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INTRODUCTION
Therapeutic cancer vaccines and adoptive T-cell immunotherapy 
have been considered very attractive therapeutic approaches 
for the treatment of human cancer. Identification of melanoma-
specific antigens, such as glycoprotein 100 (gp100), tyrosinase-
related protein 1 (TRP1) and tyrosinase-related protein 2 (TRP2), 
has given a significant boost to the development of novel vac-
cines targeting melanoma.1,2 To break tolerance to melanoma 
differentiation antigens, several immunization strategies have 
been tested, including the use of viral or bacterial vectors 
expressing cancer antigens, as well as HLA-binding peptides 
derived from tumor-specific antigens.3–5 Immunization with len-
tiviral vectors (LVs) encoding TRP1 induced potent CD8+ T-cell 
immune responses and antitumor immunity that prevented and 
inhibited B16 tumor growth.6 Furthermore, delivering melanoma 
antigen gp100-encoded DNA vaccine into mice induced T-cell-
dependent immune responses and provided protection against 
subsequent tumor challenge.7,8 Notably, immunization with 
peptides derived from gp100 could induce a measurable antitu-
mor immune response in patients.9 Simultaneous immunization 
of mice with hgp100 and mTRP-2, two melanosome antigens, 
greatly protected mice from subsequent B16 melanoma tumor 

challenge, suggesting that immunization with the multi-antigen 
vaccine could be highly effective.10

Despite the identification of a number of tumor-associated anti-
gens recognized by the immune system, single antigen-based can-
cer vaccines have yielded disappointing clinical results in the last 
two decades. Recently, it has become apparent that cancer vac-
cines alone may not work well for cancer treatment as a result of 
immune suppression established in the tumor lesions.11 Thus, cur-
rent cancer research has focused on vaccine-based immunothera-
peutic strategies combined with conventional and novel methods 
of treatment.12,13 Several combination strategies have been tested 
to enhance immune response and improve clinical outcomes in 
patients. For example, cancer vaccines have been combined with 
other immunotherapeutics, standard chemotherapeutic cancer 
drugs, targeted small-molecule drugs, local and systemic radiation 
of tumors, or even laser therapy.14,15 In preclinical murine studies, 
chemotherapy agents, including cyclophosphamide, doxorubicin, 
paclitaxel, and docetaxel,16 enhanced antitumor immune responses 
to a whole tumor-cell vaccine.17 Combination of LV immunization 
and low-dose chemotherapy, or PD-1/PD-L1 blocking, primed 
 self-reactive T cells and induced antitumor immunity.18 A small 
trial combining granulocyte–macrophage colony-stimulating 
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A therapeutically effective cancer vaccine must generate potent antitumor immune responses and be able to overcome  tolerance 
mechanisms mediated by the progressing tumor itself. Previous studies showed that glycoprotein 100 (gp100),  tyrosinase-related 
protein 1 (TRP1), and tyrosinase-related protein 2 (TRP2) are promising immunogens for melanoma immunotherapy. In this 
study, we administered these three melanoma-associated antigens via lentiviral vectors (termed LV-3Ag) and found that this 
 multi-antigen vaccine strategy markedly increased functional T-cell infiltration into tumors and generated protective and 
 therapeutic antitumor immunity. We also engineered a novel immunotoxin, αFAP-PE38, capable of targeting fibroblast activation 
protein (FAP)-expressing fibroblasts within the tumor stroma. When combined with αFAP-PE38, LV-3Ag exhibited greatly enhanced 
antitumor effects on tumor growth in an established B16 melanoma model. The mechanism of action underlying this combination 
treatment likely modulates the immune suppressive tumor microenvironment and, consequently, activates cytotoxic CD8+ T cells 
capable of specifically recognizing and destroying tumor cells. Taken together, these results provide a strong rationale for combin-
ing an immunotoxin with cancer vaccines for the treatment of patients with advanced cancer.
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 factor-secreting tumor cell vaccines with CTLA4 blockade was 
found to increase inflammatory infiltrates and tumor regression.19 
However, the combination of cancer vaccine and immunotoxins, 
which are highly specific and very potent molecules that kill tumor 
cells directly at very low concentrations, has been much less studied.

Tumors consist of heterogeneous populations of cells, including 
both transformed and untransformed cells, which vary among dif-
ferent tumors at different stages of tumorigenesis.20 However, they 
do contain some regular cell types, such as infiltrating inflamma-
tory and immune cells, endothelial cells and myeloid-derived sup-
pressor cells (MDSCs), pericytes, and tumor-associated fibroblasts 
(TAFs). TAFs, a heterogeneous fibroblast population phenotypically 
distinguished from normal fibroblast cells, are primarily respon-
sible for the synthesis, deposition, and remodeling of the extra-
cellular matrix, as well as production of growth factors, cytokines, 
and chemokines that promote tumor growth and metastasis.21,22 
These cells selectively express high levels of fibroblast activation 
protein (FAP), a type II transmembrane cell surface serine protease 
of the dipeptidyl peptidase IV family.23,24 As FAP-expressing fibro-
blast cells have been shown to suppress antitumor immunity,25 this 
protein has gained great attention for targeted therapy in recent 
years.26 In our previous study, we have shown that depletion of 
FAP-expressing stromal cells reduced the recruitment of infiltrat-
ing  tumor-associated macrophages, attenuated angiogenesis to 
deprive tumor cells of required nutrients and oxygen, and inhib-
ited tumor cell growth.27 In addition, we and others25 have shown 
that depletion of  FAP-positive stromal cells can also modulate the 
expression profile of growth factors, cytokines, and chemokines, 
thus altering the tumor microenvironment.

In this study, we tested the efficacy of LV immunization with a 
combination of three antigens, gp100, TRP1, and TRP2 (LV-3Ag), in 
tumor prevention and inhibition in a prophylactic and therapeutic 
B16 melanoma model. We also investigated the efficacy of combin-
ing αFAP-PE38 and LV-3Ag vaccine (hereinafter termed as “combi-
nation treatment”) in the same mouse model. Finally, we explored 
the mechanism underlying the enhanced antitumor activity of the 
combination treatment.

ReSUlTS
Immunization with LV-3Ag conferred antimelanoma tumor activity 
in a prophylactic model
We first investigated the efficacy of lentiviral vaccine LV-3Ag in tumor 
protection in a prophylactic B16 melanoma model. C57BL6 mice 
were primed with a subcutaneous (s.c., footpad) injection of the 
mixed LV-3Ag vectors pseudotyped with vesicular stomatitis virus 
glycoprotein (5 × 106 transduction units for each antigen), followed 
by a boost injection consisting of the mixed LV-3Ag vector pseu-
dotyped with a dendritic cell-targeted glycoprotein derived from 
sindbis virus (SVGmu) (5 × 106 transduction units for each antigen). 
Mice vaccinated with phosphate-buffered saline (PBS) at all injec-
tion points were used as controls. The mice were challenged 10 days 
post-boost immunization by s.c. (flank site) injection of  B16-F10 mela-
noma cells (3 × 106). When the tumors reached a certain size, the mice 
were euthanized, and spleen cells were harvested for further analysis 
(Figure 1a). A strong tumor-protective immunity was observed in the 
LV-3Ag-immunized group. One mouse rejected tumor completely, 
and the remaining animals had significant suppression of tumor size 
compared with mice in the control groups (Figure  1b), confirming 

Figure 1  Protection of mice against B16 melanoma tumor cell challenge after immunization with the LV-3Ag. (a) Schematic representation of the 
immunization protocol. Mice were immunized at day −28 with the vesicular stomatitis virus glycoprotein-enveloped recombinant vector LV-3Ag and 
boosted at day 0 with the SVGmu-enveloped vector. Ten days after boost immunization, mice were challenged subcutaneously with B16-F10 cells (3 × 106). 
Tumor growth was monitored every other day, and tumor-infiltrating T cells were detected at day 24. (b) Tumor growth curve of the transplanted B16-
F10 cells in C57BL/6 mice vaccinated as described above. Data are presented as mean tumor volume ± standard error of the mean (SEM) at indicated 
time points. The inserted picture shows tumor tissues at day 24 after boost immunization. (c) Representative fluorescence-activated cell sorting plots for 
measuring the population of CD8+ and CD4+ T cells in the tumor tissue. (d) The percentages of CD8+ and CD4+ tumor-infiltrating T cells were determined at 
day 24 after boost immunization (n = 5, error bars indicate SEM; *P < 0.05, **P < 0.01). Data are representative of two independent experiments.

Day −28 Day 0 Day 10 Day 24

2,500
Control

LV-3Ag2,000

1,500

1,000

T
um

or
 v

ol
um

e 
(m

m
3 )

500

0
0 3 6 9

Days post-tumor challenge

12 15

LV-3Ag
f.p.

LV-3Ag
f.p.

3 × 106 B16
s.c.

Analysis

Control LV-3Ag
800 2.0

1.5

1.0

0.5

0.0

500

400

300

200

100

0

* * *

600

400

C
D

8+
 T

 c
el

l/1
05

C
D

4+
 T

 c
el

l/1
05

C
D

8+
 /C

D
4+

 ra
tio

200

0

Con
tro

l

LV
-3

Ag

Con
tro

l

LV
-3

Ag

Con
tro

l

LV
-3

Ag

0.10% 0.88%

0.09% 1.32%

CD8

C
D

4

a b

c d



3

Cancer vaccine in combination with TAF-targeted immunotoxin for melanoma treatment
J Fang et al.

Molecular Therapy — Oncolytics (2016) 16007Official journal of the American Society of Gene & Cell Therapy

that multi-antigen LV-3Ag immunization could be directly correlated 
with tumor growth-inhibiting immune response.

It has been well established that both cytotoxic CD8+ T cells 
and helper CD4+ T cells are involved in antitumor immunity.28,29 
Therefore, we next analyzed the infiltration of CD4+ and CD8+ 
T cells in tumor tissues upon immunization with LV-3Ag. Tumor 
cell samples from control and LV-3Ag-immunized mice were 
collected, stained, and subjected to flow cytometric analysis. 
As shown in Figure  1c, compared with the control mice, immu-
nization resulted in increased infiltration of CD4+ and CD8+ 
T cells in tumor tissues harvested from LV-3Ag-immunized mice. 
Further calculation showed that LV-3Ag immunization markedly 
increased the number of T cells infiltrating tumor lesions and also 
enhanced the ratio of CD8+/CD4+ T cells (Figure 1d). This suggests 
that both cytotoxic and helper T cells infiltrated local tumor tissue 
in response to LV-3Ag immunization.

LV-3Ag immunization potently inhibited tumor growth in a 
therapeutic model
We also investigated whether LV-3Ag immunization could potently 
inhibit tumor growth in a therapeutic model. Immunization was car-
ried out three days after inoculation of B16-F10 tumor cells (0.5 × 106), 
and the tumor volume was measured every other day starting from 

10 days postinoculation (Figure 2a). Tumor-bearing mice therapeu-
tically vaccinated with LV-3Ag showed significantly slower tumor 
growth when compared to control group (Figure  2b). Similar to 
results observed in the prophylactic model, we observed a signifi-
cantly increased number of infiltrated CD4+ and CD8+ T cells, as well 
as enhanced ratio of CD8+/CD4+ T cells, in the tumors harvested from 
LV-3Ag-immunized mice compared to control mice (Figure 2c,d).

Based on LV-3Ag immunization-induced enhancement of tumor-
infiltrating lymphocytes, we further investigated whether the expres-
sion of cytokines with antitumor activities changed in the tumor 
microenvironment in response to LV-3Ag immunization. We found 
that tumor tissues isolated from LV-3Ag-immunized mice exhib-
ited significantly upregulated levels of T-cell  activation-associated 
cytolytic cytokines and enzymes, including IFNγ, TNF-α, perforin, 
and granzyme B, when compared to mice receiving PBS injection. 
However, no significant difference in IL-2 mRNA expression was 
observed (Figure 2e).

αFAP-PE38 treatment significantly enhanced the therapeutic 
activity of LV-3Ag immunization
Selective expression of FAP was identified to be associated with 
tumor stromal cells, making it an ideal target for immunother-
apy.26,30 We have recently found that αFAP-PE38 treatment altered 

Figure 2 Therapeutic efficacy of LV-3Ag immunization against B16 melanoma tumor. (a) Schematic diagram of the experimental protocol for tumor 
challenge and LV-3Ag vaccination. Mice were s.c. challenged with 2 × 105 of B16-F10 tumor cells and then immunized at day 3 via f.p. injection of 
LV-3Ag (107 transduction units). (b) Tumor growth curve of s.c. transplanted B16-F10 cells in mice vaccinated as described above. Tumor growth was 
measured every other day, and mice were euthanized when tumor size in control groups reached around 2,000 mm3. Data are presented as mean 
tumor volume ± standard error of the mean (SEM) at indicated time points. (c) Representative fluorescence-activated cell sorting plots for measuring 
the population of CD8+ and CD4+ T cells in the tumor tissues. (d) The percentage of infiltrating CD8+ and CD4+ T cells. (e) The mRNA expression levels of 
IFN-γ, TNF-α, IL-2, perforin, and granzyme B in tumor tissues harvested at day 18. Total RNAs extracted from tumor tissues in each group were pooled, 
and mRNA expression levels were determined by real-time reverse transcription–PCR. Graph depicts relative levels of mRNA after normalizing to GAPDH 
mRNA levels (n = 5, error bars indicate SEM; *P < 0.05, **P < 0.01). Data are representative of two independent experiments.
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levels of various growth factors, cytokines, chemokines, and matrix 
metalloproteinases in the tumor microenvironment.27 Based on 
the existing CD45−FAP+ stromal population in the B16 melanoma 
model, as shown in Figure  3b, we hypothesized that αFAP-PE38 
treatment might have an additive, or synergistic, effect on the 
antitumor activity of LV-3Ag immunization. Therefore, the efficacy 
of LV-3Ag immunization combined with αFAP-PE38 (hereinafter 
termed “combination treatment”) treatment was evaluated. C57BL6 
mice were injected s.c. with B16-F10 tumor cells (2 × 105) on day 0 
and received no treatment, αFAP-PE38 immunotoxin only, vaccine 
only, or vaccine plus αFAP-PE38 treatment (Figure 3b). The combi-
nation treatment showed a statistically significant antitumor effect 
compared to no treatment (P < 0.0001), vaccine alone (P < 0.001), 
or αFAP-PE38 alone (P < 0.001) at day 20 (Figure 3b). Importantly, 
tumor progression was delayed in >80% of mice receiving the com-
bination treatment. Furthermore, the survival study showed that 
the group receiving combination treatment had a median survival 
of 31 days (tumor size of 2,000 mm3 was used as a surrogate end-
point of survival) and lived significantly longer than mice treated 
with αFAP-PE38 alone, vaccine alone, or those in the control group 
(Figure 3c).

Combination treatment greatly reduced cell proliferation and 
induced apoptosis
We next explored the mechanism underlying significantly improved 
tumor growth inhibition in vivo by combination treatment. Tumors 
were excised from the treated mice and subjected to H&E staining, 
immunohistochemistry staining of Ki-67 for cell proliferation analy-
sis, and terminal deoxynucleotidyl transferase dUTP nick end label-
ing (TUNEL) assay for cell apoptosis analysis. Immunohistochemical 
analyses of tumor tissues revealed that the tumors isolated from mice 
receiving combined αFAP-PE38 and LV-3Ag treatment presented 

a dramatically decreased tumor cell proliferation rate (Figure  4a,b). 
Intratumoral proliferative index had decreased by 18.91% in the 
αFAP-PE38-treated group, as compared to the control group. LV-3Ag 
immunization resulted in a 28.96% decrease in intratumoral prolif-
erative activity compared with controls. However, the combination 
treatment resulted in a 48.82% decrease in intratumoral proliferation 
compared with the control group and each single treatment group. 
Intratumoral apoptosis in tumor tissues was examined, and the apop-
totic index was found to be significantly increased in the combined 
treatment group, as compared to the αFAP-PE38-treated group, 
LV-3Ag-immunized group, or control group (Figure 4a,c).

The combination treatment modulated infiltration of immune cells 
into tumor tissues
To understand the mechanism(s) of action underlying apparent 
enhanced antitumor activity of the combination treatment approach, 
we analyzed the effects of single treatment or combined therapy on 
tumor-infiltrating immune cells harvested from treated mice (day 
20). No significant changes in tumor-associated macrophages (TAMs) 
or natural killer (NK) cells were observed in αFAP-PE38- and LV-3A-
treated (either alone or in combination) primary tumors compared 
with the other therapeutic groups (data not shown). The ratio of CD8+ 
T cells versus T regulatory cells (Treg) has been linked to both cancer 
progression31,32 and therapeutic outcomes in mice and humans.33,34 
We found that combination treatment, but not any single treatment, 
significantly increased CD8/Treg ratios within the tumor, which has 
also been previously described as predictive of therapeutic efficacy in 
the B16 melanoma model35 (Figure 5a). Similarly, we observed signifi-
cantly increased CD4/Treg ratios within the tumor in the combination 
treatment group (Figure 5b). We next analyzed the activation state 
of  tumor-infiltrating T cells among the different treatment groups 
by measuring the expression of PD-1 protein, a key coinhibitory 

Figure 3 The combination of LV-3Ag immunization and αFAP-PE38 treatment increased antitumor activity. (a) Representative fluorescence-activated 
cell sorting plots for the population of CD45−FAP+ stromal cells in B16 tumor. (b) Tumor growth curves in B16-bearing mice. Mice were s.c. challenged 
with 2 × 105 B16-F10 tumor cells at right flank and then immunized at day 3 via f.p. injection of LV-3Ag (107 transduction units) At day 10, αFAP-PE38 
treatment was initiated, and a total of four injections were administered on the indicated dates. Tumor volume was measured every other day, and mice 
were euthanized when the tumor volume in control groups reached around 2,000 mm3 (n = 10). (c) Mouse survival was calculated using the Kaplan-Meier 
method (error bars indicate standard error of the mean; *P < 0.05, **P < 0.01). Data are representative of two independent experiments.
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receptor on tumor-infiltrating T cells. The combination treatment 
group showed a significantly lower percentage of PD-1-expressing 
CD8+ cells in tumors compared with LV-3Ag alone, αFAP-PE38 alone, 
or the control group (Figure 5c). This effect occurred specifically in the 
CD8+ T-cell compartment, as shown by the unchanged percentage of 
PD-1-expressing CD4+ T cells in tumors upon treatment (Figure 5d).

In addition to Treg cells, MDSCs, another major component of 
the immune suppressive tumor microenvironment, can dampen 
T-cell activity within tumors, thereby favoring tumor progression.36 
We therefore assessed the effects of combined therapy on MDSCs. 
Single LV-3Ag vaccination or αFAP-PE3 treatment slightly increased 
the ratio of CD8+ T cells to MDSCs within the tumor (Figure 5e). In 
contrast, combination treatment significantly increased CD8/MDSC 
ratios compared with LV-3Ag vaccination alone, αFAP-PE3 treatment 

alone, or no treatment. Furthermore, the combined therapy also 
significantly increased the ratio of CD4/MDSC in tumors (Figure 5f ).

The combination treatment altered cytokine profile and fostered a 
local immune stimulatory tumor microenvironment
To further substantiate the observed changes of tumor microenvi-
ronment, we next examined the gene expression of T-cell activa-
tion markers and associated cytolytic cytokines in tumor-bearing 
mice by quantitative reverse transcription–PCR (RT–PCR) (Figure 6). 
Inducible T-cell costimulator (ICOS), a T-cell activation marker, was 
significantly increased in the tumors after treatment with LV-3Ag 
plus αFAP-PE38, compared with αFAP-PE38 alone, LV-3Ag alone, or 
untreated tumors. More importantly, tumors from mice treated with 
the combination treatment had significantly elevated mRNA levels of 

Figure 4 The combination of LV-3Ag immunization and αFAP-PE38 treatment inhibited tumor cell proliferation and induced apoptosis in vivo. 
Effects of LV-3Ag and αFAP-PE38 treatments on intratumoral proliferative and apoptotic activities. (a) Representative images of hematoxylin and 
eosin (H&E) staining (magnification: ×200) and immunohistochemistry for analysis of cell proliferation marker (Ki-67), as well as apoptosis (terminal 
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay), in tumors removed from the treated mice in Figure 3b (magnification: ×400). (b) 
Quantification of the number of Ki-67-positive proliferative cells shown in (a). To quantify Ki-67-positive cells, 10 fields were randomly chosen to count 
the percentage of Ki-67-positive nuclei in the nuclear staining area. Data are represented as mean ± SD (n = 3). (c) Quantification of TUNEL-positive 
apoptotic tumor cells. Images were randomly selected from 10 fields in each treated group. Within one field, the number of TUNEL-positive nuclei in the 
nuclear staining was calculated. The data are expressed as % total nuclear area stained by TUNEL in the field. Data are presented as mean ± SD (n = 3).
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perforin, a protein present in the cytoplasmic granules of CD8+ cyto-
toxic T lymphocytes (CTLs), TRAIL, a stimulator of apoptosis in trans-
formed cells,37 and TNF-α, which can induce acute and hypoxic death 
of both cancer and stromal cells,25 when compared with those from 
control, LV-3g-immunized-, or αFAP-PE38-treated mice. IL-12p70 het-
erodimer, composed of IL-12p35 and IL-12p40 subunits, is a major 
 Th1-driving cytokine, promoting cell-mediated tumor immunity.38,39 
Combination treatment also significantly increased mRNA level of 
IL-12p35, but not IL-12p40. IL-2 has been suggested to boost antitu-
mor T-cell responses by acting as a second costimulatory signal dur-
ing CTL activation.40 αFAP-PE38 treatment increased IL-2 levels, and it 
was more profound in the combination treatment group. IL-2 expres-
sion was slightly increased in the αFAP-PE38 treatment group, and 
such upregulation was more profound in the combination treatment 
group. No significant change was observed in any group for TGF-β 
expression.

DISCUSSION
Here, we have used a new strategy to improve the immunogenic-
ity of cancer vaccines by codelivering a mixture of tumor differen-
tiation antigens, including gp100, TRP1, and TRP2 (LV-3Ag). LV-3Ag 
immunization displayed significant antitumor activity, as evidenced 
by the almost completely abolished tumor formation in a prophy-
lactic B16 melanoma model. Notably, LV-3Ag immunization greatly 
increased the number of tumor-infiltrating T lymphocytes, as well 
as the expression of cytolytic proteins and cytokines with antitumor 
activities. Furthermore, combination treatment with LV-3Ag and 
αFAP-PE38 demonstrated remarkable antitumor effects in estab-
lished tumors, a paradigm close to the clinical situation. Underlying 
this effect, we observed the inhibition of cell proliferation, evidence 
of more apoptotic cells, and significantly increased ratio of CD8+ 
T cells relative to Tregs and MDSCs in tumors from the group that 

received combination treatment. Finally, the genes of cytolytic 
cytokines and enzymes, such as IL-2, IL-12, TNF-α, and perforin, 
had higher expression levels in the group treated with LV-3Ag plus 
αFAP-PE38.

Choice of antigen is one of the critical steps in tumor vaccine 
design. However, because of heterogeneous expression of anti-
gens in tumor, most single-antigen vaccine therapies have resulted 
in limited therapeutic efficacy. Thus, targeting multiple distinct 
tumor-associated antigens in a single vaccination regimen would 
likely elicit additive or synergistic polyclonal T-cell responses able 
to prevent tumor escape from antigen loss, and thus confer more 
effective antitumor efficacy. Indeed, LV-3Ag vaccination prevented 
subsequent tumor challenge and also greatly inhibited the growth 
of established tumor in mice. Generation of a strong and effective 
antitumor immune response in tumor-bearing patients, which is 
the hallmark of successful cancer vaccination, requires the use of 
a powerful immunization strategy that can achieve the highest 
efficacy. Compared to DNA vaccines, which require multiple inocu-
lations or the use of adjuvants to improve their efficacy, lentiviral 
vaccines, which can infect both dividing and nondividing cells, are 
considered to be a stronger vaccine carrier, yielding more effective 
immune responses.41

Immunotherapy for solid tumors has shown some promising out-
comes in preclinical and early clinical studies. However, the efficacy 
of immunotherapy in eradicating established tumors remains chal-
lenging.42,43 Our results showed that LV-3Ag immunization was less 
effective in inhibiting growth of established tumor growth in a thera-
peutic model when compared to its ability to block tumor formation 
in a prophylactic model. Such differences most likely result from the 
dynamic and complex microenvironment in the tumor. In particular, 
TAFs, the most predominant cell type in solid tumors, play a critical 
role in building an immunosuppressive tumor microenvironment 

Figure 5 LV-3Ag immunization in combination with depletion of FAP+ stromal cells enhanced tumor-infiltrating T cells and increased the ratio of 
T effector cells versus Treg cells or myeloid-derived suppressor cells within tumor. The population of tumor-infiltrating lymphocytes in B16 tumor 
tissues (day 20) as described in Figure 3b. Cells were purified from the harvested single-cell suspension by Percoll density-gradient separation, 
stained by various makers, and analyzed by flow cytometry for the composition of various subsets of immune cells. (a,b) Percentages of CD8+ and 
CD4+ T cells expressing PD-1 within CD45+ TILs. (c,d) The ratios of CD8+ and CD4+ T cells to CD4+CD25+FoxP3+ Treg cells. (e,f) The ratios of CD8+ and 
CD4+ T cells to Lin–CD11b+Gr-1+ MDSCs. The data shown were individually analyzed from mice that received the indicated therapy, and t-tests were 
performed to determine the statistical significance between samples (n = 5, error bars indicate standard error of the mean; *P < 0.05, **P < 0.01). Data 
are representative of two independent experiments.
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able to facilitate tumor growth and metastasis through secreting a 
range of paracrine factors. For example, TAFs can disrupt IL-2 produc-
tion of activated T cells and subsequently suppress proliferation in a 
contact-dependent manner.44 A subset of TAFs was found to constitu-
tively express programmed death ligands 1 and 2 (PD-L1 and PD-L2), 
which can bind to the programmed death 1 receptor (PD-1) on T cells 
and impair T-cell function.45 Additionally, TAFs have also been sug-
gested to further bolster the immunosuppressive microenvironment 
by the recruitment of MDSCs and Tregs.46  TGF-β, which is secreted by 
TAFs, also contributes to the expansion of naturally occurring Tregs.47 
Based on the evidence in these previous reports, we asked if targeting 
TAFs would improve the efficacy of LV-3Ag immunotherapy. Indeed, 
the combination treatment was able to alter the tumor microenvi-
ronment, increase the ratio of T cells to both Tregs and MDSCs, and 
yield significantly improved therapeutic outcome. These findings 
suggest that the administration of αFAP-PE38 could attenuate the 
immunosuppressive tumor microenvironment, resulting in the acti-
vation of more CTLs and facilitating the release of cytolytic cytokines 
to produce better antitumor efficacy with combination treatment. In 
addition, we also found that combined treatment decreased PD-1 
expression in tumor-infiltrating CD8+ T cells. PD-1 is usually ele-
vated in tumor-infiltrating CD8+ T cells, which impairs these cells to 
mount antitumor immune responses. It has been recently reported 
that VEGF produced in the tumor microenvironment enhanced the 

expression of PD-1 and other inhibitory checkpoints involved in 
CD8+ T-cell exhaustion.48 We have previously shown that immuno-
toxin αFAP-PE38 reduced the level of VEGF in the tumor microenvi-
ronment,27 suggesting that the observed reduction of PD-1 in CD8+ 
T cells could be partially due to the variation of VEGF. Thus, our cur-
rent study not only provided proof-of-principle for the use of multiple 
tumor antigens toward the improvement of antitumor efficacy, but 
also highlighted the potential of targeting TAFs to improve current 
immunotherapeutic approaches against cancer.

MATeRIAlS AND MeTHODS
Mice and cell line
C57BL/6 mice were purchased from Charles River Laboratories (Wilmington, 
MA). All animal experiments and protocols were performed according to 
the guidelines set by the NIH and the University of Southern California on 
the Care and Use of Animals. B16-F10 and 293T cells were purchased from 
ATCC (Manassas, VA) and cultured in high-glucose Dulbecco’s modified 
Eagle medium (Hyclone, Logan, UT) with L-glutamine (Hyclone Laboratories, 
Omaha, NE) supplemented with 10% fetal bovine serum (Sigma-Aldrich, St. 
Louis, MO).

Plasmid construction and protein purification
The lentiviral backbone plasmids FUW-mgp100, FUW-mTRP1, and  FUW- 
mTRP2 were constructed by insertion of the cDNA of mouse melanoma 
antigen gp100 (mgp100), TRP1 (mTRP1), and TRP2 (mTRP2) into the 

Figure 6 LV-3Ag immunization and depletion of FAP+ stromal cells altered the tumor immune microenvironment. Analysis of mRNA expression levels 
of ICOS, perforin, granzyme B, IL-12p35, IL-12p40, IL-2, TNF-α, TGF-β, and TRAIL from tumor tissues (day 20), as described in Figure 3b. Five tumors from 
each group were resected, homogenized and pooled. Total RNA was extracted, and the mRNA expression levels were determined by real-time reverse 
transcription–PCR. Graph depicts relative levels of mRNA after normalizing to GAPDH mRNA levels (mean ± SEM; *P < 0.05, **P < 0.01).
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lentiviral backbone plasmid FUW downstream of the human ubiquitin C 
promoter. The αFAP-PE38 protein was purified as previously reported.27 
Briefly, the sequence encoding the truncated Pseudomonas exotoxin 
A (PE38) was cloned to the downstream portion of a sequence of 
 species-crossreactive FAP-specific scFv (MO36)27 in the pET-28a(+) vec-
tor (Life Technologies, Grand Island, NY). The plasmids were transformed 
to the host Escherichia coli BL21 (DE3), which was then grown in Luria 
broth media containing 100 μg/ml of kanamycin at 37 °C. At an OD600 of 
0.6,  Isopropyl-β-D-thiogalactopyranoside (Sigma-Aldrich) was added to 
a final concentration of 1 mmol/l, and the culture was further incubated 
for 4 hours. Cells were harvested, and the recombinant protein was puri-
fied by applying it to a Ni2+IDA column (Qiagen, Valencia, CA).

Lentiviral vector production
To produce LV (LV-3Ag), the standard calcium phosphate precipitation proce-
dure was used in the transient transfection of virus to produce cells for the 
LVs. HEK293T cells seeded in a 15-cm culture dish (BD Biosciences, San Jose, 
CA) were transiently transfected with lentiviral backbone plasmid (5 mg), 
packaging plasmids (pRRE, 2.5 mg; pRSV-REV, 2.5 mg), and the envelope 
plasmid pVSVG (2.5 mg) or pSVGmu (2.5 mg). Two days after transfection, the 
viral supernatant was collected and filtered through a 0.45-μm pore size fil-
ter (Nalgene, Rochester, NY). The supernatant was then ultracentrifugated at 
25,000 rpm for 90 minutes, using an Optima L-90 K preparative ultracentrifuge 
and an SW28 rotor. The pellets were resuspended in an appropriate volume 
of cold Hank’s balanced salt solution (Hyclone) for the intended in vivo study.

Immunization and tumor challenge study
For the prophylactic experiment, female C57BL/6 mice (n  =  5 per group) 
were immunized with LV-3Ag at the indicated dosage. On day 14 postimmu-
nization, the mice were challenged with the indicated number of  B16-F10 
cells s.c. on the right flank. Tumor growth was evaluated every other day 
by measuring tumor diameter with a caliper. Tumor volume was defined 
as (smallest diameter) × (longest diameter) × (height). For the therapeutic 
experiment, mice were challenged with the indicated number of B16-F10 
cells s.c. on the right flank and immunized with LV-3Ag at day 3 post-tumor 
challenge. The αFAP-PE38 was administered to mice at the dose of 0.5 mg/
kg via i.v. injection at day 7 postimmunization. Tumor volume was measured 
as described above. Survival end point was set when the tumor volume 
reached 2,000 mm2.

Flow cytometry analysis
Tumor tissue from treated mice was harvested, minced to single suspension 
cells, filtered through 0.7 μm nylon strainers (BD Falcon, Franklin Lakes, NJ) 
and then purified by Percoll (Sigma-Aldrich) density-gradient separation. 
The purified cells were washed twice with cold PBS and then incubated for 
10 minutes at 4 °C with rat anti-mouse CD16/CD32 mAbs (BD Biosciences) 
to block nonspecific binding. Cells were then stained with monoclonal 
antibodies conjugated with fluorescent dyes. All staining antibodies and 
isotype controls were purchased from eBioscience or BioLegend, includ-
ing anti-CD45 (30-F11), anti-CD3 (145-2C11), anti-CD4 (RM4-5), anti-CD8 
(53–6.7), anti-F4/80 (BM8), anti-CD206 (C068C2), anti-PD-1 (RMP1-30), 
anti-NK1.1 (PK136), anti-CD25 (PC61), anti-FoxP3 (FJK-16S), anti-CD11b 
(M1/70), anti-CD11c (N418), and anti-Gr-1 (RB6-8C5). Tregs were identified 
by CD45+CD4+CD25+ Foxp3+ markers; CD4 and CD8 T cells were identified 
by CD45+CD4+ and CD45+CD8+ markers, respectively. MDSCs were identified 
by CD45+CD11b+Gr-1+ markers. Data were acquired on a MACSquant cytom-
eter (Miltenyi Biotec, San Diego, CA), and the analysis was performed using 
FlowJo software (Tree Star, Ashland, OR).

Immunohistochemical and immunofluorescence analysis
Tumor tissues were excised and fixed with 4% formaldehyde for frozen 
sections. Acetone-fixed 5-μm sections were first treated with 0.3% hydro-
gen peroxide in PBS for 10 minutes to quench endogenous peroxidase. 
Nonspecific binding was blocked using PBS containing 10% serum. Sections 
were then incubated with rabbit anti-mouse Ki67 (Abcam, Cambridge, MA) 
in blocking buffer for 2 hours at room temperature, followed by incubation 
with horseradish peroxidase-conjugated anti-rabbit IgG secondary antibody 
(Santa Cruz Biotechnology, Santa Cruz, CA) for 30 minutes. After incubation, 
the slides were washed three times with PBS and then developed with 3, 
 3-diaminobenzidine substrate (Abcam). After substrate development, the 

sections were washed in water, counterstained with hematoxylin, dehy-
drated, and mounted with mounting medium (Richard-Allan Scientific). H&E 
staining and immunohistochemistry images were acquired by EVOS XL Cell 
Imaging System (Life Technologies, Carlsbad, CA). An in situ cell death detec-
tion kit (Roche, Indianapolis, IN) was used to detect apoptotic cells in the 
tumor area, following the manufacturer’s instructions. The slides were ana-
lyzed with laser scanning by Nikon Eclipse Ti-E microscopy with a Yokogawa 
spinning-disk confocal scanner system (Solamere Technology Group, Salt 
Lake City, UT). Quantitation of the TUNEL- and Ki67-positive cells was per-
formed using ImageJ software.

RNA isolation and transcripts analysis by qRT-PCR
Total tissue RNA was extracted from the flank tumor tissue using an RNeasy 
Mini Kit (Qiagen, Valencia, CA), according to the manufacturer’s protocol. 
The cDNAs were synthesized from equal amounts of total RNAs using the 
 High-Capacity RNA-to-cDNA Kit (Applied Biosystems, Grand Island, NY). Real-
time qPCR with the appropriate primers was used to measure the expression 
of IL-2, IFN-γ, Perforin, Granzyme B, IL-12p35, IL-12p40, TRAIL, ICOS, TNF-α, and 
TGF-β genes. An ABI 7300 Real-Time PCR System (Applied Biosystems) was 
used for real-time qPCR to measure the incorporation of SYBR Green (Applied 
Biosystems). The ΔΔCt method was used to calculate changes in gene expres-
sion level, and the raw values were normalized to the levels of GAPDH as a 
reference gene.

Statistical analysis
Statistical analysis was performed by GraphPad (Prism) software to deter-
mine P values by Student’s t-test where two groups were compared. When 
more than two groups were compared, an analysis of variance with the 
Tukey post-test was used to determine significant differences between indi-
vidual groups. Kaplan-Meier analysis was used to evaluate the survival of 
mice. A P value less than 0.05 was considered statistically significant, and 
data were presented as means ± standard error of the mean.
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