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Incorporation of CD40 ligand enhances the immunogenicity
of tumor-associated calcium signal transducer 2
virus-like particles against lung cancer
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Abstract. The cell surface glycoprotein Trop-2 is overex-
pressed in various types of cancer, including in lung cancer,
and has recently been used as an effective immunotherapeutic
target. CD40 ligand (CD40L), a tumor necrosis factor super-
family member, is a promising immune adjuvant. Human
immunodeficiency virus (HIV) gag-based virus-like particles
(VLPs) are highly immunogenic, and foreign antigens can be
incorporated onto their membrane envelope for cancer vaccine
development. In the present study, a HIV gag-based VLP
strategy and Bac-to-Bac system were utilized to construct
Trop-2, CD40L and gag recombinant baculoviruses, which
were then used to infect TN5 cells in order to form Trop-2
VLPs or Trop-2-CD40L VLPs. These VLPs were character-
ized using transmission electron microscopy and western blot
analysis methods. VLPs incorporating murine Trop-2 only
or incorporating Trop-2 and CD40L were used to immunize
C57BL/6 mice. Immunized mice demonstrated high humoral
and cellular immunity responses, whereas the Trop-2-CD40L
VLPs led to higher immune responses in comparison with
Trop-2 only VLPs. Immunization with Trop-2-CD40L VLPs
also reduced tumor growth more effectively compared with
Trop-2 VLPs. Furthermore, Trop-2-CD40L VLP immuniza-
tion increased the survival rate of Lewis tumor-bearing mice
more significantly when compared with Trop-2 only VLPs. In
conclusion, the present study provided a novel vaccine design
by combination of a tumor antigen and an immune adjuvant
based on a VLP strategy, which may be potentially applied as
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an alternative immunotherapeutic option in the treatment of
lung cancer.

Introduction

The tumor-associated calcium signal transducer 2 (Trop-2)
is a type-1 transmembrane protein. Although Trop-2 is
overexpressed in a large variety of human epithelial carci-
nomas (1-5), its expression is minimal or restricted in normal
tissues. Notably, elevated expression of Trop-2 is associated
with more aggressive disease and poor prognosis in several
cancer types (6-8). The study by Jiang et al (9) revealed that, in
patients with advanced non-small cell lung cancer (NSCLC),
Trop-2 expression was higher in tumor tissues in comparison
with that in the tumor-adjacent normal tissues. In addition, the
study identified that Trop-2 expression was correlated with
the clinicopathological features (9). These previous studies
investigating Trop-2 indicated that it is a novel tumor antigen
and may potentially be used as a lung cancer immunotherapy
target.

Virus-like particles (VLPs) contain the structure of native
virions, however, they are non-infectious due to lack of the
virus genome (10-12). Recently, recombinant VLP-based
vaccine strategies have been frequently used for novel vaccine
development. Various types of VLPs have been designed and
produced by utilizing the self-assemble ability of virus capsid
and envelope proteins (13-20). Commercialized VLP-based
vaccines have been successfully used in the prevention against
hepatitis B virus and human papillomavirus (21). The structural
polyprotein Pr55gag of the human immunodeficiency virus
type I (HIV-1) gag gene directs the viral assemble process, and
the unprocessed gag precursor itself is sufficient for the release
of non-infectious VLPs. In addition to their self-assembly
abilities, Pr55gag-based VLPs are able to deliver foreign poly-
peptides, and thus can be used both as a direct immunogen and
as a carrier for foreign antigens. Two principal strategies have
previously been established (22), involving the type I VLPs
that are constructed by integrating or fusing small epitopes
with the C-terminus of gag polyprotein, as well as the type II
VLPs that are constructed by incorporating foreign proteins at
the outer particle surface.
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Although the use of VLPs is a promising strategy for
vaccine development, identifying approaches to enhance the
immunogenicity of VLPs is highly desirable. In the field of
tumor immunotherapy, the application of adjuvants is widely
recognized. A number of tumor necrosis factor superfamily
ligands (TNFSFLs) have been demonstrated to participate in
the activation processes of dendritic cells and T cells, and such
molecules include the CD40 ligand (CD40L), CD70, OX40L,
GITRL, RANKL, LIGHT, 4-1BBL and BAFF (23,24). In
addition, TNFSFLs as immune adjuvants have previously been
reported (25). As a member of the TNFSFL family, CD40L
is mainly expressed on the surface of activated CD4* T cells,
and is able to enhance the humoral and cellular immune
responses (26,27). Furthermore, the CD40L/CD40 interaction
serves a significant role in B-cell activation, proliferation,
differentiation and antibody production (28), whereas binding
of CD40L to CD40 induces the expression of costimulatory
molecules that reside on antigen-presenting cells. Once these
cells are activated, the CD4" T cell responses are augmented
by increased cytokine production, while the CD4*-dependent
CDS8* T cells are also activated (29). In the field of DNA vaccine
design, fusion of the immune stimulatory molecule CD40L
genetically was confirmed to be an effective way to obtain a
robust T cell response (30). In the field of VLP development,
Skountzou et al (31) also demonstrated that incorporation of
CDA40L into VLPs resulted in enhanced immunogenicity of
viral antigens by stimulating T cell responses.

In the present study, the construction and characterization
of type II gag VLPs was reported. These VLPs were produced
in insect cells and constructed from full-length gag molecules
incorporating Trop-2 alone or a combination of Trop-2 and
CD40L adjuvant on the surface of VLPs. First, whether
immunization with either of these VLPs was able to generate
specific humoral and cellular immune responses against Trop-2
was examined, and whether CD40L-incorporated VLPs
generated a higher immune response compared with Trop-2
only VLPs was also examined. Prevention and therapeutic
experiments were performed to examine whether VLP
immunization may result in reduced tumor growth and
increased survival rate of Lewis™P? tumor-bearing mice,
and whether CD40L-incorporated VLPs exhibited a more
efficient tumor inhibition effect when compared with Trop-2
only VLPs. Given the high resistance of lung cancer to
conventional treatments and sensitivity to immunotherapy, the
present study provided a promising approach using VLPs as
a carrier of the novel tumor antigen Trop-2 and the immune
adjuvant CD40L.

Materials and methods

Cells. Lewis murine lung adenocarcinoma cells were
purchased from American Type Culture Collection,
(Manassas, VA, USA; ATCC® no. 18188) and cultured in
Dulbecco's modified Eagle's medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) (both from Gibco;
Thermo Fisher Scientific, Inc., Waltham, MA, USA), at
37°C in an atmosphere of 5% CO, and 95% humidified air.
In addition, the normal insect cell line TNS was provided
by Dr Ye Jing (The Fourth Military Medical University,
Xi'an, China) and were cultured in Sf-900 II (Gibco; Thermo
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Fisher Scientific, Inc.) serum-free insect cell culture medium.
Full-length murine Trop-2 (mTrop-2) cDNA was cloned into
the pcDNA3.1 vector and termed plasmid (p-Trop-2). To
generate Lewis cells stably expressing mTrop-2, the p-Trop-2
was transfected into Lewis cells using Lipfectamine 2000
(Invitrogen; Thermo Fisher Scientific, Inc.) at 37°C. A total
of 4-6 h later, the medium was replaced with fresh DMEM
and culturing was continued for 24 h at 37°C. Positive clones
were selected using 700 pg/ml G418 (Invitrogen; Thermo
Fisher Scientific, Inc.), incubated for 14 days at 37°C, and the
transfected cells presenting a stable expression of mTrop-2
were termed as Lewis™P-2,

DNA constructs and preparation of recombinant
baculoviruses (rBVs). Plasmids containing mouse CD40L
or HIV gag gene were kindly provided by Dr Ye Ling
(Department of Microbiology and Immunology, Emory
University, Atlanta, Georgia). CD40L was amplified by the
polymerase chain reaction (PCR) method using the following
primers: CD40L forward (carrying an EcoRI site), 5'-ccggaa
ttcgecacctaatgatagaaacatacagee-3', and reverse (carrying an
Xhol site), 5'-cccgetegagtcagagtttgagtaagee-3', with the under-
lined parts of the sequences indicating the restriction enzyme
recognition sites. In addition, gag gene fragments were also
obtained by PCR using the following primers: Gag forward
(EcoRlI site), 5'-ccggattcatgggagatagggtggcagatgtaat-3', and
reverse (Hindlll site), 5'-cccaagcttttactaactggtctcctccaaagagag
aat-3'. The thermocycling conditions were as follows: 1 cycle
for 30 s at 98°C; 30 cycles for 30 s at 65°C, and 1 min at 72°C;
and 1 cycle for 10 min at 72°C. PCR products were purified
using the PrimeSTAR® HS DNA Polymerase (Takara Bio Inc.,
Otsu, Japan).

A newborn normal female mouse at 0-3 days of age
(weight, 1.5 g), housed under a controlled temperature
(~22°C) and relative humidity (40-60%) conditions with a
12-h light-dark cycle and breast fed, was anesthetized and
sacrificed using ether, then the kidney was isolated, and the
RNA was extracted using TRIzol reagent (Invitrogen; Thermo
Fisher Scientific, Inc.). The full-length mTrop-2 cDNA was
then amplified using the reverse transcription-PCR method
with the following primers: Trop-2 forward (EcoRI site),
5'-ccggaattcatggegaggggcttggatctageac-3', and reverse (Xhol
site), 5'-cccgctegagetacaagetaggttegettetcatctecee-3'. The ther-
mocycling conditions were 1 cycle for 30 s at 98°C; 30 cycles
for 2 min at 68°C; and 1 cycle for 10 min at 72°C. PCR prod-
ucts were purified using PrimeSTAR® HS DNA Polymerase
(Takara Bio Inc.).

Gag, CD40L and Trop-2 genes were cloned into multiple
cloning sites of the pFastBacl vector (Invitrogen; Thermo
Fisher Scientific, Inc.), respectively. The pFastBacl plasmids
containing the gag, Trop-2 or CD40L genes were introduced
by transformation into DHI0Bac™ E. coli at 37°C for 48 h
(Invitrogen; Thermo Fisher Scientific, Inc.). Following veri-
fication of DH10Bac with recombinant bacmid, recombinant
bacmid DNA was isolated. The rBVs expressing the gag,
Trop-2 or CD40L proteins were generated by transfecting TN5
insect cells with recombinant Trop-2 or CD40L bacmids using
Cellfectin II Reagent (Thermo Fisher Scientific, Inc.) at 27°C
for 4 days, and the culture supernatant containing the rBv was
collected 4 days post transfection.
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VLP production and purification. TNS cells were infected
with rBV gag at a multiplicity of infection (MOI) of 2 in
order to release gag VLPs. Next, VLPs containing Trop-2
were produced by co-infecting TN5 cells with rBV gag and
BV Trop-2 at a MOI ratio of 1:5. Chimeric VLPs containing
both Trop-2 and CD40L were also produced by coinfecting
TNS5 cells with 1BV gag, Trop-2 and CD40L at a MOI ratio of
1:5:2. The medium containing the VLPs was collected at 72 h
post infection, and the cell debris was clarified by high-speed
centrifugation (3,000 x g, 30 min, 4°C). Subsequently, the
supernatant containing the VLPs was concentrated with a
QSM-03SP/50quixstand™ Benchtop System (GE Healthcare
Life Sciences, Little Chalfont, UK) and further purified
by ultra-centrifugation at 100,000 x g for 2.5 h at 4°C in
an SW-41 rotor (Beckman Coulter, Inc., Brea, CA, USA)
through a 15-50% discontinuous sucrose gradient. The layer
containing the purified VLPs was then suspended, washed
with phosphate-buffered saline (PBS), ultra-centrifuged at
28,000 rpm for 30 min and re-suspended in PBS. A BCA assay
kit (Thermo Fisher Scientific, Inc. CA, USA) was subsequently
used to detect the protein concentration of the VLPs.

Western blot analyses of VLPs. Purified VLPs were character-
ized by western blot analysis for the presence of Trop-2 and
CDA40L proteins. Briefly, the VLPs were quantified using a
BCA assay kit (cat. no. BCAO2; Beijing Dingguo Changsheng
Biotechnology Co., Ltd., Beijing, China) according to the
manufacturer's protocol, samples of 5,2, and 1 ug were loaded
per lane and were subjected to 10% SDS-PAGE, and trans-
ferred to a nitrocellulose membrane (Whatman GmbH, Dassel,
Germany). The membrane was blocked using 5% nonfat milk in
PBS with 20% Tween-20 at 4°C overnight, and then incubated
with polyclonal rabbit anti-HIV gag p24 (1:2,000 dilution;
cat. no. ab32352; Abcam, Cambridge, MA, USA), mouse
anti-Trop-2 (1:1,000 dilution; cat. no. sc-376181; Santa Cruz
Biotechnology, Inc., Dallas, TX, USA) and monoclonal mouse
anti-CD40L (1:2,000 dilution; cat. no. MAB4401; R&D
Systems, Inc., Minneapolis, MN, USA) primary antibodies
overnight at 4°C. Then, the membrane was washed three times
with PBST for 10 min each. Subsequently, the samples were
incubated with horseradish peroxidase (HRP)-conjugated goat
anti-rabbit (1:5,000; cat. no. ZDR-5306) or HRP-conjugated
goat anti-mouse IgG (1:5,000; cat. no. ZDR-5307) secondary
antibodies (both from OriGene Technologies, Inc., Beijing,
China) for 1 h at room temperature. The protein bands were
detected with an enhanced chemiluminescence developing
reagent (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany).
Protein bands were quantified by densitometry using
ImageQuant TL 7.0 Image Analysis Software (GE Healthcare
Life Sciences).

Transmission electron microscopy (TEM). VLPs were further
examined by TEM, which was performed as previously
described (32). Briefly, the Trop-2 or Trop-2-CD40L VLPs
prepared as described above were negatively stained with
1% potassium phosphotungstate (cat. no. GZ02536; Beijing
Zhongjingkeyi Technology Co., Ltd, Haidian, China) at room
temperature for 1 min, washed with PBS for 1 min at room
temperature and then examined using a Hitachi-H7500 TEM
system (Hitachi, Ltd., Tokyo, Japan).
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Characterization of CD40L incorporated into VLPs by
B-cell activation. To measure the B-cell activation, one
female C57BL/6 mouse (aged 6 weeks; weight, 20 g),
housed under a controlled temperature (~22°C) and relative
humidity (40-60%) conditions with a 12-h light-dark cycle
and provided ad libitum access to a standard laboratory diet
of food and water was sacrificed by cervical dislocation. The
spleens were removed and processed into single-cell suspen-
sions in RPMI 1640 supplemented with 2 mM L-glutamine
(Invitrogen; Thermo Fisher Scientific, Inc.), 10% fetal bovine
serum (HyClone Systems, Inc., Logan, UT, USA), 100 U of
penicillin per ml and 100 pg/ml streptomycin. The isolated
spleen cells were cultured in 48-well cell culture plates in
triplicate, with or without 2 g/ml VLP stimulation. The cells
were then collected 4 days post stimulation, and 10° cells were
stained with phycoerythrin-conjugated anti-CD69 (1:2,000
dilution; cat. no. MA1-10276; eBioscience; Thermo Fisher
Scientific, Inc.) and peridinin chlorophyll protein-conjugated
anti-B220 (1:2,000 dilution; cat. no. 45-0452-82; eBioscience;
Thermo Fisher Scientific, Inc.) at room temperature for 1 h
in the dark. Cells were subsequently washed with PBS, fixed
with 1% paraformaldehyde and analyzed by flow cytometry
(Cytomics FV 500; Beckman Coulter, Brea, CA, USA).

Immunization. A total of 24 pathogen-free female C57BL/6
mice (age, 6-8 weeks old, weight,20-23 g) kept in pathogen-free
environments were purchased from The Fourth Military
Medical University Animal Center (Xi'an, China). Mice were
housed under a controlled temperature (~22°C) and relative
humidity (40-60%) conditions with a 12-h light-dark cycle
and provided ad libitum access to a standard laboratory diet
of food and water. Animal studies were performed according
to the current animal experimental protocols approved by the
Institutional Review Board of Tangdu Hospital at the Fourth
Military Medical University (assigned no. TDLL-201611-25).
In order to examine the effect of VLP immunization, female
C57BL/6 mice (6-8-week-old) were randomly divided into
four groups (6 mice/group), and each mouse was immunized
twice with a 2-week interval by subcutaneous injection with
40 pug gag VLPs, Trop-2 VLPs, Trop-2-CD40L VLPs or
100 ul PBS, respectively. Retro-orbital bleeding was used to
collect blood samples at 2 weeks post each immunization.
The serum samples were inactivated at 56°C for 30 min and
then stored at -80°C. At 1 week after the last vaccination, mice
were challenged subcutaneously in the right flank with 1x10°
Lewis!™P2 tumor cells, and the tumor growth was monitored
twice a week for up to 65 days.

In order to investigate the therapeutic effect of the VLPs,
mice (6 mice for each group) were initially challenged with
1x10° Lewis™P2 cells subcutaneously in the right flank on
day 0. Next, on days 4 and 18, challenged mice were inoculated
with 40 ug of each kind of VLPs or with 100 ul PBS, respec-
tively. Mice were monitored twice a week and the survival rate
was recorded.

Total anti-Trop-2 IgG measurement. Trop-2-specific IgG titers
in the mouse sera were detected by ELISA. Briefly, a 96-well
plate was coated overnight at 4°C with purified Trop-2 protein,
which was expressed and purified using Ni-NTA Agarose
(Invitrogen; Thermo Fisher Scientific; cat. no. R90101) at a
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Figure 1. Schematic representation of gag and Trop-2-CD40L polyprotein, and VLP formation. Representation of the formation of (A) gag VLPs and (B)

Trop-2-CD40L VLPs. CD40L, CD40 ligand; VLP, virus-like particle.

concentration of 0.8 pg/well. Subsequent to three washes with
200 ul PBST, the plate was blocked with 100 pl 2% bovine
serum albumin for 1 h in a 37°C water bath. Following a
further three washes with PBST, the serum samples were
series diluted and added into the wells (100 pl/well) for incu-
bation at 37°C for 1 h. A horseradish peroxidase-conjugated
goat anti-mouse IgG second antibody with a dilution of
1:5,000 (cat. no. ZDR-5307; Origene Technologies, Inc.)
was then added. After three further washes, the color was
developed using 3,3',5,5'-tetramethylbenzidine/hydrochloride
(Sigma-Aldrich; Merck KGaA; cat. no. ALDR-ICH-860336),
and the optical density at 450 nm was recorded.

Cytokine detection by ELISA. In order to detect the cyto-
kines produced following immunization, the splenocytes of
each immunized mice were isolated and mixed. Next, CD4*
T cells or CD8" T cells were isolated using the corresponding
CD4*/CD8a* T cell Isolation kit (Miltenyi Biotec GmbH,
Bergisch Gladbach, Germany). Cells were then cultured in
96-well microplates at a density of 2x10* cells/well (EMD
Millipore, Billerica, MA, USA) with 100 xl RPMI 1640
(Gibco; Thermo Fisher Scientific, Inc.) containing 10% FBS
and stimulated with Trop-2 peptide (ProSci, Inc., Poway, CA,
USA). Subsequent to incubation at 37°C for 48 h, the plate was
centrifuged at 300 x g for 5 min, and the cell culture supernatant
was carefully collected and assayed using ELISA kits for the
production of interferon (IFN)-y (cat. no. 88-8314-88), inter-
leukin (IL)-29 (cat. no. 88-7024-88), IL-10 (cat. no. BMS614-2)
and IL-4 (cat. no. BMS613TWO) using cytokine ELISA Kkits
(all Invitrogen; Thermo Fisher Scientific, Inc.).

Statistical analysis. Results are expressed as the mean + stan-
dard error of the mean, and were analyzed by one-way analysis
of variance. P-values of <0.05 were considered to indicate
differences that were statistically significant.

Results

Trop-2 and CD40L are effectively incorporated onto VLPs.
HIV gag can be modified to form type II VLPs with heter-
ologous antigens on the surface of their membrane envelope.
A model describing the formation of gag VLPs and chimeric
Trop-2-CD40L VLPs is shown in Fig. 1. The morphology of
VLPs was detected under an electron microscope. As shown
in Fig. 2A, Trop-2 and Trop-2-CD40L VLPs exhibited a
similar morphology compared with gag VLPs, with a diameter
of ~110 nm. VLPs were also characterized by immunoblot-
ting using monoclonal antibodies specifically recognizing
mTrop-2, CD40L or HIV gag p24. As shown in Fig. 2B, Trop-2
protein was detected in Trop-2 and Trop-2-CD40L VLPs;
however, CD40L was only expressed in Trop-2-CD40L VLPs.
Therefore, these data strongly suggested that rBv infection
successfully released mTrop-2 VLPs and mTrop-2-CD40L
VLPs.

CD40L-incorporated VLPs activate B-cells. As CD40L
serves a critical role in the B-cell activation process, sple-
nocytes were cultured from naive mice in the presence of
Trop-2-CD40L or Trop-2 VLPs. After 4 days, the expression
of the B-cell activation marker CD69 was assessed to analyze
the B-cell activation (P<0.01; Fig. 3). It was observed that
when splenocytes were cultured with chimeric Trop-2-CD40L
VLPs, increased numbers of activated CD69*B220* cells were
detected, whereas less CD69*B220* B-cells were detected post
Trop-2 VLPs stimulation. Overall, incorporation of CD40L
increased the number of CD69"B220" cells by nearly a 4-fold.

Trop-2-CD40L VLPs enhance anti-Trop-2 IgG production in
immunized mice. ELISA was performed to determine whether
Trop-2-CD40L VLP immunization was able to induce a higher
level of anti-Trop-2 antibody when compared with Trop-2 VLP
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Figure 3. Activated B-cells were induced by chimeric Trop-2-CD40L VLPs.
Spleen cells from naive C57BL/6 mice were isolated and then cultured
with PBS or 2 pg/ml of each VLP in triplicate. The stimulated cells were
collected on day 5 and analyzed by flow cytometry subsequent to staining
with peridinin chlorophyll protein-conjugated anti-B220 and phycoery-
thrin-conjugated anti-CD69. The error bars denote the standard error of the
mean. "P<0.05 compared with the PBS immunized group. CD40L, CD40
ligand; VLPs, virus-like particles.
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immunization. As shown in Fig. 4, Trop-2 specific IgG was
nearly undetectable in the serum of gag VLP-immunized
mice. By contrast, high levels of Trop-2-specific IgG were
detected from the serum of Trop-2-CD40L or Trop-2
VLP-immunized mice. Furthermore, compared with Trop-2
VLPs, Trop-2-CD40L VLPs induced a nearly 2-fold higher
number of IgG titer (P<0.01). Therefore, incorporation of
CD40L onto VLPs was able to efficiently enhance the immu-
nogenicity of Trop-2 VLPs.
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Figure 4. Chimeric Trop-2-CD40L VLPs induce higher Trop-2-specific IgG
titers. C57BL/6 mice were immunized with 40 pg purified gag VLPs, Trop-2
VLPs or Trop-2-CD40L VLPs at day O (prime immunization), respectively.
Mice in all groups received a second immunization at the end of week 4
(boost immunization). Two weeks post each immunization, serum was
collected and used to detect the production of Trop-2-specific IgG antibody
by ELISA. "P<0.05 compared with the PBS immunized group. CD40L,
CD40 ligand; VLPs, virus-like particles.

Trop-2-CD40L VLPs enhance cellular responses more
effectively. Cytokine ELISA was performed to detect the CD4
and CDS8 T cell immune responses. Spleens from immunized
mice were isolated, sorted and stimulated with Trop-2 peptide
to measure the production of IFN-v, IL-4, IL-2 and IL-10 by
Trop-2-specific CD4 and CD8 T cells (Fig. 5). Splenocytes
from Trop-2 or Trop-2-CD40L VLP-injected mice demon-
strated a 4- to 6-fold decrease of IL-10-producing CD4 and
CD8 T cells as compared with the gag VLP-immunized
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at 4 weeks after the second immunization. The cell culture supernatant was collected after 48 h, and cytokine ELISA was performed to measure the secretion
of (A) IL-10, (B) IFN-y, (C) IL-2, and (D) IL-4. Data are presented as the average of 5 mice in each group. "P<0.05. CD40L, CD40 ligand; VLPs, virus-like

particles; IFN, interferon; IL, interleukin.

mice. The lowest IL-10 secretion level was observed in the
Trop-2-CD40L VLP-immunized group (Fig. 5A). In the same
experiment, the highest IFN-y secretion level was observed
in the Trop-2-CD40L VLP-immunized group (Fig. 5B). By
contrast, the Trop-2-CD40L VLP immunization exhibited
a reduced effect on IL-4 and IL-2 secretion compared with
the Trop-2 VLP immunization (P=0.0008; Fig. 5C and D).
These results demonstrated that incorporation of CD40L onto
Trop-2 VLPs may enhance the number of IFN-y-producing
T cells and reduce the IL-10-producing T cells more potently
in comparison with Trop-2 VLPs.

Preventive effect of Trop-2-CD40L VLP immunization.
In vivo tumor prevention tests were conducted to determine
whether immunization with Trop-2-CD40L or Trop-2 VLPs
induced preventive antitumor effects against lung cancer.
Female C57BL/6 mice were immunized twice with 40 ug
gag, Trop-2-CD40L or Trop-2 VLPs. Each mouse was then

challenged with 1x10° Lewis cells and monitored for tumor
formation. Fig. 6A describes a brief immunization schedule.
As shown in Fig. 6B, at 65 days after the Lewis cell challenge,
nearly 85% of mice immunized with Trop-2-CD40L VLPs
remained tumor-free, while the percentage of tumor-free mice
in the Trop-2 VLP-immunized group was <70%. However,
100% of the mice immunized with PBS or gag VLPs developed
tumors (P<0.01 compared with the PBS immunized group).

Trop-2-CD40L VLP immunization increases the survival of
tumor-bearing mice more effectively. The present study also
investigated whether Trop-2-CD40L or Trop-2 VLP immuni-
zation increased the survival of tumor-bearing mice. In this
experiment, mice were initially challenged subcutaneously
with Lewis ™P2 cells, followed by VLP injection in each
corresponding group. Fig. 7A describes a brief immuniza-
tion schedule. As shown in Fig. 7B, all mice in the PBS or
gag VLP-immunized groups succumbed within 40 days,
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tumor growth was monitored twice a week over 65 days. In total, 85% of
Trop-2-CD40L VLP-immunized mice remained tumor-free, whereas only
<70% of Trop-2 VLP-inoculated mice remained tumor-free. CD40L, CD40
ligand; VLPs, virus-like particles.
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Figure 7. Trop-2-CD40L VLP injection increased the survival rate of
tumor-bearing mice more effectively in comparison with Trop-2 VLP immu-
nization. (A) C57BL/6 mice were initially inoculated with Lewis™2 cells
and then immunized twice at day 4 (prime immunization) and day 18 (boost
immunization). (B) Trop-2-CD40L VLP injection demonstrated an increase
in the survival (75%) when compared with the Trop-2 VLP treatment (50%).
CD40L, CDA40 ligand; VLPs, virus-like particles.

whereas the Trop-2 and Trop-2-CD40L VLP-immunized mice
demonstrated significantly higher survival rates (P<0.001).
Furthermore, the highest survival rate reached 75% in the
Trop-2-CD40L VLP-immunized group.

Discussion

As the leading cause of cancer-associated mortality in
China (33), lung cancer has been demonstrated to be immu-
nogenic. Inhibitors of PD-L1 have been approved for use in
the treatment of squamous and non-squamous lung cancer;
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however, growing populations of NSCLC patients do not
respond to PD-1/PD-L1 inhibition (34). Thus, novel immu-
notherapy targets or immunomodulatory agents need to be
explored. Trop-2 is a recently identified cell surface glyco-
protein, and has been considered to be a promising target for
cancer immunotherapy. A study by Cubas et al (35) on pancre-
atic cancer revealed that mTrop-2 was able to be effectively
incorporated on the membrane envelope of SIV gag-based
VLPs. The study also indicated that mTrop-2 VLP immuniza-
tion activated humoral immune responses, as well as cellular
immune response, while mTrop-2 VLPs demonstrated an
improved effect when combined with the chemotherapy agent
gemcitabine (35). However, whether Trop-2 may be used as
an immunotherapy target against lung cancer has not yet been
examined.

As a well-known immune-adjuvant, CD40L is widely used
in DNA vaccine development (36,37). In the field of VLPs
design, CD40L was successfully incorporated into Hantaan
VLPs (29) and SIV VLPs, and whether it is an effective adju-
vant in lung cancer VLPs based vaccine development is yet to
be determined.

In the present study, using a HIV gag backbone-based VLP
strategy, Trop-2 VLPs were constructed, while the immune adju-
vant CD40L was also incorporated onto the surface of the mTrop-2
VLPs. The results of the present study revealed that a HIV gag
VLP-based Trop-2-CD40L vaccine was successfully prepared.
Trop-2 and Trop-2-CD40L VLPs were then used to immunize
C57BL/6 mice, and the serum samples of the immunized mice
were examined. The Trop-2-specific IgG level was markedly
increased at 2 weeks post boost immunization as measured
by ELISA in the Trop-2 and Trop-2-CD40L VLP-immunized
groups. In addition, the Trop-2-CD40L VLPs immunization
induced a higher IgG titer in comparison with the Trop-2 VLPs
immunization. Furthermore, the present study used a cytokine
ELISA method to detect the cellular immune responses. The
results revealed that Trop-2-CD40L VLPs immunization stimu-
lated Trop-2-specific cellular immune responses more effectively
in comparison with Trop-2 VLPs immunization, which was
evidenced by the elevated IFN-y and reduced IL-10 secretion in
Trop-2 peptide-stimulated splenocytes. This result was consis-
tent with Lin er al's (30) study that the incorporation of CD40L
into HTNV VLPs significantly enhanced their immunogenicity
by enhancing cellular immune responses. In the prevention
and therapeutic experiments conducted in the present study,
tumor-bearing mice were prepared by Lewis ™ injection, and
tumor growth was monitored. The tumor growth was suppressed
more efficiently in the Trop-2-CD40L VLP-immunized group
as compared with that in the Trop-2 VLP-immunized group.
Therefore, addition of the CD40L immune adjuvant onto Trop-2
VLPs provided a more powerful capacity to induce antitumor
immunity.

In conclusion, the results of the present study demonstrate
that immunization with either Trop-2 or Trop-2-CD40L VLPs
generated specific humoral and cellular immune responses
against Trop-2, whilst Trop-2-CD40L VLPs generated a higher
immune response. In the prevention and therapeutic experi-
ments, the Trop-2-CD40L VLPs exhibited a more efficient
tumor inhibition effect when compared with the Trop-2 only
VLPs. The results of the present study validated that Trop-2
has the potential to be used as an immunotherapeutic target
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for lung cancer; the current result also validated the adjuvant
activity of CD40L when used in VLP-based tumor vaccines.
Trop-2-CD40L VLPs, due to their immunogenic properties
and effects on the immune system, therefore represent a prom-
ising approach to lung cancer immunotherapy.
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