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Abstract

The role of angiogenesis in preeclampsia pathogenesis is widely studied; however, despite the lymphatic vessels’ complemen-
tary role to the blood vascular system, studies on their morphology in the placenta and placental bed are lacking. In total, 87
placental bed specimens were utilized, which were grouped into normotensive pregnant (n=28), early-onset preeclampsia
(n=31), and late-onset preeclampsia (n =28), and further stratified by human immunodeficiency virus (HIV) status. Tissue
was immunostained with podoplanin antibody to investigate whether HIV infection affects lymphangiogenesis. The lymphatic
capillary density and luminal areas within the placental bed were morphometrically assessed. Lymphatic microvessel density
and mean area/lumen in the preeclampsia group were higher and larger than in the normotensive group, respectively (p =0.01
and p=0.001). A correlation between blood pressure levels and lymphatic microvessel density was observed (r>0.272;
p <0.032). Significant differences were observed between the mean microvessel density of normotensive HIV-uninfected
and HIV-infected groups (5.9 +2.3 versus 7.5+ 2.8, p=0.01) and late-onset preeclampsia HIV-uninfected and HIV-infected
groups (7.1 £3.9 versus 7.8 +£2.7, p=0.01). The mean area/lumen between normotensive HIV-uninfected and HIV-infected,
and late-onset preeclampsia HIV-uninfected and HIV-infected groups were significantly different (p =0.03 and p=0.001).
Small lymphatic capillaries were significantly abundant in late-onset preeclampsia HIV-infected (p =0.03) and normotensive
HIV-infected (p =0.0001) groups compared with uninfected groups. Lymphatic capillary density and area/lumen upregula-
tion was observed in the placental bed of HIV-infected women, with a positive correlation between maternal blood pressure
and lymphatic microvessel density, potentially affecting birth weight in the preeclampsia group.

Keywords Early- and late-onset preeclampsia - Normotensive - Human immunodeficiency virus - Lymph angiogenesis -
Lymphatic microvessel density

Introduction

A successful pregnancy depends on decidualization, implan-
tation of the blastocyst, and the development of the pla-
centa. Under steroid hormone regulation, decidualization
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is accompanied by significant remodeling of both blood
and lymphatic vessels, ensuring the placenta receives an
adequate blood supply (Yu et al. 2022). Preeclampsia (PE)
is a pregnancy-specific disorder that accounts for substan-
tial maternal and perinatal morbidity and mortality world-
wide, being especially high in low- and middle- income
countries (LMICs) (Ghulmiyyah and Sibai 2012; Moodley
et al. 2016). This is a heterogeneous disorder that may be
classified by gestational age into early-onset preeclampsia
(EOPE), in which clinical signs and symptoms occur before
34 weeks of gestation, and late-onset preeclampsia (LOPE),
where clinical signs and symptoms occurs after 34 weeks of
gestation (Gathiram and Moodley 2020). They are consid-
ered two distinct disease entities, with severe complications
of both the mother and baby occurring more often in EOPE
compared with LOPE (Guo et al. 2021; Otalike et al. 2022).
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The placenta plays a significant role in the pathophysiology
of PE (Chau et al. 2017; Jim and Karumanchi 2017).

Research on the vascular pathology of PE has focused on
the role of uterine spiral arteries in the placenta and placen-
tal bed (Pijnenborg et al. 2010; Ergen et al. 2018). Coelho
et al. (2006) reported decreased microvessel density in the
decidua and myometrium in PE, with severe features associ-
ated with low birth weight babies (Coelho et al. 2006). In
contrast to the role of angiogenesis in the pathogenesis of
PE, studies on lymphatic vessel biology are sparse, despite
their complementary role to the blood vascular system.

The lymphatic system is an essential vascular network for
lipid absorption, fluid homeostasis, and immune surveillance
(Cifarelli and Eichmann 2019). The lymphatic microvessels
(LMVs) have a homeostatic role in the collection of arteri-
olar fluid leakage and drainage to collecting lymphatic ves-
sels and nodes (Zhou et al. 2024). To accomplish this func-
tion, the LM Vs undergo dilation, similar to spiral arteries,
during pregnancy (Wang et al. 2011). Recently, He et al.
(2017) and Windsperger et al. (2018) demonstrated that
decidual lymphatics and veins are the first to be invaded by
human extravillous trophoblasts in early pregnancy, before
the remodeling of spiral arteries, implicating a role in the
pathogenesis of PE (He et al. 2017).

In pregnancy, the increased plasma volume and blood
flow to placental lakes requires the development of a rich
lymphatic network in the decidua (fetal and maternal) to
ensure homeostasis. There is a variation in lymphatic ves-
sel architecture, and evidence for placental bed lymphangi-
ogenesis, during gestation (Volchek et al. 2010). The size
and number of blood and lymphatic vessels increases, and
blood flow within the uterus rises to 500-600 mL/minute,
of which 80% is directed toward the placental bed (Newton
and May 2017). In term pregnancies, the lymphatic vessel
profiles are large with a prominent open lumen, while in PE,
there are reports of an upregulation of lymphangiogenesis
(Volchek et al. 2010). These studies, however, did not take
into consideration the current classification of the subcat-
egories of early-onset preeclampsia (EOPE) and late-onset
preeclampsia (LOPE) (Brown et al. 2018).

Human immunodeficiency virus (HIV) infection con-
tributes significantly to maternal and fetal morbidity and
mortality worldwide (Ghulmiyyah and Sibai 2012; Moodley
et al. 2016). More than 17 million women are infected with
HIV globally, of whom the majority live in the sub-Saharan
region (Chau et al. 2017). Currently, 1.2 million women who
are pregnant are infected with HIV globally (Global AIDS
Monitoring 2023 (UNAIDS 2022); UNAIDS 2023 esti-
mates). The leading cause of maternal mortality rate (MMR)
in South Africa (SA) is non-pregnancy-related infections,
such as HIV, tuberculosis, pneumonia, etc. (National Depart-
ment of Health Annual Report for 2021). In 2020/2021, the
maternal mortality rate (MMR) in South Africa (SA) was
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120.9 maternal deaths per 100,000 live births. This repre-
sents a slight decrease in the period 2021/2022, when the
MMR in SA was 119.1 deaths per 100,000 live births. Cur-
rently, the MMR in SA is 125 deaths per 100,000 live births
(National Department of Health Annual Report for 2021;
Pillay and Moodley 2024).

Pregnant women with HIV have a higher risk of dying
during pregnancy and the postpartum period compared with
uninfected pregnant women (Lathrop et al. 2014). Moreo-
ver, the risk of preterm birth, low birth weight, small for
gestational age fetuses, and stillbirth are greater in women
living with HIV (Harris and Yudin 2020). In KwaZulu-Natal
Province (SA), the HIV prevalence in pregnant women is
44.5%, and it remains a serious public health concern (Jim
and Karumanchi 2017). However, since the introduction of
highly active antiretroviral therapy (HAART), mother-to-
child transmission of HIV has decreased to <2% ,and both
neonatal and maternal prognosis have improved consider-
ably (Okada et al. 2018). Hypertensive disorders of preg-
nancy affects 4-8% of all pregnancies worldwide (Booker
2020). Globally, it is also responsible for over 500,000
fetal and neonatal deaths and over 70,000 maternal deaths
(Magee et al. 2022). In SA, preeclampsia (PE) and eclampsia
account for the majority of deaths associated with hyperten-
sive disorders of pregnancy (Moodley 2020).

The lymphatic system has a vital role in homeostasis,
absorption of lipid molecules, and immune cell trafficking
(Ho and Srinivasan 2020; Yousef et al. 2021; Arasa et al.
2021). Of note, lymphangiogenesis (growth of new lym-
phatics) is associated with inflammatory conditions such
as viral infections (Deng et al. 2023). There is a reduced
placental transfer of maternal antibodies during HIV infec-
tion (Dimitriadis et al. 2009). It is not the only pathway used
by the virus to infect other cells, such as macrophages and
dendritic cells. The dual tropic HIV-1 variants, using the
co-receptors CCR5 and CXCR4, can result in infection of
monocytes/macrophages, leading to entry into the mucosa
and the lymphatic endothelial cells (LECs) (Vinketova et al.
2016). Endothelial cell progenitors for capillary lymphatics
originate from the endothelial vein. From the capillary lym-
phatics, the virus is transported to the lymph nodes, where
it continues replicating (Pijnenborg et al. 2010; Ergen et al.
2018). There is evidence of HIV-1 affecting the dysfunc-
tion of vascular endothelial blood and lymphatic cells. It
has been reported that the HIV-1 envelope glycoprotein
(gp120) and its accessory protein transactivator of transcrip-
tion (Tat) both contribute to vasculopathy. The HIV-1 gp120
induces apoptosis in endothelial cells (Hijmans et al. 2018).
Furthermore, the HIV gp120 compromises the lymphatic
endothelial barrier by inducing hyperpermeability (Zhang
et al. 2012). Slit2 inhibits Robo4 with fibronectin, and then
protects gp120, making Slit2/Robo4 a regulator of endothe-
lial permeability (Red-Horse 2008; Zhao 2015).
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Recently, data have suggested that HIV proteins may
contribute to the production of transforming growth factor
beta-1 (TGF-p1) and Tat protein (Wang et al. 2011). The lat-
ter has been shown to induce synthesis of TGF-f1 by human
leukocytes (Wang et al. 2011). HIV infection, with its S75X
variant pl7, is reported to promote angiogenesis and lym-
phangiogenesis (Volchek et al. 2010; He et al. 2017), and it
has been observed that the HIV-1 Tat protein induces pro-
duction of proinflammatory cytokines by human dendritic
cells and monocytes/macrophages through engagement of
the TLR4-MD2-CD14 complex and activation of the NF-kf3
pathway (Newton and May 2017). These proinflammatory
cytokines enhance lymphangiogenesis in normal pregnancy
and in other organs (Coelho et al. 2006; Newton and May
2017). Furthermore, researchers have observed important
lymphangiogenesis activity in the decidua (Tammela and
Alitalo 2010; Liao et al. 2012; Brown et al. 2018).

Despite the reduction in vertical transmission of HIV and
the decline in maternal mortality rates, highly active antiret-
roviral therapy (HAART) has been implicated in the regula-
tion of angiogenesis and lymphangiogenesis with endothe-
lium dysfunction (Vranova and Halin 2014; Yu et al. 2014;
Veerbeek et al. 2015). Therefore, we hypothesize that HIV
infection may interact with the developmental architecture
and function of lymphatic capillaries in the peripheral and at
the maternal—fetal interface (placental bed) during placenta-
tion or during the pregnancy.

The aim of this study was to evaluate lymphatic microves-
sel density (LMVD) and the field area of these lymphatics
within the placental bed in samples obtained from cases of
PE, stratified by gestational age into early-onset and late-
onset PE, and normotensive controls stratified by HIV status.

Materials & methods

This study was conducted at a large regional hospital in
Durban, South Africa. Ethical approval was obtained from
the Biomedical Research Ethic Committee of University of
KwaZulu-Natal (reference no. BE 040/12).

Following informed written consent, 87 women undergo-
ing elective caesarean births participated in the study. They
were divided into three groups: normotensive (N, n=28),
early-onset preeclampsia (EOPE, n=31), and late-onset
preeclampsia (LOPE, n=28). Each subgroup was stratified
according to HIV status, namely HIV uninfected (HIV —)
and HIV infected (HIV +). The healthy normotensive group
included women at 38 weeks gestation having a planned
caesarean birth. Preeclampsia was defined as new onset of
hypertension (> 140/90 mmHg) after 20 weeks of gestation
in a previously normotensive patient, associated with pro-
teinuria and or evidence of organ involvement (Magee et al.
2022). Early-onset preeclampsia was defined as hypertension

and proteinuria that developed prior to 33 weeks plus 6 days
gestational age, while the definition of LOPE was the devel-
opment of hypertension and proteinuria after 34 weeks.

All HIV-infected women were on HAART, which at the
time of obtaining the placental bed samples was a regimen
of HAART initiated before pregnancy or during pregnancy.
Two regimens were prescribed, i.e., regimen 1: nevirapine/
lamivudine/tenofovir and regimen 2: tenofovir/emtricit-
abine/efavirenz. The inclusion criteria consisted of speci-
mens representative of arteriole and lymphatic capillaries,
specimens representative of decidua and myometrium, and
a specified HAART regimen.

Placental bed collection

Placental bed biopsies were collected at the time of caesar-
ean delivery (CD) according to the technique described by
Pijnenborg et al. (2010) and Veerbeek et al. (2015). Follow-
ing the birth of the baby and delivery of the placenta, a cen-
tral wedge of placental bed, 1 cm® in diameter, was biopsied.

The placental bed biopsy was fixed in 10% buffered for-
maldehyde for 1 h, dehydrated, and embedded in paraffin
wax. Three-micron sections were stained with hematoxylin
and eosin (H&E) to confirm the validity of a true placental
bed specimen by identification of spiral arteries together
with extravillous trophoblast cells.

Immunohistochemistry

Sections (3 um) were immunostained using the Dako Envi-
sion Flex detection system kit (Envision + System + HRP;
K800021; Dako, Denmark) with a monoclonal mouse anti-
human podoplanin (PDPN) antibody (ready-to-use; clone
D2-40; 20 min; Dako, Germany). The lymph node served
as a positive control. Replacement of the primary antibody
with a buffer or with nonimmune sera of the same IgG class
served as a method control and IgG control, respectively.
A qualitative evaluation of PDPN immunolocalization was
performed.

Microvessel morphometry

Serial sections of H&E- and PDPN-stained placental biopsy
samples, consisting of decidua and myometrium, were ana-
lyzed. A qualitative assessment of arteries and LMVs were
reported according to their size, shape, and density.

Only sections identifying decidua, myometrium, lym-
phatic microvessels, and spiral arterioles/veins were retained
for analysis. The analysis quantified microvessels on tissue
stained with PDPN at 20X using the Axioscope Al micro-
scope (Carl Zeiss, Germany) interfaced with the Axiovi-
sion image analysis software (version 4.8.3; Carl Zeiss,
Germany).
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Lymphatic microvessel density

The inclusion criterion was the presence of a LMV immu-
nostained with PDPN at an initial magnification of 20x. All
blood vessels were excluded. The number of vessels per
region of interest (ROI) within the decidua and myometrium
was assessed. The LMVD was calculated from the number
of vessels per ROI in square microns viewed (#/pym?). Lym-
phatic microvessels were also categorized by size into small,
medium, and large within the decidua and the myometrium.
An average ratio of 1 spiral artery to 3—5 LM Vs within the
decidua was viewed as normal (Red-Horse 2008). A correla-
tion between the LMVD and pregnancy outcomes [severity
of the disease, fetal intrauterine growth restriction JUGR),
and baby and placental weight] was evaluated.

Lymphatic microvessel lumen area

After outlining the external lymphatic endothelium cells
(LEC), the internal area of the lymphatic capillary (ALC)
lumen was calculated with software and expressed in pm?>.
The mean area of lymphatic capillary lumens (pm?), i.e.,
the average of all the vessel areas in square microns, was
determined. The ALC was considered as “small” if the area
was < 5000 um? (including collapsed lymphatic capillaries)
and “large” if the area was > 5000 um?. LMVD and LMV
luminal area were evaluated within the decidua and myome-
trium according to pregnancy status (PE and normotensive).
We classified the capillaries into “small” and “large” on the
basis of capillary diameters, which were 50-200 pm (Scal-
lan et al. 2010).

Statistical analysis

Data were analyzed using SPSS statistical software (version
25 for Windows; IBM Corp., USA). Post-normality testing,
parametric data are presented as means and standard devia-
tions. Subgroup comparisons were done using Mann—Whit-
ney U tests to compare two groups, and Dunn’s multiple

Fig. 1 Normotensive HIV-positive: large and small collapsed LMVs
were observed mainly in the myometrium as well as at the decidual—
myometrial junction. LMV lymphatic microvessel. Scale bar=100 um

comparison test was used to compare more than two groups.
A value of p <0.05 was considered significant.

Results

The associations between demographic/clinical data across
study groups is presented in Table 1.

Immunostaining of PDPN in LMVs

Within the normotensive sample, there was a dense LMV
network within the decidua. PDPN was immunolocalized
within endothelial cells of LM Vs in the decidua and myo-
metrium. Trophoblast cells were not immunostained with
PDPN; however, they were identified by structure and size
within H&E- and PDPN-immunostained sections. LMVs
varied in size and shape. Large LMVs were noted adjacent
to spiral arteries. Small and collapsed LM Vs were observed

Table 1 Demographics of the preeclampsia and normotensive groups (n=_87)

Parameters Study group p-Value

N (n=28) EOPE (n=31) LOPE (n=28) N versus EOPE N versus LOPE EOPE versus LOPE
Maternal age, mean (years) 27.1+£5.4 32.56+348  37.63+£3.48 p=0.001 p=0.1 p=0.01
Gestational age (weeks) 38.5+1.1 32.56+348  37.63+£348 p=0.01 p=0.1 p=0.01
Maternal systolic BP (mmHg) 110.52 £8.75 1552+2.82  160.5+16.49 p=0.001 p=0.001 p=0.05
Maternal diastolic BP (mmHg) 68.14+6.88 99.0+0.98 100.52+17.98 p=0.01 p=0.01 p=0.05
Baby weight (g) 3302.475+£257.3 2091.45+98 2961.55+119.73 p=0.001 p=0.05 p=0.001

N normotensive, EOPE early-onset preeclampsia, LOPE late-onset preeclampsia

p<0.05, p<0.01, and p <0.001 show statistical significance
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Fig.2 Early-onset preeclampsia HIV-positive: myometrium of early-
onset preeclampsia with a collapsed lymphatic microvessel (LMV).
Scale bar=100 um

Fig.3 Late-onset preeclampsia HIV-positive: large LMVs within
myometrium of late-onset preeclampsia. Scale bar=100 um

mainly in the myometrium, as well as at the decidual-myo-
metrial junction (Fig. 1).

However, small and collapsed LM Vs occurred predomi-
nantly in the EOPE group. Long and collapsed LMVs were
frequently observed in the EOPE group. Similarly, the myo-
metrium had a rich network of small and collapsed LMVs
(Fig. 2).

Large LMVs and large blood vessels occurred in both
LOPE and normotensive tissue. In LOPE, abundant infiltrate
of polymorphonuclear leukocytes and macrophage-like cells
were observed around small and collapsed LM Vs (Fig. 3).

These are immune cells that include polymorphic multilobed
nuclei.

Morphometric analysis of LMVD and LMYV field
area within the placental bed in preeclampsia
and normotensive

In PE (n=59), the mean LMVD was 7.4 + 3.0 units com-
pared with a mean of 6.8 +3.3 in the normotensive (N) preg-
nant group (p =0.01). The overall LMV field area per ROI
in PE (n=59) and N (n=28) was 13,017.5 +247.6 um? and
5232.1+ 171.4 ym?, respectively (p=0.001).

Evaluation of LMVD and LMV lumen area
within the placental bed in EOPE and LOPE

The LMYV field area (mean =+ standard deviation) within the
placental bed of EOPE and LOPE was considerably larger
compared with the normotensive (N) group (p =0.005 and
p=0.0001, respectively). Furthermore, at gestational age
of 32.56 +3.48 weeks, the EOPE group had a significantly
higher LMV lumen area (11,663.8 +235.4 um?) compared
with the N group (5232.1+171.4 um?) (p=0.0001). At ges-
tational age of 37.63 +3.48 weeks, the LOPE group had a
higher LMV area (14,416.0 +257.7 um?) compared with the
N group (5232.1 +171.4 um?) (p=0.0001). The distribution
of LMVs varied in number and size from small to large in
the different study groups. In the EOPE group, the number
of LMVs (7.2 +3.3) was significantly different compared
with the N group (6.8 +3.3) (p=0.01). Similarly, the num-
ber of LMVs in LOPE (7.5 +3.3) was significantly differ-
ent compared with the N group (6.8 +3.3) (p=0.01). No
significant difference was noted in the number of LMVs in
EOPE (7.2 +3.3) versus LOPE (7.5 +3.3) groups (p=0.08)
(Table 2; Figs. 4 and 5).

Correlations between LMVD and level of blood
pressure

A weak positive correlation was observed between the
LMVD and BP in the EOPE (r = 0.2; p = 0.06) and the
LOPE (r = 0.3; p = 0.03) groups (Table 3).

Comparison of lymphatic capillary density means

Comparing the lymphatic capillary density (LCD) means
in the N— (5.9 +2.3) and N+ (7.5 +£2.8) subgroups, we
noticed that HIV infection enhanced LCD lymphangiogen-
esis in the placental bed of normotensive pregnant women
(p=0.01). Furthermore, a similar result was observed
between LOPE— and LOPE+ groups (p =0.01). We also
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Table 2 Lymph angiogenesis in placental bed in early-onset preeclampsia and late-onset preeclampsia, and maternal and fetal outcomes

Study group p-Value
Parameter N (n=28) EOPE (n=31) LOPE (n=28) N versus EOPE N versus LOPE EOPE versus LOPE
LMV mean field area (um?) 5232.1+171.4 11,663.8+235.4 14,416.0+257.7 p=0.0001 p=0.0001 p=0.005
LMV mean density (x/pmz) 6.8+3.3 72433 75433 p=0.01 p=0.01 p=0.08

N normotensive, EOPE early-onset preeclampsia, LOPFE late-onset preeclampsia, LMV lymphatic microvessel

p <0.05 is considered significant, and p <0.01 and p <0.001 is considered statistically significant
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Fig.4 Lymphatic microvessel field area across study groups, irre-
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Fig.5 Lymphatic microvessel density across study groups, irrespec-
tive of HIV status

Table 3 Correlations between LMVD and blood pressure

Correlation r-Value p-Value
LMVD and BP (N) 0.1 0.44
LMVD and BP (EOPE) 0.2 0.06
LMVD and BP (LOPE) 0.3 0.03
Significance denoted by p < 0.05

EOPEearly-onset  preeclampsia, LOPFElate-onset preeclampsia,

Nnormotensive, LM VD lymphatic microvessel density, BPblood pres-
sure

report a higher LCD in EOPE— (7 +3.8) and in EOPE+
groups (7 +£2.4) compared with N— (5.9+2.3) (p=0.04).

@ Springer

However, there was no significance difference between the
two EOPE subgroups (p=0.5) (Tables 4, 5; Fig. 6).

Comparison of mean area of lymphatic capillary
lumen

A significant difference was noted at p <0.05.

N- versus N+, p=0.05; EOPE— versus EOPE+, p=0.5;
LOPE- versus LOPE+, p=0.001.

In the N group, the mean area of LC lumen in
N+ (6643.8 +192.1) was enhanced and significantly differ-
ent from N— (4629.3+112.9) (p=0.05). The mean ALC
in LOPE— was smaller than in LOPE+ (6118.5+193.0
versus 12,527.9+225.2; p=0.001). We observed no sta-
tistical differences between mean ALCs of EOPE— and
EOPE+ groups (6079 +240.5 versus 6029.4 +412.9; p=0.5)
(Tables 4and 5; Fig. 7).

HIV negative status seems to make a statistical difference
between large (L) and small (S) capillaries in the N and
LOPE groups (p=0.06 and p=0.03, respectively). LC were
predominately in the myometrium. No significant differ-
ence was noted between mean LCD in the decidua (7 +1.6)
and LCD in the myometrium (4.6 +2.4) in the N— group
(p=0.1). The distribution of LC in N+ was more in the
decidua (9 +2.9) compared with the myometrium (6.0 +2.0;
p=0.05) (Tables 6and 7; Fig. 8).

Antiretroviral therapy

Among the normotensive pregnant women with HIV, 1
patient was on regimen 1 and 13 were on regimen 2. In the
subgroup EOPE+, ten participants were on regimen 1 and
four participants were on regimen 2, whereas six and eight
participants were on regimen 1 and regimen 2 in LOPE+,
respectively. The comparison between LOPE+ (8 cases) and
N+ (13 cases) on regimen 2 showed a significant increase of
lymphangiogenesis in LOPE+ specimens (p =0.05). Teno-
fovir was the common denominator antiretroviral used in all
infected subgroups. Regimens 1 and 2 were predominately
used in EOPE+ and in LOPE+, respectively. The two regi-
mens were almost equally prescribed in LOPE.
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Table 4 Lymphatic capillary (LC) density and area lumen capillary (ALC) in pregnancy type HIV— and HIV+

Parameter Study group

N (n=28) EOPE (n=31) LOPE (n=28)

NHIV- N HIV+ EOPE HIV— EOPE HIV+ LOPE HIV—- LOPE HIV+
LCD mean+SD 59+23 75+2.8 7+3.8 T7+2.4 7.1£39 7.8+£2.7
(n/pm?)
ALC, mean+SD 4629.3+112.9 6643.8+192.1 6079 +240.5 6029.4+412.9 6118.5+193.0 12,527.9+£225.2
(um?)
Total slides viewed 14 14 15 16 14 14

LCDlymphatic capillary density, ACLarea lymphatic capillary lumen, n number. Differences were considered significant at p <0.05

Table 5 p-Values

Groups compared p-Value

LCD ALC
N-— versus N+ 0.1 0.05
N- versus EOPE— 0.04 ns
N- versus EOPE+ 0.04 ns
EOPE+ versus EOPE— 0.5 0.5
LOPE- versus LOPE+ 0.01 0.001

12

10
8
4
2
0

N HIV- N HIV+ EOPE HIV- EOPE HIV+ LOPE HIV- LOPE HIV+
STUDY GROUPS

LCD (n/um3)
o

Fig.6 Lymphatic capillary density across the study population

Discussion

This study is novel in that it demonstrates lymphatic
microvessel density and luminal area within the placental
bed of normotensive pregnant women versus women with
PE (stratified by gestational age into EOPE and LOPE). We
report higher LMVD and lymphatic luminal area within the
placental bed of PE compared with normotensive pregnant
women. More specifically, we demonstrate that LMVD in
the placental bed of EOPE and LOPE was dependent on
gestational age, and that maternal and fetal outcomes were
associated with the level of lymphatic vessel differentiation.

14000

12000
10000
£ 8000
Q
2 6000
4000
2000
0
NHIV- N HIV+ EOPE EOPE LOPE  LOPE
HIV-  HIV+  HIV-  HIV+
STUDY GROUPS

Fig.7 Mean area of the lymphatic capillary lumen across the study
population

Our findings corroborate the presence of a rich LMV
network at the maternal—fetal interface (Wang et al. 2011;
Volchek et al. 2010; Liu et al. 2015). Notably, plasma vol-
ume and blood flow to placental lakes in pregnancy requires
the development of an extensive lymphatic network at the
decidua (fetal and maternal) to ensure homeostasis. We
report a significant difference in LMVD between normoten-
sive pregnant and PE groups irrespective of gestational age.
In normal pregnancy, it is noted that the size and number of
lymphatic vessels and blood vessels increase, resulting in
blood flow of 500-600 mL/min, with 80% being directed to
the placental bed (Newton and May 2017).

Pregnancy is considered a state of mild-to-moderate
maternal systemic inflammation in response to the fetal allo-
graft (Mor et al. 2011; Lely et al. 2013; Graham et al. 2017).
In response, the placenta produces a range of immunomodu-
latory hormones and cytokines that promote lymphangiogen-
esis (Mor et al. 2011; Lely et al. 2013; Vranova et al. 2014;
Liu et al. 2015; Veerbeek et al. 2015; Graham et al. 2017).
Moreover, in PE, the exaggerated inflammatory milieu pro-
motes an increase of lymphangiogenic factors (Harmon et al.
2016; Aggarwal et al. 2019). Our observation of elevated
LMVD and LMYV luminal area in PE compared with normo-
tensive pregnancies may be a compensatory mechanism to
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Table 7 Lymphatic capillary
density p values comparison of
L versus S within groups

Comparison of L versus S
within groups

Parameter p-Value (L
versus S)

N—- 0.06
N+ 0.5
EOPE-— 0.4
EOPE+ 0.6
LOPE- 0.03
LOPE+ 0.2

LOPE HIV +
3+3
1.3+0.6

LOPE HIV —
6.6+3.8
1.25+0.5

28)

» o
L
—_—
—
—_—
—

2LOPE (n

0.03, respectively)
LCD SIZE (um?)
-~
—_

ol il al Al s

N HIV- N HIV+  EOPE HIV- EOPE HIV+ LOPE HIV- LOPE HIV+
STUDY GROUPS

mlarge ®small

EOPE HIV +
6.4+23
2+1.7

0.06 and p

Fig.8 Lymphatic capillary density for large and small lymphatic
microvessels

serve as a conduit to remove the excess fluid (Volchek et al.
2010). Nonetheless, there is controversy on the pathogenesis
of this reaction. Lymphangiogenic markers such as VEGF-C
and VEGF-D are elevated in PE (Bates 2011; Shange et al.
2017). Similarly, Shange et al. (2017) reported no difference
in serum VEGF-C expression between PE and normotensive
pregnancies, Bates (2011) reported very little evidence of
the role of VEGF-C in PE, while Andraweera et al. (2012)
limited its role to EOPE. Despite the controversy in the level
of VEGF-C in PE, the regulation of lymphangiogenesis is
complex, and is not only dependent on the level of cytokines
(Zampell et al. 2012a, b). Indeed, Rutkoweski et al. (2006)
and Goldman et al. (2007), reported a failure in lymphatic
regeneration in the presence of VEGF-C (exogenous or over-
expression). It seems that, in the heightened proinflamma-
tory state of PE, together with the hypovolemia emanating
from the nonphysiological remodeling of spiral arteries,
lymphangiogenesis is upregulated to facilitate collection of
extravagated fluid. Cytokines responsible for the upregula-
tion of lymphangiogenesis, such as hepatocyte growth factor
(HGF), fibroblast growth factor (FGF2), interleukin-1 beta
and interleukin-6 (IL-1B; IL-6), and tumor necrosis factor
(TNF-a), are also found to be upregulated in PE (Zampell
et al. 2012a, b).

In PE, HIF-1a gene expression is upregulated, creating a
hypoxic microenvironment (Rath et al. 2016). Furthermore,

EOPE HIV —
72437
6+0

31)

'EOPE (n

N HIV +
3+2
2.1+09

=28)

Study groups
N (n

N HIV -
38+1.8
25+15

um’
um’

HIV negative status seems to make a statistical difference between L and S in the N and LOPE groups (p

Table 6 Lymphatic capillary density according to size
L large lymphatic capillary, S small lymphatic capillary.

Significance denoted byp <0.05.

Parameters
<5000,

L
>5000
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HIF-1a plays a coordinating role of lymphangiogenesis in
the wound repair process (Zampell et al. 2012a, b). There-
fore, we suggest that the increased lymphangiogenesis
observed in the placental bed of PE may be the result of
HIF-1o upregulation.

Moreover, we report an upwards trend of LMVD in the
placental bed of LOPE compared with EOPE, albeit non-
significant. Red-Horse et al. (2008) reported the presence
of increasing lymphatic vessels in the decidua at different
gestational ages: first trimester 10, second trimester 12, and
third trimester 13 for normal pregnancy. Notably, we report
alower mean LMVD at term compared with the latter author
(Red-Horse et al. 2008). At this stage, it is plausible that
VEGF-C and VEGFR-3 immunolocalization at the placental
bed and the need for further upregulation of lymphangiogen-
esis are not required, which may explain our findings.

Coelho et al. (2006) reported a decrease of microvessel
arterioles in severe PE, although they did not consider the
recent EOPE and LOPE classification by the International
Society for the Study of Hypertension in Pregnancy (ISSHP)
(Brown et al. 2018). Their observations, and the findings of
our study, indicate that an upregulation of LMVD is reac-
tional to achieve the homeostasis and transport role. Goman-
thy et al. (2018) reported a significant prevalence of severe
PE among patients with EOPE (Gomanthy et al. 2018).

As expected, we report a significant difference in blood
pressure levels between normotensive pregnant and PE
groups (p =0.001). The highest maternal BP, particularly
in LOPE, was associated with raised lymphangiogenesis in
the placental bed. Lopez-Gelston et al. (2018) reviewed the
impact of lymphatics in hypertension and considered them
to play a role in the kidneys (Lopez-Gelston et al. 2018).

The second main finding of our study was an increase in
luminal mean area of LMV within the placental bed of PE
(EOPE and LOPE) compared with the control group. The
true mechanism regulating lumen formation is still unknown.
These LMVs constitute a unidirectional system in which
numbers and dimensions respond to the need (Schwartz
et al. 2012). Their development and function are modulated
by genes interacting mainly at the venous valves (Bazigou
et al. 2011). VE-cadherin has been implicated in the patho-
physiology of PE; it is overexpressed in the syncytiotropho-
blast of LOPE compared with EOPE, while decreased in
control groups (Groten et al. 2010). More recently, Yang
et al. (2019) reported on the role of VE-cadherin in the for-
mation and maintenance of lymphatics by regulating mecha-
notransduction and endothelial permeability. Our findings
may be the result of exaggerated inflammation in PE with
strong lymphangiogenesis density, and limited lumen dimen-
sions, as PE has a reduced volume (due to non-remodeled
spiral arteries) with resultant low extravagated fluid.

This novel study also demonstrates the impact of HIV
infection and HAART on the LCD and their luminal area

within the placental bed. The main observations were the
upregulation of lymphangiogenesis associated with the HIV
infection in all type of pregnancies. HIV infection, like other
inflammatory conditions and viral infections, upregulates
lymphangiogenesis (Coelho et al. 2006; Vinketova et al.
2016). Lymphangiogenesis is enhanced under the direct or
indirect action of proinflammatory cytokines (Liao et al.
2012). Our results confirm previous reports where virus
infections or other infections or inflammatory conditions
increase lymphangiogenesis (Lely et al. 2013; Harmon
et al. 2016), with the normotensive pregnant women with
HIV showing an upregulation of lymphangiogenesis. Pro-
inflammatory cytokines responsible for increases in lym-
phangiogenesis (TNF-a, IL-1f, IL-2, and IL-4) (Lely et al.
2013; Aggarwal et al. 2019) were also reported to be sig-
nificantly elevated in the sera of pregnant women with HIV
on HAART (Rusterholz et al. 2007). These cytokines at the
placental bed site could be responsible for stimulation of
lymphangiogenesis activity.

Increased lymphangiogenesis in both EOPE HIV-negative
and EOPE HIV-positive groups was observed without signif-
icant difference. Nevertheless, we suggest that the HAART
might have an impact on vascular endothelial cell growth,
repair , and dysfunction. Women with EOPE had been on
HAART before pregnancy, and that could improve endothe-
lial dysfunction. A reduction of cytokines was observed 3
months after initiation of treatment with HAART (Veerbeek
et al. 2015). They also noticed that only IFN-gamma and
IL-mRNA were not influenced by the initiation of HAART.
Furthermore, Osuji et al. (2018) found that TNF-a and
TGF-f remain significantly elevated even after 12 months
of therapy, while IFN-y remains significantly reduced after
12 months of HAART therapy (Veerbeek et al. 2015). The
ARVs may play an antiinflammatory role and inhibit lym-
phangiogenesis (Shange et al. 2017). The explanation for
the lymphangiogenesis in EOPE and LOPE may emanate
from the exaggerated inflammation linked to PE (Lely et al.
2013). The proinflammatory cytokines, each to different
degrees, contribute to the mechanism of PE pathogenesis
(Bates 2011; Andraweera et al. 2012).

The impact of HAART was difficult to assess as we
have multiple drug regimens. However, recent data showed
that nucleoside/nucleotide reverse transcriptase inhibitors
(NRTIs), such aszidovudine or AZT, lamivudine or 3-TC,
emtricitabine, and tenofovir or TFD, attenuate angiogenesis
and lymphangiogenesis by inducing mitochondrial oxidation
stress, impairing the receptors tyrosine kinase (RTK) and
restraining the endocytosis of RTK into early endosomes
(Parsons-Wingerter et al. 2006). Of note, TFD has little inter-
action with endothelial dysfunction (Rutkowski et al. 2006;
Zampell et al. 2012a). Efavirenz, a non-NRTI largely used
in our cohort, has been associated with increasing vessel
permeability by alteration of endothelial cell-cell junction
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characteristics that influence the size of the lumen (large or
small) (Goldman et al. 2005); nonetheless, we observed no
difference in HIV-infected subgroups. Also, EFV increases
cell oxidation and impairs acetylcholine-mediated relaxant
response, and increases apoptosis and necrosis of endothelial
cells (Rutkowski et al. 2006).

Additionally, HIV-1 proteins may contribute to the pro-
duction of TGF B-1, which downregulates the proinflamma-
tory response of macrophages, immunosuppresses T cells,
and regulates dendritic cell response (Goldman et al. 2005;
Wang et al. 2011; Zampell et al. 2012a, b). The HIV-1 Tat
protein has been shown to induce synthesis of TGF-$1 by
human leukocytes (Wang et al. 2011). Another HIV-1 acces-
sory protein, Nef, causes endothelial activation and dys-
function, elevated apoptosis, ROS generation, and release
of monocyte attractant protein-1 (MCP-1) (Goldman et al.
2005; Rath et al. 2016). The effects of ARVs on the endothe-
lial cell is not fully understood and depend on many factors,
such as the nature of ARV regimes and the duration of the
treatment; however, it is important to note that it does not
differentiate between vascular or lymphatic endothelial cells
(Gomathy et al. 2018). In addition, in this study, birth weight
was associated with increased lymphangiogenesis, possibly
reflecting a compensatory measure to maintain homeostasis.

Limitations and perspectives

Placental bed biopsy is an invasive procedure, hence the
small sample size. This study was limited to the immunoex-
pression of the PDPN marker but could be extended to other
markers and genes.

New perspectives in the implication of lymphangiogen-
esis, trophoblast implantation, and hypertension in PE, as
well as the lymphatic immune transport role with perinatal
outcomes, are needed.

Conclusions

This study demonstrates an upregulation of lymphatic
microvessel density and lymphatic luminal area in PE com-
pared with normotensive pregnant women. PE is character-
ized by an exaggerated inflammatory response and a lack
of spiral artery transformation, with an expected reduc-
tion in extravagated fluid. It is plausible that a compensa-
tory mechanism to the hyperinflammatory reaction may
be a dilatation of lymphatic luminal area, or increases in
microvessel density, to remove the resultant edema associ-
ated with PE development. We observed an increase of lym-
phatic capillary density and lumen area in the placental bed
of women with HIV infection. HAART may play a role in
the lymphangiogenesis of EOPE. There were no cumulative
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responses of HIV infection and PE on lymphangiogenesis
within the placental bed.
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