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Purpose: In schistosomiasis-associated hepatic fibrosis, the role of murine UL16-binding protein-like transcript 1 (MULT1), the
strongest ligand of natural killer group 2-member D receptor (NKG2D), remains unclear. Here, Schistosoma japonicum-infected mice
administered with MULT1-encoding DNA were used to test MULT1 as a potential therapy for schistosomiasis-associated hepatic
fibrosis and explore relevant mechanisms.

Materials and Methods: A recombinant plasmid encoding MULT1 (p-rMULT1) was constructed and administered to Schistosoma
Japonicum-infected BALB/c mice via hydrodynamic tail vein injection. Egg granulomas in liver, hepatic fibrosis biomarkers and levels
of cytokines were investigated. Comparisons of CD4+ T, CD8+ T, NK and NKT proportions as well as their phenotype were
performed not only between Schistosoma infected, p-rMULT1 treated group and Schistosoma infected, backbone plasmid pEGFP-N1
treated group but also between infected, nontreated group and health control group.

Results: Reduced area of granuloma formation and fibrosis around single eggs, downregulated expression of collagen I, a-smooth
muscle actin, TGF-p and IL-10, and upregulated expression of IFN-y, were observed in the livers of p-rMULT1 treated mice.
p-TMULT! treatment improved Schistosoma infection impacted immune microenvironment by modulating proportion of CD4"*
T CDS8" T, natural killer (NK) and NKT cells, enhancing expression of NKG2D, in lymphocytes, and augmenting IFN-y secretion
by CD4" T, CD8" T, NK and NKT cells, as well as partially reversing some other phenotype changes of lymphocytes.
Conclusion: To the best of our knowledge, we provided the first in vivo evidence that MULT]1 is a favorable anti-fibrosis factor in the
context of schistosomiasis. The inhibitory effect of MULT1 overexpression on schistosomiasis associated with hepatic fibrosis may
result from augmenting the proportion and function of NKG2D-expressing immune cells, and from enhancing NK- and T-cell
activation, as well as regulating the helper T (Th)1/Th2 balance.
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Introduction

Schistosomiasis is a helminthic infectious disease, affecting ~258 million individuals in 78 countries.'” Schistosoma
mansoni and Schistosoma japonicum infection can cause severe liver fibrosis induced by eggs trapped in the liver. At 4-6
weeks after being infected by S. japonicum, patients enter the chronic infection stage, in which the eggs are excreted and
partially deposited into the liver. The deposited eggs release soluble egg antigens, which trigger extensive infiltration by
monocytes, eosinophils, neutrophils and lymphocytes, leading to granulomatous immune-pathogenesis lesion.>"

Activated hepatic stellate cells (HSCs) during the persistent lesion transformed into fibroblasts to help heal and produce
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large amount of extracellular matrix, including collagen fibers, more than that can be degenerated by tissue proteinase,
resulting in fibrosis at the granuloma site.>*

Helper T (Th) 2 immune response driven by IL-4, IL-5, IL-10 and IL-13 is the most prominent immune response
observed during liver fibrosis.”’ IL-4 and IL-5 antibody treatment can significantly suppress liver fibrosis in mice.®
In IL-4 gene-deficient mice, absolute IL-4 absence makes acute lethal inflammation occur after schistosomiasis,
accompanied by severe hepatic and intestinal damage.”'° IL-13 stimulates the activation and differentiation of HSCs
into fibroblasts and facilitates fibrosis.'""'? Evidence both from patient and from mouse model indicates that IL-13 is
a strong accelerator for the progress of liver fibrosis after Schistosoma infection.'>'* IL-4, IL-10 and IL-13 can also
stimulate macrophage transformation into alternatively activated macrophages, which are a major source found in
inflammatory zone protein 1/resistin-like molecule-a, favoring the conversion of HSCs into fibroblasts.'> At 12 weeks
after infection, the Th2 immune response is downregulated, which may be attributed to IL-10 and TGF-f inducing
regulatory T cells to regulate the balance of the Th1/Th2 response.”®'® In addition, the newly formed granuloma area
around the eggs is reduced, suggesting that liver fibrosis can be ameliorated by suppressing Th2 response. IFN-y can
inhibit Th2 cell proliferation'” and selectively promote Thl cell differentiation.'® Furthermore, previous studies have
shown that IFN-y can suppress fibrosis by inhibiting the HSC activation and TGF-B signaling.'®*°

Natural killer group 2 member D receptor (NKG2D), a C-type lectin-like membrane receptor, is an activating
receptor expressed on the surface of a wide range of effector cells, such as natural killer (NK), NKT, CD8" T and v
T cells.?"** Once bound to its ligands on the cell surface, NKG2D conducts signals via the DNAX-activating protein
10 and/or DNAX-activating protein 12 to the effector cells and promotes their proliferation, cytokine secretion and
cytotoxicity.”> NKG2D signaling plays critical roles in antitumor and anti-infection immunity, as well as in some
autoimmune diseases, such as contact hypersensitivity.>* 2’ A limited number of studies indicated its involvement in
S. japonicum infection and consequent hepatic fibrosis. Hou et al*® observed an increased transcript of several
retinoic acid early transcript (RAE)-1 members, but not of minor histocompatibility antigens encoded by locus H60
or murine UL16-binding protein (ULBP)-like transcript 1 (MULT1) in HSCs during weeks 6—8 post-infection with
S. japonicum. Gong et al*° reported a correlation between the presence of MICA*A45, a truncated form of the MHC
class I chain-related family molecules (MICA) allele, which encodes a human NKG2DL protein, and the degree of
schistosomiasis-associated fibrosis. Due to their critical role in immune stimulation, NKG2D and its ligands are
considered as promising potential targets for regulating immunity against tumors, infections and autoimmune
diseases.>*>! Considering that the MULT1 ligand binds to its receptor with greater affinity than other ligands for
NKG2D,*? it may hold promise as a tool for limiting liver fibrosis induced by Schistosoma eggs. Therefore, in order
to test NKG2D ligands as a potential therapy for schistosomiasis-associated hepatic fibrosis, a plasmid encoding
recombinant MULT1 (p-rMULT1) was constructed and administered to S. japonicum-infected BALB/c mice. It was
investigated whether overexpression of MULT1 in vivo could suppress the progression of liver fibrosis induced by
schistosomiasis. The effects of treatment on the proportion and function of NKG2D-expressing immune cells, such as
NK, NKT and CD8" T cells, and the Th1/Th2 shift were also investigated, in the hope of elucidating the mechanism
underlying the anti-fibrosis effect of MULT1 in schistosomiasis mice.

Materials and Methods
Ethics Approval

All experimental procedures involving mice were in compliance with the Chinese Council on Animal Care and approved by
the Institutional Animal Care and Use Committee, Huazhong University of Science and Technology (IACUC no. 2568).

DNA Construction

To generate p-rMULT]1, full-length cDNA encoding MULT1 (GenBank No. BC132070.1, 1155 base pairs) was amplified
from a cDNA library of mouse liver infected with S. japonicum by using PCR. Error-free amplified cDNA was identified
by sequencing, tailed with a haemagglutinin (HA) tag-encoding sequence at the 3’-end (5’-TAC CCA TAC GAT GTT
CCA GAT TAC GCT-3"), and then subcloned into the eukaryotic expression vector pEGFP-N1 (Addgene, Inc.).
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In vitro Expression of rMULT |

293T cells (ATCC, CRL-3216) were cultured in DMEM (HyClone; Cytiva) supplemented with 10% FBS (HyClone;
Cytiva) and 1% penicillin—streptomycin solution (MilliporeSigma). p-rMULTI1 (1 pg) in 50 pL serum-free DMEM
medium and 10 pL Lipofectamine® 2000 (Thermo Fisher Scientific, Inc.) in 50 pL serum-free DMEM were mixed
gently, incubated at room temperature for 20 minutes and then applied to 293T cells (70% confluence in 24-well plate).
After a 2-h incubation at 37 °C, 5% CQ2, the supernatant was replaced with 0.5-1 mL. DMEM containing 10% FBS and
1% penicillin—streptomycin solution. Another pEGFP-N1-based construct encoding a truncated form of MULT1 was
used as a control plasmid, whose product lacks the band of 50 kDa, the molecular mass weight of rMULT1, on the
Western blot assay membrane. After 48 h, transfected 293T cells were lysed in RIPA lysis buffer (cat. no. 89901; Thermo
Fisher Scientific, Inc.) for further analysis.

Mouse and Parasites

Mice and S. japonicum-infected Oncomelania hupensis snails were purchased from the Hubei Provincial Center for
Disease Control and Prevention (Wuhan, China). Mice were maintained at room temperature of 22-26°C, 40-50%
relative humidity with 12-h light/dark cycle and free access food and water, under specific pathogen-free conditions.
Animal infection and sacrifice were performed under anesthesia by intraperitoneal administration of tribromoethanol
(250 mg/kg).

Challenging with S. Japonicum

For infection, six-week-old BALB/c mice were percutaneously infected with 24S. japonicum cercariae per mouse by
putting cercariae harbored wet cover slips on the shaved abdominal skin while under anesthesia. Infected mice without
any treatment were used as infected group and mice with mock procedures, which were handled almost the same way
except that no cercariac on the wet cover slips were used as healthy control.

Treatment with p-rMULT |, Serum and Tissue Harvesting

For the treatment experiment, 12 infected mice were randomly divided into two groups at the end of 4th week post
infection, p-rMULT1 (40 pg/mouse) was intravenously administered weekly for 4 weeks by hydrodynamic tail vein
injection.”*~** Vehicle vector pEGFP-N1, instead of p-rMULT1, was used as the control (GFP-ctl). Mice were weighted
twice weekly. Prior to sacrificing the mice, serum was collected via the tail vein as well as cardiac puncture under
anesthesia. The livers, kidneys, colons and spleens were harvested and processed for further analysis. Livers and spleens
were weighed prior to being processed.

H&E and Masson’s Trichrome Staining

Neutral formalin-fixed, paraffin-embedded Swiss rolls of colon and tissues from kidney, spleen, as well as the left hepatic
lobe were cut into 4-um sections and stained with hematoxylin and eosin (H&E) or Masson’s trichrome stain. To perform
granuloma size measurements, five single egg-induced granulomas were randomly selected from each sample (magni-
fication x200). The sizes of granulomas were measured using the MSHOT Image Analysis System. In addition, tissues
stained with Masson’s trichrome stain were used to assess the collagen deposits of fibrosis. At least five images
(magnification x200) were captured from each sample, and the images were quantified using the MSHOT Image
Analysis System. The fibrotic area was determined by using the ratio of collagen deposition area to total area.

Flow Cytometry Analysis

Spleens were meshed through a 100-um cell strainer in ice-cold RPMI-1640 medium (HyClone; Cytiva) supplemented
with 2% FBS. Single splenocytes suspensions were purified by removing red blood cells using Red Cell Lysis Buffer (cat
no. RT122-02; Tiangen Biotech Co., Ltd.).
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The liver tissue for infiltrating lymphocytes isolation was meshed through a 100-um cell strainer in ice-cold RPMI-
1640 medium and then separated from hepatocytes by centrifugal mixing with 35% isotonic Percoll. The single-cell
suspension was treated with Red Cell Lysis Buffer to remove red blood cells.

For surface staining, a total of 2 x 10° cells were stained in 0.01 M PBS containing 2% FBS for 30 min at 4 °C,
with the following fluorescence labeled anti-mouse specific antibodies: CD3 (clone 145-2C11; eBioscience; Thermo
Fisher Scientific, Inc.), CD4 (clone RM4-5; BD Biosciences), NKp46 (clone 29A1.4 eBioscience; Thermo Fisher
Scientific, Inc.) and NKG2D (clone CXS5; eBioscience; Thermo Fisher Scientific, Inc.), CD49b (clone DXS5; BD
Biosciences), CD27 (clone LG.7F9; eBioscience; Thermo Fisher Scientific, Inc.;), CD62L (clone MEL-14;
eBioscience; Thermo Fisher Scientific, Inc.;) and killer cell lectin-like receptor G1 (KLRGI; clone 2F1/KLRGI;
BioLegend, Inc.;).

For intracellular cytokine staining, lymphocytes were stimulated with 50 ng/mL polymethacrylate (BD Biosciences),
ionomycin (1 pg/mL, BD Biosciences) and GolgiPlug reagent (20 pL/mL, BD Biosciences) at 37°C for 6 h prior to
staining with surface antibodies. These cells were then fixed and permeabilized with Fixation/Permeabilization Kit
according to the manufacturer’s protocol (BD Biosciences), and incubated with fluorescence labeled anti-IFN-y (clone
XMG1.2; eBioscience; Thermo Fisher Scientific, Inc.) and anti-IL-4 (clone 11B11; eBioscience; Thermo Fisher
Scientific, Inc.;). The ratio of IFN-y" to IL-4" was used as Th1/Th2 ratio.

Dead cells were excluded by applying the fixable viability dye eFluor 506 (eBioscience; Thermo Fisher Scientific,
Inc.). All antibodies were used at an optimal concentration after titration. Gating of cells was based on the specific
isotype control as well as fluorescence minus one (FMO) setting when needed. The analyses of stained cells were
performed by using FACSVerse or LSRII (BD Biosciences). Data were analyzed by using FlowJo 10 software (FlowJo
LLC). Geometric mean fluorescence intensity (MFI) over the entire peak was used to measure the expression of
interested molecules.

Cytometric Bead Array (CBA)

Concentration of IFN-y, IL-17, TNF-a, IL-2, IL-4 and IL-6 in plasma as well as in liver tissue were measured using CBA
(BD Biosciences) according to the protocols provided by the manufacturer and analyzed by using a FACSVerse or LSRII
flow cytometer. A standard curve was drawn from the MFI of the standard, and the concentration of each cytokine was
calculated based on the standard curve. The concentration of liver local cytokines was expressed as mass per milligram
tissue.

Aminotransferase Measuring
Serum alanine aminotransferase (ALT) activity was measured using commercial kits (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China) according to the manufacturer's guide.

Western Blot Assay

Liver tissue lysates or lysates of transfected 293T cells, with each loading sample containing 30 pg total protein
(Determined by Bradford assay), were analyzed by using 12% SDS-PAGE gel. Resolved proteins were electro-
transferred to polyvinylidene difluoride (PVDF) membranes. The membranes were blocked for 2 h with 5% nonfat
milk at room temperature and then probed with antibody specific to HA Tag (ProteinTech Group, Inc.), collagen
I (ABZoom Inc.), a-smooth muscle actin (a-SMA; ProteinTech Group, Inc.), TGF-f (ProteinTech Group, Inc.),
GAPDH (ProteinTech Group, Inc.) or B-actin (ProteinTech Group, Inc.).

Sandwich Fluorescence Immunoassay

Sandwich fluorescence immunoassay>> was modified and employed to evaluate the protein concentration of MULT1 in
the liver. Briefly, nonionic latex beads (Invitrogen; Thermo Fisher Scientific, Inc.) were coated with 25 ng/mL MULT1
monoclonal antibody (clone 5D10; eBioscience; Thermo Fisher Scientific, Inc.) and blocked with 2% bovine serum
album and then incubated with liver tissue lysates and then captured MULT1 was detected by staining with fluorescence
labeled detecting antibody specific for MULT1 (clone 237104, R&D Systems, Inc.) and analyzing on FACSVerse or
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LSRII flow cytometer. A standard curve was drawn from the MFI of the standard recombinant MULT1 protein (R&D
Systems, Inc.) and the concentration of MULT1 was calculated based on the standard curve. The level of liver local
MULT1 was expressed as the mass of MULT1 per gram liver tissue.

Reverse Transcription-Quantitative PCR (RT-qPCR)

Total RNA was extracted from liver tissues by using the TRIzol reagent (Biosharp Life Sciences) and reverse transcribed by
using a ReverTra Ace qPCR RT Kit (Toyobo Life Science). Then, the cDNA was analyzed for the expression of transcription
levels of various genes with SYBR Premix Ex Taq™ on a MyiQTM2 Real Time System (Bio-Rad Laboratories, Inc.). The
thermocycling program comprised 94°C for 5 min, 40 cycles of 30 s at 95°C and 60°C for 30 s, and a final extension for 5 min
at 72°C. Fold amplification was normalized by GAPDH and the primers used were as follows: GAPDH, 5’-primer:
GTGTTTCCTCGTCCCGTAG and 3’-primer: ATGGCAACAATCTCCACTTT; IFN-y, 5’-primer: AGTGGCATAGATGT
GGAA and 3’-primer: CTGATGGCCTGATTGTC; TGF-B, 5’-primer: CCCACTGATACGCCTGAG and 3’-primer:
GGGCTGATCCCGTTGAT; IL-10, 5’-primer: CAACATACTGCTAACCGACTCCT and 3’-primer: TGAGGG
TCTTCAGCTTCTCAC; a-SMA, 5’-primer: GAGCGTGAGATTGTCCG and 3’-primer GCTGTTATAGGTGGTTTCG;
collagen I, 5’-primer: GGCGGTTCAGGTCCAAT and 3’-primer: TCGGTGTCCCTTCATTCC; and Multl, 5’-primer:
GTCTGTGTCCAAGGATAGAAGAG and 3’-primer: AAAGAGGCTGTCTGTTGAGTAG

Statistical Analysis

Comparisons of means are performed between infected group (infected) and health control group (NC) or between
p-tMULTT1 treated group (rtMULT1) and vehicle plasmid treated group (GFP-ctl). Statistical significance was assessed by
independent samples unpaired Student’s #-test using Prism GraphPad Prism 7 Software (GraphPad Software, Inc.). All
experiments were conducted for 3 times independently. Data were expressed as the means = SEMs. P < 0.05 was
considered to indicate a statistically significant difference.

Results
Overexpression of rMULT | Attenuates Murine Schistosomiasis Associated Hepatic

Fibrosis

To investigate whether IMULT1 overexpression affects the progression of liver fibrosis, a pEGFP-N1-backboned plasmid
encoding recombinant rMULT1, p-rtMULT1, was constructed (Figure S1A, B and C) and was tested to be able to be
expressed in eukaryotes (Figure S1D). At 4 weeks post infection with S. japonicum, each mouse in the experimental
group was administered four doses of 40 pg p-rMULT]1 in the following 4 weeks via hydrodynamic tail vein injection
(Figure 1A). Compared with the vehicle plasmid (pEGFP-N1)-treated mice (GFP-ctl group), p-rMULT1 treated mice
(tMULT1 group) showed significantly elevated mRNA (Figure 1B) and protein (Figure 1C) of MULT1 in their liver,
demonstrating in vivo expression of the injected rMULT1 coding sequence. H&E and Masson’s trichrome staining data
revealed that the area of single egg granuloma was smaller (Figure 1D) and the collagen deposition was significantly
reduced (Figure 1E) in the liver of the rMULT1 group compared with the GFP-ctl group. Similarly, the transcription
levels of collagen I and a-SMA in the livers of mice treated with p-rMULT1 were also lower compared with those in the
vehicle plasmid-treated group (Figure 1F and G). This indicated a reduction in the activation of HSCs and collagen fiber
production, which was confirmed by Western blot assay (Figure 1H-J). The body weight change curve indicated that
rMULT1 DNA treatment ameliorated body weight loss in the infected mice (Figure S2A), while both p-rMULT I -treated
mice and pEGFP-N1-treated mice exhibited similar spleen and liver weights (Figure S2B and C). Neither significant
survival difference nor serum ALT activity distinction was observed between the two groups (Figure S2D and E). Both
groups have similar colon length (Figure S2F). No morphological difference was observed between p-rMULT 1-treated
mice and pEGFP-N1-treated mice, either in the colon, spleen or in the kidney (Figure S2G). These results suggested that
overexpression of rMULT1 in the chronic phase of infection in mice can alleviate murine hepatic fibrosis induced by
schistosomiasis and NKG2D-based immunity plays a protective role for schistosomiasis associated with liver fibrosis.
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Figure | MULT| encoding DNA injection alleviates egg granuloma and hepatic fibrosis in mice infected with Schistosoma japonicum. (A) Experimental design. Briefly, 6-week-
old BALB/c female mice (n=6 per group) were artificially infected with S. japonicum by cutaneous contact with 24 cercariae on a wet cover slip. Administration of 40 ug
rMULT| DNA or vehicle DNA was carried out via hydrodynamic tail vein injection; the process was initialized at 4 weeks post infection and repeated 3 times in | month
before the mice were anaesthetized and sacrificed at the end point. (B) RT-qPCR data and (C) sandwich fluorescence immunoassay showing elevated MULT | expression in
p-rMULT | -injected mice compared with control group mice (GFP-ctl) administered vehicle plasmids. (D) Representative H&E staining images (left panel, magnification x200)
and quantification of mean (+SEM) egg-induced granuloma size in the liver (white circles). (E) Representative Masson’s trichrome staining images (left panel, magnification
x200) and quantification of mean (+SEM) collagen deposition (right panel). (F and G) RT-qPCR showing decrease of (F) liver collagen | and (G) a-SMA expression. Western
blotting assay demonstrating reduced protein concentration of (H and I) collagen |, (H and J) a-SMA and (H and K) TGF-f in the livers of mice administered rMULT | DNA.
Data are representative of 4-6 animals per subgroup and 3 independent experiments. Comparisons were between rMULT | and GFP-ctl, *P<0.05 and **P<0.01.

Abbreviations: MULT |, murine UL16-binding protein-like transcript |; RT-qPCR, reverse transcription-quantitative PCR; SMA, smooth muscle actin; rMULT |, recombinant MULTI.
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Treatment with p-rMULT | Results in Elevated Liver IFN-y Levels

The pathological damage and liver fibrosis in the chronic phase of schistosomiasis are caused by various immune and
related cells, as well as various pro- and anti-inflammatory cytokines.”**” However, no difference was observed in the
serum levels of IFN-y, IL-2, IL-4, IL-6, IL-17 or TNF-a between the rMULT1 group and the GFP-ctl group (Figure 2A)
using CBA assay. Both RT-qPCR and CBA assay detected an increase of IFN-y expression in the livers of the rMULT1
group (Figure 2B and C). The mRNA levels of IL-10 in the p-rMULT 1-treated group were lower compared with those in
the GFP-ctl group (Figure 2B). There was no significant difference in the mRNA level of TGF-f§ between the two groups
(Figure 2B), while a decreased liver TGF-P was detected in the treated group by Western blot (Figure 1H and K). Taken
together, these data collectively suggested that rMULT1 overexpression promotes the expression of IFN-y, but suppresses
the expression of IL-10 and TGF-p in the liver.

NKG2D Expression is Enhanced and the Proportions of T Cells and NK Cells are

Changed

NKG2D is the only receptor for rMULT1 and is expressed on the surface of CD8" T, NK and NKT cells. The expression of
NKG2D on lymphocytes is associated with their status of activation and proliferation.>®*® In mice with chronic infection with
S. japonicum, the proportions of splenic CD4" T, CD8" T, NKT and NK cells sharply decreased (Figure 3A and B), so as that
of hepatic ones (Figure 3C and D) except CDS8" T cells. The percentage changes of these cells, except splenic CD4" T cells and
liver NKT cells, were partially reversed by tMULT1 DNA treatment (Figure 4A-D). At the same time, chronic infection
downregulated the expression of NKG2D in NK cells .(Figure SA and G), splenic CD8" T cells (Figure 7A) and NKT cells
(data not shown), and rMULT1 DNA treatment following infection elevated surface NKG2D of NK cells (Figure 6A and G),
splenic CD8" T cells (Figure 8A) and NKT cells (data not shown). Meanwhile, NKG2D expression did not change in CD4"
T cells (Figure 7F, 8F, 9G and H) and liver CD8" T cells (Figure 9A and B), either upon infection or in response to subsequent
treatment. These results indicated that NKG2D expression of lymphocytes was impaired by long-term infection with
S. japonicum, and overexpression of rMULT1 during infection can enhance NKG2D expression and restore the frequency
of NKG2D expressing lymphocytes.

Overexpression of rMULT | Enhances NK Cell Activation in Infected Mice

It was previously demonstrated that NK cells can modulate fibrosis during infection with S. japonicum;*® however, NK
function was impaired during the fibrotic stage of Schistosoma infection.*® NKG2D binding to its ligands efficiently
elicits the immune response of NK cells.* Flow cytometry analysis of splenic and hepatic NK cells was performed to
observe their phenotype changes caused by infection and following treatment with p-rMULT1. In addition to NKG2D
expression changes (Figures SA and G), surface KLRG1 (Figure 5B and H), CD49b (Figure 5D and J) and intracellular
IFN-y expression (Figure 5E, F, K and L) decreased, while surface CD69 level increased (Figure 5C and I) in NK cells
upon infection, and all these changes, along with NKG2D expression, were reversed by rMULT1 DNA administration
(Figure 6A-L). These data indicated that, to an extent, IMULT1 DNA injection can restore NK cell activation and
function in mice with chronic S. japonicum infection, favoring anti-fibrosis immunity.

p-rMULT | Administration Affects T-Cell Phenotypes and Th1/Th2 Shift

It is well known that T lymphocytes serve a key role in the immune response against Schistosoma infection. On the other hand,
T-cell immunity is markedly affected by schistosomiasis, particularly after the onset of egg deposition.'®*** Using flow
cytometry, several phenotypic changes in mouse T cells were observed, both upon infection and in response to p-rMULT1
administration, including IFN-y levels and the expression of some surface molecules, such as NKG2D, KLRGI (both in
spleen and in liver), CD62L and CD27 in spleen (Figures 7-9). Along with the aforementioned changes in surface NKG2D
(Figures 7A and 8A), KLRG1 and CD27 on splenic CD8" T cells (CD3"CD4 ") as well as KLRG1 on liver CD8" T cells
decreased in Schistosoma infected group compared to the health control group (Figure 7C, D and 9C), while p-rMULT1
treatment enhanced the expression of KLRG1 (Figures 8C and 9D) and CD27 (Figure 8D) on CD8" T cells. CD4" T cells have
rarely been reported to express NKG2D, except in some specific disease context including rheumatoid arthritis (RA), Crohn’s
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Figure 2 Cytokine levels in the serum and liver. (A) Cytometric bead array analysis showing similar levels of several serum cytokines between treated mice and GFP-ctl
mice, including IFN-y, IL-2, IL-17, IL-6, TNF-a and IL-4. (B) Reverse transcription-quantitative PCR showing increased IFN-y, decreased IL-10 and similar TGF-B RNA levels
in liver of the rMULT | group relative to the GFP-ctl group. (C) Cytometric bead array analysis of liver tissue showing elevated IFN-y, unchanged IL-2, IL-17, IL-6, TNF-a and
IL-4 in treated group. Comparisons were between rMULT | and GFP-ctl, *P<0.05.

Abbreviations: MULT |, murine UL16-binding protein-like transcript I; rMULTI, recombinant MULTI.
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Figure 3 Decreased CD4" T, CD8" T, NK and NKP46" NKT cell percentages in the spleen and the liver of BALB/c mouse with chronic S. japonicum infection. BALB/c
female mice aged 6 weeks were artificially infected with 24 cercariae of S. japonicum or served as the healthy control with a mock infection procedure, then without any
treatment, mice were euthanized and data were collected at 8 weeks post infection. (A and C) Representative dot plot graphs and (B and D) summary data demonstrated
a significantly decreased percentage of NK cells, NKP46™ NKT cells, CD8" T cells and CD4" T cells in (A and B) splenocytes and (C and D) liver infiltrating lymphocytes of
mice. Data are representative of 46 animals per subgroup and 3 independent experiments. Comparisons were between Infected and NC. *P<0.05 and **P<0.001.
Abbreviations: MULT |, murine UL16-binding protein-like transcript I; rMULT, recombinant MULT I; NK, natural killer.

disease, type 2 diabetes, multiple sclerosis, and systemic lupus erythematosus (SLE).** Neither schistosomiasis nor
p-tTMULT1 treatment following S, japonicum infection changed surface NKG2D levels on murine CD4" T cells
(Figures 7F, 8F, 9G and 9H). However, like CD8" T cells, CD4" T cells from p-TMULT1 treated mice also exhibited higher
surface KLRG1 and CD27 expression compared with those from vehicle treated mice (Figures 8H, 81 and 9J), while the
infection did not impact on expression of KLRG1 on splenic CD4" T cells (Figure 7H) but it suppressed CD27 expressing of
splenic CD4" T cells (Figure 71) and KLRG1 expression of hepatic CD4" T cells (Figure 91). Although chronic Schistosoma
infection impacted the expression of L-selectin, an important adhesion molecule that helps lymphocytes migrate to inflam-
matory sites, in both subsets of T cells (Figure 7B and G), after treatment with p-rMULT]1, a further decrease in L-selectin was
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Figure 4 rMULT | DNA restores lymphocyte percentages in the spleens and livers of S. japonicum-infected mice. (A and C) Representative dot plot graphs and (B and D)
data demonstrated a significantly increased portion of NK cells, NKP46" NKT cells, CD8" T cells in spleen and of NK cells, CD4" T cells in liver but not of CD4" T cells in
spleen or NKT cell in liver, as well as a significantly decreased portion of CD8" T in liver, of mice that received rMULT | DNA treatment. Data are representative of 4-6
animals per subgroup and 3 independent experiments. Comparisons were between rMULT | and GFP-ctl, *P<0.05 and **P<0.01.

Abbreviations: MULT |, murine ULI16-binding protein-like transcript I; rMULT, recombinant MULT I; NK, natural killer.

only detected in CD4" T cells (Figure 8G), not in CD8" T cells (Figure 8B). Furthermore, long-term Schistosoma infection
inhibited IFN-y secretion of CD4 " T cells (Figures 7J and 9K), of liver CD8" T cells (Figure 9E) but not of splenic CD8" T cells
(Figure 7E), and rMULT1 DNA treatment enhanced IFN-y secretion both in CD4" T cells (Figures 8J and 9L) and in CD8"
T cells (Figures 8E and 9F).

During the progression of schistosomiasis, along with egg deposition and accumulation in the liver, Th2 response
replaces Thl response, becoming the dominant type of immune response, and facilitates liver fibrosis in the chronic
phase of S. japonicum infection.***> Our ex vivo co-staining of IFN-y with IL-4 on CD4" T cells revealed restoration of
the Th1/Th2 ratio in the rMULT1 DNA-treated group, both in spleen (Figures 7K and 8K) and in liver (Figure 9M
and N).

4036 e Journal of Inflammation Research 2022:15

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove

Yang et al

Gated on NKP46* CD3-

ONC [ Infected
A B C
NKG2D KLRG1 —— CD69
100 1500 * -
T
Cw . _ - 40
=, = 1000 — . = 30
g — 6 § 20
g w 2 1T 9
Z» x "
c o
(0] < O \b ‘\0 &
Q <« « vf'@ A \éz"e \(\K 2&
a2l D B E F NC Infected
(7)) 100 100 12 a7
e - X, .
R - Z w0’ w0’
CD4sgb — IFN- ¥ I—'w IFN- ¥
800
X
= s
i 600 i "o I c —[_
= = -
2 400 ek 3 100 * BN ' *
2 T z —1 ;.- ¢
8 200 = %0 E 2 ’—_I__l
o 2 & P & &
T & &
G H |
NKG2D KLRG1 — CD69
150 80 — . 2 Hokk
T —_ i 60 T ==
= 100 ke = —_ <
Q O g =
Q 50 — 5 [a]
= g O s
. ® & &
o «
2 J K Infected
- o] oo
] - . £
: J/\‘c N ¥
———CD4% —_—
400
Lm L - L
S w gmn Fkkk
é 100 | -
o I 1
® & ® & & &
\é°° \e@" \é°°

Figure 5 NK cell phenotype changes due to infection. Long term S. japonicum infection downregulated (A and G) NKG2D, (B and H) KLRGI and (D and J) CD49b and (E,
F, K and L) IFN-y expression and elevated (C and I) CDé69 level on NK cell surface. Open line, health control; filled grey line, infected in all representative histograms. Data
are representative of 4—6 animals per subgroup and 3 independent experiments. Comparisons were between Infected and NC. *P<0.05, **P<0.01, ***P<0.00! and

*H4P<0.0001.

Abbreviations: NKG2D, natural killer group 2, member D receptor; KLRGI, killer cell lectin-like receptor GlI.
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Figure 6 NK cell phenotype changes were restored by rMULT | DNA treatment. NK cells form rMULT | group showed increased (A and G) NKG2D, (B and H) KLRGI,
(D and J) CD49b and decreased (C and 1) CDé69, as well as enhanced (E, F, K and L) IFN-y secretion, compared to those from GFP-ctl group. Open red line, rMULT |
group; filled green line, GFP-ctl group in all representative histograms. Data are representative of 46 animals per subgroup and 3 independent experiments. Comparisons
were between rMULT| and GFP-ctl, *P<0.05 and **P<0.01.

Abbreviations: MULT |, murine UL16-binding protein-like transcript |; NKG2D, natural killer group 2, member D receptor; KLRGI, killer cell lectin-like receptor GlI.
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Figure 7 Impact of S. japonicum infection on splenic T-cell phenotype at the end of the 8th week post S. japonicum infection. Flow cytometry assay of (A-E) CD8" T cells and
(F-K) CD4" T cells. Data demonstrated (A and F) suppressed NKG2D expression on CD8" T cells, but not on CD4" T cells from treated mice. Infected mice exhibited
lower CD62L and lower CD27 expression both on (G and 1) CD4" Tand (B and D) CD8" T cells compared with control mice. (C and H) CD8" T cells, but not CD4"
T cells, exhibited downregulated surface expression of KLRGI upon S. japonicum infection, while (E and J) CD4" T cells, but not CD8" T cells, exhibited decreased IFN-y
secretion in the infected mice. (K) Combined staining of CD4" T cells with intracellular IFN-y and IL-4 demonstrated a significant decrease of the Th1/Th2 ratio in the CD4"
T cells of the infected mice. Open line, health control; filled grey line, infected in all representative histograms. Data are representative of 4-6 animals per subgroup and 3
independent experiments. Comparisons were between Infected and NC. *P<0.05 and **P<0.01.

Abbreviations: NKG2D, natural killer group 2, member D receptor; KLRGI, killer cell lectin-like receptor GI.
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Figure 8 Impact of rMULT| DNA treatment on splenic T-cell phenotype in mice with S. japonicum infection. Flow cytometry data demonstrated an elevated NKG2D
expression on (A) CD8" T cells but not on (F) CD4" T cells from treated mice. (G) The treated group exhibited decreased CD62L expression on CD4" T cells compared
with the GFP-ctl group, while (B) CD8" T cells exhibited similar surface level of CD62L. Both CD8" Tand CD4" T cells exhibited increased surface expression of (C and H)
KLRGI and (D and I) CD27, as well as (E and J) enhanced IFN-y secretion upon rMULT | DNA treatment. (K) Combined staining of CD4" T cells with intracellular IFN-y
and IL-4 revealed a significantly higher Th1/Th2 ratio in CD4" T cells of the treated mice. Open red line, rMULT | DNA,; filled green line, vehicle DNA in all representative
histograms. Data are representative of 4-6 animals per subgroup and 3 independent experiments. Comparisons were between rMULT | and GFP-ctl, ¥P<0.05, **P<0.0| and
*P<0.001.

Abbreviations: MULT |, murine ULI16-binding protein-like transcript |; NKG2D, natural killer group 2 member D receptor; KLRGI, killer cell lectin-like receptor GI.
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Figure 9 Impact of (A, C, E, G, I, K, M) infection and (B, D, F, H, }, L, N) rMULT| DNA treatment on liver T-cell phenotype in mice with S. japonicum infection. Flow
cytometry data revealed unchanged NKG2D levels on hepatic (A and B) CD8" T and (G and H) CD4" T cells in response to either (A and G) infection or (B and H)
consequent treatment with rMULT| DNA. Both CD8" Tand CD4" T cells exhibited downregulated surface expression of (C and 1) KLRG| and (E and K) IFN-y production
upon S. japonicum infection, which were reversed by rMULT | DNA treatment (D, J, F and L). (M and N) Combined staining of CD4" T cells with intracellular IFN-y and IL-4
revealed (M) a significantly descent in Th1/Th2 ratio in liver CD4" T cells due to infection and (N) a restore of that in treated mice. Open dark line, health control; filled grey
line, infected; open red line, rIMULT| DNA,; filled green line, vehicle DNA in all representative histograms. Data are representative of 4-6 animals per subgroup and 3
independent experiments. Comparisons were between rMULT | and GFP-ctl, *P<0.05, **P<0.01 and ***P<0.001.

Abbreviations: MULT |, murine UL16-binding protein-like transcript |; NKG2D, natural killer group 2 member D receptor; KLRGI, killer cell lectin-like receptor GI.

Journal of Inflammation Research 2022:15 https: 4041

Dove:


https://www.dovepress.com
https://www.dovepress.com

Yang et al Dove

These data indicated that treatment with tMULT1 DNA ameliorated T-cell homeostasis and modulated Th cell
differentiation, facilitating the differentiation of effector CD4" T cells and delaying the Th1/Th2 shift during chronic
infection with S. japonicum.

Discussion

In models of S. japonicum infection and CCl4-induced liver fibrosis, ex vivo evidence showed that NK cells can inhibit
liver fibrosis in mice in an RAE/NKG2D-dependent manner.?**® IL-30, which can promote the expression of NKG2D on
the surface of hepatic NKT cells, enhances the cytotoxic effect of NKT cells on activated HSCs and reduces liver fibrosis
via the NKG2D/RAE-1 interaction.*” Nevertheless, as a co-stimulatory receptor for the TCR/CD3 complex on the
surface of activated T cells, NKG2D signal was also reported to promote injury-related inflammatory responses.** More
solid evidence is in need to determine whether NKG2D-based immunity does good or does bad in liver fibrosis following
lesion induced by Schistosoma infection. Among all known NKG2D ligands, MULT1 binds to mouse NKG2D with the
highest affinity.** In our present study, we constructed a recombinant of MULT1 encoding plasmid, p-rMULT]1. It was
administered to BALB/c mice with S. japonicum infestation to investigate the role of MULT1 on mouse hepatic fibrosis
induced by Schistosoma infection. Overexpression of rMULT1 in vivo using hydrodynamics-based transfection resulted
in shrunk area of egg granuloma and fibrosis area around single egg. Collagen I and a-SMA in the liver of the infected
mice were also reduced upon rMULT1 overexpression. Its overexpression also inhibited the body weight loss caused by
S. japonicum. The therapy with rMULT1 DNA did not elicit cytokine storm or other obvious toxic and side effects
demonstrated by unchanged survival, ALT level, colon length, as well as similar tissue morphology of multiple organs.
Hence, MULT1 is a potential protective factor in schistosomiasis and over expression of MULT1 ameliorated schisto-
somiasis associated with hepatic fibrosis. To the best of our knowledge, the present study provides the first in vivo
evidence of the potential value of NKG2D-based immunity elicited by its ligands in the treatment of schistosomiasis-
associated hepatic fibrosis.

NK cell function has previously been shown to be inhibited during the fibrotic phase of schistosomiasis,*® and the
degree of liver fibrosis in mice infected with S. mansoni is exacerbated following treatment with anti-NK1.1 antibody to
deplete NK1.1" (CD3" NK1.1" NKT and CD3~ NK1.1" NK) cells,*’ suggesting that NKT and NK cells may negatively
regulate egg-induced liver fibrosis. NK cell activation is concisely regulated by receptors falling into two categories:
inhibitory receptors and stimulating receptors.’®>! Among them, NKG2D is an extra strong activating receptor regarding
that activating NKG2D signaling constitutes the molecular basis to override inhibitory signals from inhibitory NK
receptors..52 On the other hand, NKG2D, as well as CD49b, KLRG1 and CD69 are among the surface molecules for
evaluating maturation stages, activation status of NK cells.”>> In our present work, NK cells were inhibited in
expression of NKG2D, KLRG1, CD49b and IFN-y and enhance in expression of CD69 by chronic Schitosoma infection
and all the changes, both in spleen and in liver local, were inversely screwed by treatment with p-rMULT1, demonstrat-
ing restoration of NK cell function being involved in the mechanism by which p-rMULT1 attenuated Schitosoma induced
fibrosis.

T-cell immunity is a well-known critical immune response against schistosomiasis and associated hepatic fibrosis.'®>°
Helper T cells are the majority of CD4" T cells and are divided into two major subtypes, Thl and Th2. A shift from Thl
response to Th2 response occurs in the host along with the oviposition of schistosomes.®'® IL-4, a critical Th2 type cytokine,
is a double-edge sword for schistosomiasis. On the one hand, it is indefensible for mice with Schistosoma infection to survive
the acute phase.””” On the other hand, it can enhance Th2 response and promote hepatic fibrosis.”'® Cutting down IL-4, but
not absolutely deleting it, was proved to be effective in improving the health status of mice with schistosomiasis associated
hepatic fibrosis® In our present work, we found that the expression of IFN-y in splenic CD4" T, NKT, NK cells and in hepatic
CDS8" T cells was significantly enhanced in the p-rMULT 1 treatment group, and the IFN-y level in the liver was also elevated.
In the meantime, IL-4 level either in the liver or in the serum did not change upon treatment. IFN-y not only inhibits Th2 cell
proliferation,'” but also promotes Th1 cell differentiation'® and inhibits HSC activation, and promotes apoptosis of HSCs by
inhibiting the TGF-p signaling pathway, thus playing an important anti-fibrosis role.'*?° Therefore, the results of the present
study suggested that the reduction of liver fibrosis in the p-rtMULT1 treatment group may be partially due to increased
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activation of Th1 (IFN-y" CD4" T) cells, resulting in downregulation of Th2 cell responses, or inhibition of liver fibrosis by
IFN-y secreted by lymphocytes, such as T cells, NKT and NK cells.

CD27 is one of the co-stimulatory receptors for T cells in both mice and humans, conducting stimulatory signals for
T-cell activation in anti-infection and antitumor immune response.”® ¢! While KLRG1 is considered to be a co-inhibitory

6263 it is also a surface marker of maturation for NK and T cells.’>**% In a recent study,

receptor on lymphocytes,
enhanced KLRG1 expression on CD4" T cells was observed upon treatment in tuberculosis patients who had lower
KLRG1" CD4" T cells than healthy individuals, either with or without Mycobacterium tuberculosis infection.®* KLRG1"
CD8" T cells have been shown to exhibit high plasticity in developing into versatile memory cells, hence contributing to
long-term protective immunity.®> In the treated mice of our current study, surface KLRG1 expression was found to be
increased in both types of T cells from spleen and liver, so as the CD27 expression of splenic T cells. In line with the
largely adverse changes in the expression of these molecules due to S. japonicum infection, it appears that IMULT1 DNA
treatment modulated T-cell homeostasis. These observations indicate that modulating T-cell responses may be another
important mechanism mediating the effects of the rMULT1 DNA treatment against schistosomiasis-associated hepatic
fibrosis.

Given the fact that NKG2D-signal and NK cell activation are efficient in eliciting Thl immune response and
increasing IFN-y secretion,”’ while NKG2D is absent in CD4+ T cells and only transduces co-stimulating signal to
CDS8+ T cells,*®* NK cells might play as a trigger in the cellular mechanism of p-rMULT employing screwed NK cell,
CD4+ T cells, CD8+ T cells and others to alleviate murine schistosomiasis-associated hepatic fibrosis, which is yet to be
confirmed by further investigations using appropriate specific depletion or defection models.

Conclusion

In summary, by administering S. japonicum infected mice with a recombinant plasmid encoding MULT1, the strongest
ligand for stimulating NKG2D, we demonstrate that overexpressed MULT1 is promising in treating experimental hepatic
fibrosis induced by. S. japonicum, and involved mechanisms include increased proportion and function of NKG2D-
expressing lymphocytes, ameliorated NK- and T-cell homeostasis, improved cellular immunity and modulated Th cell
differentiation as well as regulated T (Th)1/Th2 balance. Our findings proposed a new potential therapy against
schistosomiasis associated with liver fibrosis by targeting NKG2D signaling.

Abbreviations

a-SMA, a-smooth muscle actin; HA, hemagglutinin; HSCs, hepatic stellate cells; KLRG1, killer cell lectin-like receptor
G1; MICA, MHC class I chain-related family molecules A; MULT1, murine ULBP-like transcript 1; NKG2D, natural
killer group 2 member D receptor; rMULT 1, recombinant MULT1; p-tMULT1, plasmid encoding recombinant MULT1;
RAE, retinoic acid early transcript; ULBP, unique long 16-binding protein.
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