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Abstract

Renal carcinoma shows a high risk of invasion and metastasis without effective treat-
ment. Herein, we developed a chitosan (CS) nanoparticle-mediated DNA vaccine
containing an activated factor L-Myc and a tumor-specific antigen CAIX for renal
carcinoma treatment. The subcutaneous tumor models were intramuscularly immu-
nized with CS-pL-Myc/pCAIX or control vaccine, respectively. Compared with single
immunization group, the tumor growth was significantly suppressed in CS-pL-Myc/
pCAIX co-immunization group. The increased proportion and mature of CD11c"
DCs, CD8*CD11c" DCs and CD103*CD11c* DCs were observed in the splenocytes
from CS-pL-Myc/pCAIX co-immunized mice. Furthermore, the enhanced antigen-
specific CD8" T lymphocyte proliferation, cytotoxic T lymphocyte (CTL) responses,
and multi-functional CD8" T cell induction were detected in CS-pL-Myc/pCAIX co-
immunization group compared with CS-pCAIX immunization group. Of note, the de-
pletion of CD8 T cells resulted in the reduction of CD8" T cells or CD8*CD11c* DCs
and the loss of anti-tumor efficacy induced by CS-pL-Myc/pCAIX vaccine, suggesting
the therapeutic efficacy of the vaccine was required for CD8* DCs and CD103* DCs
mediated CD8" T cells responses. Likewise, CS-pL-Myc/pCAIX co-immunization also
significantly inhibited the lung metastasis of renal carcinoma models accompanied
with the increased induction of multi-functional CD8* T cell responses. Therefore,
these results indicated that CS-pL-Myc/pCAIX vaccine could effectively induce
CD8" DCs and CD103" DCs mediated tumor-specific multi-functional CD8" T cell
responses and exert the anti-tumor efficacy. This vaccine strategy offers a potential

and promising approach for solid or metastatic tumor treatment.

Abbreviations: CS, Chitosan; CTL, Cytotoxic T lymphocyte; DLS, Dynamic light scattering; ELISPOT, Enzyme-linked immunospot; hCAIX, Human CAIX; RCC, Renal cell carcinoma; TEM,

Transmission electron microscopy.
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1 | INTRODUCTION

Renal cell carcinoma (RCC) accounts for 90% of malignant neo-
plasms arising in the kidney in adults.! The malignant degree of RCC
is very high and not easy to find early.? As an immunogenic tumor,
RCC treated with immunotherapy has shown spontaneous, partial or
complete remission, which dues to improve the responses of the im-
mune system against tumor cells.® Although the development of mo-
lecular targeted therapies such as PD-L1 or CTLA-4 inhibitors was
made in recent years, metastatic renal carcinoma is still considered
incurable for the low five-year survival rate.* The recent clinical ap-
plication of CAR-T or immune checkpoint inhibitors can effectively
inhibit tumor development, but the efficacy against solid tumors is
still not satisfactory.s’b Thus, there is an urgent need for new thera-
peutic strategies that could specifically eliminate tumor and induce
long lasting protection.

As an essential part of immunotherapy for tumor, DNA vaccina-
tion is a promising approach for activating CD8" T cell responses.”®
As the plasmid DNA is injected intramuscularly, the encoding anti-
gen can be expressed in human body and induce a cellular and hu-
moral immune response.9 CAIX protein, whose 38-414 amino acid
form extracellular domain, is an isomer of the carbonic anhydrase
enzyme family.!° The human CAIX (hCAIX) gene inducing a malig-
nant phenotype is expressed in the majority of renal carcinoma, but
not in normal renal tissues or only a small amount of hCAIX expres-
sion in gastric mucosa and bile duct epithelial cells.'**? Therefore,
CAIX is used as a potential target for renal carcinoma immuno-
therapy.®® Recent years, various vaccines based CAIX antigen have
been manufactured for tumor immunotherapy.'*'> We and others
had demonstrated CAIX-based DNA vaccine could induce antigen-
specific CD8" T cell immune response with the help of adjuvant, and
inhibit the tumor growth of renal carcinoma.'**® But the challenges
of its effectiveness and safety remain huge in clinical application in
the future.

CAIX antigen is a 20 kDa protein, and possesses several naturally
processing epitopes, including cytotoxic lymphocyte (CTL), and T-
helper cell recognition sites, but the immunogenicity of alone CAIX
is too weak to activate lasting and effective immune responses.19
Therefore, the DNA of encoded cytokines, transcription factors or
bacterial proteins, etc, is served as the adjuvant, which can effec-
tively improve DNA vaccine immunogenicity and cause a strong
immune response.?’ L-Myc is a member of Myc gene family that is
the important regulatory factors in tumor development.?* L-Myc is
selectively expressed in common dendritic cells (DCs) progenitor
during DC development of the immune system. Mature DCs can
maintain.

L-Myc expression even in the presence of inflammatory signals,
butlack expression of c-Mycand N-Myc. The study has demonstrated
that the significantly reduced migratory CD103" conventional DCs

are found in the lung and liver tissues from L-Myc-deficient mice.??

Importantly, loss of L-Myc by DCs results in a significant decrease
activation of T cells during infection by vesicular stomatitis virus
and Listeria monocytogenes.22 Therefore, L-Myc as an immune cell
regulator, its expression and transcriptional activity enhancement
in ordinary DCs progenitor cells and pre-cDCs, especially in CD8«*
c¢DCs and CD103" cDCs, are essential for enhancing T cell immune
responses. L-Myc might be used as a DNA vaccine adjuvant that en-
hances DCs-mediating T cell immune responses.

It is critical for enhancing the induction of antigen-specific im-
mune responses to effectively deliver DNA vaccine into the host.?®
Chitosan (CS) is a deacetylated derivative of chitin with completely
non-toxic, biocompatible and biodegradable nanomaterial.?* The
cationic nature of primary amines of CS can effectively promote
the binding and protection of DNA of intracellular delivery.25 The
DNA of targeting antigen encapsulated in CS can effectively induce
a mucosal immune response or systemic immune response with high
safety.?® Therefore, CS nanoparticle-based delivery system might
enhance the therapeutic effect of DNA vaccine.

In this study, we determine whether L-Myc could enhance the
therapeutic efficacy of CAIX vaccine in primary or metastasis mod-
els. Our results suggested that L-Myc could be a novel adjuvant
to enhance the CAIX vaccine-induced CTL responses and multi-
functional CD8" T cell responses in hCAIX-Renca bearing mice or
lung metastasis models. This vaccine strategy provides a universal
applicability reference for the development of therapeutic tumor

vaccines.

2 | MATERIALS AND METHODS
2.1 | Plasmid construction

Murine L-Myc DNA fragment was generated by using the synthetic
gene coding region (Biotechnology Co., Ltd) and cloned into the
Hindlll and Xbal sites of pcDNA3.1 vector to obtain plasmid L-Myc
(pL-Myc). pL-Myc was sequenced to confirm that the plasmid was
successfully constructed. The plasmid pcDNA3.1-CAIX (pCAIX) has
been constructed previously.'® The plasmids were transformed into
DH5a competent cells, propagated in LB broth supplemented with
100 pg/mL ampicillin, and purified from DH5a grown overnight
using Endo-Free Plasmid Mega Kit (Qiagen).

2.2 | Preparation of CS-DNA nanocomplex
The plasmid DNA was encapsulated with CS (Sigma-Aldrich, Merk)

according to a previously described method.?” Briefly, plasmid DNA

were dissolved in 25 mM Na,SO, solution to a final concentration of
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0.5 mg/mL, and CS was dissolved in sodium acetate buffer (pH 5.5)
to a final concentration of 1 mg/mL. Then, DNA-Na,SO, solution
was mixed with an equal volume of CS solution at 55°C water bath-
ing. Mixed solutions were vortexed instantly 1 minute and incubated
at room temperature for 30 minutes to allow complex formation,
then centrifuged at 12 000g for 5 minutes. Took the supernatant to
measure the DNA quality, calculated the encapsulation efficiency,
and frozen the pellet for use.

2.3 | Particle size and zeta potential analysis

By dynamic light scattering (DLS), nanoparticle size measure-
ments were conducted using the Zetasizer Nano ZS (Malvern,
Southborough, MA, USA). Briefly, the nanoparticles were suspended
in ddH,0 at a concentration of 1 mg/ml. The size measurements
were performed at 25°C and at a 173° scattering angle. The mean
hydrodynamic diameter was determined by cumulative analysis. The
zeta potential determinations based on the electrophoretic mobility
of the nanoparticles in the aqueous medium were performed by the
Zetasizer Nano ZS using folded capillary cells in automatic mode.
For the morphology, the nanoparticles were resuspended in
ddH,O and deposited onto a glow discharged carbon-coated 400
square mesh copper grid. Subsequently, the samples were nega-
tively stained with 1 wt% uranyl acetate. A few seconds after stain-
ing, the copper mesh was dried with filter paper and detected by

transmission electron microscopy (TEM).

2.4 | Gelretardation assay

The integrity of CS-DNA was assayed to investigate the stability of
the plasmid inside. The naked plasmid pcDNA3.1 was used as a con-
trol, and the mass ratios of CS and DNA (CS-DNA) were 5:1, 2:1, 1:1,
0.5:1, 0.25:1 and 0.125:1 as experimental well. The amount of DNA
used is 1 pg/well. All samples were packed onto a gel containing 1%
agarose and ranin | x TE buffer (pH 8.3) on a gel electrophoresis sys-
tem (Mupid-One, Takara). The gel was then analyzed at a wavelength

of 312 running under gel imaging system (FireReader).

2.5 | Celllines and cell culture

Human embryonic kidney cell line (HEK293T) was obtained from
the American Type Culture Collection (ATCC), and murine renal
cancer cell line (Renca) was purchased from Cobioer Biosciences.
These cells were passed the certificate of analysis. HEK293T cells
were cultured in DMEM medium containing 10% fetal bovine serum
(FBS; ExCell Bio), 100 U/mL penicillin, and 100 pug/mL streptomycin
ina 5% CO, atmosphere at 37°C. Renca cells were cultured in RPMI
1640 medium supplemented with 10% FBS, 100 U/mL penicillin and
100 pg/mL streptomycin, 2 mM L-glutamine, 1 x MEM non-essential

amino acid solution, 1 mM sodium pyruvate solution. The CAIX
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lentivirus produced by HEK293T was used to infect Renca cells to
establish the stable over-expressing hCAIX-Renca cells according to
the previous method.

2.6 | Animal models and vaccine treatment

Six-week old female BALB/c mice were purchased from Vital
River Laboratory (Beijing, China) and remained in the pathogen-
free conditions. All animal procedures and protocols are approved
by the Experimental Animal Ethics Committee of Xuzhou Medical
University, and implemented in accordance with the Xuzhou Medical
University Laboratory Animal Care and Use Guide.

In the subcutaneous tumor-bearing mice, one week after sub-
cutaneous injection of 5 x 10° hCAIX-Renca cells, mice were ran-
domly divided into four groups (n = 5 each group) and anesthetized
with 1% isoflurane. The anesthetized mice were intramuscularly
immunized with mock (CS-pcDNA3.1), CS-pL-Myc or CS-pCAIX
vaccine at a dose of 50 pg each plasmid, and CS-pL-Myc/pCAIX
at a dose of 100 pg. For Mock, CS-pL-Myc or CS-pCAIX vaccine
immunized group, mice received additional 50 pg mock vaccine to
ensure that the total DNA amount was 100 pg. The mice were
given an immunity boost on the 10th and 20th days after the ini-
tial vaccination. Size of tumor was measured twice at every week.
Tumor volume was evaluated by the formula V (mm®) = (length
x width?)/2. Mice were sacrificed by cervical dislocation on day
42 after tumor inoculation and tumor tissues were taken out and
weighed.

For establishing the tumor lung metastasis models, 1 x 10°
hCAIX-Renca cells were injected through the tail vein at day O.
The anesthetized mice were intramuscularly injected with each
vaccine at day -10, and repeated immunization at day O and day
10 post tumor inoculation. 28 days after tumor inoculation, the
mice were sacrificed and metastatic nodules were quantified in

lung tissues.

2.7 | Western blotting

The samples were collected and dissolved in RIPA lysis buffer
(Beyotime) supplemented with PMSF (Invitrogen). The same quality
protein samples were added loading buffer and heating at 100°C for
5 minutes, then separated by 10% SDS-PAGE and electro-blotted
onto a polyvinylidene difluoride PVDF membrane (Millipore). The
membrane was blocked with 5% BSA solution and and incubated
with anti-L-Myc (Abcam) or anti-CAIX primary antibody (Abcam) at
4°C overnight. Subsequently, membranes were washed with Tris-
buffered saline with 0.1% Tween 20 (TBST) and incubated with HRP-
linked secondary antibody at room temperature for 2 hours. After
rinsing with TBST, the enhanced chemiluminescence (ECL, Thermo
Fisher Scientific) was used to detect the immunoreactive band. The
density of the bands on the membrane were scanned and analyzed

with an Image-J analyzer tool.
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2.8 | Preparation of single cell suspension

For the acquisition of splenocytes, the tissue was gently ground in
PBS buffer by using a 5 mL clean syringe plunger. The released cells
were collected, resuspended and passed through 70 pm nylon mesh.
After centrifugation at 1000 rpm for 5 minutes, red blood cells were
lysed with ACK lysis buffer. The remaining cells were collected and
resuspended in RPMI 1640 medium to prepare a single cell suspen-
sion. For the single cell suspension from tumor tissues, samples are
firstly cut into small pieces, then performed grinding and digestion in
serum-free medium containing 200 U/mL collagenase IV (Solarbio).
Finally, the method for single cell suspension is the same as that of
splenocytes. TlLs are separated on a 40% Percoll (GE Healthcare)
gradient.

2.9 | Flow cytometry analysis

The immune cell populations were subjected to surface staining
for flow cytometry analysis. The used antibodies are as follows:
PE-conjugated anti-CD3e (Biolegend), PerCP-conjugated anti-CD4
(BD Pharmingen), PerCP-conjugated anti-CD8a (BD Pharmingen),
FITC-conjugated anti-NK1.1 (Biolegend), FITC-conjugated anti-
CD11b (Biolegend), PE-conjugated anti-CD103 (Biolegend), APC-
conjugated anti-CD11c (BD Pharmingen), PerCP-conjugated
anti-F4/80 (Biolegend), or FITC-conjugated anti-Gr-1 (Biolegend).

For analyzing cytokine secretion, splenocytes were inoculated
into a 12-well plate at 4 x 10%/well and incubated with 10 pg/mL
CAIX protein at 37°C and 5% CO, for 3 days, then added 500 ng/
mL lonomycin (Sigma-Aldrich) and 50 ng/mL PMA (Sigma-Aldrich)
and 5 ng/mL Brefeldin A (BFA, eBioscience) to incubate for 5 hours.
Then cells were collected and operated extracellular staining with
anti-mouse PerCP-conjugated anti-CD8« and intracellular staining
with following anti-mouse antibodies: APC-conjugated anti-IFN-y
(BD Pharmingen), PE-conjugated anti-IL-2 (BD Pharmingen), FITC-
conjugated anti-TNF-a (BD Pharmingen). The data acquired from BD
FACSCanto Il (BD Biosciences) in FACSDiva software were analyzed
by FlowJo software (Tree Star Inc).

2.10 | CDS8T cell proliferation assay

Lymphocytes were added to 48-well flat-bottomed tissue culture
plates at 1 x 10° cells/well containing IL-2 (50 U/ml)and CAIX protein
(10 pg/mL). The plates were cultured at 37 °C in a humidified incuba-
tor with 5% CO, for 5 days and the medium was changed medium at
3 days. Cell proliferation assay was performed using the BeyoClick™
EdU Cell Proliferation Kit with Alexa Fluor 647 (Beyotime). Briefly,
the cells were incubated with 10 pM EdU for 2 hours at 37°C. Then,
cells were collected and performed the surface staining with PerCP-
conjugated anti-CD8a for 30 minutes. After fixation, permeabiliza-
tion and rinse, the cells were exposed to 100 plL of click reaction

cocktail for 30 minutes. The cells were washed three times with

permeabilization buffer. The percentages of EdU" cells in CD8" T
cells were analyzed by flow cytometry and defined as the prolifera-
tion rate.

2.11 | RTCAKilling test

Lymphocytes were cultured in RPMI 1640 medium containing IL-2
(50 U/mL) and CAIX protein (10 pg/mL) for 7 days at 37°C in hu-
midified air with 5% CO,. The processed cells were washed and
resuspended as effector cells in medium. hCAIX-Renca were used
as target cells. The baseline was measured by adding the medium
(50 pL/well) to RTCA plate (ACEA Biosciences). The target cells (10%/
well) were inoculated into RTCA plate. After the cells adhere, effec-
tor cells were added by the effector-target cell ratio of 50:1 and in-
cubated for 96h. Finally, the cell index was analyzed by using RTCA

analysis software (ACEA Biosciences).

2.12 | ELISPOT assay

The assay was performed by using the murine IFN-y T cell enzyme-
linked immunospot (ELISPOT) monochromatic enzyme kit (eBio-
science). Briefly, ELISPOT 96-well plate was coated with the IFN-y
capture antibody provided in the kit overnight at 4°C. Discarded the
antibody solution and washed the coated plate. Then the plate was
blocked with RMPI1640 with 10% serum for 2 hours, and added the
isolated lymphocytes (1 x 10° cells) to each well with 200 pl medium
containing IL-2 (50 U/mL) and CAIX protein (10 ug/mL). After incu-
bation for 60 hours at 37°C, the plates were processed according to
the instructions of the kit, developed and read on the ImmunoSpot
Series 3 analyzer (Cellular Technology).

2.13 | CDS8T cell depletion in vivo

At day -2 after administration of vaccines in the therapeutic model,
mice were intraperitoneally injected the purified anti-mouse CD8a
mADb (clone 53-6.7, 0.5 mg/mouse) to deplete CD8 T cells. The an-
tibody injections were repeated on day 5 and day 12 after the first
vaccination. The efficacy of cell depletion was confirmed by flow

cytometric analysis of the spleens.

2.14 | Immunohistochemistry staining

The paraffin tissue sections were initially deparaffinized at 65°C for
1 hour, placed in xylene solutions | and Il for further permeabiliza-
tion for 5 minutes, and then dehydrated in 100%, 90%, 85%, 70%
and 50% ethanol solutions. After endogenous peroxidation block-
ing and antigen retrieval with lemon salt buffer, the tissue section
was blocked with 10% BSA, incubated with anti-mouse CD8 anti-
body (diluted 1:100; eBioscience) overnight at 4°C. The sections
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were wash with PBS and incubated with secondary antibody, and
then with streptavidin peroxidase (Zhongshan Biotechnology Co.,
Ltd., Beijing). The samples were developed by treatment with DAB
Detection Kit (Zhongshan Biotechnology) and with hematoxylin to
counter stain the nuclei. Inmunostaining evaluation was performed

as described before.?®

2.15 | Pathological analyses

The sample tissues were fixed with 4% paraformaldehyde, embed-
ded in paraffin, cut into 5 pm slices, H&E stained according to the
manufacturer's instructions, and blinded by different pathologists to
evaluate histopathological sections, and then the photos were taken
on a Nikon SCLIPSS TE2000-S microscope (Nikon) equipped with
ACT-1 software at x200 magnification.

2.16 | Statistical analyses

Statistical significance was evaluated with GraphPad Prism Software
and determined by a two-tailed unpaired Student's t test or ANNOVA
as mean and standard deviation (means +SD). The statistical p value
was set as *P <.05; **P <.01; ***P <.001 for different significance

levels.

3 | RESULT

3.1 | Characterization of CS-DNA nanoparticle
vaccine

The plasmid DNA was encapsulated with CS to prepare the CS-
DNA nanoparticles according to previously developed methods.?’
As measured by dynamic light scattering, the size intensity curves
of CS-DNA nanoparticles were evenly dispersed. Z-Average sizes
and surface zeta potential of the CS-DNA nanoparticles were about
223.5 nm (Figure 1A) and 12.2 mV (Figure 1B), respectively. These
results suggested that the particle size of CS-DNA was suitable for
immune induction, and the positive charge of CS-DNA was favorable
for the particle that bonded to the cells. In the gel blocking analysis,
compared with naked DNA plasmids, CS-DNA were blocked in the
gel electrophoresis wells at the mass ratio (CS/DNA) exceeded 2:1
(Figure 1C), indicated that DNA could effectively encapsulate with CS
strong electrical binding force. Moreover, the diameter of CS-DNA
detected by electron microscope was about 200 nm (Figure 1D). Our
previous study had also shown that CS nanoparticles could be used
as the effective delivery system for gene expression in vitro and in
vivo.?6 To confirm the expression of CS-DNA vaccines in vivo, CS-
pL-Myc or CS-pCAIX were injected intramuscularly and evaluated
their expression in mice. Western blot analysis indicated a higher
expression of L-Myc or CAIX at a predicted molecular weight in CS-

pL-Myc or CS-pCAIX-treated mice compared with control-treated
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mice (Figure 1E-H). Therefore, these results indicated that CS-DNA
nanoparticles could effectively promote the gene expression in vivo.

3.2 | CS-pL-Myc/pCAIX co-immunization inhibits
subcutaneous tumor growth accompanied with the
increased induction of DCs and CD8* T cells

To evaluate the therapeutic effect of CS-pL-Myc/pCAIX vaccine,
subcutaneous tumor models were established by inoculating with
hCAIX-Renca in 6-week old BALB/c mice. Seven days after tumor
inoculation, mice were intramuscularly immunized with mock,
CS-pL-Myc, CS-pCAIX or CS-pL-Myc/pCAIX vaccines, respec-
tively (Figure 2A). Compared with CS-pCAIX immunized mice, the
tumor growth was significantly inhibited in CS-pL-Myc/pCAIX
co-immunized mice (Figure 2B-C). The similar reduction of tumor
mass was also observed in CS-pL-Myc/pCAIX co-immunization
group (Figure 2D). Likewise, the survival rate of CS-pL-Myc/pCAIX
treated-mice was much higher than that of CS-pCAIX-treated mice
(Figure 2E). Therefore, these data indicated that CS-pL-Myc/pCAIX
co-immunization could effectively suppress primary tumor growth.

To reveal the underlying anti-tumor mechanism by CS-pL-Myc/
pCAIX vaccine, we firstly analyzed various immune cell components
in tumor model immunized with various vaccines. The increased per-
centages and total numbers of T cells, DCs, and macrophages, similar
NK cells, and reduced MDSCs were observed in TILs of tumor tis-
sues from CS-pL-Myc/pCAIX co-immunization group compared with
CS-pCAIX immunization group. There has no difference in CD4* T
cells, while the proportion and quantity of CD8* T cells was signifi-
cantly different (Figure 2F and G). Therefore, co-immunization with
L-Myc could increase the induction of DCs, T cells, especially CD8* T
cells induced by CAIX vaccine and exert an anti-tumor effect in mice.

3.3 | Co-immunization with L-Myc enhances the
induction and mature of CD8* DCs and CD103"*
DCs subsets

Migrating CD103* DCs present the tumor antigens to the resi-
dence CD8" DCs, indicating that cross-presentation of the antigen
by the MHC Il or MHC | antigen peptide form were performed
for triggering T cell activation.??*° During DC maturation and ac-
tivation, L-Myc is only selectively expressed in CD103"* or CD8"
DCs, and is also necessary for their stability and proliferative ac-
tivity.?? Therefore, we explored whether L-Myc as an adjuvant
could enhance the anti-tumor effect of the vaccine. The percent-
ages of DCs and DC subpopulation were detected by flow cytom-
etry in the splenocytes of mice immunized with various vaccines
(Figure 3A). The significantly enhanced percentages of CD11c"
DCs, CD103*CD11c" or CD8'CD11c* DCs subpopulation were
observed in CS-pL-Myc/pCAIX co-immunization group compared
with CS-pCAIX immunization group (Figure 3B-D). Accordingly, the

increased induction of DCs subpopulation was also significantly
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FIGURE 1 Characterization of CS-DNA nanoparticle vaccine. (A) Size intensity curves. (B) Surface zeta potential. (C) Gel blocking
analysis of CS-DNA. (D) The micrographs of CS-DNA nanoparticles were acquired by transmission electron. Scale bars, 200 nm. (E and F)
The expression of L-Myc or CAIX was detected by western blot in muscular tissues from mice immunized with CS-pL-Myc or CS-pCAIX. CS-
Vector was used as the corresponding control. (G and H) Quantification of L-Myc or CAIX expression by densitometry in (E) and (F). Data are
from one representative experiment of three performed and presented as the mean +SD. The different significance was set at ***P <.001
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higher in CS-pL-Myc immunization group than mock immuniza-
tion group (Figure 3B-D). Next, the proportion of CD80, CD86 or
MHCII expression on DC cells was significantly higher in the CS-
pL-Myc/pCAIX group than that in the CS-pCAIX group (Figure 3E-
H), suggested that CS-pL-Myc/pCAIX co-immunization could
induce the activation and mature of DCs in tumor-bearing mice.
Therefore, CS-pL-Myc/pCAIX could enhance the induction and
mature of CD103*CD11c* or CD8*CD11c*DCs, implied that the
vaccine promoted the uptake and processing of tumor antigens to

activate CD8 T cell responses.

3.4 | CS-pL-Myc/pCAIX co-immunization induces
antigen-specific multi-functional CD8" T cell
immune responses

To evaluate CS-pL-Myc/pCAIX mediated anti-tumor immunity, CD8
T cellimmune responses were assessed in various vaccine immuniza-
tion groups. CS-pL-Myc/pCAIX group showed a higher proliferation
of CD8 T cells than CS-pCAIX group (Figure 4A). CS-pL-Myc/pCAIX
co-immunized mice exhibited a stronger tumor killing ability than

those from CS-pCAIX immunized mice (Figure 4B). Furthermore,
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FIGURE 3 Co-immunization with L-Myc enhances the induction and mature of DC subsets. Mice immunized with vaccines were
sacrificed on the 42 days post tumor inoculation, the proportions of DCs subsets were analyzed by flow cytometry in spleen. (A) The
representative flow cytometry of CD11c*, CD103*CD11c" or CD8"CD11c* DCs subpopulation. (B-D) Statistical analysis of the percentages
of DCs subsets in (A). (E) The expression of CD80, CD86, or MHC-Il on CD11c" cells. (F-H) Statistical analysis of the frequencies of
CD11c*CD80", CD11c*CD86" or CD11c*MHC II* cells in (E). The data shown are the representative of three experiments. Data are means

+SD. The different significance was set at**P <.01, ***P <.001

the dramatically induction of IFN-y-producing T cells detected by
ELISPOT assay were found in CS-pL-Myc/pCAIX co-immunization
group (Figure 4C and D). By intracellular staining and flow cytom-
etry analysis, we also observed the increased percentages of se-
creting IFN-y, TNF-a or IL.-2 CD8'T cells in the CS-pL-Myc/pCAIX
vaccine group (Figure 4E and F). These results indicated that CS-pL-
Myc/pCAIX co-immunization could enhance the induction of tumor
antigen-specific CD8" T cell responses.

It is important that the multi-functional CD8 T cells play a
key role for the effect of protective immunity by secreting var-
jous cytokines.’! Therefore, the induction of antigen-specific
multi-functional CD8" T cells was detected in the spleen or
tumor of tumor-bearing mice treated with various vaccines. As
shown in Figure 5A-H, CS-pL-Myc/pCAIX treated mice showed
the raised frequency of CD8" T with two markers (TNF-o*IL-2",
TNF-a*IFN-y*, and IL-2°IFN-y™) cells and three markers (TNF-o*IL-
2*IFN-y*) compared with CS-pCAIX treated group. These data
suggested that L-Myc co-immunization with CAIX-based gene
vaccine significantly enhances the induction of antigen-specific
multi-functional CD8" T cells.

3.5 | The functional CD8" T cells are essential
for the anti-tumor effect of CS-pL-Myc/
pCAIX vaccine

To determine whether functional CD8" T cells were critical for the
anti-tumor activity induced by CS-pL-Myc/pCAIX vaccine, we per-
formed the depletion of CD8" T cells using specific mAbs in vivo.
After depleting CD8" T cells, the tumor growth of CS-pL-Myc/
pCAIX co-immunized mice was obviously uncontrolled (Figure 6A
and B). Similarly, the recovery tumor weight and reduced survival
rate were observed in CD8 mAb-treated mice immunized with
CS-pL-Myc/pCAIX vaccine (Figure 6C and D). Accordingly, admin-
istration of CD8 mAb resulted in the significantly reduced per-
centages of CD8" T cells in spleen or TILs from CS-pL-Myc/pCAIX
treated mice (Figure 6E). Meanwhile, the decreased percentages of
CD8*CD11c" DCs were also observed in CD8 mAb-treated mice
(Figure 6F). Likewise, the tumor-infiltrating CD8 T cells detected by
IHC staining were markedly higher in control-treated group than
those in CD8 mAb-treated group (Figure 6G and H). These results
suggested that CD8"CD11c" DCs-mediated multi-functional CD8
T cell responses are required for the anti-tumor effects by CS-pL-
Myc/pCAIX vaccine.

3.6 | CS-pL-Myc/pCAIX vaccine prevents tumor
lung metastasis of renal carcinoma

For evaluating the therapeutic effect of CS-pL-Myc/pCAIX vaccine
in lung metastasis, the tumor models were established (Figure 7A).
10 days before injecting hCAIX-Renca cells into the tail vein, mice
were intramuscularly immunized with variousvaccines, and then
repeated vaccination on days 0, 10. The visible metastases of lung
were counted after sacrificing mice and removed lungs at day 28
post tumor injection. Compared with CS-pCAIX treatment, CS-pL-
Myc/pCAIX treatment significantly reduced the number of lung
metastases (Figure 7B and C). H&E staining further confirmed the
protective effect of CS-pL-Myc/pCAIX combined immunity in lung
metastasis model (Figure 7D). Immunohistochemical staining and
flow cytometry showed that the total infiltrating CD8* T cells of
tumor were significantly higher in the CS-pL-Myc/pCAIX group than
that in CS-pCAIX group and others (Figure 7E and F). Moreover,
multi-functional CD8" T cell responses were analyzed in vitro.
Compared with the control group, CS-pL-Myc/pCAIX group showed
that the remarkably increased percentages of CD8" T cells express-
ing TNF-of, IL-2%, or IFN-y" in spleen (Figure 7G). A significant in-
crease of IFN-y-secreting T cells was also observed in CS-pL-Myc/
pCAIX group (Figure 7H). Moreover, CTL assay results showed that
the effector cells from CS-pL-Myc/pCAIX treated mice produced a
stronger killing ability against hCAIX-Renca cells (Figure 71 and J).
In short, these results indicated that L-Myc enhanced the ivaccine-
induced CD8 * T cell responses and prevented the tumor growth of

lung metastasis in renal carcinoma.

4 | DISCUSSION

Studies have shown that metastatic RCC is sensitive to immunother-
apy, which its therapeutic effect, cost, drug resistance, etc are fac-
ing challenges.®? In recent years, immune checkpoint inhibitors and
CAR-T studies have been very successful in blood tumors, but they
are limited for solid tumor treatment.>*3* DNA vaccine as part of
immunotherapy is designed to encode different antigens to manipu-
late the resulting immune responses, which is expected to become a
breakthrough in relapsed or refractory tumor treatment.%”

In this study, L-Myc as a vaccine adjuvant was investigated to
enhance the DNA vaccine induced anti-tumor immune responses.
We speculated that L-Myc was transduced into the body to re-
sult in the induction and mature of DCs and CD103" or CD8" DCs
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FIGURE 4 CS-pL-Myc/pCAIX co-immunization promotes the tumor-specific CD8 T cell responses. (A) The lymphocytes isolated from
spleen of immunized mice were stimulated with CAIX protein (10 ug/ml) in vitro; the percentages of EdU" cell was assessed in gated CD8
T cells by flow cytometry. (B) RTCA assay were used to measure the CTL activity. (C and D) IFN-y-secreting T lymphocytes were detected
by ELISPOT assay. (E and F) Flow cytometry were performed on splenocytes to assess the proportion of TNF-a*CD8", IL-2*CD8", and

IFN-y*CD8" T cells. The data shown are the representative of three experiments. Data are means +SD. The different significance was set

at™P <.01, ***P <.001

subsets. Accordingly, L-Myc enhanced the ability of DCs for pre-
senting antigens, and L-Myc-mediated DCs induced the stronger
induction of antigen-specific CD8" T cell immune responses. Our
results showed that L-Myc could promote the CD103* or CD8" DCs
mediated CAIX-specific CD8'T cells immune responses that made
for better suppression or even degeneration of tumors. Therefore,
L-Myc-mediated DCs was required for the start-up CD8" T cell im-
mune responses, and also supported the hypothesis that L-Myc can
be applied to the adjuvant.

DCisregarded as a natural anti-tumor immune mediator that dues
to its excellent antigen presentation and naive T cell priming ability.3¢
The two important DC subsets CD8a* DCs and CD103* DCs, are both
classified as cDCs that effectively present antigens in the process of
CTL initiation.3”38 L-Myc expression is necessary for the proliferation
activity and function maintenance of the above two DC subgroups.
Therefore, we designed the nanoparticle vaccine CS-pL-Myc/pCAIX
for the treatment of renal cancer. After subcutaneous immuniza-
tion, CS-pL-Myc/pCAIX vaccine was taken up and expressed in DCs,
thereby enhancing the induction and activation of CD8ua" DCs and
CD103" DCs in vivo. Compared with CS-pCAIX vaccine, CS-pL-Myc/
pCAIX vaccine showed the significantly increased proliferation activ-
ity and killing efficiency of antigen-specific CD8" T cells that secreted
various cytokines such as IL-2, TNF-a or IFN-y. Furthermore, the tumor
growth was significantly inhibited in CS-pL-Myc/pCAIX co-immunized
mice. Likewise, the survival rate of CS-pL-Myc/pCAIX treated-mice
was much higher than that of CS-pCAIX-treated mice. Therefore,
these data indicated that CS-pL-Myc/pCAIX co-immunization could
effectively suppress primary tumor growth.

Our study revealed that the CS-pL-Myc/pCAIX vaccine could en-
hanced the induction and mature of CD8a* DCs and CD103"* DCs,
and also promoted the proliferation of antigen-specific T cells and
the induction of multi-function CD8" T cells in splenocytes or TILs.
These results indicated that an effective CD8 T cell stimulation was
induced by the CS-pL-Myc/pCAIX vaccine. Furthermore, the thera-
peutic effect of CS-pL-Myc/pCAIX vaccine was evaluated through
the subcutaneous tumor model and lung metastasis model. L-Myc
as an adjuvant combined with CAIX vaccine promoted tumor regres-
sion and prolonged mouse lifespan. Of note, administration of CD8
mADb resulted in the deletion of CD8a* DCs or CD8 T cells in tumor-
bearing mice. The therapeutic effect of CS-pL-Myc/pCAIX vaccine
was also abrogated in CD8 mAb-treated mice, suggesting that this
vaccine function was dependent on CD8a" DCs-mediated CD8 T-
cell immunity. Therefore, the efficacy of CS-pL-Myc/pCAIX vaccine
might be required for CD103*DCs, which delivers antigens to the
lymphatic organs resident CD8«" DCs during the anti-tumor CTL re-

sponse.®’ The analysis of spleen and tumor infiltrating immune cells

in immunized mice showed that CD4" T cells were not significantly
different in each treatment group. But CD4" helper T cells (Th)
were more critical to specific CD8* CTL immune memory formation

and promote memory T cell entering the effective CTL anti-tumor

stage.“o'41

In summary, L-Myc as an adjuvant was successfully applied in
anti-tumor vaccine for renal cancer treatment. L-Myc-based vaccine
may be served as a therapeutic strategy for primary solid or metas-

tasis tumors.
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FIGURE 7 CS-pL-Myc/pCAIX co-immunization suppressed the lung metastasis in renal carcinoma model by enhancing multi-functional
CD8" T cell responses. (A) Schema of lung metastasis model establishment and experiment. (B) The present images of lung metastasis
tumors excised from mice. (C) The numbers of metastatic nodules. (D) Lung tissues performed by H&E staining. (E) CD8" T cells of lung
tissues were detected by immunochemistry staining (x200 magnification). (F) The frequencies of CD8" T cells were analyzed by flow
cytometry in the lung tumor tissues. (G) Intracellular staining of TNF-a, IFN-y, and IL-2 of multi-functional CD8"* T cells in stimulated
splenocytes. (H) CAIX-specific IFN-y-secreting T lymphocyte cells were quantified by ELISPOT assay. (I) The CTL was detected by RTCA
assay. (J) Cell index by RTCA assay were analyzed in (). The experiments were performed with five mice per group. Data are from one
representative experiment of three performed and presented as the mean +SD. The different significance was set at *P <.05, **P <.01,
**P <.001
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