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Abstract

Disorganized maternal-fetal immune tolerance contributes to the occurrence of unexplained recurrent pregnancy loss (RPL). AHNAK is a scaf-
folding protein participating in the regulation of Ca2+ entry into T cells and the pathophysiology of diverse diseases. We performed differential
gene expression analysis in decidual immune cells (DICs) isolated from three patients with RPL and from three healthy controls via RNA-
sequencing (RNA-seq), which revealed 407 differentially expressed genes (DEGs). Among these DEGs, we underscored the clinical significance
of elevated AHNAK mRNA and protein levels in DICs, peripheral blood mononuclear cells (PBMCs), and decidua of the patients with RPL,
suggesting its potential use as a biomarker for the diagnosis of RPL. Especially, the ratios of decidual and blood AHNAK+CD4+ T cells in the
CD4+T cell population were significantly increased in patients with RPL, and the loss of AHNAK was further shown to inhibit interleukin (IL)-6
secretion in the CD4+ Jurkat cell line. Similar patterns were also observed in the clinical decidual and blood specimens. We uncovered that the
AHNAK+CD4+ T cells could secrete more I-6 than that the corresponding AHNAK-CD4+ T cells. Moreover, the frequencies of decidual and
blood I1:6+CD4+T cells in the CD4+ T-cell population were also increased in patients with RPL and showed significant positive correlations with
the frequencies of AHNAK+CD4+ T cells. Our findings suggest that the elevated AHNAK expressed by CD4+ T cells may be involved in the im-
mune dysregulation of RPL by increasing I1-6 production, illustrating its potential as a novel intervention target for RPL.

Keywords: recurrent pregnancy loss, AHNAK, IL-6, CD4+ T cell, immune regulation

Abbreviations: AUC, area under the curve; BP, biological processes; CC, cellular components; DEGs, differentially expressed genes; DICs, decidual immune
cells; GO, gene ontology; HCs, healthy controls; MF, molecular functions; NK cell, natural killer cell; PBMCs, peripheral blood mononuclear cells; PPI, protein—
protein interaction; ROC, receiver operating characteristic; RPL, recurrent pregnancy loss.

Introduction invading extravillous trophoblasts and decidual stromal cells.
When the function of these cells is disrupted, the processes of
placentation, decidualization, and trophoblast invasion will be
affected, finally leading to RPL [4, 5].

AHNAK is the largest protein in the body and has pleio-
tropic functions such as calcium homeostasis, formation
of cytoskeletal structure, and muscular regeneration [6].
Although AHNAK is involved in these critical biological pro-
cesses, it has shown conflicting expression patterns and func-
tions as a tumor promoter Or SUPPressor in various cancers,
including ovarian cancer, thyroid carcinoma, and bladder
cancer [7-9]. Immunologically, both helper (CD4+) and killer
(CD8+) T-cells express high levels of AHNAK after their dif-
ferentiation and require this molecule for Ca® entry during
an immune response [10, 11]. AHNAK-deficient CD4+ T
cells exhibit the low proliferation and low Interleukin(IL)-2
production [12]. Another study demonstrates that IL-4 and

Recurrent pregnancy loss (RPL) is a devastating experience for
most couples. RPL refers to the loss of two or more clinically
recognized pregnancies before 20-24 weeks, including embry-
onic and fetal losses [1]. Several risk factors for RPL have been
identified, such as increased maternal age, obesity, poor lifestyles
(smoking, excessive alcohol consumption, and stress), anatom-
ical uterine defects, and endometrial dysfunction [2]. Despite
its complex etiology, the underlying cause of this condition still
cannot be confirmed for more than 50% of couples. Recently, a
considerable amount of research has strived to investigate this,
with the dysregulated immune systems being a topic of par-
ticular interest [3]. On the one hand, dysfunction of T cells, nat-
ural killer (NK) cells, yd T cells, and other immune cells could
result in excessive inflammatory responses, perturbing immune
equilibrium during early pregnancy. In addition, immune cells
are prominent in the decidua and exhibit a close association with
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IFN-y are impaired in AHNAK-KO mice, and this contrib-
utes to the impairment of Th1/Th2 immunity [13]. Although
AHNAK is constitutively expressed at high levels on human
CD4+ T cells and plays a crucial role in the control of Th1/
Th2 balance, its biological and functional relevance in RPL
remains completely unexplored.

Inflammatory processes may contribute to RPL, possibly
through their roles in implantation [14]. The inflammatory
event is made possible by the secretion of biological medi-
ators such as IL-12, IL-18, TNF-a, IFN-y, and IL-6 [14-16].
IL-6 is produced by diverse cells, including monocytes, T cells,
B cells, myometrial cells, and endothelial cells [17]. It has been
previously shown that maternal serum IL-6 elevation during
pregnancy could induce abnormal behavior in offspring
in mice, and the human serum IL-6 level is significantly in-
creased in patients with gestational diabetes mellitus [18, 19].
However, the concentration of IL-6 is also reported to be sig-
nificantly decreased in the supernatants of cultured peripheral
blood mononuclear cells (PBMCs) from patients with RPL as
compared to that in normal pregnant women during the first
trimester [20]. Overall, the duality of IL-6 levels during preg-
nancy is of great interest.

The present study demonstrated that the AHNAK protein
and mRNA expressions were all upregulated in decidua,
decidual immune cells (DICs), and PBMCs of the patients
with RPL when compared to the healthy controls (HCs).
Furthermore, the level of AHNAK mRNA in PBMCs exhib-
ited a potential value for RPL diagnosis, with an area under
the curve (AUC) of 0.742. We also noted that the ratios of
both decidual and blood AHNAK+CD4+ T cells in the popu-
lation of CD4+ T cells were increased in patients with RPL;
and, we hypothesized that AHNAK might affect IL-6 produc-
tion by using a si-AHNAK treatment Jurkat T-cell line model.
We proceeded to validate this observation using clinical spe-
cimens, and we discovered that the AHNAK+CD4+ T cells
produced a significantly higher amount of IL-6 than the cor-
responding AHNAK-CD4+ T cells subpopulation. Besides,
the ratios of both decidual and blood CD4+IL6+ T cells in
the population of CD4+ T cells were also significantly higher
in the RPL group than that in the fertile control, and the ex-
pression (%) of AHNAK was positively correlated with the
expression (%) of IL-6 in CD4+ T cells. Together, our study
uncovered an unanticipated role of AHNAK in RPL, sug-
gesting that disorder of the maternal AHNAK-IL6 pathway
in CD4+ T cells may contribute to RPL.

Methods

Reagents

Antibodies and fluorescent dyes are listed in Supplementary
Table S1.

Human participants

Fresh decidua and peripheral venous blood specimens were
obtained from patients with RPL and age//body mass index
(BMI)-matched HCs at the obstetrics and gynecology depart-
ment of the West China Second Hospital, between September
2021 and January 2022. Termination of all pregnancies oc-
curred at 7-12 weeks’ gestation; the pregnancies in the HC
group were voluntarily terminated. RPL is defined as two
or more consecutive failed pregnancies before 20-24 weeks,
including embryonic and fetal losses [1], and in this study, the
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inclusion criteria for the above seven patients with RPL were
(1) a history of at least two spontaneous abortions without
defined etiology following a thorough clinical evaluation and
laboratory testing, including normal parental chromosomes, a
normal uterine structural study and endometrial biopsy, nega-
tive cervical cultures, and negative anti-phospholipid anti-
bodies; (2) no history of a recent infection, hormonal therapy,
or autoimmunity; (3) no history of smoking, drinking, or de-
pression and (4) induction of abortion within 1 week of the
fetal heartbeat ceasing. The fresh decidual materials were col-
lected after the pregnancy termination operation without any
medical pre-treatment and were acquired by dilatation and
uterine curettage. Peripheral blood samples were collected at
the same time (HC group, N = 7; RPL group, N = 7). These 14
subjects provided informed consent for the collections of de-
cidua tissues and peripheral venous blood specimens for flow
cytometry assays. The protocol for specimen collection was
approved by the Medical Ethics Committee of West China
Second Hospital of Sichuan University [Record number: 2020
(029)]. The 43 blood samples used for quantitative real-time
polymerase chain reaction (qQPCR) assays in this study (HC
group, N = 17; RPL group, N = 26) were the EDTA anti-
coagulant blood samples remaining after the clinical labora-
tory completed the blood routine test (1-1.5 ml per sample).

Isolation of DICs and PBMCs

To isolate DICs, decidua was firstly rinsed with phosphate-
buffered saline (PBS), then minced and digested with 1 mg/
ml collagenase type IV (Sigma, USA) and 150 U/ml DNase
I (Applichem, Germany) with gentle shaking for 45 min at
37°C. The released cells were resuspended with RPMI 1640
media (HyClone, USA) containing 10% fetal bovine serum
(FBS) and filtered through 70 and 40 um cell strainers
(BD, USA). Next, we prepared 20%, 40%, and 60% (vol/
vol) Percoll gradients by diluting the Percoll at a density of
1.130 g/ml (GE Healthcare, Sweden). The filtrate was layered
on Percoll for density gradient centrifugation (600 g for
20 min). The DICs were collected from the 40%—-60% layer
of the gradient and washed with PBS. To isolate PBMCs, a
3 ml fresh blood sample from each participant was collected
in a heparin anti-coagulated vacutainer tube (BD, USA) for
flow cytometry analysis, and 1-1.5 ml of the remaining blood
samples were collected in ethylenediaminetetraacetic acid
(EDTA)-coagulated vacutainer tubes (BD, USA) for qPCR
analysis. After dilution with PBS, the blood (Blood: Ficoll
= 1:1) was carefully added to the Ficoll layer (TBD Science,
Tianjin, China) and centrifuged at 450 g for 20 min with the
brake off. The mononuclear layer was obtained and washed
with PBS for subsequent analysis or stocked in the FBS con-
taining 10% DMSO and 5% Dextran at -80°C until further
study.

RNA sequencing and gPCR

The total RNA of the DICs and PBMCs were extracted
using TRIzol reagent (Invitrogen, USA) according to the
manufacturer’s instructions. The RNA concentration and
purity were measured using the NanoDrop ND-2000.
Ribosomal RNA removal, cDNA library construction, and
high-throughput sequencing using the Illumina HiSeq PE150
were conducted by Novogene Bioinformatics Technology
(Beijing, China). Differential expression analysis was per-
formed using the edgeR package in R. Genes with adjusted
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P-value < 0.05 and llog2(FoldChange)l > 1 were considered
differentially expressed genes (DEGs). GOseq and KOBAS
(2.0) were used for GO and KEGG enrichment analyses, re-
spectively. For qPCR, 500 ng of total RNA was converted to
complementary DNA (cDNA) using an Evo M-MLV RT kit
with gDNA cleaned for qPCR II Kit (AG111728, Accurate
Biotechnology, Hunan, China) in a volume of 20 pl. The
protocol for the gPCR experiment was as follows: 2 ul of RT
product was used as a template, 0.4 pl of forward primer (10
uM), and 0.4 ul of reverse primer (10 pM) were added to 2
x SYBR®Green Pro Taq HS Premix (Lot, AG11701, Accurate
Biotechnology, Hunan, China), for a total volume of 20 pl.
Next, the following thermal cycle was used for the mixture:
95°C for 30 s and 40 cycles at 95°C for 5 s, and 60°C for
30 s using a qTOWER3G Analytik system (Jena, Germany).
GAPDH served as the internal control. Primer sequences are
listed in Supplementary Table S2.

Immunohistochemistry and immunofluorescence

All decidual sections for immunohistochemistry (IHC) assays
were collected from the tissue bank of our Lab (HC group,
N = 10; RPL group, N = 9). IHC assays were conducted by
Servicebio Company (Wuhan, China), and the tissue sections
were scanned by a Pannoramic MIDI scanner (Hungary) and
quantified by Image] (National Institutes of Health, United
States). The 1:100 diluted rabbit anti-human AHNAK anti-
body (SC247493, ProteinTech, Wuhan, China), and the 1:200
diluted HRP-conjugated rabbit anti-goat IgG secondary anti-
body (GB23303, Servicebio, Wuhan, China) were used for
the IHC assays. An immunofluorescence assay of the Jurkat
cell smears was carried out by the Biossci Company (Wuhan,
China). The 1:50 diluted rabbit anti-human CD4 antibody
(ab133616, Abcam, USA), the 1:100 diluted mouse anti-
human AHNAK (ab68556, Abcam, USA), and the 1:400 di-
luted donkey anti-rabbit/mouse secondary antibodies (Life
Technologies, USA) were used for the immunofluorescence
assays.

Cell culture

The human Jurkat cell line was purchased from the Shanghai
Institutes of Biological Sciences, Chinese Academy of Sciences
(Shanghai, China). Cells were cultured in the RPMI 1640 me-
dium (HyClone, USA) with 10% FBS (Biological Industries,
Israel) in 5% CO, at 37°C according to the instructions.
Human Jurkat T cells were used to elucidate the biological
functions of CD4+ T cells.

Transfection assay

The human AHNAK siRNA oligonucleotide and control
siRNA (5’-FAM-labelled) were purchased from the RiboBio
Company (Guangzhou, China). Jurkat cells were seeded in
6-well plates and transfected at 100 nM siRNA concen-
tration using the RiboFECT CP Transfection Kit (Ribobio,
Guangzhou, China), followed by validations of mRNA and
protein changes after 48 h transfection using qPCR and
Western blotting, respectively.

Western blot analysis

Transfected Jurkat cells were lysed in RIPA buffer (Beyotime,
Shanghai, China) containing protease inhibitor (Beyotime,
Shanghai, China). Protein concentrations were detected
by a BCA Protein Assay Kit (Beyotime, Shanghai, China).
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Extracted proteins were separated by BeyoGel™ sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) (Beyotime, Shanghai, China) and transferred to
polyvinylidene fluoride (PVDF) membranes (Millipore, USA).
The membranes were blocked in QuickBlock™ Western
(Beyotime, Shanghai, China) followed by overnight incuba-
tion with the mouse anti-human AHNAK at a dilution of
1:500 (ab68556, Abcam, USA) and the mouse anti-human
GAPDH at a dilution of 1:10 000 (60004-1-Ig, ProteinTech,
Wuhan, China), respectively. After washing three times, the
membranes were incubated with the secondary antibody at
a dilution of 1:5000 (ZB-2305, ZSGB-BIO, Beijing, China).
The signals were detected using the Chemidoc imaging system
(Bio-Rad, USA).

Flow cytometry

Firstly, live/dead cell discrimination was performed using
the Zombie Aqua Fixable Viability Kit (BioLegend, USA).
Approximately 1 x 10° cells were then resuspended in
100 pl of 3% FBS/PBS solution. For surface staining, cells
were stained with anti-human CD45, CD3, and CD4 for
20 min in the dark at room temperature (RT) after 10 min
of incubation with Fc-Block (BioLegend, USA). For intra-
cellular AHNAK staining, cells were fixed and permeabil-
ized using the eBioscience™ Fixation Permeabilization kit
(Invitrogen, USA). Subsequently, the cells were incubated
with 0.2 pg of primary rabbit anti-AHNAK (16637-1-
AP, ProteinTech, Wuhan, China) in 100 ul of cell suspen-
sion for 30 min in the dark at RT. Next, we washed the
cells with 1 ml 1x permeabilization buffer (Invitrogen,
USA), and the cells were again incubated with 100 pl of
fluorochrome-conjugated secondary antibody (1:2500)
dilution (Alexa Fluor 488-conjugated AffiniPure goat
anti-rabbit IgG (H+L), Servicebio, Wuhan, China). For
intracellular cytokine IL-6 staining, cells were stimulated
with a lipopolysaccharide (LPS) solution (1 ug/ml) for 4 h,
and the addition of protein transport inhibitors, including
brefeldin A (BioLegend, USA) and monensin (BioLegend,
USA) was critical. Flow cytometry data acquisition was
performed using a FACS Celesta flow cytometer (BD, USA),
and analyzed using the FlowJo software V.10. All flow
cytometry data was compensated in the Flow]Jo software
V.10 by using single stained controls.

Enzyme-linked immunoassay (ELISA)

The IL-6 concentrations in the supernatants of transfected
Jurkat cells were examined with an ELISA Kit (SEKH-0013,
Solarbio, Beijing, China) according to the manufacturer’s in-
structions.

Statistical analysis

The comparative cycle threshold method (2-24°T) was used
to measure dynamic changes in specifically selected mRNA
levels in gPCR analyses. The receiver operating characteristic
(ROC) curve was applied for the evaluation of diagnostic
performance. Student’s #-test, Mann—Whitney test, or paired
t-test were carried out to compare the differences between
groups. Pearson correlation was used for the correlation
analysis. Differences were considered significant when the
P-value < 0.05.
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Results

Patients with RPL exhibited an altered
transcriptome in DICs

To better understand the pathogenetic mechanism of RPL, we
performed RNA-seq to investigate the DEGs in DICs between
the RPL group and the HC group. Here three healthy DIC
samples and three RPL DIC samples were used for RNA-seq
analysis (Table 1). Although two outlier samples were identi-
fied by principal component analysis (PCA), our sequence data
still revealed 407 genes that were differentially expressed be-
tween the two groups (DEGs were defined as adjusted P-value
< 0.05 and llog2(FoldChange)l > 1). Among which, 210 genes
were upregulated, and 197 genes were downregulated. The
DEGs were visualized using a heatmap and a volcano plot
(Fig. 1A and B). The PCA distribution 3D plot is exhibited
in Fig. 1C.

GO and KEGG pathway analyses

To acquire better knowledge about the biological functions
of these DEGs, gene ontology (GO) analysis was applied to
classify their cellular, biological, and molecular functions.
The results are shown in Fig. 1D-E GO analysis identified
numerous functional pathways that were associated with co-
agulation, including platelet degranulation, hemostasis, and
blood coagulation. Consistent with the earlier research data,
the activation of platelets at the maternal-fetal interface af-
fected trophoblast behavior, which has been implicated in
severe pregnancy pathologies [21]. The KEGG pathway ana-
lysis clearly revealed that the DEGs were associated with
immune-related diseases, such as toxoplasmosis, systemic
lupus erythematosus, and rheumatoid arthritis. Pathways re-
lated to immune regulation were also significantly enriched,
including complement and coagulation cascades, antigen
processing, and presentation and allograft rejection (Fig.
1G). Collectively, these results suggested that pregnancy is a
common immunization event and immune system disorders
may be associated with RPL.

Network construction of immune-related DEGs

Based on the above results of pathway enrichment, we next
focused on the DEGs with the potential to participate in the
immunological mechanisms of RPL. We downloaded the
immune gene list from the IMMPORT database (https://
www.immport.org/home). The Venn diagram (Fig. 2A) ex-
hibited the intersection between the DEGs obtained from
our RNA-seq results and the immune genes downloaded
from the IMMPORT database. The pool of 407 DEGs and

Table 1 : Information for the specimens used for RNA sequencing.
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1795 immune genes shared (intersection) a total of 21 genes,
including 11 upregulated genes and 10 downregulated genes
(Table 2). A protein—protein interaction (PPI) network based
on 21 immune-related DEGs was constructed by the STRING
database (https://string-db.org) (Fig. 2B).

gPCR validation of immune-related DEGs

Next, based on the fold change values from the RNA-
seq data, we conducted qPCR to validate the mRNA ex-
pression levels of the most significantly upregulated and
downregulated immune-related DEGs using the clinical
specimens (including VAV1, VAV3, NEO1, and LTBP4).
In addition, another two genes, AHNAK [22] and BLNK
[23], which were reported to be associated with pregnancy
complications, were also enrolled in our validation cohort
(Table 2). As shown in Fig. 2C, the mRNA expression levels
of AHNAK, VAV1, and VAV3 were significantly higher in
the RPL group than those in the HC group, which were
consistent with our RNA-seq results. Although NEOI,
LTBP4,and BLNK also presented significant changes, their
qPCR results contradicted our RNA-seq results. Therefore,
we focused more on the expressions of AHNAK, VAV1, and
VAV3. We observed that the AHNAK protein was highly
expressed in female tissues, including the cervix and uterus;
however, VAV1 and VAV3 proteins were expressed at low
levels in female tissues according to data from the HPA
database (https://www.proteinatlas.org) (Supplementary
Fig. S1). Combining the results mentioned above, we chose
the more highly expressed AHNAK for the subsequent ana-
lyses.

AHNAK was upregulated in patients with RPL

In the next step, we examined the protein expression of
AHNAK in the decidua of patients with RPL and HCs
using IHC. Our results showed that AHNAK protein was
more highly expressed in the decidua of patients with RPL
than that in the HCs’ decidual tissues (Fig. 3A). We further
detected the expression of AHNAK mRNA in the PBMCs
from 26 patients with RPL and 17 HCs using qPCR. It
was found that AHNAK in the PBMCs showed signifi-
cant up-regulation in the RPL group (Fig. 3B), which was
in line with our findings of RNA-seq for DICs above.
Moreover, we have also performed a subgroup analysis by
age, which demonstrated that patients with RPL who were
older than age 35 years expressed AHNAK at higher levels
than those who were age 35 years or younger. (Fig. 3C).
Based on the distinct AHNAK mRNA expression between

Patients Maternal age BMI (kg/m?) Gestational age No. of prior miscarriages (N)
(year) (week)
HC-1 33 22.5 8 0
HC-2 33 21.7 9 0
HC-3 29 23.4 9 0
RPL-1 31 23.1 9 2
RPL-2 34 23.7 10 2
RPL-3 34 20.6 10 2
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Figure 1: Transcriptome changes of DICs isolated from patients with RPL. (A) Heatmap of the zscores for 407 DEGs identified using RNA-seq showed
that genes distinguished the RPL samples from the HC samples. (B) Volcano plot of DEGs with an adjusted P-value < 0.05 and more than 2-fold
change. (C) The PCA distribution 3D plot of our RNA-seq. (D-F) GO analysis of the DEGs upon RPL using GOseq. (G) The top 20 significantly enriched
KEGG pathways of DEGs. DICs, decidual immune cells; HCs, healthy controls; RPL, recurrent pregnancy loss; DEGs, differentially expressed genes.

GO, gene ontology.
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Figure 2: Network of immune-related DEGs. (A) Venn diagram showing 21 overlapping elements between DEGs obtained from our RNA-seq data and
immune genes loaded from the IMMPORT database. (B) Construction of the PPl network of the 21 immune-related DEGs using the STRING database.
(C) VAV1, VAV3, AHNAK, NEO1, LTBP4, and BLNK mRNA levels were validated in clinical DIC samples. HC group, N = 7; RPL group, N =7 *P < 0.05,
*#*P < 0.01, ***P < 0.001, ****P < 0.0001. DEGs, differentially expressed genes; PPI, protein—protein interaction; DICs, decidual immune cells; HCs,
healthy controls; RPL, recurrent pregnancy loss.

Table 2 : Immune-related DEGs

Gene Fold change P value P adjust value
Upregulated

VAV1 17.78 2.78E-06 0.003
VAV3 16.82 5.24E-06 0.005
SPP1 15.54 4.13E-0S 0.017
HLA-DOBI1 14.98 6.08E-05 0.022
PPARG 14.21 5.73E-0S 0.021
AHNAK 13.40 0.0002 0.045
MX2 12.15 2.02E-0S 0.011
FGEFR1 11.74 3.90E-05 0.017
LIFR 11.69 9.46E-05 0.030
CTSB 11.68 2.40E-06 0.003
TNFRSF9 11.33 8.56E-05 0.028
Downregulated

NEO1 -17.99 3.84E-13 1.29E-08
LTBP4 -17.20 6.15E-05 0.023
ALB -16.19 9.79E-09 4.02E-0S
FGEFR2 -14.13 0.0001 0.035
BLNK -13.98 6.58E-08 0.0001
MAPK14 -13.25 8.47E-07 0.001
APOH -12.27 2.94E-05 0.014
IRES -12.22 3.00E-05 0.014
FGF2 -7.45 4.56E-05 0.018
RAF1 -5.86 0.0001 0.037

the two groups, we next evaluated whether AHNAK in
PBMCs may serve as a potential diagnostic marker for
RPL. Of interest, the receiver operating characteristic
(ROC) curve for the blood AHNAK classifier exhibited
a good AUC (AUC, 0.742; 95% CI, 0.587-0.897; P-value
= 0.008) (Fig. 3D). Together, the upregulation of AHNAK
protein and mRNA expressions occurred in RPL, showing
it might act as a potential diagnostic marker for RPL.

The frequencies of decidual and blood
AHNAK+CD4+T cells were increased in patients
with RPL

Dysregulation of CD4+ Th cell subset immunity during
pregnancy has been reported to induce obstetrical com-
plications, including RPL [24]. Previous research has
demonstrated that AHNAK was especially required for
calcium signaling during CD4+ T-cell activation [12, 13].
Therefore, we further focused on the potential effect of
AHNAK on CD4+ T cells in RPL pathologies. The cell
(Live CD45+CD3+CD4+AHNAK+) gating strategy and
representative scatter plots are presented in Fig. 4A. Our
results demonstrated that the percentages of decidual and
blood CD4+ AHNAK+ T cells in the CD4+ T cell popula-
tion were both higher in the RPL group than those in the
HC group (Fig. 4B and C). Hence, we hypothesized that
the elevated AHNAK in CD4+ T cells may provoke its dys-
function, leading to the RPL phenotype.
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Elevated AHNAK in CD4+T-cells displayed the
feature of producing more IL-6

The CD4+ Jurkat T cell line has been frequently and success-
fully used for T-cell research, and the AHNAK was localized
in its cytosol (Fig. SA). To assess the effect of AHNAK on
CD4+ T cells, AHNAK siRNA was used to treat the Jurkat T
cell line in vitro, and the mRNA and protein levels of AHNAK
were determined by qPCR and Western blotting after trans-
fection, respectively (Fig. 5B-D). Next, we investigated the
mRNA expressions of Th1 cytokines (TNF-a and IFN-y) and
Th2 cytokines (IL-13,IL-5, IL-4, and IL-6) in Jurkat cells with
and without AHNAK siRNA treatment (Fig. SE). The cyto-
kine with the most pronounced change after AHNAK siRNA
transfection was the IL-6, and the decreased IL-6 produc-
tions in the AHNAK siRNA transfected Jurkat cells were also
confirmed by flow cytometry and ELISA assays (Fig. SF-G).
IL-6 has been implicated as a multifunctional cytokine during
pregnancy; however, the role of IL-6 in RPL remains contro-
versial. We observed that in almost all our decidua and blood
samples of HCs, RPL, or all participates, the AHNAK+CD4+
T cells produced a significantly higher amount of IL-6 than
the corresponding AHNAK-CD4+ T-cells subpopulation

(Fig. 6A and B). Moreover, in both decidual and blood CD4+
T-cell populations, the ratios of IL-6+CD4+ T cells were also
higher in patients with RPL than those in HCs and positively
correlated with the ratios of AHNAK+CD4+ T cells (Fig.
6C-F). Overall, these findings demonstrated that the elevated
AHNAK in CD4+ T cells may promote IL-6 production,
which leads to the disruption of immune balance at maternal-
fetal interface of patients with RPL.

Discussion

Chromosomal anomalies, uterine anatomic defects, endo-
crinological problems, autoimmune disease, and others may
form the category of so-called “explained” reasons for RPL;
immune dysregulation may also account for a proportion of
the “unexplained’ cases of RPL [20]. Clinicians should be alert
to an immune disorder-mediated miscarriage that might con-
tribute to a definitive diagnosis. In addition, the elucidation
of the immune regulation mechanism in RPL can contribute
to the development of new drugs and clinical treatments and
some immune-related biomarkers are useful to improve diag-
nosis, clinical predictive capability, and novel therapeutic ef-
ficacy of RPL.



298

>

Li et al.

o] ET L 250 » 1 - ]
e *3  Single cells -y Live cells T
<. % ) S <.
o o 150K = 150K = LT
@ .. 2 2 2
7] ; Lo e [/» JECTE 7] oo
FSC-A Fixable viability
10° j — 10° — En
C 104 '“4: ¥ ot
E 0t
3 ] o i’ < 7
8 i 3 8 m: ; % 0?
O w3 3 3
3 3 <
' 4 '3 0’
10” ] 10 vy ] A BRALLL BUALL BLAMLL AL |
m“l v ‘m:’ - .‘ln‘ o 10" o o’ o’
CD45 CD3 CcD4
B HC RPL
§ m5-§ 10° g 100- *%
] 1]
s 201 713 #1  o58| £ 2
3 < i &
T 10° 4 w“-: 8
3 10° 5 ? ;
E 10°
g - :
10’ E ' 5 i
E = e
o] . °
kil J ™y T P ™y ™y o T Al T T il }
[T 10 10° w0t ® w0 102 10 w0t 10°
» CD4
C HC RPL
¥ 10’ ) 10° 3 '2
< s29| (! i 818 » 3
< 5
E 10* m‘-s E
E 3 [$]
° ¥ 404
x
g 10° o 10’ 4 g
m E E E 20-
102 o 10’ ‘s
E E X 0-
l01u1 T n"u" T '|‘02' T '!Inz' f"l['n; T "|°5' ‘DD |‘n| '|‘n2 "|n3 "In‘ 'In& Hc RPL
» CD4

Figure 4: Patients with RPL exhibited enhanced ratios of decidual and blood AHNAK+CD4+ T cells. (A) The gating strategy of flow cytometry data. (B-C)
Representative image showing the ratios of decidual and blood AHNAK+CD4+ T cells in the CD4+ T cell population were increased in the RPL group.
HC group, N = 7; RPL group, N =7 *P < 0.05, **P < 0.01. HC, healthy control; RPL, recurrent pregnancy loss.

AHNAK is a large protein orchestrating a range of di-
verse biological processes and chemotherapeutic responses
[25]. Several studies have shown that the dysregulated
levels of AHNAK are linked with numerous cancers, such
as breast cancer, gastric cancer, and ovarian cancer [7,
26, 27]. In addition, overexpression of AHNAK could
influence the proliferation, migration, and apoptosis of
HTR-8/SVneo cells [22]. Our present study was designed
to confirm the immunomodulatory effects of AHNAK in
RPL. The flow diagram of this work is shown in Fig. 7. We
first observed that patients with RPL exhibited an altered
transcriptome in DICs. Then, based on the validation

results of RNA-seq data, we identified that the protein
and mRNA levels of AHNAK were all upregulated in the
decidua, DICs, and PBMCs of patients with RPL when
compared to that in the HCs. In addition, AHNAK in the
PBMCs was indicated to be valuable in the diagnosis of
RPL with a high AUC (0.742). As previously reported,
certain genes and miRNAs in PBMCs or immune cells
have been considered to be diagnostic or predictive bio-
markers for immune-related diseases [28, 29]. Compared
to serum biomarkers, whether biomarkers in PBMCs have
advantages in the diagnosis of immune-related conditions
requires further investigation.
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Human CD4+ T cells can be classified into Th1, Th2, regu- is harmful to pregnancy [20]. The dysregulation of Th cell
latory T (Treg), and Th17 cells based on their pattern of  immunity has been confirmed to be present in RPL [24]. In
cytokine production, and they display different biological another respect, previous studies have reported that AHNAK
functions [30, 31]. Research has proposed that successful s highly expressed by CD4+ T cells and acts as a critical com-
pregnancy is a Th2 type phenomenon, and Th1 type reactivity ponent for calcium signaling [12]. Data from the AHNAK-KO



300 Li et al.
A ! AHNAK+IL6+CD4+
g 7 © =
= a7 5.23 HC RPL Al partici
it = participates
E 3 / @ S 8.0- ns * -
2
K=} # e g 6.0 \ \
[T \ Wow o W ':
8 ' ] 2
0 AHNAK-IL6+CD4+ Q 4.0
e P o Pa P AP “1 )
0 10 o 1) 10 L) =|
——» CD4 “11.06 3 201
0.01— : ; r T .
- x *_o x F % ’
T %\;\* & ng* & %’*\v*. \\"*
——»CD4 N
“1 AHNAK+IL6+CD4+
B © "1
<!( ' Ao HC RPL Al participates
= = 4.0+ o = =
I L
l,
- < B 3.0
8 A e N §
i
o | q
=
F 5 1.0 S
i 2
i 0.01— r r T : ;
w? ey ‘) ‘! e§~ n}év*' $§h \?‘év*' éé. Q‘\;V*'
w 1 5 0! @b I v..b N v~.2\ [N
C — CD4
Decidua
RPL E ici
i All participates
260 - 2 8.07 p=0,003
10t 8 3 =
’ 2 e 6.0 R=0.53
" ; 4.0 <t
. 8 8 a0
0* [&] 9
& 20 b
4~ = 20
. 0" . . - . . “6 ‘.6
W W e w2 0.0 2 0.0+ T T T T 1
> CD4 HC RPL 60 70 80 90 100 110
% of AHNAK+CD4+T cells
Blood F -
RPL All participates
225 * 2 357 p=0.001
3 ] 8 3.01 p=0s59 o
w'y = 2.0 T 254
215 S 2.0
3 Q 10 g 1.54
“1 1.40 © & 1.0-
. = o5 = ° o
o 5 5 0.5 °
. w . e.\g 0.0 a\g .3 T T T 1
W W@ HC RPL 20 40 60 80 100
» CD4 % of AHNAK+CD4+T cells

Figure 6: Impact of AHNAK on IL-6 production in human CD4+ T cells (A-B) The frequencies of decidual and blood IL-6 expression (%) in AHNAK+ and
AHNAK- CD4+T cells. (C-D) Representative images showing the frequencies of decidual and blood I-:6+CD4+ T cells in the RPL and HC groups. (E-F)
Pearson’s correlation between expressions (%) of decidual (E) and blood (F) AHNAK and 116 in human CD4+ T cells. HC group, N = 7; RPL group, N = 7;
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mice suggests that AHNAK deficiency could result in CD4+
T cell inactivation and impairment of Th1 and Th2 immunity
[13]. In addition, a novel protein, Mus musculus Gm40600,
could promote CD4+ T cell activation by interacting with
AHNAK [32]. Collectively, AHNAK is important for the ac-
tivation and immune function of CD4+ T cells. In this study,

we identified that both decidual and blood CD4+ T cells ex-
pressed higher constitutive levels of AHNAK (%) in patients
with RPL than that in HCs. Thus, we guessed that CD4+ T
cells may be regulated by elevated AHNAK, presenting more
active phenomena in patients with RPL and exhibiting altered
Th1 and Th2 cytokine production.



Clinical and Experimental Inmunology, 2022, Vol. 209, No. 3

301

Healthy controls Patients with RPL

N=3

P

N=3

¥

RNA sequence of DICs

X0 XK

Sequence data

DEGs

!

IMMPORT
database

Immune
genes

qPCR validation

AHNAK

i In RPL

i

AHNAK was upregulated in DICs, PBMCs
and decidua of patients with RPL

l

Potential diagnostic value (AUC=0.742)

l

Diagnostic biomarker for RPL

l

Ratios of decidual/blood AHNAK+CD4+
T cells increased in patients with RPL

l

The effect of si-AHNAK treatment on the
cytokine production in CD4+Jurkat cells

l

Elevated level of AHNAK in CD4+T cells
may induce more IL-6 production in RPL

l

Disorder of AHNAK-IL-6 axis in CD4+T cells may contribute to

immune dysregulation of RPL

Figure 7: The flow diagram of the current work. AHNAK may act as a diagnostic marker for RPL, and the disorder of AHNAK-IL-6 axis in CD4+T cells

may contribute to the immune dysregulation of RPL.

To further explore the effect of AHNAK on CD4+ T cells,
we used a well-established cell line, the CD4+ Jurkat T cell
line, which has been frequently used for T cell studies since
the cell line is easy to access, grow and transfect [33, 34],
to validate the relationship between AHNAK and classical
Th1/2 cytokine secretion. We discovered that Jurkat T-cells
treated with AHNAK siRNA exhibited a significantly de-
creased IL-6 mRNA level. This finding was further con-
firmed at the protein level by flow cytometry and ELISA
assays. We then proceeded to validate this observation using
clinical specimens. The results showed that the frequencies
of decidual and blood CD4+ T cells simultaneously produ-
cing IL-6 were much higher in the AHNAK+ compartment
compared to the AHNAK-one. Moreover, in both RPL pa-
tients’ decidua and blood samples, the ratios of [L-6+CD4+
T cells in the population of CD4+ T cells were higher than
that in HCs and positively correlated with the ratios of
AHNAK+CD4+ T cells. Together, our results demonstrated

that the elevated AHNAK+CD4+ T cells in RPL could
produce more IL-6, which may have an impact on the im-
mune balance at the maternal-fetal interface. Earlier studies
have reported that the concentration of IL-6 was signifi-
cantly lower in the supernatants of cultured PBMCs from
patients with RPL [20], which seemed to contradict our
discovery. However, growing evidence has highlighted that
an increased IL-6 level could lead to the transformation of
CD4+ T cells into Th17 cells, resulting in the Treg/Th17 im-
balance [35]. Of note, the balance of Th17 and Treg cells
has been reported to be important for successful pregnancy
[36], and the increase in Th17 type cells [24, 37] and the
depletion of Treg cells [38, 39] are associated with RPL.
Hence, we suspected that the elevated levels of AHNAK
(%) in CD4+ T cells led to the increased secretion of IL-6,
which contributed to the imbalanced Treg/Th17 ratio and
finally resulted in early pregnancy loss. Additional studies
are clearly required to delineate these mechanisms further.
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However, the above data presented here may be viewed
with two caveats. First, embryo aneuploidy is responsible for
a major cause of spontaneous abortions [40], while no such
detailed clinical information (such as chromosomal microarray
or karyotyping) was collected for our blood samples for the
qPCR experiments (HC 7 = 17 and RPL 7 = 26). Thus, it was
not possible to rule out the possibility of chromosomal abnor-
malities in these 26 patients with RPL or aneuploidy in the
fetuses. Hence, a more rigorous study on blood samples of pa-
tients with RPL is needed to confirm whether AHNAK can po-
tentially serve as a diagnostic or correlative biomarker. Second,
our current study, like many of the studies on human recurrent
pregnancy loss, has still not demonstrated a direct cause-and-
effect relationship between the inflammatory event and preg-
nancy loss; for instance, an inflammatory maternal response
to a fetus that has died due to non-immunological factors,
could well manifest the IL-6 secretion in CD4+ T cells and/
or the production of other inflammatory cytokines at the ma-
ternal-fetal interface. However, given the association between
IL-6 dysregulation and pregnancy failure, and the previously
demonstrated deleterious effects of IL-6 on the conceptus and
the fetal [41, 42], it is suggested that IL-6-mediated effects may
have been the cause of pregnancy failure in at least a propor-
tion of the cases. Additional studies will be needed to confirm
causality and determine the mechanism of action.

We also acknowledge that several limitations are noted
in the design of the current report. There were a rather low
number of samples in each group for RNA-seq, and we
found the heterogeneity within groups still remained high
using PCA analysis. Thus, more clinical samples for RNA-
seq are needed in the future to identify accurate biomarkers
for RPL. All enrolled patients were from a Chinese hospital
cohort, and the majority had the same background. In add-
ition, only a small number of their samples were analyzed,;
therefore, our results must be interpreted with caution. The
relationship between AHNAK and RPL in other ethnic/gen-
etic backgrounds and a robust statistical validation from a
larger number of specimens should be addressed. Moreover,
although the Jurkat T-cell lines used in this study have been
well characterized and widely used in previous studies [43,
44], they still differ from primary CD4+ T cells. It is possible
that cell lines might contain unknown artifacts in character-
istics and cell culture that affect their epigenetic profiles and
regulatory function and future studies using primary cells
and/or animal models will be helpful to confirm our findings
in this report. We only showed that AHNAK affected IL-6
production in CD4+ T cells, however, whether si-AHNAK
treatment in the Jurkat cell line has an effect on other clas-
sical cytokines production, such as IL-10, TGF-B, or IL-1§,
remains to be explored. In addition to the effects on CD4+
T cells, whether AHNAK has effects on the proliferation and
function of other immune cells at the maternal-fetal interface
also warrants further investigation.
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Supplementary data is available at Clinical and Experimental
Immunology online.
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