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Abstract 

Background: Toxoplasma gondii infection during pregnancy can lead to fetal defect(s) or congenital complications. 
The inhibitory molecule B7-H4 expressed on decidual macrophages (dMφ) plays an important role in maternal–fetal 
tolerance. However, the effect of B7-H4 on the function of dMφ during T. gondii infection remains unclear.

Methods: Changes in B7-H4 expression on dMφ after T. gondii infection were explored both in vivo and in vitro. 
B7-H4-/- pregnant mice (pregnant mice with B7-H4 gene knockout) and purified primary human dMφ treated with 
B7-H4 neutralizing antibody were used to explore the role of B7-H4 signaling on regulating the membrane molecules, 
synthesis of arginine metabolic enzymes and cytokine production by dMφ with T. gondii infection. Also, adoptive 
transfer of dMφ from wild-type (WT) pregnant mice or B7-H4-/- pregnant mice to infected B7-H4-/- pregnant mice was 
used to examine the effect of B7-H4 on adverse pregnancy outcomes induced by T. gondii infection.

Results: The results illustrated that B7-H4-/- pregnant mice infected by T. gondii had poorer pregnancy outcomes 
than their wild-type counterparts. The expression of B7-H4 on dMφ significantly decreased after T. gondii infection, 
which resulted in the polarization of dMφ from the M2 toward the M1 phenotype by changing the expression of 
membrane molecules (CD80, CD86, CD163, CD206), synthesis of arginine metabolic enzymes (Arg-1, iNOS) and pro-
duction of cytokines (IL-10, TNF-α) production. Also, we found that the B7-H4 downregulation after T. gondii infection 
increased iNOS and TNF-α expression mediated through the JAK2/STAT1 signaling pathway. In addition, adoptive 
transfer of dMφ from a WT pregnant mouse donor rather than from a B7-H4-/- pregnant mouse donor was able to 
improve adverse pregnancy outcomes induced by T. gondii infection.

Conclusions: The results demonstrated that the downregulation of B7-H4 induced by T. gondii infection led to the 
dysfunction of decidual macrophages and contributed to abnormal pregnancy outcomes. Moreover, adoptive trans-
fer of B7-H4+ dMφ could improve adverse pregnancy outcomes induced by T. gondii infection.
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Background
Toxoplasma gondii is an obligate intracellular proto-
zoan parasite that infects nearly one-third of the world’s 
human population [1]. Although most infections are typi-
cally asymptomatic, T. gondii can cause severe zoonotic 
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toxoplasmosis in immunocompromised individuals, 
such as pregnant women [2, 3]. Women in early preg-
nancy, in particular, once infected, can experience mis-
carriage, premature delivery, stillbirth and other adverse 
pregnancy outcomes [4]. Previous studies suggested that 
the abnormal pregnancy induced by T. gondii infection 
is closely connected with the disruption of the immune 
microenvironment at the maternal–fetal interface [5, 
6]. The immune microenvironment comprises various 
decidual immune cells (natural killer cells, macrophages, 
dendritic cells and regulatory T cells) and their immune-
regulatory molecules, all of which establish specific 
maternal immune tolerance to the semi-allogeneic fetus 
during normal pregnancy [7].

Decidual macrophages (dMφ) are the second-most 
abundant immune cell at the maternal–fetal interface, 
accounting for 20–25% of decidual immune cells, and 
participate in implantation, trophoblast invasion and fetal 
development during pregnancy [8]. Early studies per-
formed by our group have substantiated that the dysfunc-
tion of dMφ induced by T. gondii infection contributes 
to adverse pregnancy outcomes [9]. We also found that 
some inhibitory receptors, such as LILRB4 and Tim-3, 
could skew macrophage polarization towards the classi-
cally activated M1 phenotype and lead to serious adverse 
pregnancy outcomes during T. gondii infection [10, 11]. 
Results from recent studies indicate that another novel 
inhibitory molecule, B7-H4,  which is mainly expressed 
on macrophages and dendritic cells, benefit maternal–
fetal tolerance during normal pregnancy [12–14]. Our 
most recent study confirmed that B7-H4 is downregu-
lated on decidual dendritic cells after T. gondii infection, 
eventually leading to the dysfunction of the decidual den-
dritic cells [15]. However, we were unable to determine 
whether T. gondii infection can affect the expression of 
B7-H4 and result in the dMφ function disorder.

B7-H4, a member of the B7 family, was discovered in 
2003 and found to inhibit the activation of immune cells 
[16]. B7-H4 has been shown to be expressed by Mφ and 
to possibly favor the tolerant phenotype and contribute 
to a normal pregnancy [17]. Subsequent studies showed 
that B7-H4 expression is higher in M2 cells than in M1 
cells [18, 19] and that the main function of M2 cells is 
immunosuppressive, promoting immune tolerance at 
the maternal–fetal interface [20]. Our early research 
indicated that T. gondii infection was responsible for the 
switch from the M2 phenotype of dMφ toward the M1 
phenotype, which resulted in disruption of the immu-
nosuppressive microenvironment at the maternal–fetal 
interface and contributed to adverse pregnancy out-
comes [9]. In addition, following T. gondii infection, the 
expression of CD206, CD209, CD163, arginase-1 (Arg-1) 
and interleukin-10 (IL-10), all considered to be markers 

of the M2 phenotype, by dMφ decreased, whereas the 
expression of CD80, CD86, inducible nitric oxide syn-
thase (iNOS) and tumor necrosis factor alpha (TNF-α), 
all M1 markers, increased [10, 11]. However, whether 
T. gondii infection affects the expression of B7-H4 on 
dMφ and results in the latter’s dysfunction has not been 
reported. In the present study, the change in B7-H4 
expression on dMφ after T. gondii infection was explored. 
We also investigated how B7-H4 signaling regulates the 
membrane molecules, synthesis of arginine metabolic 
enzymes, and dMφ expression of cytokines with T. gondii 
infection.

It has been shown that B7-H4 is able to negatively 
modulate the phosphorylation of signal transducer 
and activator of transcription 1 (STAT1) in monocytes 
infected with human cytomegalovirus [21]. Moreover, 
the results of many studies suggest that the Janus kinase 
2 (JAK2)/STAT1 signaling pathway is essential for polari-
zation of the M1 phenotype, as evidenced by increased 
iNOS and TNF-α production [22, 23]. iNOS is an impor-
tant marker of the M1-type macrophage and is upregu-
lated when the M1-type macrophage is activated. iNOS 
has been found to catalyze the reaction between l-argi-
nine and oxygen molecules to produce a large amount of 
nitric oxide (NO), while a high concentration of NO was 
pro-inflammatory [24]. Excessive production of iNOS 
may suppress placental vascular development and give 
rise to early embryo loss [25]. TNF-α, as an important 
pro-inflammatory cytokine, is mainly secreted by mac-
rophages; it could activate neutrophils and lymphocytes 
and plays a key role in the upstream initiation phase of 
the inflammatory cascade [26]. In pregnancy, a normal 
physiological concentration of TNF-α is beneficial to the 
pregnancy, but excessive secretion of TNF-α will cause 
the maternal–fetal interface immune disorder, such as T 
helper cell 1/T helper cell 2 (Th1/Th2) imbalance, mac-
rophage changes and enhanced natural killer (NK) cell 
killing ability, eventually resulting in abortion, premature 
delivery and other adverse pregnancy outcomes [27]. 
However, whether the change in B7-H4 expression fol-
lowing T. gondii infection could modulate the expression 
of iNOS and TNF-α in dMφ via the JAK2/STAT1 signal-
ing pathways also remains unclear.

In the present study, primary human dMφ and B7-H4-

/- pregnant mice (pregnant mice with B7-H4 gene 
knockout) were used to investigate the role of B7-H4 in 
regulating dMφ functions in adverse pregnancy out-
comes caused by T. gondii. We also examined the adop-
tive transfer of dMφ collected from wild-type (WT) 
pregnant mice or B7-H4-/- pregnant mice to infected 
B7-H4-/- pregnant mice to examine the effect of B7-H4 
on adverse pregnancy outcomes induced by T. gondii 
infection.
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Methods
Animals
C57/BL6 mice (Jinan Pengyue Laboratory Animal Breed-
ing Co. Ltd., Jinan, China) and B7-H4-/- mice (Nanjing 
Institute of Biomedicine, Nanjing, China) were bred 
and maintained with sufficient sterilized food and water, 
under conditions of controlled temperature (20–24  °C) 
and humidity (40%–60%) and a 12/12-h light/dark cycle 
in the specific-pathogen-free animal unit. Females (age 
6–8 weeks) were mated to males (age 8–10 weeks) at a 
ratio of 2:1 overnight. The next morning, those females 
with vaginal plugs (gestational day [Gd] 0) were seg-
regated. WT C57/BL6 pregnant mice were randomly 
divided into an uninfected and infected group, and 
B7-H4-/- infected mice were used as the infected B7-H4-/-  
group. Each group consisted of 10 mice. On Gd 8, 
pregnant mice in the WT infected group and B7-H4-/- 
infected group were intraperitoneally injected with 400 
tachyzoites of T. gondii strain RH in 200 μl sterile phos-
phate-buffered  saline (PBS). The uninfected mice were 
intraperitoneally injected with 200  μl sterile PBS at the 
same time. For supplementary details, see Additional 
file 1: Text S1.

Preparation of T. gondii (RH strain)
The tachyzoites (RH strain) stored in liquid nitrogen 
were retrieved, and the frozen storage tube was shaken 
rapidly in a water bath box at 40 °C. After complete dis-
solution, the frozen solution was transferred to a tube 
with a threefold higher volume of sterile PBS, washed 
twice and cultured in HEp-2 cell lines with Minimum 
Essential Medium (BC-—020; Bio Channel, China) sup-
plemented with 5% fetal bovine serum (FBS; #A3160801; 
Gibco, Thermo Fisher Scientific,Waltham, MA, USA) 
and 100  IU/ml penicillin/streptomycin (#P1400; Solar-
bio Science & Technology Co., Ltd., Beijing, China). 
After 54  h of culture, HEp-2 cells were centrifuged at 
400 × g for 10 min 4  °C, and the clear supernatant was 
then centrifuged at 2800 × g for 7 min at 4  °C to collect 
the tachyzoites. The purified tachyzoites were counted in 
a Neubauer chamber and cultured with new HEp-2 cells.

Acquisition and identification of homozygous B7‑H4‑/‑ mice
The B7-H4-/- mice were successfully bred by the Nan-
jing University-Nanjing Institute of Biomedicine with 
the background of C57BL/6. At the age of 4  weeks, the 
tail of each mouse was cut, and the DNA of the tail tis-
sue was obtained using a DNA extraction kit (#2003G24; 
Generay, Shanghai, China). The DNA was used as a tem-
plate for real-time PCR amplification, following which 
the products were sent to the Shanghai Meiji Biomedi-
cal Technology Co. Ltd. (Shanghai, China) for DNA 
sequencing to obtain homozygous mice with the  B7-H4 

gene knockout. The homozygous B7-H4-/- mice were 
continuously cultivated to guarantee the establishment 
of an animal model with adverse pregnancy outcomes in 
infected B7-H4-/- mice.

Scanning electron microscopy
Mice were sacrificed on Gd 14 and dissected. All fetuses 
were carefully removed, washed 5–6 times with 0.1  M 
phosphate buffer and then fixed with 2.5% phosphate 
buffer glutaraldehyde for 48  h at 4  °C. The immobi-
lized fetus was dehydrated using a graded ethanol series 
and soaked for 10  min at a time. The sample was dried 
in the K850 Critical Point Dryer (Quorum Technolo-
gies Ltd., Lewes, UK), attached to the sample support, 
and gold-coated with Quorum Q150RS coating system 
(Quorum Technologies Ltd.). All samples were observed 
with a 10 kV scanning electron microscope (EVO LS15l; 
Carl Zeiss A.G., Oberkochen, Germany). Images were 
obtained using the SmartSEM user interface software 
(Carl Zeiss A.G.).

Hematoxylin–eosin staining
Pregnant mice were sacrificed on Gd 14 and dissected. 
All fetuses were carefully removed and each placenta 
exposed to 4% paraformaldehyde for 1 week, following 
which they were placed in a specimen box and rinsed 
with running water for 4–12 h and then dehydrated in a 
dehydrator. After paraffin embedding, the placenta was 
cut into 5-µm-thick slices and baked at 55–60  °C for 
3–10 h. The sample was then subjected to xylene dewax-
ing for 5 times, with each dewaxing lasting for 5–10 min. 
Following dewaxing, the placenta was dehydrated in an 
ethanol gradient and then soaked 3 times in steaming 
water for 3  min each time. Harris hematoxylin stain-
ing was conducted for 10 min, and the slices were then 
rinsed 3 times in steaming water for several seconds each 
time. Next, 0.5% hydrochloric acid alcohol separation 
was conducted for 3–10  s, and eosin staining was per-
formed for 2 min. After fixing with xylene, the slides were 
sealed with neutral resin, covered with a cover glass and 
observed and photographed under a microscope.

Single‑cell preparation of mouse
Pregnant uninfected, infected and B7-H4-/- infected mice 
on Gd 14 were sacrificed by cervical dislocation. Mouse 
uteri and placentas were carefully separated and dis-
sected with scissors to remove fetuses and then rinsed 
twice with sterile cold PBS. The placentas and uteri were 
cut into small pieces and shredded carefully by using 
the gentleMACS Dissociator (Miltenyi Biotec, Bergisch 
Gladbach, Germany). The tissue suspension was filtered 
through a 75-µm sterile screen, and the single-cell sus-
pension was obtained by gently grinding the needle bolt 
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of the glass syringe as an abrasive rod. The single-cell 
suspension was centrifuged with Ficoll density gradient 
at 400 × g for 20 min, and the white film layer was cen-
trifuged at 400 × g for 10 min to remove the impurities. 
The mouse decidual mononuclear cells were resuspended 
in 100–200 μl PBS and then analyzed by flow cytometry. 
The mouse carcasses were stored in a freezer at − 20 °C 
and disposed by professional organizations.

Adoptive transfer experiment
The B7-H4-/- and C57/BL6 pregnant mice were sacri-
ficed serially by cervical dislocation on Gd 12. Single-cell 
suspensions were separately prepared from the placen-
tal and uterine tissues by cutting the tissues into small 
pieces and filtering them through a 75-µm sterile nylon 
mesh. The mononuclear cells were isolated by Ficoll 
density gradient centrifugation. F4/80+ macrophages 
were positively selected using the Mouse F4/80 Posi-
tive Selection Kit (#8802–6863; Thermo Fisher Scien-
tific) according to the manufacturer’s instructions. The 
purified macrophages were centrifuged at 400 ×  g for 
10 min and then labeled with 15 µM carboxyfluorescein 
succinimidyl amino ester (CFSE) (#HY-D0938; Med-
ChemExpress, Monmouth Junction, USA) in RPMI 
1640 medium (#SH30809.01; Hyclone Laboratories LLC, 
Logan, UT, USA) without serum in the dark for 15 min 
under growth conditions. The cells were washed twice in 
RPMI medium containing 10% fetal bovine serum, cen-
trifuged for 10  min at 400 × g, then were resuspended 
in sterile saline solution and counted; finally, they were 
diluted to 5 ×  106 cells per 1 ml. B7-H4 pregnant mice on 
Gd 8 were randomly divided into group 1, group 2 and 
group 3. Group 1: B7-H4 infected mice, Group 2: B7-H4 
infected mice transferred with B7-H4 macrophages, 
and Group 3: B7-H4 infected mice transferred with WT 
macrophages. Then all the three groups were infected 
with 200 RH tachyzoites of T. gondii. Concomitantly, the 
infected B7-H4-/- pregnant mice of group 1 were injected 
intravenously with 200 µl sterile saline solution, and the 
infected B7-H4-/- pregnant mice of group 2 and group 3 
were transferred intravenously with 1 ×  106 freshly iso-
lated dMφ cells from B7-H4-/- pregnant mice and WT 
pregnant mice, respectively. Pregnant mice in the three 
groups were sacrificed by cervical dislocation on Gd 14. 
The pregnancy outcome was observed, and monocytes 
were isolated and analyzed by flow cytometry.

Collection of human clinical sample
Decidual tissues were obtained from healthy pregnant 
women who underwent voluntary abortion without any 
abortifacient or pregnancy complications in their first tri-
mester (gestational age: 6–8  weeks). The sample collec-
tion for this study was approved by the Ethics Committee 

of Binzhou Medical University, and all women were 
patients of the Department of Obstetrics and Gyne-
cology, Yantai Affiliated Hospital of Binzhou Medical 
University, Zhifu District Maternal and Child Health 
Hospital or Yantai Cancer Hospital. The samples were 
washed immediately 5–8 times in a sterile saline solution 
and stored in Dulbecco’s Modified Eagle’s Medium/high-
glucose medium (#12100046; Hyclone Laboratories LLC) 
supplemented with 100 IU/ml penicillin/streptomycin.

Preparation of human single cell
The decidual tissues were separated and cut into pieces, 
then transferred to a tissue breaking tube of the single-
cell preparation apparatus (Miltenyi Biotec). Tissues 
were digested with 0.1% collagenase type IV (#C4-BIOC; 
Sigma-Aldrich, St. Louis, MO, USA) and 25  IU/ml 
DNase-I (#10104159001; Sigma-Aldrich) in incubators at 
37 °C for 30 min . The resulting suspension was filtered 
through 75-µm nylon mesh filters. Mononuclear cells 
were isolated via density gradient centrifugation using 
human lymphocyte separation medium (#LTS1007; TBD 
Science, China) at 400 × g for 20 min at 20 °C in accord-
ance with the manufacturer’s instructions. Approxi-
mately 3 ×  107 human decidual PBMCs were obtained 
and equally divided into uninfected, infected and 
B7-H4-neutralized infected groups. The mononuclear 
cells were incubated with 10  µg/ml anti-B7-H4 mono-
clonal antibody (mAb; #16–5949-82; Thermo Fisher 
Scientific) in the B7-H4-neutralized infected group for 
2  h. Toxoplasma gondii tachyzoites were added to the 
infected group and to the B7-H4-neutralized infected 
group at a 2:1 ratio (T. gondii: cells). All study samples 
were cultured in RPMI 1640 medium supplemented with 
10% FBS (Gibco, Thermo Fisher Scientific), 100  IU/ml 
streptomycin and 100 IU/ml penicillin for 20 h.

Isolation of human decidual macrophages
Decidual macrophages were purified from the human 
mononuclear cells using the Human CD14 Positive 
Selection Kit (#17858; Stemcell Technologies, Vancou-
ver, BC, Canada) following the manufacturer’s instruc-
tions, resulting in purity levels of > 95% (Additional 
file  2: Figure S1a, b). Approximately 3 ×  106 purified 
human  CD14+ dMφ were divided equally into unin-
fected, infected and B7-H4-neutralized infected groups. 
In the B7-H4-neutralized infected group, dMφ were 
incubated with 10 mg/ml anti-B7-H4 mAb for 2 h before 
T. gondii tachyzoites were added at a 2:1 ratio (T. gondii: 
cells). Purified human primary  CD14+ dMφ were equally 
divided into five groups: (i) uninfected; (ii) infected; 
(iii) STAT1-inhibitor infected; (iv) B7-H4-neutralized 
infected; and (v) B7-H4-neutralized STAT1-inhibitor 
infected group. dMφ of the STAT1-inhibitor infected 
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group and B7-H4-neutralized STAT1-inhibitor infected 
group were preincubated with the STAT1 inhibitor ful-
darabine (#HY-B0069; MedChemExpress) for 2  h, fol-
lowed by addition of B7-H4 mAb. All study samples were 
cultured in RPMI 1640 medium supplemented with 10% 
FBS (Gibco, Thermo Fisher Scientific), 100 IU/ml strep-
tomycin and 100 IU/ml penicillin for 20 h.

Phagocytosis assay
Human  CD14+ dMφ were suspended at a concentra-
tion of 1 ×  106 in culture medium, and 300  µl cells of 
uninfected, infected and B7-H4-neutralized infected 
groups were placed into a 24-well plate, respectively. 
The cells were incubated with 10  µg/ml anti-B7-H4 
mAb in B7-H4-neutralized infected group for 2 h. Toxo-
plasma gondii tachyzoites were added to the infected and 
B7-H4-neutralized infected groups at a 1:1 ratio (T. gon-
dii: cells). After 20 h of culture, rabbit IgG-FITC complex 
latex beads (#500290; Cayman Chemical Co., Ann Arbor, 
MI, USA) were mixed with macrophages at 37 °C for 2 h. 
Cells were incubated for 1 min with trypan blue quench-
ing solution and washed with assay buffer at 4 °C, follow-
ing which the phagocytic activity of macrophages was 
photographed under the fluorescence microscope and 
analyzed by flow cytometry.

Flow cytometry
The purified human mononuclear cells were stained 
with the fluorescent intercalator 7-aminoactinomy-
cin D (7-AAD) (#KGA219; KeyGEN NioTECH, Nan-
jing, China) and the following fluorochrome-conjugated 
mAbs: PE-cy7-conjugated anti-CD14 and APC-con-
jugated anti-B7-H4; FITC-conjugated anti-CD80, PE-
conjugated anti-CD86, FITC-conjugated anti-CD206, 
FITC-conjugated anti-CD163. The mouse mononuclear 
cells were stained with the following mouse-specific 
mAbs: PE-cy7-conjugated anti-F4/80, PE-conjugated 
anti-CD206 and FITC-conjugated anti-TNF-α; APC-
conjugated anti-B7-H4, FITC-conjugated anti-CD80, PE-
conjugated anti-CD80 and APC-conjugated anti-iNOS; 
PE-conjugated anti-CD86, PE-conjugated anti-IL-10 
and APC-conjugated anti-Arg-1. The live rate of mouse 
macrophages was > 95% (Additional file 2: Figure S1c), so 
we did not stain mouse mononuclear cells with 7-AAD. 
The human or mouse decidual lymphocytes were incu-
bated with their corresponding mAbs at 4 °C in the dark 
for 30 min and then washed once. Cells were first incu-
bated with antibodies against the cell surface proteins 
B7-H4, CD80, CD86, CD206, CD163 (human) and F4/80 
(mouse) or CD14 (human), then fixed and permeabilized 
in 1 × Fix/Perm buffer (#00–5523-00; Thermo Fisher Sci-
entific) for 30 min at 4 °C in accordance with the manu-
facturers’  protocol and washed twice; the cells were then 

incubated with antibodies of intracellular proteins (Arg-
1, iNOS, IL-10 or TNF-α) at 4 °C in the dark for 40 min 
and washed once. To analyze for cytokines, the mononu-
clear cells were cultured for 4–6 h in a leukocyte activa-
tion cocktail (#51-20421E; eBioscience, San Diego, CA, 
USA) before adding the mAbs of cytokines. Analysis was 
performed using the BD FACSCanto™ II Flow Cytometer 
(BD, Franklin Lakes, NJ, USA).

Western blotting
The  CD14+ dMφ from each group was incubated for 24 h 
and lysed using ice-cold radioimmunoprecipitation lysis 
buffer (#P0013B; Beyotime, Shanghai, China) and phe-
nylmethanesulfonyl  fluoride (PMSF; #ST506-2; Beyo-
time) on ice for 40 min and then centrifuged for 20 min 
at 12,000 ×  g, 4 °C  to remove the debris. The concen-
tration of protein extracts was determined using a bicin-
choninic acid protein assay kit (#PC00020; Solarbio) 
and boiled for 8 min in 5× sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) sample load-
ing buffer (#P0015; Beyotime). The total protein (30 µg) 
was separated by 12% SDS-PAGE (#P0012AC; Beyotime) 
and transferred to polyvinylidene difluoride (PVDF) 
membranes (#ISEQ00010; MilliporeSigma [formerly 
Merck Millipore], Burlington, MA, USA). The mem-
branes were blocked for 2.5 h in 5% non-fat dry milk in 
Tris-buffered saline with Tween-20 at room temperature 
(20–25  °C), and then incubated overnight at 4  °C with 
the primary antibodies for B7-H4 (1:2000; Abcam, Cam-
bridge, UK), CD80 (1:1000; Proteintech, Wuhan, China), 
Arg-1 (1:1000; Proteintech), iNOS (1:1000; Abcam), JAK2 
(1:1000; Abcam), phosphorylated JAK2 (p-JAK2; 1:1000; 
Abcam), STAT1 (1:2000; Proteintech) and phosphoryl-
ated STAT1 (p-STAT1; 1:2000; Proteintech), glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH; 1:40,000; 
Proteintech). The membranes were incubated with the 
appropriate secondary antibodies for 2  h at room tem-
perature, and electroluminescence was detected using 
an enhanced chemiluminescence kit (#WLA006c; Wan-
leibio, China). Protein expression levels were determined 
using ImageJ software, and GAPDH was used as the 
internal control.

Immunofluorescence
Purified human  CD14+ dMφ from uninfected, infected 
and B7-H4-neutralized infected groups was air-dried 
onto polysine microscope adhesion slides. After fixation 
in 4% paraformaldehyde for 30 min, the slides were then 
blocked with goat serum for 1  h at room temperature. 
The cells were then incubated overnight at 4 °C with anti-
B7-H4 (1:200; Abcam), anti-IL-10 (1:200; Abcam) and 
anti-TNF-α (1:200; Proteintech). After washing 3 times 
with PBS, the cells were incubated with the appropriate 



Page 6 of 17Cui et al. Parasites & Vectors          (2022) 15:464 

concentrations of secondary antibodies for 1 h at 37  °C. 
Subsequently, the cells were stained with the nucleic acid 
stain 4,6-diamidino-2-phenylindole (DAPI) for 15  min 
and washed once. Finally, cells were observed under a 
Zeiss LSM880 confocal microscope (Carl Zeiss AG).

Results
Establishment of the WT and B7‑H4‑/‑ mouse models 
of adverse pregnancy caused by T. gondii infection
All mice were sacrificed and dissected on Gd 14 to 
observe the pregnancy outcomes. Consistent with our 
previous results [15], we observed that the pregnant 
mice in the uninfected group were in a good mental 
state with bright-colored hair and that the placenta and 
fetuses  were well developed (Fig.  1a). However, the 
pregnant mice in the infected group were listless, with 
dark-colored hair and had smaller placenta and fetuses 
(Fig. 1b). Moreover, compared with the T. gondii-infected 
WT pregnant mice, B7-H4-/- pregnant mice with T. 
gondii infection appeared to be more unresponsive, 
were trembling and had stillborn and absorbed fetuses 
(Fig. 1c). In addition, B7-H4-/- pregnant mice with T. gon-
dii infection had lighter (weight) placentas and fetuses 
compared with their normal counterparts. The weight 
of infected B7-H4-/- pregnant mice was also lower than 
that of the infected group. The number of stillbirths and 
aborted fetuses significantly increased in this group after 
infection and further exacerbated under the condition of 
B7-H4 knockout and T. gondii infection (Fig. 1d).

Scanning electron microscopy (SEM) showed that the 
developmental conditions of fetal mice were significantly 
different among the three groups. Compared with the 
uninfected group, the fetal mice of the infected group had 
dysplasia with reduced fetal volume, an underdeveloped 
spinal column, prematurely closed fontanelle and under-
developed finger fins and eyeball. Further, the dysplasia of 
fetal mice in the B7-H4-/- infected group was more seri-
ous (Fig.  1e) compared with that of the infected group. 
Similarly, the infected group displayed more marked 
placenta bleeding than the uninfected group. Moreover, 
the placental bleeding of the B7-H4-/- infected group was 
much greather than that of the infected mice (Fig. 1f ).

B7‑H4 expression on dMφ was reduced after T. gondii 
infection
To explore the role of B7-H4 expression during T. gon-
dii infection, B7-H4 expression levels on human  CD14+ 
dMφ and mice F4/80+ dMφ were detected by flow 
cytometry. The results showed that the levels of B7-H4 
expressed on human and mouse dMφ in the infected 
group were lower than those in the uninfected group. In 
addition, less B7-H4 was detected in B7-H4 neutralized 

human primary infected dMφ or in the B7-H4-/- infected 
group compared to the infected group (Fig. 2a, b; Addi-
tional file 3: Figure S2a, b).

Phagocytic ability of human dMφ declined with decreasing 
B7‑H4 expression due to T. gondii infection
To further characterize the effect of B7-H4 downregu-
lation on the function of dMφ, phagocytic activity was 
evaluated using fluorescein-labeled rabbit IgG-coated 
latex beads and  detected by fluorescence microscopy and 
flow cytometry. The results showed that the FITC fluo-
rescence phagocytosed by dMφ significantly decreased in 
the infected group compared with the uninfected group, 
while the phagocytosed FITC fluorescence was further 
decreased in the anti-B7-H4 neutralized infected group 
compared with the infected group (Fig. 2c, d; Additional 
file 3: Figure S2c), indicating that the decrease in B7-H4-

/- expression after T. gondii infection could weaken the 
phagocytosis ability of dMφ.

B7‑H4 downregulation by T. gondii infection affected 
the expression of M1/M2 membrane functional molecules
Flow cytometry was used to detect the levels of mem-
brane molecules on the surface of human dMφ in the 
three groups of mice. Concomitant with the decrease in 
B7-H4 expression, the expression levels of the M1-type 
membrane molecules CD80 and CD86 were signifi-
cantly higher in the infected group than in uninfected 
group. In the anti-B7-H4 neutralized infected group, the 
expression of M1-type membrane molecules were fur-
ther upregulated compared with those in the infected 
group (Fig. 3a, b). However, levels of the M2-type mem-
brane molecules CD163 and CD206 were significantly 
decreased after infection, and they were further down-
regulated in the B7-H4 neutralized infected group com-
pared to the infected group (Fig. 3c, d).

Similar to the results in the vitro study, the expression 
levels of M1-type membrane molecules CD80 and CD86 
were also significantly upregulated in the infected preg-
nant mice compared with the uninfected group, whereas 
the expression level of the M2-type membrane molecule 
CD206 was significantly decreased. Compared with the 
infected mice, the expression levels of M1-type mem-
brane molecules CD80 and CD86 were further upregu-
lated in the infected B7-H4-/- pregnant mice, while

B7‑H4 reduction by T. gondii infection associated 
with the expression of Arg‑1 and iNOS in dMφ
The expressions of the arginine catabolism enzyme (Arg-
1) and iNOS in dMφ in the uninfected, infected and 
B7-H4-/- infected groups were detected by flow cytom-
etry. The results showed that the expression of iNOS 
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increased in dMφ of infected mice while that of Arg-1 
decreased. Moreover, the expression of iNOS was further 
upregulated and that Arg-1 was further downregulated in 

dMφ of the B7-H4-/- infected group compared with the 
infected group (Fig. 4a, b).

In vitro, the expression of iNOS and Arg-1 in human 
dMφ were detected by western blotting. The results 

Fig. 1 Effects of the inhibitory molecule B7-H4 on pregnancy outcomes during Toxoplasma gondii infection in mice. a‑c Pregnancy outcomes 
in terms of mice, uterus, placenta and fetus in uninfected, infected and B7-H4-/- infected groups. d Placental and fetal weight, stillbirth rates and 
resorption rates were analyzed in uninfected, infected and B7-H4-/- infected groups. e Scanning electron microscopy (SEM) showing the different 
fetal development situations in the uninfected, infected and B7-H4-/- infected groups. f Hematoxylin–eosin (HE) staining of uninfected, infected 
and B7-H4-/- infected mouse placentas. Obvious hemorrhaging are shown by arrows. Scale bar: 100 µm. Data are presented as the mean ± standard 
deviation (SD), with at least 8 pregnant mice in each group assayed individually by unpaired t-test. Asterisks indicate significant differences between 
groups at  *P < 0.05, **P < 0.01. B7-H4-/-, B7-H4 knockout
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showed that iNOS was clearly upregulated after T. gon-
dii infection, while Arg-1 was significantly downregu-
lated. After being treated by B7-H4 neutralized antibody, 
the synthesis of iNOS in the infected human dMφ was 
further upregulated, whereas that of Arg-1 was fur-
ther downregulated, compared with the infected group 
(Fig. 4c).

B7‑H4 downregulation by T. gondii infection was related 
to the cytokines IL‑10 and TNF‑α produced by dMφ
The levels of the M2-type macrophage-associated 
cytokine IL-10 and M1-type macrophage-associated 
cytokine TNF-α were detected both in vitro and in vivo. 
Flow cytometry results showed that the IL-10 produced 
by dMφ was lower in B7-H4-/- infected pregnant mice 

(Fig.  5a) but that TNF-α levels were higher than those 
in the infected group (Fig.  5b). In  vitro, the expression 
of IL-10 and TNF-α in human dMφ were detected by 
western blotting and immunofluorescence. The results 
showed that the production of TNF-α was increased after 
T. gondii infection, while IL-10 production was signifi-
cantly decreased. In T. gondii-infected B7-H4-neutralized 
human dMφ, TNF-α was further upregulated, whereas 
IL-10 was further downregulated, compared with the 
infected group (Fig. 5d-g).

B7‑H4 regulated the iNOS and TNF‑α expression of dMφ 
through the JAK2/STAT1 signaling pathways
The B7-H4 down regulation after T. gondii infection 
increased iNOS and TNF-α expression through JAK2/

Fig. 2 Changes in B7-H4 expression on decidual macrophages (dMφ) and the effect of these changes on phagocytic activities during Toxoplasma 
gondii infection. a B7-H4 expression levels on human  CD14+ dMφ in uninfected, infected and B7-H4 neutralized infected groups detected by 
flow cytometry. b B7-H4 expression on mouse F4/80+ dMφ detected in uninfected, infected and B7-H4-/- infected mice by flow cytometry. c 
Fluorescence microscopy images of the number of phagocytic dMφ in the uninfected, infected and B7-H4 neutralized infected groups. Scale bar: 
50 µm. d Flow cytometry results showing the phagocytotic capacity of dMφ in the uninfected, infected and B7-H4 neutralized infected groups. Data 
are presented as mean ± SD, with at least 6 pregnant mice or human samples in each group assayed individually by the unpaired t-test. Asterisks 
indicated significant differences between groups at *P < 0.05, **P < 0.01. IgG-FITC, immunoglobulin G-fluorescein isothiocyanate complex
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STAT1 signaling pathway. In order to investigate the 
specific mechanism by which the downregulation of 
B7-H4 in human early pregnancy regulated the func-
tion of dMφ, the expression of several key molecules of 
the JAK2/STAT1 signaling pathway were examined by 
Western blotting. The results showed that as the dMφ 
B7-H4 decreased after T. gondii infection, the expressions 
of JAK2, p-JAK2, p-STAT1, iNOS and TNF-α increased, 
and the expression of these key molecules were more 
significantly up regulated after a large margin B7-H4 
decrease caused by B7-H4 neutralized antibody treat-
ment (Fig. 6a, b). Western blotting also showed that there 
was no significant change in B7-H4 level of T. gondii-
infected dMφ after treated by STAT1 inhibitor compared 
with the uninhibited groups. Interestingly, the expression 
levels of iNOS and TNF-α were decreased under STAT1 
inhibited in T. gondii-infected dMφ (Fig. 6c, d).

Adoptive transfer of dMφ from WT mice could restore 
the dMφ dysfunction caused by T. gondii infection 
and alleviate the adverse pregnancy outcomes
To further confirm whether the adverse pregnancy out-
comes caused by T. gondii infection were due to the 
decrease of B7-H4 on dMφ, the dMφ from WT or 
B7-H4-/- mice were respectively adoptively transferred to 
B7-H4-/- mice with adverse pregnancy outcomes caused 
by T. gondii infection. After the adoptive transfer of 
dMφ from B7-H4-/- mice, there was a slight increase in 
placental and fetal volumes, whereas there was a mini-
mal decrease in the abnormal fetal rate (Fig. 7a, b, d). In 
addition, placental and fetal volumes were significantly 
increased and the abnormal fetal rate was greatly reduced 
following the adoptive transfer of dMφ from WT mice 
(Fig. 7b–d). The dMφ from donor WT or B7-H4-/- preg-
nant mice that reached the recipient placenta accounted 
for  approximately  10% of the dMφ in transfused mice 
(Fig. 7e). In addition, the B7-H4 levels on the dMφ of the 
infected B7-H4-/- pregnant mice were significantly upreg-
ulated after the adoptive transfer of WT dMφ, but no dif-
ferential change was observed in the B7-H4-/- dMφ donor 
group (Fig.  7f ). To determine whether the dysfunctions 
of dMφ were related to the downregulation of B7-H4 
caused by T. gondii infection, the functional molecules 
of dMφ were analyzed by flow cytometry. After adop-
tive transfer of dMφ from WT mice to T. gondii-infected 
B7-H4-/- mice, the expression level of the M1-type mem-
brane molecule CD86 greatly decreased in the recipient 
dMφ, whereas that of the M2-type membrane molecular 
CD206 notably increased. However, the expression level 
of CD86 slightly decreased and CD206 showed even a 
lower increase after the adoptive transfer of dMφ from 
B7-H4-/- mice (Fig.  7g–i). The expression level of Arg-1 
was significantly upregulated after the transfer of dMφ 

from WT mice but was only slightly upregulated after 
the transfer from B7-H4-/- mice, and iNOS expression 
showed no detectable change after the transfer (Fig. 7j). 
The expression level of IL-10 was significantly upregu-
lated after accepting the transfer of dMφ from WT mice 
but only slightly upregulated after that from B7-H4-/- 
mice, while the expression level of TNF-α decreased after 
the transfer of dMφ from WT or B7-H4-/- mice (Fig. 7k).

Discussion
Toxoplasma gondii is an important opportunistic pro-
tozoan, and infection can disrupt the immune micro-
environment at the maternal–fetal interface during 
early pregnancy, leading to adverse pregnancy out-
comes [28]. At the maternal–fetal interface, an appro-
priate immune microenvironment is essential for a 
successful pregnancy [29]. dMφ play an important 
role in successful pregnancies as the second largest 
immune cell [30]. An increasing number of studies 
have shown that dMφ promote immune tolerance dur-
ing normal pregnancy, which is similar to the function 
of M2-type macrophages [31]. B7-H4, as a negative 
immunomodulatory  molecule, is consistently highly 
expressed on dMφ and plays an important immunosup-
pressive role in maintaining maternal–fetal tolerance 
of a normal pregnancy [14, 18]. In addition, the level 
of B7-H4 in pregnant women with an abnormal preg-
nancy is lower than that in women with a normal preg-
nancy [32]. However, whether the level of B7-H4 on 
dMφ changes after T. gondii infection and whether the 
changes of B7-H4 on dMφ are related to adverse preg-
nancy outcomes need to be further explored. In the 
present study, B7-H4-/- infected pregnant mouse mod-
els were established and the pregnancy outcomes were 
observed. The results showed that the adverse preg-
nancy outcomes were more severe in T. gondii-infected 
B7-H4-/- pregnant mice than in T. gondii-infected WT 
mice, indicating that the change in B7-H4 level may 
play an important role in abnormal pregnancy out-
comes induced by T. gondii infection. Furthermore, the 
expression level of B7-H4 on dMφ was downregulated 
in T. gondii-infected mice compared with the unin-
fected group. The same result in  vitro was obtained 
when using human primary dMφ with T. gondii infec-
tion. However, whether the B7-H4 downregulation on 
dMφ after T. gondii infection could induce dMφ dys-
function and the related mechanism are still unclear.

The phagocytic activity of macrophages is an impor-
tant marker for assessing their polarization direc-
tion: M1-type macrophages mainly promote T helper 
type 1 (Th1) response by producing cytokines, while 
M2-type macrophages have strong phagocytic  activ-
ity and mediate T helper type 2 (Th2) response, 
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promote tissue repair and produce immunosuppres-
sion [33, 34]. Our results showed that the phagocytic 
activity of dMφ was reduced after T. gondii infection. 
After the B7-H4 function was blocked with anti-B7-H4 

neutralized antibody, the phagocytic activity of human 
dMφ further decreased compared with that of the 
infected cells. These data suggest that the downregula-
tion of B7-H4 can result in polarization of dMφ from 

Fig. 3 Reduction of B7-H4 expression on dMφ by T. gondii infection affects the expression of M1- and M2-type membrane functional molecules. 
a‑e Flow cytometry analysis of CD80, CD86, CD206 and CD163 levels on human dMφ in uninfected, infected and B7-H4 neutralized infected groups. 
f‑i Flow cytometry analysis of B7-H4, CD80, CD86 and CD206 expressions on dMφ in uninfected, infected, and B7-H4-/- infected mice. Data are 
presented as the mean ± SD, with at least 6 pregnant mice or human samples in each group assayed individually by unpaired the t-test. Asterisks 
indicate significant differences between groups at *P < 0.05, **P < 0.01. PE, Phycoerythrin; SSC, side scatter
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M2-type to M1-type macrophages. The dMφ present 
in the pregnant uterus or decidual are a heterogene-
ous population, and the majority of dMφ have the M2 
phenotype with high levels of membrane molecules 
(CD206 and CD163) [35]. The M2-phenotype mac-
rophages has immunosuppressive properties that 
help in tissue remodeling and promoting Th2 immune 
responses [36]. The M1-phenotype macrophages have 
antigen-presentation ability and promote the develop-
ment of inflammation, with high expression of CD80 
and CD86 [37]. To further explore whether decreased 
B7-H4 expression can regulate the expression level of 
M1/M2 membrane molecules on dMφ, we used flow 
cytometry to detect the membrane molecules in  vitro 
and in  vivo. The results showed that the levels of the 
M1-type membrane molecules CD80 and CD86 were 
increased on human dMφ after infection with T. gon-
dii, while the levels of the M2-type membrane mol-
ecules CD206 and CD163 were decreased. To further 
explore the changes of the above-mentioned membrane 
molecules caused by the decreased B7-H4, B7-H4 
neutralized antibody was used to block the function 
of B7-H4 in the infected human dMφ in vitro and the 
B7-H4-/- infected pregnancy mouse model was used. 
The  results  showed  that the expression levels of the 
M1-type membrane functional molecules CD80 and 

CD86 increased and those of the M2-type membrane 
functional molecules CD163 and CD206 decreased, 
in the B7-H4 neutralized infected group and B7-H4-

/- infected pregnant mice compared with the infected 
group. These results revealed that the downregulation 
of B7-H4 on dMφ induced by T. gondii infection could 
promote the expression of M1-type membrane mol-
ecules and decreased that of M2-type membrane mol-
ecules. As a result, the immune tolerance function of 
M2-type dMφ would be weakened, which would induce 
the dysfunction of dMφ and contribute to abnormal 
pregnancy outcomes.

The immune tolerance function of macrophages is 
also related to the expression of several intracellular 
enzymes, such as Arg-1 and iNOS, which are involved in 
the inflammatory response and exhibit different immune 
regulation effects [38]. Arg-1 can be used as a marker of 
M2-phenotype macrophages. Any increase in the synthe-
sis or activity of Arg-1 can reduce the synthesis of NO, 
which participates in the maintenance of maternal–fetal 
tolerance [39]. Conversely, iNOS is barely expressed dur-
ing a normal pregnancy, and its excessive production can 
promote the synthesis of NO, which may give rise to early 
embryo loss [40]. The results of the present study showed 
that the expression level of iNOS significantly increased 
in dMφ after infection with T. gondii, both in  vitro and 

Fig. 4 Reduction of B7-H4 expression on dMφ with T. gondii infection resulted in changes in the expression iNOS and Arg-1. a Levels of Arg-1 
produced by dMφ in uninfected, infected and B7-H4-/- infected mice analyzed by flow cytometry. b Flow cytometry analysis of iNOS produced by 
dMφ in uninfected, infected, and B7-H4-/- infected mice. c Western blotting assay of B7-H4, iNOS and Arg-1 protein levels in uninfected, infected and 
B7-H4 neutralized infected groups of purified human macrophages. Data are presented as the mean ± SD, with at least 6 pregnant mice or human 
samples in each group assayed individually by the unpaired t-test. Asterisks indicate significant differences between groups at *P < 0.05, **P < 0.01. 
Arg-1, Arginase-1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; iNOS, inducible nitric oxide synthase
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in  vivo, while the expression of Arg-1 decreased. To 
determine whether the changes in iNOS and Arg-1 
expression were induced by B7-H4 downregulation, we 

examined the levels of iNOS and Arg-1 in the T. gondii-
infected anti-B7-H4 neutralized human dMφ and T. 
gondii-infected B7-H4-/- mice. The results showed that 

Fig. 5 Reduction of B7-H4 expression on dMφ with T. gondii infection resulted in changes in the expression of TNF-α and IL-10. a‑c Expression level 
of IL-10 and TNF-α in F4/80+ dMφ in uninfected, infected and B7-H4-/- infected mice detected by flow cytometry. d, e Western blotting assay of 
TNF-α and IL-10 levels in  CD14+ dMφ of the uninfected, infected and B7-H4 neutralized infected groups. f, g Representative immunofluorescent 
photographs of B7-H4, TNF-α and IL-10 of  CD14+ dMφ in the uninfected, infected and B7-H4 neutralized infected groups. Scale bar: 50 µm. Data are 
presented as the mean ± SD, with at least 6 pregnant mice or human samples in each group assayed individually by the unpaired t-test. Asterisks 
indicate significant differences between groups at *P < 0.05, **P < 0.01. DAPI, 4′,6-Diamidino-2-phenylindole; IL, interleukin; TNF, tumor necrosis 
factor
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compared with the infected groups, the production of 
iNOS increased, but that of Arg-1 decreased. These 
results indicate that the downregulation of B7-H4 on 
dMφ induced by T. gondii infection can dysregulate the 
synthesis of arginine metabolism-related enzymes and 
result in the dysfunction of dMφ due to shifting M2-type 
macrophages toward the M1 phenotype, which may also 
eventually contribute to adverse pregnancy outcomes.

Besides, dMφ can also secrete numerous cytokines, 
such as IL-10 and TNF-α, which participate in dMφ 
function of maternal–fetal tolerance [41]. M1-type mac-
rophages mainly secrete high level of TNF-α, whereas 

M2-type macrophages secrete more IL-10 than their 
M1 counterparts [42]. Tumor-associated macrophages 
exhibit a  high  and sustained  expression of B7-H4 and 
secrete a large amount of IL-10 [43]. The expression 
level of B7-H4 is higher in M2-type macrophages than 
in M1-type macrophages in infiltrating ductal carcinoma 
tissues, and the secretion of IL-10 is positively correlated 
with the expression of B7-H4 [19]. Inversely, the secre-
tion of TNF-α in salivary gland lymphocytes of mice 
was found to increase significantly after neutralization 
by the anti-B7-H4 monoclonal antibody [44]. Thus, the 
major cytokines, TNF-α and IL-10, produced by dMφ 

Fig. 6 Downregulation of B7-H4 by T. gondii infection resulted in changes in dMφ function by affecting the JAK2/STAT1 signaling pathways. a, b 
Representative western blot and histogram analysis of B7-H4, JAK2, p-JAK2, STAT1 and p-STAT1 levels of dMφ in uninfected, infected and B7-H4 
neutralized infected groups. c, d Representative western blot and histograms analysis of B7-H4, STAT1, p-STAT1, iNOS and TNF-α of dMφ in the 
uninfected, infected, infected + STAT1 inhibitor (Infected + Flu), B7-H4 neutralized infected and B7-H4 neutralized infected + STAT1 inhibitor 
(Neutralized infected + Flu) groups. The data in all panels are representative of at least three independent experiments. Data are presented as the 
means ± SD, with the unpaired t-test. Asterisks indicate significant differences between groups at *P < 0.05, **P < 0.01. Flu, Fludarabine; JAK2, Janus 
kinase 2;  p-JAK2, phosphorylated JAK2; p-STAT1, phosphorylated signal transducer and activator of transcription 1; STAT1, signal transducer and 
activator of transcription 1
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may result in the imbalance of M1 and M2 phenotypes 
caused by the downregulation of B7-H4. Interestingly, 
the results showed that the expression of cytokine IL-10 
was downregulated and that of TNF-α was upregulated 
in T. gondii-infected B7-H4 neutralized human dMφ and 
T. gondii-infected B7-H4-/- pregnant mice compared with 

the corresponding infected group. These results provide 
further evidence that the expression changes of TNF-α 
and IL-10 in our  mouse model were related to B7-H4 
downregulation on dMφ by T. gondii infection, which 
were associated with the dysfunction of dMφ and harm-
ful to maternal–fetal immune tolerance.

Fig. 7 Adoptive transfer of dMφ from wild-type mice alleviated the adverse pregnancy outcomes and reversed the dysfunction of  dMφ caused by 
T. gondii infection. a‑c Pregnancy outcomes: fetuses and placentas in the three groups. d Comparison of placenta, fetal weight and rate of abnormal 
fetuses in pregnant mice in the three groups. e Proportion of  CFSE+ macrophages in the placenta of transplanted mice. f Level of B7-H4 on the 
surface of dMφ in the three groups. g, h Flow cytometry was used to detect the expression of CD86 and CD206 in the three groups. i Detection of 
the expressions of Arg-1 and iNOS in the three groups by flow cytometry. j, k Detection of the expressions of IL-10 and TNF-α in the three groups by 
flow cytometry. Group 1, B7-H4-/- infected mice; group 2, B7-H4-/- infected mice after adoptive transfer of B7-H4-/- dMφ; group 3: B7-H4-/- infected 
mice after the adoptive transfer of WT dMφ. Data are presented as the mean ± SD, with at least 6 pregnant mice or human samples in each group 
assayed individually by the unpaired t-test. Asterisks indicate a significant difference between groups at *P < 0.05, **P < 0.01
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These results indicate that the downregulation of 
B7-H4 on dMφ caused by T. gondii infection can influ-
ence the maternal–fetal tolerance function of dMφ and 
ultimately contribute to adverse pregnancy outcomes. 
However, how the decreased B7-H4 regulates the 
changes of the above-mentioned functional molecules 
requires further exploration.

 The level of the STAT1 gene has been shown to 
increase in  CD34+HPC cells of B7-H4-/- mice with 
human cytomegalovirus infection [21]. The results of 
one study suggest that STAT1 is an essential mediator of 
M1-type macrophage polarization [22]. Moreover, the 
expression of the M1-type functional molecules iNOS 
and TNF-α are reported to be regulated by the JAK2/
STAT1 signaling pathway [23]. However, whether the 
expression of iNOS and TNF-α in dMφ is regulated by 
the downregulation of B7-H4 after T. gondii infection 
through JAK2/STAT1 signaling pathways still needs to be 
explored. In the present study, the key signal molecules of 
these signaling pathways were analyzed by western blot-
ting, and the results showed that the expression level of 
JAK2 increased after T. gondii infection, as did the extent 
of phosphorylation of JAK2 and STAT1. We then used 
T. gondii-infected human B7-H4 neutralized dMφ to 
determine whether the changes in these signal molecules 
were associated with the downregulation of B7-H4. The 
results showed that the JAK2/STAT1 signal pathway was 
activated after the function of B7-H4 in the T. gondii-
infected human dMφ was blocked. Furthermore, the lev-
els of iNOS and TNF-α produced by T. gondii-infected 
dMφ were increased after B7-H4 neutralization, indicat-
ing that the reduced expression of B7-H4 may regulate 
iNOS and TNF-α through the JAK2-STAT1 signaling 
pathways. To further explore whether B7-H4 can regu-
late the expression levels of iNOS and TNF-α through 
the JAK2/STAT1 signaling pathways, we used STAT1 
inhibitors in the infected group and B7-H4 neutralized 
infected group. Our data showed that after the inhibition 
of STAT1, the expression levels of iNOS and TNF-α fell 
in T. gondii-infected dMφ, irregardless of whether B7-H4 
was neutralized or not. These results suggest that the 
immunosuppressive molecule B7-H4 could regulate the 
expression of iNOS and TNF-α in T. gondii-infected dMφ 
through the JAK/STAT1 signaling pathway, which plays a 
significant role in the maintenance of normal pregnancy.

Macrophages at the maternal–fetal interface are simi-
lar to M2-phenotype macrophages, and the adoptive 
transfer of M2-type macrophages can reduce the extent 
of inflammatory response in mice [45, 46]. dMφ express-
ing high levels of B7-H4 contribute to the maintenance of 
maternal–fetal immune tolerance during pregnancy [14]. 
In order to explore whether the downregulation of B7-H4 
on dMφ induced by T. gondii infection contributes to 

an abnormal pregnancy, dMφ from WT or B7-H4 mice 
were respectively adoptively transferred to T. gondii-
infected B7-H4-/- pregnant mice. Our study showed that 
the pregnancy outcomes in T. gondii-infected B7-H4-

/- mice adoptively transferred with dMφ from WT mice 
were better than those from B7-H4 mice, indicating 
that the downregulation of B7-H4 on dMφ induced by 
T. gondii infection contributed to abnormal pregnancy. 
After the adoptive transfer of dMφ from WT mice, the 
B7-H4 level in the infected recipient B7-H4-/- mice was 
upregulated, the  levels of M1-related functional mol-
ecules CD86 and TNF-α were clearly decreased and the 
levels of the M2-related functional molecules (CD206, 
Arg-1, and IL-10) were all significantly increased. How-
ever, after the adoptive transfer of dMφ from B7-H4-

/- mice, the levels of CD86 and TNF-α in the recipient 
mice slightly decreased, while the levels of M2-related 
functional molecules (CD206, Arg-1, and IL-10) showed 
minimal increases. The level of the M1-related functional 
molecule iNOS showed no significantly change after the 
transfer from WT or B7-H4-/- mice. These results suggest 
that along with the increased level of B7-H4 by the adop-
tive transfer of dMφ from WT mice, the immune toler-
ance function of maternal–fetal was enhanced, and the 
adverse pregnancy outcomes caused by T. gondii infec-
tion were alleviated. These results also demonstrated that 
the expression level of B7-H4 on dMφ plays an important 
role in an adverse pregnancy due to T. gondii infection.

Conclusions
The results of this study demonstrate that the down-
regulation of B7-H4 on dMφ induced by T. gondii infec-
tion resulted in the abnormal  expression of membrane 
molecules, synthesis of arginine metabolic enzymes 
and production of cytokines, all of which caused dMφ 
dysfunction and contributed to adverse pregnancy out-
comes. The decrease in B7-H4 expression after T. gondii 
infection affected iNOS expression and TNF-α produc-
tion through the JAK2/STAT1 signaling pathway, which 
weakened the maternal–fetal tolerance function due to 
dMφ polarization from M2-type macrophages  toward to 
M1-type macrophages. The upregulation of B7-H4 by the 
adoptive transfer of dMφ was able to alleviate the adverse 
pregnancy outcomes caused by T. gondii infection. Our 
findings are of great value in improving our understand-
ing of the molecular and immune mechanism of adverse 
pregnancy outcomes caused by T. gondii infection.

Abbreviations
Arg-1: Arginase-1; CFSE: Carboxyfluorescein succinimidyl amino ester; DAPI: 
4′,6-Diamidino-2-phenylindole; dMφ: Decidual macrophage; Gd: Gesta-
tional day; iNOS: Inducible nitric oxide synthase; IL: Interleukin; JAK2: Janus 
kinase 2; mAb: Monoclonal antibody; p-JAK2: Phosphorylated JAK2; p-STAT1: 



Page 16 of 17Cui et al. Parasites & Vectors          (2022) 15:464 

Phosphorylated STAT1; PBS: Phosphate-buffered saline; PMSF: Phenylmethyl-
sulfonyl fluoride; PVDF: Polyvinylidene difluoride; SEM: Scanning electron 
microscopy; STAT1: Signal transducer and activator of transcription 1; TNF-α: 
Tumor necrosis factor-alpha; WT: Wild-type.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13071- 022- 05560-9.

Additional file 1: Text S1. Supplementary description of methods.

Additional file 2: Figure S1. The purity of human decidual macrophages. 
a Flow cytometry results showing the percentage of human decidual 
macrophages before purified by human CD14 positive selection kit. 
b Flow cytometry results showing the percentage of human decidual 
macrophages after purified by human CD14 positive selection kit. c The 
proportion of live cells in mouse.

Additional file 3: Figure S2. a Gating strategy for flow cytometry in 
the human experiment. b Gating strategy for flow cytometry in mice 
experiment. c Gating strategy for flow cytometry in phagocytosis assay 
experiment of human decidual macrophages.

Author contributions
LJC, YW, LQR, ZDL and XMH designed the experiments. YZJ, XBL, YSR and 
CW contributed to sample collection. LJC, YW, LQR, ZDL, CW, XBL, YSR and 
XMH analyzed the data. LJC, YW, LQR and XMH wrote the manuscript. XMH 
revised the manuscript and is the corresponding author. All authors read and 
approved the final manuscript.

Funding
This work was supported by funds from the National Natural Science Founda-
tion of China (No. 81871680, No. 81672049), the Taishan Scholar Foundation of 
Shandong province (No. ts201712066) and the Shandong Provincial Natural 
Science Foundation (No. ZR2021MH310, No. ZR2021QC105).

Availability of data and materials
All data generated in this study are presented within this published article.

Declarations

Ethics approval and consent to participate
The sample collection procedures for this study were approved by the Bin-
zhou Medical University Ethics Committee (Shandong, P. R. China). All subjects 
provided a written informed consent for the collection of samples and the 
subsequent analysis. This study was carried out in strict accordance with the 
recommendations in the Guide for the Care and Use of Laboratory Animals 
of Binzhou Medical University. The protocol was approved by the Committee 
on the Ethics of Animal Experiments of Binzhou Medical University. All proce-
dures were performed under sodium pentobarbital anesthesia, and all efforts 
were exerted to minimize the suffering of animals.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Immunology, Binzhou Medical University, Yantai 264003, 
Shandong, People’s Republic of China. 2 Department of Medical Genetics 
and Cell Biology, Binzhou Medical University, Yantai 264003, Shandong, Peo-
ple’s Republic of China. 

Received: 22 September 2022   Accepted: 20 October 2022

References
 1. Montoya JG, Liesenfeld O. Toxoplasmosis. Lancet. 2004;363:1965–76.
 2. Porter SB, Sande MA. Toxoplasmosis of the central nervous system in the 

acquired immunodeficiency syndrome. N Engl J Med. 1992;327:1643–8.
 3. Rahimi MT, Daryani A, Sarvi S, Shokri A, Ahmadpour E, Teshnizi SH, et al. 

Cats and Toxoplasma gondii: A systematic review and meta-analysis in 
Iran. Onderstepoort J Vet Res. 2015;82:e1–10.

 4. Pappas G, Roussos N, Falagas ME. Toxoplasmosis snapshots: global status 
of Toxoplasma gondii seroprevalence and implications for pregnancy and 
congenital toxoplasmosis. Int J Parasitol. 2009;39:1385–94.

 5. Kong L, Zhang Q, Chao J, Wen H, Zhang Y, Chen H, et al. Polarization of 
macrophages induced by Toxoplasma gondii and its impact on abnormal 
pregnancy in rats. Acta Trop. 2015;143:1–7.

 6. Liu S, Liu Q, Xie H, Li M, Wang F, Shen J, et al. Imbalance of uterine innate 
lymphoid cells is involved in the abnormal pregnancy induced by Toxo-
plasma gondii infection. J Reprod Immunol. 2021;145:103312.

 7. Li X, Zhou J, Fang M, Yu B. Pregnancy immune tolerance at the maternal-
fetal interface. Int Rev Immunol. 2020;39:247–63.

 8. Brazão V, Kuehn CC, dos Santos CD, da Costa CM, Júnior JC, Carraro-
Abrahão AA. Endocrine and immune system interactions during preg-
nancy. Immunobiology. 2015;220:42–7.

 9. Liu X, Jiang M, Ren L, Zhang A, Zhao M, Zhang H, et al. Decidual mac-
rophage M1 polarization contributes to adverse pregnancy induced by 
Toxoplasma gondii PRU strain infection. Microb Pathog. 2018;124:183–90.

 10. Li Z, Zhao M, Li T, Zheng J, Liu X, Jiang Y, et al. Decidual macrophage 
functional polarization during abnormal pregnancy due to Toxoplasma 
gondii: role for LILRB4. Front Immunol. 2017;8:1013.

 11. Zhang D, Ren L, Zhao M, Yang C, Liu X, Zhang H, et al. Role of Tim-3 in 
decidual macrophage functional polarization during abnormal preg-
nancy with Toxoplasma gondii Infection. Front Immunol. 2019;10:1550.

 12. Darmochwal-Kolarz D, Kludka-Sternik M, Kolarz B, Chmielewski T, 
Tabarkiewicz J, Rolinski J, et al. The expression of B7–H1 and B7–H4 co-
stimulatory molecules on myeloid and plasmacytoid dendritic cells in 
pre-eclampsia and normal pregnancy. J Reprod Immunol. 2013;99:33–8.

 13. Xu YY, Wang SC, Li DJ, Du MR. Co-signaling molecules in maternal–fetal 
immunity. Trends Mol Med. 2017;23:46–58.

 14. Zhao Y, Zheng Q, Jin L. The role of B7 family molecules in maternal-fetal 
immunity. Front Immunol. 2020;11:458.

 15. Sun X, Xie H, Zhang H, Li Z, Qi H, Yang C, et al. B7–H4 reduction induced 
by Toxoplasma gondii infection results in dysfunction of decidual 
dendritic cells by regulating the JAK2/STAT3 pathway. Parasit Vectors. 
2022;15:1–17.

 16. Sica GL, Choi IH, Zhu G, Tamada K, Wang SD, Tamura H, et al. B7–H4, a 
molecule of the B7 family, negatively regulates T cell immunity. Immunity. 
2003;18:849–61.

 17. Kryczek I, Wei S, Zhu G, Myers L, Mottram P, Cheng P, et al. Relationship 
between B7–H4, regulatory T cells, and patient outcome in human ovar-
ian carcinoma. Cancer Res. 2007;67:8900–5.

 18. Abumaree MH, Al Jumah MA, Kalionis B, Jawdat D, Al Khaldi A, Abomaray 
FM, et al. Human placental mesenchymal stem cells (pMSCs) play a role 
as immune suppressive cells by shifting macrophage differentiation from 
inflammatory M1 to anti-inflammatory M2 macrophages. Stem Cell Rev 
Rep. 2013;9:620–41.

 19. Liu L, Li D, Chen S, Zhao R, Pang D, Li D, et al. B7–H4 expression in human 
infiltrating ductal carcinoma-associated macrophages. Mol Med Rep. 
2016;14:2135–42.

 20. Ning F, Liu H, Lash GE. The role of decidual macrophages during normal 
and pathological pregnancy. Am J Reprod Immunol. 2016;75:298–309.

 21. Zhu D, Pan C, Sheng J, Liang H, Bian Z, Liu Y, et al. Human cytomegalo-
virus reprogrammes haematopoietic progenitor cells into immunosup-
pressive monocytes to achieve latency. Nat Microbiol. 2018;3:503–13.

 22. Lawrence T, Natoli G. Transcriptional regulation of macrophage polariza-
tion: enabling diversity with identity. Nat Rev immunol. 2011;11:750–61.

 23. Ji L, Zhao X, Zhang B, Kang L, Song W, Zhao B, et al. Slc6a8-mediated 
creatine uptake and accumulation reprogram macrophage polarization 
via regulating cytokine responses. Immunity. 2019;51:272–84.

 24. Guzik TJ, Korbut R, Adamek-Guzik T. Nitric oxide and superoxide in inflam-
mation and immune regulation. J Physiol Pharmacol. 2003;54:469–87.

https://doi.org/10.1186/s13071-022-05560-9
https://doi.org/10.1186/s13071-022-05560-9


Page 17 of 17Cui et al. Parasites & Vectors          (2022) 15:464  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 25. Haddad EK, Duclos AJ, Baines MG. Early embryo loss is associated with 
local production of nitric oxide by decidual mononuclear cells. J Exp Med. 
1995;182:1143–51.

 26. Alijotas-Reig J, Esteve-Valverde E, Ferrer-Oliveras R, Llurba E, Gris JM. 
Tumor necrosis factor-alpha and pregnancy: focus on biologics. 
An updated and comprehensive review. Clin Rev Allergy Immunol. 
2017;53:40–53.

 27. Romanowska-Próchnicka K, Felis-Giemza A, Olesińska M, Wojdasiewicz P, 
Paradowska-Gorycka A, Szukiewicz D. The role of TNF-α and anti-TNF-α 
agents during preconception, pregnancy, and breastfeeding. Int J Mol 
Sci. 2021;22:2922.

 28. Hill DE, Chirukandoth S, Dubey JP. Biology and epidemiology of Toxo-
plasma gondii in man and animals. Anim Health Res Rev. 2005;6:41–61.

 29. van der Zwan A, van Unen V, Beyrend G, Laban S, van der Keur C, Kapsen-
berg HJM, et al. Visualizing dynamic changes at the maternal-fetal inter-
face throughout human pregnancy by mass cytometry. Front Immunol. 
2020;11:571300.

 30. Wang H, He M, Hou Y, Chen S, Zhang X, Zhang M, et al. Role of decidual 
CD14(+) macrophages in the homeostasis of maternal-fetal interface and 
the differentiation capacity of the cells during pregnancy and parturition. 
Placenta. 2016;38:76–83.

 31. Heikkinen J, Möttönen M, Komi J, Lassila O. Phenotypic characterization 
of human decidual macrophages. Clin Exp Immunol. 2003;131:498–505.

 32. Galazka K, Wicherek L, Pitynski K, Kijowski J, Zajac K, Bednarek W, et al. 
Changes in the subpopulation of  CD25+CD4+ and  FOXP3+ regula-
tory T cells in decidua with respect to the progression of labor at term 
and the lack of analogical changes in the subpopulation of suppres-
sive B7–H4 macrophages-a preliminary report. Am J Reprod Immunol. 
2009;61:136–46.

 33. Chabtini L, Mfarrej B, Mounayar M, Zhu B, Batal I, Dakle PJ, et al. TIM-3 
regulates innate immune cells to induce fetomaternal tolerance. J Immu-
nol. 2013;190:88–96.

 34. Zhang Y, Ma L, Hu X, Ji J, Mor G, Liao A. The role of the PD-1/PD-L1 axis 
in macrophage differentiation and function during pregnancy. Hum 
Reprod. 2019;34:25–36.

 35. Svensson-Arvelund J, Mehta RB, Lindau R, Mirrasekhian E, Rodriguez-
Martinez H, Berg G, et al. The human fetal placenta promotes tolerance 
against the semiallogeneic fetus by inducing regulatory T cells and 
homeostatic M2 macrophages. J Immunol. 2015;194:1534–44.

 36. Chang CC, Liu Z, Vlad G, Qin H, Qiao X, Mancini DM, et al. Ig-like transcript 
3 regulates expression of proin-flammatory cytokines and migration of 
activated T cells. J Immunol. 2009;182:5208–16.

 37. Cucak H, Grunnet LG, Rosendahl A. Accumulation of M1-like mac-
rophages in type 2 diabetic islets is followed by a systemic shift in 
macrophage polarization. J Leukoc Biol. 2014;95:149–60.

 38. Gong M, Zhuo X, Ma A. STAT6 upregulation promotes M2 macrophage 
polarization to suppress atherosclerosis. Med Sci Monit Basic Res. 
2017;23:240–9.

 39. Lisi L, Ciotti GM, Braun D, Kalinin S, Currò D, Dello Russo C, et al. Expres-
sion of iNOS, CD163 and ARG-1 taken as M1 and M2 markers of microglial 
polarization in human glioblastoma and the surrounding normal paren-
chyma. Neurosci Lett. 2017;645:106–12.

 40. Zhang X, Liu MH, Qiao L, Zhang XY, Liu XL, Dong M, et al. Ginsenoside 
Rb1 enhances atherosclerotic plaque stability by skewing macrophages 
to the M2 phenotype. J Cell Mol Med. 2018;22:409–16.

 41. Meng YH, Zhu XH, Yan LY, Zhang Y, Jin HY, Xia X, et al. Bone mesenchymal 
stem cells improve pregnancy outcome by inducing maternal tolerance 
to the allogeneic fetus in abortion-prone matings in mouse. Placenta. 
2016;47:29–36.

 42. Hahn-Zoric M, Hagberg H, Kjellmer I, Ellis J, Wennergren M, Hanson LA. 
Aberrations in placental cytokine mRNA related to intrauterine growth 
retardation. Pediatr Res. 2002;51:201–6.

 43. Che F, Heng X, Zhang H, Su Q, Zhang B, Chen Y, et al. Novel B7-H4-me-
diated crosstalk between human non-Hodgkin lymphoma cells and 
tumor-associated macrophages leads to immune evasion via secretion of 
IL-6 and IL-10. Cancer Immunol Immunother. 2017;66:717–29.

 44. Zheng X, Wang Q, Yuan X, Zhou Y, Chu H, Wang G, et al. B7–H4 inhibits 
the development of primary sjögren’s syndrome by regulating treg dif-
ferentiation in NOD/Ltj mice. J Immunol Res. 2020;2020:4896727.

 45. Jena MK, Nayak N, Chen K, Nayak NR. Role of macrophages in pregnancy 
and related complications. Arch Immunol Ther Exp. 2019;67:295–309.

 46. Pannell M, Labuz D, Celik MÖ, Keye J, Batra A, Siegmund B, et al. Adoptive 
transfer of M2 macrophages reduces neuropathic pain via opioid pep-
tides. J Neuroinflammation. 2016;13:262.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Effect of B7-H4 downregulation induced by Toxoplasma gondii infection on dysfunction of decidual macrophages contributes to adverse pregnancy outcomes
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Animals
	Preparation of T. gondii (RH strain)
	Acquisition and identification of homozygous B7-H4-- mice
	Scanning electron microscopy
	Hematoxylin–eosin staining
	Single-cell preparation of mouse
	Adoptive transfer experiment
	Collection of human clinical sample
	Preparation of human single cell
	Isolation of human decidual macrophages
	Phagocytosis assay
	Flow cytometry
	Western blotting
	Immunofluorescence

	Results
	Establishment of the WT and B7-H4-- mouse models of adverse pregnancy caused by T. gondii infection
	B7-H4 expression on dMφ was reduced after T. gondii infection
	Phagocytic ability of human dMφ declined with decreasing B7-H4 expression due to T. gondii infection
	B7-H4 downregulation by T. gondii infection affected the expression of M1M2 membrane functional molecules
	B7-H4 reduction by T. gondii infection associated with the expression of Arg-1 and iNOS in dMφ
	B7-H4 downregulation by T. gondii infection was related to the cytokines IL-10 and TNF-α produced by dMφ
	B7-H4 regulated the iNOS and TNF-α expression of dMφ through the JAK2STAT1 signaling pathways
	Adoptive transfer of dMφ from WT mice could restore the dMφ dysfunction caused by T. gondii infection and alleviate the adverse pregnancy outcomes

	Discussion
	Conclusions
	References




