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SUMMARY
Alisertib is a potent aurora A kinase inhibitor in clinical trials for cancer treatment, but its efficacy on cancer
vaccines remains unclear. Here, we developed a DNA vaccine targeting glypican-3 (pGPC3) and evaluated its
efficacy with alisertib in hepatocellular carcinoma (HCC) models. The combination therapy of pGPC3 vaccine
and alisertib significantly inhibited subcutaneous tumor growth, enhanced the induction and maturation of
CD11c+ and CD8+CD11c+ dendritic cells (DCs), and expanded tumor-specific CD8+ T cell responses. CD8+

T cell depletion abolished the anti-tumor effects, underscoring the essential role of functional CD8+ T cell re-
sponses. Moreover, the combined treatment promoted memory CD8+ T cell induction, providing long-term
protection. In liver orthotopic tumor models, the combination of pGPC3 vaccine and alisertib demonstrated
potent therapeutic efficacy through CD8+ T cell responses. These results indicate that alisertib enhances the
pGPC3 vaccine’s therapeutic effect, offering a promising strategy for HCC treatment.
INTRODUCTION

Therapeutic cancer vaccines have emerged as a crucial focus in

cancer immunotherapy, achieving notable advancements in

recent years.1,2 These vaccines aim to harness the body’s im-

mune system, particularly activating CD8+ T cell responses to

destroy tumor cells, thus offering a potential treatment for

various cancers.3,4 However, when used as monotherapy, can-

cer vaccines often struggle to overcome the immune evasion

tactics employed by tumors.5 Tumor cells utilize sophisticated

mechanisms, such as downregulating major histocompatibility

complex (MHC) molecules and increasing the recruitment of

immunosuppressive cells, to inhibit CD8+ T cell responses.6

The relatively modest immune activation by vaccines results in

suboptimal clinical outcomes in some patients, likely due to fac-

tors like individual variation, tumor heterogeneity, and the pres-

ence of an immunosuppressive tumor microenvironment.7,8

Immune checkpoint inhibitors (ICIs) (e.g., PD-1 or CTLA-4 anti-

bodies) are designed to release the immune system from tu-

mor-induced suppression, allowing for a stronger anti-tumor

response.9 Combining cancer vaccines with ICIs generates a
iScience 28, 112120, A
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synergistic effect, enhancing anti-tumor efficacy.10,11 However,

these inhibitors’ overall effectiveness and safety profiles remain

areas of concern. As a result, there is an urgent need to explore

novel strategies to boost the therapeutic potential of cancer vac-

cines, optimizing their efficacy in overcoming immune resistance

and improving patient outcomes.

Alisertib is a selective aurora A kinase inhibitor that has shown

promising potential in the treatment of various cancers.12 Aurora

A kinase regulates the cell cycle, particularly during the process

of mitosis.13,14 Its overactivity is closely linked to the proliferation

and survival of tumor cells, making it an important target for anti-

cancer therapies.15 Alisertib disrupts spindle assembly by inhib-

iting aurora A kinase, leading to cell-cycle arrest in the G2/M

phase and ultimately triggering apoptosis in tumor cells.16

Studies have demonstrated that alisertib exhibits significant

anti-tumor activity against several types of cancer, including

breast cancer, colorectal cancer, liver cancer, and ovarian can-

cer.17–20 Moreover, alisertib has been found to enhance the

sensitivity of tumor cells to radiotherapy.21 In clinical trials, aliser-

tib achieves an overall response rate of 30%–35% in patients

with relapsed/refractory peripheral T cell lymphoma, and it
pril 18, 2025 ª 2025 The Author(s). Published by Elsevier Inc. 1
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extends progression-free survival.22 Its use in small-cell lung

cancer (SCLC) has also shown potential for improving chemo-

therapy sensitivity and prolonging patient survival.23 When

combining with mTOR inhibitors or ICI, alisertib further enhances

anti-tumor effects, especially in drug-resistant tumors.24,25

Therefore, combining treatment with alisertib may modulate im-

mune cells within the tumor microenvironment, potentially

improving the efficacy of therapeutic DNA vaccines.

Combination therapies have become central to hepatocellular

carcinoma (HCC) treatment, enhancing anti-tumor efficacy. ICIs

like anti-PD-1/PD-L1 and anti-CTLA-4 antibodies reinvigorate

exhausted T cells, and when combined with targeted therapies,

they modulate the HCC tumor microenvironment.26 Atezolizu-

mab (anti-PD-L1) and bevacizumab (anti-VEGF) are the first

approved combination therapy for HCC, showing superior sur-

vival benefits over sorafenib.27 Targeted therapies like lenvatinib

and cabozantinib, which inhibit oncogenic pathways (VEGF,

MET, and FGFR), also boost T cell activation when combined

with ICIs.28 Preclinical models show that lenvatinib and bevaci-

zumab normalize tumor vasculature and activate immunity.29

While tyrosine kinase inhibitors like sorafenib and regorafenib

combined with anti-VEGF therapies have promising preclinical

data, clinical validation is still needed.30 Vaccines targeting tu-

mor antigens, such as glypican-3 (GPC3) and p53 mutations,

induce T cell responses and can be combined with anti-PD-1

therapies for enhanced tumor suppression.31,32 Thus, combining

DNA vaccines with therapies like alisertib represents a transfor-

mative approach to HCC treatment.

In this study, we designed a DNA vaccine targeting GPC3 and

evaluated its therapeutic potential in combination with alisertib

for the treatment of HCC in subcutaneous and orthotopic tumor

models. The combination treatment of alisertib with the pGPC3

vaccine markedly suppressed tumor growth while promoting

the infiltration of immune cells into the tumor microenvironment.

This co-administration significantly enhanced dendritic cell (DC)

antigen presentation and triggered a strong antigen-specific

CD8+ T cell response, which played a critical role in mediating

the observed anti-tumor effects. These pronounced anti-tumor

responses were further validated in the liver orthotopic tumor

model. Overall, our findings indicate that the combination of ali-

sertib with tumor vaccines potentiates their efficacy, offering a

promising strategy for treating solid tumors such as HCC.

RESULTS

Effective vaccine antigen expression and high safety in
the combination treatment with pGPC3 and alisertib
The efficiency of antigen expression by the vaccine determines

the strength of the induced specific immune response, which

plays a crucial role in tumor control.33 Therefore, we first evalu-

ated the expression of pGPC3 vaccine in vitro. Intracellular stain-

ing was performed using flow cytometry, and the results showed

that GPC3 expression in the pGPC3-transfected group was

significantly higher than in the control group after transfecting

293T cells with pGPC3 via PLGA/PEI delivery (Figures 1A and

1B). Furthermore, the design of the pGPC3 vaccine included

an N-terminal secretory signal peptide, and the GPC3 protein

was secreted into the cell supernatant. ELISA analysis of the su-
2 iScience 28, 112120, April 18, 2025
pernatant from pGPC3-transfected 293T cells revealed a signif-

icant increase in GPC3 protein levels (Figure 1C). To further verify

in vivo vaccine antigen expression, mice were intramuscularly in-

jected with the pGPC3 vaccine, and serum was collected 3 days

later to detect GPC3 expression. Compared to the control group,

significantly elevated levels of GPC3 protein were detected in the

serum of mice immunized with the pGPC3 vaccine (Figure 1D).

These results indicate that the pGPC3 vaccine can effectively ex-

press the GPC3 antigen protein both in vitro and in vivo.

For safety assessment, mice were treated with PBS, vector,

alisertib, pGPC3, or a combination of alisertib and pGPC3. No

significant differences in body weight were observed among

the treatment groups (Figure 1E). Additionally, compared to the

PBS control group, transient increase in the inflammatory cyto-

kine interleukin (IL)-6 was detected in the vector, alisertib,

pGPC3, and combination treatment groups on the second day

post treatment, but IL-6 levels returned to normal by day 7 (Fig-

ure 1F). Histological analysis showed no significant inflammatory

responses in kidney, heart, lung, or liver tissues after treatment

(Figure 1G). These data suggest that the combination treatment

of alisertib and pGPC3 effectively expresses the antigen protein

with minimal toxicity.

Administration of alisertib and pGPC3 vaccine inhibits
tumor progression and enhances CD8+ T cell infiltration
and DC maturation
To evaluate the therapeutic effect of the pGPC3 vaccine com-

bined with alisertib, mice were subcutaneously injected with tu-

mor cells to establish a subcutaneous tumor model and treated

with vector, alisertib, pGPC3, and the combination of alisertib

and pGPC3. A significant inhibition of tumor growth was

observed in the combination therapy group (alisertib +

pGPC3), where a complete response (CR, indicating the disap-

pearance of all detectable tumors) was approximately 60%,

while no CR was observed in the other treatment groups (Fig-

ure 2A). After the treatment period, tumors were surgically

removed from the mice and weighed. The combination therapy

group showed a significant reduction in tumor weight and an in-

crease in the tumor inhibition rate (Figures 2B and 2C). Changes

in the infiltrating immune cell subsets within the tumor microen-

vironment are critical for tumor control. Therefore, we first used

flow cytometry to assess the effect of the vaccine combined

with alisertib on immune subset modulation. The results showed

that the pGPC3 vaccine combined with alisertib promoted an

increased proportion of CD3+ T cells, CD8+ T cells, and DCs.

There were no statistically significant differences in CD4+

T cells, natural killer (NK) cells, or macrophages in the spleen

and tumor tissues from the treated mice (Figures 2D and 2E).

Notably, the proportion of regulatory T cells (Tregs) was signifi-

cantly reduced in the tumor tissues from the combination ther-

apy group or alisertib group compared to the pGPC3 vaccine

alone group (Figure 2E).

The CD8+CD11c+ DC subset can effectively present tumor an-

tigens to CD8+ T cells and activate CD8+ T cell-mediated anti-tu-

mor immune responses.34 Flow cytometry results showed a sig-

nificant increase in the proportion of CD8+CD11c+ DC in spleens

and tumors from the combination therapy group of alisertib and

pGPC3 (Figures 2F and 2H). Further investigation revealed that
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Figure 1. Evaluation of vaccine antigen expression and safety in the combination treatment of pGPC3 and alisertib

(A) GPC3 protein expression was analyzed by flow cytometry in pGPC3-transfected 293T cells.

(B) Quantification of the proportion of GPC3-positive cells from (A).

(C) The protein level of GPC3 was measured by ELISA in the supernatant of pGPC3-transfected 293T cells.

(D) The level of GPC3 protein was detected by ELISA in the serum of pGPC3-immunized mice.

(E) Body weight changes in tumor-bearing mice were monitored every 2–3 days across the PBS, vector, alisertib, pGPC3, and alisertib + pGPC3 treatment

groups.

(F) Serum IL-6 levels were assessed via ELISA in mice treated with PBS, vector, alisertib, pGPC3, and the combination of alisertib and pGPC3.

(G) Histopathological analysis of kidney, heart, lung and liver tissues from treatedmice was performed using HE staining. Scale bar: 100 mm. All experiments were

conducted with 5 mice per group.

Data are presented as mean ± SD. Comparisons between two groups were conducted using a two-tailed independent Student’s t test, while multiple group

comparisons were performed using ANOVA. Statistical significance was defined as ****p < 0.0001; ns, not significant.
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Figure 2. Therapy efficacy and immune cell infiltration in a subcutaneous tumor model treated with the pGPC3 vaccine and alisertib

Mice were intramuscularly immunizedwith vector, pGPC3, on days 7, 17, and 27, or combined therapywith intraperitoneal injection of alisertib on days 10, 14, 17,

21, 24, and 27 following inoculation with hGPC3-Hepal1-6 cells.

(A) Tumor volumes were measured weekly from day 7 to day 42.

(legend continued on next page)

4 iScience 28, 112120, April 18, 2025

iScience
Article

ll
OPEN ACCESS



iScience
Article

ll
OPEN ACCESS
the expression of DC activation surface markers, such as CD80,

CD86, MHC-II, and MHC-I, was also significantly elevated in the

spleens and tumors from the combination therapy group (Fig-

ures 2G and 2I), indicating that the combination therapy of aliser-

tib and pGPC3 vaccine enhances DC maturation and induces a

robust antigen-specific immune response. These results dem-

onstrate that the combination therapy of alisertib and pGPC3

significantly inhibits tumor progression, promotes the infiltration

of anti-tumor immune cells, while decreasing the presence of

immunosuppressive cells.

pGPC3 vaccine combining with alisertib induces strong
cellular immune responses
Todeterminewhether thepGPC3vaccinecombinedwithalisertib

enhances antigen-specific immune responses, we first assessed

the changes in specific antibodies in the serum of treated mice.

Compared to the vector, pGPC3, or alisertib treatment groups,

the alisertib plus pGPC3 combination treatment group exhibited

no significant difference in IgG antibody levels in tumor-bearing

mice (Figure 3A), which may be attributed to the strong anti-

hGPC3 antibody response induced by overexpression of

hGPC3 in tumor cells. Furthermore, the Th1 cytokine levels (inter-

feron-gamma [IFN-g] and tumor necrosis factor alpha [TNF-a])

were notably higher in the group treated with alisertib and

pGPC3 compared to the group treated with pGPC3 vaccine (Fig-

ure 3B). In contrast, the Th2 cytokine levels (IL-4 and IL-10)

showed only slight variation between the combination treatment

group and pGPC3 treatment group. These findings indicate that

the alisertib plus pGPC3 treatment significantly boosted the Th1

immune response and T cell proliferation, which are critical for

effective tumor cell elimination. Lymphocyte proliferation assay

results showed that the combination therapy significantly pro-

moted antigen-specific lymphocyte proliferation (Figure 3C).

Functional CD8+ T cells secrete cytokines such as IFN-g, IL-2,

and TNF-a, which effectively kill tumor cells and promote their

own proliferation. Our results showed a significant increase in

the percentages of IFN-g+CD8+, IL-2+CD8+, and TNF-a+CD8+

T cells in the combination treatment group of alisertib and

pGPC3 (Figures 3D and3E). Additionally, in vitroELISPOTassays

further confirmed that the number of IFN-g-secreting T cells was

significantly higher in the combination treatment groupcompared

to the single treatment groups (Figure 3F). Furthermore, we

observed strong specific cytotoxic T lymphocyte (CTL) killing ac-

tivity in the combination therapy group (Figure 3G). These results

indicate that the combination treatment of alisertib and pGPC3

effectively induces both strong specific humoral and cellular im-

mune responses, which will be beneficial for tumor control.
(B) Tumor weights were recorded on day 42 post inoculation.

(C) Tumor inhibition rates were calculated for each treatment group.

(D and E) Flow cytometric analysis of the percentages of CD3+ T cells, CD4+ T ce

and tumors (n = 5) of mice treated with vector, alisertib, pGPC3, or the combina

(F) The percentages of CD8+CD11c+ cells in the splenocytes of each group were

(G) Frequencies of DC subsets, including CD80+CD11c+, CD86+CD11c+, MHC-I

(H) The percentages of CD8+CD11c+ cells in the tumors from each group were d

(I) Frequencies of CD80+CD11c+, CD86+CD11c+, MHC-II+CD11c+, and CD40+CD

with 5 mice per group.

Data are presented asmean ±SD.Multiple group comparisonswere performed us

and ****p < 0.0001; ns, not significant.
Combination treatment of pGPC3 and alisertib exhibits
the long-term anti-tumor effect by enhancing the
memory CD8+ T cell immune responses
The pGPC3 vaccine combined with alisertib induced a strong

CD8+ T cell-mediated anti-tumor immune response. To investi-

gate the essential role of CD8+ T cells in the anti-tumor effects

of the combination therapy of pGPC3 vaccine and alisertib, we

conducted in vivo CD4+ or CD8+ T cell depletion experiments.

The results showed that administration of CD4+ T cell-depleting

antibodies did not significantly abrogate the anti-tumor effects of

the alisertib plus pGPC3 treatment (Figure 4A), but CD8+ T cell

depletion significantly impaired the therapeutic efficacy of the

combination therapy (Figure 4B). Correspondingly, CD8+ T cell

depletion reduced the proportion of CD8+ T cells and CD8+

CD11c+ DCs in both the spleen and tumor tissues (Figures 4C

and 4D). To further determine whether the pGPC3 vaccine com-

bined with alisertib can provide long-term anti-tumor protection,

we performed a tumor rechallenge in cured mice by the combi-

nation therapy of the pGPC3 vaccine and alisertib. The results of

the rechallenge experiment indicated that tumor growth was

significantly suppressed in the combination treatment group of

alisertib and pGPC3, with 40% of the mice remaining tumor-

free, while all tumors in the naive control group grew and were

significantly larger than those in the combination treatment

group (Figures 4E and 4F).

Observing the survival rate of the treated mice, we observed

that the survival rate in the combination therapy group reached

100% by day 70, while all mice in the control group had to be

sacrificed due to tumor burden by day 56 (Figure 4G). Memory

CD8+ T cells are reactivated upon re-encountering tumor anti-

gens, producing strong CTL effects to eliminate tumor cells.

Therefore, we used flow cytometry to examine the changes in

memory CD8+ T cells in the spleen. The pGPC3 vaccine com-

bined with the alisertib treatment group showed a significantly

increased proportion of effector memory CD8+ T cells and a

reduced proportion of naive CD8+ T cells, but the proportion of

central memory CD8+ T cells did not change significantly (Fig-

ures 4H and 4I). These results indicate that the pGPC3 vaccine

combined with alisertib induces long-term anti-tumor effects

by enhancing memory CD8+ T cell immune responses.

Treatment with pGPC3 and alisertib suppresses tumor
growth in orthotopic tumor models
To further investigate the therapeutic efficacy of the pGPC3 vac-

cine combined with alisertib in an orthotopic liver tumor

model, mice were orthotopically injected with tumor cells into

the liver on day 0. The treatment with the vaccine (intramuscular
lls, CD8+ T cells, Tregs, DCs, NK cells, and macrophages in the spleens (n = 5)

tion therapy.

assessed by flow cytometry.

I+CD11c+, and CD40+CD11c+, in the spleens from each group.

etected by flow cytometry.

11c+ DC subsets in tumors across all groups. All experiments were performed

ing ANOVA. Statistical significancewas set at *p < 0.05, **p < 0.01, ***p< 0.001,
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Figure 3. Humoral and cellular immune responses induced by pGPC3 and alisertib in a subcutaneous tumor model

(A) Anti-hGPC3 total IgG antibody levels in serum were measured by ELISA at day 35 post tumor inoculation.

(B) The expression levels of IFN-g, TNF-a, IL-10, and IL-4 were quantified in the culture supernatants of splenocytes stimulated with hGPC3 protein (10 mg/mL) for

48 h using ELISA.

(C) Splenocytes isolated from treated mice (n = 5) were stimulated in vitrowith IL-2 (100 U/mL) and hGPC3 protein (10 mg/mL) for 72 h; the cell proliferation assay

was conducted and presented as optical density (OD) values.

(D) Splenocytes in RPMI 1640 complete medium containing IL-2 (100 U/mL) were stimulated with hGPC3 protein (10 mg/mL) for 72 h, followed by ionomycin

(500 ng/mL), PMA (50 ng/mL), and BFA (5 mg/mL) for the final 5 h. Flow cytometry was used to analyze TNF-a, IL-2, and IFN-g-expressing CD8+ T cells in each

group.

(E) Statistical analysis of TNF-a, IL-2, and IFN-g-expressing CD8+ T cell percentages from (D).

(F) The number of IFN-g-secreting CD8+ T cells was measured using the ELISPOT assay.

(G) CTL activity was assessed using a co-culture-killing assay. All experiments were performed with 5 mice per group.

Data are presented as mean ± SD. Multiple group comparisons were performed using ANOVA. Statistical significance was set at *p < 0.05, ***p < 0.001, and

****p < 0.0001; ns, not significant.
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Figure 4. Memory CD8+ T cells are essential for the long-term anti-tumor effect of pGPC3 and alisertib

(A and B) Survival curves of tumor-bearing mice treated with pGPC3 and alisertib after depletion of CD4+ T or CD8+ T cells.

(C and D) Percentages of CD8+ T cells and CD8+CD11C+ subsets in splenocytes and TILs, measured by flow cytometry.

(legend continued on next page)
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immunization on days 4, 14, and 24) and alisertib (intraperitoneal

injection on days 7, 10, 14, 17, 21, and 24) was administered after

tumor injection (Figure 5A). After treatment, we monitored the

survival of the mice until day 63 post tumor injection. The results

showed that the combination therapy of alisertib and pGPC3

significantly improved the survival rate of the tumor mice (sur-

vival rate of 90%) compared to the other control groups (Fig-

ure 5B). After the treated mice were sacrificed, liver tissues

were surgically removed, and tumor nodules were examined

by histological staining. The results showed that the combination

therapy group had fewer and smaller tumor nodules (Figure 5C).

Furthermore, there was a significant increase in the infiltration of

IFN-g+CD8+ T cells in the liver tumor tissues from the combina-

tion therapy group compared to the other control groups (Fig-

ures 5D and 5E). Correspondingly, increased lymphocyte prolif-

eration, stronger CTL cytotoxic activity, and a higher number of

IFN-g-secreting T cells were also observed in the pGPC3 vac-

cine and alisertib combination therapy group (Figures 5F–5H).

In addition, the proportion of functional CD8+ T cells expressing

IFN-g, IL-2, and TNF-a was significantly higher in the combina-

tion therapy group (Figure 5I). These results indicate that the

combination therapy of pGPC3 vaccine and alisertib effectively

inhibits the growth of orthotopic liver tumors by inducing strong

CD8+ T cell immune responses.

DISCUSSION

GPC3 is a cell surface heparan sulfate proteoglycan that is highly

expressed in most HCC cells but minimally expressed in normal

adult tissues, making it a key therapeutic target for HCC.35 Strate-

gies targeting GPC3 in liver cancer treatment include GPC3 anti-

body-drug conjugates, chimeric antigen receptor T cell therapy,

and vaccine therapies.36–38 As a promising immunotherapy

approach, the GPC3 vaccine activates the body’s immune

system to recognize and attack tumor cells.39 Compared to tradi-

tional cancer therapies, vaccine treatment offers several advan-

tages including high specificity, the potential for long-term im-

mune memory, enhanced synergy with other therapies, reduced

tumor immune evasion, and low toxicity.40 The GPC3 peptide

vaccine shows limited response in patients with HCC with

GPC3-positive tumors in clinical study.41,42 HMGB1 enhancing

GPC3 vaccine orGPC3-coupled lymphocytes elicited robust spe-

cific antibody and CTL responses against anti-HCC cells.38,39

In this study, we utilized the kinase inhibitor alisertib to enhance

the therapeutic effect of the DNA vaccine pGPC3, effectively in-

hibiting the growth of subcutaneous liver cancer tumors while

promoting the tumor infiltration of anti-tumor immune cells,

particularly DCs and CD8+ T cells. Additionally, the combination
(E) Tumor growth in cured mice after rechallenge with tumor cells.

(F) Individual tumor growth curves for each mouse in different groups were moni

(G) Survival curves comparing rechallenged mice to naive controls (n = 5).

(H) Flow cytometry dot plots showing CD8+ memory T cell populations in spleno

(I) Statistical analysis of the proportions of effector memory (CD62L�CD44+),
splenocytes from treated mice. All experiments were performed with 5 mice per

Data are presented as mean ± SD. Comparisons between two groups were per

parisons were performed using ANOVA. Survival analysis was conducted using

**p < 0.01, ***p < 0.001, and ****p < 0.0001; ns, not significant.
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therapy facilitated the induction and increased proportion of the

CD8+CD11c+ DC subset and enhanced DC activation, while

reducing the tumor infiltration of immunosuppressive Treg cells.

The pGPC3 vaccine combined with alisertib significantly induced

antigen-specific CD8+ T cell immune responses, skewing the im-

mune response toward a Th1 phenotype. Although there was no

significant difference in total IgG antibody levels among the four

treatment groups in the tumor models, we did not assess the

changes in IgG subclass levels, which may differ between the

subclasses induced by tumor cell overexpression of the hGPC3

antigen and those induced by the vaccine. During the anti-tumor

process, CD8+CD11c+ DCs act as key APCs that deliver antigens

to CD8+ T cells, inducing antigen-specific CD8+ T cell immune

responses to kill tumor cells.34 Alisertib treatment results in high

expression of antigen-presentation genes in SCLC mouse

models.43 Cell depletion experiments demonstrated that the ther-

apeutic effect of the pGPC3 vaccine combinedwith alisertib is pri-

marily dependent on DC-mediated CD8+ T cells, rather thanCD4+

T cells. However, CD4+ T cells enhance CD8+ T cell immune re-

sponses by providing cytokines such as IFN-g and IL-2,

enhancing antigen presentation, providing co-stimulatory signals,

promoting memory formation, and enhancing effector functions.

This synergy plays a critical role in immune responses against tu-

mors, enabling CD8+ T cells to exert maximum efficacy and pro-

vide long-lasting immune protection.44,45

IFN-g, TNF-a, and IL-2, in the combination treatment group,

are critical for promoting CD8+ T cell activation, cytotoxicity,

andmemory T cell responses, aligning with the robust anti-tumor

immunity and tumor growth inhibition observed in our study. In

contrast, levels of Th2 cytokines such as IL-4 and IL-10, which

are associated with anti-inflammatory responses and potential

immune suppression, remained low across treatment groups.

This skewing toward a Th1-dominated immune response sug-

gests that the combination of the vaccine and alisertib effectively

promotes a pro-inflammatory, tumor-suppressive environment.

Notably, we observed a positive correlation between elevated

IFN-g levels and the frequency of tumor-infiltrating CD8+

T cells, further supporting the role of Th1 cytokines in driving tu-

mor-specific immunity. Conversely, low levels of IL-10, which

can inhibit DC maturation and T cell activation, may have

contributed to the enhanced functionality of CD8+ T cells and

DCs observed in the combination group.

To further verify whether the pGPC3 vaccine combined with

alisertib induces long-term anti-tumor immunity, we conducted

a tumor rechallenge experiment in cured mice. The results

showed that the combination therapy of pGPC3 vaccine and ali-

sertib significantly inhibited tumor growth and prolonged sur-

vival. To explore the underlying mechanisms further, we found
tored up to 56 days post rechallenge; naive mice served as controls.

cytes from four experimental groups (n = 5).

central memory (CD44+CD62L+), and naive (CD44�CD62L+) CD8+ T cells in

group.

formed using a two-tailed independent Student’s t test. Multiple group com-

the log rank (Mantel-Cox) test. Statistical significance was set at *p < 0.05,
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Figure 5. The combination therapy of pGPC3 and alisertib inhibited liver tumor progression

(A) Mice were orthotopically inoculated with Hepa1-6 cells on day 0 and treated with vector or pGPC3 on days 4, 14, and 24, alisertib or alisertib + pGPC3 on days

7, 10, 14, 17, 21, and 24 post tumor inoculation.

(B) Survival of liver tumor-bearing mice was monitored up to 63 days after inoculation.

(C) HE staining of liver sections showing tumor foci from representative mice in each treatment group.

(D and E) Flow cytometric analysis of the percentages of tumor-infiltrating CD8+ T cells in each group.

(legend continued on next page)
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that the combination therapy induced a strong memory CD8+

T cell response, suggesting that the CD8+ T cells induced by

the combination therapy persisted as memory CD8+ T cells in

the mice, ensuring long-term anti-tumor effects. As is well

known, liver cancer primarily occurs in the liver. To simulate

the clinical presence of liver cancer, we established an ortho-

topic liver tumor model and investigated the effects of the

pGPC3 vaccine combined with alisertib. Similarly, the combina-

tion therapy significantly inhibited tumor growth and improved

survival in the orthotopic liver tumor model. Whether this combi-

nation therapy can effectively alleviate liver tumor metastasis

remains unclear, and future studies will further investigate its ef-

fects in a metastatic model. The pGPC3 vaccine combined with

alisertib also induced a robust CD8+ T cell immune response in

the orthotopic liver tumor model, providing strong therapeutic

potential for treating liver tumors. However, we did not perform

the combination therapy in a more advanced tumor setting,

which could provide additional insights into its efficacy and

translational potential. In future studies, we plan to investigate

the therapeutic efficacy of this combination strategy in models

where treatment begins at later stages, when tumors are larger

and more established. Such experiments will help determine

whether the combination therapy can overcome the heightened

immunosuppression in advanced tumors while sustaining robust

anti-tumor responses.

Alisertib is a selective inhibitor of aurora A kinase with potential

immunomodulatory effects in anti-tumor immunity. Studies have

shown that alisertib can enhance CD8+ T cell immune responses

through various mechanisms, playing a critical role in anti-tumor

immunity.46 Therefore, we reasonably hypothesized that alisertib

increases the release of tumor antigens by inducing tumor cell

apoptosis. These antigens are captured by DCs and can be

cross-presented to CD8+ T cells via MHC class I molecules,

further promoting CD8+ T cell activation and expansion. Immu-

nosuppressive cell populations, such as Tregs, can inhibit the

anti-tumor functions of CD8+ T cells within the tumor microenvi-

ronment.47 Alisertib has been shown to reduce the number or

suppress the function of Tregs, thereby enhancing the anti-tu-

mor activity of CD8+ T cells. Moreover, alisertib can alter the

cellular composition and signaling pathways within the tumor

microenvironment, promoting the production of pro-inflamma-

tory signals.48 These signals attract more CD8+ T cells to the tu-

mor site and enhance their anti-tumor activity. Alisertib may also

induce immune cells, such as DCs or macrophages, to produce

pro-inflammatory cytokines like IFN-g and TNF-a.49,50 These cy-

tokines can enhance the effector functions of CD8+ T cells and

promote their infiltration into the tumor. Alisertib has been shown

to induce PD-L1 expression involving its effects on the STING

pathway in tumor cells, thereby attenuating its anti-tumor effi-

cacy.51 Although alisertib is a more selective inhibitor of aurora
(F) Lymphocyte proliferation.

(G) CTL activity analysis.

(H) Quantification of IFN-g-secreting T cells using ELISPOT assay.

(I) Flow cytometric analysis of the percentages of TNF-a, IL-2, and IFN-g-produci

experiments involved 10 mice per group, while other assays were conducted wi

Data are presented as mean ± SD. Survival analysis was performed using the lo

ANOVA. Statistical significance was set at *p < 0.05, **p < 0.01, and ***p < 0.001
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kinase A, it can also inhibit aurora kinase B at higher doses.52

Aurora kinase B has been shown to phosphorylate cGAS,53 lead-

ing to the inhibition of the STING pathway and subsequent

downregulation of PD-L1 expression. Thus, alisertib may acti-

vate the STING pathway by inhibiting aurora kinase B, resulting

in PD-L1 upregulation. Future studies are needed to explore

this potential mechanism and its contribution to the limited effi-

cacy observed with alisertib monotherapy in our study.

Our findings indicate that the addition of the pGPC3 DNA vac-

cine effectively overcame this limitation by eliciting robust anti-tu-

mor immune responses. The vaccine’s ability to promote CD8+

T cell infiltration and activity within the tumor microenvironment

likely synergized with alisertib’s effects, resulting in the observed

enhancement of anti-tumor immunity. The combinationmayhave

also mitigated the immune suppression induced by PD-L1

upregulation through the activation of tumor-specific cytotoxic

T lymphocytes and the reduction of immunosuppressive cell

populations, such as regulatory T cells andmyeloid-derived sup-

pressor cells. Although the exact mechanism by which alisertib

enhances the CD8+ T cell immune response induced by the

pGPC3 vaccine is not yet fully understood, future experiments

are needed to elucidate these intricate mechanisms.

In conclusion, the combination therapy of the pGPC3 vaccine

and alisertib effectively suppressed tumor growth in both sub-

cutaneous and orthotopic liver cancer models. It enhanced

immune cell infiltration, particularly by activating DCs, and

strengthened tumor-specific CD8+ T cell responses. Moreover,

the combination treatment induced long-lasting anti-tumor ef-

fects by promoting memory CD8+ T cell responses. This study

highlights that alisertib significantly boosts the anti-tumor effi-

cacy of the pGPC3 vaccine, primarily through enhancing DC-

mediated CD8+ T cell immune responses, providing promising

new strategies for the clinical management of HCC.

Limitations of the study
Although the study highlighted the enhanced anti-tumor efficacy

of the combination therapy, the precise mechanisms bywhich ali-

sertib modulates the immune microenvironment and synergizes

with the pGPC3 vaccine remain insufficiently explored. Further

investigation is required to elucidate the specific pathways and

molecular interactions underpinning this therapeutic synergy.

Additionally, the study relied primarily on murine HCC models,

which, while valuable, may not fully capture the complexity and

heterogeneity of human HCC. Differences between the murine

and human immune systems further limit the translatability of

the findings. The lack of validation in additional animal models

or patient-derived xenograft models limits the immediate applica-

bility of the results. Future research should focus on humanized

models or early-phase clinical trials to assess the safety, efficacy,

and immunogenicity of this combination therapy in humans.
ng CD8+ T cells in stimulated splenocytes from each treatment group. Survival

th 5 mice per group.

g rank (Mantel-Cox) test. Multiple group comparisons were performed using

.
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berg, K., Ucakar, B., Gallez, B., Préat, V., and Vandermeulen, G. (2021).

New generation of DNA-based immunotherapy induces a potent immune

response and increases the survival in different tumor models.

J. Immunother. Cancer 9, e001243. https://doi.org/10.1136/jitc-2020-

001243.

5. van der Burg, S.H., Arens, R., Ossendorp, F., van Hall, T., and Melief,

C.J.M. (2016). Vaccines for established cancer: overcoming the chal-

lenges posed by immune evasion. Nat. Rev. Cancer 16, 219–233.

https://doi.org/10.1038/nrc.2016.16.

6. Dhatchinamoorthy, K., Colbert, J.D., and Rock, K.L. (2021). Cancer Im-

mune Evasion Through Loss of MHC Class I Antigen Presentation. Front.

Immunol. 12, 636568. https://doi.org/10.3389/fimmu.2021.636568.

7. Fan, T., Zhang, M., Yang, J., Zhu, Z., Cao, W., and Dong, C. (2023). Ther-

apeutic cancer vaccines: advancements, challenges, and prospects.

Signal Transduct. Target. Ther. 8, 450. https://doi.org/10.1038/s41392-

023-01674-3.

8. Fritah, H., Rovelli, R., Chiang, C.L.L., and Kandalaft, L.E. (2022). The cur-

rent clinical landscape of personalized cancer vaccines. Cancer Treat Rev.

106, 102383. https://doi.org/10.1016/j.ctrv.2022.102383.

9. Yu, L., Sun, M., Zhang, Q., Zhou, Q., and Wang, Y. (2022). Harnessing the

immune system by targeting immune checkpoints: Providing new hope for

Oncotherapy. Front. Immunol. 13, 982026. https://doi.org/10.3389/

fimmu.2022.982026.

10. Neeli, P., Maza, P.A.M.A., Chai, D., Zhao, D., Hoi, X.P., Chan, K.S., Young,

K.H., and Li, Y. (2024). DNA vaccines against GPRC5D synergize with

PD-1 blockade to treat multiple myeloma. NPJ Vaccines 9, 180. https://

doi.org/10.1038/s41541-024-00979-w.

11. Salvatori, E., Lione, L., Compagnone, M., Pinto, E., Conforti, A., Ciliberto,

G., Aurisicchio, L., and Palombo, F. (2022). Neoantigen cancer vaccine

augments anti-CTLA-4 efficacy. NPJ Vaccines 7, 15. https://doi.org/10.

1038/s41541-022-00433-9.

12. Liewer, S., and Huddleston, A. (2018). Alisertib: a review of pharmacoki-

netics, efficacy and toxicity in patients with hematologic malignancies

and solid tumors. Expert Opin. Investig. Drugs 27, 105–112. https://doi.

org/10.1080/13543784.2018.1417382.

13. Marumoto, T., Hirota, T., Morisaki, T., Kunitoku, N., Zhang, D., Ichikawa,

Y., Sasayama, T., Kuninaka, S., Mimori, T., Tamaki, N., et al. (2002). Roles

of aurora-A kinase in mitotic entry and G2 checkpoint in mammalian cells.

Genes Cells 7, 1173–1182. https://doi.org/10.1046/j.1365-2443.2002.

00592.x.

14. Nikonova, A.S., Astsaturov, I., Serebriiskii, I.G., Dunbrack, R.L., Jr., and

Golemis, E.A. (2013). Aurora A kinase (AURKA) in normal and pathological

cell division. Cell. Mol. Life Sci. 70, 661–687. https://doi.org/10.1007/

s00018-012-1073-7.

15. Lin, X., Xiang, X., Hao, L., Wang, T., Lai, Y., Abudoureyimu, M., Zhou, H.,

Feng, B., Chu, X., andWang, R. (2020). The role of Aurora-A in human can-

cers and future therapeutics. Am. J. Cancer Res. 10, 2705–2729.
iScience 28, 112120, April 18, 2025 11

mailto:0700036@bbmu.edu.cn
mailto:0700036@bbmu.edu.cn
http://BioRender.com
https://doi.org/10.1038/s43018-022-00418-6
https://doi.org/10.1038/s43018-022-00418-6
https://doi.org/10.1038/s41568-021-00346-0
https://doi.org/10.1038/s41568-021-00346-0
https://doi.org/10.1016/j.cell.2022.10.006
https://doi.org/10.1016/j.cell.2022.10.006
https://doi.org/10.1136/jitc-2020-001243
https://doi.org/10.1136/jitc-2020-001243
https://doi.org/10.1038/nrc.2016.16
https://doi.org/10.3389/fimmu.2021.636568
https://doi.org/10.1038/s41392-023-01674-3
https://doi.org/10.1038/s41392-023-01674-3
https://doi.org/10.1016/j.ctrv.2022.102383
https://doi.org/10.3389/fimmu.2022.982026
https://doi.org/10.3389/fimmu.2022.982026
https://doi.org/10.1038/s41541-024-00979-w
https://doi.org/10.1038/s41541-024-00979-w
https://doi.org/10.1038/s41541-022-00433-9
https://doi.org/10.1038/s41541-022-00433-9
https://doi.org/10.1080/13543784.2018.1417382
https://doi.org/10.1080/13543784.2018.1417382
https://doi.org/10.1046/j.1365-2443.2002.00592.x
https://doi.org/10.1046/j.1365-2443.2002.00592.x
https://doi.org/10.1007/s00018-012-1073-7
https://doi.org/10.1007/s00018-012-1073-7
http://refhub.elsevier.com/S2589-0042(25)00380-3/sref15
http://refhub.elsevier.com/S2589-0042(25)00380-3/sref15
http://refhub.elsevier.com/S2589-0042(25)00380-3/sref15


iScience
Article

ll
OPEN ACCESS
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell line and culture
Human embryonic kidney HEK293T cells were obtained from the American Type Culture Collection, andmouse liver cancer Hepa1-6

cell lines were purchased from Beyotime, China. Hepa1-6-hGPC3, a Hepa1-6 stable expressing human GPC3 (hGPC3) cell line, was

generated using the recombinant lentivirus pCDH-CMV-MCS-EF1-Puro-hGPC3. The lentivirus production was achieved by co-

transfecting 293T cells with pCDH-CMV-MCS-EF1-Puro-hGPC3 plasmid, along with psPAX2 and pMD2.G plasmids. After 48 h,

the virus-containing supernatant was harvested and used to infect Hepa1-6 cells. Infected cells were then treated with puromycin

24 h post-infection, leading to the generation of a stable Hep1-6-hGPC3 cell line after one-week selection. These cell lines weremain-

tained in Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco, USA), which was supplemented with 10% fetal bovine serum (FBS)

(Gibco, USA) and 1%penicillin-streptomycin (Gibco, USA). The cells were cultured continuously in a sterile environment at 37�Cwith

5%CO2 to ensure optimal growth conditions. These cell lines have undergone authentication and have been confirmed to be free of

mycoplasma contamination.

Mice
C57BL/6 male mice, aged 6 to 8 weeks and of wild type, were obtained from the Experimental Animal Center at Bengbu Medical

University, where they were kept under specific pathogen-free conditions. The mice lived on a 12-h light/dark cycle at a temperature

range of 22–25�C and had unrestricted access to food and water. All animal experiments were conducted in accordance with the

National Research Council’s guidelines for the Care and Use of Laboratory Animals and received approval from the Animal Ethics

Committee of Bengbu Medical University (No. 2023–478). Mice were used to establish subcutaneous or orthotopic HCC tumor

model, and subsequently treated with pGPC3 vaccine and alisertib.

METHOD DETAILS

In vivo treatment
For plasmid preparation, the secreting signal peptide sequence (ATGGACAGTAAGGGCTCTTCTCAGAAGGGAAGCAGGCTGCTG

CTGCTGCTGGTGGTGTCTAATCTGCTGCTGCCTCAGGGCGTGCTGGCT) linked to the N-terminus of full-length hpGPC3 was syn-

thesized from Sangon Biotech (Shanghai, China) and subcloned into the pcDNA3.1 vector using HindIII and XbaI. The plasmid

pcDNA3.1-hGPC3 (pGPC3) was amplified in bacteria, followed by purification with the EndoFree Plasmid Kit (Qiagen, 12362).

PLGA/PEI nanoparticle vaccines were prepared using the water-in-oil-in-water (W/O/W) double emulsion solvent evaporation pro-

cess.38 To generate tumor models, mice were injected subcutaneously (s.c.) with 2 3 106 Hepa1-6-hGPC3 tumor cells in 100 ml on

the right flank, and then randomly assigned to groups. Seven days post-tumor inoculation, each mouse was immunized intramuscu-

larly (i.m.) with 50 mg of the pGPC3 nanoparticle vaccine on days 7, 17, and 27, while alisertib (MedChemExpress, HY-10971) was

administered intraperitoneally (i.p.) at a dose of 20 mg/kg for a total of six treatments on days 10, 14, 17, 21, 24 and 27. In the rechal-

lenge experiment, naivemice and those cured by the combined therapy were re-injected subcutaneously with 23 106 Hepa1-6 cells,

and tumor volumes were measured weekly. Tumor size was determined using the formula: V (mm3) = 0.5 3 (Length 3Width2).

For the orthotopic HCC tumor model, mice were anesthetized and performed orthotopic injection (o.i.) with 2 3 106 Hepa1-6-

hGPC3 cells suspended in 20 ml of a solution containing 50% Matrigel directly into the left lobe of the liver. Afterward, the liver

was repositioned, and the peritoneum and skin were sutured. Seven days post-injection, the mice were immunized intramuscularly

(i.m.) with 50 mg of the pGPC3 nanoparticle vaccine on days 4, 14, and 24, and alisertib was administered intraperitoneally (i.p.) at

20 mg/kg for three doses on days 7, 10, 14,17, 21 and 24. Mouse survival was monitored following the treatment.

Enzyme-linked immunosorbent assay (ELISA)
To measure GPC3 protein levels in cell supernatants or serum, ELISA 96-well plates (Corning, 9018) were coated overnight at 4�C
with 5 mg/ml of anti-hGPC3 antibody (Nature Biosciences, A41348) and then blocked with 5% skim milk in PBS for 2 h at room
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temperature. After washing, the plates were incubated with the samples for 2 h. Following this, the plates were washed again and

treated with HRP-conjugated anti-hGPC3 (Nature Biosciences, A12941) for 1 h at room temperature. The plate was developed

and the absorbance at 450 nm was measured using a microplate reader (Thermo Fisher Scientific).

To assess the protein levels of IFN-g, TNF-a, IL-10, and IL-4 in culture supernatants, splenocytes were plated in a 24-well culture

dish at a density of 13 106 cells/ml and stimulated with 10 mg/ml of hGPC3 protein that was purified from the HEK293 cell expression

system at 37�C in a 5% CO2 environment for 48 h. The culture supernatants or serum were then analyzed using an ELISA kit (Invi-

trogen) following the manufacturer’s guidelines.

To determine the IgG antibody titer, the plates were coatedwith 5 mg/ml of hGPC3 protein and incubatedwithmouse sera diluted in

a tenfold series for 2 h. After the primary serum incubation, the plates were washed and treated with HRP-conjugated anti-mouse IgG

(Cell Signaling Technology, 7076) antibody for 1 h at room temperature. The plates were developed and stopped the reaction with 1 N

hydrochloric acid and the absorbance was measured at 450 nm.

ELISPOT assay
The assay was conducted using the Mouse IFN-g Single-Color ELISPOT kit following the manufacturer’s protocol (ImmunoSpot,

Cat# SKU: mIFNgp-1M). Splenocytes were isolated from the spleens of treated mice and seeded into an IFN-g capture plate at

53 105 cells per well. They were then re-stimulated with human GPC3 protein (10 mg/ml) in 200 ml of RPMI 1640 medium containing

10% FBS and 100 U/ml IL-2. After 48 h of incubation at 37�C with 5% CO2, the plates were washed and incubated with the IFN-g

detection antibody. The color development was achieved through enzyme-catalyzed substrate precipitation, and IFN-g-expressing

cells were analyzed using an ImmunoSpot S6 Ultimate Reader.

Lymphocyte proliferation assay
Splenocytes were harvested from treated mice and seeded at a density of 53 105 cells per well in 96-well flat-bottom tissue culture

plates. The cells were cultured in the presence of IL-2 (100 U/ml) and recombinant GPC3 protein (10 mg/ml), and the plates were incu-

bated at 37�C with 5% CO2 in a humidified incubator for 5 days. On day 3, the culture medium was refreshed. Cell proliferation was

measured using the ELISA bromodeoxyuridine (BrdU) Kit (Roche, 11647229001), following the manufacturer’s colorimetric immuno-

assay protocol.

CTL assay
Lymphocytes isolated from the spleens of immunized mice were cultured in RPMI 1640 medium, supplemented with 100 U/ml IL-2

and 10 mg/ml GPC3 protein, for 5 days at 37�C in a humidified atmosphere with 5% CO2. Half of the medium was replaced on day 3.

After the incubation period, the lymphocytes, serving as effector cells, were washed and resuspended in a fresh medium. The

hGPC3-Hepa1-6) were used as target cells. Effector and target cells were co-cultured at a 50:1 ratio in U-bottom 96-well plates

for 3 days. Cytotoxicity was assessed by measuring lactate dehydrogenase (LDH) release in the supernatant using the Cytotoxicity

Detection Kit (Roche, 11644793001), following the manufacturer’s protocol.

Flow cytometric analysis
Spleens were harvested and processed into a single-cell suspension, followed by filtration through a 70 mm nylon filter. Tumor-infil-

trating leukocytes (TILs) were isolated from tumor tissues using enzymatic digestion with the Mouse Tumor Dissociation Kit (Miltenyi

Biotec, 130-096-730). The resulting cell suspension was centrifuged at 3003 g at 4�C, and cell pellets were washed twice with PBS.

Red blood cells were lysed using ACK lysis buffer. To prepare for staining, Fc receptors were blocked, and dead cells were excluded

using the Zombie Aqua Fixable Viability Kit (BioLegend, 423102). Surface staining was performed with specific antibodies for 30 mi-

nutes at 4�C. For intracellular markers, cells were fixed with 4% paraformaldehyde (Sigma Aldrich, 100496) and permeabilized using

permeabilization buffer (BioLegend, 421002), followed by overnight incubation at 4�C with antibodies specific to intracellular pro-

teins. The antibodies used included: Recombinant APC anti-human GPC3 (SinoBiological, 100393-R024-A), APC/Cyanine7 anti-

mouse CD45 (BioLegend, 103116), PE anti-mouse CD3ε (BioLegend, 100308), PerCP-Cy5.5 anti-mouse CD4 (BioLegend,

116012), PerCP-Cy5.5 anti-mouse CD8a (BioLegend, 100734), APC anti-mouse CD11c (BioLegend, 117310), APC anti-mouse

NK1.1 (BioLegend, 156506), Alexa Fluor 647 anti-mouse FOXP3 (BioLegend, 118906), FITC anti-mouse CD11b (BioLegend,

101206), PerCP anti-mouse F4/80 (BioLegend, 123126), PE anti-mouse CD80 (BioLegend, 104708), PE anti-mouse CD86

(BioLegend, 159204), PE anti-mouse I-A/I-E (BioLegend, 107608), PE anti-mouse H-2Kd/H-2Dd (BioLegend, 114708), PE anti-

mouse CD62L (BioLegend, 104408), APC anti-mouse CD44 (BioLegend, 103012), APC anti-mouse IFN-g (BioLegend, 505810),

FITC anti-mouse TNF-a (BioLegend, 506304), PE anti-mouse IL-2 (BioLegend, 503808). Isotype-matched control antibodies were

included for appropriate comparison. Sampleswere analyzed on an LSRFortessa flow cytometer, and the datawere processed using

FlowJo V10.8.1 software.

CD4+ or CD8+ T cell depletion
To deplete CD4+ or CD8+ T cells, mice in the treatment group were injected with 500 mg of anti-mouse CD4 antibody (BioXcell,

BE0119) or anti-mouse CD8a antibody (BioXcell, BE0061) two days before the first administration of the vaccine. Additional doses
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were administered on days 5 and 12 post-initial vaccination to ensure effective depletion throughout the treatment period. This

approach allowed for the assessment of the role of CD8+ T cells in the anti-tumor immune response induced by the vaccine.

Hematoxylin and eosin (HE) staining
Tissue samples were fixed in 4% formaldehyde, embedded in paraffin, and sectioned into 5-mm-thick slides. HE staining was per-

formed according to the manufacturer’s instructions, and the sections were assessed by a pathologist blinded to the treatment

group. HE-stained slides were imaged using an Olympus IX73 microscope (Olympus).

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification and statistical analyses were performed using GraphPad Prism 8 Software. Data, presented as mean ± SD, were

analyzed using a two-tailed independent Student’s t-test for comparisons between two groups or one-way analysis of variance

(ANOVA) for comparisons among multiple groups. Survival analysis was conducted using the log-rank (Mantel-Cox) test. Statistical

significance levels were set as follows: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
iScience 28, 112120, April 18, 2025 e4
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