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ABSTRACT

Background Targeting kinases presents a potential
strategy for treating solid tumors; however, the therapeutic
potential of vaccines targeting kinases remains uncertain.
Methods Adenovirus (Ad) vaccines encoding Aurora
kinase A (AURKA) or cyclin-dependent kinase 7 (CDK7)
were developed, and their therapeutic potentials were
investigated by various methods including western blot,
flow cytometry, cytotoxic T lymphocyte assay, and enzyme-
linked immunospot (ELISpot), in mouse and humanized
solid tumor models.

Results Co-immunization with Ad-AURKA/CDK7
effectively prevented subcutaneous tumor growth in

the Renca, RM-1, MC38, and Hepa1-6 tumor models. In
therapeutic tumor models, Ad-AURKA/CDK7 treatment
impeded tumor growth and increased immune cell
infiltration. Administration of Ad-AURKA/CDK7 promoted
the induction and maturation of dendritic cell subsets

and augmented multifunctional CD8* T-cell antitumor
immunity. Furthermore, the vaccine induced a long-lasting
antitumor effect by promoting the generation of memory
CD8* T cells. Tumor recovery on CD8* T-cell depletion
underscored the indispensable role of these cells in the
observed therapeutic effects. The potent efficacy of the Ad-
AURKA/CDK? vaccine was consistently demonstrated in
lung metastasis, orthotopic, and humanized tumor models
by inducing multifunctional CD8" T-cell antitumor immune
responses.

Conclusions Our findings illustrate that the Ad-AURKA/
CDK7 vaccine targeting dual kinases AURKA and CDK7
emerges as a promising and effective therapeutic
approach for the treatment of solid tumors.

INTRODUCTION

Solid tumors frequently exhibit an increased
susceptibility to evasion, recurrence, and
metastasis, ultimately leading to patient
mortality.! However, conventional thera-
peutic modalities such as surgery, radio-
therapy, and chemotherapy have proven to
be only partially effective.”™ Immunotherapy,
an advanced approach to cancer treatment,
activates the body’s immune system to effi-
ciently recognize and destroy cancer cells.
This encompasses the use of checkpoint
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= Kinases play a critical role in cancer cell survival and
proliferation, making them potential targets for can-
cer therapy. Traditional treatments targeting kinases
include small molecule inhibitors, but vaccines tar-
geting kinases have not been extensively studied for
their therapeutic potential against solid tumors.

WHAT THIS STUDY ADDS

= In this study, we develop adenovirus vaccines en-
coding Aurora kinase A (AURKA) or cyclin-dependent
kinase 7 (CDK7) and demonstrate their potent thera-
peutic effects in multiple tumor models. Adenovirus-
AURKA/CDK7 co-immunization enhances immune
cell infiltration, promotes the induction and matu-
ration of dendritic cell subsets, and augments mul-
tifunctional CD8" T-cell antitumor immunity. The
vaccine induces a long-lasting antitumor effect by
generating memory CD8* T cells, with the indis-
pensable role of CD8* T cells confirmed by tumor
recovery on their depletion.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Our study highlights the potential of kinase-targeting
vaccines, particularly those targeting AURKA and
CDK?7, as effective therapeutic strategies for solid
tumors. It provides a basis for further research into
vaccine-based approaches for cancer treatment,
potentially leading to new vaccine therapies tar-
geting other kinases. Our study promotes clinical
practices by introducing new immunotherapeutic
options and guiding vaccine development strategies
for solid tumors.

inhibitor, cellular immunotherapy, oncolytic
virus, and cancer vaccine.’® Recent advance-
ments in immunotherapy have highlighted
the essential role of cancer vaccines in elic-
iting immune responses and hindering tumor
growth.”

Cancer vaccine represents a promising
immunotherapeutic strategy that augments
the cytotoxicity of tumorspecific CD8" T
cells and elicits innate immune responses.'’"!
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Studies have shown the potential of vaccines in inducing
the regression of substantial tumors and prolonging
survival time."*™* Notably, for enhanced immunoge-
nicity and safety, an adenovirus (Ad) vaccine is chosen
to amplify the immune response against the encoded
antigens.” '° Additionally, owing to its high infectivity
and low toxicity, Ad has been used for gene delivery or
as a carrier for vaccination.'” Importantly, replication-
deficient Ads equipped with robust exogenous promoters
could significantly enhance the delivery of the target anti-
gens. Furthermore, the absence of essential E1 genes in
replication-deficient Ad contributes to improving safety
and reducing side effects.'®>’

Universally acknowledged, the selection of appropriate
tumor antigens that effectively activate tumor-specific
immune responses is crucial for enhancing antitumor effi-
cacy and specific killing.*' ™ Aurora kinase A (AURKA), a
serine/threonine kinase family, regulates cell mitosis and
is essential for the proliferation and metastasis of tumor
cells.** The expression of activated AURKA is signifi-
cantly elevated in various solid tumor types compared
with that in normal control tissues.”” Expressing an
AURKA-specific T-cell receptor retained sensitivity and
efficacy against AURKA-positive acute myeloid leukemia
cells.”® Aurora-A kinase’s 9-amino-acid epitope induces
specific cytotoxic T lymphocytes (CTLs) to target human
leukemia and CD34" hematopoietic stem cells, but not
normal cells.?” *® Moreover, several studies have suggested
that inhibitors targeting AURKA may slow the growth
of multiple tumors, making AURKA a viable target for
suppressing tumor growth.*!

Cyclin-dependent kinase 7 (CDK7), as a member of the
serine/threonine kinase family, signifies the dependence
of transcriptional addition in cancers, playing a crucial
role in regulating cell cycle and gene transcription.”
Inhibition of CDK7 has been demonstrated to significantly
suppress various types of solid tumors and remarkably
prolong survival time.”* Due to its elevated expression
in tumors, such as human renal cell carcinoma and pros-
tate cancer.” * CDK?7 is considered an emerging prog-
nostic biomarker and therapeutic target.”* *' ** Despite
the promising therapeutic effects demonstrated by kinase
inhibitors on solid tumors, safety concerns, such as drug
resistance or severe side effects have hindered their clin-
ical applicability.*” So, there is an urgent need to develop
new therapeutic methods targeting AURKA and CDK7
kinases to treat solid tumors with low toxicity.

In this study, we developed a replication-deficient
Ad vaccine that encoded either AURKA or CDK?7. The
therapeutic efficacy of the combined Ad-AURKA/
CDK?7 vaccines was observed in prophylactic and ther-
apeutic tumor models. Our findings revealed that the
Ad-AURKA/CDK7 vaccine effectively promoted the
induction and maturation of dendritic cells (DCs) and
notably activated the antitumor response of CD8" T cells,
thereby hindering the progression of solid tumors in the
combined group. The infiltration capacity of CD8" T
cells into tumors, along with the secretion of interferon

(IFN)-y, tumor necrosis (TNF)-a, or interleukin (IL)-2
cytokines by multifunctional CD8" T cells, showed a
significant increase in the combined immunotherapy.
This phenomenon was consistently observed in all four
models (subcutaneous, lung metastatic, orthotopic,
and humanized tumor models). In conclusion, a novel
vaccine strategy targeting dual kinases AURKA and CDK7
demonstrated favorable therapeutic effects, providing a
promising approach for overcoming solid tumors.

METHODS

Animals

BALB/c, C57L, C57BL/6 wild-type mice (female or
male) aged 6-8 weeks old, and CD34" humanized HLA-
transgenic NOD.Cg-Prkdc™™® 112rg™™'/Sz] (NSG) mice
aged approximately 15 weeks old were obtained from the
Laboratory Animal Center of Xuzhou Medical Univer-
sity. Humanized mice were prepared by injecting human
hematopoietic stem cells isolated from human umbilical
cord blood into the liver of newborn HLA-transgenic
NSG mice that had received 100 cGy total body irradi-
ation within 3days of birth. These mice were housed
under specific pathogen-free conditions with standard
humidity and temperature. All procedures and animal
experimental protocols were approved by the Laboratory
Animal Ethics Committee of Xuzhou Medical University
(reference number: 202405T023). The guidelines for the
Care and Use of Laboratory Animals of Xuzhou Medical
University were strictly followed, and all codes of conduct
were duly observed.

Cell culture

The Human Embryonic Kidney 293 (HEK-293), mouse
Hepal-6, and RM-1 cell lines were purchased from the
American Type Culture Collection and cultured in a
DMEM medium (Gibco, Invitrogen). The Renca cell line
was obtained from Cobioer Biosciences (Nanjing, China)
and maintained in RPMI-1640 medium (Gibco, Invit-
rogen) supplementing with Ixnon-essential amino acid
solution (NEAAS, Sigma), Ixsodium pyruvate (Sigma)
and IxL-glutamine (L-Glu, Sigma). The Hepal-6 cell line
was cultured in a DMEM medium containing 1xNEAAS,
1xLGlu, and Ixsodium pyruvate. The MC38 cell line
was obtained from Cell Resource Center, IBMS, CAMS/
PUMC (Beijing, China), and cultured in DMEM medium
maintaining 1xXNEAAS. Human renal carcinoma cell line
OSRC-2 was purchased from the Chinese Academy of
Sciences (Shanghai, China) and cultured in RPMI-1640
medium (Gibco, Invitrogen). In addition to providing
extra nutrients, all culture media required the addition
of 10% fetal bovine serum (ExCell Bio) and 1xpenicillin-
streptomycin. All the cells were cultured at 37°C in a
humidified incubator with 5% CO,,.

Preparation of Ad vaccine
Two types of vectors for packaging viruses, shuttle vector
pDC315, and E1A-absent Ad5 backbone vector pPE3, were
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gifted by Professor Lin Fang of Xuzhou Medical Univer-
sity. Gene-targeted fragments of AURKA or CDK7 were
amplified from pCMV-AURKA-SV40-Neo (Miaoling Bio)
or pCMV-CDK7-SV40-Neo (Miaoling Bio). The AURKA
fragment was subcloned into the pDC315 vector to form
pDC315-AURKA using BamH I and Sal I sites, while the
CDK?7 fragment was subcloned using EcoR I and BamH I
sites to form pDC315-CDK7. To determine their current
structures, pDC315-AURKA and pDC315-CDK7 were
sequenced. Then, using homologous recombination
methods, they were co-transfected into HEK-293 cells with
pPE3 to produce Ad-AURKA and Ad-CDK7, along with
control Ad (Ad-Ctrl). Viral plaques were formed approx-
imately 12-15days after transfection. Ads were purified
using ultracentrifugation with cesium chloride. The titers
were confirmed using the TCID50 assay. Simultaneously,
to explore whether combination therapy with AURKA and
CDK?7 could promote antitumor effects against human
renal carcinoma, human Ad-AURKA (Ad-hAURKA) was
constructed using the same method, and Ad-CDK7 was
continued to be used because of its homology between
humans and mice.

To package Ad vaccines, the shuttle plasmids and the
ElA-deleted type 5 backbone vector pPE3 were mixed,
and then co-transfected into the HEK-293 cell line for
homologous recombination. When plaques were visible,
the supernatant of the culture was centrifuged and DNA
was extracted using the QIAGEN genomic DNA Kkit.
DNA amplification was performed by PCR with primers
specific for AURKA or CDK7. Subsequently, DNA purity
was assessed by electrophoresis on 1.5% agarose gels for
35min at 110 V. The gels were analyzed using the Tanon
Gel Image System (Tanon) at a wavelength of 312nm.

Western blot

Tissues were lysed to obtain soluble protein samples.
Subsequently, they were separated by 12% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and
transferred onto polyvinylidene fluoride membranes.
After blocking with 5% skim milk at room temperature
for 1hour, the membranes were incubated overnight at
4°C with primary antibodies targeting AURKA (Protein-
tech, Cat# 66757-1-Ig) or CDK7 (Proteintech, Cat#
27027-1-AP). Next, they were washed thrice with Tris
buffered saline containing Tween-20 and then incubated
with a secondary antibody for 2hours at room tempera-
ture. Ultimately, after three consecutive washes, western
blot bands were visualized using enhanced chemilumi-
nescence (Thermo Fisher Scientific).

Animal models and immunizations

For the prophylactic tumor models, Ad-Ctrl or
Ad-AURKA/CDK7 was intramuscularly administered
into the right thigh of the mice on days -7 to —-17, and
-27. Subsequently, the corresponding number of tumor
cells, suspended in 100pL phosphate-buffered saline
(PBS) (Renca, 5x10° cells per mouse; RM-1, 5x10° cells
per mouse; Hepal-6, 2x10° cells per mouse; MC38, 1x10°

cells per mouse), was subcutaneously implanted on the
same flank of the mice’s back on day 0. Mice were immu-
nized with Ad-Ctrl, Ad-AURKA, Ad-CDK7 at a dose of
3x10® plaque forming units (PFU) each vaccine one time,
and Ad-AURKA/CDK?7 at a dose of 6x10°PFU. For the
Ad-Ctrl, Ad-AURKA, and Ad-CDK7 immunized group,
mice received an additional 8x10°PFU Ad-Ctrl to ensure
that the total Ad vaccine amount was the same. Tumors
were assessed using the following formula to estimate the
tumor volumes: V (mmg)=(length><width><width)/2. On
reaching a specific volume, the mice were euthanized
and tumor weights were recorded. For the treatment of
therapeutic tumor models, mice were intramuscularly
immunized with Ad vaccines on days 7, 17, and 27 after
subcutaneous inoculation of Renca cells on day 0. For
the lung metastasis model, 5x10° Renca cells were intra-
venously injected on day 0, and the mice received Ad
vaccines on days 1, 8, and 15 post-tumor inoculation. The
lungs were surgically excised, and metastatic nodules in
the lung tissues were quantified. In the orthotopic tumor
model, under anesthesia, 1x10° Renca cells suspended in
10pL were injected into the left kidney, and each layer
of the wound was sutured. The vaccination procedure
mirrored that in the lung model. For the humanized
mice model, OSRC-2 renal carcinoma cells were subcu-
taneously implanted on day 0, followed by intramuscular
vaccination with various treatments on days 7, 17, and 27.
The formula for calculating the tumor mass in the orthot-
opic model was as follows: Tumor mass (g)=left kidney
mass — right kidney mass.

For the tumor rechallenge experiment, vaccine-
immunized mice underwent surgical excision of the
primary tumor and were then subcutaneously re-chal-
lenged with 5x10° Renca cells on the contralateral side.
Naive mice without tumors served as the control group.

Flow cytometry detection

Tumor tissues and spleens were gently homogenized to
release the cells. Debris was removed by filtering through
70 pm filter screens into centrifuge tubes and centrifuged
at 2,000xrpm for 5min. Then, red blood cells in the gath-
ered cell suspension were lysed using an ACK lysis buffer.
The remaining cells from tumor tissues were centrifuged
to isolate tumor-infiltrating leukocytes (TILs) using the
33.3% Percoll (VicMed) gradient method. This process
was employed to prepare single-cell suspensions for
culturing or staining.

For the staining of single-cell surfaces, the following
flow cytometry antibodies were used: anti-mouse CDll1c
(APC, BioLegend, Cat# 117310), anti-human/mouse
CD11b (FITC, BioLegend, Cat# 101206), anti-muse
CD3e (PE, BioLegend, Cat# 100308), anti-mouse CD4
(PerCP-Cyb.5, BioLegend, Cat# 116012), anti-mouse
CD8a. (PerCP-Cyb.5, BioLegend, Cat# 100734), anti-
mouse CD80 (PE, BioLegend, Cat# 104708), anti-
mouse CD86 (PE, BioLegend, Cat# 159204), anti-mouse
MHCII (PE, BioLegend, Cat# 107608), anti-mouse
CD40 (PE, BioLegend, Cat# 157506), anti-mouse Gr-1
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(PerCP-Cy5.5, BioLegend, Cat# 108426), anti-mouse
CD45 (PE-Cy7, BioLegend, Cat# 103114), anti-mouse
CD49b (FITC, BiolLegend, Cat# 108906), anti-mouse
NKI1.1 (FITC, BioLegend, Cat# 108706), anti-mouse
F4/80 (PerCP, BiolLegend, Cat# 123126), anti-mouse
CD44 (PE, BioLegend, Cat# 103008), anti-mouse CD62L
(APC, BioLegend, Cat# 104412), anti-human CD45
(APC-Cy7, BioLegend, Cat# 304014), anti-human CD8a
(PerCP-Cyb.5, BioLegend, Cat# 301032), anti-human
CDllc (APC, BioLegend, Cat# 301614), anti-human
CD103 (PE, BioLegend, Cat# 350206), anti-human CD80
(PE, BioLegend, Cat# 305208), anti-human CD86 (FITC,
BioLegend, Cat# 374204), anti-human HLA-DR (Pacific
Blue, BioLegend, Cat# 307624), anti-human HLA-A2
(PerCP-Cyb.5, BiolLegend, Cat# 343316), and DAPI
(BioLegend, Cat# 422801). Cells were thoroughly mixed
with antibodies, and the mixture was incubated at 4°C for
1hour. Subsequently, cells were washed twice with PBS.

For the staining of intracellular cytokines, 5x10°
spleen cells were resuspended in each 12-well plate and
stimulated with AURKA/CDK?7 antigens (purified from
the HEK293 cell expression system) for 72 hours. Cells
were constantly stimulated for 5hours in a cell incu-
bator with 5pg/mL brefeldin A (eBioscience), 50ng/
mL PMA (Sigma-Aldrich) and 500ng/mL lonomycin
(Sigma-Aldrich). The obtained cells were washed with
PBS and stained with anti-mouse CD8a. (PerCP-Cy5.5,
BioLegend, Cat# 100734) and anti-mouse CD45 (PE-Cy7,
BioLegend, Cat# 103114) for 1hour, followed by intra-
cellular staining overnight with anti-mouse TNF-o (Alexa
Fluor 488, BioLegend, Cat# 506313), anti-mouse IFN-y
(APC, BioLegend, Cat# 505810), and anti-mouse IL-2
(PE, BioLegend, Cat# 503808). Meanwhile, human flow
cytometry antibodies were used: anti-human IL-2 (PE,
BioLegend, Cat# 500307), anti-human TNF-o. (Alexa
Fluor 488, BioLegend, Cat# 502915), and anti-human
IFN-y (APC, BioLegend, Cat# 506510). Finally, the cells
were washed twice with PBS.

CD8* T-cell proliferation

Lymphocytes were cultured in the medium containing
IL-2 (50U/mL) and AURKA/CDK?7 antigens (10pg/
mL), and then inoculated into 48-well flat plates at a
density of 1x10° cells per well. The plates were placed in
a constant temperature incubator at 37°C for 4-6days,
with a medium change on day 3. Proliferation was
assessed using the BeyoClick EAU Cell Proliferation Kit
(Alexa Fluor 647, Beyotime). Specifically, the cells were
incubated with 10pM EdU at 37°C for 2hours, followed
by centrifugation and staining with anti-mouse CD8o
(PerCP-Cy5.5, BioLegend, Cat# 100734) for 30 min. After
fixation, permeabilization, and rinsing, the lymphocytes
were treated with the click reaction cocktail for 1 hour at
room temperature. Finally, the cells were washed with the
permeabilization buffer and resuspended in PBS. The
proportion of EAU" in CD8" T cells was analyzed by flow
cytometry.

Cytotoxic T lymphocyte assay

As effector cells, lymphocytes were cultured in the medium
supplemented with IL-2 (50U/mL) and AURKA/CDK7
antigens (10pg/mL) at 37°C in a humidified incubator
containing 5% CO, for 5days, with a halfvolume medium
change on day 3. GFP-Renca cells, which served as target
cells, expressed green fluorescence. After co-culturing
effector cells (3x10%/well) with target cells (2x10° cells/
well) for 2 days in 24-well plates in a culture incubator with
5% CO2, the cells were collected and stained with anti-
mouse CD8o (PerCP-Cy5.5, BioLegend, Cat# 100734).
Subsequently, data were obtained using flow cytometry,
and the CTL eftects were calculated based on the ratio of
killed target cells.

ELISpot assay

Mouse T cells expressing IFN-y were detected using a
mouse IFN-y single-color enzymatic ELISpot kit (Immu-
noSpot, Cat# SKU: mIFNgp-1M). Initially, the enzyme-
linked immunospot (ELISpot) plates were treated with
70% ethanol, washed with PBS, and subsequently coated
with IFN-y capture solution (ImmunoSpot) overnight at
4°C. The plates were then washed and incubated with
CTL-Test Medium containing AURKA/CDK7 antigens at
37°Cin a CO2 incubator. Additionally, 5x10° lymphocytes
per well were inoculated into the plates and cultured
in a humidified incubator at 37°C for 3days. Following
incubation with the IFN-y detection antibody, the sample
underwent enzyme-catalyzed substrate precipitation
(ImmunoSpot), resulting in color formation. Finally, the
results were analyzed by an ImmunoSpot S6 Ultimate
Reader from CTL, and the spot-forming cells were quan-
tified using the ImmunoSpot software (CTL).

CD8* T-cell depletion in vivo

For depletion of CD8" T cells in vivo, mice received
intraperitoneal injections of 0.5mg anti-mouse CD8o
monoclonal antibody (mAb, Bio X Cell, Cat# BE0061)
per mouse 2days prior to the initial immunization. The
mAb was administered again on days 5 and 12. To assess
the efficacy of CD8" T-cell depletion, spleen cells were
processed into single-cell suspensions for flow cytometric
analysis.

Immunohistochemical and H&E staining

Immunohistochemical (IHC) staining was performed on
tumor sections that were fixed with formalin, embedded
in paraffin and sectioned into 5pm slices. Subsequently,
the sections were heated in 10mM sodium citrate (PH
6.0) for 30 min, followed by incubation with 3% hydrogen
peroxide for 1 hour. Tissues were blocked with 10% bovine
serum albumin for 2hours, and then incubated sequen-
tially with rat anti-mouse CD8o antibody (eBioscience,
Cat# 14-0081-82; diluted 1:100) and goat anti-rat anti-
body (Zhongshan Bio-Tech). Nuclei were counterstained
with hematoxylin. Finally, the tumor sections were devel-
oped using a DAB detection kit (Zhongshan Bio-Tech).
Simultaneously, Hematoxylin and eosin (H&E) staining
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of the heart, lung, liver, and kidney tissues was performed
according to the provided instructions. Sections from
each group were blindly evaluated by a pathologist, and
images were captured using an Olympus IX73 micro-
scope (Olympus) with CellSens Entry software at a scale
of 200 pm.

Statistical analyses

Data were presented as mean and SD (mean+SD). Statis-
tical analysis was performed using the GraphPad Prism
V.9.0 software. The two-tailed independent Student’s
t-test was used to analyze two-group comparisons. For
multiple group comparisons, one-way analysis of vari-
ance (one-way analysis of variance) was employed.
Survival analysis was performed using the log-rank
(Mantel-Cox) test. The statistical significance levels
were denoted as follows: ¥*p<0.05, **p<0.01, ***p<0.001,
and *#*¥p<(0.0001.

RESULTS

Ad-AURKA/CDK7 immunization prevents tumor growth in
various solid tumor models

Ad-AURKA or Ad-CDK7 was prepared as described
in the Methods section. Confirmation of correct Ad
packaging was obtained when the plaque was visible,
as verified by western blot and viral gene PCR (online
supplemental figure S1). These results indicated the
successful and efficient expression of targeted genes
coded by Ad vaccines.

Previous studies showed the high expression of AURKA
and CDK?7 in various cancers, including renal cell carci-
noma, prostate cancer, liver cancer, and colorectal
cancer.”® ** Building on this, elevated expression of
AURKA and CDK?7 was observed in Renca, MC38, RM-1,
and Hepal-6 (online supplemental figure S2). Subse-
quently, 6-8 weeks old mice were randomly divided into
two groups, with each group receiving intramuscular
immunization with Ad-Ctrl or Ad-AURKA/CDK7 on
days 7, 17, and 27 before tumor cells implantation on
day 0 (figure 1A). Compared with the Ad-Ctrl group,
Ad-AURKA/CDK7 immunization effectively inhibited
tumor growth in Renca, MC38, RM-1, and Hepal-6
subcutaneous tumor models (figure 1B,F,J,N), and the
tumor volume curves of each mouse in the combined
groups were significantly suppressed (figure 1C,G,K,O).
Next, the final tumor weights in the Ad-AURKA/
CDK7 group were noticeably lower than those in the
Ad-Ctrl group (figure 1D,H,L,P). Similarly, the tumor
inhibition rates were higher in the Ad-AURKA/CDK7
co-immunization group. When comparing the tumor
inhibition rates in other tumor models, the Renca
group exhibited the highest inhibition proportion and
the most effective prevention after the vaccine immu-
nization (figure 1E,I,M,Q). These results suggested
that Ad-AURKA/CDK7 co-immunization effectively
prevented the growth of Renca, MC38, RM-1, and

Hepal-6 tumors, with the strongest preventive effect
observed in the Renca tumor model.

Ad-AURKA/CDK? treatment suppresses tumor growth and
enhances the tumor-infiltrating immune cells in the Renca
subcutaneous model

Owing to the highest tumor inhibition rate and the most
effective preventive effect, the Renca tumor model was
chosen to investigate the effectiveness of subcutaneous
tumors in the treatment models. To investigate the anti-
tumor effect of Ad-AURKA/CDK?7 in vivo, 5x10° Renca
cells were subcutaneously implanted on day 0. Seven days
after tumor inoculation, mice were randomly divided
into four groups and intramuscularly immunized with
Ad-Ctr]l, Ad-AURKA, Ad-CDK7, and Ad-AURKA/CDK?7
on days 7, 17, and 27. Moreover, each group of mice
served a dual purpose: some were used to assess tumor
growth and detect immune cells in spleens and tumors,
while others were re-challenged with Renca tumors to
explore the sustained maintenance of antitumor effects.
Tumor volumes and weights were monitored as described
in the prophylactic model (figure 2A). At the end of the
experiment, compared with the Ad-CDK7 single vaccine
group, tumor volumes in the Ad-AURKA/CDK7 group
were significantly inhibited (figure 2B,C). It was equally
significant that mice in the combined immunization
group had lower tumor weights and higher inhibition
rates than those in the Ad-AURKA or Ad-CDK7 groups
(figure 2D.E). For the safety evaluation of the vaccine,
our results showed that no significant difference was
observed in the proliferation of Renca cells infected with
Ad-AURKA/CDK7 compared with other Ads (online
supplemental figure S3). H&E staining confirmed that Ad
vaccines did not induce abnormal pathological changes
in the heart, kidney, lung, and liver tissues (online supple-
mental figure S4).

Furthermore, our results showed that the preven-
tive Ad-AURKA/CDK7 vaccine induced higher serum
titers of IgG antibodies against the AURKA or CDK7
antigens, whereas the therapeutic Ad-AURKA/CDK7
vaccine induced significantly lower titers (online supple-
mental figure S5). Moreover, the therapeutic vaccine of
Ad-AURKA or Ad-CDK?7 cannot efficiently prevent tumor
growth in the subcutaneous tumor model, suggesting
that the antibody-mediated immune responses did not
effectively eliminate the tumors. To elucidate the poten-
tial mechanism underlying the tumor inhibition effects
of the Ad-AURKA/CDK?7 vaccine, flow cytometry data
revealed varying proportions of immune cells infiltrating
subcutaneous tumors, explaining the antitumor therapy
results. As anticipated, compared with the Ad-AURKA
or Ad-CDK7 treatment groups, the ratios of total tumor-
infiltrating T cells, CD8" T cells, and DCs were elevated
in the combination group, and this phenomenon was
observed in both spleens and tumors (figure 2F,G). Addi-
tionally, the data also indicated that the proportions of
natural killer (NK) cells, CD4" T cells, and macrophages
(M¢) did not exhibit significant differences in each

Zhu F, et al. J Immunother Cancer 2024;12:¢009869. doi:10.1136/jitc-2024-009869

5


https://dx.doi.org/10.1136/jitc-2024-009869
https://dx.doi.org/10.1136/jitc-2024-009869
https://dx.doi.org/10.1136/jitc-2024-009869
https://dx.doi.org/10.1136/jitc-2024-009869
https://dx.doi.org/10.1136/jitc-2024-009869
https://dx.doi.org/10.1136/jitc-2024-009869
https://dx.doi.org/10.1136/jitc-2024-009869
https://dx.doi.org/10.1136/jitc-2024-009869
https://dx.doi.org/10.1136/jitc-2024-009869

Open access 8

A :
* BALBIc E C57BL/6 cs7L 8 C57BL/6
5 x 10° Renca 5% 10° RM-1 2 x 10° Hepa1-6 1% 10 MC38
\ ~ J
Ad vaccine Tumor implantation End point
-27d -17d -7d 0d 35d
% \’%/.c
B C D E
Renca =
”,-\2000 7 - Ad-Ctrl . 2000 - A2-5' —_— 2100 4 .
£ Ad-AURKA/CDK7| ¥ 250 .
E1500{ " £.1500 - g20 £ 8 ;
g 2 3157 S 60
S 1000 5 1000 1 2 3
2 2 5 1.01 E 40
= 5001 Z 5004 £ <
g g 2 0.57 ’jx"‘ E 20 z
E 0 b T T T T |E 0 = 0 |E 0 -
0 7 14 21 28 35 0 7 14 21 28 35 35 days post 35 days post
Days post tumor inoculation Days post tumor inoculation tumor inoculation tumor inoculation
F G H |
RM-1 =
~20007 4 Ad-Ctrl ~2000 207 = <100y
€ Ad-AURKA/CDK7 |* E C) T 80
E1500] " £.1500 1 =157 =
[«5] @ =] i g 60 -
£ 1000 4 £ 1000 - 21.01 ¥ 5
2 3 -z £ 40 1
> > o =
5 500 5 500 g 0.51 5 20 -
£ £ [ e I—E
E O b T T T T E 0 = 0.0 E 0
0 7 14 21 28 35 0 7 14 21 28 35 35 days post 35 days post
Days post tumor inoculation Days post tumor inoculation tumor inoculation tumor inoculation
J K L
MC38 .
~200074 Ad-Ctrl ~2000 1 _2.57 <1001
€ = Ad-AURKA/CDK71* 2
E 15001

—
o
(=]
o
1

Tumor volume (mm
o o
o o o
o o o o
\
Tumor weight (
SIS N
a o o O
1 1 1 1
4
Tumor Inhibition rate (%) =
N A O @
o o o & ©
'l 1 L L

[

Tumor volume
[4)]
o
o
L

0 R T T T T 0
0 7 14 21 28 35 0 7 14 21 28 35 35 days post 35 days post
Days post tumor inoculation Days post tumor inoculation tumor inoculation tumor inoculation
N o P Q
Hepa1-6 )
~15001 4 Ad-Ctrl . ~1500+ 181 . 100
£ 12001 Ad-AURKA/CDK? £ 12001 2151 ® 801
= = Z1.24 c
GE) g 9004 '% S 60
g S 600 506 £
<} g - i 5 201
E T T T T |2 h 0 E 0 o
0 7 14 21 28 35 0 7 14 21 28 35 35 days post 35 days post
Days post tumor inoculation Days post tumor inoculation tumor inoculation tumor inoculation

Figure 1 The protective efficacy of the Ad-AURKA/CDK?7 vaccine on various tumors in the preventive model. (A) Schematic
diagram of subcutaneous tumors inoculation (Renca, RM-1, MC38 or Hepa1-6) after immunization with Ad-Ctrl or Ad-AURKA/
CDK?7 vaccine (n=5 mice per group). (B, F, J and N) Average tumor volumes of each group in the Renca, RM-1, MC38, or
Hepa1-6 subcutaneous tumors were measured twice a week. The tumor volume was statistically analyzed 35 days after tumor
inoculation. (C, G, K and O) The tumor volume of an individual mouse in each group of Renca, RM-1, MC38, or Hepal-6
subcutaneous tumors was plotted. (D, H, L and P) Tumor weights were measured at the end of the experiment. (E, |, M and

Q) Tumor inhibition rate in the Renca, RM-1, MC38, or Hepa1-6 subcutaneous tumors was, respectively, calculated by (D,

H, L and P). The two-tailed independent Student’s t-test was used to analyze two-group comparisons. The data showed as
means+SD. The statistical significance levels were set as *p<0.05, **p<0.01 and ***p<0.0001. Ad, adenovirus; AURKA, Aurora
kinase A; CDK7, cyclin-dependent kinase 7; i.m, intramuscular; s.c, subcutaneous.
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Figure 2 Antitumor efficacy of Ad-AURKA/CDK?7 immunization in the Renca subcutaneous tumor model. (A) Schematic
diagram showed the overall design of Renca therapeutic subcutaneous tumor (n=5 mice per group). (B) Tumor growth volume
of each group after Renca tumor inoculation was measured twice a week. The tumor volume was statistically analyzed 35 days
after tumor inoculation. (C) The final tumor volume of different treatment groups on day 35 after Renca tumor implantation.

(D) Tumor weights were measured at the end of the experiment. (E) The tumor inhibition rate in (D) is shown. (F, G) The
percentages of CD3* T cells, CD4" T cells, CD8" T cells, DCs, NK, Mo, MDSC, or regulatory T cells (Treg) were from spleens and
tumors in each group. One-way analysis of variance was used for comparisons among multiple groups. Data are means+SD.
*p<0.05, **p<0.01, **p<0.001, ***p<0.001 and not significant (ns). Ad, adenovirus; AURKA, Aurora kinase A; CDK7, cyclin-

dependent kinase 7; DCs, dendritic cells; i.m, intramuscular; MDSC, myeloid-derived suppressor cells; NK, natural killer; s.c
subcutaneous; TIL, tumor-infiltrating leukocyte.
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group. The above results suggested that Ad-AURKA/
CDK7 combined treatment augmented the infiltration
capacity of total T cells, CD8" T cells, and DCs towards
tumors, with no observed side effects on major organs.

The administration of Ad-AURKA/CDK7 vaccine promotes DCs-
mediated CD8* T-cell antitumor immunity

Asa crucial type of antigen-presenting cells in vivo, DCs are
responsible for presenting ingested foreign antigens to T
cells and initiating potent antigen-specific T-cell immune
responses through Thl cell differentiation signals.” ** A
previous study demonstrated an increase in the matura-
tion and proportion of CD11c" cells in the spleens after
vaccination.” To investigate whether the Ad-AURKA/
CDK?7 vaccines induced this phenomenon in vivo, DC
subgroups in the spleens were detected. The increased
proportions of CD11c" cells and CD8'CD11c" cells were
observed in the Ad-AURKA/CDK7 group compared
with the Ad-AURKA or Ad-CDK7 group (figure 3A-C).
AURKA/CDK7 co-immunization raised the percentages
of CD80'CDI11c’, CD86°'CD11c¢’, MHCII'CD11c¢" and
CD40°CD11c" cells (figure 3D-H). These results indi-
cated that Ad-AURKA/CDK?7 co-immunization enhanced
the induction and maturation of DCs, which bolsters
their phagocytosis and antigen presentation capabili-
ties, consequently activating tumor-specific CD8" T-cell
immune responses.

Similarly, as an indispensable type of functional cell
responsible for killing tumors in vivo, CD8" CTLs play a
pivotal role in antitumor effects and execute specific cyto-
toxic responses.’® To evaluate the ability of Ad vaccines to
activate CD8" T-cell immune responses, we detected the
proliferation, cytokine production, and cytotoxicity of
CDS8' T cells in vitro. We observed higher expression levels
of AURKA and CDK7 in Ad-AURKA/CDK7-infected sple-
nocytes, DCs, and CDS8" T cells compared with the control
(online supplemental figure S6). Ad-AURKA/CDK?7
group exhibited an increased proliferation capability of
CDS8" T cells (figure 4A,B). Furthermore, a similar trend
was observed in the levels of IFN-ysecreting CD8" T cells
measured using the ELISpot assay in the Ad-AURKA/
CDK7 treatment group (figure 4C,D). Intracellular
staining results revealed that the Ad-AURKA/CDK7
vaccine resulted in a higher percentage of IFN-y, TNF-q,
and IL-2 secretion in CD8" T cells in both spleens and
tumors than the Ad-AURKA or Ad-CDK?7 single vaccine
group (figure 4E,F). The effector cells from the co-im-
munization group demonstrated potent killing effects on
tumor cells and displayed a superior cytolytic capability
(figure 4G,H). Moreover, the proportions of central
memory T cells (Tem, CD45°CD8'CD44'CD62L"¢")
and effector memory T cells (Tem, CD45"CD8"CD44'C-
D62L°Y) were significantly increased in the Ad-AURKA/
CDKY treated group (figure 4L,]). Concurrently, surviving
mice immunized with the Ad-AURKA/CDK7 vaccine
had their original tumors excised and were subsequently
re-challenged with Renca tumors on the opposite side
to observe the growth of the re-challenged tumors and

the survival period of each group. Ad-AURKA/CDK7-
treated mice exhibited the ability to inhibit the growth
of the re-challenged tumors, whereas naive mice did
not (figure 4K). Moreover, Ad-AURKA/CDK?7 co-immu-
nization extended the survival time of mice after Renca
tumor rechallenge (figure 4L). These results suggested
that Ad-AURKA/CDK7 treatment promotes DCs-
mediated CD8" T-cell antitumor immunity, and maintains
a sustained antitumor effect activated by memory CD8"
T cells.

Multifunctional CD8* T cells are required for the therapeutic
effect of Ad-AURKA/CDK? vaccine

To trigger a powerful antitumor response, multifunc-
tional CD8" T cells played an important role in inducing
necrosis and apoptosis of tumor cells and producing
various cytokines such as IFN-y, TNF-o, and IL-2.%! Subse-
quently, we compared the percentages of antigen-specific
CD8" T cells in each group that secreted two or more
cytokines in splenic immune cells and tumor-infiltrating
CD8" T cells. As expected, the proportions of CD8" T
cells secreting TNF-o.'TFN-y", TNF-or'TL-2%, IFN-y'IL-2",
and TNF-o'TFN-y'IL-2" in the spleens of the Ad-AURKA/
CDKY7 group were higher than those in the spleens of the
Ad-AURKA or Ad-CDK7 group (figure 5A-D). A similar
trend was observed in tumor-infiltrating CD8" T cells in
subcutaneous tumors of the Ad-AURKA /CDK7 combined
group (figure 5E-H). These results suggested that multi-
functional CD8" T cells producing various cytokines
in combination immunization significantly strengthen
tumor-suppressive effects. Additionally, to elucidate
whether CD8" T cells were decisive for antitumor immune
responses in the Ad-AURKA/CDK?7 vaccines, we used an
anti-CD8 mAb to deplete tumorspecific CD8" T cells
in vivo. The CD8" T-cell depletion assay indicated that
the antitumor effects of the combination vaccine disap-
peared. The weights of subcutaneous tumors were signifi-
cantly increased, and tumor inhibition rates were reduced
after CD8" T-cell depletion (figure 5L]). Furthermore, the
percentages of CD8" T cells and CD8'CD11c¢" DCs were
significantly decreased in the spleens and tumors of the
anti-CD8 mAb-treated group (figure 5K,L.). The above
results indicated that antigen-specific multifunctional
CDS8" T cells play a decisive role in the antitumor immune
responses induced by the Ad-AURKA/CDK?7 vaccine.

Ad-AURKA/CDK?7 treatment inhibits tumor growth and
metastasis in the lung metastasis and orthotopic models by
enhancing CD8" T-cell immune responses

A previous study reported that the lung is a common
site of renal carcinoma metastasis.”® For the lung metas-
tasis model, mice were intramuscularly immunized with
various Ad vaccines on days 1, 8, and 15 (figure 6A). To
explore the antitumor activity of the combined vaccine,
some mice were sacrificed and their lungs were excised
on day 28 post tumor inoculation. The number of tumor
metastatic nodules on the lung surface was significantly
reduced in the combined treatment group compared with
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Figure 3 The maturation and differentiation of DC subgroups induced by Ad-AURKA/CDK?7 vaccine in vivo. Different DC
subgroups in spleens were analyzed by flow cytometry at the end of the experiments. (A) The percentages of CD8*CD11c* DC
subsets in immunized mice of each group (n=5), a typical flow cytometry data is displayed from each group. (B, C) Statistical
analysis of the ratio of CD11c* DCs or CD8"CD11c* DCs. (D) The representative flow cytometry data of the percentage of
CcD80*CD11c*, CD86"CD11c*, MHC-II"CD11c*, or CD40"CD11c* DC subsets in spleens of each group. (E-H) Statistical
analysis of different DC subgroups in (D). One-way analysis of variance was used for comparisons among multiple groups.
Data are means+SD. *p<0.05, **p<0.01, **p<0.001 and ****p<0.001. Ad, adenovirus; AURKA, Aurora kinase A; CDK7, cyclin-
dependent kinase 7; DCs, dendritic cells.
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Figure 4 Ad-AURKA/CDK? treatment induced memory CD8" T-cell immune response. (A, B) The proliferation capability of
antigen-specific CD8" T cells from mice spleens in each group was detected by the EJU assay after the continuous stimulation
with AURKA/CDK? antigens. (C, D) The number of IFN-y-secreting T lymphocytes was observed using the ELISpot assay. (E,

F) The representative flow cytometry data of CD8" T cells secreting IFN-y, TNF-a,, or IL-2 in each group after antigen stimulation.
(G, H) The co-culture experiment was detected to assess CTL-specific killing ability. (I, J) The proportions of effector memory

T cells or central memory T cells in spleens were measured, and typical flow cytometry data was selected from each group.

(K) The tumor volume of a single mouse in the Renca subcutaneous tumors was measured twice a week after tumor rechallenge
(n=5 mice per group). (L) The survival curve of the Ad-AURKA/CDK7 or Ad-Ctrl group was observed after re-implantation of

the Renca tumor (n=10 mice per group). One-way analysis of variance was used for comparisons among multiple groups.
Survival analysis was performed using the log-rank (Mantel-Cox) test. Data are means+SD. **p<0.01, **p<0.001, ***p<0.001 and
****n<0.0001. Ad, adenovirus; AURKA, Aurora kinase A; CDK?7, cyclin-dependent kinase 7; CTL, cytotoxic T lymphocytes;
ELISpot, enzyme-linked immunosorbent spot; IFN, interferon; IL, interleukin; TNF, tumor necrosis factor.
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Figure 5 Multifunctional CD8* T cells exerted an indispensable role in the antitumor effects of Ad-AURKA/CDK?7 vaccine.
(A-D) The percentages of multifunctional CD8" T cells secreting TNF-o.f IFN-y*, TNF-ofIL-2%, IFN-y*IL-27, or TNF-o IFN-y*IL-2" in
spleens of each group were detected by flow cytometry after continuous stimulation with AURKA/CDK?7 antigens for 96 hours.
(E-H) The proportions of tumor-infiltrating multifunctional CD8* T lymphocytes secreting TNF-o IFN-y", TNF-ofIL-27, IFN-

v IL-2* or TNF-of IFN-y*IL-2" in tumor tissues of each group were analyzed on day 35 after Renca tumor inoculation. (I) The
tumor weights of mice in each group were measured at the end of CD8 depletion. (J) Tumor inhibition rates in (l). (K, L) The
percentages of CD8" T cells or CD8"CD11c* DCs were detected in spleens and tumor tissues of each group in the CD8" T-cell
depletion assay. The two-tailed independent Student’s t-test was used to analyze two-group comparisons. One-way analysis
of variance was used for comparisons among multiple groups. The data are shown as means+SD, with n=5 mice per group.
*p<0.05, *p<0.01, **p<0.001 and ***p<0.0001. Ad, adenovirus; AURKA, Aurora kinase A; CDK7, cyclin-dependent kinase 7;
IFN, interferon; IL, interleukin; TIL, tumor-infiltrating leukocytes; TNF, tumor necrosis factor.
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Figure 6 Ad-AURKA/CDK?Y treatment suppressed tumor metastases by activating multifunctional CD8* T cells. (A) A
schematic diagram displayed the design and treatment of lung metastasis. (B) The representative image of lung metastasis
nodules in each group. (C) The survival curve of mice in different groups after Renca tumor lung metastasis (n=10 mice per
group). (D) The number of metastatic nodules was counted on the lung surface of immunized mice (n=5 mice per group).

(E) Typical immunohistochemistry image of the lung-infiltrating CD8* T cells in each group immunized with different vaccines.
The scale was 200 um. (F, G) The proportion of CD8* T cells and CD8"CD11c* DCs in the lungs of treated mice in each group.
(H, 1) Percentages of multifunctional CD8* T lymphocytes producing IFN-y, TNF-q,, or IL-2 in spleens and tumor tissues of
different groups. (J) The EdU assay was used to detect the proliferation of CD8* T cells. (K) The number of IFN-y-secreting T
lymphocytes was counted using ELISpot assay. (L) The percentages of tumor-specific killing capability of CTL in each group.
One-way analysis of variance was used for comparisons among multiple groups. Survival analysis was performed using the
log-rank (Mantel-Cox) test. The data expressed as means+SD. *p<0.05, **p<0.01, **p<0.001, and ***p<0.0001. Ad, adenovirus;
AURKA, Aurora kinase A; CDK?7, cyclin-dependent kinase 7; CTL, cytotoxic T lymphocyte; DC, dendritic cell; ELISpot, enzyme-
linked immunosorbent spot; IFN, interferon; IL, interleukin; i.m, intramuscular; i.v, intravenous; TNF, tumor necrosis factor.

12 Zhu F, et al. J Immunother Cancer 2024;12:2009869. doi:10.1136/jitc-2024-009869



the other treatment groups (figure 6B,D), Ad-AURKA/
CDK?7 co-immunization effectively prolonged the survival
of mice (figure 6C). Furthermore, IHC and flow cytom-
etry results indicated that the ratios of tumor-infiltrating
CDS8' T cells in the Ad-AURKA/CDK?7 group were higher
than those in the other groups (figure 6E,F). In addi-
tion, a similar trend of CD8'CD11c" DCs was observed
in the combined immunization group (figure 6G).
Notably, the percentages of multifunctional CD8" T cells
in the spleens and tumors were significantly increased in
the Ad-AURKA/CDK?7 group (figure 6H,I). Moreover,
the proliferation assay of CD8" T cells suggested that
Ad-AURKA/CDKY7 co-immunization enhanced the prolif-
eration ability of antigen-specific CD8" T cells (figure 6]).
A significant increase in IFN-y" secreted by T cells was
also shown in the Ad-AURKA/CDK?7 group (figure 6K).
Likewise, the co-culture experiment indicated that CD8"
T cells from the combined treatment effectively killed
Renca cells (figure 6L).

Similarly, to establish the orthotopic model, 1x10°
Renca cells were implanted into the left kidney of each
mouse. After tumor cell inoculation, the mice were intra-
muscularly immunized with different vaccines three times
(figure 7A). As anticipated, Ad-AURKA/CDK7 combined
immunization suppressed tumor progression compared
with that in the single-vaccine group (figure 7B).
Meanwhile, co-immunization with Ad-AURKA/CDK?7
prolonged the survival period of tumor-bearing mice
(figure 7C). Tumor weights were reduced, and the tumor
inhibition rate was increased (figure 7D,E). These results
directly revealed the effectiveness of the combined
vaccine. Furthermore, immunohistochemistry of orthot-
opic kidney tumors also showed that tumor-infiltrating
CD8" T cells in the co-immunization treatment group
were higher than those in the other treatment groups
(figure 7F). Additionally, the proportions of CD8" T cells
and CD8'CD11c¢" DCs in the Ad-AURKA/CDK?7 group
were significantly increased (figure 7G,H). The results of
tumor-infiltrating multifunctional CD8" T cells suggested
that the percentages of TNF-o'TIL-2°, TNF-o.'TFN-y"
CD8’, IFN-y'IL-2" CD8’, and TNF-o/'TFN-y'IL-2" CD8" T
cells in the combined group’s spleens and tumors were
dramatically increased (figure 7L]). The proliferation
assay showed that CD8" T cells had higher proliferative
abilities in the co-immunization group (figure 7K). An
increased proportion of CTL-specific killing was also
observed in the Ad-AURKA/CDK7 group (figure 7L).
Taken together, these results indicated that Ad-AURKA/
CDK?7 combination treatment exerted a significant inhib-
itory effect on the advancement of lung metastasis and
orthotopic kidney tumors by multifunctional CD8" T-cell
antitumor immune responses.

Ad-hAURKA/CDK?7 exhibits a potent therapeutic efficacy in the
tumor model of humanized mice

Ad-AURKA/CDK?7 vaccine facilitated the induction and
maturation of DCs, and increased the proportion of
multifunctional CD8" T cells, resulting in the inhibition

of tumor growth across subcutaneous, lung metastasis,
and orthotopic models. To align with the actual clinical
applicability, we reconstructed the human Ad-AURKA
vaccine (Ad-hAURKA), while the Ad-CDK?7 vaccine was
administered repeatedly because of its homology with
humans and mice. Using the original subcutaneous
planting model, OSRC-2 renal cancer cells were subcu-
taneously implanted into humanized mice on day 0,
followed by immunization with Ad-hAURKA/CDK?7 or
Ad-Ctrl on days 7, 17, and 27 (figure 8A). Ad-hAURKA/
CDK?7 treatment decreased the final tumor volumes and
weights (figure 8B,C) and elevated the tumor inhibition
rate (figure 8D). To elucidate the mechanism of tumor
suppression, immune cells in the spleen and tumor
tissues were analyzed. There was a significant increase
in the percentages of DC subgroups in the spleens,
such as CD8'CD11c¢’, CD103'CDl11c¢’, CD80'CD1lc’,
CD86'CD11c¢” and HLA-A2°CDI11c" (figure 8E-]).
Similarly, the proportions of DCs in tumor tissues,
including CD8°CD11c¢’, CD103"CD11c¢’, CD80'CD11c",
CDS86'CD11c*, and HLA-DR'CD11c", showed effective
improvement (figure 8K-O). These findings indicated
the induction and maturation of more DC subgroups
following Ad-hAURKA/CDK?7 treatment. The analysis of
IFN-y, TNF-0,, and IL-2 on multifunctional CD8" T cells
revealed that the Ad-hAURKA/CDK?7 vaccine activated
multifunctional CD8" T cells to produce more cytokines
in spleen and tumor tissues (figure 8P-R). Additionally,
the ratio of multifunctional CD8" T cells secreting two or
more cytokines in the combined group was significantly
increased (figure 8S,T). In summary, these results showed
that the Ad-hAURKA/CDK?7 vaccine effectively inhibited
tumor growth by modulating DC subgroups and multi-
functional CD8" T cells in humanized mice, consistent
with the conclusions of previous experiments in wild-type
mice.

DISCUSSION

Cancer vaccines, considered a promising therapeutic
strategy in the immunotherapy of solid tumors, have the
potential to alleviate immune suppression within tumors
and elicit cellular and humoral immunity against tumor
antigens.”* Therapeutic cancer vaccines aim to establish
persistent antitumor immune memory and induce tumor
regression.” Ad, an ideal vector for delivering target genes
to immune cells in vivo, exerts a potent adjuvant effect
due to its intrinsic stimulation.”® Moreover, replication-
defective Ad vectors improved persistent immunogenicity
and ensured its safety.”” °® In this study, we developed a
cancer vaccine that efficiently encoded AURKA or CDK7
using a replication-deficient Ad. To evaluate the anti-
tumor efficacy of combination immunization, five tumor
models were established, including prophylactic, subcuta-
neous, lung metastasis, orthotopic, and humanized mice
tumor models. The design rationale behind these tumor
models is to simulate the immune evasion, recurrence,
and metastasis characteristics of solid tumors. Tumor
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Figure 7 Antitumor efficacy of Ad-AURKA/CDK?7 vaccine requires for multi-functional CD8" T cells in the Renca orthotopic
model. (A) Schematic diagram illustrating the design of the Renca orthotopic model and vaccination. (B) Typical image of renal
orthotopic tumors in the different vaccine-treated groups at the endpoint of the experiment (n=5 mice per group). (C) The
survival curve of each group in the orthotopic model (n=10 mice per group). (D) Tumor weights were calculated by the formula:
Tumor mass (g)=left kidney mass - right kidney mass. (E) Tumor inhibition rate in (D). (F) Tumor-infiltrating CD8* T lymphocytes
were captured by immunohistochemical staining in the left kidney and the representative images were shown. The scale was
200um. (G, H) Statistical analysis of the proportion of CD8" T cells or CD8"CD11c¢* DCs in renal tumor tissues of each group.
(I, J) The percentages of multifunctional CD8" T lymphocytes secreting IFN-y*, TNF-o, IL-2*, TNF-o'IFN-y", TNF-ofIL-27, IFN-
v IL-2*, or TNF-ofIFN-y*IL-2* were detected by flow cytometry in spleens and tumors in each group. (K) The antigen-stimulated
proliferation of CD8" T cells in different groups. (L) The tumor-specific killing capability of CTL was detected by the co-culture
experiment. One-way analysis of variance was used for comparisons among multiple groups. Survival analysis was performed
using the log-rank (Mantel-Cox) test. The data are shown as means+SD. *p<0.05, **p<0.01, **p<0.001, and ****p<0.0001. Ad,
adenovirus; AURKA, Aurora kinase A; CDK?7, cyclin-dependent kinase 7; CTL, cytotoxic T lymphocyte; DC, dendritic cell; IFN,
interferon; IL, interleukin; i.m, intramuscular; s.c, subcutaneous; TNF, tumor necrosis factor.
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Figure 8 The therapeutic effect induced by Ad-AURKA/CDK?7 vaccine in the humanized mice model. (A) Schematic diagram
explaining the establishment of the humanized mice model and experiment design. (B) Final tumor volumes were measured in
each group on day 35 after OSRC-2 tumor inoculation. (C) Tumor weights of each group at the end of the experiment. (D) Tumor
inhibition rate in (C). (E) The representative flow cytometry data of CD8*CD11c*, CD103*CD11c¢*, CD80*CD11c*, CD86"CD11c",
and HLA-A2*CD11c* DC subgroups in spleens of each group. (F-J) Statistical analysis of DC subsets in (E) in the spleens

of humanized mice. (K-O) The proportions of tumor-infiltrating DC subsets in different groups were detected. (P) The typical
flow cytometry image of multi-functional CD8" T lymphocytes secreting IFN-y", TNF-a*, or IL-2" in spleens in the Ad-Ctrl or
Ad-hAURKA/CDK? treatment group. (Q, S) The percentages of multifunctional CD8" T cells in (P) in spleens. (R, T) Statistical
analysis of the proportion of IFN-y*CD8", TNF-o*CD8", IL-2*CD8", TNF-o*IFN-y*CD8*, TNF-o"IL-2*CD8*, IFN-y"IL-2*CD8",

or TNF-o IFN-y*IL-2*CD8" in antigen-specific CD8" T lymphocytes of tumor tissues per group. The two-tailed independent
Student’s t-test was used to analyze two-group comparisons. One-way analysis of variance was used for comparisons among
multiple groups. The data are shown as means+SD, with n=5 mice per group. **p<0.01, **p<0.001, and ****p<0.0001. Ad,
adenovirus; AURKA, Aurora kinase A; CDK?7, cyclin-dependent kinase 7; DC, dendritic cell; IFN, interferon; IL, interleukin; i.m,
intramuscular; TIL, tumor-infiltrating leukocytes; TNF, tumor necrosis factor..
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volumes and weights served as indicators to assess the
effectiveness of the Ad-AURKA /CDK?7 vaccine. Examina-
tion of the normal structure of the heart, liver, lung, and
kidney revealed no apparent cytotoxicity or serious side
effects associated with Ad vaccines.

Proper antigen selection can double the effectiveness
of cancer vaccine treatment with half the effort. Tradi-
tional vaccine targets have a limited range of action and
may not induce a strong immune response. However, the
kinase family is consistently highly expressed in tumors
and controls tumor proliferation and division, making
them favorable targets for tumor antigens. As a family
of serine/threonine kinases, AURKA is highly expressed
in various tumors, including renal cell carcinoma, pros-
tate cancer, colorectal cancer, and liver cancer, estab-
lishing it as one of the most promising therapeutic
targets.** ** Similarly, CDK7, a member of the serine/
threonine kinases family, regulates cell proliferation, divi-
sion, and tumor growth by influencing cell cycle transition
and transcription.” ® Moreover, the expression of CDK7
is significantly elevated in renal cell carcinoma, prostate
cancer, and colorectal cancer compared with that in
normal tissues.” *** Therefore, for the preventive exper-
iment, we selected Renca cells (renal cell carcinoma),
RM-1 (prostate cancer), MC38 (colorectal cancer), and
Hepal-6 (liver cancer) as our tumor models. Simultane-
ously, Ad-AURKA and Ad-CDK7 were constructed under
the binding of Ad with robust immunogenicity, and their
high expression was confirmed. As anticipated, all four
tumor types were effectively suppressed by Ad-AURKA/
CDK?7 treatment in the preventive model. This observed
phenomenon was consistent with the characteristics of
the kinase family, indicating that delivering kinase targets
through an Ad vaccine presented a novel approach for
solid tumor immunotherapy.

In the prophylactic model, Renca tumor cells were
chosen from the aforementioned tumors due to their
high tumor inhibition rate. A similar trend of tumor
suppression was observed in subcutaneous, lung metas-
tasis, orthotopic, and humanized mice tumor models. To
unravel the underlying mechanism behind the strong
antitumor immune response induced by the Ad-AURKA/
CDK?7 vaccine, we examined tumor tissues and spleens
of vaccine-immunized mice. As expected, Ad-AURKA/
CDK7 treatment increased the proportion of CD11c’
DCs and promoted their induction and maturation,
including CD8'CD11c¢’, CD80'CD11c¢’, CD86'CD1l1c",
MHC-II'CD11c¢" and CD40°CD11c" DCs. These mature
DCs played a role in directly presenting tumor-specific
antigens to CD8" T cells and activating cytotoxic T
lymphocyte responses, while also indirectly inducing the
activation of CD4" T cells and B cells. Previous research
suggested that CD4" T cells and antibodies produced by
activated B cells assisted antigen-specific CD8" T cells
in inducing a robust antitumor immune response.’ ™
Following stimulation with specific antigens, the prolif-
eration of CD8" T cells in Ad-AURKA/CDK7 co-immu-
nization was significantly enhanced. Simultaneously, a

notable increase was observed in the percentages of Tcm
and Tem in the Ad-AURKA/CDK7 group, and there
was an improved production of cytokines by multifunc-
tional CD8" T cells in both tumors and spleens. Antigen-
stimulated CD8" T cells demonstrated a strong capability
to kill tumor cells and induce an antitumor immune
response. This comprehensive analysis further elucidated
the mechanism by which Ad-AURKA/CDK7 combined
vaccines activated antitumor immunity and suppressed
tumor growth.

Recognized as the primary executor of the antitumor
immune response, CD8" T cells played a crucial role in the
secretion of various cytokines. We observed an increase in
the proportions of TNF-o'TL-2", TNF-o. TFN-y", IFN-y TL-2",
and TNF-o.' TFN-y'IL-2" CD8" T cells in the AURKA/CDK?7
treatment group, signifying that multifunctional T cells
directly eliminated tumor cells. Following a 48-hour
co-culture of CD8" T cells and Renca cells, the residual
proportion of tumor cells indicated that the Ad-AURKA/
CDK?7 vaccine effectively controlled tumor growth by
modulating the antitumor immune response of CD8"
T cells. To further confirm this, mAb was employed to
deplete CDS8" T cells in vivo. As a result, the Ad-AURKA/
CDKY7 no longer suppressed tumor growth, confirming
our hypothesis that the vaccine activated CD8" T-cell
immune responses against tumor progression. A previous
study noted that cancer vaccines could trigger the dual
activation of cellular and humoral immunity.”* In cellular
immunity, with the support of the Ad’s strong immunoge-
nicity and “self-adjuvants”, our Ad-AURKA /CDK?7 vaccines
initially increased the induction and maturation of DCs.
Subsequently, mature DCs presented tumor-specific anti-
gens to CD8" T cells, activating CD8" T cells to initiate a
tumor-specific immune response. In this study, an effec-
tive exploration of humoral immunity has not yet been
conducted. Undoubtedly, the vaccine-induced AURKA
or CDK7 antibodies also play an essential role in helping
and stimulating antigen-specific CD8" T cells. AURKA or
CDKY7 specific antibody can also block both AURKA or
CDKY positive tumor cells to induce tumor cell apoptosis
and further activate DCs-mediated CD8" T-cell immune
response. Therefore, we will further investigate the effi-
cacy of vaccine-induced antibodies in tumor suppression
in further experiments.

The therapeutic efficacy of the Ad-AURKA/CDK7
vaccine was observed in the subcutaneous model.
However, renal carcinoma exhibited a higher propensity
for orthotopic implantation and lung metastasis. Conse-
quently, we investigated immunoreaction and tumor-
suppressive effects in lung metastatic and orthotopic
models. A similar tendency was observed, indicating that
Ad-AURKA/CDK7 combined vaccines not only effectively
reduced the tumor burden, but also activated the anti-
tumor function of CD8" T cells. Moreover, co-immuniza-
tion extended the survival period of the mice. This can
be reasonably attributed to the increased infiltration of
CDS8" T cells into tumor tissue, which induced an immune
response for the removal of tumor cells. Cytokines
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secreted by CD8" T cells also played a crucial role in
the antitumor efficacy. Additionally, to address practical
clinical challenges, we validated the antitumor effects of
the combination vaccine in humanized mice. Similarly,
co-immunization significantly enhanced the propor-
tion of CD11c¢" DC subsets and multifunctional CD8" T
cells in the spleens and tumors, with increased cytokine
secretion by multifunctional CD8" T cells against tumor
growth. Therefore, the observed phenomenon in human-
ized mice also indicated that Ad-hAURKA /CDK?7 robustly
triggered an immune response mechanism to counteract
tumor progression. Unfortunately, some tumors persisted
at the end of the experiment. Several factors may have
contributed to this outcome. Immune tolerance may
develop after three instances of the same Ad immuniza-
tion. Antibodies against Ad proteins can be produced in
the body. To enhance therapeutic efficacy and immuno-
genicity in clinical research, alternative delivery carriers
and administration methods, such as intertumoral and
mucosal administration, should be considered. we will
consider reducing the number of repeated immuniza-
tions or combining our Ad vaccine with wild-type vectors
or other Ad vector-mediated vaccines (such as Adb/F35,
Ad26, or ChAdOx1) as a boost in future clinical appli-
cations. It is important to note that this study primarily
aimed to demonstrate the use of kinases as vaccines for
treating solid tumors. The aforementioned administra-
tion methods will require continuous optimization in
subsequent experiments.

In conclusion, our experimental data confirmed that
the Ad-AURKA/Ad-CDK?7 vaccine induced DCs matu-
ration, activated DGC-mediated CD8" T-cell immune
responses, and enhanced cytokine secretion in multi-
functional T cells. This co-immunization effectively
suppressed the progression of solid tumors in both the
wild-type and humanized mice. Consequently, AURKA
and CDK7 have emerged as ideal targets against solid
tumor growth. The Ad-AURKA/CDK?7 vaccine presents
a novel and promising therapeutic strategy for the prog-
nosis of solid tumors.
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