenic tumor models. We constructed transplantable 
Pan02 tumor models with primary resistance to anti-PD-L1 therapy [56, 
57]. An anti-PD-L1 monoclonal mAb or an isotype control (IgG2a) were 
intraperitoneally administered twice per week to C57BL/6 mice after 
subcutaneous transplantation of 2 × 106 parental or Pan02-ZDHHC9KD 

cells. The use of anti-PD-L1 alone led to a modest inhibition of tumor 
growth. Nevertheless, the combination treatment with ZDHHC9 KD and 
anti-PD-L1 markedly inhibited tumor growth and prolonged the survival 
time of Pan02 tumor-bearing mice compared with ZDHHC9 KD or 
anti-PD-L1 mAb treatment alone (Fig. 4a-e). Importantly, the combi
nation therapy was well tolerated and did not result in acute toxicity, as 
evidenced by the lack of reduction in body weight (Fig. S12). Taken 
together, the inhibition of both ZDHHC9 and PD-L1 functions syner
gistically retarded tumor growth in the pancreatic tumor xenograft 
model. 

3.6. The host immune system mediated the synergistic effect of ZDHHC9 
deficiency and anti-PD-L1 therapy 

Based on the above results, we hypothesized that the host immune 

Fig. 3. Loss of ZDHHC9 induced a pro-inflammatory TME by enhancing the infiltration of anti-tumor immune effector cells and increasing tumor inflammation. (a-f) 
Flow cytometry analysis of the number of CD45+ leukocytes (a) (p < 0.0001, t(2) = 5.245, df = 16), CD8+ T cells (CD8) (p < 0.0001, t(2) = 5.693, df = 16), CD4+ T 
cells (CD4) (p = 0.0007, t(2) = 4.210, df = 16) (b), NK cells (NK) (p = 0.0028, t(2) = 3.527, df = 16) (c), DCs (p = 0.3047, t(2) = 1.061, df = 16) (d), CD11b+ Gr-1+

myeloid-derived suppressor cells (MDSCs) (p = 0.0091, t(2) = 2.966, df = 16) (e), type 1 macrophages (M1) (p = 0.0277, t(2) = 2.422, df = 16), and type 2 
macrophages (M2) (p = 0.6547, t(2) = 0.4558, df = 16) (f) infiltrating subcutaneous tumors, namely shControl and shZDHHC9 Pan02 tumors. The percentages 
indicate different immune cell populations as proportion of the total live cells, except for macrophages, where percentages indicate the percentage of total live CD45+

cells. The results are presented as mean ± SEM. (g-k) Flow cytometric analysis and the quantitative results of PD-L1+ (CD11b: p = 0.0032, t(2) = 3.471, df = 16), 
(F4/80: p = 0.0102, t(2) = 2.913, df = 16), (DCs: p = 0.003, t(2) = 3.496, df = 16), (MDSCs: p < 0.0001, t(2) = 7.909, df = 16), (CD45-: p = 0.2671, t(2) = 1.150, 
df = 16) cells in Pan02 tumors. (i) Frequencies of IFN-γ+- or GZMB+-producing CD4+ and CD8+ T cells on day 26 after injection with shControl and shZDHHC9 Pan02 
tumors (n = 7 mice per group; IFN-γ+CD4: p = 0.0317, t(2) = 2.431, df = 12; IFN-γ+CD8: p = 0.0255, t(2) = 2.549, df = 12; GZMB+CD4: p = 0.0337, t(2) = 2.397, 
df = 12; GZMB+CD8: p = 0.0103, t(2) = 3.039, df = 12). (m) Concentrations of IL-2, IFN-γ, TNF-α, IL-4, IL-6, IL-10, and IL-17 in the supernatant of excised tumors 
from the indicated mice using a Th1/Th2/Th17 cytometric bead array (CBA) kit (n = 7 mice per group; p = 0.03647, t(2) = 2.354, df = 12); (a-m) p-values were 
analyzed using a two-sided unpaired Student’s t-test. All results are presented as mean ± SD (ns = not significant, *p < 0.05, ** p < 0.01, and ***p < 0.001). 
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system mediated the anti-tumor activity that arises from ZDHHC9 
depletion in the tumor site. To test this hypothesis, we established a 
subcutaneous transplantation mouse model using NOG mice that 
constitutively lacked T, B, and NK cell activities. These mice were sub
cutaneously inoculated with parental or Pan02-ZDHHC9KD cells. 
Notably, after 26 days, there was no significant difference between the 
Control and ZDHHC9KD groups. More importantly, ZDHHC9 KD in 
Pan02 cells resulted in a ~55 % inhibition of the tumor growth rate 
following the inoculation of immunocompetent C57BL/6 mice with the 
cells. However, the depletion of ZDHHC9 in Pan02 cells only caused a 
~14 % reduction of the tumor growth rate in NOG mice (Fig. 5a-d), 

indicating that the anti-tumor effect of ZDHHC9 deficiency largely de
pends on the presence of an intact immune system. Besides, A small part 
of the tumor inhibitory effect mediated by ZDHHC9 also attributed from 
the capacity to inhibit proliferation of tumor cells. To identify specific 
types of immune effector cells linked to the anti-tumor activity of 
ZDHHC9 deficiency, we used a CD8-neutralizing antibody to block 
CD8+ T cells in C57BL/6 mice bearing control and ZDHHC9KD Pan02 
tumors. Mice were intraperitoneally injected with a neutralizing CD8 
antibody or an IgG2b isotype control, twice per week (Fig. 5e) [57]. 
Treatment with an anti-CD8 antibody reduced the total number of CD8+

T cells in the tumors and spleens of mice, as confirmed by flow 

Fig. 4. Inhibition of ZDHHC9 potentiated anti-PD-L1 mAb treatment to induce robust anti-tumor immunity. (a-d) C57BL/6 mice were subcutaneously injected with 
shControl or shZDHHC9 Pan02 cells and treated with an anti-PD-L1 mAb or an IgG control. Scheme of treatment (a), tumor growth curves (b; p(shControl+IgG vs 
shZDHHC9+IgG)< 0.0001, q = 10.71; p(shControl+IgG vs shZDHHC9+αPD-L1)< 0.0001, q = 15.39; p(shZDHHC9+IgG vs shZDHHC9+αPD-L1) = 0.0146, q 
= 4.679); representative tumor images (c), and tumor weight (d; p(shControl+IgG vs shZDHHC9+IgG)< 0.0001, q = 11.56; p(shControl+IgG vs shZDHHC9+αPD- 
L1)< 0.0001, q = 15.52; p(shControl+αPD-L1 vs shZDHHC9+αPD-L1) < 0.0001, q = 9.904; p(shZDHHC9+IgG vs shZDHHC9+αPD-L1) = 0.0463, q = 3.952) for 
tumor-bearing mice (n = 7 mice per group). Survival curves of tumor-bearing mice from each group after the indicated treatment (e) (n = 10 mice per group, p 
(shControl+IgG vs shZDHHC9+IgG)< 0.0001, Chi square = 17.38; p(shControl+αPD-L1 vs shZDHHC9+αPD-L1)< 0.0001, Chi square = 21.70; p(shZDHHC9+IgG vs 
shZDHHC9+αPD-L1) = 0.0093, q = 6.772). All results are presented as mean ± SD. (b and d) The p-values were calculated using a one-way ANOVA with a Tukey 
post hoc test. (e) Survival curves of the groups were analyzed using the log-rank (Mantel-Cox) test (*p < 0.05, **p < 0.01, and ***p < 0.001). 
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cytometry (Fig. 5i-k). In mice inoculated with the shControl-treated 
Pan02 cells, treatment with the CD8α mAb treatment promoted tumor 
growth compared with the IgG2b control. Interestingly, the therapeutic 
effect of ZDHHC9 KD was largely eliminated in animals treated with the 
anti-CD8 antibody (Fig. 5f-h). Thus, key members of the host immune 
system (e.g., CD8+ T cells) are indispensable for the therapeutic effect of 
ZDHHC9 deficiency in tumor cells. 

Accordingly, we reasoned that CD8+ T cells are required for the 
synergistic effect exerted by the combination of ZDHHC9 deficiency and 
anti-PD-L1 therapy in pancreatic tumor models. We designed experi
ments to evaluate the anti-tumor efficacy of ZDHHC9 KD plus anti-PD-L1 
on CD8+T cell-depleted immunocompetent mice. Notably, the efficient 
depletion of CD8+ T cells in vivo (Fig. 5o-q) almost completely abolished 
the synergistic therapeutic effect of ZDHHC9 KD and anti-PD-L1 on 
Pan02 tumors (Fig. 5l-n). These findings underscore the importance of 
CD8+ T cells in pancreatic tumor regression following combination 
therapy. Furthermore, they suggest that tumor ZDHHC9 KD effectively 
improves the immunosuppressive TME and sensitizes the tumor to anti- 
PD-L1 treatment in a CD8+ T-cell-dependent manner. 

3.7. Development of an NP-siZDHHC9-delivery system sensitized tumors 
to PD-L1 blockade in non-immunogenic models 

The treatment effect of siRNA is often restricted by its susceptibility 
to degradation in vivo. To improve the translational potential of the 
RNA-based ZDHHC9-targeting strategy, we developed an advanced 
polymeric NP-based system for delivering ZDHHC9-siRNA to the tumor 
site. The NP-ZDHHC9-siRNA system (NP-siZDHHC9) was composed of 
mPEG-PLGA and cationic lipids to protect the siRNA from degradation 
and effectively deliver ZDHHC9 siRNA to the target cells. The con
struction of the siRNA delivery system is briefly illustrated in Fig. 6a. 
Following the construction of the NP-siZDHHC9, the morphology of the 
resulting complex was initially characterized by TEM. As shown in 
Fig. 6b, the NP-siZDHHC9 assumed a typical spherical structure, which 
was consistent with the reported morphology of siRNA-loaded PEG- 
PLGA nanocomposites [58]. According to the TEM analysis, the average 
diameter of NP-siZDHHC9 was 146.5 ± 26.8 nm by TEM (Fig. 6c); this 
was also confirmed by dynamic light scattering (Fig. 6d). Additionally, 
the zeta potential of the nanocomposites was approximately + 47 mV 
(Fig. 6e), which was induced by the grafting of DOTAP. In addition, the 
NP-siRNA complexes showed high levels of biocompatibility in vitro. 
After co-culture with the NPs for 48 h, >90 % of the cells survived, even 
when the NP concentration reached 100 nM (Fig. S13a). Owing to the 
basic physiochemical properties of NPs (e.g., nanoscale diameter, 
amphipathic molecular structure, positive surface charge), 
NP-siZDHHC9 delivery was efficient and selective; however, it was not 
harmful to the target cells (Fig. 6f, g). The Pan02 cells were transfected 
with the NP-siRNA complexes to evaluate their gene silencing ability in 

vitro. NP-siZDHHC9 resulted in 71.1 % gene silencing at the mRNA level 
compared with NP-siNC or naked siNC (Fig. 6h). Moreover, western 
blotting analysis revealed that the NP-siZDHHC9 group had lower levels 
of ZDHHC9 protein compared with the untreated (Mock) group. 
Furthermore, the silencing effect of NP-siZDHHC9 was maintained for 
72 h after transfection, as confirmed by western blotting (Fig. 6i and 
Fig. S13b). The physiochemical properties, biocompatibility, delivery, 
and KD efficiency of the NPs confirmed the successful construction of an 
efficient siZDHHC9 delivery system. 

Delivery systems focusing on maximizing the treatment outcome, 
while reducing systemic toxicity of co-delivered gene-silencing RNAs 
after local administration to tumors are often easily approved for clinical 
use [59]. Systemic drug delivery raises safety concerns, potentially 
leading to the use of suboptimal doses or even precluding the clinical 
development of such systems. Hence, intratumoral delivery is emerging 
as an attractive option for increasing the in-situ bioavailability and, 
thus, the efficacy of immunotherapies [60–62]. Accordingly, we further 
investigated the anti-tumor effect of ZDHHC9 silencing via the intra
tumoral injection of NP-siZDHHC9 combined with PD-L1 blockade in the 
Pan02 and KPC tumor model. The reduction in ZDHHC9 expression of 
tumor tissues induced by NP-siZDHHC9 compared with the negative 
control NP-siNC was confirmed by RT-qPCR analysis (Fig. S13c, d). 
C57BL/6 mice were subcutaneously inoculated with Pan02 and KPC 
cells to evaluate the synergy between the two immunotherapeutic 
strategies. As expected, we observed that the anti-PD-L1 therapy was 
ineffective when used alone. While monotherapy with NP-siZDHHC9 
reduced tumor growth, the combination of NP-siZDHHC9 and PD-L1 
blockade markedly enhanced the efficacy and delayed Pan02 and KPC 
tumor progression (Fig. 6j-s). Four cycles of this combination treatment 
significantly prolonged survival time compared with saline-treated 
control (i.e., saline) (Fig. 6m, r). Importantly, the combination of 
NP-siZDHHC9 and anti-PD-L1 did not cause any mortality or induce 
significant reductions in body or spleen weight during treatment 
(Fig. S14a-c). Furthermore, there were no prominent inflammatory in
filtrates or histological signs of toxicity in the main organs examined by 
H&E staining (Fig. S14d). Collectively, these data demonstrate that 
treatment with NP-siZDHHC9 restored tumor sensitivity to anti-PD-L1, 
thus offering a promising therapeutic strategy for refractory Pan02 
and KPC tumor models. 

3.8. Combination therapy with the NP-siZDHHC9-delivery system and 
PD-L1 blockade expands CD8+ T cells and lowers CD11b+Gr-1+MDSC 
numbers in tumors 

We sought to further determine the effect of PD-L1 pathway blockade 
in combination with ZDHHC9 KD on the immune cell composition of 
tumors. Therfore, we isolated the tumor-infiltrating leukocytes and 
conducted flow cytometry analysis. Notably, we observed that the 

Fig. 5. The synergistic effect of combining anti-PD-L1 mAb treatment and ZDHHC9 inhibition was largely mediated by CD8+ T cells. (a-c) Subcutaneous tumor 
growth in immunodeficient NOG mice that received Pan02 cells stably expressing shZDHHC9 or shControl Pan02 cells (n = 6 mice per group). Schematic of the 
treatment in tumor-bearing mice (a, p = 0.0718, t(2) = 2.013, df = 10). Representative images (b) and tumor weight (c, p = 0.1076, t(2) = 1.767, df = 10) of 
shControl and shZDHHC9 tumors. (d, p < 0.0001, t(2) = 5.641, df = 14) Tumor inhibition rate for ZDHHC9KD Pan02 cells and control cells after injection into 
C57BL/6 or immunodeficient NOG mice, respectively (n = 10 or 6 mice per group). (e-h) C57BL/6 mice were subcutaneously injected with shControl and shZDHHC9 
Pan02 cells and treated with CD8-depleting antibodies. Schematic of treatment (e), tumor growth curves (f; p(shControl+αCD8 vs shZDHHC9+αCD8) = 0.1815, q 
= 2.995; p(shControl+IgG vs shZDHHC9+ IgG)< 0.0001, q = 8.805), representative images (g), and tumor weight (h;; p(shControl+αCD8 vs shZDHHC9+αCD8) 
= 0.1139, q = 3.364; p(shControl+IgG vs shZDHHC9+ IgG)< 0.0001, q = 7.374) for tumor-bearing mice (n = 6 mice per group). (i-k) Representative flow cytometry 
dot plot of the CD8+ T cell population in tumor and spleen samples obtained from shControl and shZDHHC9 Pan02 tumor-bearing mice, injected with control isotype 
or CD8-depleting antibodies. Tumor and spleen tissues were isolated on day 21. CD8+ T cells were defined as live CD45+ CD8+ cells and quantification (n = 4 mice 
per group). (l-n) C57BL/6 mice were subcutaneously injected with shZDHHC9 Pan02 or LLC cells and received treatment with an anti-PD-L1 mAb or CD8a mAb 
(n = 10 mice per group). Schematic of treatment (l), tumor growth curves (m, p = 0.0001, t(2) = 4.899, df = 18), and tumor weight (n, p = 0.0065, t(2) = 3.077, df 
= 18) for tumor-bearing mice. (o-q) Representative flow cytometry dot plot of the CD8+ T cell population in tumor (p, p = 0.0012, t(2) = 4.891, df = 8) and spleen 
(q, p < 0.0001, t(2) = 8.281, df = 8) samples obtained from Pan02 tumor-bearing mice injected with control isotype or CD8-depleting antibodies. CD8+ T cells were 
defined as live CD45+ CD8+ cells and quantification (d) (n = 7 mice per group). (a, c, d, m, n, p, and q) p-values were calculated using a two-sided unpaired Student’s 
t-test; (f, h, j, and k) p-values were calculated using a one-way ANOVA with a Tukey post hoc test. All results are presented as mean ± SD (ns = not significant, 
*p < 0.05, **p < 0.01, and ***p < 0.001). 
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strong synergistic therapeutic effect was associated with a marked in
crease in the frequency of CD8+ T cell infiltration in the tumor. This was 
accompanied by a reduction in the populations of PD-1+ CD8+ T cells 
and CD11b+Gr-1+ MDSCs in KPC tumors (Fig. 7a-c). In Pan02 tumors, 
the numbers of CD8+ T cells and CD4+ T cells were 5.7-fold and 3.2-fold 
greater, respectively, in the NP-siZDHHC9 +anti-PD-L1 group than in 
the vehicle group (Fig. S15a, b). ZDHHC9 KD in KPC tumors increased 
the infiltration of CD8+ T cells and enhanced GZMB production, as 
confirmed by the IHC staining of tumor sections (Fig. 7d, e). Moreover, 
ZDHHC9 deficiency boosted the population of tumor-infiltrating CD8+ T 

cells, as well as the production of GZMB, TNF-α, IFN-γ, and IL-12p70; 
these effects were indicative of cytotoxic T cell-mediated adaptive im
munity (Fig. 7d, e and Fig. S16a). The combined ZDHHC9 and PD-L1 
inhibition increased the infiltration and activity of CD8+ T cells, and 
reversed the immunosuppressives state of the TME, as evidenced by a 
decrease in IL-10 secretion and Gr-1 expression (Fig. S16b). These re
sults suggest that ZDHHC9 deficient and PD-L1 blockade induce a 
reduction in the number of MDSC. These effects may lead to the abol
ishment of immune inhibition, as well as promote the infiltration of T 
cells in into the pancreatic tumor and their subsequent activation. 

(caption on next page) 
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3.9. Reduced ZDHHC9 and PD-L1 expression improved the prognosis of 
untreated patients with PAAD 

Based on the above results, we questioned whether the reduced 
expression ZDHHC9 and PD-L1 within the TME of patients with PAAD 
was associated with a more favourable prognosis. Therefore, we 
assessed the correlation between the mRNA expression levels of 
ZDHHC9 and PD-L1 in cells in the TME and survival time of patients with 
PAAD using data from the TCGA database. We initially found that PAAD 
patients with low ZDHHC9 expression lived longer than those with high 
ZDHHC9 expression, with the median survival time improving from 
20.23 months to 31.57 months (Fig. S17a). However, there was no 
significant difference in survival time between patients with high or low 
PD-L1 expression (Fig. S17b). Notably, the subpopulation of PAAD pa
tients with low ZDHHC9 and PD-L1 expression had a median survival 
time of 72.73 months. This was significantly longer than the median 
survival time of 17.73 months for patients with high ZDHHC9 expression 
and low PD-L1 expression (Fig. S17c). Similarly, in the subpopulation of 
patients with low ZDHHC9 expression, the median survival was 
improved from 23.9 months to 72.53 months in patients with low PD-L1 
expression versus those with high PD-L1 expression; however, there was 
no significant improvement in median-free survival (Fig. S17d). Overall, 
these findings indicate that ZDHHC9KD may synergize with anti-PD-L1 
immunotherapy in human pancreatic cancer. 

4. Discussion 

Protein lipidation is a prototypical form of post-translational modi
fication, in which S-palmitoylation exerts multiple effects to dynami
cally orchestrate the interactions and functions of target protein. The 
majority of S-palmitoylated proteins are catalyzed by a family of ZDHHC 
enzymes. Recent studies have shown that ZDHHC9 knockout attenuated 
the progression of T-cell acute lymphoblastic leukemia and chronic 
granulocytic leukemia driven by the NRAS G12D mutation. Furthermore, 
ZDHHC9 knockout in tumor cells suppressed tumor progression of 
glioblastoma by inhibiting palmitoylation of glucose transporter type 1 
(GLUT1) and, consequently, tumor cell proliferation [30]. In addition, 
ZDHHC9 is also differentially expressed in patients with 
microsatellite-stable and unstable colorectal cancer [63]. It has been 
shown that enhancement of enhancing ZDHHC9-mediated palmitoyla
tion was able to stabilize the protein levels of PD-L1 and PD-1 in tumor 
cells [36,64]. In the present study, we investigated the mRNA expression 
of ZDHHC9 in human cancer tissues and its protein expression in clinical 
pancreatic cancer samples. We found that ZDHHC9 was significantly 
upregulated in pancreatic cancer tissues compared with normal tissues 
and was associated with poor prognosis. Moreover, we found that 
ZDHHC9 deficiency in pancreatic cancer cells inhibited tumor growth 

and prolonged the survival of mice by enhancing anti-tumor immunity. 
ICB therapy is significantly hampered by a highly immunosuppres

sive TME and a lack of pre-existing immune cell infiltration within the 
pancreatic tumor, indicating that numerous patients with pancreatic 
cancer fail to respond to this novel form of ICB treatment [10]. The 
expression of inhibitory immune checkpoint proteins, such as PD-L1, is 
elevated following the reversal of the ‘cold’ TME state, due to the 
regulation of negative feedback. In this study, using pancreatic tumor 
tissues, we demonstrated that ZDHHC9 deficiency increased the 
expression of PD-L1 in multiple immune cells and enhanced the number 
and function of tumor-infiltrated activated T-cells. Our results support 
the role of ZDHHC9 as a key molecular switch protein influencing the 
tumor immune microenvironment. In addition, these results emphasize 
the need to exploit the therapeutic potential of ZDHHC9 in pancreatic 
tumor cells for boosting the potency of anti-PD-1/PD-L1 therapy. We 
have demonstrated that the KD or inhibition of ZDHHC9 can drastically 
increase the efficiency of anti-PD-L1 treatment in ICB-refractory Pan02 
and KPC tumors. Further support for this strategy is provided by the 
robust and synergistic effects of the combination treatment with 
NP-siZDHHC9 and anti-PD-L1, as demonstrated in the poorly immuno
genic Pan02 and KPC tumors. ZDHHC9 inhibition by siZDHHC9-loaded 
NPs restored tumor sensitivity to anti-PD-L1, suppressed pancreatic 
tumor growth, and markedly prolonged the survival time of mice. 
Therefore, ZDHHC9 may represent a novel therapeutic target and 
diagnostic biomarker for pancreatic cancer. Further detailed analysis 
should be conducted to determine the value of ZDHHC9 inactivation in 
the development of novel treatments for patients with pancreatic cancer, 
including those with metastatic, locally advanced, borderline resectable, 
and surgically resected tumors. More importantly, future studies should 
further evaluate the clinical utility of this approach, including the po
tential ability of ZDHHC9 to predict and monitor the clinical benefit of 
immunotherapy in patients with PAAD. The predictive value of ZDHHC9 
expression (that changes after better clinical recovery) for disease re
lapses and the need of chronic immunotherapy interventions should also 
be investigated. 

The pro-inflammatory TME is also characterized by the upregulation 
of inhibitory immune checkpoint proteins (e.g., PD-L1/PD-1), which is 
driven by pre-infiltrating CD8+ T cells [65]. These immune checkpoint 
molecules suppress pre-existing cancer immunity to avoid an overactive 
immune response and result in immune evasion. In our study, the 
increased PD-L1 expression in CD11b+ myeloid cells, F4/80+ macro
phages, and DCs might be attributed to the enhanced infiltration of 
intra-tumoral CD8+ T cells in ZDHHC9KD Pan02 tumors. The elevated 
expression of ZDHHC9 in tumor cells attenuated CD8+-T-cell-mediated 
cytotoxicity in tumor cells by enhancing the membrane distribution and 
stability of PD-L1. These findings are consistent with those of recent 
studies reporting that the localization and stability of the key immune 

Fig. 6. The combination of NP-siZDHHC9 and anti-PD-L1 immunotherapy delayed tumor growth and showed the therapeutic potential in the Pan02 and KPC tumor 
model. (a) Process for the preparationof NP-siZDHHC9. (b-e) Biophysical characterization of siRNA nanomedicines. The morphology (b) and hydrodynamic diameter 
(c) of NP-siRNA were characterized by TEM. Size distribution (d) and zeta potential (e) of the NP-siRNA complexes. (f) The cellular uptake efficiency of the NP-siRNA 
complexes was analyzed by flow cytometry to evaluate the efficiency of in vitro internalization. The mean fluorescence intensity (MFI) was recorded using the assay 
measuring the cellular uptake of siRNA nanomedicines. (g) Transfection of Pan02 cells with NP-FAM-siRNA complexes was confirmed by confocal laser scanning 
microscopy (CLSM); scale bar = 20 µm. (h, p(Mock vs NP-siZDHHC9) = 0.0001, q = 12.04) The relative efficiency of ZDHHC9 mRNA KD was determined by RT-PCR. 
(i) The relative efficiency of ZDHHC9 protein KD was determined by immunoblotting assay. (j-s) Scheme of the treatment plan (j). Mice with Pan02 and KPC tumors 
were intratumorally injected with siRNA nanomedicines. Tumor weights (k, p), representative tumor images (l, q), and mice survival curves (m, r) were recorded at 
the end of the experiment. Tumor weight (k): p(saline vs NP-siZDHHC9+αPD-L1) < 0.0001, q= 9.823; p(NP-siZDHHC9 vs NP-siZDHHC9+αPD-L1) = 0.0197, q 
= 4.569; p(αPD-L1 vs NP-siZDHHC9+αPD-L1) < 0.0001, q = 8.651); Survival (m): p(saline vs NP-siZDHHC9) = 0.0091, Chi square = 6.8; p(αPD-L1 vs NP- 
siZDHHC9+αPD-L1) = 0.0067, Chi square = 7.344); Tumor volume (n): p(saline vs NP-siZDHHC9+αPD-L1) < 0.0001, q = 9.451; p(saline vs NP-siZDHHC9) = 0.014, 
q = 4.756; p(αPD-L1 vs NP-siZDHHC9+αPD-L1) < 0.0001, q = 9.137). Tumor weight (p): p(saline vs NP-siZDHHC9+αPD-L1) = 0.0004, q = 6.594; p(NP-siZDHHC9 
vs NP-siZDHHC9+αPD-L1) = 0.0219, q = 4.549; p(αPD-L1 vs NP-siZDHHC9+αPD-L1) = 0.0002, q = 6.837); Survival (r): p(saline vs NP-siZDHHC9) = 0.0067, Chi 
square = 7.344; p(αPD-L1 vs NP-siZDHHC9+αPD-L1) = 0.0114, Chi square = 6.4); Tumor volume (s): p(saline vs NP-siZDHHC9+αPD-L1) = 0.0001, q = 7.257; p 
(saline vs NP-siZDHHC9) = 0.0256, q = 4.46; p(αPD-L1 vs NP-siZDHHC9+αPD-L1) < 0.0001, q = 7.899).The average and individual tumor growth curves for mice 
subcutaneously injected with Pan02 (n) or KPC (s) parental tumors after different treatments (n = 9 or 8 mice per group). All results are presented as mean ± SD. (h, 
k, n, p, and s) p-values were calculated using a one-way ANOVA with a Tukey post hoc test. Survival curves for the groups were analyzed using the log-rank (Mantel- 
Cox) test (*p < 0.05, **p < 0.01, and ***p < 0.001). 

Z. Lin et al.                                                                                                                                                                                                                                       



Biomedicine & Pharmacotherapy 161 (2023) 114567

15

(caption on next page) 

Z. Lin et al.                                                                                                                                                                                                                                       



Biomedicine & Pharmacotherapy 161 (2023) 114567

16

checkpoint proteins PD-1 and PD-L1 in tumor cells are regulated by 
ZDHHC9-mediated palmitoylation [28,36]. 

Thus far, there are no potent and specific inhibitors of ZDHHC. Large 
drug-screening programs targeting the ZDHHC family have identified 2- 
bromopalmitate, a broad-spectrum palmitoylation inhibitor. 2-bromo
palmitate has been used in the preclinical validation of the involve
ment of ZDHHC protein in cancer growth. However, its non-selective 
targeting and off-target acylation of other intracellular proteins render it 
an undesirable drug candidate. In addition, each specific protein 
belonging to the ZDHHC family has distinct biological functions (e.g., 
regulation of neuropsychiatric behavior) and roles in tumor pathogen
esis. The lack of specific inhibitors of ZDHHC9 hinders the translational 
potential of this protein as a therapeutic target. Recently, the use of 
gene-silencing siRNAs has been explored as a promising option for the 
treatment of cancer treatment [66–68]. Several siRNA-based drugs (e.g., 
patisiran and givosiran) have been successfully developed and received 
approval by the US Food and Drug Administration or have entered an 
advanced stage of clinical trials for the treatment of renal disease and 
dry eye syndrome [69,70]. However, numerous critical challenges 
should be addressed before siRNAs can be routinely used in clinical 
practice, such as their unsatisfactory stability, poor cellular uptake, and 
off-target effects [71]. We selected polymer NPs as a promising drug 
delivery system to deliver siZDHHC9 to tumors [48,59,67,72,73]. NPs 
have notable biophysical and pharmacological features, such as higher 
tissue permeability, high stability and biocompatibility, and 
tumor-targeting properties. 

5. Conclusions 

In this study, we developed a polymeric NP approach for the in vivo 
delivery of siZDHHC9 to tumor tissues to test the efficacy of combined 
siZDHHC9 and PD-L1 immunotherapy. The NP-siZDHHC9 delivery 
system exhibited excellent siRNA stability, biocompatibility, and 
ZDHHC9 silencing in pancreatic tumor cells. Importantly, the direct 
intra-tumoral administration of NPs packaged with siZDHHC9 success
fully triggered anti-tumor immune responses by inducing the recruit
ment of activated CD8+ T cells and enhancing the expression of pro- 
inflammatory cytokines. Further studies are warranted to optimize the 
dosage and delivery of NP-siZDHHC9, or explore other methods for 
selectively and accurately delivering siZDHHC9 to the pancreatic tumor 
site. In summary, the present findings demonstrated that the inactiva
tion of ZDHHC9 may be an effective immunotherapeutic strategy and 
booster for anti-PD-L1 therapy in pancreatic cancer, with promising 
implications for other forms of ICB. 
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p(αPD-L1 vs NP-siZDHHC9+αPD-L1) < 0.0001, q = 12.50); (GZMB: p(saline vs NP-siZDHHC9+αPD-L1) < 0.0001, q = 9.080; p(saline vs NP-siZDHHC9) = 0.0487, q 
= 4.387; p(αPD-L1 vs NP-siZDHHC9+αPD-L1) < 0.0001, q = 9.870)scale bars = 100 µm. (a-e) p-values were calculated using a one-way ANOVA with a Tukey post 
hoc test (*p < 0.05, **p < 0.01, and ***p < 0.001). 
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