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Abstract

Schistosomiasis is a devastating disease caused by Schistosoma infection. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) has emerged as a candidate vaccine component against Schistosoma japonicum, but only confers partial protection.
Cytotoxic T lymphocyte antigen-4 (CTLA-4) regulates T cell activation and shows negative effects on vaccine-induced immune
protection; however, its potential influence on the protective effects of a GAPDH vaccine against S. japonicum and the under-
lying mechanism remain unclear. In this study, we established a mouse model of S. japonicum infection, and the mice were
randomly divided into uninfected, infected control, anti-CTLA-4 monoclonal antibody (anti-CTLA-4 mAb), GAPDH, and
GAPDH combined with anti-CTLA-4 mAb groups to compare the protective effects against infection and the consequent tissue
damage. The worm reduction rate in the GAPDH-treated infected mice was 26.58%, which increased to 54.61% when combined
with anti-CTLA-4 mAb. The frequency of regulatory T cells (Tregs) was significantly higher in the anti-CTLA-4 mAb group and
was lower in the GAPDH group. However, both anti-CTLA-4 mAb and GAPDH elevated the levels of the cytokines IFN-y, IL-
2, IL-4, and IL-5 in the spleens of infected mice, and their combination further enhanced cytokine production. The diameter of
egg granuloma in the anti-CTLA-4 mAb group and combined treatment group increased significantly compared to that of the
other groups. These results suggest that anti-CTLA-4 mAb can be used as an adjuvant to enhance the immune protection of the
GAPDH vaccine via inducing the Th1 immune response, although this comes at the cost of enhanced body injury.
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Introduction to late symptoms that are difficult to resolve, such as liver fibro-

sis caused by egg deposition in the liver of the host (Sun et al.

Schistosomiasis is a fatal disease representing a significant pub-
lic health threat and economic burden worldwide. Eggs of
Schistosoma are the most important pathogenic factors, leading
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2017). Praziquantel is the first choice for the treatment of schis-
tosomiasis, but has no preventive effect. Therefore, development
of an effective vaccine is essential for schistosomiasis control.
As the key enzyme in glycolysis, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) has been proposed as a suitable can-
didate component of a Schistosoma japonicum subunit vaccine
(Argiro et al. 2000). Perez-Casal and Potter (2016) reported that
schistosome GAPDH confers partial resistance to schistosomia-
sis, emerging as a candidate subunit vaccine for inducing pro-
tective immunity. The recombinant GAPDH from S. japonicum
(tSJGAPDH) was first cloned and molecularly characterized as a
candidate vaccine (Waine et al. 1993). Several decades later, the
peptidases of Schistosoma mansoni CL3 and CB1 were com-
bined with GAPDH, which increased the protective levels
against S. mansoni infection challenge up to 70-76%, while
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the number of eggs and their viability decreased significantly
(Tallima et al. 2017). Thus, GAPDH appears to be an effective
agent for infection prevention; however, the mechanism of this
protective effect remains unclear. This mechanism has been pro-
posed to be associated with regulatory T cells (Tregs). Tang et al.
(2017) confirmed that the inadequate immune protection of the
glutathione-S-transferase (GST) vaccine may be related to the
induction of Tregs by the vaccine, and an anti-CD25 monoclo-
nal antibody (mAb) improved the protective efficacy of the GST
vaccine by blocking Tregs. Cimetidine was also suggested to
improve the protective effect of this vaccine by reducing the
percentage of Tregs (Li et al. 2011).

Tregs comprise various T cell subsets with inhibitory prop-
erties, expressing phenotypic markers such as the alpha chains
of the interleukin (IL)-2 receptor, cytotoxic T lymphocyte-
associated protein 4 (CTLA-4), glucocorticoid-induced tumor
necrosis factor receptor (GITR), forkhead box protein 3
(Foxp3), and lymphocyte activation gene 3 (LAG3)
(Pietruczuk et al. 2012). CTLA-4, a member of the
immunoglobulin-related receptor family, is responsible for
various aspects of T cell immune regulation (Rowshanravan
etal. 2018), including its most important function in inhibiting
T cell activation. Mice with a Ctla4 gene deficiency show
lymphocyte proliferation and infiltration to multiple organs,
and die 3—4 weeks after birth (Waterhouse et al. 1995). CTLA-
4 has also been demonstrated to play an important role in
vaccine design and can exert protective effects on its own.
Indeed, vaccine-induced protective immunity can be regulated
by the induction of co-inhibitory ligands such as CTLA-4,
which induce the depletion and non-proliferation in antigen-
experiencing T cells (Gannavaram et al. 2016). For example,
the development of an immune response to a tetanus toxoid
vaccine was found to be altered by a submicroscopic malaria
infection in Colombian pregnant women, and CTLA-4 ex-
pression levels were lower in the infected group (Alvarez-
Larrotta et al. 2019). Thus, antibodies that bind to CTLA-4
have great potential in the treatment of chronic infections,
especially in combination with therapeutic vaccines (Dyck
and Mills 2017); however, the role of CTLA-4 in a vaccine
of S. japonicum GAPDH has not yet been investigated.
Accordingly, in this study, we explored the effect of CTLA-
4 on the protective efficacy of a GAPDH vaccine and its
underlying mechanism using an anti-CTLA-4 mAb. Mice
were infected with cercariae of S. japonicum and then treated
with 1SJGAPDH, anti-CTLA-4 mAb, their combination, or
phosphate-buffered saline (PBS) as a control. The effective-
ness of the treatments was evaluated based on reduction in
worm and egg burdens, and histopathology of the liver. The
immune response was assessed by evaluating the Tregs pop-
ulation in the splenic lymphocytes and the production of cy-
tokines in the spleens of the mice of the different groups.
These results can lay the foundation for an effective strategy
of vaccine development for schistosomiasis.
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Materials and methods
Animals and parasites

Forty female BALB/c mice aged 6—8 weeks were purchased
from Hubei Province Center for Disease Control and
Prevention, China. The mice were equally and randomly di-
vided into the uninfected, infected control, anti-CTLA-4
mAD-treated, GAPDH-treated, and combined groups.
Oncomelania hupensis infected with S. japonicum was pro-
vided by Jiangsu Provincial Institute of Parasitic Disease
Control, China. The cercariac escape from positive
O. hupensis under light.

Experimental schedule

The GAPDH used in this study is a recombinant protein pre-
pared by our laboratory. Briefly, S;-GAPDH full-length cDNA
was amplified from the adult S. japonicum cDNA library
using specific primers (forward: 5-CCGGAATTCATGTC
GAAGGCTAAGGTTG-3"; reverse: 5'-CCGC
TCGAGTCAATTTCCGTTTAATGCAG-3'). The polymer-
ase chain reaction products of approximately 705 base pairs
were ligated into the expression vector PET28a (+) (Novagen,
Madison, WI, USA). The recombinant Sj-GAPDH protein
(approximately 28 kDa) was expressed by 1 mM
isopropyl-3-thiogalactopyranoside, purified using Ni-NTA
Agarose (QIAGEN, Hilden, Germany), and quantified with
a BCA protein Assay Kit (Beyotime, Shanghai, China) ac-
cording to the manufacturer’s protocol.

The mice in the GAPDH and combined groups were im-
munized with tSJGAPDH (100 pg), whereas 100 pl PBS was
used in the remaining three groups. Immunization was
boosted with the same volume at 2-week intervals. Two weeks
after the last immunization, the mice in the four infected
groups were percutaneously infected with 40 + 1 cercariae of
S. japonicum per mouse. The mice in the anti-CTLA-4 mAb
and combined groups were injected intraperitoneally with
anti-CTLA-4 mAb (300 png) 2 weeks post-infection; the same
volume of PBS was used as a control. All mice (8 mice per
group) were sacrificed 5 weeks after infection (3 weeks after
anti-CTLA-4 mAb administration) for assessment. The treat-
ment regimen is schematically depicted in Fig. 1.

Worm-burden and egg-burden assessment

To detect the protective efficacy of rSJGAPDH and anti-
CTLA-4 mAb alone or in combination, the mice in the four
infected groups were killed, and adult worms were obtained
by portal vein infusion according to the method described by
Ruppel et al. (1990). The number of worms was counted un-
der an anatomical microscope, and the reduction rate of the
worms was calculated. To obtain the egg load, the livers in all
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infected mice were removed and digested by 5% potassium
hydroxide. Counts were conducted in 1 ml samples, and the
liver egg reduction rate was calculated according to the meth-
od described by Cheng et al. (2008). The remaining livers
were used for histopathological evaluation of the granuloma.
The experiment was carried out in triplicate.

Flow cytometry

To evaluate the frequency of Tregs, single splenic lympho-
cytes of mice were prepared according to the method of Mo
et al. (2007). In brief, the spleen was gently ground and fil-
tered through a 200-mesh filter cloth. Red cells in the cell
pellet were cleaved by erythrocyte lysate (Beyotime, China)
and the cells were resuspended in RPMI-1640 medium and
grouped at a density of 5 x 10° cells for flow cytometry anal-
ysis. The cells were stained with fluorescein isothiocyanate-
conjugated anti-mouse CD4, allophycocyanin-conjugated an-
ti-mouse CD25, and phycoerythrin-conjugated anti-mouse
Foxp3 (all from the Regulatory T cell staining Kit for mice,
eBioscience). All stained cells were analyzed on a Calibur
flow cytometer (Becton Dickinson, Mountain View, CA).

Cytokines in the culture supernatant of murine spleen
cells

Single splenocyte suspensions were prepared as described
above, and then 5 x 10° cells from the spleen suspension of
each mouse were transferred to 24-well culture plates
(Corning, USA) and incubated with 5 pg/ml S. japonicum
soluble egg antigen or medium alone (all from Sigma) The
supernatant was collected after 72 h of culture (37 °C in 5%
CO,) for enzyme-linked immunosorbent assay to measure the
levels of the cytokines IL-2, interferon (IFN)-y, IL-4, and IL-5
in the supernatant according to the manufacturer instructions
of the respective kits (eBioscience).

I I I I I

GAPDH2 GAPDH3 Infection Anti-CTLA-4 mAb Sacrificed

Histopathological evaluation

The partial liver lobe of the mice in the four infected groups
was fixed in 10% formalin and processed into paraffin blocks.
Histopathological observation was conducted on 5-um-thick
sections by hematoxylin and eosin (H&E) staining. Typical
H&E-stained liver sections of each mouse were scanned at x
200 magnification under a compound microscope.

Statistical analysis

All data are expressed as the mean + standard deviation and
differences among groups were determined with analysis of
variance using SPSS 19.0 software. A P value of < 0.05 indi-
cated a significant difference.

Results

Effect of anti-CTLA-4 mAb on the protective efficacy
of rSJGAPDH in mice

Five weeks after infection, the numbers of worms and eggs in
the antibody group and in the GAPDH group were significantly
lower than those of the infected control group (P < 0.05), but
were reduced to a much greater extent in mice that received the
combined GAPDH and anti-CTLA-4 mAb treatment than
those in mice treated with either agent alone (Table 1).

Percentages of Tregs in splenocytes of the infected
mice

The transcription factor Foxp3 is typically expressed in Tregs,
and Foxp3-specific T cells can specifically recognize Tregs
(Larsen et al. 2013). Therefore, we defined triple-positive T
cells (CD4*CD25 Foxp3™ T cells) as Tregs in the present study

Table 1 Immunoprotection of the

Group Worm burden ~ Worm reduction ~ Number of eggs Liver egg

four infected groups

rate (%) per gram liver tissue (x10%)  reduction rate (%)
Infected control 2829 £342 26.31 + 8.34
Anti-CTLA-4 mAb  23.02 + 2.64 18.64%# 20.90 + 6.27 20.56*#
GAPDH 19.73 £2.34 30.25%4# 17.46 + 5.68 33.63%#
Combined 11.53 +£1.82 59.36* 9.88 +£4.78 62.45%

Data are expressed as mean + SD from three independent experiments (8 mice per group)
*P < 0.05 compared to the infected control group; # P < 0.05 compared to the combination group
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based on flow cytometry analysis. Compared with those of the
uninfected group, the infected mice showed significantly higher
percentages of Tregs in the splenocytes (Fig. 2). In the infected
background, compared with those of the infected group, the
percentages of Tregs in the GAPDH-treated group were signif-
icantly lower, whereas they were significantly higher in the
anti-CTLA-4 mAb-treated group (P < 0.05). The frequency of
Tregs in the combination group was also significantly higher
than that in the GAPDH group (P < 0.05). However, there was
no significant difference in Treg percentages between the com-
bined group and uninfected group.

Uninfected Infected

Anti-CTLA-4 mAb

Cytokine production by splenocytes

S. japonicum schistosomula is the main target of vaccine im-
munization, and it typically takes 4 weeks for the development
of schistosomula to mature adult worms. Therefore, we ob-
served the changes of cytokines at 5 weeks after infection.
Figure 3 shows that the levels of the Thl-related cytokines
IFN-y (Fig. 3a) and IL-2 (Fig. 3b), as well as the levels of
the Th2-related cytokines IL-4 (Fig. 3¢) and IL-5 (Fig. 3d)
were significantly higher in the mice of the infected groups.
Consistently, both the antibody and GAPDH-treated infected

GAPDH Combined
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Fig. 2 Percentages of Tregs in splenocytes of mice from a representative
flow cytometry result (a) and multigroup comparison (b) for the
uninfected, infected control, anti-CTLA-4 mAb, GAPDH, and
combined groups. Upper panels, the P3 gate denotes the frequency of
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Anti-CTLA-4 mAb

GAPDH

CD4* T cells among spleen cells. Lower panels, the Q23 gate indicates
the frequency of CD25"Foxp3* lymphocytes in the P3 gate. Data are
presented as mean + SD for triplicate experiments;* P < 0.05

Combined
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Fig.3 Contents of IFN-y (a), IL-2 (b), IL-4 (¢), and IL-5 (d) in the supernatant of cultured spleen cells measured 5 weeks post-infection. Data represent
the mean + SD of triplicate experiments. * P <0.05 compared to the infected control group; # P <0.05 compared to the combined group

groups showed higher levels of all cytokines, whereas the
combined group had highly significantly greater levels.

Histopathological evaluation

The livers of the four infected groups showed typical egg
granuloma. The mean granuloma sizes within the anti-
CTLA-4 mAb-treated (286 +41 um) and co-treated

Fig. 4 H&E staining of
Schistosoma egg granuloma in
the livers of the following four
infected groups: Infected group
(a), anti-CTLA-4 mAb (b),
GAPDH (¢), and combined group
(d)

groups (317 £56 um) were larger than those of the infect-
ed control group (130 =28 um) (P <0.05). The size of the
granuloma was also larger within the GAPDH group (164
+31 um); however, the increase was not statistically sig-
nificant compared to that of the infected control group.
Compared to that of the combination group, the size of
the granuloma was significantly smaller in the GAPDH
group (P<0.05) (Fig. 4).
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Discussion

CTLA-4, as a negative regulator of T cell activation and prolif-
eration, plays an important role in parasitic infection (Mackroth
et al. 2016). Walsh et al. (2007) identified marked expansion of
the CTLA-4" population during S. mansoni infection, which
helps it to escape the host immune attack. Therefore, we hypoth-
esized that targeting CTLA-4 could improve the protective effect
of a GAPDH vaccine against S. japonicum, which was tested
using a mouse model of S. japonicum infection. Indeed, we
found that the protection conferred by the GAPDH vaccine
was promoted by the addition of anti-CTLA-4 mAb in terms
of an almost 30% further reduction in the worm burden. These
results suggest that anti-CTLA-4 mAb may be an effective adju-
vant to enhance the immune protective effect of vaccines. Fahmy
et al. (2016) reported that the combination of anti-CTLA-4 ther-
apy with a Bacillus Calmette-Guerin vaccine might enhance the
immune activity in the bladder submucosal tissue. Although the
protective mechanism of GAPDH in the host and the effect of
CTLA-4 as an adjuvant are unclear, these effects may involve the
regulation of Tregs in which CTLA-4 is constitutively expressed.

Tregs are believed to play a key role in maintaining periph-
eral immune tolerance, and have been shown to be related to
the immune protective effects of the S. japonicum GST vac-
cine, which induced Tregs, although the protective effect is
quite poor (Tang et al. 2017). Here, flow cytometry analysis
demonstrated that the frequency of Tregs was reduced in the
GAPDH group but was higher in the anti-CTLA-4 group
compared to that of the infected control. This suggests that
the immunoprotective effect of GAPDH may be related to
its downregulation of Tregs, whereas the mechanism by which
CTLA-4 antibody enhances these effects of the GAPDH vac-
cine is Tregs-independent. Consistently, previous studies
showed that CTLA-4 blockade increased the number of acti-
vated effector CD4+ T cells and also increased the number of
Tregs (Kavanagh et al. 2008), while elimination of Tregs and
CTLA-4 blockade synergistically enhanced specific cytotox-
icity (Suarez et al. 2011).

Moreover, the Thl-type response plays an important role in
determining the level of protective efficacy (You et al. 2018).
Administration of GAPDH and anti-CTLA-4 mAb alone and
in combination elevated the levels of Thl cytokines (IFN-y
and IL-2) and Th2 cytokines (IL-4 and IL-5) in infected mice.
This suggests that anti-CTLA-4 mAb is beneficial for the host
to clear S. japonicum through enhancement of the Thl-type
immune response. Collectively, these results help to clarify the
complexity of the role of Tregs in schistosomiasis infection
and empbhasize the special role of CTLA-4 in regulating the
Th2 response (Walsh et al. 2007). The pathology caused by
S. japonicum eggs is also considered to reflect a Th2-type
immune response (Wang et al. 2015). Compared with the
infected control group, the egg granuloma diameter of the
anti-CTLA-4 mAb or combined group increased significantly.

@ Springer

Although anti-CTLA-4 mAb has been reported to have
obvious therapeutic effects against worms, it is also associated
with damage to the body via inducing immune-related adverse
events (Kadono 2017). S. mansoni P11l antigen was capable of
modulating the in vitro granuloma reaction, which was found
to be related to the balance of CD28, CTLA-4, and CD&6 in
human schistosomiasis (Zouain et al. 2004). In addition,
CTLA-4 was shown to reduce the extent of T cell-mediated
parasite tissue sequestration in a mouse model of malaria, thus
limiting the immunopathology response (Haque et al. 2010).
In line with the present study, anti-CTLA-4 mAb was shown
to eliminate S. japonicum in a previous schistosomiasis mod-
el, but at the expense of increased pathological damage (Tang
et al. 2014).

In conclusion, we demonstrate that anti-CTLA-4 mAb
could be an effective adjuvant to enhance the protective effect
of a GAPDH vaccine against S. japonicum via enhancement
of Thl-type and Th2-type immune responses but also en-
hances damage to the host.
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