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Abstract

Recombinant human peroxiredoxin-5 (hPRDX5), isolated from anti-cancer bioactive peptide (ACBPs), shows a homology of
89% with goat peroxiredoxin-5 (JPRDX5) and is reported to display anti-tumor activity in vivo. Herein, we explored the effect of
hPRDXS5 and the responsible mechanism in treating pancreatic cancer. Tumor-bearing mice were randomly divided into normal
PBS group and treatment group (n=5; 10 mg/kg hPRDX5). Flow cytometry was employed to examine lymphocytes, myeloid-
derived suppressor cell subsets, and the function proteins of natural killer (NK) cells in peripheral blood, spleen, and tumor
tissues of mice. Western blot was used to measure the protein expressions of the key nodes in TLR4-MAPK-NF-«B signaling
pathway. The rate of tumor suppression was 57.6% at a 10 mg/kg dose in orthotopic transplanted tumor mice. Moreover,
the population of CD3 +CD4 + T cells, NK cells, and CD3 + CD8 + T cells was significantly increased in the tumor tissue of the
hPRDX5 group, while the proportion of granulocytic-myeloid-derived suppressor cells decreased slightly. In addition, after
treatment with hPRDX5, the percentage of NK cells in blood increased more than 4-fold. Our findings indicated that hPRDX5
effectively suppressed pancreatic cancer possibly via the TLR4-MAPK-NF-«kB signaling cascade; hence hPRDX5 could be a
prospective immunotherapy candidate for treating pancreatic cancer.

Key words: Recombinant human peroxiredoxin-5; Pancreatic cancer; Immunotherapy; Immune cells activation; Myeloid-
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Introduction

Pancreatic cancer is a serious disease of the digestive  important reason for failures is the tumor immunosup-
system. Unlike many other malignant tumors, the inci-  pressive microenvironment (TME). In recent years, it has
dence and mortality of pancreatic cancer is growing, and  been found that pancreatic cancer cells escape host
it will be the second-leading cause of death-related to  immune surveillance by mobilizing a variety of host
cancer by 2030 in the United States (1). At the time of  immune cells to create a TME. Lymphocytes are the main
diagnosis, around 50% of patients have developed effector cells of antitumor immune response. However,
metastasis, and the average survival time rarely exceeds  patients with pancreatic cancer show decreased numbers
6 months (2). Currently, the routine treatment of advanced  of circulating lymphocytes compared to healthy subjects.
pancreatic cancer focuses mainly on alleviating pain and It is reported that natural killer (NK) cells in pancreatic
improving quality of life. This highlights the continued need  cancer patients have the ability of lysing tumor cells (9),
for new and effective therapies for pancreatic cancer. and high levels of NK cells in the tumor was associated

Immunotherapy is a promising approach for the  with a better prognosis (10). However, even in the early
treatment of many malignant tumors (3—6) but has not stage of the disease, the lytic activity of NK cells is weak
been applied to pancreatic cancer. Immune checkpoint and becomes even weaker as the disease progresses
inhibitors provided promising data at early stages but (11,12). Myeloid-derived suppressor cells (MDSCs), iden-
disappointing results at late stages (7,8). The most tified as heterogeneous myeloid progenitor cells and
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immature myeloid cells, play an immunosuppressive role
in cancer (13). MDSCs can suppress the function of T cells
in several ways. Once activated, MDSCs can exert the
activity of immunosuppressive cells by increasing the
levels of arginase 1, nitric oxide, and nitric oxide synthase
by monocytic (M)-MDSCs and high ROS production by
granulocytic (G)-MDSCs (14—16). Therefore, targeting the
restoration of the host’s immunity can be an effective
treatment strategy for patients with pancreatic cancer.

In the 1990s, a natural peptide mixture with relatively
small molecular weight (16.7 KD) was isolated and
extracted by researchers from goat spleen immunized
with human gastric tumor protein extract. The mixture has
excellent antitumor activity and no side effects, which is
why it is named anti-cancer bioactive peptide (ACBPs).
However, the complex procedure, time-consuming immu-
nization of the goat, and the low output of peptide
extraction from goat spleen hinder further study of its
biological function and clinical application as an anti-
cancer agent. In order to solve these problems, our group
has carried out relevant research. First, we confirmed
the sequence information of the important single
component peptide with antitumor activity by 2D nano-
LC-ESILTQ-Orbitrap MS/MS. On this basis, we deter-
mined that the target peptide was goat peroxiredoxin-5
(gPRDX5). The pure gPRDX5 was then obtained by
heterogeneous expression, and the anticancer bioactiv-
ity was confirmed with several types of tumor-cells (17).
To solve the potential safety problem of gPRDX5
applied to humans, we selected human peroxiredoxin-
5 (hPRDXS), which has 89% similarity to gPRDX5 for
further studies with the assistance of bioinformatics
methods. The results showed that hPRDXS5 had similar
antitumor activities with gPRDX5, which was evaluated
in mouse tumor models with colon cancer cell-C26 or
melanoma cell-B16. Moreover, the results also sug-
gested that hPRDX5 could counteract immunosuppres-
sion by promoting the development of immune organs,
expanding lymphocyte population, and upregulating
serum cytokines (18).

Currently, there are over 400 marketed recombinant
products (peptides and proteins) and another 1300 are
undergoing clinical trials. Oncology is one of the areas
that dominate the biopharmaceutical market for ther-
apeutic indications. In the context of the expanding
protein drug market, there is a general consensus about
the need to develop drugs that are stable in vivo and
delivered in a cell- or tissue-targeted manner to reduce
doses, production costs, and side effects. hPRDX5
is produced in Escherichia coli, which is usually the
most preferred method due to its high degree of
elaboration, rapid growth of biomass, and relatively
low cost. However, in E. coli, most recombinant proteins
are produced in insoluble form and therefore require
additional efforts to accomplish recombinant protein
refolding, which is difficult to scale and often reduces the
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yield of the target product. To determine the function and
efficacy of hPRDX5, we will develop efficient bioproc-
essing strategies for hPRDX5 including various expres-
sion systems and development of a bioprocess to
optimize its structure to increase stability of the product
and prevent its unwanted degradation.

In this study, considering the immunity system of
pancreatic cancer and the immune regulation function
of hPRDX5, we explored the effect and mechanisms of
hPRDX5 on pancreatic cancer in C57BL/6 mice by
analyzing tumor growth, distribution of lymphocyte sub-
sets, and function protein expressions, and by illustrating
the mechanism of hPRDX5 in enhancing the cytotoxicity
of NK cells in vivo and in vitro. Moreover, NK-92 cells were
used to clarify the antitumor effect of hPRDX5 primarily
through the TLR4-MAPK-NF-«B signaling pathways.

Material and Methods

Cell culture and treatment

The human NK-92 cell line and the mouse pancreatic
cancer cell line Panc02 were purchased from Basic
Medical Institute, Chinese Academy of Medical Sciences
(China) and cultured according to the instructions. NK-92
cells were cultured in special alpha minimum essential
medium (¢-MEM), purchased from Procell (China). Panc02
cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM; Gibco Chemical Co., USA) supple-
mented with 10% fetal bovine serum (FBS; Gibco
Chemical Co.) and 1% penicillin/streptomycin (Gibco
Chemical Co.). Cultures were maintained at 37°C in a
humidified 5% CO, incubator.

The chopped tumor tissue was digested by shaking
with the prepared digestive solution. After grinding the
tumor tissue, the tumor cell suspension was collected and
the isolation solution of mononuclear cells from tumor
infiltrating tissue of mice was added to obtain the tumor
infiltrating mononuclear cells. The function protein expres-
sions of IFN-y, granzyme B, and perforin on NK cells were
measured by flow cytometry.

NK cells were isolated from the spleen of healthy
female C57BL/6 mice (Beijing Vital River Laboratory
Animal Technology Co., Ltd. China) by magnetic bead
sorting. The cells were cultured with hPRDX5 at different
concentrations (5, 10, 50 pg/mL) for 24 h. Then, the
function protein expressions of NK cells, IFN-y, granzyme
B, and perforin, were measured by flow cytometry.

In vivo animal studies

All the animal experiments complied with the national
regulations and management guidelines for experimental
animal studies. The wild-type C57BL/6 female mice
(Beijing Vital River Laboratory Animal Technology Co.,
Ltd.) were housed under standard conditions, with
controlled temperature (20-25°C) and relative humidity
(40-60%) in the specific pathogen-free laboratory animal
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room. Panc02 cells were collected and inoculated into the
pancreas of mice. The tumor-bearing mice were randomly
divided into treatment group (10 mg/kg) of hPRDX5 (n=5
mice per group) and control group (n=5, PBS). hPRDX5
was administered intraperitoneally for 14 days from the
third day after surgery. At the end of the experiment, the
peripheral blood was collected, and the mice were
euthanized. Then, the tumor and spleen were excised,
weighed, and photographed.

Hematoxylin and eosin staining

Mouse pancreatic tumor tissues were separated from
the pancreas and fixed with 4% paraformaldehyde, then
dehydrated, and paraffin-embedded. Four micrometers-
thick tissue sections were stained with H&E (Solarbio,
China) according to the instructions. The sections were
photographed by a Leica microscope (Germany).

Flow cytometry

Mononuclear cells were isolated from spleen, blood,
and tumor tissues of mice. The cells were stained with the
monoclonal antibodies (Biolegend, USA) of (FITC)-con-
jugated anti-CD3, (PE)-conjugated anti-CD4, (APC)-con-
jugated anti-CD8, (PE)-conjugated anti-NK1.1, (FITC)-
conjugated anti-CD11b, (PE)-conjugated anti-Ly6C, and
(APC)-conjugated anti-Ly6G for the analysis of percent-
age of T cells, NK cells, and MDSC cells. The cells were
stained with the monoclonal antibodies of (PerCP-Cy5.5)-
conjugated anti-NK1.1, (FITC)-conjugated anti-IFN-y,
(PerCP-Cy7)-conjugated anti-granzyme B, and (PE)-con-
jugated anti-perforin for the expression analysis of func-
tion proteins in NK cells. All stained cells were incubated
in the dark for 15 min, followed by washing with PBS
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3 times, re-suspended with 200 uL PBS, and analyzed by
a flow cytometer.

Western blot

For the western blot experiment, NK-92 cells were
treated with or without hPRDX5 (5, 10, and 50 pg/mL) for
24 h. In some experiments, NK92 cells were pre-treated
with TLR4 inhibitor resatorvid (Selleck Chemicals, USA)
for 1 h, and then hPRDX5 (50 pg/mL) was added for 24 h.
The cells were collected and lysed in RIPA buffer
containing PMFS protease inhibitor. The protein concen-
tration was determined by a BCA protein assay. Then, the
proteins were separated by SDS-PAGE gels and trans-
ferred to a PVDF membrane. The PVDF membrane was
incubated with 5% bovine serum albumin for 1.5 h at room
temperature, and the primary antibodies (Abcam, USA)
anti-JNK, anti-ERK, anti-p38, anti-NF-kB, anti-p-JNK, anti-
p-ERK, anti-p-p38, anti-p-NF-kB, and anti-GAPDH were
incubated separately overnight at 4°C. Finally, secondary
antibodies labeled with HRP were incubated at room
temperature for 2 h. The protein blots were formed with
the Beyo ECL Plus reagent (Beyotime Biotechnology,
China), and the images were obtained in a ChemiDoc MP
Imaging System (Bio-Rad, USA).

Statistical analysis

All data are reported as means £ SD. Analyses were
performed with GraphPad Prism version 7.00 for Windows
(USA). For the statistical analysis of normally distributed
data sets, a Student’s t-test was used to compare two
unpaired treatment groups or a one-way ANOVA followed
by Tukey’s multiple comparisons test was used for multiple
comparisons. The survival difference between groups was
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Figure 1. Treatment with human peroxiredoxin-5 (hPRDX5) alone exhibited in vivo antitumor activity in a mouse orthotopic
transplantation model. A, Images of tumor tissues from tumor-bearing C57BL/6 mice. The tumors in the hPRDX5-treated group were
smaller than those in the control group. B, The tumor weights decreased in hPRDX5-treated mice. C, The survival period was prolonged
in hPRDX5-treated mice. D, Representative images of H&E staining of mouse pancreatic tumor (scale bar 100 um). Data are reported

as means + SD. *P <0.05 compared with the control (t-test).
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calculated with a log-rank test. When the P-value was less
than 0.05, the difference was considered significant.

Results

hPRDXS5 exhibited in vivo antitumor activity in mouse
orthotopic transplantation model

To study the antitumor activity of hPRDX5 in vivo,
Panc02 cell lines were used for orthotopic pancreas
transplantation in mice. Mice were treated with a daily dose
of 10 mg/kg of hPRDX5, and the treatment resulted in
significant inhibition of tumor weight (Figure 1A and B). The
average tumor weight of the hPRDX5 treatment group was
0.25 g, which was significantly lower than that of the control
group (mean 0.59 g), and the tumor inhibition rate reached
57.6%. In the hPRDX5 treated group, the inhibition of tumor
growth resulted in a significant survival benefit; the survival
time of mice was prolonged from 33 to 41 days, and the

4/11

difference was statistically significant (Figure 1C). Tumor
tissues were also paraffin-embedded and were stained with
H&E. The histopathological images showed that the vast
majority of cells were tumor cells, with a small amount of
acinar cells, and infiltrated inflammatory cells (Figure 1D).

hPRDX5 enhanced immune response in tumor-
bearing mice

To explore the mechanism of hPRDXS5 in inhibiting
the growth of pancreatic cancer, tumor and pancreatic
tissues and blood samples were collected to compare the
proportion of important immune cells (including CD3 +T,
CD4+T, CD8+T, MDSC, NK cells, etc.) in the treated and
control groups after 14 days of administration. Compared
with controls, the infiltration of CD3 +CD4 + T cells, CD3 +
CD8+ T cells, and NK cells was significantly increased
by 2-fold, 2-fold, and 4-fold, respectively, in the tumor
tissue (Figures 2 and 3). However, G-MDSCs in tumor
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Figure 2. Effect of human peroxiredoxin-5 (hPRDX5) on the proportion of T cells in tumor and spleen tissues of mice. Proportion of
CD3+CD4 + Tcells (A) and CD3+CD8+ T cells (B) in tumor tissues and of CD3+CD4 + T cells (C) and CD3+CD8+ T cells (D) in
spleen tissues in the control and hPRDXS5 treatment groups. Data are reported as means = SD. **P <0.01 and ***P <0.001 compared

with the control (t-test). ns: not significant.
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significant.

tissue had a small decrease (Figure 4). All of these data
suggested that hPRDX5 can enhance the immune
response of important immune cells in the tumor micro-
environment. Except for the fact that the proportion of
M-MDSCs cells decreased slightly, there was no signif-
icant difference in the percentage of T cells, NK cells, and
MDSCs between the two groups in the spleen tissue.
Specifically, compared with the control group, the propor-
tion of NK cells in the peripheral blood also increased
more than 4-fold.

hPRDX5 enhanced the function of NK cells in tumor
tissues

In view of the remarkable effect of hPRDX5 on the
proportion of NK cells in tumor tissues, we decided to
further detect the expression of function proteins (such as
IFN-y, granzyme B, and perforin) of NK cells in tumor
tissues of tumor-bearing mice in the treatment group and
the control group (Figure 5). The results showed that the
expression of these three proteins was significantly
increased compared with the control group. These
cytokines play key roles in promoting the cytotoxicity of
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NK cells. Therefore, all of these data suggested that
hPRDX5 could activate NK cells by both increasing the
number of infiltrating NK cells and promoting cytotoxicity.

hPRDXS5 stimulated the proliferation and function of
NK cells in vitro

We next examined whether hPRDX5 could activate
NK cells in vitro. NK cells were isolated from spleen of
normal C57BL/6 mice by magnetic bead sorting. After
stimulation with hPRDXS5 for 24 h in vitro, the expression
of function proteins in NK cells in the treatment group and
the control group was observed. A different result with the
in vivo experiment was revealed by flow cytometry
analysis. There were no significant differences in the
levels of function proteins between the two groups (Figure
6A). Only perforin protein expression was slightly aug-
mented by the mean fluorescence intensity analysis
(Figure 6B). Bone marrow mononuclear cells were
isolated from normal C57BL/6 mice and stimulated by
hPRDXS5 for 24 h in vitro. The experiments showed similar
results, as hPRDX5 up-regulated the proportion of NK
cells (Figure 6C).
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hPRDXS5 activated NK cells through TLR4-MAPK-
NF-kB signaling pathway

Toll-like receptor 4 (TLR4) is one of the key pattern
recognition receptors, and it recognizes pathogen-asso-
ciated molecules and delivers signals to cytoplasm to
trigger transcription factors and produce proinflammatory
cytokines (18,19). Some compounds exert immunomodu-
latory biological activities by acting on TLR4 (20). The
ability of hPRDX5 to activate NK cells led us to uncover
the underlying mechanism. Experimental results showed
that hPRDX5 increased the protein level of TLR4 and
enhanced the downstream protein expression of p-JNK,
p-ERK, p-P38, as well as p-NF-kB. Importantly, TLR4
inhibitor suppressed hPRDX5-induced activation of the
TLR4-MAPK-NF-kB signaling pathway, which further
proved that hPRDX5 could regulate the function of NK
cells by activating TLR4 (Figure 7).
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Discussion

The prominent feature of pancreatic cancers is the
immunosuppressive microenvironment. The insufficient
ability of anticancer immunity is caused by the recruitment
of various types of cells into the tumor, including MDSCs,
dendritic cells (DCs), and tumor-infiltrating lymphocytes
(TILs) (21). Destroying this immunosuppressive environ-
ment in the tumor and promoting the tumor-killing activity
of some of the immune cells might provide new options for
the treatment of this lethal disease (22).

MDSCs are the population of CD11b+ Gr-1+ at early
differentiation stages of myeloid cells. They dramatically
change during tumor development, infection, and even
immunization (23,24). It has been well established that
the accumulation of MDSCs suppresses the proliferation
and activation of T cells and negatively regulates the
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maturation of DCs, which together down-regulate the
immune responses and cause the tumor cells to escape
immune surveillance (24,25). Despite this mode of
mechanism, it has been indicated that elimination of the
myeloid suppressor cells could reduce tumor-related
immunosuppression and improve the efficacy of immu-
notherapy (26). Therefore, some strategies have been
evaluated. Suzuki et al. (27) showed that myeloid
suppressor cells that accumulate in animals with large
tumors could be selectively eliminated after gemcitabine
treatment. The immunosuppressive activity of myeloid
suppressor cells on activated NK cells and CD8 + T cells
could also be repressed after administration of the
chemotherapy drug gemcitabine.

TILs are one of the major components in the tumor
microenvironment, including different proportions of CD3 +
CD4 + (helper T) cells and CD3+ CD8 + (cytotoxic T) cells.
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In patients with pancreatic adenocarcinomas, infiltration
of both CD4+ and CD8+ T cells is associated with
better prognosis and significantly improved 5-year
survival (28-30). In general, accumulated tumor-infiltrat-
ing NK cells are associated with a good prognosis in a
number of solid tumors. Hence, both NK cells and T cells
play an important role in the process of innate and
adaptive immunity in clearing up the target tumor cells.
In this study, hPRDX5 was shown to have an effect on
both tumor-associated lymphocytes and MDSCs. Compared
with controls, the infiltration of CD3+CD4+ T cells,
CD3+CD8+ T cells, and NK cells was significantly
increased in the tumor tissue and the percentage of
G-MDSCs decreased to a certain extent. Hence, we
summarized that hPRDX5 exerted its anti-tumor activity
by changing the populations of immune cells and
immunosuppressive cells in the TME.
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Figure 6. Effect of human peroxiredoxin-5 (hPRDX5) on the expression of function proteins of natural killer (NK) cells in vitro.
A, The levels of IFN-y, granzyme B, and perforin in NK cells were assessed using flow cytometry. B, The mean fluorescent intensity
(MF1) of IFN-y, granzyme B, and perforin in NK cells was measured by flow cytometry. C, Proportion of NK cells in bone marrow
mononuclear cells stimulated by hPRDX5 for 24 h in vitro. Data are reported as means + SD. *P <0.05, compared with the control

(ANOVA).

NK cells are cytotoxic lymphocytes, playing a vital role
in immunological surveillance against viral infections and
cancer. Unlike the traditional CD8 + T cells, the function of
NK cells is triggered and modulated by a balance of
inhibitory and activating receptors (20). Moreover, the
phenotypes and function of NK cells tend to be strongly
regulated by the highly dynamic TME, considering that the
functions of NK cells are usually impaired in cancer
patients (31). Activated NK cells act on cancer via various
pathways mainly through the cytotoxicity pathway and
production of cytokines IFN-y and TNF-o (32). In this
study, hPRDX5 was shown to elevate the expression of
function proteins of NK cells in tumor tissues. Hence, we
concluded that hPRDX5 improved the action of NK cells in
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vivo, and the improved cytotoxicity and quantity of NK
played a major role in hPRDX5-induced inhibition against
tumor growth in vivo.

Toll-like receptors (TLRs) belong to pattern-recognition
receptors (PRRs), which are the mammalian homologues
of drosophila Toll protein, and play a role in recognition
and regulation of the immune response (33,34). TLR4 was
the first discovered TLR in humans that could activate the
immune-related genes. TLR4 is expressed on antigen
presenting cells (APCs), including macrophages and DCs.
After stimulation by various ligands, a great number of
proinflammatory substances such as cytokines, chemo-
kines, and their receptors are generated through both
MyD88-dependent and -independent pathways (35).
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Figure 7. NK92 cells were activated by human peroxiredoxin-5 (hPRDX5) through TLR4-MAPK-NF-«kB signaling pathway in vitro.
A and B, Levels of downstream protein expressions in NK-92 cells treated with hPRDX5 (5, 10, 50 pg/mL) for 24 h by western blot
analysis. C and D, Levels of downstream protein expressions in NK-92 cells treated with hPRDX5 (50 pg/mL) in the presence or
absence of TLR4 inhibitor (resatorvid) by western blotting. Data are reported as means = SD from ftriplicate wells. *P <0.05, compared
with the control. #P <0.05, compared with the relative hPRDX5-treated group (ANOVA). ns: not significant.

One of them, TNF-a, which has the ability to trigger DC
maturation and migration following proliferation of T helper
1 (Th1) lymphocytes, plays an important role in the TLR4
anticancer effect. On the one hand, DC maturation
facilitates cross-presentation of tumor antigens to specific
CD8+ T cells (36). On the other hand, the enrichment of
IFN-o and IL-12 in TME leads to the recruitment of T cells
to the region, whereas some cytokines activate the CD4 +
Th1 and consequently CD8+ T cells show antitumor
responses, and these are believed to be indispensable for
the implementation of antitumor effects (37,38). Hence,
we concluded that hPRDXS5 could activate TLR4 signaling
pathway and result in the activation of NK cells. Moreover,
the effect of hPRDX5 on NK cells could be attenuated by
the inhibitor of TLR4.
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Taken together, the present study provided experi-
mental evidence that recombinant hPRDXS5 inhibited
pancreatic cancer growth in mice and prolonged the
survival of tumor-bearing mice. hPRDX5 was shown to
play the anti-tumor effect by regulating the populations of
immune cells and immunosuppressive cells in the TME
and activate NK cells most likely via the TLR4 signaling
pathway.
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