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AKIF20A-based thermosensitivehydrogel
vaccine effectively potentiates immune
checkpoint blockade therapy for
hepatocellular carcinoma
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Hepatocellular carcinoma (HCC) is a highly prevalent malignancy with limited treatment efficacy
despite advances in immune checkpoint blockade (ICB) therapy. The inherently weak immune
responses inHCCnecessitate novel strategies to improve anti-tumor immunity andsynergizewith ICB
therapy. Kinesin family member 20A (KIF20A) is a tumor-associated antigen (TAA) overexpressed in
HCC, and it could be a promising target for vaccine development. This study confirmed KIF20A as a
promising immunogenic antigen through transcriptomic mRNA sequencing analysis in the context of
HCC. Therefore, we developed a thermosensitive hydrogel vaccine formulation (K/RLip@Gel) to
optimize antigen delivery while enabling sustained in vivo release. The vaccine efficiently elicited
robust immune responses by activating DCs and T cells. Moreover, K/RLip@Gel improved the
therapeutic efficacy of PD-L1 blockade in subcutaneous and orthotopic cell-derived xenograft (CDX)
models, along with immune-humanized patient-derived xenograft (PDX) HCC models, which was
evidenced by improved maturation of DCs and elevated infiltration and activation of CD8+ T cells.
These findings highlight the potential of KIF20A-based vaccines to synergistically improve ICB
therapy outcomes in HCC, providing a promising approach for enhancing anti-tumor immunity and
improving clinical outcomes.

Hepatocellular carcinoma (HCC) is one of the most prevalent and deadly
malignancy worldwide1. As recommended by serval clinical guidelines,
immune checkpoint blockade (ICB) therapy has become a widely adopted
approach for HCC treatment in combination with anti-angiogenesis ther-
apy, a strategy that activates anti-tumor immunity to a certain extent2–5.
Although the regimen realizes superior outcomes compared to targeted
therapy and chemotherapy, itsmedian overall survival (mOS) and objective
response rate (ORR) are still limited6–8. Consequently, only a restricted
patient group benefits from the treatment, signifying the need for novel
complementary strategies to stimulate the immune responses more
effectively9,10.

Cancer vaccines directly prime the host immune systemagainst cancer
and potentially improve the efficacy of ICB therapy11,12. And the antigens
used for vaccine development are classified as tumor-associated antigens

(TAAs) or neoantigens, with TAAs representing overexpressed self-
proteins within tumors and neoantigens arising from tumor-specific
mutations13. Both classes have been explored for HCC treatment. However,
recent studies indicate that neoantigens could rarely be detected in the
human leukocyte antigen (HLA) ligandomes of HCC, while unmutated
TAAs are frequently presented, indicating that vaccines targeting TAAs
could provide a more promising strategy for HCC treatment14. Although
several TAAs have been the target of vaccines investigated in clinical trials
for HCC, the outcomes have been unsatisfactory. These challenges could be
primarily attributed to the low antigen immunogenicity, inefficient antigen
delivery to antigen-presenting cells (APCs), premature antigendegradation,
or the lack of coordinated adjuvants. Therefore, there is a need to consider
antigen immunogenicity and optimize vaccine formulations, including
adjuvants and delivery systems, to enhance therapeutic outcomes15–17.
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Identifying an optimal antigen to target a particular tumor type has
long been a priority for developing cancer vaccine18. Kinesin familymember
20A (KIF20A) plays significant roles in mitosis and is upregulated in dif-
ferent malignancies19–21. Recent studies have revealed that the KIF20A
knockdown potentiates the therapeutic efficacy of ICB therapy of HCC22.
Moreover, KIF20A has been investigated as a TAA across various cancers.
However, its suitability for HCC has not yet been explored23,24. Due to its
overexpression in HCC and its correlation with poor prognosis, KIF20A
could be a promising target for inducing an effective immune response in
HCC25,26. When incorporated into well-designed vaccine formulations,
KIF20A could improve treatment efficacy of ICB, providing a more precise
and effective treatment strategy for HCC patients.

In this study, we identified that KIF20A as a potential antigen that was
suitable for HCC vaccination using transcriptomic mRNA sequencing
analysis. Then, aKIF20A-based vaccine formulationwas designed, inwhich
KIF20Aprotein and adjuvantR848were encapsulated in cationic liposomes
to realize stable and efficient delivery to antigen-presenting dendritic cells
(DCs). A biocompatible PLGA-PEG-PLGA thermosensitive hydrogel was
incorporated to realize sustained antigen and adjuvant release. The immune
activation effect of the vaccinewas confirmedwith primaryDCs andT cells,
and its efficacy in improving the therapeutic effect of PD-L1 blockade
therapy, a commonly used ICB strategy for HCC treatment, was assessed in
cell-derived HCC xenograft (CDX) and immune-humanized patient-
derivedHCCxenograft (PDX)models. This is thefirst study to demonstrate
the suitability of KIF20A as an antigen for HCC treatment while eliciting
effective immune responses, including DCs and CD8+ cells. Therefore, the
study preliminarily provides a new strategy for developing an HCC vaccine
and improving the ICB therapy outcomes in HCC patients.

Results
KIF20A is a potential antigen for eliciting anti-HCC immune
responses
Differentially expressed genes (DEGs) were analyzed between the control
and KIF20A groups. Compared to the control group, 2550 genes were
upregulated while 531 were downregulated (Supplementary Fig. 1a). Gene
expression patterns were consistent within each group but differed between
the control and KIF20A groups (Supplementary Fig. 1b). Gene Ontology
(GO) enrichment analysis indicated significant upregulation of genes
associatedwith biological process (BP) linkedwith immune activation, such
as leukocyte migration, positive regulation of the immune system process,
phagocytosis, and leukocyte chemotaxis (Fig. 1a). Additionally, cellular
component (CC) genes, including those involved in endoplasmic reticulum
lumen, endoplasmic reticulum lumen, secretory granule lumen, and
endocytic vesicle, indicating improved immune cell function, were
upregulated27–29. Furthermore, genes linkedwith immune-relatedmolecular
function (MF), such as immune receptor activity, cytokine binding, and
pattern recognition receptor activity, exhibited significant upregulation.
Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis
depicted the upregulation of immune-related pathways, including cytokine-
cytokine receptor interaction, leukocyte transendothelial migration, T cell
receptor signaling pathway, and efferocytosis (Fig. 1b)30–32. Furthermore,
gene set enrichment analysis (GSEA) validated that gene upregulation
involved in immune responses correlated with KIF20A protein treatment
(Fig. 1c). Meanwhile, single-sample GSEA (ssGSEA) suggested a noticeable
immune activation in the KIF20A group (Fig. 1d). The spleens and inguinal
lymph nodes, both of which are important immune organs, were harvested
for volume quantification using a vernier caliper, revealing significant
volume growth in the KIF20A group compared to the control group
(Supplementary Fig. 2, 3).

Design and characterization of KIF20A-based thermo-sensitive
hydrogel vaccine
To evaluate the potential of KIF20A for HCC therapy, a KIF20A-based
vaccine was developed using cationic liposome and hydrogel for-
mulations for optimizing the antigen delivery efficacy. First, KIF20A

protein and the adjuvant R848 were co-encapsulated in liposomes
(indicated as K/RLip) to protect and co-deliver two agents, thereby
efficiently facilitatingAPC activation33–35. Both encapsulation efficiency
(EE) and encapsulation capacity (EC) were calculated to assess the drug
loading properties of the liposomes. The EE of KIF20A protein and
R848 were 86.75% and 68.92%, and the EC was 3.64% and 11.64%,
respectively, depicting effective encapsulation of both agents. Trans-
mission electron microscopy (TEM) highlighted the spherical mor-
phology of the K/RLip and ICG-labeled liposomes (ICG-K/RLip),
demonstrating nearly 104.20 nm in size (Fig. 2a and Supplementary
Fig. 4a). Dynamic light scattering (DLS) analysis depicted the similar
hydrated diameters of K/RLip (108.67 nm) and ICG-K/RLip (109.67 nm)
(Fig. 2b). Moreover, K/RLip and ICG-K/RLip showed comparable dia-
meter distributions, suggesting that the ICG loading did not change the
liposome morphology significantly (Supplementary Fig. 4b). However,
the Zeta potential of ICG-K/RLip was lower thanK/RLip, possibly because
of the negative charge of sulfonic acid group in ICG (Fig. 2c). The
dispersion stability of K/RLip and ICG-K/RLip were confirmed over seven
days, with hydrated diameter and Zeta potential remaining stable (Fig.
2d). Drug release studies at pH 7.4 and 5.6, simulating the extracellular
matrix and lysosomal environments, revealed low release rates of R848
(10.27%) and KIF20A protein (8.30%) at pH 7.4, while the release rates
increased to 60.87% and 41.80% at pH 5.6, respectively, indicating that
the liposomes remained stable extracellularly but efficiently released
their payloads in lysosomes (Fig. 2e,f). A previous study demonstrated
that the pH-dependent release pattern of DOTAP liposomes although
DOTAP is not inherently pH-sensitive36, the mechanism underlying
this pH-dependent release remains uncertain. To address this, we
propose the following hypotheses: under acidic conditions, the
decreased availability of anions enhances the overall positive charge of
DOTAP, increasing electrostatic repulsion among DOTAP molecules.
This destabilization of the liposomal membrane enables cargo release.
Additionally, the reduced negative charge of KIF20A proteins weakens
their electrostatic interactions with the cationic DOTAP lipids, pro-
moting their release from the liposomes. Another study reported the
remarkable cargo release rate from the DOTAP liposome in alkaline
environment, indicating that the cargo release behavior could be
affected by multiple factors37.

PLGA-PEG-PLGA triblock copolymers were successfully syn-
thesized and characterized by proton nuclear magnetic resonance (1H-
NMR) spectroscopy (Supplementary Fig. 5). Then, liposomes were
added into the PLGA-PEG-PLGA solution to develop the thermo-
sensitive hydrogel vaccine (K/RLip@Gel). The vaccine solution under-
went gelation from a fluid state after incubating in a 37 °C-water bath
for 5 min (Fig. 2g). Environmental scanning electronic microscopy
(ESEM) images indicated the surface topography of K/RLip@Gel at 37°C
(Fig. 2h) and highlighted the embedded liposomes in the hydrogel
matrix (depicted by red arrows, Fig. 2i). Rheological analysis demon-
strated that the gelation temperature was 36.17 °C, at which storage
modulus (G’) exceeded loss modulus (G”), validating the thermo-
sensitive gelation property (Fig. 2j). Mechanical stability of the gel was
demonstrated without significant changes in G’ and G” for 6 min at
37 °C under constant shear stress of 1% amplitude with 1 rad/s (Fig. 2k).
The results highlighted a thermosensitive property of the K/RLip@Gel
allowing the subcutaneous vaccine injection and gelation at physiolo-
gical temperature.

The absorbance and fluorescence spectra of ICG-K/RLip@Gel were
determined, showing a 28-nmred shift in absorbance compared to free ICG,
possessing similar fluorescence spectra (Fig. 2l, m). The subcutaneous
retention rate of free ICG, nanoscale ICG-K/RLip, and gel-state ICG-K/
RLip@Gel was evaluated using the second near-infrared (NIR-II) fluores-
cence imaging (Fig. 2n). Quantitative analysis depicted a prolonged release
effect for ICG-K/RLip@Gel compared to ICG and ICG-K/RLip. This is evi-
dencedby the significantly higher signal intensity at 96hof ICG-K/RLip@Gel
(Fig. 2o).
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K/RLip@Gel mediated co-delivery of KIF20A and R848 improved
Dendritic and T cell responses
Mouse bone marrow-derived dendritic cells (BMDCs) and splenic T cells
were used for in vitro experiments to assess the immune activation per-
formance of the K/RLip@Gel vaccine. Before the experiments, the sterilized

K/RLip@Gel was added into 6-well plates and solidified at 37 °C. BMDCs
were divided into four groups, and the cell suspensions were added to the
RPMI1640 culture medium and incubated using the solidified gel con-
taining various payloads. After incubation for 24 h, the cells were harvested
for flow cytometry. The percentage of CD80+CD86+ within the CD11c+

Fig. 1 | Transcriptomic mRNA sequencing analysis of mouse tumors in different groups. a GO enrichment analysis. b KEGG enrichment analysis. c GSEA. d ssGSEA.
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Fig. 2 | Characterization of the vaccine K/RLip and K/RLip@Gel. a TEM image of K/
RLip. Scalebar: 100 nm. b Hydrated diameter of K/RLip and ICG-K/RLip. c Zeta
potentials of K/RLip and ICG- K/RLip. dHydrated diameter and Zeta potentials K/RLip

on the 1, 3, 5 and 7 days. e R848 release rate of K/RLip at the pH of 7.4 and 5.6.
fKIF20A release rate of K/RLip at the pH of 7.4 and 5.6. g Photographs of K/RLip@Gel
at 25 °C and 37 °C. h ESEM image of K/RLip@Gel at 37 °C. i Liposomes (K/RLip)
detected with ESEM (Red arrows). j Rheological analysis quantifying storage

modulus (G’) and loss modulus (G”) of K/RLip@Gel at different temperatures.
k Rheological analysis of gel stability for 6 min. l Absorbance spectra of ICG and
ICG-K/RLip@Gel. m Fluorescence spectra of ICG and ICG- K/RLip@Gel. n NIR-II
fluorescence images ofmice injectedwith smallmolecule ICG, nanoscale ICG-K/RLip

and hydrogel ICG-K/RLip@Gel. o Quantification of NIR-II fluorescence intensity at
different time points after injections.
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dendritic cells was quantified, indicating 70.37% of CD80+CD86+ dendritic
cells in the K/RLip@Gel group, which was significantly higher than the other
three groups (Fig. 3a, b). Additionally, the highest proportions of MHC-I+

and MHC-II+ cells were gated within the K/RLip@Gel group (Fig. 3c, e),
accounting for 56.30%and 46.83%, respectively (Fig. 3d, f). The results from
BMDCpreliminarily demonstrated the potential of the K/RLip@Gel vaccine,
highlighting the most efficient BMDC activation effect with the co-delivery
of KIF20A and adjuvant R848.

Furthermore, we evaluated the ability of the vaccine-pulsed BMDCs to
activate T cells. T cell proliferation was first assessed by co-incubating
CFDA-SE-labeled splenocytes with vaccine-pulsed BMDCs for 3 days,
followed by flow cytometry analysis of CFDA-SE intensity in CD3+ T cells.
Cells with reduced CFDA-SE intensity were characterized as proliferating
T cells (Fig. 3g). The K/RLip@Gel group showed a significantly higher pro-
portion of proliferating T cells than the other groups. Thus, K/RLip@Gel
most effectively promoted T cell proliferation through BMDC activation
(Fig. 3h). Additionally, the infiltration effect of the CD8+ T cells across
different groups into Hepa1-6 cell spheroids was visualized with confocal
laser scanningmicroscopy (CLSM) (Fig. 3i). The infiltration rate, quantified
as the ratio of T cellfluorescence ratio toDAPI fluorescence, was the highest
in the K/RLip@Gel group, accounting for 19.13% (Fig. 3j). These results
indicated the superior ability of BMDCs pulsed with K/RLip@Gel to activate
T cells. Therefore, K/RLip@Gel exhibited great potential to elicit robust
immune responses to within HCC cells.

Vaccination of K/RLip@Gel suppressed Hepa1-6 tumor growth
The biocompatibility of K/RLip@Gel was assessed before in vivo experi-
ments. L929 skin fibroblasts incubatedwithK/RLip@Gel for 5 days indicated
relatively high viability of 89.94%, showing minimal cytotoxicity (Supple-
mentary Fig. 10). Additionally, the hemolysis assay depicted no significant
difference in hemolysis rates betweenGel, K/RLip@Gel, and negative control
group (Supplementary Fig. 11). The results highlighted the excellent bio-
compatibility of K/RLip@Gel.

To evaluate the tumor-killing effect of the vaccine components,
RLip@Gel, KLip@Gel, or K/RLip@Gel was subcutaneously injected to ortho-
topic Hepa1-6 tumor models at day 1 and 5. The tumor growth was
monitored with bioluminescence imaging (Supplementary Fig. 12a). On
day 13 post-treatment, both RLip@Gel and KLip@Gel demonstrated a sig-
nificant tumor-killing effect compared to the control group, with KLip@Gel
exhibiting a more pronounced therapeutic effect (Supplementary Fig. 12b).
However, the K/RLip@Gel group revealed the most robust therapeutic out-
comes, indicating the synergistic potential of combining KIF20A and R848
in the vaccine formulation.

Furthermore, healthy mice were subcutaneously vaccinated using K/
RLip@Gel to determine the efficacy of activated immunity against HCC.
After 3 days post-vaccination, Hepa1-6-luc cells were injected either
orthotopically or subcutaneously and allowed to grow for 6 days. On day 9,
the growth rates of orthotopic and subcutaneous tumors were monitored
with bioluminescence imaging (Supplementary Fig. 13). The results
depicted a significantly slower growth rate in the K/RLip@Gel compared to
the Gel group for both tumor models. Therefore, the immune response
elicited by K/RLip@Gel efficiently targeted HCC, thereby delaying tumor
growth in mice.

K/RLip@Gel enhanced PD-L1 blockade therapy for CDX model
Orthotopic Hepa1-6-luc tumor-bearing mice were randomly divided into
four groups and received varied treatments. The PD-L1 blockade (aPD-L1)
group received intraperitoneal injections of PD-L1 antibody, and the K/
RLip@Gel group received subcutaneous injections ofK/RLip@Gel. In contrast,
the aPD-L1+K/RLip@Gel group received both treatments (Fig. 4a). Tumor
growth was monitored with bioluminescence imaging at 3-day intervals
over 13 days (Fig. 4b). By day 13, quantification of the bioluminescence
signal intensity indicated a significant decrease in the aPD-L1+K/RLip@Gel
group compared to the other three groups, revealing the superior anti-
tumor effect of the combination of K/RLip@Gel and PD-L1 antibody

(Fig. 4c). No significant differences could be detected in body weight
between the four groups, preliminarily highlighting the biosafety of the
treatments (Fig. 4d). Moreover, inguinal lymph nodes, tumor tissues,
spleens and blood samples were obtained for flow cytometry analysis at the
end of the monitoring period. Quantification of CD80+CD86+ cells within
CD11c+ dendritic cells of inguinal lymph nodes suggested a significant
elevation in the K/RLip@Gel and aPD-L1+K/RLip@Gel groups compared to
the control group (Fig. 4e, f), suggesting enhanced antigen presentation
capability induced by vaccination. A similar maturation trend could be
observed in splenic DCs. However, the overall proportion of CD80+CD86+

DCs in the spleen in each group was lower than the inguinal lymph nodes,
possibly due to the preferential vaccine accumulation in the lymph nodes,
which often serve as primary sites of immune activation after subcutaneous
administration (Supplementary Fig. 16). In tumor tissue, an elevated
population of CD8a+ T cells was observed in the aPD-L1+K/RLip@Gel
group (Fig. 4g, h), with similar results detected across the spleens and blood
samples (Supplementary Fig. 17, 18). Other than DCs and T cells, the
function and polarization of tumor-associated macrophages were also
assessed, indicating the significantly elevated proportion of anti-tumor
CD86+macrophages (Supplementary Fig. 19). Thus, K/RLip@Gel effectively
enhanced the outcomes of PD-L1 blockade therapy by stimulating the anti-
tumor immune activity.

The therapeutic efficacy was further confirmed in subcutaneous
HCC models, where the alterations in tumor size were more intuitively
evident (Supplementary Fig. 20a, b). Tumor volume changes in different
groups were recorded, showing the lowest relative tumor volume of
aPD-L1+ K/RLip@Gel group on day 16 (Supplementary Fig. 20c). No
significant difference could be detected in bodyweight among the groups
during the monitoring period (Supplementary Fig. 20d). After the
treatment monitoring period, the harvested tumors underwent histo-
logical analysis. Hematoxylin and eosin (H&E) staining depicted
increased infiltrated cells and reduced tumor cell nuclei density (Sup-
plementary Fig. 20e). In contrast, immunofluorescence showed an
increased population of CD8a+ cells in the aPD-L1+ K/RLip@Gel group
(Supplementary Fig. 21). Moreover, F4/80 and CD11c were stained as
the biomarkers for DCs and macrophages, respectively. The results
indicated a slight increase in F4/80+ macrophages in aPD-L1, K/
RLip@Gel, and aPD-L1+ K/RLip@Gel groups compared to the control
group. In contrast, evident increments in CD11c+ DCs could be
observed in the K/RLip@Gel and aPD-L1+ K/RLip@Gel groups, with the
highest CD11c+ proportion detected within the aPD-L1+ K/RLip@Gel
group (Supplementary Fig. 22). H&E sections of lung, liver, spleen,
kidney, and heart revealed no obvious pathological changes under
optical microscopy (Supplementary Fig. 23). Additionally, the serum
biochemical indexes indicating liver and kidney function, including
ALT, AST, ALB, TBIL, CR and BUN, showed no apparent changes
among the groups at the end of monitoring (Supplementary Fig. 24).

K/RLip@Gel improvedPD-L1 blockade therapy for the PDXmodel
The immune-humanized PDX models were established by intravenously
injecting human peripheral blood mononuclear cells (PBMCs) into mice
(Supplementary Fig. 25a). Subsequently, the proportion of human CD45+

(hCD45+) cells in peripheral blood was quantified weekly with flow cyto-
metry (Supplementary Fig. 25b). The successful model establishment was
depicted by hCD45+ cell levels exceeding 25%.Moreover, the H&E staining
of different passages of tumor sections indicated the successful model
establishment, and the immunohistochemistry result of P4 revealed thePD-
L1 positive expression (Supplementary Fig. 25c).

The immune-humanized PDX mice were randomly divided into four
groups and subjected to different treatment regimens. Subsequent tumor
size measurements demonstrated a significant reduction in tumor volume
in the aPD-L1+K/RLip@Gel group, underscoring the improved therapeutic
efficacy of aPD-L1 in combination with K/RLip@Gel (Fig. 5a, b). All the
groups showed a consistent weight loss trend, potentially attributed to the
induced graft-versus-host reaction (GVHR) (Fig. 5c).
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Fig. 3 | In vitro analysis of BMDC and T cell response to the hydrogel vaccine K/
RLip@Gel. aCD80 andCD86 levels of BMDCs inflow cytometry (The gating strategy
was shown in the Supplementary Fig. 6). b Quantification of the proportion of
CD80+CD86+ BMDCs. cMHC-I level of BMDCs indicated by flow cytometry (The
gating strategy was shown in the Supplementary Fig. 7). d Quantification of the
proportion of MHC-I+ BMDCs. eMHC-II level of BMDCs in flow cytometry (The

gating strategywas shown in the Supplementary Fig. 8). fQuantification ofMHC-II+

BMDCs. g CFDA-SE level in CD3+ T cells (The gating strategy was shown in the
Supplementary Fig. 9). hQuantification of T cell proliferation rate. iCLSM images of
infiltrated CD8a+ T cells into Hepa1-6 cell spheroids. j Quantification of T cell
infiltration.
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After the monitoring period, tumor tissues were obtained to analyze
the function of DCs and CD8a+ T cells. Conventional DCs (cDCs),
responsible for antigen uptake and presentation, were analyzed with flow
cytometry and gated as CD45+lin-1low/-HLA-DR+ population, in which the

upregulation of CD11c suggested cellular activation. The K/RLip@Gel and
aPD-L1+K/RLip@Gel groups exhibited the highest CD11c+ cDCs, sug-
gesting significant activation of antigen presentation stimulated by the
vaccine (Fig. 5d, e). Furthermore, granzyme B (GrB) and interferon-γ

Fig. 4 | K/RLip@Gel enhanced PD-L1 blockade on orthotopicHCCmice. a Scheme
illustration of in vivo treatment and monitoring (Created by the authors with
Photoshop v22.5.6). b Bioluminescence images of tumor-bearing mice in different
groups. cRelative signal intensity of tumors in different groups. dBody weight of the
mice in different groups. e Flow cytometry analyzing CD80 and CD86 in CD11c+

dendritic cells in mouse inguinal lymph nodes (Gating strategy was shown in the
Supplementary Fig. 14). f Quantification of the percentage of CD80+CD86+ cells in
CD11c+ dendritic cells. g Flow cytometry analyzing CD8a and CD4 of T cells
(CD45+CD3+) in tumor tissues (Gating strategy was shown in the Supplementary
Fig. 15). h Quantification of the percentage of CD8a+ cells in T cells.
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Fig. 5 | K/RLip@Gel enhanced PD-L1 blockade on orthotopic HCC mice.
a Photographs of representative mouse in each group during the treatment.
bQuantification of tumor volume in the 4 groups. cQuantification of bodyweight of
the 4 groups. d Flow cytometry analyzing CD11c level in dendritic cells (Gating
strategy was shown in the Supplementary Fig. 26). eQuantification of the percentage

of CD11c+ cells in dendritic cells. f Flow cytometry analyzing GrB level in CD8+ T
cells (Gating strategy was shown in the Supplementary Fig. 27). g Quantification of
GrB+ cell proportion in CD8a+ T cells. h Flow cytometry analyzing INF-γ level in
CD8a+ T cells (Gating strategy was shown in the Supplementary Fig. 27).
i Quantification of INF-γ+ cell proportion in CD8a+ T cells.
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(INF-γ) levels in the intratumoral CD8a+ T cells were investigated
(Fig. 5f, h). Significant GrB and INF-γ upregulation was observed in the
aPD-L1+K/RLip@Gel group, depicting the most effective anti-tumor
response mediated by CD8a+ T cells (Fig. 5g, i). Moreover, the flow cyto-
metry analysis of CD8a+ T cells in peripheral blood demonstrated similar
results, indicating the systemic activation of CD8a+ T cells (Supplementary
Fig. 28). The H&E staining of tumor revealed an increased proportion of
infiltrated cells and reduced tumor cell nuclei density in the aPD-L1+K/
RLip@Gel group (Supplementary Fig. 29). Meanwhile, TUNEL staining of
tumor depicted the most evident apoptosis within the aPD-L1+K/
RLip@Gel group (Supplementary Fig. 30).

Discussion
Despite the promise of immune checkpoint blockade (ICB) therapy during
HCCtreatment, its efficacy is significantly limited by insufficient anti-tumor
immune activation38. Therefore, the strategies that effectively activate host
immunity, suchas cancer vaccines, are emerging as collaborators to improve
the outcomes of ICB therapies.

In this study, we focused on KIF20A, a protein significantly over-
expressed in HCC and plays a critical role in disease progression. Previous
studies have established the prognostic value of KIF20A in HCC patients
and demonstrated that suppressing KIF20A can improve therapeutic effi-
cacy of ICB, depicting its promise as a therapeutic target21,22. In addition,
KIF20A has been studied as a vaccine for different cancers, while its suit-
ability for HCC remains unknown. Therefore, we explore KIF20A as a
potential candidate for HCC vaccine development and synergize with ICB
therapy.

For the first time, the study validated the capacity of KIF20A to
elicit anti-tumor immune responses in HCC through transcriptomic
mRNA sequencing analysis. The GO enrichment analysis, KEGG
enrichment analysis, GSEA, and ssGSEA showed significant activation
of different immune responses, particularly those regulated by CD4+

and CD8+ T cells. These responses were likely driven by the multiple
antigenic epitopes from the KIF20A protein presented by APCs. Recent
perspectives identified full-length proteins as potent antigenic candi-
dates while developing cancer vaccine11,39–41. This study used recom-
binant KIF20A protein to evaluate its immunostimulatory effects in
HCC preliminarily. The findings confirmed the suitability of the
KIF20A vaccine for HCC and its potential for improving PD-L1
blockade outcomes.

In addition to the antigen, the rational design of the vaccine for-
mulation is crucial for optimizing immunogenicity. Therefore, a novel
KIF20A vaccine formulation (K/RLip@Gel) was developed and the TLR7/8
agonist R848 was paired as an adjuvant42. Cationic DOTAP-based lipo-
somes were designed to facilitate efficient encapsulation of the negatively
charged KIF20A protein at an optimal DOTAP-to-protein ratio of 20:1.
DSPE-PEG and cholesterol were incorporated to improve the liposome
stability, thereby elevating immune responses by protecting the payload and
promoting the targeting efficiency of lymph nodes43,44. Further, a thermo-
sensitive hydrogel (K/RLip@Gel) was incorporated to ensure sustained
liposome release45,46. The hydrogel formulation was based on PLGA-PEG-
PLGA copolymers, which underwent gelation at body temperature post-
subcutaneous injection. This facilitated the prolonged antigen and adjuvant
release, enabling a robust immune response.

The in vitro study showed remarkable immunoactivation capabilities,
evidenced by the enhanced maturation of BMDCs and increased pro-
liferation and tumor-infiltrating capacity of T cells. In vivo experiments
indicated that PD-L1 blockade significantly decreased tumor burden when
combined with the vaccine in subcutaneous and orthotopic CDX models.
Moreover, flow cytometry confirmed the enhanced activation of DCs and
T cells locally and systemically. Further validation in immune-humanized
PDXmodels highlighted the vaccine’s potential in ahuman-relevant setting.
The elevated proportion of cDCs responsible for antigen presentation and
enhanced activation of CD8+ T cells were observed with flow cytometry,
suggesting a potent anti-tumor effect.

In summary, our study is thefirst to confirmKIF20Aas a viable antigen
for HCC vaccine development. The K/RLip@Gel vaccine exhibited potent
synergywithPD-L1blockade therapy.Thiswas demonstratedby significant
tumor regression and immune activation in CDX and immune-humanized
PDX models. These findings highlighted the potential clinical applicability
of the K/RLip@Gel vaccine in improving ICB therapy outcomes for HCC.

This research has several limitations. First, although we investigated
full-length KIF20A protein as the antigen to treat HCC in mouse models,
specific CD4+ or CD8+ epitope peptides were not screened in this study.
Even though the full-length protein with multiple antigen epitopes could
elicit robust immune responses, the responses are less controllable than
those elicited by peptides47,48. Additionally, producing protein antigens
involves more complex processes than peptides, leading to challenges in
clinical translation.Therefore,HLA-compatible epitopepeptides ofKIF20A
should be screened in future studies for more predictable and precise
immune responses inHCC. AlthoughKIF20A peptides have been explored
in small-scale clinical trials for other cancers, these epitopes may differ
depending on tumor-specific factors, including antigen processing and
immune cell recognition. This highlights the need for additional research in
HCC-specific context49,50. When compared to another effective vaccine
modality, mRNA, proteins are more challenging to achieve high EE in
liposome formulations. However, protein antigens offer several advantages,
including superior stability against degradation during storage and hand-
ling, the ability to directly induce robust immune responses, and technically
simpler to avoid the antigen fragmentation during encapsulation. Secondly,
while immune-humanized PDX models provide a suitable preclinical
platform, using human PBMCs introduces the risk of GVHR, potentially
shortening the time window of monitoring treatment51–53. Utilizing CD34+

hematopoietic stem cells to develop these models may mitigate GVHR and
provide a longer-term assessment of therapeutic efficacy54. Finally, com-
prehensive clinical trials are necessary to fully assess the safety and ther-
apeutic potential of theK/RLip@Gel vaccine or other KIF20A-based vaccines
combined with ICB therapy among human patients.

To sum up briefly, this study identified KIF20A as a viable antigen for
HCC vaccine development through transcriptomic mRNA sequencing.
Based on this, KIF20A was incorporated into a rationally designed ther-
mosensitivehydrogel formulation (K/RLip@Gel), producing efficient antigen
delivery, sustained release, and robust immunostimulatory effects. More-
over, K/RLip@Gel potentiated the therapeutic effect of PD-L1 blockade
therapy. This was evidenced by significant tumor regression and superior
immune activation in subcutaneous and orthotopic CDX models. Fur-
thermore, immune-humanized PDX models validated the translational
potential of this approach, indicating enhanced intratumoral CD8+ T cell
activity and cDC function. These findings validated the capability of
KIF20A-based vaccines to elicit robust anti-tumor immune responses,
facilitating the development of a novel method to synergize with immune
checkpoint inhibitors.

Methods
Animals and cell culture
8-week-oldmaleC57BL/6Jmice andNOD.CB17-PrkdcscidIl2rgtm1/Bcgen (B-
NDG) mice were obtained from Biocytogen (China) and housed under
specific pathogen-free (SPF) conditions. All animal experiments in this
study were conducted in accordance with the guidelines approved by the
Ethics Committee for Animal Experimentation of Zhujiang Hospital (No.
LAEC-2023-093). All the animals recruited in the study were anesthetized
with 2% isoflurane delivered at a flow rate of 1 L/min prior to experimental
procedures. For humane euthanasia, carbon dioxide was delivered at a
controlled flow rate of 0.3 L/min in a 1-L capacity chamber. Euthanasia was
performed both prior to primary cell isolation and at the end of the treat-
ment monitoring period, in accordance with approved ethical standards.

For cell culture, Hepa1-6 cells and luciferase-transfected Hepa1-6
(Hepa1-6-luc) cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM), supplementedwith 10% fetal bovine serum (FBS; Procell, China)
and 1% Penicillin–Streptomycin (Gibco, USA). L929 cells were cultured in
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Minimum Essential Medium (MEM) with the same supplements. All cells
weremaintained at 37 °C in a humidified incubator with 5%CO2. Cell lines
were regularly tested for mycoplasma contamination.

Transcriptomic mRNA sequencing analysis
Hepa1-6 tumor bearing mice were randomly divided into 2 groups (n = 4).
Mice in theKIF20Agroup received a subcutaneous injectionof 5μgKIF20A
protein in sterile phosphate buffered solution (PBS),while the control group
was injectedwith an equal volume of sterile PBS. After 3 days, themice were
sacrificed, and the tumor were harvested for transcriptomic mRNA
sequencing.

Total RNA was extracted using Trizol reagent (Invitrogen, USA), and
RNA quality was assessed using an Agilent 2100 Bioanalyzer (Agilent
Technologies, USA) as well as RNase-free agarose gel electrophoresis.
EukaryoticmRNAwas enriched from the total RNAusingOligo (dT) beads
(Epicentre, USA). The enriched mRNA was fragmented using a fragmen-
tation buffer and reverse transcribed into cDNA with the NEBNext Ultra
RNA Library Prep Kit for Illumina (NEB #7530, USA). Double-stranded
cDNA was purified, followed by end repair, A-tailing, and ligation to Illu-
mina sequencing adapters. The ligation products were purified with
AMPure XP Beads (1.0×) and amplified by PCR to generate the cDNA
library, which was sequenced using the NovaSeq6000 system
(Illumina, USA).

Differential gene expression analysis was performed using R
(version 4.10) with the ClusterProfiler package51. The genes/transcripts
with false discovery rate (FDR) below 0.05 and absolute fold change
(log2FC) ≥ mean ± 2 × SD were classified as DEGs. GO, KEGG
enrichment analysis, and Gene Set Enrichment Analysis (GSEA) were
conducted to identify functional and pathway enrichments of the
DEGs, with gene sets obtained from theMolecular Signatures Database
(MSigDB).

Preparation of KIF20A and R848 co-encapsulating liposome
(K/RLip)
KIF20AandR848 co-encapsulating liposomes (K/RLip) were prepared using
a thin film hydration method. Briefly, 28 mg (2,3-Dioleoyloxy-propyl)-
trimethylammonium-chloride (DOTAP,Aladdin Scientific, China), 1.3mg
cholesterol (Aladdin Scientific, China)and 11.2 mg DSPE-PEG2000
(Aladdin Scientific, China) were dissolved in 40.5 mL chloroform to cre-
ate a stock solution. Then, 2mgR848 (Aladdin Scientific, China) was added
into 10mL stock solution. Themixture was subjected to rotary evaporation
at 40°C until the solvent was completely removed to form a thin film. The
evaporation step was repeated after the addition of another 10 mL chloro-
form. After the final evaporation, 0.5 mg KIF20A protein (Abmart, China)
dissolved in 2 mL ultrapure water was used for hydration. The resulting
suspension was then extruded through a mini extruder (Avanti, USA)
equipped with 200 nm and 100 nm polycarbonate membranes (Millipore,
USA), successively, for 11 passes each membrane to generate unilamellar
liposomes. The liposomeswere then dialyzed in a 200 kDamolecularweight
cutoff (MWCO) dialysis tube for 12 h to remove any unencapsulated
components, followed by lyophilization for another 12 h. The resulting K/
RLip powder was stored at -20°C for further use. For the preparation of
indocyanine green (ICG)-labeled Vac (ICG-K/RLip), 0.2 mg ICG was added
in the hydration step.

Control formulations were also prepared, including R848-only lipo-
somes (RLip) and KIF20A-only liposomes (KLip), using the same thin-film
hydration method as described above.

Characterization of K/RLip and ICG-K/RLip

Themorphology of K/RLip and ICG-K/RLip was observed using a TEM (FEI,
USA). DLS and Zeta potential were measured with a Zetasizer (Malvern
Panalytical, UK). The absorbance and fluorescence spectra were measured
using a fluorescence spectrophotometer (Agilent, USA). The encapsulation
efficiency and encapsulation capacity were determined with an ultramicro
spectrophotometer (Thermo Scientific, USA) and calculated according to

the following formulas:

Encapsulation efficiency ¼ Weight of druge ncapsulated
Total weight of drugadded

× 100%

Encapsulation capacity ¼ Weight of drug encapsulated
Total weight of the delivery system

× 100%

Synthesis of PLGA-PEG-PLGA triblock copolymers
To synthesize PLGA-PEG-PLGA triblock copolymers, 60 g PEG1500 was
heated to 120 °C for 30 min in the nitrogen atmosphere with magnetic
stirring, followed by an additional 2 h under nitrogen flow to completely
remove anymoisture. Afterwards, 113.46 gDL-lactide and 30.48 g glycolide
(molar ratio 3:1) were added to the PEG1500 and heated at 120°C under
nitrogen flow. After 30 min, 0.04 g of stannous octoate was added and the
reactionmixture was maintained at 150 °C for 8 h. Upon completion of the
reaction, the system was cooled to room temperature. Then, 40 mL
dichloromethane was added to dissolve the crude product, followed by
precipitation with 500 mL petroleum ether to precipitate the product. The
precipitate was collected byfiltration. This dissolution-precipitation process
was repeated three times to ensure a high-purity product. The successful
synthesis of PLGA-PEG-PLGA triblock copolymers was confirmed using
1H-NMR (Bruker, Germany).

Preparation of thermosensitive hydrogel vaccine (K/RLip@Gel)
and its characterization
PLGA-PEG-PLGA triblock copolymer were dissolved in ultrapure water to
a final concentration of 15% (w/v). To generate K/RLip@Gel, 1 mg of K/RLip

was added to 1mL of the PLGA-PEG-PLGA solution and stirred at 4 °C for
1 h. Similarly, single-drug encapsulating liposomes containing either R848
or KIF20A protein were incorporated into the PLGA-PEG-PLGA solution
to create RLip@Gel and KLip@Gel, respectively. The gelation properties of K/
RLip@Gel were characterized using a rheometer (Anton Paar, Austria) at
different temperature or under constant shear stress of 1%amplitudewith 1
rad/s for 6 min.

Evaluation of in vivo sustained release
C57BL/6Jmice were divided into three groups and subcutaneously injected
100 μL with small-molecule ICG, nanoscale K/RLip or hydrogel K/RLip@Gel.
NIR-II fluorescence images were captured at 6, 12, 24, 48, 72 and 96 h post-
injectionusingan808-nmexcitation laser andan1100nmlong-passfilter to
assess the sustained release properties of each formulation.

Isolation of BMDCs and spleen cells
BMDCs were isolated from 8-week-old C57BL/6J mice. Cells from the
femur and tibia were flushed out with PBS and filtered through a 70 μm
strainer (Corning, USA). The filtered suspension was centrifuged at 800×g
for 5 min, and the supernatant was discarded. Red blood cells (RBCs) were
lysed using ACK buffer (Elabscience, China), followed by a second cen-
trifugation at 800×g for 5 min. The remaining cells were resuspended in
Roswell Park Memorial Institute 1640 (RPMI1640) medium (Gibco, USA)
supplemented with 10% FBS, 1% penicillin-streptomycin (Gibco, USA),
50 μM β-mercaptoethanol (Procell, China), 20 ng/mLmurine granulocyte-
macrophage colony-stimulating factor (GM-CSF, Peprotech, USA), and
10 ng/mL interleukin-4 (IL-4, MedChemExpress, USA). Cells were seeded
into 6-well plates, and the cytokine-containing medium was replaced on
days 3 and 5. After a 7-day incubation, the BMDCs were harvested for
further experiments.

For the isolation of spleen cells, spleens from 8-week-old C57BL/6J
mice were harvested, mechanically filtered against a 70 μm sterile strainer,
and rinsed with PBS. The cell suspension was centrifuged at 800 × g for
5 minutes, and the supernatant was discarded. RBCs were lysed, and the
remaining cells were resuspended in RPMI1640 medium supplemented
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with 10% FBS and 1% penicillin-streptomycin. The spleen cells were then
cultured for further experiments.

Cytotoxicity and hemolysis test
L929fibroblast cellswere seeded into96-well plates at a density of 1×104 cells
perwell and incubatedwith eitherGel orK/RLip@Gel for 1, 3 and 5days. The
cytotoxicity of the formulations was assessed using the Cell Counting Kit-8
(CCK-8) assay according to the manufacturer’s instructions. Absorbance
was measured at 450 nm using a microplate reader, and cell viability was
calculated to evaluate the potential cytotoxic effects of Gel and K/RLip@Gel
over time.

Blood was collected from a C57BL/6J mouse into a heparinized
anticoagulant tube and washed three times with PBS to isolate RBCs. The
RBCs were then incubated with varying concentrations of Gel or K/
RLip@Gel for 4 hours at 37 °C. After incubation, the suspensions were cen-
trifuged at 800×g for 5 min, and the supernatant was collected. Absorbance
was measured at 532 nm to assess hemoglobin release, and the hemolysis
rate was calculated using PBS as a negative control and distilled water as a
positive control.

Flow Cytometry of BMDCs
BMDCs were divided into different groups and incubated with 100 μL
solidified KLip@Gel, RLip@Gel or K/RLip@Gel in 6-well plates for 24 h. Then
the BMDCs were collected, and the Fc receptors (FcR) were blocked using
anti-mouse CD16/32 antibody (Biolegend, USA). Cells were subsequently
stained with APC-conjugated anti-mouse CD11c, FITC-conjugated anti-
mouse CD80, and PE-conjugated anti-mouse CD86 antibodies
(Elabscience, China) for flow cytometry analysis (Beckman, USA). The
CD80+CD86+ cells within the CD11c+ dendritic cell population were gated
and quantified to assess BMDC maturation and activation.

T cell proliferation rate
BMDCs were pulsed with KLip@Gel, RLip@Gel or K/RLip@Gel for 24 h.
Afterwards, Spleen cells labeled with CFDA-SE (MedChemExpress, USA)
were co-cultured with the pulsed BMDCs for 3 days. After co-culture, the
cells were harvested, and FcR was blocked using anti-mouse CD16/32
antibody. The cells were then stained with APC-conjugated anti-mouse
CD3 antibody (Elabscience, China), and the CFDA-SE fluorescence
intensity of CD3+ cells was analyzed by flow cytometry to assess T cell
proliferation rate.

T cell infiltration
BMDCs were pulsed with KLip@Gel, RLip@Gel or K/RLip@Gel for 24 h.
Subsequently, spleen cells were labeled with CellTrackerTM deep red
(MKBio, China) and added to the BMDC-containing 6-well plates. After
3 days of co-culture, the cells were collected, and CD8+ T cells were isolated
using the miniMACSTM system and CD8a+ T cell isolation kit (Miltenyi
Biotec, Germany). The isolatedCD8a+T cells were counted and diluted to a
concentrationof 1 × 105 cells/mL.Then, the cell suspensionwas added into a
round-bottom ultra-low attachment 96-well plate (Corning, USA) that
contains Hepa1-6 cell spheroids to incubate for 24 h. Afterwards, the
spheroidswerefixedwith 4%paraformaldehyde for 15minand stainedwith
DAPI for 10 min. CLSM (Nikon, Japan) was used to observe the CD8a+

T cells infiltrated into the Hepa1-6 spheroids.

Establishment of Hepa1-6 tumor models
To establish the subcutaneous CDX models, 1 × 106 Hepa1-6 cells sus-
pended in 100 μLPBSwere subcutaneously injected into the right hind limb
or axillary region of 8-week-oldmaleC57BL/6Jmice.Micewith tumors that
exhibited rapid growth without signs of necrosis or scab formation were
selected for subsequent experimental studies.

For the establishment of orthotopic CDXmodels,male C57BL/6Jmice
(8 weeks old) were anesthetized using isoflurane, and an incision (roughly
8 mm) for each mouse was made along the abdominal midline. Subse-
quently, 1 × 106 Hepa1-6-luc cells suspended in amixture of 10 μL PBS and

10 uLMatrigel (BD Biosciences, USA) were injected into the left lobe of the
liver. The incision was then sutured using 6-0 threads. The successful
establishment of orthotropic CDX models was comfirmed using biolumi-
nescence imaging following intraperitoneal administration of D-luciferin
potassium salt (150 mg/kg, GlpBio, USA).

In vivo tumor prevention effect of K/RLip@Gel
C57BL/6J mice were subcutaneously vaccinated with K/RLip@Gel (1 mg/mL,
100 μL) or sterile PBS and divided into 2 groups. 3 days post-vaccination,
Hepa1-6-luc cells were injected orthotopically (n= 3) or subcutaneously
(n= 3). Tumor growth rate was subsequently monitored with an IVIS Ima-
ging Spectrum System (PerkinElmer, USA) using bioluminescence mode.

In vivo K/RLip@Gel and PD-L1 blockade therapy on Hepa1-6
tumor model
Hepa1-6 subcutaneous tumor-bearing mice were randomly divided into 4
groups (n = 5). Each group received different treatments: subcutaneous
vaccination with K/RLip@Gel (5mg/kg), intraperitoneal injection of anti-
mouse PD-L1 antibody (10mg/kg) (Bio X Cell, USA, Clone: 10F.9G2™)or a
combination of both. Body weight and tumor volume were recorded every
3 days after drug administration. The tumor volume was calculated using
the formula: tumor volume = length ×width2/2. At the end of the treatment
period, all mice were humanely euthanized. Organs and tumor tissues were
harvested for histological analysis and the blood samples were collected for
biochemical index testing.

Hepa1-6 orthotopic tumor-bearing mice were randomly assigned to
the same 4 treatment groups as in the subcutaneous tumor model (n = 4).
Body weight was recorded after injection. Additionally, the bioluminescent
signal from orthotopic tumors was measured using bioluminescence ima-
ging. At the end of themonitoring period, micewere humanely euthanized,
and tumor tissues, inguinal lymph nodes, spleen, and blood samples were
collected for flow cytometry analysis.

Establishment of immune-humanized PDX model
To establish the immune-humanized PDX model, primary tumor samples
were obtained from a patient undergoing HCC resection surgery at Zhu-
jiangHospital and engrafted into B-NDGmice for 3 passages. The protocol
involving human HCC samples was approved by the Medical Ethics
Committee of ZhujiangHospital (No. 2024-KY-219). PBMCswere isolated
from the peripheral blood of a healthy volunteerwith PBMC isolation tubes
(Stemcell Technology, USA) andHistopaque®-1077 (Sigma-Aldrich, USA)
and intravenously injected into the B-NDGmice (5 × 108 cells per mouse).
Then, tumor tissues were planted into the PBMC injection mice as the 4th
passages. Thepercentage of hCD45+ cells in themouseperipheral bloodwas
monitored weekly using flow cytometry. After 4 weeks, the successful
establishment of the immune-humanized PDXmodel was confirmedwhen
the tumor volume reached approximately 100 mm3 and the proportion of
hCD45+ cell in mouse peripheral blood exceeded 25%.

In vivo K/RLip@Gel and PD-L1 blockade therapy on PDX model
Immune-humanized PDX models were divided into 4 groups (n = 3) and
received treatments with K/RLip@Gel (5mg/kg), anti-human PD-L1 anti-
body (10mg/kg) (Bio XCell, USA, Clone: Atezolizumab), or a combination
of both. For the PDX models, the antigen used in K/RLip@Gel was human
KIF20A protein instead of the mouse protein. Body weight and tumor size
were monitored regularly after drug administration. At the end of the
monitoring period, blood samples and tumor tissues were collected for flow
cytometry and histological analysis to evaluate the therapeutic effects.

Flow cytometry analysis of tissue and blood
Single-cell suspensions were prepared from tissues prior to flow cytometry
analysis. Tumor tissue fragments (1–2mm³)were digested with collagenase
I (200U/mL), hyaluronidase (100U/mL), and DNase I (50 U/mL) at 37 °C
for 45 min with shaking at 90 rpm. Spleen tissues were lysed using col-
lagenase IV (150U/mL) andDNase I (50 U/mL)under the same conditions.
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Inguinal lymph nodes were digested with collagenase I (200U/mL), hya-
luronidase (100U/mL), and DNase I (50 U/mL). Blood samples were
washed with PBS at 800 rpm for 5 minutes with 3-time repeat. All samples
underwent red blood cell (RBC) lysis before antibody labeling.

For the Hepa1-6 tumor model (CDX model), cells were first blocked
with anti-mouse CD16/32 antibody. Intratumoral, splenic, and peripheral
blood T cells were labeled with PerCP-conjugated anti-mouse CD45, APC-
conjugated anti-mouse CD3, PE-conjugated anti-mouse CD4, and FITC-
conjugated anti-mouse CD8a antibodies. Lymphatic dendritic cells were
labeled with APC-conjugated anti-mouse CD11c, FITC-conjugated anti-
mouse CD80, and PE-conjugated anti-mouse CD86 antibodies. All anti-
bodies used for the CDXmodel were purchased from Elabscience (China).

For the PDX model, cells were blocked with FcR Blocking Solution
(Biolegend, USA). cDCs were labeled with PerCP-conjugated anti-human
CD45, FITC-conjugated anti-human Lineage Cocktail-1 (Lin-1, containing
anti-CD3, CD14, CD16, CD19, CD20, and CD56 antibodies) (Biolegend,
USA), APC-conjugated anti-human HLA-DR (Elabscience, China), and
PE-conjugated anti-human CD11c (Elabscience, China). T cells were
labeled with PerCP-conjugated anti-human CD45 (Elabscience, China),
APC-conjugated anti-human CD3 (Elabscience, China), FITC-conjugated
anti-human CD8a (Elabscience, China), PE/Cyanine7-conjugated anti-
human IFN-γ (Biolegend, USA), and PE-conjugated anti-human Gran-
zyme B (AntibodySystem, USA). The FIX & PERM™ Cell Permeabilization
Kit (Invitrogen, USA) was used before labeling with PE/Cyanine7 anti-
human IFN-γ and PE anti-human Granzyme B.

statistical analysis
All statistical analyzes were performed using GraphPad Prism 10.0
(GraphPad Software, USA). Differences among 2 groups were analyzed
using the student’s T test unless otherwise indicated. Values ofP < 0.05were
considered statistically significant. The significant differences were noted in
the figures: ns (no significant difference), *(P < 0.05), **(P < 0.01),
***(P < 0.001), ****(P < 0.0001).

Data Availability
The datasets used or analyzed during the current study are available from
the corresponding author on reasonable request.
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