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Toxoplasma gondli, the causative agent of toxoplasmosis and a major opportunistic
parasite associated with AIDS, is able to invade host cells of animals and humans.
Studies suggested that the ability of host invasion by the tachyzoite, the infectious form
of T. gondii, is essential for the pathogenicity to promote its dissemination to other parts
of animal hosts. However, the detailed molecular mechanisms for host invasion and
dissemination of the parasites are not clear. On the other hand, viruses and bacteria are
able to interact with and hijack DC-SIGN (CD209) C-type lectin on antigen presenting
cells (APCs), such as dendritic cells and macrophages as the Trojan horses to promote
host dissemination. In this study, we showed that invasion of T. gondii into host cells was
enhanced by this parasite-CD209 interaction that were inhibited by ligand mimicking-
oligosaccharides and the anti-CD209 antibody. Furthermore, covering the exposures
of DC-SIGN by these oligosaccharides reduced parasite burden, host spreading and
mortality associated with T. gondii infection. These results suggested that interaction of
T. gondii to APCs expressing DC-SIGN might promote host dissemination and infection.
Can the blockage of this interaction with Mannan and/or anti-CD209 antibody be
developed as a prevention or treatment method for T. gondiii infection?

Keywords: Toxoplasma gondii, tachyzoite, C-type lectin, CD209, invasion, host dissemination

INTRODUCTION

Toxoplasma gondii, the causative agent of toxoplasmosis, is a protozoan, apicomplexan obligate
intracellular parasite with a wide host and tissue specificity. One-third of the world’s population
is estimated to be infected by T. gondii (1-5) and more than 200 species of animals can also
be infected (1). It is able to cause severe congenital infections in humans and animals and has
recently attracted increased attention as an opportunistic pathogen associated with AIDS (6). Type
IT strains are predominant globally in immunosuppressed persons, regardless of the underlying
cause of immunosuppression, site of infection or outcome. However, the genotype of Toxoplasma
strains is strongly linked to the presumed geographical origin of infection: immunocompromised
patients mostly reactivate a type II strain if acquired in Europe and an atypical strain if acquired in
sub-Saharan African countries, French overseas departments or South America (7, 8). For human
infection in China, studies have shown that there is a high prevalence of Type I and Chinese 1
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strains in immunocompromised patients (9, 10). Toxoplasma,
which can invade both phagocytic and non-phagocytic cells,
requires an intracellular site for growth and replication (6, 11). T.
gondii exists in three infectious stages: the tachyzoites (in groups
or clones), the bradyzoites (in tissue cysts), and the sporozoites
(in oocysts). The tachyzoites proliferate rapidly in non-intestinal
epithelial cells of the definitive host and in many cells of the
intermediate host (12, 13). T. gondii can cross the GIT (gastro-
intestinal tract) in the intermediate and disseminate throughout
the host in several ways particularly via intracellular migration
and/or cell-dependent migration with adhesion to the host cell
membrane (14). As a result, host cell invasion by the tachyzoite
is critical for the pathogenicity of Toxoplasma gondii showing its
dissemination to other parts of animal hosts (15-17). However,
whether the increases of permeability by parasite invasion result
in breaking the barrier during the responses to inflammatory
signals, leading to the host dissemination to tissue sites e.g., the
placenta, brain or eye (14, 18) remains to be determined.

Although the molecular mechanisms for host dissemination
by pathogens are not clear in general, studies have shown that
certain pathogens can hijack antigen presenting cells (APCs)
such as dendritic cells (DCs) or macrophages by targeting the
DC-SIGN (CD209) C-type lectin expressed on their surfaces to
promote host dissemination (19-37). APCs express at least three
immunoreceptors that belong to the calcium-dependent (C-
type) lectin family: DC-specific intercellular adhesion molecule 3
grabbing non integrin (DC-SIGN, CD209), DEC-205 (CD205),
and Langerin (CD207), which can be utilized by pathogens to
initiate infection (20, 38-40). For example, studies indicated
that several microbial pathogens like HIV and bacterial Yersinia
pestis, the etiologic agent of plague, were able to interact with
CD209s in order to hijack APCs as the Trojan horses (41) to
promote host dissemination (19-37, 42-44). However, there were
few such examples for studies on parasites.

Currently, toxoplasmosis chemotherapy is stage-specific and
limited to the tachyzoite stage. It's difficult for treatment to
completely eliminate the parasites since they usually remain
within tissue cells in a quiescent state (45). New strategies that
target Toxoplasma mechanisms of host-parasite interactions
have been suggested for development of treatment or prevention
for infection of T. gondii including interference with invasion
and egress and/or modulation of host cell signaling and
transcriptional regulation (46). Understanding the T. gondii-
CD209 interactions would provide a possible preventive strategy
for this infection.

This study therefore aimed to investigate if there is an
interaction between T. gondii and DC-SIGN/SIGN-R1 (CD209s).
If so, would this interaction show an effect on cell invasion, host
dissemination, and even the infection of T. gondii?

MATERIALS AND METHODS

Ethics Statement

All animal procedures were carried out in strict accordance
with Standards of the People’s Republic of China at protocol
of (T]-C4646). The handling of the mice and all experimental
procedures were specifically approved for this study by the

Medical Ethics Committee of Tongji Hospital and the Ethical
Committee for Animal Experiments at the Huazhong University
of Science and Technology (HUST). All procedures on mice were
performed carefully to minimize suffering.

Reagents

Mannan, the ligand antagonist of human mannose receptor;
Dextran (MW 20,000, MW 40,000, MW 70,000) were purchased
from Sigma-Aldrich (St. Louis, MO). Anti-mouse SIGN-
R1 antibody and anti-human DC-SIGN antibody were
obtained from Pharmigen (San Diego, CA, USA). For cell
culture, all reagents were obtained from Hyclone PRC
(gelifesciences/Hyclone), except FBS which was obtained
from Zhejiang Tianhang Biotechnologies and antibiotics were
obtained from Nalge NUNC, Rochester, NY). For qPCR, all
reagents were purchased from Tsingke Biological Technology
and Yeasen Biotechnology, PRC. For in vivo studies, InVivoMAb
anti-mouse CD209b (SIGN-R1); Clone 22D1, and InVivoMAb
polyclonal Armenian hamster IgG were purchased from
BioXCell. DNA extraction reagents: Buffer GA, Buffer GB, Buffer
GD, Bufter PW, Buffer TE, and Proteinase K were purchased
from TIANGEN, PRC.

Parasite Strain

Toxoplasma gondii (RH strain) was originally obtained from
the Pathogenic Biology, Parasitology department laboratories of
Tongji Medical College and used in all experiments. The RH
strain was used due to its prolonged passage and stabilization of
its pathogenicity in mice compared to the other non-lethal strains
and its reliability in the study of host-protozoan interactions (47).
The RH strain (EGFP-T. gondii strain) of T. gondii was a gift
from Prof. Jilong Shen of Anhui University and was maintained
in human foreskin fibroblast cells. Before being employed in the
current study, the tachyzoites were peritoneally injected (5 x 10*
parasites per mouse) into naive mice. The second generation of
tachyzoites were then recovered from the mice (ensure they are
unlysed), washed and resuspended to 5 x 10° parasites/ml in an
invasion Endo buffer (100 ml physiological saline (NaCl) and 100
nL heparin (48, 49). Transgenic parasites used were GFP-labeled
and were therefore viewed under fluorescent microscope.

Host Cell Lines (Human and Mouse C-Type

Lectin Transfectants)
CHO cells, CHO cells stably expressing mouse SIGN-R1
(CD209b) and human DC-SIGN (CD209a) cells were obtained
from the Infectious Disease Department, Tongji Medical
Hospital. All cells were grown at 37°C at 5% CO, in Dulbecco
Modified Eagle Medium (DMEM) supplemented with 10% fetal
bovine serum (FBS), glutamine, and antibiotics.
CHO-mouse-SIGNR1 and CHO-human-DC-SIGN  cell
lines were generated by transfecting CHO cells with mouse
corresponding C-type lectin cDNAs. Transfection was followed
by G418 (1.5 mg ml~!) selection and screening for stable surface
expression as originally described (50). CHO was used as a
control cell line, which is an epithelial cell line that has no
receptors expressed on its surface, to perform invasion assays.
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NB

All parasites and host cells were routinely tested for Mycoplasma
contamination by using the MycoAlert assay kit (Lonza,
Basal, Switzerland).

Mice Strains

Female C57BL/6] mice, aged 6-8 weeks, were purchased from
Tongji Medical Hospital Animal Centre Laboratories (PRC).
C57BL/6]J-Knock-out (KO- lacking CD209) mice were bred in
the Tongji Hospital Animal Centre Laboratories under pathogen-
free conditions.

Adherence and Invasion Assays

Harvesting Tachyzoites

In brief, tachyzoites were recovered from the peritoneum of the
mice using 5ml physiological NaCl and then purified. The freshly
egressed parasites were added to host cells in Endo buffer at a
multiplicity of infection (MOI) of 5:1 (parasite/host cell; N = 100
parasites/well). Tachyzoites in the removed Endo Buffer (AN)
were determined using a hemocytometer.

In vitro Invasion

For the invasion experiment, a multi-well (12) plate format was
used to probe the invasion of parasites as described by Morisaki
et al. (15) with slight modifications. Unlike receptor-mediated
phagocytosis, unopsonized Toxoplasma cells do not bind to host
cells at temperatures below 20°C, consequently, all invasion
experiments were conducted at 37°C (51).

Briefly, host cells (CHO, CHO-mSIGN-R1 (CD209b), CHO-
hDC-SIGN (CD209a), RAW 264.7 macrophages and peritoneal
macrophages) were plated in 12-well plates and cultured
overnight. The degree of cell fusion was 80%. The cells were
suspended in DMEM medium with 10% FCS and double
antibiotic (Nalge NUNC, Rochester, NY) at a concentration of
1 x 10°/ml. Twenty-four hours later, the cells were washed three
times with phosphate-buffered saline (1 x PBS) and 1ml of the
DMEM media added to the plates. One milliliter of parasite
suspensions at a concentration of 5 x 10%/ml was allowed to
incubate for 8-18 hours in the host cell at 37°C in the presence of
5% CO,. After co-culture, the cell monolayers were washed once
with phosphate-buffered saline, fixed with 4% paraformaldehyde
for 10-15 min, and then washed three times with 1 x PBS.

Following 8-18h of culture, the cells were examined for lysis
of infected cells and tachyzoite invasion of host cells by viewing
under a fluorescence microscope (x400).

The number of internalized parasites per cell was quantified
by counting the number of infected cells per view divided by
the total number of cells per view. The level of internalization of
parasites in the host cells was also calculated by determining the
number of extracellular parasites per view.

All experiments were performed in triplicate, and each
experiment was replicated thrice. The data was expressed as mean
+s.em.

Receptor-Ligand Inhibition Assay
For inhibition assay, anti-mouseSIGNR1 (5 g m1~!) antibody,
anti-human-DC-SIGN antibody (5 jLg ml~!) and carbohydrates

including oligosaccharides [Dextran of different MW (70,000,
40,000 and 20,000) 500 wg ml~!] and Mannan (500pg ml~!)
were added 20min prior to the addition of tachyzoites (5
x 10° ml~!). The concentrations were determined based on
preliminary data and were selected based on the fact that, at these
concentrations, the compounds exerted no effects on the survival
of parasites and host cells as previously shown (40).

Among the oligosaccharides used, mannan (500 pg/ml)
showed the highest inhibitory effect. In further experiments,
Mannan was added at different concentrations (250, 500, 750,
and 1,000 pg/ml) to determine the optimum concentration for
the best inhibitory effect.

The rate of parasite internalization was determined as
described previously and also by comparing the intensity of
fluorescence-positive T. gondii among the different cell lines.
The greater the fluorescence intensity, the more parasites are
phagocytosed by host cells.

Isolation of Mouse Peritoneal

Macrophages

After euthanizing a mouse, its intact abdomen was exposed,
cleaned with 70% ethanol, and opened. 5 ml of DMEM medium
was injected into the intraperitoneal cavity. The mouse abdomen
was gently massaged for 3 min, and then the lavage fluid collected.
The suspension containing the peritoneal macrophages was
seeded in 12-well plates and cultured in DMEM supplemented
with 10% FCS and 1% double antibiotic at a concentration of 1
x 10°/ml, Iml per well. Macrophages were then used to perform
invasion assays as described previously.

Animal Challenging for Dissemination

Assay and Infection

For the animal experiment, WT C57BL/6] female mice of same
genetic background were divided into 3 distinct treatment groups
and each sub-group had 6 mice each. Knock-out mice used were
also of the same background as the WT mice except that they
lacked CD209. Western blot was performed to determine if the
C-type lectin receptors had been knocked out in the mice.

Group 1: Treatment With Mannan |.P
Sub-group 1: Mice were injected i.p with 0.5ml physiological
saline one hour pre-infection with 50 T. gondii (52).

Sub-group 2: Mice were injected i.p. with 250l mannan
(50mM) in 0.5ml of physiological saline one hour pre-infection
with 50 T. gondii.

Group 2: Intervention With Antibody
Sub-group 1: Mice were injected i.p. with 50 g anti-SIGN-R1
mAb (ER-TR9; BMA Biomedical) (each day from days 0 to 1)
one hour prior to infection with 50 T. gondii.

Sub-group 2: Mice were treated with isotype control rat IgM
(Serotec, Oxford, U.K.) (each day from days 0 to 1) one hour
prior to infection with 50 T. gondii (53).

Group 3: Knock-Out Mice
Sub-group 1: WT mice were injected i.p with 50 T. gondii
Sub-group 2: KO mice were injected i.p with 50 T. gondii
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Mice were sacrificed, and whole blood, serum, spleens and
livers isolated for different procedures.

Determination of T. gondii Parasitaemia by
Real-Time PCR (Quantitative PCR -
qRT-PCR) of DNA

In this study, the infective result was defined as T.g parasite
burden isolated in different organs (liver and whole blood) five
days post-infection from the different groups of mice.

Five (5) days post-infection, the mice were euthanized and
parasite burden determined from the liver and whole blood
using qRT-PCR for DNA. Briefly, DNA was extracted using the
TIANamp Genomic DNA Kit according to the manufacturer’s
instructions. QRT-PCR was done using the BloRAD MyiQTM2
Two color real time PCR detection system (Applied Biosystems,
New York, NY). Amplification of specific PCR products was
detected using SYBR Green Master (Hieft qPCR SYBR GREEN
master mix, Yeasen Biotechnology Co, PRC) and the following
primers from TSINGKE biological technology:

TOX-s 5 CGCTGCAGGGAGGAAGACGAAAGTTG3' and

TOX-a 5’CGCTGCAGACAGAGTGCATCTGGATT3'; and

GapDH DNA For GCAACAATCTCCACTTTGCCAC and

GapDH DNA Rev CTCACTACAGACCCATGAGGAG.

The difference in parasite load was calculated as 22DD cycle
threshold using GAPDH as the housekeeping gene/control on
MyiQTM2 (BIORAD, USA).

Histopathology

Liver tissues were fixed in 4% buffered formaldehyde and
embedded in paraffin wax, and 5-pm serial sections stained
with H&E according to standard procedures. H&E-stained liver
sections were then scored for pathology.

Survival Studies

Mice (Wild Type C57BL/6] female mice) of the same genetic
background were divided into three distinct treatment groups
(those pre-treated with mannan and physiological saline; those
pre-treated with anti-SIGN-R1 mAb and isotype control; and
wild type and knock-out mice). Mice were injected i.p with
50-100 T. gondii and their survival determined in number of days.

Statistical Analyses

Quantitative data are expressed as mean =+ s.e.m. Graph Pad
Prism 7.0 (Graph Pad Software, La Jolla, CA) was used for
analyses. A P-value of 0.05 (*P < 0.05, **P < 0.01, P <
0.0001) was considered the threshold for statistically significant
differences and calculated using the Student t-fest and one-
way analysis of variance ANOVA assuming consistent Standard
error mean (SEM), followed by Holm-Sidak (Tukey’s multiple
comparison test) post-test analysis. Survival was determined
using the Gehan-Breslow-Wilcoxon Log rank (Mantel-Cox test).

RESULTS

Toxoplasma gondii Invades Mouse
Peritoneal Macrophages More Than the
Macrophage Cell Line

Previous results, including some of our work, showed that APCs
such as macrophages and dendritic cells (DCs) express CD209
receptors on their surface and have been shown to interact with
pathogens that target CD209s for invasion (22, 24, 25, 28, 34, 36,
54-56). To determine whether T. gondii can interact with mouse
macrophages more readily, we examined the ability of T. gondii
to invade peritoneal macrophages that express CD209 (57, 58)
compared to a macrophage cell line (RAW 264.7) that lacks the
expression of CD209 receptors on its surface (59). Figure 1 and
Figure S1 show invasion of GFP-labeled T. gondii into peritoneal
macrophages and there’s a cluster of parasites in some of the
adherent cells, compared to that in RAW 264.7 cells. Figure S1
shows that T. gondii was localized both inside and outside the cell
membrane. The results suggested that CD209s might play a role
in interaction with T. gondii.

T. gondii Invades CHO Cells That Express
CD209s More Than CHO Cells Only

To support the speculations shown in Figure 1, we tested the
ability of T. gondii to invade CHO cells and CD209a (CHO-
hDC-SIGN) and CD209b (CHO-m-SIGN-R1)-expressing CHO
cells. We have been using the cell lines for many of our previous
and current studies (27, 29, 30, 56, 59). Figure 2A shows that
there was increased invasion and fluorescence in CHO-h-DC-
SIGN than in CHO. The results also show that T. gondii invaded
the CHO-mouse-SIGN-R1 (Figure 2B) and CHO-human-DC-
SIGN (Figure 2D) more than that of CHO cells. On the other
hand, the number of extracellular parasites was higher in CHO
cells compared to CHO-mSIGN-R1 (Figure 2C) and CHO-hDC-
SIGN (Figure 2E). Moreover, as can be seen in Figures S2 and S3,
parasites clustered together to form spherical aggregates around
CHO-h-DC-SIGN and fluoresced more than in CHO. This
phenomenon suggests that the parasites possibly adhered to the
receptor more closely since they were not visible in the cytoplasm
but on the cell membrane thus the increase in the fluorescence.

In short, the data presented here showed that mSIGN-R1 and
hDC-SIGN are receptors for T. gondii and play a role in invasion
of T. gondii into host cells.

Anti-human-DC-SIGN Antibody and
Oligosaccharides Inhibit
Receptor-Mediated Phagocytosis of

T. gondii

To validate the specific interaction of T. gondii and CD209,
different kinds of oligosaccharides (Mannan (500 pg/ml),
Dextran (500 pg/ml) and anti-human-DC-SIGN antibody were
used for the receptor inhibition assay. These oligosaccharides
were selected since at these concentrations they exerted no effect
on the survival of parasites or host cells. Mannan is well known
for its ability to block DC-SIGN-mediated interactions with HIV
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FIGURE 1 | CD09 may be involved in the invasion of T. gondii into peritoneal macrophages. (A) GFP labeled intracellular parasites within adherent cells (RAW 264.7
vs. peritoneal macrophages) and extracellular parasites after 8 h of co-culture. (B) T. gondii invasion assay to determine the invasion rate of GFP-labeled T. gondii into
peritoneal macrophages compared to macrophage cell line (RAW264.7). The cells were co-cultured with GFP-labeled T. gondii for 8-12 h. The number of associated
parasites in different cells was quantified by counting the number of infected cells per view divided by the total number of cells per view (*P < 0.05, **P < 0.01). (C)
The number of extracellular parasites in these sets of cells was counted (*P < 0.005, **P < 0.0001). Data shown represent one of three independent experiments with
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and other gram-negative bacteria (30, 38, 40, 60). The results
show that DC-SIGN-mediated phagocytosis of T. gondii was
inhibited by Mannan, Dextran MW390 and Dextran MW70000
(Figure 3A) and anti-human-DC-SIGN antibody (Figure 3E),
signifying a specific interaction between T. gondii and DC-SIGN,
hence promoting invasion of this parasite into the cells expressing
CD209. The inhibitors had no toxic effect on the extracellular
parasites but only inhibited invasion of T. gondii into the cells
as shown in Figures 3B,D,F.

Mannan was the most commonly used inhibitor in our study
since it was possibly more specific (56, 60). Mannan’s inhibitory
effect was therefore further tested at different concentrations to
determine its efficacy even at low doses. All the concentrations
of Mannan inhibited the invasion of T. gondii to CHO-hDC-
SIGN and did not affect the parasite survival. The inhibitory
effect also increased with increasing concentration (Figure 3C).
However, in Figure 3D, there was a reduction in the number
of extracellular parasites when Mannan 750 pg/ml was used as
opposed to what was observed when Mannan 500 jLg/ml was
used showing a possible toxic effect of a higher concentration of

Mannan on extracellular parasites. Similar results were seen when
Mannan 1,000 jug/ml was used (results not shown).

While Mannan and anti-human-DC-SIGN were used, most
of the parasites appeared singly and thus did not fluoresce as
much as when inhibitors were not used. In this case (CHO-hDC-
SIGN), the parasites appeared in clusters and thus fluoresced
more. This implies that, at optimum concentration, the inhibitors
prevented both the binding of the tachyzoites to the cells and
their subsequent invasion but did not affect their survival.

Anti-mouse-SIGNR1 Antibody, Mannan,
and CD209-Knock-Out Mice Inhibit T.

gondii Dissemination

In addition, to investigate the contribution of CD209 to
dissemination, we blocked CD209 expressing cells in vivo by pre-
treating mice with antibodies specific to CD209 and Mannan
before infecting the mice with T. gondii i.p. We also used CD209-
knock-out (KO) mice (CD209~/~) and compared dissemination
of T. gondii with that of wild type mice. The mice were sacrificed 5
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FIGURE 2 | mSIGN-R1 (CD209b) and hDC-SIGN (CD209a) are receptors for T. gondii and play a role in invasion of T. gondii into host cells. (A) GFP labeled
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Time (Hours)

intracellular parasites within adherent cells (CHO vs. CHO-hDC-SIGN) and extracellular parasites after 8 h of co-culture. (A: Adherent cells on the wall of the plate; B: T.
gondli infected cell; C: Extracellular parasite; D: A cluster of parasites infecting a cell); (B) Invasion assay was done to determine the invasion of T. gondii into CHO and
other CHO transfectants expressing mSIGNR1 and (D) hDC-SIGN. The cells were co-cultured with GFP-labeled T. gondii for 8-18 h. The proportion of infected cells
was determined by calculating the number of infected per view divided by the total number of cells per view (*P < 0.05, **P < 0.01, **P < 0.001). (C,E) The level of
internalization of T. gondii in CHO-mSIGNR1 (C) and CHO-hDC-SIGN (E) cells was calculated by determining the number of extracellular parasites per view (*P <

0.05). A total of 9 views were used to quantify the degree of internalization. Data are representative of three independent experiments.

days post-infection and gqRT-PCR of T. gondii DNA used to assess
parasitaemia in their blood and liver. Our results show that there
was decreased parasite burden in the liver and blood of knock-
out, antibody- and mannan- pre-treated mice compared to the
liver and blood of wild type, isotype- and physiological saline-
pre-treated mice respectively (Figures 5A-C). This implies that
the receptor blocking in vivo also prevented invasion and
dissemination of T. gondii in blood and in liver but other factors
could be at play within the liver tissues.

The CD209s Were Involved in the
Toxoplasma Induced Liver Damage,
Infection, and Mortality, Which Was
Reduced by Pre-treating the Mice With
Mannan and/or Anti-CD209 Antibody

To determine pathological changes, infected mice were
sacrificed 5-days post-infection and liver sections examined
for morphology using H&E staining. There was more damage
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FIGURE 3 | The hDCSIGN-mediated invasion of T. gondii was inhibited by anti-nDCSIGN antibody, Mannan, and Dextran oligosaccharides. Pre-treatment of cells
with anti-hDCSIGN antibody, Mannan, and Dextran blocked invasion of the T. gondii into CHO-hDCSIGN. (A) T. gondii was co-cultured with CHO-hDCSIGN in the
presence or absence of Mannan 500 pg mi~" and Dextran of different molecular weights. The invasion rate of T. gondii was evaluated by determining the proportion
of infected cells and the number of extracellular parasites as described in Figure 2. There was significant inhibition of invasion with Mannan and Dextran at 8h (*P <
0.05, *P < 0.001, ***P < 0.0001, respectively). (B) The number of extracellular parasites was higher when inhibitors were used than in the absence of inhibitors. (C)
Different concentrations of Mannan used to test their ability to inhibit the interaction of CHO-hDCSIGN with T. gondii. (D) There was a significant increase in the
number of extracellular parasites when Mannan 250 and 500 g mi~" were used at 8 and at 10h. (E) The ability of anti-hDCSIGN antibody to block this interaction
was also evaluated and (F) the number of extracellular parasites determined. Data are representative of three independent experiments.

in wild type liver tissues that showed more inflammation,
lymphocyte infiltration, and spot necrosis than the KO mice
and the antibody-pretreated mice (Figure4). Spot necrosis
was distributed throughout the liver tissues at different degrees
in different groups of mice and this damage coincided with
hydratic degeneration indicated with pale cytoplasm around the

region with lymphocyte infiltration as shown in Figures 4A,B.
Liver damage therefore occurred in all groups of mice but at
different levels.

The number of T. gondii visualized in the tissue sections
was also counted as a measure of parasite burden. The results
(Figure 4C) show that the highest number of tachyzoites
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FIGURE 4 | 7. gondii was able to be disseminated to the livers, which was reduced in CD209-knock-out mice, and by addition of mannan oligosaccharides and

anti-mSIGNR1 antibody. T. gondii dissemination ability to liver tissues was examined by determining hepatic pathological changes in mice five days post-infection with
T. gondii. (A) Representative images of H&E stained liver sections from different groups of mice (n = 6 mice/group). Blue circles indicate spot necrosis and red circles
indicate T. gondli tachyzoites visualized within tissue sections. First level shows MG = X200, second level MG = X400, and third level shows MG = X1000. KO mice
and antibody pre-treated mice had less inflammatory foci indicating they had less parasites disseminating within them. (B) The number of spot necrosis was counted.
Mean + s.e.m results are graphed (**P < 0.01, **p < 0.005, ***p < 0.0001). (C) T. gondii visualized within liver sections was also counted and the Mean + s.e.m

results are graphed (**p < 0.005, ***p < 0.0001). A total of 9 H&E sections per group of mice were used to quantify the number of inflammatory foci and of
tachyzoites visualized. Data are representative of three independent experiments with similar results.

in liver sections was observed in wild type and isotype-
pretreated mice which coincided well with the number of spot
necrosis (Figure 4B). However, it was interesting to note that,
Mannan had a higher number of spot necrosis, more hydratic
degeneration which was an indication of oedema, but a lower
number of tachyzoites in the liver sections.

To elucidate the survival of infected mice, 50-100 Toxoplasma
gondii was inoculated into the mice i.p and the survival time
determined in terms of number of days. Among all the sub-
groups of mice, the KO mice had the highest survival rate
compared to the wild type mice (P = 0.0181) and also compared
to the pre-treated mice using mannan and/or antibody (P =

0.0031) (Figures 5D,E). They all died within 8 days but the KO
survived up to 12 days post-infection. These results suggest that
despite the virulent nature of RH strain T. gondii, lack of CD209
receptor provided some form of protection to the KO mice.

DISCUSSION

T. gondii has the ability to cross the GIT in the intermediate host
and spread in various ways specifically via intracellular migration
and/or cell-dependent migration with adhesion to the host cell
membrane by employing a Trojan horse following increased
permeability of the barrier in response to inflammatory signals
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FIGURE 5 | The infectivity of T. gondi was reduced by pre-treatment of mice with anti-mSIGN-R1 antibody and certain oligosaccharides. (A) 7. gondii dissemination
ability to liver tissues and blood was examined in wild type and knock-out mice by determining parasite burden in the blood and liver sections using gPCR of DNA. (B)
Dissemination of 7. gondlii in the liver and blood of mice pre-treated with isotype antibody and anti-mSIGNR1 antibody was also examined as described above and (C)
Dissemination of T. gondii in the liver and blood of mice pre-treated with Mannan and physiological saline was also determined in a similar manner. Reduction in T.
gondii dissemination to blood and liver was observed in the knock out mice, and mice pre-treated with mannan and anti-mSIGN-R1 antibody. (D) Survival rates of wild
type and knock-out mice post-infection with T. gondii. (E) Survival rates of different groups of mice after infection with 7. gondiii. For each group, six mice were infected
with 50-100 T. gondii and observed until they all died (12 days post-infection). Log rank was performed. The knock-out mice had the highest survival percentage post
infection compared to the other groups of mice (*P < 0.05, ***P < 0.005, ***P < 0.0001). The data shown are obtained from three independent experiments with
similar results.

(14, 41, 61-65). Studies have shown that pathogens such as viral
HIV and bacterial Y. pestis were able to bind CD209 to hijack
APCs as the Trojan horses for host dissemination (19, 42, 44). In
this study, our results suggested that T. gondii may use the similar
mechanisms for its host dissemination.

T. gondii, which has oligomannose on its surface membrane
(66) may be recognized and bound by CD209. A mAb specific to
the CD209 and an oligosaccharide (Mannan) which specifically
binds mannose-related receptors and ligands, inhibited the
invasion of T. gondii into the CHO-hDC-SIGN (CD209a) and
CHO-mSIGN-R1 (CD209b) in vitro (Figure 3) and the effect
was not reversed when the inhibitors were washed off prior
to addition of the parasites (Figures 3A,C,E). Although there
was decreased invasion when a higher mannan concentration
(750 pg/ml) was used (Figure 3C), fewer extracellular parasites
(Figure 3D) were observed as opposed to what was expected i.e.,
similar results as when Mannan 500 pg/ml was used. We have
speculated that the inhibitory effect of Mannan was retained, thus
a lower percentage of intracellular parasites but due to the higher
concentration, it is possible that some extracellular parasites were
killed and led to a reduction in their number. It is therefore
possible that 500 jLg/ml is still the optimum concentration for
the best inhibitory effect that will not affect the survival of the
parasites. However, further investigations need to be done to
validate this phenomenon. Although T. gondii infection was

facilitated via the CD209 receptor, it was not the only target
for the parasite since it can also bind to other phagocytic and
non-phagocytic cells in the host (14, 15, 17). This suggested
that CD209 mainly enhanced infection of T. gondii and was a
preferred target by the parasite for infection and dissemination.

In mice infected with T. gondii, receptor blockade prior to
peritoneal infection decreased parasite burden, dissemination
and pathogenicity. However, this raises the question how this
is possible since studies have shown that T. gondii infection
relies primarily on active invasion of host cells (15) rather than
phagocytic uptake through receptors like CD209. Invasion often
occurs as a result of active gliding motility when motile T.
gondii contact the host cell with their apical end. Invasion is
thus considerably faster than phagocytosis, however, even after
invasion, some parasites are still able to egress the cells and
eventually die (48) probably making phagocytosis more efficient
in sustaining T. gondii within the cells after invasion.

During host cell invasion following phagocytosis, T. gondii
attaches to the host cell with its apical end. A variety of MIC
proteins participate in this cell attachment (67, 68) and our
study has shown that CD209 could be the possible corresponding
host cell receptors. These interactions facilitate repeated rounds
of attachment and release that would be expected to support
gliding motility (67). The ability of T. gondii to invade and not
egress DCs and macrophages (during phagocytosis) is therefore
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an important adaptation for dissemination to tissues within
the body.

Similar results were reported in a study involving T. musculi
and T. cruzi whose results showed enhanced survival in
macrophages, whereas receptor blockade decreased parasite
growth (69). A number of studies using different antibodies
and different strains of knock-out mice have yielded a wide
array of contradicting results (11, 70-74). In our study knock-
out mice survived longer than the other groups of mice post-
infection followed by Mannan and antibody pre-treated mice.
Pathological damage of the liver was more in wild type mice
and isotype pre-treated mice compared to the other groups
of mice (knock-out, and antibody-pretreated mice) which had
less pathological damage. Therefore the lack of CD209 or its
blockade protected the liver from severe pathological effects of
T. gondii and provided optimal resistance to the infection. The
presence of CD209 enhanced T. gondii invasion, dissemination
and thus infection. This possibly leads to an increase in the
rate of parasite proliferation, decreased immunity and ultimately
increased mortality as observed in the wild type and isotype-
pre-treated mice. Further studies may reveal whether increased
immune responses would have been involved in the detrimental
effect on the host tissues.

The wild type mice had lower parasite burden in the
liver than blood (Figure4A) compared to other groups of
mice which had almost the same parasite burden in both
tissues. Interestingly, in the antibody-pre-treated mice, the
parasite load was higher in liver tissues as compared to blood
(Figure 4B). The higher levels in the liver could be due to
other factors at play within the liver that could have been
triggered by pre-treatment of mice using antibody prior to
infection with T. gondii (75) causing them to remain localized
in the liver instead of migrating to other tissues like MLNs
and portal lymphatic vessels. Generally, the parasite burden
was still lower in the antibody-pretreated group compared to
the isotype-pre-treated group (Figure 4B) indicating a possible
form of protection against the parasite. In case of wild type
mice, the parasitaemia could have been higher in the liver
but since the liver DCs are still migratory in nature due to
the presence of CD209 (75), they could have migrated to
other organs thus not detected in the liver resulting to lower
parasitaemia in liver tissues as compared to blood. On the
other hand, Mannan pre-treated mice had a higher number of
spot necrosis but lower tachyzoites visualized within the tissues
(Figure 4B). It is not clear why such a response was observed
but probably due to other immune factors at play within the
liver which triggered an increase in lymphocyte infiltration and
hydratic degeneration.

CD209 plays diverse roles in the innate immune system by
inducing various immune responses to pathogens (32, 37, 39).
Several pathogens exploit DC-SIGN to suppress an efficient
immune response (37). However, in the KO mice, the lack
of CD209 protected the mice from T. gondii infection. This
could possibly be because T. gondii is highly specific to DC-
SIGN and also due to the lethal nature of the parasite. On
the contrary, previous studies using Yersinia pseudotuberculosis
showed that partial inhibition of CD209 between the interaction

of hDCS and Y. pseudotuberculosis was achieved only when
the triple combination of inhibitors (antireceptor antibodies,
mannan oligosaccharide, and purified LPS core) was employed.
In this study, even the use of a single inhibitor provided partial
protection against Toxoplasma infection as was also observed in
Trypanosoma musculi infection (69).

We have shown that the possible host receptors involved in
T. gondii infection, but the specific parasite molecules that bind
to DC-SIGN were not identified. It is well-documented that
the surfaces of most parasites are highly glycosylated (11, 27,
29, 76). Further investigations need to be done to determine
corresponding parasite ligands, as we did in identification of
the carbohydrate LPS core from many Gram-negative bacteria
(29, 30, 38, 40, 56, 59); as well as immune responses elicited by
the T. gondii. Moreover, HIV uses gp120-DCSIGN interaction
to initiate capture by DCs and transmission to CD4+ T cells
(19). Therefore, blockage of DC-SIGN-mediated transmission of
HIV (31, 77, 78) and Y. pestis (29, 30, 40) are recognized as valid
therapeutic strategies to fight HIV infection and plague.

DC-SIGN mediates HIV-1 internalization and studies on
milk and serum proteins were done to test their ability to
block DC-mediated HIV-1 transmission. The best inhibitor
was bovine lactoferrin (bLF) which binds strongly to DC-
SIGN than human lactoferin, thus preventing virus capture and
further transmission. This highlights the usefulness of bLF as a
microbicide drug to prevent HIV-1 transmission (77).

In summary, our study has shown that T. gondii is able
to disseminate to other parts of mammalian organs and cause
systemic infections by potentially utilizing the CD209s. It has
thus disclosed a possible treatment strategy or prevention of T.
gondii infection by blocking its interaction with C-type lectins
using certain oligosaccharides like mannan, and specific blocking
antibodies which reduced parasite burden in the mice, protected
the liver from severe pathological damage and reduced mortality
of the infected mice.
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AUTHOR’S NOTE

Toxoplasma gondii is a parasitic pathogen that causes blindness,
mental problems, and mother-child infection especially in those
infected with HIV/AIDS. This is because this parasite can spread
to almost any part of the body particularly the eyes, brain,
placenta, and cause infection in animals and humans. However,
how the parasite spread at the cellular and molecular level is still
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unclear. Our body uses various defense mechanisms or weapons
like macrophages of host cells to protect itself against invading
pathogens. The initial goal of the host cells is to eat and kill
the pathogens. At the same time, the macrophages can move
pathogens to different parts of the body, seeking for additional
help to destroy the pathogens. However, this study has shown
that T. gondii may interact and hijack the macrophages as Trojan
horses to spread to different parts of the body. This study
could therefore open avenues for developing new preventive and
treatment regimens by blocking the interaction between the host
cells and T. gondii.
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