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Abstract

Background: Women in early pregnancy infected by Toxoplasma gondii may have severe adverse pregnancy out-
comes, such as spontaneous abortion and fetal malformation. The inhibitory molecule T cell immunoglobulin and
mucin domain 3 (Tim-3) is highly expressed on decidual dendritic cells (dDCs) and plays an important role in main-
taining immune tolerance. However, whether T. gondii infection can cause dDC dysfunction by influencing the expres-
sion of Tim-3 and further participate in adverse pregnancy outcomes is still unclear.

Methods: An abnormal pregnancy model in Tim-3-deficient mice and primary human dDCs treated with Tim-3 neu-
tralizing antibodies were used to examine the effect of Tim-3 expression on dDC dysfunction after T. gondii infection.

Results: Following T. gondii infection, the expression of Tim-3 on dDCs was downregulated, those of the pro-inflam-
matory functional molecules CD80, CD86, MHC-II, tumor necrosis factor-a (TNF-a), and interleukin-12 (IL-12) were
increased, while those of the tolerant molecules indoleamine 2,3-dioxygenase (IDO) and interleukin-10 (IL-10) were
significantly reduced. Tim-3 downregulation by T. gondii infection was closely associated with an increase in proin-
flammatory molecules and a decrease in tolerant molecules, which further resulted in dDC dysfunction. Moreover, the
changes in Tim-3 induced by T. gondii infection further reduced the secretion of the cytokine IL-10 via the SRC-signal
transducer and activator of transcription 3 (STAT3) pathway, which ultimately contributed to abnormal pregnancy
outcomes.

Conclusions: Toxoplasma gondii infection can significantly downregulate the expression of Tim-3 and cause the
aberrant expression of functional molecules in dDCs. This leads to dDC dysfunction, which can ultimately contribute
to abnormal pregnancy outcomes. Further, the expression of the anti-inflammatory molecule IL-10 was significantly
decreased by Tim-3 downregulation, which was mediated by the SRC-STAT3 signaling pathway in dDCs after T. gondii
infection.
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and congenital malformation [3, 4]. The immune micro-
environment at the maternal-fetal interface plays an
important role in maintaining normal pregnancy [5].
The decidual immune system consists of a variety of
maternal immune cells, such as natural killer (NK) cells,
macrophages (M¢s), and dendritic cells (DCs), which
play important roles in maintaining maternal—fetal tol-
erance [6—8]. Dysfunction of these immune cells due to
the effects of various external stimuli can lead to many
types of adverse pregnancy outcomes [8—10]. Decidual
DCs (dDCs) account for approximately 1-7% of mono-
nuclear cells, and are specifically equipped to control
immunity, trigger immune response and maintain toler-
ance, preventing the rejection of the conceptus by the
maternal immune system [11, 12]. Mammalian DCs are
divided into at least two subsets, described as myeloid
DCs and plasmacytoid DCs [13]. It was reported that
dDC dysfunction was closely related to the occurrence
of spontaneous abortion [14, 15]. The tolerant role of
dDCs at the maternal-fetal interface is largely depend-
ent on the expression of inhibitory molecules, such as T
cell immunoglobulin domain and mucin domain 3 (Tim-
3), leukocyte immunoglobulin-like receptor B4 (LILRB4)
and B7 homolog 4 (B7-H4) [16-18]. Previous studies in
our group showed that T gondii infection could down-
regulate the expression of these regulatory molecules
on dDCs or dM¢s and further contribute to adverse
pregnancy outcomes [19-21]. However, how the inhibi-
tory molecule T cell immunoglobulin and mucin domain
3 (Tim-3) on dDCs is involved in T. gondii infection-
mediated abnormal pregnancy has not, to the best of our
knowledge, been previously reported.

Tim-3 was initially identified as a Thl-specific cell
surface molecule involved in the transduction of apop-
totic signals, which could inhibit the Thl response via
galectin-9 activation [22]. Recently, several studies have
reported that Tim-3 is also highly expressed on several
decidual immune cells, such as DCs, monocyte-M¢s, reg-
ulatory T cells, and NK cells, maintaining maternal—fetal
tolerance by modulating the functions of these immune
cells [23—-25]. Another study showed that pregnant mice
that were treated with Tim-3-blocking antibodies exhib-
ited obvious fetal loss with altered Th1/2 cytokine pro-
files [26]. Our previous studies showed that 7. gondii
infection could downregulate the expression of Tim-3 on
dM¢s and dNK cells, and further resulted in cell dysfunc-
tion that contributed to adverse pregnancy outcomes
[19, 20]. However, whether T. gondii infection can affect
the expression level of Tim-3 on dDCs and lead to dDC
dysfunction remains to be confirmed. There is evidence
that blocking the Tim-3 pathway in decidual immune
cells lowers the production of interleukin-10 (IL-10) [16].
Another study suggested that Tim-3 negatively regulated
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interleukin-12 (IL-12) expression in monocytes dur-
ing hepatitis C virus infection [27]. A study also showed
that Tim-3" dNK cells secreted lower levels of tumor
necrosis factor-o (TNF-a) [28]. However, whether the
changes in these functional molecules are caused by the
downregulation of Tim-3 on dDCs after 1. gondii infec-
tion is still unclear. There is evidence that healthy preg-
nancy is associated with higher levels of IL-10, while
pathologic pregnancies are associated with lower levels
of IL-10, suggesting that IL-10 plays an important role
in maintaining maternal—fetal tolerance [29]. Tim-3 can
inhibit the activation of DCs through Bruton’s tyrosine
kinase -SRC signaling pathway [30]. Alcohol can acti-
vate SRC kinase, and activated SRC kinase directly acti-
vates signal transducer and activator of transcription
3 (STAT3) at the Tyr705 residue [31]. Phosphorylated
STAT3 (p-STAT3) dimerizes, translocates to the nucleus
and binds to the promoter residues of IL-10 to regulate
the expression of IL-10 [32]. Hence, whether T. gondii
infection can regulate the expression of IL-10 by Tim-3
downregulation-mediated SRC-STATS3 signaling pathway
and further result in dDCs dysfunction remains unclear.
In the present study, pregnant Tim-3-deficient (Tim-
37/7) female mice and primary human dDCs treated with
Tim-3 neutralizing antibodies were used to investigate
the effect of Tim-3 on dDC dysfunction during T. gondii
infection and clarify the molecular mechanism of abnor-
mal pregnancy outcomes.

Methods

Animal models

C57BL/6 mice [wild-type (WT) mice; 6- to 8-week-old
females; 8- to 10-week-old males] were purchased from
Pengyue Laboratory Animal Technology (Jinan, China).
Tim-37/~ mice were purchased from Bioray Laborato-
ries (Shanghai, China). All of the mice were raised under
specific pathogen-free conditions at 22-26 ‘C, 50-60%
humidity and a 12-h/12-h light/dark cycle, and were sup-
plied with sufficient sterile water and food. Females and
males were housed overnight in one cage at a ratio of 2:1.
Female mice with vaginal plugs on gestational day (GD) 0
were segregated and randomized into three groups: unin-
fected, infected, and Tim-3~'~ infected. On GD 8, mice
in the infected group and Tim-37/~ infected group were
intraperitoneally injected with 400 tachyzoites resus-
pended in 200 pl phosphate buffered saline (PBS); the
uninfected mice were injected with the same volume of
PBS into the abdominal cavity. All procedures performed
on animals in this study were conducted according to the
ethical standards of the Ethics Committee and Institu-
tional Animal Experimental Ethics Committee of Binzhou
Medical University (permit no. 2017-009-09). All of the
animal experiments were performed on animals under
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sodium pentobarbital anesthesia to minimize their suf-
fering, all reagents used in present study were listed in the
Additional file 1 (Table S1).

Genotyping Tim-3~/~ mice

Genomic DNA of Tim-3~/~ mice was extracted from a
1-mm section of tail tissue using a tissue DNA extrac-
tion kit (Generay, China). The primers for Tim-3 were as
follows: sense, 5'-GGCTGGCTCAAACTCACTACA-3/;
anti-sense, 5'-CGGACAATGATAACATGGAAA-3'. The
complementary DNA product was amplified by poly-
merase chain reaction in accordance with the manufac-
turer’s instructions (Generay). Initially, the product was
denatured at 95 ‘C for 3 min, then the PCR performed
with 30 cycles of denaturation of 30 s at 95 “C, anneal-
ing for 30 s at 56 ‘C, extension for 60 s at 72 “C, followed
by a final extension for 8 min at 72 ‘C and maintenance
temperature of 16 ‘C. Then, the PCR products were
sequenced (MDbio, China), and the homozygotes, het-
erozygotes and WT mice distinguished by matching the
DNA sequence to the WT sequence. The homozygotic
Tim-3~'~ mice obtained were then bred.

Scanning electron microscopy

The pregnant female mice in the three groups were euth-
anized on GD 14, and the fetuses harvested by separat-
ing them from the uteruses. The fetuses were washed five
times with 0.1 mol PBS and then fixed in 2.5% buffered
glutaraldehyde for 1 week at 4 C. The fetuses were then
dried in specimen holders by the critical point technique
(Quorum K850) and coated with gold particles by an ion
sputter coater (Quorum Q150RS). Finally, all the speci-
mens were observed under a scanning electron micro-
scope (ZEISS EVO LS15) operated at 10 kV, and images
obtained with SmartSEM user-interface software.

Obtainment and reproduction of T. gondii tachyzoites

T. gondii tachyzoites were cultured in Hep-2 cells, which
were grown in minimum essential medium (HyClone,
USA), 5% fetal bovine serum (Gibco, USA), and 100 IU/
ml penicillin/streptomycin (Solarbio, China). To acquire
T. gondii tachyzoites, the cells and culture media were
collected and the cells were removed by centrifugation
at 800 r.p.m. (433 x g) for 5 min; the tachyzoites were
then purified by centrifugation at 4000 r.p.m. (2810 x g)
for 7 min. The acquired T. gondii tachyzoites were resus-
pended in minimum essential medium and counted using
a Neubauer chamber. Consumable experimental instru-
ments and liquids contaminated by tachyzoites were dis-
infected and autoclaved immediately.
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Mouse cell preparation

On GD 14, the mouse uterus and placenta were care-
fully separated and washed two to three times with cold
PBS. The tissues were cut into 1- to 3-mm fragments
with ophthalmic scissors. Then, 1 mg/ml collagenase IV
(Biofroxx, Germany) and 0.2 mg/ml deoxyribonucle-
ase (DNase; Sigma—Aldrich, St. Louis, Mo) were added,
and the samples digested in a biochemical incubator at
37 °C for 45 min. The digested tissue was then filtered
through 48-um sterile nets and washed twice in cold PBS.
Finally, the cells were collected and resuspended in cold
PBS. Mononuclear cells were obtained by aspirating the
white membrane layer in the mouse lymphocyte isolation
medium (TBD Science, China) after Ficoll density gradi-
ent centrifugation, and were used for flow cytometry.

Collection of human clinical samples

The human clinical decidual tissue used in this study was
provided by the Department of Obstetrics and Gynecol-
ogy of Yantai Affiliated Hospital of Binzhou Medical Uni-
versity and the Yantai Zhifu District Material and Child
Health Hospital. The aborted tissues of healthy preg-
nant women who underwent voluntary abortion during
the first trimester of pregnancy (6—8 weeks of gestation)
were collected under aseptic conditions. The tissue was
immediately flushed five to eight times with sterile nor-
mal saline solution, and decidual tissues were collected
in RPMI 1640 (HyClone, USA) supplemented 100 IU/
ml penicillin/streptomycin (Solarbio, China). The sample
collection procedure was approved by the Ethics Com-
mittee of Binzhou Medical University (approval no. 2017-
016-01). A total of 50 pregnant women aged 25—45 years
old were enrolled in this study. The patients voluntar-
ily underwent abortions, and signed informed consent
forms. All the pregnancies were diagnosed by a profes-
sional obstetrician and gynecologist as early normal
gestation without any evidence of a threatened abortion
or any complications, or any ongoing medication of the
pregnant women.

Isolation and purification of human dDCs

The decidual tissue was washed five to six times with
cold PBS and then cut into 1- to 3-mm fragments with
ophthalmic scissors. Then, 1 mg/ml collagenase IV (Bio-
froxx, Germany) and 0.2 mg/ml DNase (Sigma—-Aldrich,
St. Louis, USA) were added to digest the tissue in a bio-
chemical incubator at 37 °C for 45 min. The digested tis-
sue was filtered through 48-pm sterile nets and washed
twice in cold PBS. Finally, the cells were collected and
resuspended in cold PBS. After Ficoll density gradient
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centrifugation at 2000 r.p.m. for 20 min, mononuclear
cells were obtained by aspirating the white membrane
layer in human lymphocyte isolation medium (TBD Sci-
ence) in accordance with the manufacturer’s instructions.
Untouched and highly purified myeloid DCs were iso-
lated from fresh decidual tissue mononuclear cells with
purities of up to 90% (Stemcell, Canada). The purified
human dDCs were used for western blotting analysis.

Flow cytometry
The mouse antibodies, FITC-conjugated anti-CD1lc,
PerCP/Cy5.5-conjugated anti-CD8a, and PE-conjugated
anti-IL-10/IL-12 were purchased from BD (USA). BV421-
conjugated anti-Tim-3 and PE-conjugated anti-CD80, anti-
CD86, and anti-MHC-II were purchased from Biolegend
(USA). APC-conjugated anti-indoleamine 2,3-dioxygenase
(anti-IDO) and PE-conjugated anti-TNF-a were purchased
from eBioscience (USA). The following fluorochrome-con-
jugated monoclonal antibodies (mAbs) were used for the
human samples: PE/CY7-conjugated anti-CD86 and IL-10
(purchased from Biolegend). FITC-conjugated anti-HLA-
DR, PerCP/Cy5.5-conjugated anti-lineage, and PE-conju-
gated anti-CD80 and IDO were purchased from eBioscience.
The mouse or human decidual mononuclear cells were
first incubated with the corresponding membrane mAbs
against the cell surface molecules, including Tim-3, CD80,
CD86, and MHC-II (mouse) or HLA-DR (human) at 4 ‘C in
the dark for 30 min, and washed once. Then, the cells were
fixed and permeabilized using an eBioscience kit, in accord-
ance with the manufacturer’s instructions, and washed twice.
Intracellular antibodies (anti-IDO, anti-IL-10, anti-IL-12,
anti-TNF-a) were added to the cells, which were then incu-
bated at 4 °C for 40 min in the dark. To examine cytokines,
the cells were first treated with a leukocyte activation cock-
tail (eBioscience) for 6 h. They were then incubated with the
corresponding membrane mAbs, fixed and permeabilized,
and subsequently incubated with intracellular antibod-
ies (anti-IL-10, anti-IL-12, anti-TNF-«) as described above.
Flow cytometry was performed using a FACSCanto II flow
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cytometry system (Becton Dickinson, Franklin Lakes, NJ)
with FlowJo v.10.3 software (FlowJo, Ashland, OR).

Western blotting analysis

The human dDCs were treated with anti-Tim-3 neutral-
ized antibodies, dasatinib (a SRC inhibitor) or Stattic
(a STATS3 inhibitor) for 2 h, then infected with T. gon-
dii for 24 h. Then, a total of 1 x 107 cells of each group
were collected and lysed with the pre-cooled lysis buffer,
with 10 pl of the serine protease inhibitor phenylmethyl-
sulfonyl fluoride (PMSF) per milliter of buffer. After
incubation for 45 min on ice, the cell lysates were cen-
trifuged at 12,000 x g at 4 C, the supernatant collected,
quantified by BCA protein assay kits and mixed with
5x sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis loading buffer, following by boiling for 5 min.
Then, equal amounts of protein were separated by 12%
sodium dodecyl sulfate—polyacrylamide gel electropho-
resis. The proteins were transferred to polyvinylidene
fluoride membranes (Millipore, Germany). The mem-
branes were then blocked at room temperature for 2 h in
5% skim milk in Tris buffered saline-Tween buffer. The
membranes were incubated on a shaker overnight at 4 C
with rabbit anti-human Tim-3 (1:2000 dilution; Bioss,
China), rabbit anti-human STAT3/SRC (1:2000 dilution;
Proteintech, China), IL-10/IL-12 (Abcam, UK), and rab-
bit anti-human p-STAT3/p-SRC (1:2000 dilution; CST,
USA). Then the membranes were washed 5 times in Tris
buffered saline—Tween and incubated with horseradish
peroxidase conjugated goat anti-rabbit IgG secondary
antibody (1:2000 dilution; Protech, USA) at room tem-
perature for 1 h. After washing five times for 20 min,
the proteins on the membranes were visualized by an
enhanced chemiluminescence kit (Roche, Switzerland) at
appropriate exposure times. Glyceraldehyde-3-phosphate
dehydrogenase was analyzed using rabbit anti-glyceral-
dehyde-3-phosphate dehydrogenase polyclonal antibody
(Protech) as a loading control.

(See figure on next page.)

*P<0.05,**P<0.01,**P<0.001

Fig. 1 a-h Expression of T cell immunoglobulin and mucin domain 3 (Tim-3) on human and murine decidual dendritic cells (dDCs) after
Toxoplasma gondii infection. a The expression of Tim-3 on myeloid DCs (CD11¢*CD8a™) from uninfected and infected mice was examined by

flow cytometry. b The changes in Tim-3 levels in the uninfected and infected groups were statistically analyzed. ¢ The expression of Tim-3 on the
surface of lymphatic DCs (CD11¢tCD8a™) from uninfected and infected mice was examined by flow cytometry. d The changes in Tim-3 levels
between the uninfected and infected groups were statistically analyzed. e The expression of Tim-3 on myeloid DCs (lineage™ HLA-DR™) from
uninfected and infected human decidua was examined by flow cytometry. f The changes in Tim-3 expression in the uninfected and infected
groups were statistically analyzed. g The expression of Tim-3 on human myeloid DCs from the uninfected and infected groups was examined by
western blotting. h The changes in Tim-3 expression between the uninfected and infected groups were statistically analyzed. The data shown are
the means £ SD. At least six pregnant mice in each group were assayed individually, and differences in the results were identified by unpaired t-test:
uninfected vs. infected group. At least six samples of human decidua in each group were assayed individually by flow cytometry, and at least three
samples of human decidua in each group were assayed individually by western blotting. Differences in the results were identified by paired t-test.
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Fig. 2 aImpact of Tim-3 on adverse pregnancy outcomes caused by Toxoplasma gondii infection in mice. a The mental states of uninfected
pregnant mice were good, and the fetal mice developed well. b Pregnant mice infected with T. gondii showed listlessness, and the placentas and
fetuses exhibited inflammatory congestion. ¢ Tim-3-deficient (Tim-3~/")-infected pregnant mice had worse mental states, more stillbirths, and
their fetuses were absorptive or stunted. d The weights of the placentas and fetuses and the abnormal rates in uninfected, infected and infected
Tim-3~/~ pregnant mice were statistically analyzed. e-g The developmental state of fetuses was observed by scanning electron microscopy. h—j
Placentas from uninfected, infected, and infected and pregnant Tim-3~/~ mice were stained with hematoxylin and eosin (H&E) and showed severe
bleeding, erythrocyte aggregation and cellular necrosis (black circle). At least three pregnant mice in each group were assayed individually, and
differences in the results identified by unpaired t-test. * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001
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Histopathology

Placentas were removed from pregnant mice on GD 14,
washed five times with PBS and fixed in 4% paraformal-
dehyde for 1 week. The tissues were removed and washed
with tap water for 4 h, followed by gradient alcohol dehy-
dration. The placental tissue was embedded in paraffin
and cut into 5-pm slices. The thin slices were stained with
hematoxylin and eosin (H&E; Shanghai Novland, China)
dye according to the instructions in the manufacturer’s
manual. Images were observed and recorded under a
microscope at 20x magnification.

Statistical analysis

The data are presented as the means+ SDs. All the statis-
tical analyses were performed using the GraphPad Prism
8 statistical software package. Unpaired ¢-tests or paired
t-tests were used to identify differences.

Results

Tim-3 expression on dDCs was decreased after T. gondii
infection

Firstly, the expression of Tim-3 on dDC subsets was
examined between uninfected and 7. gondii-infected
mice by flow cytometry and western blot. The Tim-3
expression levels in murine myeloid and lymphatic dDCs
were decreased [CD11ctCD8a™, t-test, £(10)=3.959,
P=0.0027; CDI11c"CD8a™, t-test, t(10)=5.335,
P=0.0003] after T. gondii infection (Fig. 1a—d). Similarly,
the Tim-3 expression levels on human dDCs showed a
significant decrease after T. gondii infection according
to flow cytometry [Lin"HLA-DR™, t-test, £(5)=5.927,
P=0.0019] and western blotting [¢-test, #(2)=5.472,
P=0.0318] (Fig. 1e—h; Additional file 2).

The adverse pregnancy outcome model was successfully
established in infected and pregnant Tim-3~/~ mice

The pregnant mice were infected with 400 T. gondii
tachyzoites on GD 8 and the pregnancy outcomes were
observed on GD 14. Placentas and uteruses were dis-
sected carefully from uninfected, infected and infected
and pregnant Tim-37/~ mice. Infected and pregnant
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Tim-3~'~ mice had worse adverse pregnancy outcomes,
including lower placental weight [t-test, £(12)=6.107,
P<0.0001] and fetal weight [t-test, #(12)=3.494,
P=0.0044] and higher ratios of abnormal fetuses [¢-test,
£(12)=3.189, P=0.0078] than infected pregnant mice
(Fig. 2a—d). H&E staining in infected and pregnant Tim-
37/~ mice showed severe bleeding, erythrocyte aggrega-
tion and cellular necrosis compared to infected pregnant
mice (Fig. 2h—j). Scanning electron microscopy showed
that the fetal physique was decreased, the toe web was
not developed, the development of the eyeball and spine
was not perfect, and the fontanelle was closed prema-
turely (Fig. 2e—g).

Tim-3 downregulation after T. gondii infection could
change the expression of functional membrane molecules
on dDCs

To examine the effect of Tim-3 downregulation after
T. gondii infection on the functional membrane mol-
ecules of dDCs, infected pregnant WT mice and infected
and pregnant Tim-3'~ mice were used to examine the
functional molecules CD80, CD86, and MHC-II lev-
els on murine dDCs by flow cytometry in vivo. CD80,
CD86, MHC-II levels in infected Tim-3~'~ mice were
higher than in infected WT mice [CD80 including
CD11ctCD8a™, t-test, £(10)=3.609, P=0.0048 and
CD11c"CD8a™, t-test, £(10)=3.935, P=0.0028; CD86
including CD11ctCD8a, -test, #(10) =3.458, P=0.0061
and CDI11ctCDS8a™, t-test, £(10)=17.86, P<0.0001;
MHC-II including CD11c¢*CD8a", t-test, #(12)=2.463,
P=0.0299 and CD11c™CDS8a™, t-test, #(10)=2.662,
P=0.0238] (Fig. 3a—f). Tim-3 neutralizing antibodies
were added for in vitro culture of human dDCs that were
infected with T. gondii. CD86 levels of human dDCs were
examined by flow cytometry. CD86 expression in Tim-
3-neutralized and infected primary human dDCs was
higher than that in infected dDCs alone [Lin"THLA-DR™,
t-test, t(5)=6.811, P=0.0010] (Fig. 3g, h). These results
indicated that Tim-3 downregulation on dDCs by T
gondii infection increased CD80, CD86, and MHC-II
expression.

(See figure on next page.)

Fig. 3 a-h Downregulation of Tim-3 on human and murine dDCs by Toxoplasma gondii infection is related to the expression levels of the
co-stimulatory molecules CD80, CD86, and MHC-II. The expression of CD80 (a), CD86 (c) and MHC-I (e) on myeloid dDCs and lymphoid dDCs from
uninfected, infected, and infected and Tim-3~/~ mice was examined by flow cytometry. Changes in the expression of CD80 (b), CD86 (d) and MHC-II
() on myeloid dDCs and lymphoid dDCs from uninfected, infected, and infected and Tim-3~/~ mice were statistically analyzed. g The expression

of CD86 on human dDCs from the uninfected, infected and Tim-3-neutralized infected groups was examined by flow cytometry. h Changes in the
expression of CD86 on human dDCs from the uninfected, infected and Tim-3-neutralized plus infected groups were statistically analyzed. The data
shown are the means 4 SD. At least six samples of human decidua in each group were assayed individually by flow cytometry, and differences in
the results identified by a paired t-test. At least six pregnant mice in each group were assayed individually, and differences in the results identified
by unpaired t-test: uninfected vs. infected group. * P<0.05, ** P<0.01, *** P<0.001, **** <0.0001
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Tim-3 downregulation after T. gondii infection decreased
IDO and IL-10 expression in dDCs

IDO and IL-10 levels were analyzed by flow cytom-
etry to determine the effect of Tim-3 downregula-
tion after T. gondii infection on IDO expression. The
expression of IDO in infected Tim-3~/~ mouse dDCs
was decreased compared with that in infected WT
mice [CD11cTCDS8a~, t-test, £(12)=4.862 P=0.0004;
CD11c*CD8at, t-test, £(10) =3.359, P=0.0073] (Fig. 4a).
IL-10 expression was lower in infected Tim-3~/~ mouse
dDCs than in infected WT mice [CD11lc*CD8a ™,
t-test, £(10)=2.583 P=0.0273; CD11c*CD8u™, t-test,
£(10)=3.661, P=0.0044] (Fig. 4b). Similar to the results
for murine dDCs, IDO expression and IL-10 expres-
sion in the Tim-3-neutralization infection group of
human dDCs were downregulated compared with those
in the infected human dDCs groups [Lin"THLA-DR™,
t-test, #(6)=6.213, P=0.0008], [Lin THLA-DR™", t-test,
t(5)=15.17, P<0.0001] (Fig. 4c—f). These results sug-
gested that Tim-3 downregulation after 7. gondii infec-
tion decreased the synthesis of IDO and IL-10.

Tim-3 downregulation after T. gondii infection increased
the expression of IL-12 and TNF-a in dDCs

To analyze the effect of Tim-3 downregulation after T.
gondii infection on cytokines in dDCs, the expression
of IL-12 and TNF-« in murine dDCs was analyzed by
flow cytometry. TNF-a and IL-12 levels were increased
in the infected Tim-37/~ group compared with the
infected group [IL-12 including CD11c™CD8a™, t-test,
t(5)=3.225, P=0.0233 and CD11c"CD8a%t, t-test,
t(10)=4.426, P=0.0013] (Fig. 5a, b) [TNF-a includ-
ing CD11c"CD8a~, t-test, #(10)=4.453, P=0.0012;
CD11c*CD8at, t-test, (10) =2.856, P=0.0171] (Fig. 5c,
d). Additionally, IL-12 and TNF-« levels in Tim-3-neu-
tralized and infected human dDCs were increased
compared with those in infected human dDCs, as
determined by flow cytometry and western blotting
[t-test, £(2)=6.291, P=0.0243] [Lin HLA-DR™, t-test,
t(5)=8.777, P=0.0003] (Fig. 5e—h). These results dem-
onstrated that Tim-3 downregulation after T. gondii
infection increased IL-12 and TNF-a expression.

Page 9 of 17

T. gondii infection-induced Tim-3 downregulation
regulated the expression of IL-10 through the SRC-STAT3
signaling pathway

To observe whether the decrease in tolerant cytokine
IL-10 expression in human dDCs resulted from Tim-3
downregulation after 7. gondii infection, the signal-
ing molecules p-SRC (Tyr416) and p-STAT3 (Tyr705)
were measured by western blotting. Levels of p-SRC and
p-STATS3 in Tim-3-neutralized and infected human dDCs
were lower than in the infected group [p-SRC (Tyr416),
t-test, t(2)=7.484, P=0.0174; p-STAT3 (Tyr705), t-test,
1(2)="7.388, P=0.0178] (Fig. 6a, b). These results indi-
cated that Tim-3 downregulation in dDCs during T.
gondii infection may regulate the expression of IL-10
through the SRC-STAT?3 signaling pathway. The molecu-
lar mechanism by which Tim-3 is reduced after T. gondii
infection and leads to the decrease in IL-10 was further
elucidated. Galectin-9 (a ligand of Tim-3) was used to
activate Tim-3 in infected primary human dDCs. Tim-
3, p-SRC, p-STAT3 and IL-10 levels were examined by
western blotting. Tim-3, p-SRC, p-STAT3 and IL-10 lev-
els were higher in galectin-9-treated infected dDCs than
in infected dDCs [Tim-3, ¢-test, £(2)=5.554, P=0.0309;
p-SRC, ¢-test, £(2)=11.56, P=0.0074; p-STAT3, t-test,
t(2)=5.453, P=0.0320; IL-10, t-test, ¢(2)=6.280,
P=0.0244] (Fig. 6¢, d).

To further verify whether SRC kinase can phosphoryl-
ate STAT3 in response to Tim-3 activation after T. gondii
infection, dasatinib (a SRC inhibitor) was used to block
SRC phosphorylation. The levels of p-SRC, p-STAT3
(Tyr705) and IL-10 were decreased in infected dDCs
treated with galectin-9 plus dasatinib compared with
infected dDCs treated with galectin-9 alone [p-SRC,
t-test, £(2)=28.43, P=0.0012; p-STAT3(Tyr705), t-test,
£(2)=4.359, P=0.0488; IL-10, t-test, £(2)=12.23,
P=0.0066]. The expression levels of Tim-3, SRC and
STAT3 remained unchanged (Fig. 6¢c, d). These results
indicated that the change in Tim-3 expression in dDCs
after T. gondii infection regulated the expression of IL-10
through SRC phosphorylation.

Next, Stattic (a STAT3 inhibitor) was added to the pri-
mary human dDCs during Tim-3 activation. The protein

(See figure on next page.)

Fig. 4 a-fTim-3 downregulation on human and murine dDCs by Toxoplasma gondii infection is associated with the expression of indoleamine
2,3-dioxygenase (/DO) and interleukin-10 (/L-10). The expression of IDO (a) and IL-10 (b) on myeloid and lymphoid dDCs from uninfected, infected,
and infected and Tim-3~/~ mice was examined by flow cytometry and the results statistically analyzed. The expression of IDO (c) and IL-10 (d) on
human myeloid dDCs from the uninfected, infected and Tim-3-neutralized plus infected groups was examined by flow cytometry and statistically
analyzed. The levels of IDO (e) and IL-10 (f) in human dDCs from the uninfected, infected and Tim-3-neutralized infected groups were examined
by western blotting. The data shown are the means =+ SD. At least six samples of human decidua in each group were assayed individually by flow
cytometry, and at least three samples of human decidua in each group were assayed individually by western blot. Differences in the results were
identified by paired t-test. At least six pregnant mice in each group were assayed individually, and differences in the results identified by unpaired
t-test: uninfected vs. infected group. * P<0.05, ** P<0.01, *** P<0.001, *** P<0.0001
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levels of p-STAT3 (Tyr705) and IL-10 in infected dDCs
treated with galectin-9 plus Stattic were decreased com-
pared with those in infected dDCs treated with galectin-9
alone [¢-test, £(2)=7.513, P=0.0173], [t-test, #(2) =11.66,

P=0.0073]. However, p-SRC (Tyr416) expression and
STAT3 expression were not different after the addition
of the STATS3 inhibitor. Therefore, our results confirmed
that the decrease in Tim-3 in dDCs induced by T. gondii
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infection regulated IL-10 expression through the SRC-
STATS3 signaling pathway (Fig. 6e, ).

Discussion

dDCs, which account for approximately 1-7% of mono-
nuclear cells in the maternal—fetal interface, which nor-
mally fail to initiate immunogenic T-cell responses to
placental antigens, can help to maintain maternal—fetal
tolerance during successful pregnancy [33, 34]. The
maternal—fetal tolerance maintained mainly by decidual
immune cells depends on several negative regulatory
proteins, such as Tim-3, LILRB4 and B7-H4 [16-18]. The
studies in our group previously showed that downregu-
lation of LILRB4 on dDCs, especially on the tolerogenic
dDC subset, which occurred after T. gondii infection,
weakened the immune tolerogenic effect of dDCs by
upregulating the expression of CD80, CD86 and HLA-DR
(MHC-II) and ultimately contributed to abnormal preg-
nancy outcomes [17]. It has been suggested that Tim-3 in
dNK and dM¢ plays an important role in adverse preg-
nancy outcomes caused by T gondii infection [19, 20, 35].
However, it remains unclear whether 7. gondii infection
can change the expression of Tim-3 on dDCs, cause dDC
dysfunction and further contribute to 7. gondii-mediated
adverse pregnancy outcomes.

Some studies have reported that Tim-3 is a key media-
tor that maintains maternal-fetal immunotolerance and
successful pregnancy [36, 37]. In a previous study, we
demonstrated that abnormal pregnancy outcomes in T.
gondii-infected and pregnant Tim-3~'~ mice were more
severe than those in infected and pregnant WT mice;
therefore, Tim-3 may play an important role in abnormal
pregnancy outcomes induced by T. gondii infection [20].
We also showed that the expression levels of Tim-3 on
dNK cells and dM¢s were decreased after T. gondii infec-
tion, which damaged maternal—fetal tolerance and even-
tually led to adverse pregnancy outcomes [19, 20]. In the
present study, the expression level of Tim-3 on murine
myeloid and lymphoid dDCs was significantly decreased
after T. gondii infection. Similar changes in Tim-3 expres-
sion on human dDCs were observed after infection.
These results indicate that Tim-3 downregulation on
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dDCs after 1. gondii infection can disrupt the balance of
maternal—fetal tolerance and may promote the process of
adverse pregnancy outcomes.

One study showed that blocking CD86 in abortion-
prone mouse models could promote maternal-fetal
immune tolerance, thereby improving pregnancy out-
comes [38]. Another that DCs derived from the periph-
eral blood of preeclampsia patients expressed increased
levels of CD80 and CD86 [39]. The absence of MHC-
II molecules from trophoblast layers appears to be
an important feature for fetal survival [40]. In previ-
ous work we showed that the decreased expression of
LILRB4 and B7-H4 on dDCs induced by T. gondii infec-
tion could increase the expression of CD80, CD86 and
MHC-I], leading to dDC dysfunction and contributing
to abnormal pregnancy outcomes [17, 41]. To determine
whether the decreased expression of Tim-3 after T. gon-
dii infection could lead to changes in CD80, CD86 and
MHC-II expression on dDCs, infected and pregnant
Tim-3~'~ mice with adverse pregnancy outcomes were
used in the present study. The expression levels of CD80,
CD86 and MHC-II on dDCs in infected Tim-3~/~ mice
were increased compared with those in infected WT
mice. The expression of CD86 on infected human dDCs
was upregulated after treatment with Tim-3 neutralizing
antibodies. These results indicated that Tim-3 downreg-
ulation on dDCs after T. gondii infection could increase
CD80, CD86 and MHC-II expression, therefore impair-
ing the maternal—fetal tolerance function of dDCs.

IDO is an enzyme that participates in the catabolism
of tryptophan, which is essential for T-cell proliferation
[42, 43]. The metabolite kynurenine is involved in the
inhibition of T and NK cells and the generation of Treg
cells, and directly regulates the immune response by
educating the immune microenvironment in vivo [44,
45]. IDO plays an important role in normal pregnancy
through immune suppression and the regulation of fetal
invasion [46]. A report showed that, after CTLA-4 treat-
ment, IDO expression on dDCs was increased in normal
pregnancy but that it was decreased in cases of sponta-
neous abortion [47], suggesting the vital role of IDO on
dDCs in the maintenance of pregnancy. Other studies

(See figure on next page.)

Fig. 5 a-i Tim-3 downregulation on human and murine dDCs after Toxoplasma gondii infection is associated with the expression of interleukin-12
(IL-12) and tumor necrosis factor-a (TNF-a). The levels of IL.-12 (a) and TNF-a (c) on myeloid and lymphoid dDCs from uninfected, infected, and
infected and Tim-37/~ mice were analyzed by flow cytometry. The levels of IL-12 (b) and TNF-a (d) on myeloid and lymphoid dDCs from uninfected,
infected, and infected and Tim-3~/~ mice were statistically analyzed. e The expression of TNF-a on human myeloid dDCs from uninfected, infected,
and Tim-3-neutralized plus infected groups was analyzed by flow cytometry. h The levels of IL-12 on human myeloid dDCs from uninfected, infected
and Tim-3-neutralized plus infected groups was analyzed by western blotting. f, i The expression of TNF-a and IL-12 in human dDCs was statistically
analyzed. The data shown are the means =+ SD. At least six samples of human decidua in each group were assayed individually by flow cytometry,
and at least three samples of human decidua in each group were assayed individually by western blotting. Differences in the results were identified
by paired t-test. At least six pregnant mice in each group were assayed individually, and differences in the results identified by unpaired t-test:
uninfected vs. infected group. * P<0.05, ** P<0.01, *** P<0.001
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have shown that abnormal expression of IDO is related
to the occurrence of some pathological pregnancies,
such as recurrent spontaneous abortion, preeclampsia,
premature delivery and intrauterine growth retardation

[46, 48, 49]. Our recent research also clarified that the
reduction in B7-H4 by T. gondii infection gave rise to
a decrease in IDO expression in dDCs [41]. However,
whether the decrease in Tim-3 on dDCs after T. gondii
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infection can affect IDO synthesis in dDCs is still unclear.
In T. gondii-infected Tim-3~/~ mice, the IDO expression
level was decreased compared with that in infected WT
mice. Furthermore, IDO expression on 7. gondii-infected
human dDCs was also reduced after blocking Tim-3 with
a Tim-3 neutralizing antibody. These results suggested
that the Tim-3 downregulation after 7. gondii infection
reduced IDO synthesis and disordered dDC-mediated
maternal—fetal tolerance function.

IL-10 plays beneficial roles in normal pregnancy as
one of the key cytokines in the Th2-type response [50].
IL-10 plays an immune protective role and was reported
to improve the pregnancy outcome of T. gondii-infected
mice [51]. Studies have shown a significant reduction in
placental IL-10 mRNA and protein expression in women
with preeclampsia compared to controls [52]. Similar
to previous studies in our group which showed that the
Tim-3 downregulation on dNK cells and dM¢s caused
by T. gondii infection could lead to a decrease in IL-10
expression [19, 20], our results proved that, in dDCs,
Tim-3 downregulation after T. gondii infection also could
decrease the synthesis of IL-10 and further result in dDC
dysfunction.

Conversely, IL-12 is considered to be a major proin-
flammatory cytokine that can stimulate the synthesis of
nitric oxide and other mediators of inflammation [53,
54]. Our recent study showed that expression of IL-12 in
murine and primary human dDCs was increased after T.
gondii infection [41]. TNF-« is also a major inflammatory
cytokine that promotes various inflammatory responses
[55]. A study demonstrated that certain pathological
pregnancies, such as recurrent abortion, premature deliv-
ery and severe preeclampsia, as well as recurrent implan-
tation failure syndrome, are closely associated with
elevated Th1 cytokines, especially TNF-a [56]. Tim-3 has
been showed to negatively regulate IL-12 expression on
monocytes during hepatitis C virus infection [27]. Block-
ing the Tim-3 signaling pathway significantly increased
TNEF-a levels in the supernatant of T lymphocytes of
patients with sepsis [57]. However, whether the decrease
of Tim-3 induced by T. gondii infection could regulate the
secretion of IL-12 and TNF-a by dDCs still needs further
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examination. Therefore, we analyzed the expression lev-
els of IL-12 and TNF-«a in infected Tim-3~/~ mice and
infected human dDCs that were treated with Tim-3 neu-
tralizing antibodies. The results showed that the expres-
sion levels of IL-12 and TNF-a were further increased in
infected Tim-3~/~ mice and in infected human dDCs that
were treated with Tim-3 neutralizing antibodies com-
pared to the infected pregnant mice or infected human
dDcs, respectively. Our results demonstrated that the
decrease of Tim-3 after T. gondii infection could upregu-
late IL-12 and TNF-a expression, which may weaken the
maternal—fetal tolerance function of dDCs.

In a lipopolysaccharide-treated preeclampsia model,
Tim-3 activation induced by galectin-9 could sig-
nificantly upregulate IL-10 mRNA levels in dM¢s
[8]. Tim-3 pathway blockade resulted in reduced
IL-10 production in decidual immune cells [16].
Our results proved that Tim-3 downregulation after
T. gondii infection decreased IL-10 expression in
dDCs. However, the detailed molecular mechanism
by which Tim-3 regulates IL-10 expression in dDCs
during T. gondii infection is still unclear. Tim-3 has
been reported to inhibit DC activation through Bru-
ton’s tyrosine kinase-SRC pathway [30, 31]. Activated
SRC kinase can directly phosphorylate STAT3; sub-
sequently, dimerized p-STAT3 translocates to the
nucleus, where it binds to the promoter regions of
IL-10 [32]. To examine the molecular mechanism by
which Tim-3 regulates IL-10 expression in dDCs after
T. gondii infection, the expression levels of p-SRC
(Tyr416), p-STAT3 (Tyr705) and IL-10 in Tim-3-neu-
tralized and infected human dDCs were examined by
western blotting. p-SRC (Tyr416), p-STAT3 (Tyr705)
and IL-10 expression were lower in Tim-3-neutralized
and infected dDCs than in infected dDCs. To fur-
ther examine the signaling pathway by which IL-10 is
reduced by the decrease in Tim-3 after T. gondii infec-
tion, galectin-9 (a ligand of Tim-3) was used to acti-
vate Tim-3 in purified human dDCs, and dasatinib
and Stattic were used to block SRC and STAT3 kinase
activity, respectively. The results showed that p-SRC,
p-STAT3 and IL-10 were increased in infected human

(See figure on next page.)

differences in the results identified by paired t-test. * P<0.05, ** P< 0.01

Fig. 6 a—fTim-3 downregulation on dDCs by Toxoplasma gondii infection is associated with IL.-10 expression via regulation of the SRC-signal
transducer and activator of transcription 3 (STAT3) pathway. a, b The levels of Tim-3, p-SRC (Tyr416), p-STAT3 (Tyr705) and IL-10 in purified

human dDCs from the infected and Tim-3-neutralized plus infected groups were determined by western blotting and the results examined

by statistical analysis. ¢, d The levels of Tim-3, p-SRC (Tyr416), SRC, p-STAT3 (Tyr705), STAT3 and IL-10 in purified human dDCs from the infected,
infected plus galectin-9 and infected plus galectin-9 plus dasatinib groups were determined by western blotting, and the results examined by
statistical analysis. e, f The levels of Tim-3, p-SRC (Tyr416), SRC, p-STAT3 (Tyr705), STAT3 and IL-10 in purified human dDCs from the infected,
infected plus galectin-9 and infected plus galectin-9 plus Stattic groups were determined by western blotting and examined by statistical analysis.
The data shown are the means £ SD. At least three samples of human decidua in each group were assayed individually by western blotting, and
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dDCs after galectin-9 was used to activate Tim-3, while
the expression of p-STAT3 and IL-10 were decreased
when dasatinib was used to block SRC kinase activity,
and IL-10 was reduced by static blockade of STAT3
phosphorylation. These results suggested that the
reduction in Tim-3 in T. gondii-infected dDCs could
decrease the phosphorylation of SRC and STATS3, ulti-
mately regulating IL-10 expression through the SRC-
STAT3 signaling pathway.

Conclusions

In summary, T. gondii infection significantly downregu-
lated Tim-3 expression on dDCs. The reduction in Tim-3
could increase functional molecules (CD80, CDS86,
MHC-II) and cytokines (TNF-a and IL-12) expres-
sion and decrease IDO synthesis and IL-10 expression.
Moreover, the decrease in Tim-3 after T. gondii infec-
tion ultimately regulated IL-10 expression through the
SRC-STATS3 signaling pathway. The changes in these
functional molecules induced by Tim-3 downregulation
during T. gondii infection led to dDC dysfunction, which
may have contributed to the adverse pregnancy out-
comes. This study provides further new insights into the
immune molecular mechanism of abnormal pregnancy
outcomes mediated by T. gondii infection.
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