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Abstract
Neuropilin-1 (NRP-1) is an essential regulator of maternal immune tolerance, placentation, and angiogenesis. Its dysregula-
tion in preeclampsia (PE) and human immunodeficiency virus (HIV) infection implicates NRP-1 in disease susceptibility 
and progression. Therefore, this study investigates placental NRP-1 immunoexpression in HIV-complicated preeclamptic 
pregnancies in South African women of African ancestry receiving antiretroviral therapy. Immunohistochemistry of recom-
binant anti-neuropilin-1 antibody was performed on placental tissue from 30 normotensive and 60 early onset (EOPE) and 
late-onset (LOPE) preeclamptic women stratified by HIV status. Qualitative analysis of NRP-1 immunostaining within the 
chorionic villi revealed a predominant localization in trophoblasts and syncytial knots as well as endothelial, fibroblast-like, 
and Hofbauer cells. Following morphometric evaluation, we report that PE and HIV infection and/or antiretroviral usage 
independently downregulate placental NRP-1 immunoexpression; however, as a comorbidity, this decline is further aug-
mented within the conducting and exchange villi. Furthermore, reduced immunoexpression of NRP-1 in EOPE compared 
with LOPE villi may be due to maternal–fetal maladaptation. It is plausible that the decreased NRP-1 immunoexpression in 
PE placentae facilitates syncytiotrophoblast apoptosis and subsequent deportation of NRP-1 into the maternal circulation, 
contributing to the anti-angiogenic milieu of PE. We hypothesize that the intense NRP-1 immunoreactivity observed in Hof-
bauer cells at the maternal–fetal interface may contribute to the natural prevention mechanism of HIV vertical transmission.
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TGF-β   Transforming growth factor beta
VEGF  Vascular endothelial growth factor
VEGFR  Vascular endothelial growth factor 

receptor

Introduction

Maternal mortality is a major global concern in sub-Saharan 
Africa, accounting for 66% of the deaths. Despite a signifi-
cant decline in institutional maternal mortality rate within 
South Africa (SA), hypertensive disorders of pregnancy 
(HDP) and nonpregnancy-related infections, particularly 
human immunodeficiency virus (HIV) infection, still remain 
a major burden to national healthcare (Woldesenbet et al. 
2021). In SA, HIV prevalence in pregnant women is 30%, 
with the highest occurring within the KwaZulu-Natal prov-
ince (40.9%) (Woldesenbet et al. 2021). Approximately 18% 
of all maternal deaths in SA result from HDP, predominantly 
due to preeclampsia (PE) and eclampsia (National Commit-
tee for Confidential Enquiry into Maternal Deaths 2018).

The decidualised endometrium plays an essential role 
in embryonic development by protecting the embryo from 
maternal immunological rejection and providing nourish-
ment prior to placentation (Mori et al. 2016; Vinketova 
et al. 2016). Furthermore, the decidua secretes proteins 
that induce trophoblast growth and invasion and promotes 
angiogenesis (formation of new capillaries from preexist-
ing vasculature) during spiral artery remodeling (Wang 
et al. 2018). The uteroplacental vasculature undergoes a 
significant morphological and physiological transformation 
to sustain a healthy pregnancy (Singh et al. 2011). Ideally, 
cytotrophoblast (CT) cells derived from anchoring fetal cho-
rionic villi form a multinucleated syncytiotrophoblast (ST) 
layer, which encompasses the placental villi, thus establish-
ing the maternal–fetal interface for efficient nutrient and 
gaseous exchange. The extravillous trophoblast (EVT) 
infiltration of the decidua and the inner myometrium occurs 
in a set time sequence (Valenzuela et al. 2012; Pijnenborg 
1990; Cartwright et al. 2010). These EVTs also invade the 
fibrinoid-type material that replaces the musculo-elastic 
media within the spiral artery wall, transforming it into 
low-resistance large sinusoidal-like vessels (dilated five to 
tenfold) that facilitates an adequate blood supply, which 
meets the oxygen and nutrient supply required by the grow-
ing fetus. (Brosens et al. 1967; Cartwright et al. 2010). As 
placentation advances, EVT migration reduces the distance 
between the fetal vasculature in the villous stroma and the 
maternal blood in the intervillous space, thereby enhanc-
ing the exchange at the maternal–fetal interface. (Huppertz 
2008). These changes are typically achieved by 20 weeks 
of gestation; however, complications may predispose to PE 
development (Whitley and Cartwright 2009).

Preeclampsia is categorized by time of onset (> 20 weeks) 
i.e., early onset preeclampsia (EOPE < 34 weeks), and late-
onset preeclampsia (LOPE ≥ 34 weeks) (Brown et al. 2018). 
Although the pathogenesis of PE remains multifactorial, it 
is widely accepted that PE emanates from maternal risk 
factors (nulliparity, chronic prepregnancy disease, genetic 
predisposition, etc.) inducing placental/trophoblast stress 
(Staff 2019). Staff (2019) hypothesizes that EOPE follows 
an extrinsic pathway implicating dysfunctional uterine tol-
erization of the allogeneic trophoblast, deficient trophoblast 
invasion, and a lack of the physiological conversion of spiral 
arteries within the myometrium (Staff 2019). In compari-
son, LOPE follows an intrinsic pathway without placental 
maladaptation but involves placental stress/hypoxia exerted 
directly by maternal risk factors or exceeding placental 
capacity (Staff 2019). Nonetheless, both extrinsic and intrin-
sic pathways lead to the second stage of PE, i.e., pervasive 
multiorgan endothelial dysfunction as a result of reduced 
endothelial nitric oxidase synthase bioavailability, vasocon-
striction, hypoxia, oxidative stress, and an anti-angiogenic 
microenvironment leading to the clinical manifestation of 
PE (presence of hypertension, proteinuria, liver dysfunction, 
cerebral edema, eclampsia, etc.) (Kvietys and Granger 2012; 
Brown et al. 2018; Wagner 2004; Redman and Sargent 2005; 
Rana et al. 2019).

Globally, SA has the highest antiretroviral therapy (ART) 
rollout program for the treatment of HIV, including the use 
of ARTs for the prevention of mother-to-child transmission 
(PMTCT) (Pattinson 2014). While the immunosuppressive 
state of HIV infection may reduce the risk of PE devel-
opment in pregnant women, ART usage induces immune 
reconstitution, impairs decidualization, and is associated 
with endothelial injury, eventuating in PE development 
(Naidoo et al. 2021; Sebitloane and Moodley 2017b, 2017a; 
Frank et al. 2004; Pattinson 2014).

Neuropilin-1 (NRP-1) is a versatile transmembrane pro-
tein involved in cell migration and invasion, angiogenesis, 
tumorigenesis, axonal guidance, immune response regula-
tion, and entry of several viruses (i.e., severe acute respira-
tory syndrome coronavirus 2, human T-cell lymphotropic 
virus type 1, and Epstein–Barr virus) into the host cell (Nai-
doo et al. 2022). It serves as a co-receptor for the binding 
of angiogenic ligands such as vascular endothelial growth 
factor (VEGF), transforming growth factor beta (TGF-β), 
human growth factor (HGF), and platelet-derived growth 
factor (PDGF) (Elpek 2015). The expression of NRP-1 in 
normal female reproductive tissue is essential for decidu-
alization and the maintenance of maternal immune toler-
ance and placental angiogenesis (Arad et al. 2017). Of note, 
previous studies observed a downregulation of placental 
NRP-1 expression in PE (Maulik et al. 2016; Xu et al. 2016; 
Arad et al. 2017). Moreover, upregulated NRP-1 expression 
occurs within macrophages and dendritic cells demonstrate 
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HIV resistance and reduced infectivity (Wang et al. 2022). 
Therefore, the expression of NRP-1 is implicated in the sus-
ceptibility to and progression of PE and HIV infection.

Given the paucity of knowledge on the role of NRP-1 in 
PE comorbid with HIV infection in an African population, 
our study is the first to investigate placental NRP-1 immu-
noexpression in HIV-complicated preeclamptic pregnancies 
in South African women of African ancestry.

Materials and methods

Study population

Ethical approval was obtained from the Biomedical Research 
Ethics Committee (BREC), University of KwaZulu-Natal, 
for this prospective study (BREC/00003307/2021). Ninety 
archived placental samples were obtained from pregnant 
women attending a regional hospital in the KwaZulu-Natal 
province of South Africa. The study population was grouped 
into normotensive (blood pressure ± 120/80 mmHg) and 
preeclamptic pregnancies, i.e., new-onset hypertension 
(> 20 weeks) with a blood pressure of ≥ 140/90 mmHg and 
proteinuria of ≥ 300 mg/24 h (Brown et al. 2018). The preec-
lamptic group was subdivided into EOPE and LOPE and all 
pregnancy types were further stratified by HIV status (n = 15 
per subgroup), i.e., normotensive HIV negative (N), normo-
tensive HIV positive (N+), early onset preeclamptic HIV 
negative (EOPE−), early onset preeclamptic HIV positive 
(EOPE+), late-onset preeclamptic HIV negative (LOPE−), 
and late-onset preeclamptic HIV positive (LOPE+).

Inclusion criteria

Normotensive pregnant women and women diagnosed with 
PE, known HIV status (CD4+ cell count ≥ 200 cells/μL, if 
HIV+ and in receipt of ARVs), and singleton pregnancy 
were included in this study. All participants were ≥ 18 years 
old.

Exclusion criteria

Women with eclampsia, chronic hypertension, intrauterine 
death, abruption placentae, polycystic ovarian syndrome, 
chorioamnionitis, preexisting seizure disorders, gestational 
diabetes, chronic diabetes, systemic lupus erythematosus, 
chronic renal disease, sickle cell disease, thyroid disorder, 
antiphospholipid antibody syndrome, connective tissue dis-
order, cardiac disease, asthma, unknown HIV status, patients 
who did not consent to participation, patients who were 
unable to provide informed consent, and women without 
antenatal care were excluded from this study.

Placenta collection and tissue preparation

In the primary study, a segment from the central region 
of each placenta was cautiously excised, avoiding areas 
with macroscopic infarction and immediately fixed in 10% 
buffered formaldehyde solution. The placental tissue was 
dehydrated using an ascending ethanol series, cleared with 
xylene, and infiltrated with paraffin wax using an auto-
mated tissue processor (Sakura 5, Torrance, California, 
USA). The tissue was then embedded in an embedding 
station (Leica EG 1160 embedding station, Germany) and 
stored until required. Prior to the immunostaining pro-
cedure, the paraffin wax-embedded blocks were trimmed 
and cut into 3 μm sections using a rotatory microtome 
(Leica RM2135, UK). Sections were then floated on a 
50 °C water bath (Leica HI1210, Leica Biosystems, UK), 
collected onto X-tra adhesive coated slides (Leica Biosys-
tems, UK), and heat fixed on a 60 °C hot plate (Sakura, 
USA) overnight.

Immunohistochemistry

To expose the target antigens, antigen retrieval was per-
formed using the Rabbit-specific HRP/DAB Detection 
Micro-polymer Kit (ab236469; Abcam, UK). The sections 
were de-paraffined, hydrated, and rinsed in deionized water. 
Thereafter, antigen retrieval was achieved by incubating the 
sections in preheated Tris–EDTA (pH 9.0) target retrieval 
solution for 20 min at 95 °C (ab93684; Abcam, UK). The 
slides were cooled at room temperature (20 min), rinsed, 
and placed in wash buffer solution (5 min). Following this, 
the sections were circled with a delimiting hydrophobic pap 
pen (ab2601, Abcam, UK). To quench endogenous peroxi-
dase, tissue was placed in hydrogen peroxidase-blocking rea-
gent in a humidity chamber (45 min). Following washing, 
the sections were incubated with a protein block (45 min). 
After washing, the slides were incubated at room tempera-
ture with the anti-NRP-1 primary antibody (Recombinant 
Anti-Neuropilin 1 Antibody, EPR3113, ab81321, Abcam, 
USA) in a 1:1000 dilution for 1 h to label the target anti-
gen. Post-washing, the slides were incubated with a second-
ary antibody, goat anti-rabbit IgG horseradish peroxidase 
conjugate (20 min), followed by rinsing in wash buffer. 
Immunoreactivity was detected by 3,3′diamino-benzidine 
(DAB) chromogen. All sections were rinsed, counterstained 
with Mayer’s hematoxylin (30 s), and rinsed again in water 
(2 min). Thereafter, the samples were dehydrated, cleared 
in xylene, and cover slipped. Human placental tissue served 
as the positive control [Fig. 1a]. Replacement of the pri-
mary antibody with a buffer and nonimmune serum of the 
same IgG class as the primary served as the negative control 
[Fig. 1b].
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Morphometric image analysis

An ApoTome 2 microscope (Carl Zeiss, Germany) was 
used to examine immunostaining in four fields of view per 
slide for each villus type (i.e., conducting and exchange) 
at an initial objective magnification of 20× and captured 
at 40× . Following this, Zen Blue 2.5 Pro software (Carl 
Zeiss, Germany) was used to optimize, capture and archive 
images. Fiji/ImageJ image analysis software (Wisconsin, 
USA) was used to segment and measure NRP-1 immu-
noexpression (Schneider et al. 2012). Due to histological 
variation between villus types, different morphometric 
frame strategies were applied. Each conducting villi was 
first framed/segmented. Thereafter, the amount of label 
within both villus types was determined by a two-phase 
threshold and expressed as a total percentage of NRP-1 
immunostaining within the villus area.

Statistical analysis

Data were analyzed using GraphPad Prism software 
version 8.4.3 (GraphPad Software, San Diego, Califor-
nia, USA). Normality tests (D’Agostino and Pearson, 
Shapiro–Wilk, and Kolmogorov–Smirnov) revealed 
nonparametrically distributed patient data; therefore, a 
Kruskal–Wallis test and Dunn’s multiple comparison post 
hoc test was conducted for pregnancy types. These results 
were represented as the median and interquartile range 
(IQR). For the immunoexpression analysis, normality tests 
revealed parametric data; therefore, a one-way ANOVA 
was used to compare pregnancy types and subgroups fol-
lowed by a Holm Sidak’s multiple comparison test. An 
unpaired t-test was used to compare HIV status irrespec-
tive of pregnancy types. These results were represented 
as a percentage (%) mean ± SD. A p-value of < 0.05 was 
considered statistically significant for all tests. Asterisks 
(*) denotes the degree of significance, i.e., *p < 0.05, 
**p < 0.01, ***p < 0.001, and ****p < 0.0001.

Results

Patient characteristics

Table 1 summarizes the demographics and clinical data of 
the study population, which includes maternal age (years), 
systolic and diastolic blood pressure (mmHg), gestational 
age at delivery (weeks), maternal weight (kg), CD4+ T Cell 
Count (cells/µl), and neonatal birth weight (kg) across preg-
nancy types stratified by HIV status. Significantly higher 
systolic and diastolic blood pressures were noted in EOPE 
and LOPE compared with N pregnancies (p < 0.0001****). 
Gestational age was significantly higher in EOPE com-
pared with N (p < 0.0001****) and LOPE (p < 0.0001****) 
pregnancies. Birth weight of neonates was significantly 
lower in EOPE compared with N and LOPE groups, i.e., 
p < 0.0001**** and p = 0.0002***, respectively.

Qualitative immunolocalization of NRP‑1 in the placenta

Distinctive NRP-1 immunoexpression within the fetal cho-
rionic villi was predominantly localized to the endothelial 
(Fig. 3a–f) and medial cells (Fig. 3e) of fetal arterial supply 
and venous drainage of conducting villi. Moreover, NRP-1 
immunostaining was observed in the capillaries and mesen-
chymal stroma of exchange villi (Fig. 4a–f). High immuno-
reactivity was noted within the trophoblast cell populations 
[i.e., EVT (Fig. 2), ST, and CT cells (Figs. 3a and 4c)], and 
mesenchymal fibroblast-like cells (Fig. 3c, b, d) within both 
conducting and exchange villi. Syncytial knots (Fig. 3a, 
d, e] and shed syncytial knots/sprouts (Figs. 3d and 4d, f) 
were also immunostained for NRP-1. Hofbauer cells (HCs, 
placental tissue macrophages) were intensely stained for 
NRP-1 terminal exchange villi in HIV-infected exchange 
villi, regardless of pregnancy type (Fig. 4b, d, f). However, 
red bloods cells were negative for NRP-1 in fetal circula-
tion and the intervillous space (maternal circulation) across 
villus types.

Fig. 1  Experimental controls, 
40× a Human placenta served 
as the positive control for 
NRP-1. b Replacement of the 
primary antibody with a buffer 
and nonimmune serum of the 
same IgG class as the primary 
served as the negative control. 
Scale bar, 100 μm
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Table 1  Patient demographics and clinical data (n = 90)

N normotensive, EOPE early onset preeclampsia, LOPE late-onset preeclampsia, HIV− Human immunodeficiency virus negative, HIV+  Human 
immunodeficiency virus positive, N− normotensive HIV negative, N+  normotensive HIV positive, EOPE− early onset preeclampsia HIV nega-
tive, EOPE+  early onset preeclampsia HIV positive, LOPE− late-onset preeclampsia HIV negative, LOPE+  late-onset preeclampsia HIV posi-
tive. Data are represented as median (IQR). Asterisks (*) denote significance: *p < 0.05, ***p < 0.001, and ****p < 0.0001, ns nonsignificant

Patient data N−
(n = 15)

N+
(n = 15)

EOPE−
(n = 15)

EOPE+
(n = 15)

LOPE−
(n = 15)

LOPE+
(n = 15)

p-value

Maternal age (years) 25.00
(23.00–29.00)

26.00
(21.00–29.00)

25.00
(23.00–32.00)

32.00
(27.00–36.00)

25.00
(22.00–27.00)

27.00
(25.00–33.00)

N versus EOPE 0.5748 ns

N versus LOPE  > 0.9999 ns

EOPE versus LOPE  > 0.9999 ns

HIV− versus HIV+ 0.4303 ns

Systolic BP (mmHg) 110.0
(104.0–114.0)

111.0
(102.0–118.0)

150.0
(143.0–161.0)

148.0
(137.0–166.0)

152.0
(147.0–173.0)

149.5
(141.8–154.5)

N versus EOPE  < 0.0001****
N versus LOPE  < 0.0001****
EOPE versus LOPE  > 0.9999 ns

HIV− versus HIV+  > 0.9999 ns

Diastolic BP (mmHg) 71.00
(65.00–79.00)

71.00
(62.00–78.00)

98.00
(92.00–105.0)

92.00
(90.00–102.00)

101.0
(94.00–106.00)

95.50
(90.75–100.3)

N versus EOPE  < 0.0001****
N versus LOPE  < 0.0001****
EOPE versus LOPE  > 0.9999 ns

HIV− versus HIV+  > 0.9999 ns

Gestational age at deliv-
ery (weeks)

38.00
(36.00–40.00)

37.00
(36.00–39.00)

33.00
(30.00–35.00)

32.00
(29.00 – 36.00)

37.00
(35.75–38.00)

36.00
(35.00–37.00)

N versus EOPE  < 0.0001****
N versus LOPE 0.3797 ns

EOPE versus LOPE  < 0.0001****
HIV− versus HIV+ 0.3598 ns

Maternal weight (kg) 73.00
(67.00–103.00)

75.00
(55.05–93.25)

67.95
(56.40–87.00)

81.00
(73.00–88.20)

76.00
(57.00–85.00)

86.65
(71.03–98.38)

N versus EOPE  > 0.9999 ns

N versus LOPE  > 0.9999 ns

EOPE versus LOPE  > 0.9999 ns

HIV− versus HIV+  > 0.9999 ns

CD4+ T cell count  
(cells/µl)

– 375.0
(231.5–441.0)

– 385.0
(257.0–634.0)

– 390.0
(327.8–507.3)

N+ versus EOPE +  > 0.9999 ns

EOPE+ versus LOPE+  > 0.9999 ns

EOPE+ versus LOPE+  > 0.9999 ns

Neonate birth weight (kg) 3.025
(2.288–3.225)

3.100
(2.675–3.375)

1.700
(1.325–2.225)

2.050
(1.263–2.830)

2.890
(2.630–3.280)

2.850
(2.300–3.100)

N versus EOPE  < 0.0001****
N versus LOPE  > 0.9999 ns

EOPE versus LOPE 0.0002***
HIV− versus HIV+  > 0.9999 ns
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Morphometric analysis of NRP‑1 immunostaining

Conducting Villi

Pregnancy types irrespective of HIV status: The 
NRP-1 immunoexpression was significantly lower 
in PE (11.21 ± 3.874) compared with N pregnancies 
(13.55 ± 4.156), p = 0.0099** (Fig.  5a). NRP-1 immu-
noexpression was significantly decreased in EOPE 
(9.686 ± 2.799) compared with N (13.55 ± 4.156) and 
LOPE pregnancies (12.74 ± 4.230); p = 0.0005*** and 

p = 0.0049**, respectively. NRP-1 immunoexpression were 
similar between LOPE and N groups (p = 0.4075) (Fig. 5b).

HIV status irrespective of pregnancy type: No signifi-
cant difference in NRP-1 immunoexpression was detected 
between HIV+ (11.33 ± 4.276) and HIV− pregnancies 
(12.65 ± 3.850); p = 0.1278 (Fig. 5c).

Across all groups: NRP-1 immunoexpression was sig-
nificantly lower in EOPE+ (9.085 ± 3.132) compared 
with N− (14.31 ± 4.170) and LOPE− (13.35 ± 3.755); 
p = 0.0045** and p = 0.0381*, respectively. No other 

Fig. 2  NRP-1 immunolo-
calization in EVT cells. a EVTs 
invading fibrinoid-like material 
in conducting villi, 20×. Scale 
bar, 200 μm. b EVTs infiltrat-
ing fibrinoid-like material in 
the decidua, 40×. Scale bar, 
50 μm. EVT extravillous cyto-
trophoblast cell, F fibrinoid-like 
material

Fig. 3  NRP-1 immunostaining within conducting villi (20×) in a 
N−, b N+ , c EOPE−, d EOPE+ , e LOPE−, and f LOPE+ groups. 
Scale bar, 200 μm. CT cytotrophoblast cell, EC endothelial cells, FB 

fibroblast cells, M medial cells, S syncytium, SS shed syncytial knot/
sprout, ST syncytiotrophoblast cell, VSM vascular smooth muscle 
fiber
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subgroup comparisons were significantly different (Table 2, 
Fig. 5d).

Exchange Villi

Pregnancy type irrespective of HIV status: The 
NRP-1 immunoexpression was significantly lower 
in PE (24.63 ± 4.335) compared with N pregnancies 
(30.42 ± 4.708), p =  < 0.0001**** (Fig. 5e). NRP-1 immu-
noexpression showed a significant reduction in both EOPE 
(22.62 ± 3.767) and LOPE (26.63 ± 3.962) compared with 
N pregnancies (30.42 ± 4.708); p =  < 0.0001**** and 
p = 0.0007***, respectively. NRP-1 immunostaining was 
also significantly lower in EOPE compared with LOPE 
pregnancies (p = 0.0007***) (Fig. 5f).

HIV status ir respective of pregnancy type: 
NRP-1 immunoexpression was significantly lower in 
HIV + (25.39 ± 4.956) compared with HIV− pregnancies 
(27.73 ± 5.263), p = 0.0327* (Fig. 5g).

Across all groups: NRP-1 immunoexpression was 
significantly reduced in EOPE− (23.20 ± 3.553), 
EOPE+ (22.04 ± 4.005), and LOPE+ (25.13 ± 4.578) 
compared with N− pregnancies (31.84 ± 5.245); 
p =  < 0.0001****, p =  < 0.0001****, and p = 0.0002***, 
respectively. Both EOPE− and EOPE+ pregnancies 
showed decreased NRP-1 immunostaining compared 

with N+ pregnancies (29.00 ± 3.755); p = 0.0017** and 
p = 0.0001***, respectively. Furthermore, EOPE− and 
EOPE+ pregnancies also showed reduced NRP-1 immuno-
expression compared with LOPE− pregnancies (p = 0.0109* 
and p = 0.0009*** respectively) (Table 2, Fig. 5h).

Discussion

The vital role of NRP-1 expression in ensuring pregnancy 
success has been highlighted by various studies (Naidoo 
et al. 2022). Dysregulation exacerbates the development 
of obstetric complications such as fetal growth restriction 
(FGR) and PE (Naidoo et al. 2022). To our knowledge, the 
current study is the first to (1) evaluate NRP-1 immunoex-
pression within EOPE and LOPE placentae independently, 
(2) investigate the effect of HIV infection on placental 
NRP-1 immunoexpression in pregnant women, and (3) to 
assess the influence of PE comorbid with HIV infection on 
NRP-1 placental immunoreactivity.

Irrespective of HIV status, placental NRP-1 immuno-
expression within both conducting and exchange villi was 
downregulated in PE compared with normotensive pregnan-
cies. Dependent on timing of onset, NRP-1 immunoexpres-
sion was reduced in EOPE compared with normotensive 

Fig. 4  NRP-1 immunostaining within exchange villi (40×) in a N−, 
b N+ , c EOPE−, d EOPE+ , e LOPE−, and f LOPE+ groups. Scale 
bar, 100 μm. CT cytotrophoblast cell, EC endothelial cells, FB fibro-

blast cells, HC Hofbauer cell, S syncytium, SB syncytial bridge, SK 
syncytial knot, SS shed syncytial knot/sprout, ST syncytiotrophoblast 
cell
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and LOPE pregnancies. NRP-1 immunoreactivity within 
exchange villi was also significantly reduced in LOPE com-
pared with normotensive pregnancies. A similar trend was 
observed in conducting villi, albeit nonsignificantly. Our 
results in HIV-uninfected pregnant women are corroborated 
by a few studies that report decreased NRP-1 immunoex-
pression in PE compared with normotensive placentae (Yang 

et al. 2021; Xu et al. 2016; Arad et al. 2017). In addition, 
our findings of immunostaining within the trophoblast cell 
populations (i.e., ST, CT, and EVT cells) of both conduct-
ing and exchange villi are supported by Arad et al., who 
found reduced immunoexpression of NRP-1 in the ST layer 
of PE compared with normotensive villi (Arad et al. 2017). 
Furthermore, a decline in NRP-1 and the RNA-binding 

Fig. 5  Graphical representation of NRP-1 immunoexpression com-
parisons between pregnancy types, HIV status, and across all groups 
in conducting and exchange villi. N normotensive, PE preeclamp-
sia, EOPE early onset preeclampsia, LOPE late-onset preeclamp-
sia, HIV− Human immunodeficiency virus negative, HIV+  Human 
immunodeficiency virus positive, N− normotensive HIV negative, 

N+  normotensive HIV positive, EOPE− early-onset preeclamp-
sia HIV negative, EOPE+  early onset preeclampsia HIV posi-
tive, LOPE− late-onset preeclampsia HIV negative; LOPE+ late-
onset preeclampsia HIV positive. Asterisks (*) denote significance: 
*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001

Table 2  Immune-expression of 
placental NRP-1 in conducting 
and exchange villi. Results are 
represented as (%) mean ± SD

N− normotensive HIV negative, N+ normotensive HIV positive, EOPE− early onset preeclampsia HIV 
negative, EOPE+  early onset preeclampsia HIV positive, LOPE− late-onset preeclampsia HIV negative, 
LOPE+  late-onset preeclampsia HIV positive. Data are represented as % mean ± SD

Villous type N−
(n = 15)

N+ 
(n = 15)

EOPE−
(n = 15)

EOPE+ 
(n = 15)

LOPE−
(n = 15)

LOPE+ 
(n = 15)

Conducting 14.31 ± 4.170 12.79 ± 4.142 10.29 ± 2.375 9.085 ± 3.132 13.35 ± 3.755 12.12 ± 4.706
Exchange 31.84 ± 5.245 29.00 ± 3.755 23.20 ± 3.553 22.04 ± 4.005 28.14 ± 2.588 25.13 ± 4.578
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protein [quaking I-5 (QKI-5)] expression was observed in 
trophoblasts upon exposure to a hypoxic microenvironment, 
as seen in PE (Yang et al. 2021). However, they demon-
strated that by upregulating QKI-5 within trophoblast cells, 
NRP-1 expression also increased and significantly improved 
their proliferation in vitro and in vivo since QKI-5 directly 
interacts with the 3′-untranslated region (UTR) of NRP-1 to 
promote cell proliferation and migration via matrix metal-
loprotease-9 (Yang et al. 2021).

In another in vivo study, immunolocalization analysis of 
normotensive second trimester placental bed tissue showed 
that NRP-1 expression within CT cells was upregulated 
as the these cells infiltrated the uterine wall, and strong 
immunostaining was also observed within endovascu-
lar trophoblast cells as well as within endothelial cells of 
the uterine vessels (Zhou et al. 2013). Additionally, FGR 
pregnancies complicated with absent end-diastolic flow in 
the umbilical artery have reduced placental NRP-1 expres-
sion, correlating with PE development (Maulik et al. 2016). 
NRP-1 downregulation also occurs in pregnancies following 
assisted reproductive technologies, a known risk factor for 
PE development (Omani-Samani et al. 2020). Since NRP-1 
promotes sprouting angiogenesis, its downregulation may be 
implicated in deficient vascular branching observed in FGR 
pregnancies and preeclamptic placentae, thereby contribut-
ing to the anti-angiogenic milieu of PE (Maulik et al. 2016). 
Our findings add to the existing pool of evidence implicating 
a decline in NRP-1 immunoexpression in deficient tropho-
blast invasion and the subsequent inadequate spiral artery 
remodeling, and placental maladaptation predisposing PE 
development.

Notably, the trend in placental NRP-1 immunoexpression 
across pregnancy types (i.e., normotensive > LOPE > EOPE) 
observed in our study supports the revised two-stage pla-
cental model of PE (Staff 2019). The expression of NRP-1 
in EOPE is considerably reduced compared with LOPE 
placentae due to the probable causal agents involved in the 
aforementioned extrinsic pathway (Staff 2019). While both 
extrinsic and intrinsic pathways lead to the second stage of 
PE (maternal endothelial dysfunction, hypertension, and 
proteinuria), FGR pregnancies are more common in EOPE 
compared with LOPE, implicating NRP-1 dysregulation in 
this phenomenon (Maulik et al. 2016; Staff 2019).

The syncytium remains viable for several weeks due to 
the presence of apoptosis inhibitors [B-cell lymphoma-2 
(Bcl-2), myeloid cell leukemia 1 (Mcl-1), etc.]; thereafter, 
aged nuclei migrate toward the villous tips to form syncytial 
knots (Huppertz et al. 1998). Similar to apoptotic nuclei, 
the syncytial knots contain condense packed nuclei with no 
distinct nucleoli and the expression of apoptosis inhibitors 
are greatly reduced (Crocker 2007). Therefore, syncytial 
knot formation is considered the result of the apoptotic cas-
cade within the syncytiotrophoblast layer and are eventually 

shed as membrane-sealed vesicles into maternal circulation 
(intervillous space) (Heazell and Crocker 2008). Notably, 
trophoblast apoptosis is believed to be exacerbated in PE 
(Naicker et al. 2013; Tomas et al. 2011). Similar to Arad 
et al., we report NRP-1 immunostaining within syncytial 
knots and shed syncytial sprouts/knots. Interestingly, NRP-1 
regulates apoptosis in cancer and rheumatoid arthritis due to 
its regulation of Bcl-2 expression, Bcl-2 associated X pro-
tein (Bax) translocation, and Mcl-1 expression (Kim et al. 
2006; Ochiumi et al. 2006; Bachelder et al. 2001; Riese et al. 
2012; Wey et al. 2005). Therefore, reduced expression of 
NRP-1 in PE placentae may facilitate this apoptotic pro-
cess (Arad et al. 2017). Furthermore, Awoyemi et al. reports 
NRP-1 immunoexpression within the shed ST microparticles 
(STBMs), particularly in smaller STMBs, in the intervillous 
space (maternal circulation) (Awoyemi et al. 2022). Shed-
ding of STBM from the placenta into maternal blood occurs 
in normal pregnancies and is exacerbated during PE also due 
to elevated apoptosis or aponecrosis (Huppertz et al. 1998). 
Subsequently, the microparticles evoke systemic inflamma-
tion (Naidoo et al. 2021). It is plausible that the expulsion 
of essential NRP-1 into the maternal circulation via shed 
syncytial knots/sprouts (Burton and Jones 2009) and STBM 
upregulates the anti-angiogenic soluble form of NRP-1 
(sNRP-1) (Klagsbrun et al. 2002). Consequently, sNRP-1 
may bind and sequester angiogenic ligands (VEGF, TGF-
β, HGF), hindering angiogenic signaling, thereby induc-
ing endothelial dysfunction, and ultimately predisposing 
to PE development (Mamluk et al. 2002; Smárason et al. 
1993). This implication is supported by Naidoo (2020), who 
reported an increase in circulating sNRP-1 in PE (Naidoo 
2020).

Irrespective of pregnancy type, the immunoexpression 
of NRP-1 within exchange villi was influenced by HIV sta-
tus. A similar trend was observed in conducting villi, albeit 
nonsignificantly. This result is corroborated by Jia et al., 
who showed that the trans-activator of transcription (tat), 
an HIV accessory protein, mimics VEGF through structural 
homology and inhibits  VEGF165 binding to tyrosine kinase 
receptors and their coreceptor NRP-1 in endothelial cells 
(Jia et al. 2001). Consequently, dysregulated basic fibro-
blast growth factor (bFGF) and VEGF-induced extracellular 
signal-related kinase (ERK) activation and mitogenesis in 
endothelial cells inhibited angiogenesis in vitro at concentra-
tions similar to those that impeded VEGF receptor (VEGFR) 
binding (Jia et al. 2001). Furthermore, the tat protein induces 
apoptosis of endothelial cells, independent of VEGF and 
bFGF (Jia et al. 2001).

NRP-1 immunoexpression in the conducting villi was 
only significantly different between EOPE+ compared with 
normotensive− and LOPE− groups, whereas exchange villi 
showed great variability across all groups. In exchange 
villi, NRP-1 immunoexpression was significantly reduced 
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in EOPE−, EOPE+, and LOPE+ compared with normoten-
sive placentae. Both EOPE− and EOPE+ placentae showed 
decreased NRP-1 immunostaining compared with normoten-
sive+ placentae. Furthermore, EOPE− and EOPE+ pregnan-
cies also showed reduced NRP-1 immunoexpression com-
pared with LOPE− pregnancies. Of note, all HIV-infected 
pregnant women in our study received combinations of 
ART, including nucleoside/nucleotide reverse transcriptase 
inhibitors (tenofovir disoproxil fumarate, efavirenz, emtricit-
abine, lamivudine), protease inhibitors (lopinavir/ritonavir), 
and integrase inhibitors (dolutegravir) in accordance with 
national guidelines for improving immunological responses 
and for PMTCT (World Health Organization 2010; National 
Department of Health South Africa 2019). The immune 
reconstitution induced by ART in HIV-infected pregnant 
women may increase their risk of severe comorbidity with 
PE (Tooke et al. 2016; French et al. 2000). Several stud-
ies show that ARTs, such as nucleoside/nucleotide reverse 
transcriptase inhibitors and protease inhibitors, dysregu-
lates decidualization and placentation, inducing maternal 
endothelial dysfunction and the hypertensive manifestation 
denoting PE (Naidoo et al. 2021; Hernández et al. 2017; 
Song et al. 2018; Autran et al. 1999; Powis and Shapiro 
2014).

Given the antiinflammatory and proangiogenic nature 
of NRP-1, the trend observed in NRP-1 immunostain-
ing across all groups (i.e., normotensive− > normoten-
sive+ ≈ LOPE− > LOPE+  > EOPE− > EOPE+) implicates 
HIV infection and/or ART usage in NRP-1 downregula-
tion in HIV-infected placentae. Furthermore, the decrease 
in NRP-1 placental immunoexpression in EOPE+ and 
LOPE+ compared with their HIV-negative counterparts 
suggest that HIV infection and/or ART usage further exac-
erbates the risk of PE development. However, one study 
revealed no significant differences between the proportion of 
peripheral blood CD4+ and CD8+ T cells expressing NRP-1 
as a result of ART-treated or untreated HIV infection when 
compared with HIV-seronegative controls (Lim et al. 2006).

Placental NRP-1 also shows dysregulation in other infec-
tions such as SARS-CoV-2 (Argueta et al. 2022). During 
SARS-CoV-2 infection, NRP-1 serves as a receptor for viral 
internalization and infectivity (Cantuti-Castelvetri et al. 
2020). Interestingly, NRP-1 expression is upregulated in 
SARS-CoV-2-infected placental cells but not in uninfected 
cells; therefore the utilizing of NRP-1 receptors for SARS-
CoV-2 entry is believed to potentially deter the physiological 
signaling action of NRP-1 in pregnancy, thereby dysregulat-
ing angiogenesis (Argueta et al. 2022).

Our qualitative observations of a predominance of HCs 
in HIV-infected placentae irrespective of pregnancy type 
was unexpected. Surprisingly, these cells were all intensely 
immunopositive for NRP-1. Hofbauer cells are placen-
tal villous macrophages of fetal origin present throughout 

pregnancy (Reyes and Golos 2018). Functionally, HCs 
resemble alternatively activated macrophages or M2-like 
macrophages that play a vital role in placental vasculogen-
esis and angiogenesis (Reyes and Golos 2018). Hofbauer 
cells comprise an array of M2a, M2b, and M2c macrophages 
that vary in surface marker expression, cytokine secretion, 
and functions, supporting the idea of a regulatory rather than 
inflammatory role of these cells (Loegl et al. 2016). While 
the number of HCs is reportedly reduced in PE, downregu-
lation of CD74 and a human leukocyte antigen class II his-
tocompatibility antigen-y chain on HCs is believed to alter 
macrophage polarization from an immunoregulatory M2 
phenotype toward a proinflammatory signature impairing 
vital macrophage–trophoblast signaling, promoting maternal 
immune intolerance in PE (Yang et al. 2017; Koi et al. 2001) 
However, we cannot conclusively extrapolate our data to the 
regulation of HCs in HIV-infected PE placentae as CD68 or 
DC-SIGN immunostaining was not concurrently performed.

Despite the presence of the HIV receptors and corecep-
tors (i.e., CD4, CCR5, CXCR4, and DC-SIGN) on HCs, the 
rate of HIV infection in utero in the absence of interven-
tions is only about 15–20% of exposed infants (Johnson and 
Chakraborty 2012; Teasdale et al. 2011). These cells have a 
decreased ability to replicate HIV in vitro and may contrib-
ute to the prevention of vertical transmission of HIV infec-
tion, and are believed to induce immunoregulatory cytokines 
such as IL-10, thereby protecting the maternal–fetal interface 
during continued HIV exposure (Johnson and Chakraborty 
2012). NRP-1 has been recently identified as an antiviral 
protein for HIV infection (Wang et al. 2022). The high 
expression of transmembrane NRP-1 in macrophages and 
dendritic cells (DCs) compared with CD4+ T cells results in 
HIV resistance (Wang et al. 2022). Furthermore, NRP1 gene 
silencing significantly promotes the transmission of HIV in 
macrophages and DCs, thereby amplifying HIV infectivity 
(Wang et al. 2022). Therefore, it is plausible to hypothesize 
that the intense NRP-1 immunoreactivity observed in HCs at 
the maternal–fetal interface emanates from HIV resistance, 
thus contributing to the natural mechanism of PMTCT.

In summary, our study provides a novel insight into the 
downregulation of NRP-1 expression in HIV-infected preec-
lamptic placentae. This study shows that, independently, PE 
and HIV infection downregulate placental NRP-1 immu-
noexpression; however, as a comorbidity, this decline is 
further augmented within ST, CT, and endothelial cells of 
exchange and conducting (to a lesser extent) villi. Moreover, 
the decline in NRP-1 immunoexpression in EOPE compared 
with LOPE villi may be due to maternal immune intolerance, 
deficient trophoblast invasion, and incomplete spiral artery 
remodeling. Furthermore, it is plausible that the reduced 
immunoexpression of NRP-1 in PE placentae facilitates ST 
apoptosis and subsequent deportation of NRP-1 into the 
maternal circulation via shed syncytial knots/sprouts, which 
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may bind and sequester angiogenic ligands contributing to 
the anti-angiogenic milieu of PE. Finally, considering the 
recent study showing HIV resistance in macrophages due to 
NRP-1 expression, we hypothesize that the intense NRP-1 
immunoreactivity observed in HCs at the maternal–fetal 
interface emanates from HIV resistance thus contributing 
to the natural mechanism of PMTCT.

Strengths, limitations, and future recommendations

The morphometric evaluation of placental NRP-1 immuno-
expression was performed and inspected by two independ-
ent researchers, ensuring the reliability of the results. All 
HIV-infected pregnant women in our study received ART; 
therefore, it is unclear whether the observed placental NRP-1 
immunoexpression resulted from HIV infection, ART usage, 
or both. This study did not control for EOPE gestational age 
using patients with other preterm delivery complications, 
such as preterm premature rupture of membranes or FGR, 
since they were uncommon at the site in which the study 
was conducted. It may also prove beneficial to establish a 
correlation between NRP-1 and other angiogenic and inflam-
matory factors across pregnancy types (including mild, mod-
erate, and severe PE) and across all trimesters during gesta-
tion. Moreover, further large-scale studies are warranted to 
validate the role of NRP-1 in pregnancy, PE, HIV infection, 
and ART usage. The regulation of NRP-1 within HCs in 
HIV-infected PE placentae is inconclusive with our data as 
CD68 or DC-SIGN immunostaining was not concurrently 
performed; therefore, it necessitates clarification. Future 
studies are also invited to confirm our hypothesis associating 
NRP-1 immunoexpression in HCs with the natural PMTCT 
of HIV infection.
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