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Dual-targeting vaccine of FGL1/CAIX exhibits
potent anti-tumor activity by activating
DC-mediated multi-functional CD8 T cell immunity
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Tumor DNA vaccine as an effective therapeutic approach can
induce systemic immunity against malignant tumors, but its
therapeutic effect is still not satisfactory in advanced renal can-
cer. Herein, a novel DNA vaccine containing dual antigens of
fibrinogen-like protein 1 (FGL1) and carbonic anhydrase IX
(CAIX) was developed and intramuscularly delivered by
PLGA/PEI nanoparticles for renal cancer therapy. Compared
with PLGA/PEI-pCAIX immunization, PLGA/PEI-pFGL1/
pCAIX co-immunization significantly inhibited the subcutane-
ous tumor growth and promoted the differentiation and
maturation of CD11c" DCs and CD11¢"'CD11b" DCs subset.
Likewise, the increased capabilities of CD8 T cell proliferation,
CTL responses, and multi-functional CD8" T cell immune re-
sponses were observed in PLGA/PEI-pFGL1/pCAIX vaccine
group. Interestingly, depletion of CD8" T cells by using CD8
mAb resulted in a loss of anti-tumor function of PLGA/PEI-
PFGL1/pCAIX vaccine, suggesting that the anti-tumor activity
of the vaccine was dependent on CD8" T cell immune re-
sponses. Furthermore, PLGA/PEI-pFGL1/pCAIX co-immuni-
zation also suppressed the lung metastasis of tumor mice by
enhancing the multi-functional CD8" T cell responses. There-
fore, these results indicate that PLGA/PEI-pFGL1/pCAIX vac-
cine could provide an effective protective effect for renal cancer
by enhanced DC-mediated multi-functional CD8" T cell
immune responses. This vaccine strategy offers a potential
approach for solid or metastatic tumor treatment.

INTRODUCTION

Renal cell cancer (RCC), referred to as renal cancer, is the most com-
mon malignant tumor in the urinary system, accounting for 60% to
80% of all primary kidney cancers." In 2018, kidney cancer caused
more than 175,000 deaths, and its incidence is increasing globally.”
Radical renal cancer resection is an effective method for the treatment
of early renal cancer. Unfortunately, 25% to 30% of renal cancer
patients have already developed distant metastases at the time of diag-
nosis.” The treatment of advanced renal cancer is mainly based on

anti-vascular factors, cytokines, monoclonal antibodies, and kinase
inhibitors,” but there are problems such as high cost, large side ef-
fects, and high drug resistance that lead to short disease control pro-
cesses.® Patients with advanced metastatic renal cancer show a high
rate of metastasis and recurrence with no effective therapeutic
approach.” Therefore, there is an urgent need to develop new drugs
and approaches for the treatment of advanced renal cancer.

Tumor immunotherapy has developed rapidly in recent years, but the
treatment of tumors is still one of the world’s problems.®’
important component of tumor immunotherapy, therapeutic tumor

As an

vaccines have attracted much attention and have been used as an
important breakthrough in the treatment of solid tumors.'” Among
them, gene vaccines play an important role in tumor vaccines, and
have become one of the hot spots researched in recent years.''
DNA-encoding cytokines, transcription factors, or antigens are fused
into a plasmid DNA of genetic engineering vaccine, which effectively
improves vaccine antigen immunogenicity and causes a strong im-
mune response.'>'* The key factors, including tumor antigen, vaccine
delivery system, and adjuvant, are important for DNA vaccine to
induce antigen-specific immunity for killing tumor antigen cells.

Carbonic anhydrase IX (CAIX), also known as G250, is one of the iso-
mers of the carbonic anhydrase family. CAIX is a transmembrane
glycoprotein composed of acidic amino acids, which catalyzes the con-
1> CAIX antigen is ex-
pressed in about 90% of RCCs, and is also upregulated in breast cancer,
oral squamous cell carcinoma, mesothelioma, head-and-neck cancer,

version of carbon dioxide into bicarbonate.
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etc.' 2 In normal kidney tissues or other normal tissues, CAIX

expression is almost not detected, but only a small amount of CAIX
expression is detected in gastric mucosa, gut epithelial tissue, and gall-
bladder epithelial cells.”"** Overexpressing CAIX promotes the malig-
nant behaviors of tumor by reducing the adhesion of cancer cells,
increasing the migration and invasion of cancer cells, thus it is called
renal cancer-associated antigen that is used as a target for renal cancer
treatment.”>”* Studies have reported that various vaccines based on
CAIX antigen can effectively stimulate antigen-specific immune re-
sponses and inhibit the growth of renal cancer.”*® The preliminary
results of our research group also confirm that CAIX vaccine with
the help of the adjuvant can induce antigen-specific multi-functional
CD8 T cell immune response and suppress the tumor growth of renal
cancer.”” These results indicate that the developed DNA vaccine based
on CAIX antigen is an effective way to treat renal cancer.

Fibrinogen-like protein 1 (FGL1), also called hepatocyte-derived
fibrinogen-like protein-1, is a member of the fibrinogen family.*®
Recently, overexpression of FGL1 has been reported in many solid tu-
mors, and its expression is associated with a shorter 5-year overall
survival rate.”” The expression of FGLI not only affects the regener-
ation of hepatocytes, but also regulates the growth and proliferation of
tumor cells.”””" The research shows that FGLI is the main inhibitory
ligand of lymphocyte activation gene 3 (LAG-3), which can inhibit
antigen-specific T cell responses through the interaction of FGL1/
LAG-3.”” Blockade of the inhibiting signal of FGL1/LAG-3 by
knockout of FGL1 or function-blocking monoclonal antibody
(mADb) can enhance T cell immunity in the tumor microenvironment
and inhibit tumor growth.”* Therefore, we infer that FGL1 as an adju-
vant or antigen of DNA vaccine can enhance the specific T cell im-
mune responses.

This study intends to construct a PLGA/PEI-pFGL1/pCAIX nano-
particle-based dual-targeting vaccine, and to verify its therapeutic
effect in renal cancer treatment through in vivo and in vitro experi-
ments. Furthermore, the mechanism of action of the PLGA/PEI-
pFGL1/pCAIX nano-vaccine was also explored in renal cancer
therapy. This study provides a new approach for the immunotherapy
of renal cancer and will also lay the experimental foundation for its
application in other malignant tumors.

RESULTS

The vaccine antigens of FGL1 or CAIX are efficiently expressed
in vitro and in vivo

In order to test whether the vaccine antigens could be effectively ex-
pressed by PLGA/PEI-pFGL1/pCAIX vaccine in vitro, PLGA/PEI-
pFGL1 or PLGA/PEI-pCAIX was transfected into HEK-293T cells,
and flow cytometry technique was used to detect their transfection ef-
ficiency. Compared with PLGA/PEI-Vector group, PLGA/PEI-
pFGL1 and PLGA/PEI-pCAIX group showed the significantly
increased expression, and the percentages of FGL1 and CAIX expres-
sion were 86.9% and 91.2%, respectively (Figures 1A and 1B), the dif-
ference is statistically significant (p < 0.0001) (Figures 1C and 1D). In
order to detect whether the PLGA/PEI-pFGL1 and PLGA/PEI-
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pCAIX nano-vaccine could effectively express the antigen protein
in vivo, we vaccinated the quadriceps femoris muscle of mice, and
then extracted the muscle cell protein for western blot analysis. The
results showed that FGL1 and CAIX proteins could both be effectively
expressed in vivo (Figures 1E and 1F), the difference is statistically sig-
nificant (p < 0.0001) (Figures 1G and 1H). In summary, these results
indicate that PLGA/PEI-pFGLI1 and PLGA/PEI-pCAIX nanoparticles
can efficiently express antigen proteins in vitro or in vivo.

PLGA/PEI-pFGL1/pCAIX nano-vaccine exhibits a potent anti-
tumor activity in mouse subcutaneous tumor model

Renca cells were infected with hCAIX-expressing lentivirus for the
establishment of hCAIX-Renca cell line. Compared with control cells,
hCAIX-Renca cells showed a significant increase of CAIX expression
detected by flow cytometry (Figures 2A and 2B). In order to evaluate
the therapeutic effect of the PLGA/PEI-pFGL1/pCAIX nano-vaccine,
the subcutaneous tumor models inoculated with hCAIX-Renca were
immunized with various vaccines. Tumor volumes were monitored
weekly, and tumor weights were detected on day 42 after tumor inoc-
ulation. Tumor growth was significantly inhibited in PLGA/PEI-
pFGL1/pCAIX vaccine-immunized mice compared with PLGA/
PEI-pCAIX vaccine-immunized mice (Figures 2C-2E). Similarly,
the reduced tumor weight and increased tumor inhibition rate were
observed in PLGA/PEI-pFGL1/pCAIX immunization group (Figures
2F and 2G). Furthermore, the toxic and side effects of the PLGA/PEI-
pFGL1/pCAIX nano-vaccine were also evaluated by monitoring the
serum levels of interleukin (IL)-6 in mice at day 2 and day 7 after vac-
cine inoculation. Compared with PLGA/PEI-Vector group, PLGA/
PEI-pFGL1/pCAIX group showed the increased levels of IL-6
measured by ELISA in serum on day 2 after vaccination. However,
the inflammatory cytokine IL-6 levels were back to basal concentra-
tions on day 7 (Figure 2H), suggesting that a transient inflammatory
reaction was induced by the vaccine. Next, H&E staining was per-
formed on the heart, kidney, and liver of each group of mice. The
results showed that there was no obvious immune response and in-
flammatory injury demonstrated by normal pathological tissue of
heart, kidney, and liver in PLGA/PEI-pFGL1/pCAIX-immunized
mice (Figure 2I) indicated its low toxicity. In summary, PLGA/PEI-
pFGL1/pCAIX co-immunization effectively prevents the progression
of renal cancer without obvious side effects.

PLGA/PEI-pFGL1/pCAIX nano-vaccine promotes the induction
and maturation of DCs in tumor-bearing mice

Dendritic cells (DCs) are the body’s most powerful full-time antigen-
presenting cells, which can efficiently ingest, process, and present anti-
gens.” Mature DCs can effectively activate the initial T cells, enabling
the body to start, regulate, and maintain the status of the immunity
response.”* In order to investigate the effect of the PLGA/PEI-
pFGL1/pCAIX nano-vaccine on the function of DCs in vivo, we
collected the spleen cells from each vaccine-immunized mouse and
performed relevant tests. The results of flow cytometry showed that
the percentages of CD11c* DCs or CD11b*CD11c* DCs were signifi-
cantly increased in the PLGA/PEI-pFGL1/pCAIX co-immunization
group compared with the PLGA/PEI-pCAIX single immunization
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Figure 1. The expression of PLGA/PEI-pFGL1 and
PLGA/PEI-pCAIX vaccine

293T cells were transfected with PLGA/PEI-pFGL1, PLGA/
PEI-pCAIX, or PLGA/PEI-Vector for 48 h, and then cells
were subjected to flow cytometry analysis using anti-FGL1,
anti-CAIX, and control antibody, respectively. (A and B) The
expression of FGL1 or CAIX in transfected 293T cells. One
representative flow cytometry result was shown for per
group. (C and D) Statistical analysis of the frequencies of
FGL1 or CAIX expressing cells in (A and B). PLGA/PEI-
pFGL1, PLGA/PEI-pCAIX, and PLGA/PEI-Vector nano-
particles were used to immunize BALB/c mice into
muscles. (E and F) After 3 days, muscle cell proteins were
extracted, and CAIX and FGL1 protein expression was
detected by western blot, PLGA/PEI-Vector group as the
control. (G and H) Quantification of FGL1 or CAIX expres-
sion by densitometry in (E and F). Data are from one
representative experiment of three performed and pre-
sented as the mean + SD. The different significance was set

>
>

at ***p < 0.0001.
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tumor cells were basically killed in about 96 h
(lower cell index), indicating that lymphocytes

from mice immunized with PLGA/PEI-pFGL1/
pCAIX vaccine showed a higher killing capacity
against hCAIX-Renca cells than those from
mice immunized with PLGA/PEI-pCAIX vaccine
(Figures 4C and 4D). In contrast to the PLGA/
PEI-pCAIX immunization group, PLGA/PEI-

,
PLGA/PEI-Vector PLGA/PEI-pFGL1 PLGA/PEI-Vector

group (Figures 3A-3D). Of note, the activation changes of DCs were
determined by flow cytometry; the results showed that the expression
of CD80, CD86, or MHCII on DCs in the PLGA/PEI-pFGL1/pCAIX
co-immunization group was higher than that in the PLGA/PEI-pCAIX
immunization group (Figures 3E-3H). These results indicate that the
PLGA/PEI-pFGL1/pCAIX nano-vaccine could promote the induction
of DCs in vivo and increase their maturation.

PLGA/PEI-pFGL1/pCAIX nano-vaccine enhances antigen-
specific CD8* T cell immune responses

Tumor vaccines can induce antigen-specific CD8 T cell responses to
kill tumor cells, thus exerting the anti-tumor effect.’® In order to eval-
uate whether PLGA/PEI-pFGL1/pCAIX nano-vaccine enhanced anti-
gen-specific CD8" T cell immune responses, the proliferation of CD8"*
T cells, killing effect of cytotoxic T lymphocytes (CTL) and induction
of functional interferon (IFN)-y*CD8" T cell were assessed in various

PLGA/PEI-pCAIX

pFGL1/pCAIX co-immunization group also
showed a remarkable increase of the level of
IFN-y-secreted by T lymphocytes (Figures 4E
and 4F). Moreover, the proportion of tumor necrosis factor (TNF)-
o"CD8", IL-2"CD8", and IFN-y*CD8" T cells in the PLGA/PEI-
pFGL1/pCAIX co-immunization group was significantly higher
than that in PLGA/PEI-pCAIX alone immunization group (Figures
4G and 4H), indicating that PLGA/PEI-pFGL1/pCAIX vaccine could
enhance the induction of functional CD8" T cells. These results sug-
gest that PLGA/PEI-pFGL1/pCAIX vaccine greatly enhances tumor
antigen-specific CD8" T cell immune responses.

Multi-functional CD8" T cells are required for the anti-tumor
effect of PLGA/PEI-pFGL1/pCAIX nano-vaccine

The protective immunity against tumor can be performed by multi-
functional CD8" T cells that secrete multiple cytokines (TNF-a, IL-
2, and IFN-vy), which are considered to be the key effector cells of
the immune system.”” Therefore, PLGA/PEI-pFGL1/pCAIX vac-
cine-induced specific multi-functional CD8" T cells were tested in
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Figure 2. Therapeutic effects of PLGA/PEI-pFGL1/pCAIX vaccine in subcutaneous hCAIX-Renca tumor model

(A and B) The percentage of CAIX expression was determined by flow cytometry in Renca cells infected with hCAIX-lentivirus. BALB/c mice were inoculated subcutaneously
at the right flank with 2 x 10° hCAIX-Renca cells. Seven days later, mice were intramuscularly inoculated with various vaccines. (C) Tumor progression was evaluated by
measurement of tumor volume once every 7 days from day O to day 42. (D) Forty-two days after tumor inoculation, tumor volumes were measured. (E) One representative
picture of resected tumors was shown per group. (F) Tumor weights. (G) Tumor inhibition rate. (H) The levels of IL-6 were detected by ELISA in the serum of the mice treated
with PLGA/PEI-Vector or PLGA/PEI-pFGL1/pCAIX. (l) Mice were sacrificed on day 42 after tumor inoculation, and the pathology was evaluated by H&E staining of heart,
kidney, or liver tissues. Each experiment was performed independently at least three times and the results of one representative experiment are shown. Data are means + SD,
**p < 0.01 and ***p < 0.001; ns, no significant difference.
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spleen and tumor-infiltrating leukocytes (TIL) of mice. Flow
cytometry results showed that the percentages and number of
TNE-a*IL-2*CD8", TNF-o.'IFN-y*CD8", IL-2'IFN-y*CD8", and
TNF-o'IL-2"IFN-y"CD8" T cells were significantly increased in
spleen (Figures 5A and 5B) and TIL (Figures 5C and 5D) of
PLGA/PEI-pFGL1/pCAIX group compared with PLGA/PEI-pCAIX
group. These data implied that PLGA/PEI-pFGL1/pCAIX vaccine
effectively enhanced the induction of antigen-specific multi-func-
tional CD8" T cells. To determine whether multi-functional CD8"
T cells were critical for the anti-tumor activity induced by the vac-
cine, we used the CD8 mAb to eliminate CD8" T cells in tumor-
bearing mice immunized with PLGA/PEI-pFGL1/pCAIX vaccine.
Administration of CD8 mAD resulted in the significantly reduced
percentages of CD8" T cells in spleen or TIL from PLGA/PEI-
pFGL1/pCAIX-treated mice, indicating that the CD8" T cells could
be effectively deleted in vivo (Figure 5E). Accordingly, the tumor
growth of PLGA/PEI-pFGL1/pCAIX co-immunized mice was un-
controlled after depleting CD8" T cells (Figures 5F and 5G). Like-
wise, the reduced tumor inhibition rate was observed in CDS8
mAb-treated mice immunized with PLGA/PEI-pFGL1/pCAIX vac-
cine (Figure 5H). These results suggest that multi-functional CD8
T cell responses play a key role for the anti-tumor effect of
PLGA/PEI-pFGL1/pCAIX vaccine.

PLGA/PEI-pFGL1/pCAIX vaccine exerts a potent therapeutic
effect in the mouse lung metastasis model

To evaluate the therapeutic effect of PLGA/PEI-pFGL1/pCAIX vac-
cine for metastatic tumor, a mouse model of lung metastasis was es-
tablished. The vaccine-treated mice were sacrificed on day 28 post
tumor inoculation, and the lungs were surgically removed and the
visible metastases were counted. As shown in Figures 6A and 6B,
a significantly reduced number of lung metastases was observed
in PLGA/PEI-pFGL1/pCAIX vaccine-treated mice compared with
PLGA/PEI-pCAIX vaccine-treated mice. The protective effect of
PLGA/PEI-pFGL1/pCAIX vaccine was further confirmed by H&E
staining results of lung tissues (Figures 6C and 6D). Moreover,
the infiltration of CD8" T cells was detected by immunohistochem-
istry (IHC) experiments in the lung tissues from mice immunized
with various vaccines. The number of brownish yellow particles
(CD8" T cells) was significantly increased in the lung tissue sections
of mice immunized with PLGA/PEI-pFGL1/pCAIX vaccine in
contrast to PLGA/PEI-pCAIX vaccine (Figure 6E). Likewise, we
also measured the infiltration of CD8" T cells by flow cytometry
in lung tissues and found that the percentage of CD8" T cells was
significantly higher in PLGA/PEI-pFGL1/pCAIX co-immunization
group (Figure 6F). These results indicate that PLGA/PEI-pFGL1/
pCAIX vaccine could effectively inhibit the tumor lung metastasis
of renal cancer.

Molecular Therapy: Oncolytics

Furthermore, multi-functional CD8" T cell responses were analyzed
in vitro. The cell proliferation assay showed that a remarkably
increased percentage of CD8" T cells was observed in antigen-
treated lymphocytes from PLGA/PEI-pFGL1/pCAIX-immunized
mice as compared with control mice (Figure 6G). The PLGA/PEI-
pFGL1/pCAIX group also promoted the number of IFN-y-secreting
T cells demonstrated by ELISPOT assay (Figure 6H). Accordingly,
the percentages of the multi-functional CD8 T cells were evaluated
by flow cytometry, and the strongest increase was seen in the
PLGA/PEI-pFGL1/pCAIX co-immunization group compared with
the other immunization group (Figure 6I). Moreover, the effector
cells from PLGA/PEI-pFGL1/pCAIX co-immunized mice also
showed a stronger CTL effect against hCAIX-Renca cells (Figure 6]).
Together, these results indicate that FGL1 combined with CAIX-
based vaccine synergistically enhances the induction of multi-func-
tional CD8" T cell responses and prevents the tumor growth of lung
metastasis in renal cancer.

DISCUSSION

Tumor DNA vaccines can provide a potential option for cancer
immunotherapy by inducing antigen-specific T cell immune re-
sponses.’® CAIX as a tumor-specific antigen is an ideal target for
the immunotherapy of renal caner, but the immunogenicity of
alone CAIX is too weak to activate the lasting and effective immune
responses.37 Therefore, co-immunization with adjuvant or other
tumor antigen is need for effectively improving DNA vaccine
immunogenicity and causing a strong immune response. FGL1 is
considered as an immune inhibitory ligand of LAG-3 or a tumor
antigen, thus targeting FGLI in the tumor microenvironment can
enhance T cell immunity and inhibit tumor growth.32 Therefore,
the designed dual FGL1/CAIX vaccine might induce humoral im-
munity to block the interaction between FGL1-LAG-3 and enhance
tumor antigen-specific T cell responses. Our results demonstrated
that FGL1 combined with CAIX vaccine could effectively inhibit
the tumor growth in the mouse subcutaneous tumor model and
lung metastasis model.

The delivery system is another key factor that affects the efficacy of
tumor DNA vaccines.”® In recent years, biodegradable PLGA has
become one of the most representative nanostructure materials and
is approved for use in biomedical systems.”” PEI is a cationic material
with a high stability, is easy to handle and bind to DNA, and is a
commonly used material for gene delivery."”*' PLGA conjugated to
PEI for gene delivery can avoid PEI-induced cytotoxicity by excessive
positive charge and the aggregation on the cell surface.*” PLGA/PEI-
based polyplexes have been shown to be an effective transfection
agent for DNA vaccine delivery.”’ Our results also showed that
PLGA/PEI-pFGL1/CAIX nano-vaccine could be efficiently expressed

Figure 3. The induction and maturation of DCs by PLGA/PEI-pFGL1/pCAIX nano-vaccine in mice

(A) Mice immunized with vaccines were sacrificed at 42 days post tumor inoculation, and the proportions of CD11¢* or CD11c*CD11b* cells were analyzed by flow cytometry
in spleen. One representative flow cytometry result was shown for per group. (B-D) Statistical analysis of the frequencies of CD11c*, CD11¢*CD11b*, or CD11c¢*CD11b
cells in (A). (E) The expression of CD86, CD80, or MHCIl on CD11c”* cells. (F-H) Statistical analysis of the frequencies of CD11¢*CD86*, CD11c*CD80", or CD11c*MHCII*
cells in (E). The data shown are representative of three experiments. Data are means + SD. The different significance was set at *p < 0.05, **p < 0.01, **p < 0.001.
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in vitro or in vivo. Therefore, PLGA/PEI-based delivery system can
promote DNA vaccine expression and therapeutic effect.

The induction or recruitment of mature CD11c¢" DCs is essential for
antigen presentation and induction of tumor-specific CD8" T cells to
exert durable protective immunity.** In tumor models treated with
chemotherapy, mature CD11b"CD11c" DC subset is an important
class of antigen-presenting cells for optimal immune system-medi-
ated anti-tumor responses.’> Moreover, the CD11b*CD11c" myeloid
cells can enhance the induction of inducible nitric oxide synthase
(iNOS) in tumor cells and promote tumor cell apoptosis.*® Therefore,
the induction of CD11b"CD11c" DCs is beneficial to improve the
therapeutic efficacy of DNA vaccines. In this study, PLGA/PEI-
pFGL1/pCAIX co-immunization significantly increased the propor-
tion of CD11c" DCs and CD11b*CD11c¢" DC subsets, and at the
same time increased the expression of CD80, CD86, or MHCII. These
results indicated that the PLGA/PEI-pFGL1/pCAIX vaccine could
induce the increase of DCs in vivo and promote their maturation.

The functional CD8" T cells are the main anti-cancer effector cells in
the cancer microenvironment.”” However, the intratumoral CD8"
T cells are usually in a state of dysfunction, which suppresses cell pro-
liferation and activation and impairs anti-cancer effects. PLGA/PEI-
pFGL1/pCAIX vaccine co-immunization significantly promoted the
CD8" T cell proliferation, CTL responses, and multi-functional
CD8" T cell immune responses, indicating that this vaccine could
effectively improve the function of intratumoral CD8" cells and
activate the body’s immune system. In order to further verify the
important role of CD8" T cells induced by PLGA/PEI-pFGL1/pCAIX
vaccine for renal cancer treatment, we used mAbs to delete CD8"
T cells, and the results showed that PLGA/PEI-pFGL1/pCAIX treat-
ment with CD8" T cell deletions has no obvious therapeutic effect.
These results indicated that the therapeutic function of the PLGA/
PEI-pFGL1/pCAIX vaccine mainly depends on the CD8" T cell-
mediated immune responses.

In summary, we designed a DNA vaccine containing dual targets of
FGLI and CAIX, and the vaccine was delivered by PLGA/PEI nano-
particle delivery system. Our results showed that FGL1 can be used
as an immune adjuvant or antigen to enhance the immunogenicity
of CAIX antigen, thereby inducing the maturation of DCs in the
body and further promoting the multi-functional CD8" T cell-
mediated immune responses. Accordingly, PLGA/PEI-pFGL1/
pCAIX vaccine effectively suppressed the tumor development in
subcutaneous and lung metastatic models of renal cancer. This vac-
cine strategy might provide a new way for the immunotherapy of
kidney cancer and lay the experimental foundation for other solid
tumors.

Molecular Therapy: Oncolytics

MATERIALS AND METHODS

Construction of eukaryotic expression plasmids of pCAIX or
pFGL1

The full-length mouse FGL1 (mFGL1) cDNA sequence was amplified
by PCR using the template pPECMV-FGL1-m-FLAG vector (Miaoling
Bio, Wuhan, China). The amplified DNA fragments were separated
by standard gel electrophoresis and then purified by using AxyPrep
DNA Gel Extraction Kit (Axygen) according to the manufacturer’s
instructions. The gel extraction PCR fragment then was subcloned
into the Hind III and Xba I sites of pcDNA3.1 vector to obtain the
plasmid FGL1 (pFGL1). The pFGL1 was sequenced to confirm that
it was successfully constructed. The human CAIX (hCAIX) plasmid
pcDNA3.1-CAIX (pCAIX) has been constructed previously.””
pFGLI1 or pCAIX were transformed into DH5a bacteria competent
cells, propagated in LB broth supplemented with 100 pg/mL ampi-
cillin, and purified from the bacteria grown overnight by using Endo-
Free Plasmid Mega kit (Qiagen) according to the manufacturer’s
instruction.

Preparation of vaccines

Poly(lactic-co-glycolic acid) (PLGA) nanoparticles are prepared by a
modified water-in-oil-in-water emulsion-solvent evaporation (W/O/
W) double emulsion-solvent evaporation method.*® Briefly, 100 mg
PLGA (MedChem Express) was added to 1 mL dichloromethane by
sonication for 30 s. Next, 3 mL of polyvinyl alcohol (PVA) solution
(7%, w/v) was added to the W/O single emulsion before being tip-
sonicated for 10 min. Then the above solution was dripped into
50 mL of PVA solution (1%, w/v) containing 2% isopropanol and
then maintained under mechanical stirring for 1 h at 600 rpm. After
centrifugation at 8,000 x g for 40 min, purified PLGA nanoparticles
were obtained. The above particles were washed twice, paying atten-
tion to avoid agglomeration of particles.

Next, PEI (branched, 25 kDa; Sigma) solution (2 mg/mL) was mixed
with PLGA solution (1.5 mg/mL) and then soft vortexing for 15 s. The
aforesaid mixture was kept at room temperature (RT) for at least 1 h.
After preparation of the PLGA/PEI complex, plasmid DNA solution
(1 mg/mL) was mixed with polycation nanoparticles and then soft
vortexed for 1 min. The prepared PLGA/PEI/pDNA polyplexes
were characterized by their size and zeta-potential with the Zeta sizer
Nano ZS (Malvern, Southborough, MA). The nanoparticle vaccines
were stabilized for 30 min at RT prior to immunization.

Cell lines and cell culture

The human HEK293T cell line and murine renal cancer Renca cell line
used in the experiment were obtained from the American Type Culture
Collection and Cobioer Biosciences (Nanjing, China), respectively, and
passed the certificate of analysis. In a 5% CO, atmosphere at 37°C,

Figure 4. CD8 T cell responses induced by PLGA/PEI-pFGL1/pCAIX co-immunization

(A and B) The lymphocytes isolated from spleen of immunized mice were stimulated with CAIX protein (10 pg/mL) in vitro; the percentages of EJU™ cells were assessed in
gated CD8T cells by flow cytometry. (C and D) RTCA assay was used to measure the CTL activity. (E and F) IFN-y-secreting T lymphocytes were detected by ELISPOT assay.
(G and H) Flow cytometry was performed to assess the proportion of TNF-o."CD8*, IL-27CD8", and IFN-y*CD8™ T cells in the stimulated splenocytes. Experiments were
individually conducted thrice; one representative experiment is shown as results for each group of mice. Data are means + SD. **p < 0.01, ***p < 0.001.
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Figure 5. The anti-tumor effect induced by PLGA/PEI-pFGL1/pCAIX vaccine was dependent on multi-functional CD8* T cell responses

Forty-two days after tumor inoculation, splenocytes from vaccine-immunized mice were stimulated with 10 pg/mL CAIX protein at 37°C and 5% CO, for 3 days, then 500 ng/
mL lonomycin, 50 ng/mL PMA, and 5 ng/mL Brefeldin A were added to incubate for 5 h in vitro. (A and B) The proportions and number of tumor-specific CD8* T cells
expressing two or three markers of TNF-a, IL-2, and IFN-y were detected by flow cytometry in the stimulated splenocytes. (C and D) The proportions and number of tumor-
specific TNF-a*IL-2*CD8", TNF-a." IFN-y*CD8*, or TNF-o*IL-2¥IFN-y*CD8™ T cells in the TIL of tumors. In the depleted group of mice, 0.5 mg of anti-mouse CD8 mAb was
injected intraperitoneally at days —2, 5, and 12 after vaccination. (E) The proportions of CD8" T cells in spleen or TIL from PLGA/PEI-pFGL 1/pCAIX vaccine-immunized tumor-
bearing mice treated with or without CD8 mAb. (F) Tumor volumes on day 42 post tumor inoculation. (G) Tumor weights. (H) Tumor inhibition rate. Experiments were
individually conducted thrice; one representative experiment is shown as results for each group of mice. Data are means + SD. *p < 0.05, **p < 0.01, **p < 0.001, **p <
0.0001.
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HEK293T cells were cultured in DMEM medium (Gibco, Invitrogen)
containing 10% fetal bovine serum (FBS) (ExCell Bio), 100 U/mL peni-
cillin (Sangon Biotech), and 100 pg/mL streptomycin (Sangon
Biotech). Renca cells were supplemented with 10% FBS, 100 U/mL
penicillin, 100 pg/mL streptomycin, 2 mM L-glutamine (Sigma), 1 x
MEM non-essential amino acid solution (Sigma), and 1 mM sodium
pyruvate solution (Sigma) in RPMI 1640 medium (Gibco, Invitrogen).
All cells cultured in medium were passaged for less than 6 weeks before
renewing from a frozen, early passaged population. The stable overex-
pressing hCAIX-Renca cells were established by Renca cells infected
with CAIX lentivirus produced by HEK293T cells.

Western blot

The equal amounts of proteins solubilized in the SDS sample buffer
were separated by 10% SDS-PAGE, transferred to polyvinylidene di-
fluoride (PVDF) membranes, and incubated with appropriate dilu-
tions of primary antibodies against mFGL1 (ProteinTech, Wuhan,
China), hCAIX (Abcam), and GAPDH (Cell Signaling Technology)
overnight at 4°C. After washing with Tris-buffered saline containing
0.1% tween 20 (TBST), the membranes were incubated with horse-
radish peroxidase (HRP)-linked secondary antibody (Southern
Biotech, Birmingham, AL) for 2 h at RT and rinsed with TBST.
Then, the immunoreactive bands were detected by chemilumines-
cence using the ECL (Thermo Fisher Scientific).

Animal model and vaccine immunization

Female BALB/c mice (6 weeks old) were purchased from Vital River
Laboratory (Beijing, China) and fed under specific-pathogen-free
conditions. All animal procedures and protocols were approved by
the Experimental Animal Ethics Committee of Xuzhou Medical Uni-
versity, and implemented in accordance with the Xuzhou Medical
University Laboratory Animal Care and Use Guide.

For the subcutaneous tumor model, mice were subcutaneously inoc-
ulated with hCAIX-Renca cells (2 x 10° cells/mouse). Tumor-bearing
mice were immunized with PLGA/PEI-vector, PLGA/PEI-pFGLI,
PLGA/PEI-pCAIX, and PLGA/PEI-pFGL1/pCAIX at a dose of
50 pg each plasmid. The vaccines were used for re-vaccinated mice
on the 10th and 20th days after the initial vaccination. Tumor volume
was evaluated once a week based on the formula V (mm?) = (length x
width?)/2. The tumor tissues were taken out and weighed after the
mice were killed. The tumor inhibition rates were calculated using
the following equation: Tumor inhibition rate (%) = (1—W gmple/
Weontro) X 100%. Weonerol and Wiample represented the weight of tu-

mors in the control and sample groups at the end of the experiment,
respectively. The major organs were removed for histological exami-
nation by H&E staining.

For the lung metastasis tumor models, 10 days after intramuscular in-
jection of each vaccine, mice were injected intravenously with 5 x 10°
hCAIX-Renca cells/mouse into the lungs, and then the vaccines were
re-inoculated to boost immune responses on the 10th and 20th day
post tumor cell inoculation. At day 28 after tumor inoculation,
mice were sacrificed, and the lungs were removed and the metastatic
nodules counted.

Separation of splenocytes and TIL

Splenocytes were prepared by gently homogenizing the tissues to
release the cells. Debris was removed by filtering through a 70-mm
nylon mesh, and then red blood cells were lysed with ACK lysis buffer.
Tumor tissues were dissected into smaller pieces and digested before
being homogenized through 70-mm mesh cell strainers to generate
single-cell suspensions. TIL was prepared by processing the tissues
into single-cell suspensions, and leukocytes were separated on a
33% Percoll (VicMed) gradient. Red blood cells were lysed.

Flow cytometry analysis

For cell surface staining, cells were incubated with anti-mouse FITC-
CD11b (Biolegend), APC-CD11c (Biolegend), PE-CD80 (Biolegend),
PE-CD86 (Biolegend), and PE-MHCII (Biolegend) after FcR block-
ing. Isotype-matched mouse immunoglobulin served as control. For
intracellular cytokine staining, splenocytes were plated into a
12-well culture plate at a density of 4 x 10°/mL and stimulated
with 10 pg/mL CAIX protein at 37°C and 5% CO, for 72 h. These cells
were also stimulated with 500 ng/mL Ionomycin (Sigma-Aldrich) and
50 ng/mL PMA (Sigma-Aldrich) plus 5 ng/mL Brefeldin A (BFA,
eBioscience) for the last 5 h. Cell surface staining was performed on
the stimulated splenocytes or isolated TILs with anti-mouse PerCP-
Cy5.5-CD8a. (BD Pharmingen), and then intracellular staining was
performed with anti-mouse APC-IFN-y (BD Pharmingen), PE-IL-2
(BD Pharmingen), and FITC-TNF-o. (BD Pharmingen). FlowJo
software (Tree Star Inc) analyzed the sample data acquired from
BD FACSCanto II (BD Biosciences) in FACSDiva software (BD
Biosciences).

Proliferation assay of CD8 T cells
Splenocytes were added into 48-well flat-bottomed tissue culture
plates at 1 x 10° cells/well containing IL-2 (50 U/mL) and CAIX

Figure 6. PLGA/PEI-pFGL1/pCAIX vaccine-induced multi-functional CD8* T cell responses and suppressed the lung metastasis of renal cancer model

(A) The present images of lung metastasis tumors excised from mice. (B) The numbers of metastatic nodules were quantified in the lung tissue sections of the tumor-bearing
mice. (C) Lung tissues performed by H&E staining. (D) The count of lung metastasis in (C). (E) CD8" T cells of lung tissues from metastatic tumor mice were detected by
immunochemistry staining on day 28 (x 200 magnification). (F) At day 28 post tumor inoculation, mice were killed and the frequencies of CD8" T cells were analyzed by flow
cytometry in the lungs in various vaccine groups. (G) CD8 T cell proliferation was detected by flow cytometry according to EdU assay. (H) CAIX-specific IFN-y-secreting T
lymphocyte cells were quantified by ELISPOT assay. (I) Intracellular staining of TNF-a., IFN-v, and IL-2 of multi-functional CD8* T cells in stimulated splenocytes. (J) The CTL
effect of splenocytes from tumor mice immunized with various vaccines against hCAIX-Renca cells were detected by RTCA assay; cell indexes were analyzed. The ex-
periments 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 < 0.01, **p < 0.001.
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antigen protein (10 pg/mL). The plates were cultured at 37°C in a hu-
midified incubator with 5% CO, for 5 days and the medium was
changed at 3 days. Cell proliferation assay was performed using the
BeyoClick EdU Cell Proliferation Kit with Alexa Fluor 647 (Beyo-
time). Briefly, the cells were incubated with 10 pM EdU for 2 h at
37°C. Then, cells were collected and surface staining was performed
with PerCP-Cy5.5-CD8a. for 30 min. After fixation, permeabilization,
and rinse, the cells were exposed to 100 pL of click reaction cocktail
for 30 min. 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 proliferation rate.

RTCA Kkilling test

Splenocytes were cultured in RPMI 1640 medium containing 50 U/
mL IL-2 and 10 pg/mL CAIX protein for 7 d at 37°C in humidified
air with 5% CO,. The processed cells were washed and resuspended
as effector cells in RPMI 1640. hCAIX-Renca were used as target cells.
Complete medium was added to RTCA plate (ACEA Biosciences.
Inc) at 50 pL/well and then the baseline was measures. Target cells
were resuspended in complete medium at 10* cells/well. After the cells
adhered, effector cells were added by the effector-target cell ratio of
50:1 and incubated for 96 h. Finally, RTCA analysis software
(ACEA Biosciences. Inc) was used to analyze the data.

ELISPOT assay

The splenocytes from immunized mice were isolated and plated (1 x
10° cells/well) in an enzyme-linked immunosorbent spot (ELISPOT)
96-well plate (Millipore) coated with the IFN-y capture antibody
(eBioscience), and then stimulated with CAIX protein (10 pg/mL)
for 60 h at 37°C with 5% CO,. After sequential incubation with bio-
tinylated detection antibody, streptavidin-HRP, and AP-colorimetric
substrate (eBioscience), color was developed and spot-forming cells
were counted using an ELISPOT reader system (AID).

Depletion of CD8 T cells

To deplete CD8 T cells in vivo, mice received intraperitoneal injec-
tions of 0.5 mg purified anti-mouse CD8 mAb (clone 53-6.7)
2 days before administration of vaccines in the therapeutic model,
and then the antibody 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.

IHC staining

The paraffin tissue sections were initially deparaffinized at 65°C for 1
h, placed in xylene solutions I and II for further permeabilization for
5 min, and then dehydrated in gradient dilution of alcohol solution.
Subsequently, epitopes of rehydrated sections were retrieved by a
heat-induced protocol. The sections were blocked with 10% BSA
and incubated with anti-mouse CD8 antibody (eBioscience) at 4°C
overnight. After washing with PBS, the sections were stained with
an THC kit (Zhongshan Biotechnology Co., Ltd., Beijing) according
to the manufacturer’s instructions. Pictures of stained sections were
taken on a Nikon SCLIPSS TE2000-S microscope (Nikon) equipped
with ACT-1 software at X200 magnification.
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Pathological analyses

Lung tissues from mice were removed, fixed with 4% paraformalde-
hyde, embedded in paraffin, cut into 5 pm slices, H&E stained accord-
ing to the manufacturer’s instructions, and blinded by different
pathologists to evaluate histopathological sections. Then photos
were taken on a Nikon SCLIPSS TE2000-S microscope (Nikon)
equipped with ACT-1 software at x200 magnification.

Statistical analyses

Statistical significance was evaluated with GraphPad Prism Software
(Version 6.01). Comparison of two groups was analyzed using two-
tailed Student t test and multiple comparisons were performed using
one-way ANOVA. Data were presented as means + SD. The statistical
p value was set as *p < 0.05; **p < 0.01; and ***p < 0.001 for different
significance levels.
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