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As a multicellular parasitic nematode, Trichinella spiralis regulates host immune
responses by producing a variety of immunomodulatory molecules to escape from
host immune attack, but the mechanisms underlying the immune evasion are not well
understood. Here, we identified that 7. spiralis calreticulin (7s-CRT), a Ca?*-binding
protein, facilitated T. spiralis immune evasion by interacting with the first component of
human classical complement pathway, C1q. In the present study, 7s-CRT was found to
be expressed on the surface of different developmental stages of T. spiralis as well as in
the secreted products of adult and muscle larval worms. Functional analysis identified
that Ts-CRT was able to bind to human C1q, resulting in the inhibition of C1g-initiated
complement classical activation pathway reflected by reduced C4/C3 generation and
C1g-dependent lysis of antibody-sensitized sheep erythrocytes. Moreover, recom-
binant 7s-CRT (r7s-CRT) binding to C1qg suppressed C1g-induced THP-1-derived
macrophages chemotaxis and reduced monocyte—-macrophages release of reactive
oxygen intermediates (ROIs). Blocking Ts-CRT on the surface of newborn larvae (NBL)
of T. spiralis with anti-7Ts-CRT antibody increased the C1g-mediated adherence of
monocyte—-macrophages to larvae and impaired larval infectivity. All of these results
suggest that T. spiralis-expressed Ts-CRT plays crucial roles in T. spiralis immune
evasion and survival in host mostly by directly binding to host complement C1q, which
not only reduces C1g-mediated activation of classical complement pathway but also
inhibits the C1g-induced non-complement activation of macrophages.

Keywords: Trichinella spiralis, calreticulin, complement C1q, classical complement activation, complement
attack, macrophage, immune evasion

INTRODUCTION

Trichinellosis is a serious food-borne parasitic zoonosis caused by eating raw or undercooked meat
contaminated with Trichinella spiralis larvae cysts (1) and results in the manifestation of fever, facial
edema, severe diarrhea, myositis, or even death (2). More than 11 million people are estimated to be
infected with T. spiralis worldwide (3). Trichinellosis is considered as an emerging or re-emerging dis-
ease due to the increased consumption of meat (1, 3). During the host infection by T. spiralis, muscle
larvae (ML) are released from cysts and then develop into adult worms in small intestine, where female
worms produce newborn larvae (NBL). NBL penetrate intestine and disseminate through blood
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circulation to muscles, where they develop into ML. T. spiralis in
the three different developmental stages are all exposed to host
immune system (4) and develop comprehensive immune evasion
strategies in the long process of evolution to survive in the hostile
immune environment within host. Understanding the parasite’s
immune evasion mechanism would facilitate the development of
preventive vaccine or therapeutic drugs against trichinellosis.

The host immune defense network includes innate and adap-
tive immune system. As a major innate immune component, the
complement system is an early barrier for intruding pathogens
and is activated directly by pathogens or indirectly by pathogen-
bound antibodies. The activation of complement system leads
to a cascade of reactions occurring on the surface of pathogens
and generates membrane-attack complex (MAC) to attack the
invaded pathogens (5). In fact, the pathogen’s immune evasion
often targets the host complement system (6). Many studies have
demonstrated that some pathogens produce proteins such as
human astrovirus coat protein (7), scabies mite inactive serine
proteases (8), and Streptococcus pneumoniae endopeptidase O
(PepO) (9), which can bind human C1q and inhibit the classical
pathway of complement activation as a strategy to evade comple-
ment attack in the host.

Clq, as the first complement component that can be activated
by antibodies (IgG and IgM) bound to antigens/pathogens,
plays an initiative and essential role in the activation of classical
complement pathway (10). In addition, it also mediates multiple
complement-independent functions including binding to Clq
receptors on various immune cells to modulate their activities
(11). For example, C1q induces chemotaxis of neutrophils (12),
eosinophils (13), and macrophages (14) and enhances their
adhesion, phagocytosis, or killing abilities to invaded pathogens.
Specifically, C1q binds to the Clq receptor on macrophages and
triggers the release of both reactive oxygen intermediates (ROIs)
and reactive nitrogen intermediates (RNIs), which damage or kill
invaded pathogens (15, 16).

Our previous studies demonstrated that T. spiralis-expressed
paramyosin (75-Pmy) that bound to C9 and inhibited the forma-
tion of MAC to protect the parasite from complement attack (17).
Further study revealed that T5-Pmy also bound to Cl1q to inhibit
the initiation of the classical pathway as one of the comprehensive
strategies to evade complement activation (18). In addition to
Ts-Pmy, T. spiralis may produce other functional proteins that play
important roles in evading complement attack or other immune
responses as survival strategies. Recent studies have shown that
calreticulin (CRT) in several parasites is involved in immune
regulation of host immune system by binding to complement
component Clq (19-22).

Calreticulin is a calcium-binding protein conserved in dif-
ferent species of organisms including parasitic helminths (19).
It contains globular N-terminal, proline-rich P, and acidic
C-terminal domains that participate in multiple functions asso-
ciated with cell adhesion, calcium storage, and phagocytosis of
apoptotic cells (23). Moreover, CRT in certain parasites enables
to bind to Clg, which results in inhibiting Clq-dependent
complement activity (19, 23), as a major approach to evade host
complement attack (20, 21, 24, 25). However, the possible roles
of T. spiralis CRT (Ts5-CRT) in the modulation of host immune

response, especially in the activation of complement, have not yet
been investigated. In this study, 75-CRT was cloned and expressed
as a recombinant protein, and its potential ability involved in the
immunomodulation was investigated. We found that T5-CRT
also bound to human Clq, which resulted in the inhibition of
complement classical pathway and Clq-mediated macrophage
activities, indicating that T. spiralis-expressed CRT plays critical
roles in evading host immune responses.

MATERIALS AND METHODS

Animals

Experimental animals were purchased from the Laboratory
Animal Services Center of Capital Medical University (Beijing,
China) and housed under specific pathogen-free conditions with
suitable temperature and humidity. All experimental procedures
were approved by the Capital Medical University Animal Care
and Use Committee (approval number: 2012-X-108) and were
in accordance with the NIH Guidelines for the Care and Use of
Laboratory Animals.

Sera

Normal human serum (NHS) was collected after the signature
of an informed consent signed by six healthy volunteers, and the
project was approved by the Institutional Review Board (IRB) of
Capital Medical University (approval number: 2016SY01). Blood
samples were collected by venous puncture by a specialized
senior nurse in the Capital Medical University Hospital. Human
Clq-deficient serum (Clq-D) was purchased from Merck
(Kenilworth, Germany). T. spiralis-infected rabbit, swine, and
mouse sera were obtained as previously described (26).

Parasites and Antigen Preparation

T. spiralis (ISS 533 strain) was maintained in female ICR mice,
and ML were recovered from the muscles of infected mice
using a modified pepsin-hydrochloric acid digestion method as
previously described (27). Adult worms were isolated from the
intestines of infected Wistar rats 108 h after oral larval challenge.
NBL were collected from the fertile female adult worms cultured
in RPMI 1640 for 48 h at 37°C. Crude somatic extracts of all the
stages of T. spiralis were prepared by homogenizing the worms
based on conventional methods (28). The excretory-secretory
products of ML (MES) and adult worms (AES) were collected
using previously described culture methods (29, 30). Briefly,
T. spiralis ML were freshly collected and cultured in RPMI 1640
with 0.1% bile swine (Macklin, Shanghai, China) for 48 h at 37°C
with 5% CO.. The culture supernatants containing MES products
were concentrated by centrifugation and buffer exchanged into
phosphate-buffered saline (PBS). The AES were obtained with the
same methods as for the MES without bile stimulation.

Cloning, Expression, and Purification
of Recombinant Ts-CRT (rTs-CRT)

Based on the sequence information of T. spiralis calreticulin
(T5-CRT) (XM_003371331.1), a pair of specific primers (forward:
5'GCGGATCCGAGCCGACCATTTACCTCAAGGAAAC3’
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andreverse: 5 GCCTCGAGCAGCTCTTCTTTAACATT3') were
designed to amplify T5-CRT coding DNA without signal at the
5’-end from adult parasite total cDNA. The amplified Ts-crt DNA
was subcloned into E. coli expression vector pET-28a (Novagen,
Darmstadt, Germany). The rT5s-CRT was expressed in E. coli
BL21 (DE3) under induction of 0.5 mM IPTG at 37°C for 4 h.
The soluble rTs-CRT with His-tags at both N- and C-terminuses
was purified by Ni-affinity chromatography (Novagen) following
the manufacturer’s protocols. The rTs-CRT purity was analyzed
by SDS-PAGE and confirmed by Western blotting with anti-His
antibody (TTANGEN, Beijing, China). The rT5-CRT concentra-
tion was determined using BCA Protein Assay Kit (Thermo,
Waltham, MA, USA). The contaminated endotoxin in purified
rTs-CRT was removed using ToxOut Endotoxin Removal Kits
(BioVision, San Francisco, CA, USA) and confirmed using the
ToxinSensor Endotoxin Detection System (GenScript, Nanjing,
China).

Production of Polyclonal Anti-Ts-CRT
Antibody

Purified r Ts-CRT was used to immunize mice to produce antisera.
Mice were subcutaneously immunized with 25 ug of rTs-CRT
formulated with an equal volume of adjuvant ISA50v2 (Seppic,
Pairs, France). Two boosts were followed by 2-week intervals. One
week after the last immunization, the mice sera were collected,
and the antibody titer was determined by ELISA. Anti-Ts-CRT
IgG was purified using HiTrap Protein G HP (GE Healthcare,
Uppsala, Sweden) based on the manufacturer’s protocols.

Calcium-Binding Staining

The calcium-binding property of rTs-CRT was assessed by stain-
ing with Stains-all (Sigma, St. Louis, MO, USA), a cationic carbo-
cyanine dye that stains sialoglycoproteins, phosphoproteins, and
Ca**-binding proteins blue and all other proteins red (31).

Expression of Native Ts-CRT in Different

Stages of T. spiralis

The expression of native T5-CRT was analyzed at RNA transcrip-
tion level by real-time quantitative PCR and protein expression
level by Western blotting with mouse anti-T5-CRT antisera at
different life stages of T. spiralis.

Real-time Quantitative PCR

Total RNA was extracted from adult worms, ML and NBL
using the RNAprep Pure Tissue Kit (TTANGEN) according
to the manufacturer’s manual. For total cDNA synthesis, the
same amount of total RNA was reverse transcribed using the
PrimeScript 1st Strand cDNA Synthesis Kit (Takara, Kusatsu,
Japan). All real-time quantitative PCR reactions were performed
using TransStrat Top Green qPCR SuperMix (TransGen, Beijing,
China) in triplicate. The primers for analyzing T5-crt gene were
designed as follows: 5'-CCAAAACATGTCCCAGTACCTG-3’
(forward) and 5'-CTATTGGCCTCAACGCTTCC-3’ (reverse).
The primers for GAPDH (the internal expression control) were
5-TGCTTCTTGCACTACCAATGGCTTAG-3" (forward) and
5'-ACCAGATGGACCATCGACTGTCTTTT-3" (reverse). The

results of the threshold cycle (Ct) were calculated using 2744
method (32) after being normalized by the house-keeping gene
GAPDH; the fold changes of the Ts-crt gene expression in adult
worms and ML were calculated relative to that in NBL.

Western Blot

Protein samples (including r75-CRT; ES products AES and MES;
and crude somatic extracts of T. spiralis adult worms, ML and
NBL) were separated on 12% SDS-PAGE, transferred onto a
nitrocellulose membrane (Millipore, MA, USA) and blocked
with 5% (w/v) skimmed milk in PBS pH 7.4. Then, the membrane
was incubated with mouse anti-Ts-CRT sera (1:100,000) or sera
from T. spiralis-infected rabbits (1:200), mice (1:50), and swine
(1:1,000), followed by incubation with IRDye 800CW-conjugated
secondary antibody against different species IgG (1:10,000)
(LI-COR, Lincoln, NE, USA) and visualized with the Odyssey
CLx Infrared Imaging System (LI-COR).

Immunofluorescence Assay (IFA)

Adult worms and ML of T. spiralis were fixed in 4% paraform-
aldehyde, embedded in paraffin, and longitudinally sectioned.
The worm tissue sections were blocked with normal goat serum
(ZSGB-BIO, Beijing, China) for 1 h to prevent non-specific bind-
ing and were then incubated with anti- T5-CRT mouse sera (1:500)
for 1 h. Fixed NBL were permeabilized using 1% Triton X-100
in PBS for 30 min at room temperature and were then blocked
and incubated with anti-T5s-CRT mouse sera overnight at 4°C.
DyLight 488-conjugated goat-anti-mouse IgG (ZSGB-BIO) was
used at a dilution of 1:100 for 30 min at 37°C. Worms incubated
with normal mice sera under the same conditions served as the
negative control. Micrographs were taken with a confocal laser
scanning microscopy (Leica, Heidelberg, Germany).

Ts-CRT Binding to Human C1q

ELISA

Microtiter plates were coated with different amounts of human
Clq (0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, and 1.5 pg) (Merck) in 100 pL/
well of carbonate buffer (100 mM Na,CO3/NaHCO;, pH 9.6) over-
night at 4°C. Control wells were coated with the same amounts
of BSA. Following three washes with PBS + 0.05% Tween-20
(PBST), the wells were blocked with 200 uL of 3% BSA in PBS at
37°C for 2 h. After being washed, 0-1.5 pg of rT5-CRT in 100 uL
of 20 mM Tris-HCI, pH 7.4, 50 mM NaCl and 1 mM CaCl, were
added to each well and incubated for 2 h at 37°C. Then, mouse
anti-His mAb (1:10,000, TTANGEN) and HRP-conjugated goat
anti-mouse IgG (1:10,000) (BD Biosciences, San Jose, CA, USA)
were added and incubated for 1 h at 37°C. After the final washing,
the substrate o-phenylendiamine dihydrochloride (OPD, Sigma)
was added. The absorbance was measured at 450 nm with an
ELISA reader (Thermo).

Far Western Blot

Human Clq and BSA (5 pg) were run on 12% SDS-PAGE and
transferred onto a nitrocellulose membrane. The membrane
was blocked with 3% BSA and then incubated with 5 pg/mL of
rT5-CRT in 20 mM Tris-HCI, pH 7.4, 50 mM NaCl, and 1 mM
CaCl; at 37°C for 2 h. Binding of r75-CRT to Clq was detected
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by anti-His mAb (1:5,000) followed by incubation with IRDye
800CW-conjugated anti-mouse IgG (Li-COR) and then visual-
ized with the Odyssey CLx Infrared Imaging System.

Coimmunoprecipitation Assay

To further determine whether C1q binds to non-denatured rTs-
CRT or native T5-CRT from ML extracts, Protein G MicroBeads
(Miltenyi Biotec, Cologne, Germany) were incubated with
1.5 ug of anti-His mAb + 2 ug r75-CRT, or anti-T5-CRT antisera
(3 puL) + T. spiralis ML crude extracts (40 pg) for 30 min on ice;
next, 3 pg of human C1q was added at 4°C for 2 h. The beads were
washed four times with washing buffer (1% NP40, 50 mM Tris—
HCI, 250 mM NaCl, pH 8.0). Finally, 50 uL preheated 1x SDS gel
loading buffer was added to the beads to elute the binding protein
complex. The eluted proteins were separated by SDS-PAGE and
probed with rabbit anti-human ClqA antibodies (1:10,000)
(Abcam, Cambridge, UK) and with IRDye 800CW-conjugated
goat anti-rabbit IgG (1:20,000) as the secondary antibody.

Detection of rTs-CRT-Mediated Inhibition

of C3 and C4 Deposition

Plates were coated with human IgM (2 pg/mL) as Clq activator
and blocked with 3% BSA in PBS at 37°C for 2 h before the addi-
tion of 2 ug of Clq that had been preincubated with different
doses of rTs-CRT (0, 1, or 2 ug) or BSA (2 ug). After 1-h incuba-
tion, the plates were washed and incubated with C1q-D (1:200)
in 1X Veronal buffer (VB, Lonza, Switzerland) containing 0.05%
Tween-20 and 0.1% gelatin for 1 h at 37°C. NHS was served as
a positive control. After being washed, C4 and C3 depositions
were determined using goat anti-human C4 mAb and rabbit
anti-human C3b polyclonal antibodies (1:10,000, Abcam),
respectively. HRP-conjugated rabbit anti-goat or goat anti-rabbit
IgG (BD Biosciences) was used as the secondary antibody. The
absorbance was measured at 450 nm with an ELISA reader.

Hemolytic Assays

To assess the effect of r75-CRT on Clq-initiated classical comple-
ment activation-mediated hemolysis, 2 pug of C1q was incubated
with different amounts of rTs-CRT (0, 1, 2, or 4 pg) or BSA
(4 ug) before being added with C1q-D at a dilution of 1:50 in 1x
HBSS** (Hank’s balanced salt solution containing 1 mM MgCl,,
0.15 mM CaCl,, Thermo) for 1 h at 37°C. Subsequently, 100 uL
of sheep erythrocytes (SRBC, 10° cells/mL in HBSS**) sensitized
with rabbit anti-SRBC Abs (Ab-sensitized erythrocytes, Sigma)
was added and further incubated at 37°C for 30 min. The reac-
tions were stopped with cold HBSS** containing 10 mM EDTA
and centrifuged at 3,000 rpm for 10 min. The amount of released
hemoglobin was determined by measuring the absorbance at
412 nm. The hemolytic activity was expressed as the percentage
of the total hemolysis in water.

Cell Culture

The human leukemia monocytic cell line THP-1 was obtained
from China Infrastructure of Cell Line Resource and cultured
in RPMI 1640 medium supplemented with 10% FBS at 37°C in
5% CO,. THP-1 cells were differentiated into M2 macrophages
under treatment with phorbol-12-myristate-13-acetate (PMA)
(100 ng/mL, Sigma) for 48 h and with human IL-4 (20 ng/mL)
(Prepro Tech, NJ, USA) for an additional 24 h (33).

Cell Immunofluorescence Staining

To determine the effect of r75-CRT on Clq binding to mac-
rophages, THP-1 cells were induced into M2 macrophages using
the above methods (33). After being fixed with 4% paraformal-
dehyde for 20 min at room temperature, the cells were washed
with PBS and blocked with normal goat serum for 30 min at
room temperature, then Clq (80 pg/mL) preincubated with
different concentrations of endotoxin-free rTs-CRT (0, 30, or
60 pg/mL) was added and incubated for 1 h at 37°C. After being
washed, the binding of C1q to macrophages was detected using
rat anti-C1q mAb (1:100, Abcam) at 4°C overnight and followed
by the addition of DyLight 488-labeled goat anti-rat IgG (1:100)
(KPL, Milford, MA, USA) for 1 h at 37°C. After being stained,
the cells adhered to the cell slides were mounted using ProLong
Gold Antifade reagent (ZSGB-BIO) containing DAPI dye for the
staining of cell nuclei and analyzed by confocal laser scanning
microscopy (Leica).

Transwell Chemotaxis Assay

To determine the effect of rT5-CRT on the Clg-induced chemot-
actic migration of macrophages, a transwell containing an insert
(Corning, NY, USA) with an 8-um-pore membrane was used.
THP-1 monocytes-derived macrophages (2 X 10°) were added
to the upper chamber. The lower chamber was filled with Clq
(10 nM) and different amounts of r75-CRT (0, 3, 6, or 12 pg)
to initiate migration with 5% CO, at 37°C for 24 h. After being
washed, the cells that had migrated through the membrane and
attached to the outside of the membrane were fixed with methanol
and stained with Giemsa. The total cells in 10 randomly selected
fields of each group were counted under a microscope, based on
a previously described method (34). LPS (100 ng/mL) and BSA
were used as the positive and negative controls, respectively.

Measurement of ROIs Released

by C1qg-Stimulated Monocytes

To determine whether the binding of rT5-CRT to Clq inhibits
Clg-stimulated monocytes to release ROIs including superoxide
anion (O;) and hydrogen peroxide (H,O.), a 96-well plate was
coated with Clq (1 pg/well) and incubated with different doses
of rTs-CRT (0, 2, or 4 pg) or BSA (4 pg) for 2 h at 37°C. After
being washed three times with PBS, each well of the plate was
inoculated with 5 x 10* THP-1 cells (possessing the C1q receptor)
(35, 36), and the incubation was continued for 24 h at 37°C with
5% CO,. Cysteamine (Sigma) was used as a ROIs inhibitor. The
production of O; and H,O; in the supernatants was measured
using a Superoxide Anion Chemoluminescent Detection Kit
(Merck) and a Fluorescent Hydrogen Peroxide Assay Kit (Sigma),
respectively, according to the manufacturers’ protocols (15).

C1g-Mediated Adherence

of Monocyte-Macrophages to NBL In Vitro

To determine whether Ts-CRT expressed on the T. spiralis NBL
could bind to Clq and block Clgs function for attracting mac-
rophages, different amounts of purified mouse anti-75-CRT IgG
(0, 20, or 40 ug) were used for incubation with 400 NBL collected
from female adult worms in 100 uL. RPMI 1640 for 2 h to block
native Ts-CRT expressed on the worm surface. Purified normal
mouse IgG (NMI) and mouse anti- 7587 IgG (each 40 pug) were used
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as negative and non-relevant antibody controls, respectively. The
unbound antibodies were removed by washing with PBS. THP-
1-derived monocyte-macrophages that express Fc-y receptor
(FcyRI and FeyRII) (37) were treated with a human Fc receptor-
binding inhibitor (eBioscience, San Diego, CA, USA) to block the
non-specific FcyR-mediated binding of antibodies. The antibody-
treated NBL and the FcyR inhibitor-treated monocyte-mac-
rophages were added at ratio of 1:30 into Clq-coated (1 pg/well)
96-well plates in a final volume of 150 uL. After incubation
for 48 h at 37°C, the number of NBL adhered with more than
three monocyte-macrophages was counted under an inverted
phase-contrast microscope (Leica) as positive worms attached by
monocyte-macrophages. The experiments were run in triplicate.

Passive Transfer of NBL Treated with Anti-Ts-CRT
Antibody and Monocyte-Macrophages into Mice

To validate the viability and infectivity of the NBL treated with
anti-T5-CRT antibody and monocyte-macrophages as above,
each BALB/c mouse was injected through the lateral tail vein
with 10,000 treated NBL (5 mice for each group). ML developed
from the treated NBL were collected and counted 26 days after
injection (17).

Statistical Analysis

All data were expressed as the mean + standard deviations and
analyzed using a one-way analysis of variance with the GraphPad
Prism 5 software (San Diego, CA, USA). p < 0.05 was regarded as
statistically significant.

RESULTS

Expression and Characterization

of rTs-CRT
DNA encoding for T5s-CRT without the signal peptide was
amplified from T. spiralis adult worm cDNA by PCR using
gene-specific primers designed on Ts-crt sequence (GenBank
accession no. XM_003371331.1). The amplified 1,195 bp DNA
fragment was cloned into E. coli expression vector pET-28a. The
sequence analysis of the Ts-crt cloned into pET-28a revealed that
the translated amino acid sequence of Ts-CRT shares 59, 52, and
51% identity with homologs from Haemonchus contortus, Necator
americanus, and Brugia malayi, respectively (Figure 1A).
Recombinant T5-CRT with His-tags at both N- and C- termini
was expressed in E. coli BL21 (DE3) as a soluble protein with
a size of 53.5 kDa (Figure 1B) corresponding to the predicted
molecular mass including the His tags. The purified r75-CRT was
recognized by anti-His antibody (Figure 1C) and stained blue by
Stains-all (Figure 1D), indicating that it contains His-tags and is a
calcium-binding protein (31). Another recombinant protein rTs-
14-3-3 (38) and BSA control protein without calcium-binding
activity were stained red by Stains-all.

Recognition of rTs-CRT by T. spiralis-
Infected Animal Sera

Recombinant T5-CRT was used to immunize mice to acquire
mouse antisera. Western blot results revealed that E. coli-expressed

rT5s-CRT was strongly recognized by sera from different animals
infected with T. spiralis, including rabbits, mice, and swine, as
well as mouse anti-Ts-CRT sera (Figure 2A). No reaction was
observed with normal sera from individual animals (Figure 2B).
The results indicate that T5-CRT is exposed to the host immune
system and is immunogenic during T. spiralis infection in differ-
ent hosts.

Ts-CRT Is Expressed in Different Life
Stages of T. spiralis

Mouse anti-T5-CRT antisera were used in Western blot to analyze
the expression of native Ts-CRT in different life stages of the
parasite. The results demonstrated that anti-Ts-CRT mouse sera
specifically recognized native Ts-CRT in all stages of T. spiralis
including adult worms, ML, and NBL, as well as in the ES prod-
ucts of adult worms (AES) and muscle larvae (MES) (Figure 3A).
There was no reaction to recombinant T587 (r7587), another ES
protein of T. spiralis that was used as an irrelevant protein control
(39, 40). The actual molecular weight of native Ts-CRT appeared
to be approximately 50 kDa, approximately 5 kDa greater than
that estimated by the mature protein sequence without the
signal peptide (45.5 kDa), probably due to post-translational
modification of the protein expressed in the parasite. Real-time
quantitative PCR demonstrated that the transcription level of
Ts-crt mRNA was 1.5- and 2.3-fold higher in the ML and adult
worms of T. spiralis, respectively, relative to that in the NBL after
being normalized by GAPDH (Figure 3B).

To detect the distribution of native T5-CRT in the parasite, an
IFA was performed using mouse anti-T5-CRT sera in the sections
of different developmental stages of the worm. The IFA results
showed that T5-CRT was mainly expressed on the surface of all
life stages of the parasite, including adult worms, ML and NBL.
Some Ts5-CRT was also observed in the inner structures of adult
and larva worms. By contrast, no visible reactivity was observed
in the parasite when probed with normal mouse sera at the
same dilution (Figure 3C). The surface distribution of Ts-CRT
suggests that it is accessible to host immune system as a possible
immunomodulator.

Ts-CRT Binds to Human C1q

Recombinant T5-CRT or native Ts-CRT binding to human Clq
was confirmed by different immunological assays in this study.
ELISA with C1q-coated plates demonstrated that rTs-CRT bound
to Clq in a dose-dependent manner. When the plate was coated
with 0.4 pg/well of Clg, it saturated the binding of rTs-CRT up
to 1.5 pg/well (Figure 4A, a). There was no obvious binding of
rT5-CRT to the BSA coated on plate when r75-CRT was added to
1.5 ug/well (Figure 4A, b). SDS-PAGE results revealed that Clq
was separated into A, B, and C chains under reducing condition
(Figure 4B, a). The far Western blot experiments revealed that
rT5-CRT only bound to the B chain of Clq, but not to BSA when
incubated with the same concentration of r75-CRT (Figure 4B,
b). To confirm whether rTs-CRT or the native form of Ts-CRT
bound to human Clq in the non-denatured condition, the natural
form of C1q (complex with A, B, and C chains) was pulled down
by rT5-CRT bound to anti-His antibody (Figure 4C) or native T5-
CRT (in the ML extracts) bound to mouse anti- Ts-CRT antibody
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FIGURE 1 | Continued

Sequence analysis and characterization of Trichinella spiralis calreticulin (Ts-CRT). (A) Amino acid sequence alignment of 7s-CRT (GenBank accession no.
XP_003371379.1) with its homologs in other nematodes from Haemonchus contortus (CDJ90114.1), Necator americanus (CAAQ7254.1), and Brugia malayi
(XP_001896170.1) using the ClustalW (http://www.ebi.ac.uk/clustalw) program. The identical amino acid residues in all displayed CRT sequences are indicated with
gray shading, the putative signal peptides are underlined in red, and the C-terminal ER retention signal sequences are highlighted in green. (B) The r7s-CRT was
expressed in E. coli and analyzed by SDS-PAGE. Lane 1, uninduced bacteria lysates; Lane 2, IPTG-induced bacteria lysates; Lane 3, purified r7s-CRT protein

(500 ng). (C) Western blot of purified r7s-CRT (500 ng) probed with anti-His antibody. (D) Purified rTs-CRT and other control proteins stained with Stains-all. Lane 1,
r7s-CRT stained in blue; Lane 2, rTs-14-3-3 as a Trichinella spiralis irrelevant protein control and Lane 3, BSA control stained in red. M, molecular weight marker.
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Lane 3), rabbits (Lane 2), and swine (Lane 4). M, molecular weight marker.

FIGURE 2 | Recognition of recombinant Trichinella spiralis-calreticulin (r7s-CRT) by T. spiralis-infected animal sera. Western blotting of r7s-CRT was performed with
T. spiralis-infected animal sera. (A) Western blot analysis of r7s-CRT (500 ng) with mouse anti-7s-CRT sera (Lane 1), T. spiralis-infected animal sera from rabbits
(Lane 2), mice (Lane 3), and swine (Lane 4). (B) Western blot with the same amount of r7s-CRT showing no reaction detected by sera from normal mice (Lane 1 and

(Figure 4D) immobilized on ProteinG MicroBeads. Anti-His
antibody or anti-Ts-CRT sera alone without Ts-CRT could not
pull down Clq. These results confirmed that either r75-CRT or
native T5-CRT enables to bind to human Clq in their natural
forms.

rTs-CRT Inhibited the Activation of
Classical Complement Pathway and

Hemolysis
C3 and C4 depositions were used to evaluate the IgM-activated
classical complement pathway. C1q was incubated with different
amounts of r75-CRT before addition to IgM-coated plates. The
classical complement pathway activation was completed by add-
ing with C1q-D and was detected by measuring the resultant C3
or C4 deposited in the plate. The ELISA results showed that the
IgM-activated C1q and the following cascade of classical comple-
ment pathway when C1q-D was supplemented at a similar level
to NHS. However, the activation characterized by the deposition
of C3 or C4 was significantly inhibited when C1q was bound by
rT5-CRT in a dose-dependent manner (Figure 5A). Control BSA
had no effect on complement activity.

A Clqg-dependent hemolytic assay was also used to determine
whether rT5-CRT binding to C1q would inhibit C1q-dependent

classical pathway that lyses sheep red blood cells (SRBCs)
preincubated with rabbit anti-SRBC antibody. As shown in
Figure 5B, the supplementation of C1q in C1q-D serum initiated
60% hemolysis of the SRBCs in the presence of anti-SRBC anti-
body; however, the hemolysis was significantly inhibited when
Clq was incubated with different amounts of r75-CRT before
being added to the hemolytic system, and the inhibition was
rT5-CRT dose-dependent. Control BSA had no inhibitory effect,
indicating that the inhibition was rT5s-CRT specific. C1q-D alone
caused no significant hemolysis since the classical pathway could
not be activated in the absence of C1q. These results confirm that
rTs-CRT inhibits the activation of classical complement pathway
by binding to Clq.

rTs-CRT-Inhibited C1q Binding to
Macrophages, C1qg-Induced Monocytes/
Macrophages Chemotaxis, and ROls
Release

To investigate whether r75-CRT inhibits the binding of Clq to
macrophages, different amounts of r75-CRT (0, 30, or 60 ug/mL)
were incubated with Clq (80 ug/mL) before being added into
macrophages induced from THP-1 cells by PMA and human IL-4
(33, 36, 41). The Clq binding on the macrophages was detected
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Adult worms

Adult worms

FIGURE 3 | Expression and location of native Trichinella spiralis calreticulin (Ts-CRT) in the different stages of T. spiralis. (A) Western blot showing that anti-7s-CRT
mouse sera recognized native Ts-CRT in all stages of T. spiralis, including in the somatic extracts of adult worms (Lane 4), muscle larvae (ML) (Lane 5) and NBL
(Lane 6), as well as in the excretory-secretory products of adult worms (AES, Lane 2), ML (MES, Lane 3). Lane 1, recombinant 7s87 (500 ng) as an irrelevant protein
control; Lane 7, purified recombinant 7s-CRT (r7s-CRT) (500 ng); M, molecular weight marker. (B) The transcription level of Ts-crt mRNA was measured in different
developmental stages by real-time quantitative PCR. After being normalized with GAPDH, the gene relative expression level in ML and adult worms was calculated
relative to that in NBL (*p < 0.01 and ***p < 0.001). Data are shown as the mean + SDs for three independent experiments, each experiment was done in
triplicates. (C) Immunofluorescence assay of T. spiralis immunolabeled with mouse anti-7s-CRT antisera. Sections of adult worms (a,d), ML (b,e), and intact NBL (c,f)
were incubated with anti-7s-CRT mouse serum (a, b, and ¢, 1:500) and normal mouse serum (d, e, and f, 1:500), respectively, then probed with DyLight
488-conjugated anti-mouse IgG. The scale bars represent 20 um. Arrowheads indicate the strong recognition on the parasite surfaces.

B *kk

L ]
c 2.5- L) 1
K<} e d
7]
8 2.0
S
Q
x
@ 1.5-
<
¥
£ 1.0-
[]
2 0.5
1]
T
X 0.0-

by IFA with anti-C1q antibody. The results showed that r75-CRT
inhibited the binding of C1q to macrophages in a dose-dependent
manner. PBS and r75-CRT alone without C1q yielded no obvious
fluorescence detected on the cells (Figure 6A). Thus, the results
suggested that rT5-CRT-bound Clq and blocked Clq’s binding
to macrophages.

To assess whether rTs-CRT affected Cl1q-induced chemotaxis
of macrophages, a transwell migration assay was performed. Both
LPS and Clq were able to significantly attract THP-1-derived
M2 macrophages migration through the membrane (Figure 6B).
However, the Clq-induced macrophages migration was mark-
edly inhibited after being incubated with different amounts of
rT5-CRT (0, 3, 6, or 12 pg) in a dose-dependent manner (p < 0.001

compared to C1q without r75-CRT). There was no effect observed
for BSA when it was added up to 12 pug.

Clq binds to the Clq receptor on monocyte-macrophages to
trigger the release of ROIs including O, and H,O, (15). The incu-
bation of C1q with r75-CRT significantly inhibited C1q stimula-
tion on THP-1-derived monocyte-macrophages to release O,
(Figure 6C, a) or H,O, (Figure 6C, b). The inhibition of rT5s-CRT
was dose dependent. No obvious inhibition was measured in the
group incubated with BSA (4 pg), whereas cysteamine, an inhibi-
tor of ROIs, markedly inhibited C1q-induced ROIs generation.
These results further confirm that r7s-CRT not only inhibits
Clq binding to the receptor on monocyte-macrophages but also
functionally inhibits C1q-binding triggered release of ROIs.
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FIGURE 4 | Trichinella spiralis calreticulin (7Ts-CRT) binds to human C1q. (A) ELISA plate coated with different doses of C1q or BSA (0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2,
and 1.5 pg/well), then incubated with different concentrations of recombinant 7s-CRT (r7s-CRT) (0, 0.2, 0.8, 1.2, and 1.5 pg/well for the C1g-coated plate and

1.5 pg/well for the BSA-coated plate), and detected by anti-His antibody, demonstrating the dose-dependent binding of r7s-CRT to C1q (a) but not to BSA (b). Data
< 0.001 compared to the plate without the addition of r7s-CRT). (B) Western blot showing
that r7s-CRT specifically bound to the B chain of human C1q when the C1q chains were denatured and separated. Five micrograms of C1qg were run on SDS-PAGE
under reducing condition, with Coomassie staining revealing the A, B, and C chains (a). Five micrograms of C1q (Lane 1) or BSA (Lane 2) were transferred to a
nitrocellulose membrane, and incubated with r7s-CRT (5 pg/mL), then probed with anti-His antibody (1:5,000) (b). (C) The human C1g complex was pulled down by
r7s-CRT. r7s-CRT was incubated with anti-His antibody, ProteinG MicroBeads and human C1q. The eluted complexes were separated by SDS-PAGE, transferred to
a nitrocellulose membrane and detected by rabbit anti-C1gA antibody. Lane 1, human C1q alone; Lane 2, r7s-CRT + anti-His + C1q; Lane 3, anti-His + C1q.

(D) The human C1g complex was pulled down by the native Ts-CRT in muscle larvae extracts detected by rabbit anti-C1gA antibody: Lane 1, human C1q;

Lane 2, ML extracts + anti-Ts-CRT + C1q; Lane 3, anti-Ts-CRT + C1g. M, molecular weight marker.
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Surface-Expressed Ts-CRT Protects NBL
from Being Attacked by Host
C1qg-Mediated Monocyte-Macrophages

To determine whether T5-CRT expressed on the surface of
parasite interferes with Clg-induced monocyte-macrophages

adherence and subsequent killing of the parasite, mouse anti-
T5-CRT IgG was used to block native Ts-CRT expressed on the

NBL before monocyte-macrophages being added in the pres-
ence of Clq. As shown in Figure 7A, after being blocked with
anti-T5-CRT IgG, the number of NBL adhered by Clq-mediated
monocyte-macrophages was significantly enhanced in an anti-
body dose-dependent manner compared to those incubated with
NMI. Incubation with mouse anti-7587, another T. spiralis pro-
tein located on the surface of worms (39, 40), did not significantly
elevate Cl1q-mediated monocyte-macrophages adherence.
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FIGURE 5 | Inhibition of complement classical pathway-mediated C4/C3 generation and hemolysis by recombinant Trichinella spiralis calreticulin (r7s-CRT). (A) C1q
(2 ug) was incubated with different amounts of r7s-CRT (0, 1, or 2 ug) or BSA (2 ug) before being added to a human IgM-coated plate (2 ug/mL). The IgM-activated
classical pathway was initiated when C1g-D serum was supplemented, and the generated C3 and C4 were detected by anti-C4 and anti-C3 antibodies. The
generation of C4 (a) and C3 (b) was decreased when C1q was incubated with r7s-CRT in a dose-dependent manner, while normal human serum had complete
activation and C1g-D alone had no activation. The BSA control exhibited no inhibition on C1g-initiated classical pathway. (B) Sheep red blood cells (SRBCs)
hemolysis in the presence of anti-SRBC antibody was inhibited when C1q (2 pg) was incubated with different amounts of r7s-CRT (0, 1, 2, or 4 pg). The OD of the
supernatants was measured at 412 nm, and the percentage of hemolysis was calculated with reference to complete lysis in water. Data are shown as the

mean + SDs for three independent experiments, each experiment was done in triplicates. *p < 0.05 and *** p < 0.001. ns = no significant difference.
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To further determine the infectivity of the NBL treated with
anti-T5-CRT/Clq/monocyte-macrophages as described above,
the treated NBL were passively transferred into normal mice,
and ML were collected from the muscles of infected mice 26 days
after transfer. The necropsy results showed that the number
of ML developing from NBL treated with anti-Ts-CRT/Clgq/
monocyte-macrophages was markedly decreased compared to
that of NBL treated with C1q without anti-T5s-CRT (Figure 7B).
No significant ML reduction was observed for NBL treated with
NMI or anti-7587 combining with Clg/monocyte-macrophages.
The monocyte-macrophages-involved antibody-dependent cell-
mediated cytotoxicity (ADCC) was blocked by adding human
Fc receptor-binding inhibitor. These results suggest that 75-CRT
expressed on the surface of T. spiralis may protect the parasite from
being attacked by host Cl1g-stimulated monocyte-macrophages
through directly binding and neutralizing the C1q function.

DISCUSSION

Nematode parasites are multicellular pathogens that produce
many macromolecules that are secreted out of parasite or
expressed on the surface to interact with host immune system as
an evasion strategy to survive within host (42-44). Complement
is viewed as the initial defender for pathogen clearance. By
virtue of the essential role in the immune defense against invad-
ing pathogens, blocking or diverting host complement attack
becomes the pathogens’ first target to employ immune evasion
tactics during evolution (45-47). Many pathogens appear to share
similar strategies to avert complement attack (6).

Calreticulin is a well-conserved Ca?*-binding protein with
multiple biofunctions (23). Sequence alignment shows that

Ts-CRT shares 43-59% identity with CRTs from other parasites,
including Trypanosoma carassii (22), B. malayi (21), N. ameri-
canus (20), and H. contortus (25), indicating their conserved
functions for the parasite’s survival in host. All of these CRTs
have been identified in the secreted form or as expressed on the
parasite surface, and they are involved in host immune regula-
tion by binding to Clq. Moreover, there is growing evidence
supporting that parasitic CRT plays important roles in regulation
of adaptive immune responses in diverse parasitic disease (48).
For example, Tenia solium CRT has been shown to elicit a TH2
response characterized by the induction of IL-10 during the
parasite infection (49), which might contribute to the immune
escape strategy developed by T. solium to suppress host immune
response. The E. coli-expressed soluble recombinant Ts-CRT was
stained blue by Stains-all, indicating its calcium-binding feature.
Stage-specific expression analysis revealed that Ts-CRT could be
expressed in all stages of T. spiralis including NBL, ML and adult
worms, with a higher expression level in ML and adult worms
than in NBL, indicating its importance in the parasite develop-
ment and survival evolution within host. Immunolocalization
with anti- T5-CRT antibody demonstrated that native T5-CRT was
mostly expressed on the parasite surface and was also present in
the excretory-secretory (ES) products of ML and adult worms,
suggesting its importance as an interface between parasite and
host interactions and immunological accessibility if being devel-
oped as a vaccine. Functional analysis identified that Ts-CRT,
either as recombinant protein or native protein expressed by the
parasite, was able to strongly bind to human complement Clgq,
more specifically to the B chain of C1q complex, indicating its
modulating functions with complement activation. Indeed,
we demonstrated that T5-CRT binding to Clq significantly
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FIGURE 6 | Recombinant Trichinella spiralis calreticulin (r7s-CRT) inhibited C1q binding to macrophages and C1g-induced chemotaxis and reactive oxygen
intermediates release of macrophages. (A) The binding of C1q on M2 type macrophages was detected by anti-C1q mAb and DyLight 488-conjugated anti-Rat IgG
(green). The C1q binding on the macrophages was significantly inhibited when C1q was preincubated with different amounts of r7s-CRT (0, 3, or 6 ug). Phosphate-
buffered saline and r7s-CRT alone served as controls. The nuclei were stained with DAPI (blue). The magnification of the photographs is 400x, and the cells at the
bottom right corner are magnified at 1,000x. (B) The inhibition of r7s-CRT on C1g-induced chemotaxis to macrophages was performed in a transwell-24-well plate.
In total, 2 x 10° of M2-type macrophages were seeded into the upper chamber, and the stimuli: LPS (100 ng/mL), C1q (10 nM) alone or incubated with different
amounts of r7s-CRT (0, 3, 6, or 12 pg) were added into the lower chamber. The number of cells traversing the membrane from 10 randomly selected fields was
counted under a microscope. (C) The inhibition of r7s-CRT on C1g-induced release of reactive oxygen intermediates (ROls) was performed in 5 x 10* THP-1 cells/
well incubated with the following different stimuli: C1q (1 pg/well) alone or preincubated with different amounts of r7s-CRT (0, 2, or 4 pg) or cysteamine, an inhibitor
of ROIs. The generation of O;, (a) and HzO: (b) was measured in the supernatants. Data are shown as the mean + SDs for three independent experiments, each

experiment was done in triplicates. *p < 0.05, **p < 0.01, and **p < 0.001. ns = no significant difference.
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FIGURE 7 | Blocking Trichinella spiralis calreticulin (7s-CRT) on the surface of T. spiralis newborn larvae (NBL) enhanced the adherence of C1g-mediated monocyte—
macrophages and reduced the infectivity of treated NBL in vivo. (A) NBL were preincubated with different amounts of anti-7s-CRT IgG (0, 20, or 40 pg), then added
to Fc receptor-blocked THP-1-derived monocyte-macrophages in the presence of C1g. NMI and anti-7s87 IgG were used as controls. The worms attached with
more than three cells were scored as positive. Experiments were run in triplicate. (B) The infectivity of NBL treated with anti-7s-CRT/C1g/monocyte-macrophages
was measured by passive transfer to normal mice. The ML recovered from the treated NBL was enumerated 26 days after injection. Data are shown as the

mean + SDs for three independent experiments, each experiment was done in triplicates. “**p < 0.001. ns = no significant difference.
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inhibited Clq-initiated complement classical activation pathway
characterized by the decreased generation of C3 and C4, inter-
mediators of classical activation initiated by human IgM, and
reduced hemolytic activity on antibody-sensitized sheep blood
cells, the final formation of MAC on erythrocyte membrane as
a result of complement activation. The results demonstrated that
T. spiralis-expressed Ts-CRT plays important roles in interfering
with classical complement activation by directly binding to Clq.

Clq is a versatile pattern recognition molecule recognizing
various structures and ligands and executing diverse biological
functions in addition to initiating the classical complement path-
way (12). Both the complement and non-complement-dependent
functions of Clq play vital roles in modulating host immune
response. To identify whether Ts-CRT binding to Clq would
interfere with other Clq-activated cellular immune responses, in
this study, we explored the impact of T5-CRT binding to C1q on
the Clq-involved macrophage activation except for the inhibition
on the Clg-initiated complement classical activation pathway.
It is established that monocytes and macrophages not only are
important innate immune cells directly involved or associat-
ing with neutrophils and complement (50) in the clearance of
invaded pathogens but also play crucial roles in TH1- and TH2-
mediated adaptive immune responses (51). Even though TH2
response is generally generated in helminth infections, a mixed
TH1/TH2 response was observed in human chronic trichinellosis
(52). Monocytes and macrophages express some complement

receptors, such as complement receptors-1 (CR1), on their sur-
face to interact with complement components (41, 53, 54). Clq
has been demonstrated to promote M2 macrophages polarization
(55), M2 macrophages are involved in the TH2 immune response
(56) by directly binding to Clq receptors such as CR1 and acts
as an attractant to stimulate macrophages migration to infectious
or inflammatory regions, indicating that C1q may play roles in
tissue injury and repair (57) as well as clearance of pathogens
(58). Using IFA, we confirmed that Clq bond on the surface of
THP-1-derived M2-like macrophages through C1q receptors that
could be inhibited by the addition of r75-CRT, indicating that r 75-
CRT protein could bind to C1q and block the subsequent binding
of Clq to the surface of macrophages. The Ts-CRT-mediated
inhibition of the Clq-involved macrophage functions was also
reflected by the suppression of Clg-stimulated chemotaxis of
macrophages and reduced their release of ROIs that are directly
involved in the killing and clearing invaded pathogens (15, 16,
33, 59-61). Blocking T5-CRT expressed on the surface of NBL
of T. spiralis using anti-Ts-CRT antibody enhanced the adher-
ence of Clg-activated monocyte—macrophages to the parasite
larvae and reduced larvae infectivity after being transferred back
to normal mice, further suggesting the protective function of
parasite-expressed Ts-CRT against macrophage attack, possibly
through binding to Clgq, in addition to inhibiting complement
classical activation. The antigen-antibody complex on the
surface of parasite could also activate the macrophage through
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the immunoglobulin Fc domain binding to FcyRI and FcyRII
receptors on monocyte-macrophage cells (37), however, it has
been excluded by the addition of human FcyR-binding inhibitor
in this study.

All the above results suggest that T. spiralis-expressed Ts-CRT
plays important roles in immune evasion and survival in host,
mostly by directly binding to host complement Clq, which
not only reduces C1q-mediated activation of classical complement
pathway but also inhibits the C1q-induced non-complement acti-
vation of macrophages. Therefore, T5-CRT is an important target
for vaccine or therapeutic drug development. In an attempt to
further understand the interaction of Ts-CRT with human com-
plement C1q at the structural and functional level, the crystal
structure of T5-CRT and the Clq-binding region on T5-CRT, as
well as other possible roles of Ts-CRT in host-parasite interac-
tions, are under investigation.
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