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Abstract

Introduction: Pregnant women with sickle cell disease (SCD) are at high risk for sickle cell-
related complications, obstetrical complications, and perinatal morbidity. Chronic
inflammation and the proangiogenic environment associated with SCD have been associated
with endothelial damage.

It is unknown whether SCD complications could be associated with placental dysfunction or
abnormal placental morphology. Moreover, circulating angiogenic factors in pregnant women
with SCD are unexplored.

Methods: Clinical records, placental and blood samples were collected at term delivery for 21
pregnant patients with SCD and 19 HbAA pregnant controls with adapted to gestational age
birth weight newborns. Histological and stereological analyses and scanning electron
microscopy (SEM) of the placenta, and PIGF and sFlt] measurements in blood were performed.
Results: In the SCD group, the parenchyma-forming villi of placentas were thinner than in
controls, and increased fibrinoid necrosis and an overabundance of syncytial knots were seen.
SEM revealed elongated intermediate villous endings with a reduction in the number of
terminal villi compared to controls, indicating a significant branching defect in SCD placentas.
Finally, SCD patients had an imbalance in the angiogenic ratio of sFlt1/PIGF (p=0.008) with a
drop of PIGF concentrations.

Discussion: We evidence for the first time both abnormal placenta morphology and altered
sFIt1/PIGF ratio in SCD patients, uncorrelated with maintained placental efficiency and fetal

growth.

Keywords: fetal growth, pregnancy outcome, sFltl, PIGF, placenta, sickle cell-related

complications






INTRODUCTION

Sickle cell disease (SCD) is the most common monogenic disorder worldwide and is
associated with significant morbidity and mortality, especially during pregnancy[1-5]. SCD
includes both sickle cell HbSS disease (homozygous genotype) and various compound
heterozygous genotypes (HbSC, sickle cell B-thalassemia disease).

The complications related to SCD include acute pain crisis (57%), anaemia requiring blood
transfusion (26%), infection, admission to a critical care unit, and death[1-4,6—10].

Pregnancy in SCD is supposed to be at very high risk, because it exacerbates the pre-existing
pathophysiological state [11] and the clinical manifestations of the disease, associated with an
overall increase of oxygen requirement by the fetoplacental unit.

Several authors have reported obstetrical and neonatal risks, including stillbirth (RR 3.94),
small-for-gestational-age infants (RR 3.72), preeclampsia (RR 2.43) and preterm delivery
(RR 2.21)[1-5]. Fortunately, most newborns have adapted to gestational age (AGA) birth
weights despite the increased risk for having a smaller baby[12].

The placenta is a temporary organ vital for fetal development, and its integrity is critical for
fetal-maternal exchange. Abnormal placenta, particularly with low villosities branching, has
been associated with pathological pregnancy outcomes[13]. Numerous findings support the
hypothesis that complicated pregnancies, notably small-for-gestational-age and pre-
eclampsia, are associated with angiogenic factors ratio impairment [14-16]. Indeed, the
balance of angiogenic factors, particularly placental growth factor (PIGF) and soluble Fms-
like tyrosine kinase 1 (sFltl), affects normal and pathological development of the
placenta[17,18]. It is known that SCD non pregnant patients present increased levels of
circulating PIGF and sFIt1[19-21] correlating with clinical state. Blood concentrations of

these factors secreted by placenta during SCD pregnancies are presently unknown.



To date, few studies have described the histological features of SCD placentas[22-26], and
none have focused on the structure of the villous tree in correlation with the outcome of these
pregnancies. We undertook this study in SCD obstetrically uncomplicated pregnancies with
AGA newborns. Hence, for the first time, we studied and gathered data concerning SCD
placental morphology and compared the status of angiogenic factors between control and
SCD patients at term. We hypothesis that SCD pregnant women environment will impact

placental development.

MATERIALS AND METHODS

Study design

The study obtained approval from our local ethics committee (CPP 2015-Mai-13909). All
patients gave their informed written consent to participate in the study.

Patients who gave birth between January 2016 and August 2017 in obstetric units of Ile de
France hospitals (Bicétre, Antoine Béclere, Tenon, St Denis, Créteil) were included in a
prospective study. We included 21 pregnant patients with SCD and 19 HbAA as healthy
pregnant controls. Inclusion criteria were delivery of an adapted for gestational age (AGA,
birthweight between 10™ and 90" percentile) newborn after 36 weeks of gestation (WG)
without obstetrical complications during pregnancy. Exclusion criteria were pre-existing
maternal pathology (hypertension, diabetes, chronic illness) and proven obstetrical
complications (pre-eclampsia, growth restriction).

Data collected included age, smoking habits, parity, body mass index (BMI) at the first
trimester and blood pressure at the third trimester. We recorded the medical background and
SCD-related complications (frequency of blood transfusion, vaso-occlusive crisis (VOC)
requiring hospitalization or acute chest syndrome (ACS)). Laboratory data including capillary

haemoglobin electrophoresis results, haemoglobin concentrations at the first and third



trimesters, haemoglobin S and reticulocyte count were collected. The mode of delivery and
neonatal parameters (term, birth weight, sex) were recorded. Both placenta and serum
samples were obtained for all SCD patients but two, and compared to 10 placentas and 19

blood samples for controls.

Placenta collection

We collected 21 placentas from the 21 SCD patients with AGA neonates (11 HbSS and 10
HbSC) and ten placentas from the 19 HbAA patients with AGA neonates called control
placentas. After delivery, membranes and cord were removed from the placenta, which was
weighed. Placental efficiency was determined by calculating the ratio between the birth
weight of the neonate and that of the placenta[27]. Five samples per placenta (1cm? blocks
from the chorionic to the basal plate) for histological and stereological analyses and chorionic
villi for microscopy were collected within 30 minutes after delivery via systematic uniform
random sampling[28]. All the conditions cannot be made on all the placentas because the time
and the localisation of delivery was not compatible with the complexity and timing of some of

the experiments in the laboratory (supplementary figure).

Histological and stereological analyses

The blocks of placenta were fixed in 4% formaldehyde and then processed for inclusion in
Paraplast (Sigma-Aldrich, Saint-Quentin Fallavier, France). For each placenta, 5 random
fragments were collected taking into account the entire thickness of the placenta. Each
fragment was processed for inclusions, sections of 5 pm thickness and stained by
haematoxylin and eosin (Mayer Merck, Germany; Sigma-Aldrich, France) for general
visualization.

Histology



Twenty-one placentas of SCD patients (11 HbSS - 10 HbSC) with AGA birth weight were
compared with ten AGA control placentas. Five slides were analyzed blindly on a photonic
microscope (NIKON Eclipse ESO0M) by two experienced medical pathologists in the same
centre (AB and JM).

Stereology

Seven placentas (4HbSS - 3 HbSC) from the 21 SCD patients with AGA birth weight infants
and seven control from the 19 placentas at term were analyzed.

Five slides per placenta (one per random sample) were scanned with a whole-slide
Hamamatsu NanoZoomer Digital Pathology® scanner (Hamamatsu Photonics, France).
Sections (vertical uniform random) were analysed at a X200 magnification. As shown in
figure 2, for each fragment, around 30 counting frame were defined (600x600 um every 900
um) and 30 linear dipole probes were randomly distributed over the section [29]. Components
crossed by the linear dipole were computed as trophoblast, intervillous space, mesenchyme,
fetal vessel, fibrin and knots [30]. All data presented are expressed as relative values as the
absolute volume of the placenta has not been determined before sample collections. Thus,
their relative surface (Sv, um™") and relative volume (Vv,%) were calculated using One Stop

Stereology software (MercatorPro®, ExploraNova (Reed)).

Scanning electron microscopy (SEM)

We analyzed eleven placentas from the 21 SCD patients (6 HbSS-5 HbSC) with AGA
newborns and compared them with three of the 10 controls placentas. Three random samples
of chorionic villi per placenta were fixed in a solution of 2% paraformaldehyde (EMS,
France) and 3% glutaraldehyde (EMS, France) in 0.1 M phosphate buffer (Sorensen, France),
pH 7.4, for 2 hours. They were then washed in 0.1 M cacodylate buffer (EMS, France), CaCl,

(Prolabo, France), pH 7.4, and post-fixed in 1% OsO4 (EMS, France) for one hour at 4°C.



After washing and dehydration in graded ethanol, villi were dried in HMDS (Sigma Aldrich,
USA) for 5 minutes, mounted, and metalized using palladium in a Jeol JFC-1300 Autofine
Coater. Villi were then photographed in a Jeol 100S SEM microscope (Jeol, France) at

different magnifications.

Biochemical analysis

Blood samples from 19 of the 21 SCD patients (2 were not available) and the 19 controls
were collected before delivery. Whole blood was allowed to clot for 45 minutes at room
temperature and then centrifuged at 3,000 rpm for 15 minutes at 4°C. Samples were stored at
-20°C until assayed. Free PIGF and sFltl were measured with quantitative sandwich ELISA
(R&D Systems, Minneapolis) according to the manufacturer’s instructions. All samples were
tested in duplicate. Variability was controlled with an independent standard curve and internal

quality controls on each plate.

Statistical analysis

For the description of the population, results are presented as median [min, max]. Comparison
between SCD patients and controls was performed using Mann-Whitney tests. The results
were considered significant at p < 0.05.

For stereological analysis, data are expressed as median and presented as boxplots (median
and interquartile range (IQR) [Q1; Q3]) and analyzed using a linear model, with random
effect of mother adjusted for group (control or SCD) and number of sample collected per
placenta. Linear Mixed Effects Model (nlme) was used from R package (Jose Pinheiro,
Douglas Bates, Saikat DebRoy, Deepayan Sarkar and the R Development Core Team 2013.

nlme. R package version 3.1-111) in R statistical software ([29]).



RESULTS

Characteristics of the population and outcome

Characteristics of SCD patients (11 HbSS and 10 HbSC) and controls (HbAA) are
summarized in Table 1. The SCD and control groups were similar in the mean age and parity
of mothers. BMI at the first trimester was slightly lower in SCD patients than in controls
(p=0.03). In HbSS patients, 45.5% had already developed ACS and 45.5% retinopathy and/or
bone involvement, compared with 10 and 30%, respectively, in HbSC patients (p=0.07 and
p=0.46).

Mean arterial blood pressure at the third trimester was within the normal range and similar in
the two groups. Haemoglobin concentrations at the first and third trimesters were significantly
lower in HbSS patients than in HbSC patients and between SCD and controls (p=0.01 and
<0.005, respectively). Eight out of 21 SCD patients (38.1%) needed a transfusion during
pregnancy (7 S/S and 1 S/C), and 15 out of 21 suffered from a vaso-occlusive crisis with
hospitalization (71.4%; 10 of the 11 S/S and 5 of 10 S/C). These complications were
significantly more frequent in HbSS patients than HbSC patients (p= 0.01 and p=0.03,
respectively).

A significant difference was observed between SCD and control newborns in the mean length
of gestation (p=0.0002). Furthermore, HbSS patients gave birth earlier than HbSC patients
(p=0.03). SCD newborn birth weight did not differ between HbSS and HbSC patients, but
was significantly lower in SCD than in control newborns (p=0.008). However, none of the
birth weights was under the 10" percentile, in accordance with the inclusion criteria.

No significant difference in fetal-placental weight ratio was observed between-groups (HbSS

vs HbSC 6.72 vs 6.65; SCD vs controls 6.69 vs 7.21, p>0.05) .

Histological and stereological analysis



Histological analysis (Figure 1) of 21 3™ trimester SCD placentas showed generally smaller
villi diameter (<40-50pum in 84% of villi), abundant syncytial knots and increased intervillous
fibrin. Villous agglutination and focal infarctions resulted in reduced volume of intervillous
space. In addition, thickened decidual vessels, and excessive fibrin in the basal plate were
observed in 16 out of 21 placentas (76.2%). Those alterations were present irrespectively in

both HbSS and HbSC placentas.

Quantification of these structures was made by stereology (Figure 2). SCD placentas showed
only a significant higher volume fraction of knots (0.01 [0.005-0.02] vs 0.027 [0.017-0.043],
p=0.013) compared to the control (Figure 2B). Analysis of the surface density of the structure
of the placenta indicated a significantly increase of fibrin ( 0.002 [0.001-0.003] vs
0.0043[0.003-0.006] um!, p= 1.519%) and a tendency of decrease of the surface density of
intervillous space (0.026 [0.024-0.03] vs 0.024[0.023-0.028] pm'l , p=0.075) in SCD
placentas compared to control. Moreover, we observed a significantly drop of trophoblast
(0.045[0.04-0.052] vs 0.039[0.035-0.043] um, p=0.034) and mesenchyme tended to

decrease (0.025[0.021-0.028] vs 0.022[0.019-0.025] pm‘l, p=0.075) in SCD placentas.

Scanning electron microscopy

In term controls placentas, terminal villous structures presented a dense population of
multiple small, budlike, villi-containing projections, similar in size and shape (one
representative control in Figure 3A&D). In term SCD placentas of normal birth weight
newborns (representative HbSS (Figure 3B&E) and HbSC (Figure 3C&F)), we observed
elongated intermediate villous endings with reduced branching with less terminal villi. Images
of representative villosities of both groups are shown with no evident differences to

differentiate HbSS and HbSC placentas.



PIGF and sFltl analyses

PIGF concentrations were significantly decreased in SCD patients (both HbSS and HbSC)
compared with controls (mean 170.8 and 140.5 vs. 254.6 pg/mL, p=0.05 and p=0.009
respectively; Figure 4), whereas no significant difference was observed for sFltl. The
sFIt1/PIGF ratio was significantly increased in SCD patients (103.7 and 147.8 vs. 29.1,
p=0.02 and 0.04, respectively, and p=0.008 when HbSS and HbSC were grouped compared

with controls).



DISCUSSION

Here we report clinical data, placental structure and the angiogenic environment of SCD
pregnant women. We focused on AGA birth weight newborns to specify placental features in
SCD pregnancies without obstetrical complications. SCD patients did not differ from controls
concerning the fetal-placental weight ratio, an indicator of the efficiency of the placental
unit[27,28,31]. However, in our cohort without obstetrical complications, placental histology
and morphology in SCD patients were consistent with abnormal placental development. We
found that placentas of SCD patients had thickened decidual vessels, numerous infarctions in
the parenchyma and subchorionic hematoma and in villi that were small for the term. A
moderate-to-severe overabundance of syncytial knots (aged syncytial nuclei that accumulate
locally and later extrude into the maternal circulation) and excessive fibrin deposits were also
observed as previously shown[22-25]. The stereological results confirmed quantitatively
these statements.

The major and unexpected finding of this study was that SEM analysis of term SCD placentas
with AGA foetuses showing a decrease in villous branching, with a reduction in the density of
tertiary villi. Again, the stereology confirm the tendency of a drop of trophoblast and
mesenchym surface density. These results were observed despite an uncomplicated outcome
and an adapted for gestational age newborn birth weight.

The birth of a healthy infant at term is dependent upon normal placental development and
function, notably the branching angiogenesis of immature intermediate villous vessels[32].
Restricted branching patterns are usually associated with placental vascular impairment,
mimicking pre-eclampsia [13,33] and associated with early IUGR[34-38]. Macara et al [39]
described a decrease in the volume of the terminal villi in placentas of newborn with early

IUGR.



In IUGR and PE, etiology is hypothesized to be disturbed remodelling of spiral arteries. It is
possible to interpret morphology and angiogenic factors in [UGR and PE as being an
adaptation to the context with compensatory efforts (though unsuccessful) of the placenta for
earlier damage. The poorly developed placenta might be responsible for impaired exchanges
associated with this disorder, as intermediate and terminal villi represent the majority of the
placental volume in the third trimester and are the primary sites for gas and nutrient

exchanges.

In our cohort, there was an apparent discordance inbetween the favorable outcomes of SCD
included pregnancies with adapted for gestational age newborn birthweights and the
pathologic histology and morphology of their placentas. Effectively, results highlight a
paradox between branching defaults in the SCD placentas and fetal growth. We evoke a
totally unknown (but successful) mechanism that compensate SCD-stress and IUGR/PE-
morphology in parallel. We agree that this view would be unusual and not fitting with the
views on the role of placentopathy and factor levels already described in [UGR/PE. Hovewer,
the neonatal outcome are different. Our study is not showing any direct evidence what this
mechanism might be, but we can make some hypothesis.

The first hypothesis concerns the implication of angiogenic factors.

Proper coordination between trophoblasts and villous fetal endothelial cell development is
essential in the early stages for a healthy pregnancy. These mechanisms are mediated by
growth factors such as PIGF, which is in turn regulated by cytokines, oxygen pressure, and
mechanical stimuli[37]. Previous studies have reported an association between the balance in
the angiogenic ratio of maternal PIGF to sFlt]l and villosities branching[40,41]. Indeed, PIGF
stimulates angiogenesis directly via intracellular mechanisms and by increasing the

bioavailability of VEGF-A[42]. Free PIGF concentrations throughout pregnancy are



decreased in patients with pre-eclampsia by binding to excess circulating sFItl1[14,15].
Besides, decreased PIGF is associated with histological lesions in placenta from small for
gestational age fetuses[16,43].

We found a significant decrease in PIGF with a concomitant significant increase in the
sFIt1/PI1GF ratio. This result is in agreement with the branching defects in the SCD placentas.
PIGF gene expression is inhibited under hypoxic conditions[44,45] so, in SCD pregnancies,

low PLGF could result from the overall systemic hypoxic conditions.

A likely hypothesis of our paradoxical observation is the existence of specific mechanisms in
SCD to ensure placental efficiency and fetal growth.

By this way, an alteration of the ST barrier, together with the development of a fibrin layer,
could lead to facilitated transport through the placenta that could modify nutrient transport as
described by Nelson et al [46].

Another mechanism could involve oxygen transport. SCD fetuses can be less hypoxic than
those with IUGR because of HbS’s lower affinity for oxygen. Indeed, SCD hemoglobin
(HbS) has a particular oxygen dissociation curve, adapted to the chronic hypoxia that release
oxygen easier than HbA. The diffusion of oxygen to the fetus should be facilitated in SCD
placentas and the consequences of chronic anemia partly compensated in contrary to iron
anemia. Furthermore, chronic maternal anaemia, which we observed in our patients, may
induce an adaptative response in fetal-placental vascularization leading to an increase in the
blood vessel surface area of exchange[47].

Finally, one can hypothesize an adaptation of transporters expression and activity in the
trophoblast layer, promoting nutrient transfer to the fetus and regulating fetal growth in SCD.
An increased activity of glucose transporters and placental systems A and L has been

described in pregnant women with diabetes and fetal overgrowth [60-62]. In contrast, an



altered functional activity of transporters (SLC7A7, SLC38AS5, SLC19A1, SLC19A2) has
been seen in IUGR foetus placentas[48-50][63-68]. Such differences in the expression and
activity of transporters may account for the differences in fetal growth observed between
pregnant patients with SCD and those with ITUGR, despite their similarities in villous
branching structure.

Another hypothesis posits changes in syncytiotrophoblast metabolism especially in the

mitochondrial energy pathway[51].

The strengths of our study of SCD pregnancies is the compilation of clinical data, placental
histology and morphology specifically by SEM, and laboratory parameters, including both SS
and SC patients and controls. On the other hand, the sample size is small and this is a pilot

study that will need to be confirmed in a larger cohort.

In summary, we observed in SCD patients an abnormal placental structure and altered PIGF
and sF1t1/PIGF ratio that did not correlate with fetal growth. To identify therapeutic options in
pathologies due to abnormal placentation, it is crucial to unravel the molecular mechanisms
underlying the dissociation between placenta structure and efficiency for fetal growth.
Targeted studies on possible mechanisms may enable future treatment strategies for

pregnancies lacking these unknown pathways.



ACKNOWLEDGMENTS: We are grateful to Bruno SAUBAMEA, Virginie MIGNON,
Aurore BONNIN, Alexandra LETOURNEAU, Marie-Victoire SENAT, Marie BORNES,

Jessica DAHAN-SAAL for excellent technical assistance.

STATEMENT OF AUTHOR CONTRIBUTIONS:

AGC, SG, and AB conceived the study; SG, TF and KP supervised the work; JM performed
the histological analysis. AGC, FV, and RLK performed SEM experiments and analyzed data;
AGC and ACT performed stereological experiments, and AGC, ASB, ACT and EC analyzed
data; AGC, SG, and KP wrote, reviewed and edited the manuscript. All authors edited and

approved the final draft of the manuscript.



REFERENCES:

[1] T.K. Boafor, E. Olayemi, N. Galadanci, C. Hayfron-Benjamin, Y. Dei-Adomakoh, C.
Segbefia, A.A. Kassim, M.H. Aliyu, H. Galadanci, M.G. Tuuli, M. Rodeghier, M.R. DeBaun,
S.A. Oppong, Pregnancy outcomes in women with sickle-cell disease in low and high income
countries: a systematic review and meta-analysis, BJOG. 123 (2016) 691-698.
https://doi.org/10.1111/1471-0528.13786.

[2] E. Oteng-Ntim, B. Ayensah, M. Knight, J. Howard, Pregnancy outcome in patients
with sickle cell disease in the UK--a national cohort study comparing sickle cell anaemia
(HbSS) with HbSC disease, Br. J. Haematol. 169 (2015) 129-137.
https://doi.org/10.1111/bjh.13270.

[3] E. Oteng-Ntim, D. Meeks, P.T. Seed, L. Webster, J. Howard, P. Doyle, L.C. Chappell,
Adverse maternal and perinatal outcomes in pregnant women with sickle cell disease:
systematic review and meta-analysis, Blood. 125 (2015) 3316-3325.
https://doi.org/10.1182/blood-2014-11-607317.

[4] G.R. Serjeant, L.L. Loy, M. Crowther, I.LR. Hambleton, M. Thame, Outcome of
pregnancy in homozygous sickle cell disease, Obstet Gynecol. 103 (2004) 1278-1285.
https://doi.org/10.1097/01.A0G.0000127433.23611.54.

[5] M.J. Stuart, R.L. Nagel, Sickle-cell disease, Lancet. 364 (2004) 1343—1360.
https://doi.org/10.1016/S0140-6736(04)17192-4.

[6] M. Koshy, Sickle cell disease and pregnancy, Blood Rev. 9 (1995) 157-164.

[7] P.S. Muganyizi, H. Kidanto, Sickle cell disease in pregnancy: trend and pregnancy
outcomes at a tertiary hospital in Tanzania, PLoS ONE. 8 (2013) e56541.
https://doi.org/10.1371/journal.pone.0056541.

[8] N. Lesage, C. Deneux Tharaux, M. Saucedo, A. Habibi, F. Galacteros, R. Girot, M.H.
Bouvier Colle, G. Kayem, Maternal mortality among women with sickle-cell disease in
France, 1996-2009, Eur. J. Obstet. Gynecol. Reprod. Biol. 194 (2015) 183-188.
https://doi.org/10.1016/j.ejogrb.2015.09.016.

[9] E. Oteng-Ntim, Pregnancy in women with sickle cell disease is associated with risk of
maternal and perinatal mortality and severe morbidity, Evid Based Nurs. 20 (2017) 43.
https://doi.org/10.1136/eb-2016-102450.

[10] M.S. Villers, M.G. Jamison, L.M. De Castro, A.H. James, Morbidity associated with
sickle cell disease in pregnancy, Am. J. Obstet. Gynecol. 199 (2008) 125.e1-5.
https://doi.org/10.1016/j.ajog.2008.04.016.

[11] K. Sun, Y. Xia, New insights into sickle cell disease: a disease of hypoxia, Curr. Opin.
Hematol. 20 (2013) 215-221. https://doi.org/10.1097/MOH.0b013e32835f55f9.

[12] D. Meeks, S.E. Robinson, D. Macleod, E. Oteng-Ntim, Birth Weights in Sickle Cell
Disease Pregnancies: A Cohort Study, PLoS ONE. 11 (2016) e0165238.
https://doi.org/10.1371/journal.pone.0165238.

[13] J. Kingdom, B. Huppertz, G. Seaward, P. Kaufmann, Development of the placental
villous tree and its consequences for fetal growth, Eur. J. Obstet. Gynecol. Reprod. Biol. 92
(2000) 35-43.

[14] R.J. Levine, S.E. Maynard, C. Qian, K.-H. Lim, L.J. England, K.F. Yu, E.F.
Schisterman, R. Thadhani, B.P. Sachs, F.H. Epstein, B.M. Sibai, V.P. Sukhatme, S.A.



Karumanchi, Circulating angiogenic factors and the risk of preeclampsia, N. Engl. J. Med.
350 (2004) 672—-683. https://doi.org/10.1056/NEJMo0a031884.

[15] R.N. Taylor, J. Grimwood, R.S. Taylor, M.T. McMaster, S.J. Fisher, R.A. North,
Longitudinal serum concentrations of placental growth factor: evidence for abnormal
placental angiogenesis in pathologic pregnancies, Am. J. Obstet. Gynecol. 188 (2003) 177—
182. https://doi.org/10.1067/mob.2003.111.

[16] S.J. Benton, L. M. McCowan, A.E.P. Heazell, D. Grynspan, J.A. Hutcheon, C. Senger,
O. Burke, Y. Chan, J.E. Harding, J. Yockell-Leli¢vre, Y. Hu, L.C. Chappell, M.J. Griffin,
A.H. Shennan, L.A. Magee, A. Gruslin, P. von Dadelszen, Placental growth factor as a
marker of fetal growth restriction caused by placental dysfunction, Placenta. 42 (2016) 1-8.
https://doi.org/10.1016/j.placenta.2016.03.010.

[17] S.E. Maynard, J.-Y. Min, J. Merchan, K.-H. Lim, J. Li, S. Mondal, T.A. Libermann,
J.P. Morgan, F.W. Sellke, LE. Stillman, F.H. Epstein, V.P. Sukhatme, S.A. Karumanchi,
Excess placental soluble fms-like tyrosine kinase 1 (sFlt1) may contribute to endothelial
dysfunction, hypertension, and proteinuria in preeclampsia, J. Clin. Invest. 111 (2003) 649—
658. https://doi.org/10.1172/JCI17189.

[18] L.F. Newell, S.G. Holtan, Placental growth factor: What hematologists need to know,
Blood Rev. 31 (2017) 57-62. https://doi.org/10.1016/j.blre.2016.08.004.

[19] J.E. Brittain, B. Hulkower, S.K. Jones, D. Strayhorn, L. De Castro, M.J. Telen, E.P.
Orringer, A. Hinderliter, K.I. Ataga, Placenta growth factor in sickle cell disease: association
with hemolysis and inflammation, Blood. 115 (2010) 2014-2020.
https://doi.org/10.1182/blood-2009-04-217950.

[20]  N. Perelman, S.K. Selvaraj, S. Batra, L.R. Luck, A. Erdreich-Epstein, T.D. Coates,

V K. Kalra, P. Malik, Placenta growth factor activates monocytes and correlates with sickle
cell disease severity, Blood. 102 (2003) 1506—1514. https://doi.org/10.1182/blood-2002-11-
3422.

[21] P.P. Landburg, H. Elsenga, J.B. Schnog, A.J. Duits, CURAMA Study Group,
Increased serum levels of anti-angiogenic factors soluble fms-like tyrosine kinase and soluble
endoglin in sickle cell disease, Acta Haematol. 120 (2008) 130-133.
https://doi.org/10.1159/000178143.

[22] K.B. Rathod, K.N. Jaiswal, A.C. Shrivastava, A.V. Shrikhande, Study of placenta in
sickle cell disorders, Indian J Pathol Microbiol. 50 (2007) 698-701.

[23] Anyaegbunam A, Placental histology and placental/fetal weight ratios in pregnant
women with sickle cell disease: relationship to pregnancy outcome., J Assoc Acad Minor
Phys. 5 (1994) 123-5.

[24]  P. Trampont, M. Roudier, A.-M. Andrea, N. Nomal, T.-M. Mignot, Y. Leborgne-
Samuel, S. Ravion, J. Clayton, D. Mary, J. Elion, M. Decastel, The placental-umbilical unit in
sickle cell disease pregnancy: a model for studying in vivo functional adjustments to hypoxia
in humans, Hum. Pathol. 35 (2004) 1353-1359.
https://doi.org/10.1016/j.humpath.2004.07.003.

[25] D.J. Gersell, Selected vascular lesions of the placenta, Clin. Lab. Med. 15 (1995) 611-
629.

[26] A.K. Malinowski, C. Dziegielewski, S. Keating, T. Parks, J. Kingdom, N. Shehata, E.
Rizov, R. D’Souza, Placental histopathology in sickle cell disease: A descriptive and
hypothesis-generating study, Placenta. 95 (2020) 9-17.
https://doi.org/10.1016/j.placenta.2020.04.003.

[27] M.E. Wilson, S.P. Ford, Comparative aspects of placental efficiency, Reprod. Suppl.
58 (2001) 223-232.

[28] T.M. Mayhew, Taking tissue samples from the placenta: an illustration of principles
and strategies, Placenta. 29 (2008) 1-14. https://doi.org/10.1016/j.placenta.2007.05.010.



[29] M.G. Reed, C.V. Howard, G.S. DE Yanés, One-stop stereology: the estimation of 3D
parameters using isotropic rulers, J Microsc. 239 (2010) 54-65.
https://doi.org/10.1111/j.1365-2818.2009.03356.x.

[30] M. Robles, P. Peugnet, C. Dubois, F. Piumi, L. Jouneau, O. Bouchez, M.C. Aubricre,
M. Dabhirel, J. Aioun, L. Wimel, A. Couturier-Tarrade, P. Chavatte-Palmer, Placental function
and structure at term is altered in broodmares fed with cereals from mid-gestation, Placenta.
64 (2018) 44-52. https://doi.org/10.1016/j.placenta.2018.02.003.

[31] A.L. Fowden, A.N. Sferruzzi-Perri, P.M. Coan, M. Constancia, G.J. Burton, Placental
efficiency and adaptation: endocrine regulation, J. Physiol. (Lond.). 587 (2009) 3459-3472.
https://doi.org/10.1113/jphysi0l.2009.173013.

[32] M. Castellucci, G. Kosanke, F. Verdenelli, B. Huppertz, P. Kaufmann, Villous
sprouting: fundamental mechanisms of human placental development, Hum. Reprod. Update.
6 (2000) 485-494.

[33] A. Hawfield, B.I. Freedman, Pre-eclampsia: the pivotal role of the placenta in its
pathophysiology and markers for early detection, Ther Adv Cardiovasc Dis. 3 (2009) 65-73.
https://doi.org/10.1177/1753944708097114.

[34] T.M. Mayhew, D.S. Charnock-Jones, P. Kaufmann, Aspects of Human Fetoplacental
Vasculogenesis and Angiogenesis. III. Changes in Complicated Pregnancies, Placenta. 25
(2004) 127-139. https://doi.org/10.1016/j.placenta.2003.10.010.

[35] C. Krebs, L.M. Macara, R. Leiser, A.W. Bowman, I.A. Greer, J.C. Kingdom,
Intrauterine growth restriction with absent end-diastolic flow velocity in the umbilical artery
is associated with maldevelopment of the placental terminal villous tree, Am. J. Obstet.
Gynecol. 175 (1996) 1534-1542.

[36] T.Y.Khong, Acute atherosis in pregnancies complicated by hypertension, small-for-
gestational-age infants, and diabetes mellitus, Arch. Pathol. Lab. Med. 115 (1991) 722-725.
[37] J.C. Kingdom, P. Kaufmann, Oxygen and placental vascular development, Adv. Exp.
Med. Biol. 474 (1999) 259-275. https://doi.org/10.1007/978-1-4615-4711-2_20.

[38] J.C. Kingdom, P. Kaufmann, Oxygen and placental villous development: origins of
fetal hypoxia, Placenta. 18 (1997) 613-621; discussion 623-626.

[39] L. Macara, J.C. Kingdom, P. Kaufmann, G. Kohnen, J. Hair, I.A. More, F. Lyall, L.A.
Greer, Structural analysis of placental terminal villi from growth-restricted pregnancies with
abnormal umbilical artery Doppler waveforms, Placenta. 17 (1996) 37-48.

[40] G.J. Burton, D.S. Charnock-Jones, E. Jauniaux, Regulation of vascular growth and
function in the human placenta, Reproduction. 138 (2009) 895-902.
https://doi.org/10.1530/REP-09-0092.

[41] V. Tsatsaris, F. Goffin, C. Munaut, J.-F. Brichant, M.-R. Pignon, A. Noel, J.-P.
Schaaps, D. Cabrol, F. Frankenne, J.-M. Foidart, Overexpression of the soluble vascular
endothelial growth factor receptor in preeclamptic patients: pathophysiological consequences,
J. Clin. Endocrinol. Metab. 88 (2003) 5555-5563. https://doi.org/10.1210/jc.2003-030528.
[42] P. Carmeliet, L. Moons, A. Luttun, V. Vincenti, V. Compernolle, M. De Mol, Y. Wu,
F. Bono, L. Devy, H. Beck, D. Scholz, T. Acker, T. DiPalma, M. Dewerchin, A. Noel, 1.
Stalmans, A. Barra, S. Blacher, T. VandenDriessche, A. Ponten, U. Eriksson, K.H. Plate, J.M.
Foidart, W. Schaper, D.S. Charnock-Jones, D.J. Hicklin, J.M. Herbert, D. Collen, M.G.
Persico, Synergism between vascular endothelial growth factor and placental growth factor
contributes to angiogenesis and plasma extravasation in pathological conditions, Nat. Med. 7
(2001) 575-583. https://doi.org/10.1038/87904.

[43] S. Triunfo, S. Lobmaier, M. Parra-Saavedra, F. Crovetto, A. Peguero, A. Nadal, E.
Gratacos, F. Figueras, Angiogenic factors at diagnosis of late-onset small-for-gestational age
and histological placental underperfusion, Placenta. 35 (2014) 398—403.
https://doi.org/10.1016/j.placenta.2014.03.021.



[44] J.M. Gleadle, B.L. Ebert, J.D. Firth, P.J. Ratcliffe, Regulation of angiogenic growth
factor expression by hypoxia, transition metals, and chelating agents, Am. J. Physiol. 268
(1995) C1362-1368. https://doi.org/10.1152/ajpcell.1995.268.6.C1362.

[45] A.Khalig, C. Dunk, J. Jiang, M. Shams, X.F. Li, C. Acevedo, H. Weich, M. Whittle,
A. Ahmed, Hypoxia down-regulates placenta growth factor, whereas fetal growth restriction
up-regulates placenta growth factor expression: molecular evidence for “placental hyperoxia”
in intrauterine growth restriction, Lab. Invest. 79 (1999) 151-170.

[46] D.M. Nelson, Apoptotic changes occur in syncytiotrophoblast of human placental villi
where fibrin type fibrinoid is deposited at discontinuities in the villous trophoblast, Placenta.
17 (1996) 387-391. https://doi.org/10.1016/s0143-4004(96)90019-3.

[47] S.L. Moeller, C. Schmiegelow, L.G. Larsen, K. Nielsen, O.A. Msemo, J.P.A. Lusingu,
D.T.R. Minja, T.G. Theander, I.C. Bygbjerg, J.R. Nyengaard, Anemia in late pregnancy
induces an adaptive response in fetoplacental vascularization, Placenta. 80 (2019) 49-58.
https://doi.org/10.1016/j.placenta.2019.03.009.

[48] X. Huang, P. Anderle, L. Hostettler, M.U. Baumann, D.V. Surbek, E.C. Ontsouka, C.
Albrecht, Identification of placental nutrient transporters associated with intrauterine growth
restriction and pre-eclampsia, BMC Genomics. 19 (2018) 173.
https://doi.org/10.1186/s12864-018-4518-z.

[49] C.P. Sibley, M.A. Turner, L. Cetin, P. Ayuk, C.A.R. Boyd, S.W. D’Souza, J.D.
Glazier, S.L. Greenwood, T. Jansson, T. Powell, Placental phenotypes of intrauterine growth,
Pediatr. Res. 58 (2005) 827-832. https://doi.org/10.1203/01.PDR.0000181381.82856.23.

[50] E. Keating, P. Gongalves, F. Costa, I. Campos, M.J. Pinho, 1. Azevedo, F. Martel,
Comparison of the transport characteristics of bioactive substances in IUGR and normal
placentas, Pediatr. Res. 66 (2009) 495-500. https://doi.org/10.1203/PDR.0b013e3181b9b4a3.
[S1]  A.N. Sferruzzi-Perri, J.S. Higgins, O.R. Vaughan, A.J. Murray, A.L. Fowden,
Placental mitochondria adapt developmentally and in response to hypoxia to support fetal
growth, Proc. Natl. Acad. Sci. U.S.A. 116 (2019) 1621-1626.
https://doi.org/10.1073/pnas.1816056116.



Figure 1:




Figure 2:

Chorionic plate Basal plate
B. *
' 0.08-
g— 0.06+
§ ——
s 0,045
3
R
S  0.024
L
Q.
°
= 0.0 . r
& <

Knots volume fraction %

0.075- e
0.050~ —
0.027

0.025-

0.01

I ——
0.000 1 T

> Q

O

& S

Fibrine surface pm-!

0.009+
0.008+
0.007+
0.006+
0.005+
0.004+
0.003+
0.002+
0.001+

* %k %k

0.004

0.000




Figure 3:




Figure 4:

% %
']
| 1
*
*%
NS
500+
400~
E
£ 300~
g
t5 200-
o
100~
0 T T T
¢] N9
< 8
F * &
13

sFit1 (pg/mL)

NS _
50000~ NS NS
40000~
30000~
20000~
10000-

s o :
X &6 y ({dp\

ratio sFit1/PIGF

%k %k

*
600~ NS
400+
200+
0 1 I
o\%
\Y N &
Q & &



Table 1: Maternal characteristics in SCD and Control groups

*: mean [min-max]; BMI: Body Mass Index; WG: Week of gestation, T1: trimester 1; T3: trimester 3. NA: not applicable. NS: not significant.

Maternal characteristics SCD HbSS SCD HbSC P between HbSS Whole SCD Control HbAA
(N=11) (N=10) and HbSC (N=21) (N=19)
General Maternal age (years) * 35.2[27-42] 30.1[22-40] NS 32.7[22-42] 31 [24-40]
characteristics .
Parity * 2.3[1-5] 2.2[1-4] NS 2.3[1-5] 2.3[1-5]
Tobacco use 0 0 NS 0 0
BMI (g/m?) * 22.6[19.8-29.7] 24.5[17.3-29.7] NS 23.5[17.3-29.7] 26.8[17.8-38.8]
Diastolic blood pressure
T3 (mmHg) * 76 [61-90] 72 [60-79] NS 73.9 [60-90] 71 [51-81]
Systolic blood pressure
T3 (mmHg)*
118 [111-124] 118 [104-138] NS 117.6 [104-138] 117 [104-128]
Laboratory data Haemoglobin S level 79.1[51-93] 45.8 [42-47] 0.002 62.4 [42-93] NA
T1 (%) *
Haemoglobin F T1 (%) 5.411-11] 2.7 [1-6.6] NS 4.3 [1-11] NA
k
Haemoglobin T1 (g/dL) 8.6 [7.5-9.6] 10.1[7.2-11.8] 0.01 9.3[7.2-11.8] 11.3[8.7-13.5]
k
Haemoglobin T3 (g/dL) 7.9 [6.8-8.8] 9.7[7.9-10.8] 0.0004 8.8 [6.8-10.8] 11.6 [9.5-13.1]
S
Reticulocytes T1 243 [144-424] 136 [97-157] 0.02 193 [97-424] NA
(G/dL) *
Background Obstetrical 3(27.3) 1(10) 0.07 4/21 (19) 0/19
complications
N (%)
Acute chest syndrome 5 (45.5) 1(10) 0.46 6/21 (28.6) NA
N (%)
Retinopathy or bone 5 (45.5) 3(30) 0.46 8/21 (38.1) NA
involvement

N (%)

P between SCD and
Control

NS
NS

NS
0.03

NS

NS

NA

NA

<0.0001

<0.0001

NA

NA

NA

NA



Table 2: Maternal complications and pregnancy outcomes in SCD and Control groups

*: mean [min-max]; BMI: Body Mass Index; WG: Weeks of gestation; NA: not applicable; NS: not significant.

Characteristics

Blood transfusion total
N (%)

Complications during
pregnancy

Targeted transfusion
N (%)
Prophylactic transfusion
N (%)
Hospitalization for
VOC N (%)

ACS N (%)

Delivery data Mode of delivery

Vaginal N (%)
Caesarean section N (%)

Term (WG) *

Birthweight (g) *

Placenta weight (g)

Placental/newborn weight
ratio
Sex (Female/Male)

SCD HbSS
(N=11)

7 (63.6)

3(27.3)

4(36.4)

10 (90.9)
4(36.4)

3(27.3)
8(72.7)

37.4[36.1-
39.1]

2929.3
[2500-
3470]

447.4[360-
603]
6.72 [5.28-
7.61]
5/6

SCD
HbSC
(N=10)

1(10)

1(10)

5 (50)

6 (60)
4 (40)

38.8[37.4-
41.2]

3104 [2640-
3620]

483.9[335-
597]
6.65 [5.49-
8.28]
4/6

P between HbSS
and HbSC

0.01

0.03

0.04
0.03

0.13

0.03

NS

NS

NS

NS

Whole SCD
(N=21)

8 (38.1)

3(14.3)

5(23.8)

15 (71.4)
4 (19)

9 (42.8)
12 (57.1)

38.1[36.1-41.2]

3012.5 [2500-
3620]

462.8 [335-603]
6.69[5.28-8.28]

9/12

Control HbAA
(N=19)

9 (47.3)
10 (52.6)

39.6 [38-41.6]

3363.1 [2780-
4050]

474.7 [380-612]
7.21[5.64-8.89]

11/8

P between SCD and

Control

NA

NA

0.77

0.0002

0.008

NS

NS

0.34





