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Essentials

e Preeclampsia is a common gestational hypertensive disorder with significant
morbidity/mortality.

e We assessed von Willebrand Factor (VWF)/ADAMTS13 axis in preeclampsia by case-
control study.

e VWF antigen and VWF/ADAMTS13 ratio are both elevated in preeclampsia.

e Thrombocytopenia in preeclampsia correlates with VWF activity, and angiogenic

imbalance.

Abstract

Background:

Preeclampsia is a gestational hypertensive disorder, characterised by maternal endothelial
activation, and increased ratio of soluble fms-like tyrosine kinase inhibitor-1 (sFlt-1) to
placental growth factor (PIGF). The von Willebrand Factor (VWF)/ADAMTS13 axis is of
interest because of the underlying endothelial activation, and clinical overlap with
pregnancy-associated thrombotic thrombocytopenic purpura.

Objectives:

To assess VWF, ADAMTS13, and VWF/ADAMTS13 ratio in preeclampsia, and look for
associations with sFlt-1/PIGF ratio, and clinical features.

Patients/Methods:

34 preeclampsia cases and 48 normal pregnancies were assessed in a case-control study. 12
normal pregnancies in women with a history of preeclampsia formed an additional
comparator group. VWF antigen (VWF:Ag) and activity (VWF:Ac (VWF:GPIbM)) were
measured via automated immunoturbidimetric assay; ADAMTS13 activity via FRETS-VWF73
assay; and sFlt-1 and PIGF via ELISA.

Results:

VWEF:Ag was higher in preeclampsia than normal pregnancy (median 3.07 vs 1.87 iu/ml,
P<0.0001). ADAMTS13 activity was slightly lower (89.6 vs 94.4 iu/dl, P=0.02), with no severe

deficiencies. Significant elevations in VWF:Ac were not observed in preeclampsia, resulting



in reduced VWF:Ac/VWF:Ag ratios (0.77 vs 0.97, P <0.0001). VWF:Ag/ADAMTS13 ratios were
significantly higher in preeclampsia (3.42 vs 2.06, P <0.0001), with adjusted odds ratio of
19.2 for ratio>2.7 (>75™ centile of normal pregnancy). Those with a history of preeclampsia
had similar ratios to normal pregnant controls. VWF:Ag/ADAMTS13 and sFlt-1/PIGF were
not correlated. However, % fall in platelets correlated positively with VWF:Ac (P=0.01);
VWEF:Ac/VWF:Ag ratio (P=0.004), and sFIt-1/PIGF ratio (P=0.01).

Conclusions: The VWF/ADAMTS13 axis is significantly altered in preeclampsia. Further

investigation of potential clinical utility is warranted.
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1. Introduction

Preeclampsia is a common but heterogeneous obstetric disorder, affecting 3-5% of
pregnancies[1], with significant associated fetomaternal morbidity and mortality[2].
Pathogenesis is incompletely understood, but reduced placental perfusion is considered the
underlying driver. This results in release of soluble factors into the circulation which cause
maternal endothelial injury, with hypertension and organ injury, as well as varying degrees
of placental insufficiency, with fetal growth restriction, prematurity and stillbirth[3].
Haematological complications include thrombocytopenia, and rarely, thrombotic
microangiopathy (TMA)[4]. There is an associated increased risk of venous thrombosis, and
an increased lifetime risk of both venous and arterial thrombosis[5-7]. Haemolysis, Elevated
Liver Enzymes, Low Platelets (HELLP) syndrome, which is generally recognised as a severe
form of preeclampsia[8], is poorly understood but is thought to be a form of TMA mainly

involving the liver[9].

‘Angiogenic imbalance’, including increased levels of soluble fms-like tyrosine kinase-1 (sFlt-
1), and reduced circulating levels of placental growth factor (PIGF), is recognized as a key
driver of maternal endothelial activation/dysfunction[3, 10, 11], and the markers have

clinical utility [12, 13]. sFIt-1 is the soluble form of vascular endothelial growth factor



receptor 1 (VEGFR-1)[10]. PIGF, which is structurally similar to the potent vasoactive agent
VEGF-A, is primarily produced by the placenta and appears to have a regulatory role in
angiogenic and inflammatory processes[14]. Both VEGF-A and PIGF bind to sFlt-1 and this is
thought to decrease their availability to signal through endothelial VEGF receptors to

protect the endothelium.

Von Willebrand Factor (VWF) is a large multimeric glycoprotein secreted by endothelial cells
and platelets in response to activation. In conditions of high shear stress it mediates platelet
adhesion and aggregation. It is also a carrier protein for FVIII. Importantly, individuals with
blood group O tend to have lower VWF levels[15]. Newly secreted highly thrombogenic
ultra-large (UL) multimers are normally rapidly cleaved to smaller, less reactive multimers by
the metalloproteinase ADAMTS13, which is mainly produced in hepatic stellate cells [16].
Severe deficiency (<10 iu/dL) of ADAMTS13 causes thrombotic thrombocytopenic purpura
(TTP), a rare thrombotic microangiopathy, as a result of abnormal persistence of UL VWF
multimers which leads to microvascular thrombosis[17, 18]. In pregnancy, VWF rises [19],
and ADAMTS13 falls [20, 21], as a normal physiological response (although the physiological
fall in ADAMTS13 is not to TTP levels). Pregnancy is a well-recognised trigger for TTP[9],
which can be difficult to distinguish clinically from preeclampsia or HELLP[9], so it is
important to exclude severe ADAMTS13 deficiency in cases of pregnancy TMA where the
diagnosis is unclear. Conversely, preeclampsia can accompany pregnancy-associated
TTP[22]. Even in the absence of severe ADAMTS13 deficiency, a high VWF/ADAMTS13 ratio
has been shown to be a useful marker of disease severity/prognosis in other conditions
involving endothelial activation/dysfunction including acute COVID19 infection[23, 24],
post-COVID syndrome[25], stroke[26] and sepsis[27], and also a predictor of cardiovascular

disease in later life[28, 29].

The VWF/ADAMTS13 axis is therefore of potential interest in preeclampsia: firstly because

of the endothelial basis of its pathogenesis; secondly because of the associated thrombotic
risk; and thirdly because of clinical overlap with TTP. Previous studies demonstrate VWF is

elevated in preeclampsia[30-36] and HELLP syndrome([35, 37, 38], compared to normal

pregnancy, likely secondary to endothelial activation. ADAMTS13 activity has been studied



in preeclampsia and HELLP to a lesser extent and with discrepant results[31-38]. The

VWF/ADAMTS13 ratio has not to our knowledge previously been assessed.

The aim of the present study was to further investigate the VWF/ADAMTS13 axis in
preeclampsia compared to normal pregnancy, and to look for correlations with (i) the
degree of angiogenic imbalance (as measured by sFIt-1 and PIGF); (ii) clinical features.
VWF/ADAMTS13 parameters were also assessed in women with a current normal

pregnancy, but a history of preeclampsia.

2. Methods

2.1 Ethical aspects

The study was conducted in accordance with the declaration of Helsinki. The protocol was
approved by a Regional Ethics Committee (REC reference 18/NW/0552) and all participants

gave written informed consent.

2.2 Patients

A case-control design was used. 39 pregnant women with preeclampsia and 50 women
with uncomplicated pregnancies (‘normal pregnant controls’) were recruited from a single
large regional referral unit, between October 2018 and January 2022. In addition, 15 women
with a history of preeclampsia in previous pregnancies but with a currently normal
pregnancy (‘history of preeclampsia group’) were recruited as an additional comparator
group. Study size was predicted to be sufficient based on the results of previously published

similar studies[31, 32, 34, 36].

Participants were followed up until 6 weeks postpartum. Of those recruited, 2 normal
pregnant controls were excluded due to subsequent development of hypertension; and 5
preeclampsia cases were excluded as they were twin pregnancies. The remaining 34

preeclampsia cases and 48 normal pregnant controls were analysed. Of the history of



preeclampsia group, 1 developed preeclampsia, 1 was lost to follow up and 1 developed

significant thrombocytopenia, so 12 were included in the final analysis.

2.3 Inclusion criteria

Preeclampsia was defined according to 2018 International Society of Hypertension in
Pregnancy (ISSHP) criteria[4]. Early onset preeclampsia was defined as onset before 34
weeks’ gestation. Since the ISHHP no longer classify preeclampsia as severe or non-severe,
severe features were classified as per American College of Obstetricians and Gynaecologists
(ACOG)[8]. HELLP was also defined as per ACOG[8]. Normal pregnant controls were
normotensive singleton pregnancies, with no proteinuria, no significant abnormal findings
on routine antenatal bloods or scans, no history of hypertension, and delivered at term (=37
weeks) with normal birthweight. The history of preeclampsia group met the criteria for the
normal pregnant control group but had suffered preeclampsia in >1 previous pregnancy. All
women were recruited >20 weeks’ gestation, prior to delivery, and none were in active

labour. IVF conceptions were included for all groups.

2.4 Exclusion criteria

Exclusion criteria for all groups included a known haematological/coagulation abnormality,
chronic hypertension, diabetes mellitus, active autoimmune disease or chronic
inflammatory disease, current infection, cancer, cardiovascular, renal or hepatic disease.
2.5 Blood Sampling

Blood samples were obtained on one occasion at the time of recruitment (at >20 weeks’
gestation, prior to onset of labour/delivery), from an antecubital vein into sodium citrate

and serum separator (SST) tubes, centrifuged at 2000g for 15 minutes, aliquoted and frozen

at -80C within 1 hour of sample collection.

2.6 Laboratory Assays



ADAMTS13 activity was measured in citrated plasma using the fluorescence resonance
energy transfer-VWF73 (FRETS-VWF73) assay[39]. VWF antigen and VWF activity were
measured in citrated plasma with a standard automated immunoturbidimetric assay in a
Sysmex CS-2500 analyzer with a Siemens kit (VWF Ag (VWF:Ag) and INNOVANCE VWF Ac kit
(VWF:GPIbM), Siemens Healthcare Diagnostics, Marburg, Germany). Non-pregnant normal
ranges were: 60-146 |U/dl for ADAMTS13 activity; 0.50-1.60 IU/ml for VWF:Ag; 0.50-1.87
IU/ml for VWF:GplbM). sFlt-1 and PIGF were measured in serum using commercially
available ELISA kits (Human VEGFR1/FIt-1 Quantikine ELISA kit (R&D Systems, MN); Human
PIGF Quantikine ELISA kit (R&D Systems, MN)) according to the manufacturer’s instructions.
VWEF multimer analysis was performed in 2 cases, using gradient agarose gel electrophoresis
and overnight blotting to nitrocellulose, followed by labelling with biotinylated rabbit
antihuman VWF and visualisation with HRP alkaline phosphatase. Triplet structure of the
bands was compared visually with normal control plasma (densitometric analysis was not

performed).

2.7 Statistical analysis

Statistical analysis was performed using GraphPad Prism 9 (GraphPad software, San Diego,
CA). Continuous data were summarized as the median and interquartile range (IQR). The
number and percentage was used to summarize categorical data. The VWF:Ag/ADAMTS13
ratio was calculated by (VWF:Ag (IU/ml)/ADAMTS13 activity (IU/dl)) x 100. Non-parametric
statistical methods were used, as variables showed signs of non-normality using the
Shapiro-Wilk test. Mann-Whitney U-test was used to compare continuous variables
between two groups. Fisher’s exact test was used to compare categorical variables between
groups. Spearman’s rank was used to assess correlation between variables. The association
between VWF:Ag/ADAMTS13 ratio the occurrence of preeclampsia was assessed using
multivariate logistic regression using the 75" centile value of the normal control group as
the reference for VWF:Ag/ADAMTS13 ratio. All statistical tests were 2-sided and significance

was set at P <0.05.



3. Results

3.1 Patient characteristics and routine laboratory parameters

Table 1 shows clinical characteristics and selected laboratory parameters of the study
participants. Comparing the preeclampsia and normal pregnancy groups, maternal age and
gestational age (GA) at blood sampling were well matched, but blood group O (associated
with lower VWF levels) was more common in the preeclampsia group, who also had higher

body mass indexes (BMI).

Comparing the history of preeclampsia group with the normal pregnancy group (Table 1),
maternal age, BMI and proportion of blood group O were not significantly different, but GA
at blood sampling was significantly lower in the history of preeclampsia group, and there

were significantly fewer nulliparous women.

The preeclampsia group tended to be delivered earlier, with lower birthweights than the
normal pregnancy group (Table 1). The history of preeclampsia group also delivered earlier
than the normal pregnancy group, but it was departmental policy to aim for delivery by 38

weeks in this group, and there was no significant difference in birthweight (Table 1).

Of the preeclampsia group, 47.0% (16/34) were early onset; 67.6% (23/34) met the criteria
for severe preeclampsia; 44.1% (15/34) delivered before 37 weeks’ gestation; and 39.3%
(13/33) resulted in a small for gestational age (SGA) infant (defined as birthweight <10t
centile on customized growth chart). Median peak creatinine was 78umol (IQR 66-87).
Median peak alanine aminotransferase (ALT) was 43 IU/I (IQR 28-144), with peak ALT above
the upper limit of normal in 18/34 (52.9%). Thrombocytopenia was more common and
more severe (in terms of platelet nadir and % fall to nadir) in the preeclampsia group
compared to the other two groups (Table 1). Four women in the preeclampsia group
displayed the combination of low platelets, elevated liver enzymes and features of
haemolysis but only 1/4 met full laboratory criteria for HELLP syndrome at the time of the

study bloods.



Table 1. Clinical characteristics of the study groups.

x10°/L

P value P value
(Preeclampsia vs (History of
Normal pregnancy | Preeclampsia History of. normal pregnancy)| preeclampsia vs
preeclampsia normal
pregnancy)
Number 48 34 12 - -
analysed
Maternal age 32.5 (29-36) 33 (30-35) 35.5 (32.3-36) 0.46 0.11
at bloods ’ ’ ’ ’ ’
GA at bloods 35.5 (29-38) 36 (33-37) 27.5 (24-32) 0.38 0.0004*
(weeks)
BMI (first
trimester) 23 (21-25) 25 (23-27) 26.3 (21-29) 0.02* 0.18
(kg/m?)
Blood group O |  14/48 (29.1%) | 20/34 (58.8%) | 2/12 (16.7%) 0.01* 0.48
IVF conception |  6/48 (12.5%) 7/34 (20.6%) 0/12 (0%) 0.37 0.33
Nulliparous 30/48 (62.5%) | 24/34 (70.6%) 0/12 (0%) 0.49 0.0001*
GA at delivery 40 (39-41) 37 (34-38) 38 (37.3-39) <0.0001* <0.0001*
(weeks)
'?g)thwe'ght 3500 (3070-3840) |2510 (1815-3125)| 3130 (2800-3585) <0.0001* 0.06
Small for
gestational 0/48 (0%) 13/33 (39.4%) 0/12 (0%) <0.0001* >0.9999
age®
Nadir platelet
count** 203 (170-234) | 164 (118-199) | 218.5 (171-269.5) 0.002* 0.22
(x10°/L)
% fall in
platelets to 15.2 (4.0-23.0) |39.6 (20.0-53.0))| 21.2 (13.3-26.4) <0.0001* 0.18
nadir
<
zlagg‘;'fts 1501 648 (12.5%) 14/34 (41.2%) 1/12 (8.3%) 0.004* >0.9999
<
Platelets <100 0/48 (0%) 8/34 (23.5%) 0/12 (0%) 0.0005* >0.9999

Continuous data are given as median (interquartile range); categorical data given as proportion (%).
P values derived using Mann-Whitney test for continuous data and Fisher Exact test for categorical
data. *Denotes statistical significance at P <0.05 level.
GA, gestational age; BMI, body mass index; IVF, in vitro fertilization. *Small for gestational age
defined as birthweight less than 10%" centile on customised growth charts. **Nadir platelet count
refers to the lowest platelet count, either pre- or post- delivery. First trimester platelet counts (and
therefore % fall in platelets to nadir) and BMI were unavailable for 3 preeclampsia cases. GA at
delivery and birthweight was unavailable for 1 normal pregnant control who had an uncomplicated
home birth at term.




3.2 ADAMTS13 activity, VWF antigen (VWF:Ag) and activity (VWF:Ac),
VWF:Ag/ADAMTS13 ratio and VWF multimeric pattern.

There were no cases of severe ADAMTS13 deficiency (<10 iu/dl) in any group (excluding TTP
in all cases) . All ADAMTS13 activities fell within the non-pregnant normal laboratory range

except for one preeclampsia case (54.1 iu/dl).

Comparing preeclampsia cases to normal pregnant controls, ADAMTS13 activity was lower
in preeclampsia (89.6 (80.0-101.4) vs 97.4 (91.7-104.5) iu/dl, P=0.02, Fig 1(a)). VWF:Ag was
markedly higher in preeclampsia (3.07 (2.17-3.58) vs 1.87 (1.57-2.67) iu/ml, P< 0.0001, Fig
1(b)). VWF:Ag/ADAMTS13 ratio was also markedly elevated in preeclampsia (3.42 (2.28-
4.07) vs 2.06 (1.59-2.67), P <0.0001, Fig 1(d)). Interestingly VWF:Ac was not significantly
elevated in preeclampsia cases compared to normal pregnancy (2.37 (1.93-2.65 vs 2.02

(1.50-2.54) iu/ml, P= 0.10, Fig 1(c)).

In contrast, there was no difference between the history of preeclampsia and normal
pregnancy groups, in ADAMTS13, either VWF parameter, or VWF:Ag/ADAMTS13 ratio (for
the history of preeclampsia group: ADAMTS13 activity 95.6 (85.6-107.2) iu/dl, P= 0.69, Fig
1(a); VWF:Ag 1.57 (1.34-2.17) iu/ml, P=0.05, Fig 1(b); VWF:Ag/ADAMTS13 ratio 2.00 (1.41-
2.42), P=0.46, Fig 1(d), VWF:Ac 1.89 (1.38-2.32) iu/ml, P= 0.27, Fig 1(c)).

VWF multimer analysis performed on two samples with the highest VWF:Ag/ADAMTS13

ratios did not demonstrate the presence of ultra large VWF multimers.
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Figure 1. Changes in von Willebrand Factor (VWF), ADAMTS13, and VWF/ADAMTS13 ratio
in preeclampsia (n=34) compared to normal pregnancy (n=48) and normal pregnancy with
a history of preeclampsia (H/O Preeclampsia) (n=12). Scatter plots for (a) ADAMTS13 activity
(via FRETS-VWF73 assay); (b) VWF antigen (VWF:Ag) (via automated immunoturbidometric assay);
(c) VWEF activity (VWF:GP1bM) (via automated immunoturbidometric assay); (d) VWF:Ag/ADAMTS13
ratio ((VWF:Ag (1U/ml)x100)/ADAMTS13 activity (1U/dl), for the three study groups. The solid line
represents the median value for each group. P- values derived using the Mann-Whitney test.
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For the normal pregnant control group, there was no significant correlation between either
VWF:Ag and ADAMTS13 activity, or VWF:Ac and ADAMTS13 activity (r =0.16, P =0.27; and r
=0.01, P =0.95 respectively, Fig 2).
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Figure 2. Scatter plots of VWF parameters against ADAMTS activity for normal pregnant
controls (n=48). (a) VWF antigen against ADAMTS13 activity, (b) VWF activity against ADAMTS13
activity. There was no significant correlation between either VWF parameter and ADAMTS13
activity, as assessed by Spearman’s rank correlation coefficient (r= 0.16, P= 0.27, for VWF antigen; r=
0.01, P=0.95 for VWF activity)

3.3 Consideration of potential confounding factors

For the normal pregnant controls, there was no significant correlation between gestational
age (GA) and ADAMTS13 activity (p= 0.44) but there were positive correlations between GA
and (i) VWF activity (r= 0.32, P=0.03) (ii) VWF:Ag (r=0.52, P = 0.0001) and (iii)
VWF:Ag/ADAMTS13 ratio (r= 0.49, P = 0.0004). As expected, normal pregnancies with blood
group O had lower VWF:Ag, VWF:Ac and VWF:Ag/ADAMTS13 ratios than non-group O
(median VWF:Ag, 1.58 vs 2.42 iu/ml (P= 0.0006); median VWF:Ac, 1.44 vs 2.20 iu/ml
(P=0.0001); median VWF:Ag/ADAMTS13 ratio, 1.6 vs 2.3 (P= 0.008)). There was no
difference in ADAMTS13 according to group O status (97.8 (O) vs 96.9 (non-0) iu/dl, P=
0.68).

12



Multivariate logistic regression analysis was performed to estimate the odds ratio (OR) of a
high VWF:Ag or high VWF:Ag/ADAMTS13 being associated with preeclampsia, taking into
account the effect of potential confounders of (i) gestational age (GA) (ii) blood group O
status, (iii) nulliparity vs non nulliparity, (iv) BMI, (v) IVF vs spontaneous conception. A ‘high’
VWEF:Ag or VWF:Ag/ADAMTS13 ratio were both defined as >2.7, based on the 75" centile
values for the normal pregnant controls for both parameters both coincidentally being 2.67.
As shown in Table 2, there was a significant association between both ‘high’ VWF:Ag iu/ml
and also ‘high’ VWF:Ag/ADAMTS13 ratio and preeclampsia, independent of GA, blood group
O status, parity, BMI and IVF status. The adjusted ORs were in fact higher than the crude
ORs probably because of the overrepresentation of blood group O (with lower VWF levels

than non-0) in the preeclampsia group.

Table 2. Odds ratios for Risk of Preeclampsia, for VWF antigen (VWF:Ag) and for
VWF:Ag/ADAMTS13 ratio

Preeclampsia Normal Odds ratio | Adjusted odds
cases pregnant (95% Cl) ratio
controls (95% Cl)
VWF:Ag >2.7 iu/ml 21/34 10/48 6.14 16.8
(2.32-15.9) (4.2-93.5)
VWF:Ag/ADAMTS13 24/34 11/48 8.07 19.2
>2.7 (2.80-22.1) (4.8-111.9)

Adjusted odds ratio adjusted for gestational age, blood group O status, BMI, nulliparity and IVF

status. VWF:Ag and VWF:AG/ADAMTS13 cut offs chosen according to 75™ percentile values for

normal pregnant controls. Values given for preeclampsia cases and normal pregnant controls are

proportion of subjects.

3.4 Post hoc analysis of VWF activity/ VWF antigen ratio

Following the observation that whilst VWF antigen was markedly increased in preeclampsia,

VWEF activity was not, VWF activity to VWF antigen ratios (VWF:Ac/VWF:Ag) were

calculated. VWF:Ac/VWF:Ag was significantly lower in preeclampsia cases than normal

pregnant controls (0.77 (0.68-0.92) vs 0.97 (0.88-1.08), P <0.0001).

13



3.5 Correlation of VWF:Ag/ADAMTS13 ratio with sFit-1 and PIGF

For the preeclampsia cases, median sFlt-1 was 8960 pg/ml (IQR 6412-15626); median PIGF

was 73.0 pg/ml (IQR 47.2-101.9; and median sFlt-1/PIGF ratio was 140.9 (IQR 77.8-249.1)

respectively. No significant correlation was seen with VWF:Ag or VWF:Ag/ADAMTS13 ratio

for any of the 3 parameters (For VWF:Ag, sFlt-1: r =0.23, P =0.19; PIGF: r=0.10, P =0.58;

sFlt-1/PIGF ratio: r =0.07, P =0.70; for VWF:Ag/ADAMTS13 ratio, sFlt-1: r =0.11, P =0.55;

PIGF: r=-0.11, P =0.57; sFlt-1/PIGF ratio: r =0.05, P =0.80).

3.6 Relationship between VWF:Ag and VWF:Ag/ADAMTS13 ratio and clinical features in

preeclampsia

There were no significant differences in either VWF:Ag, or VWF:Ag/ADAMTS13 ratio,

depending on severity of preeclampsia, SGA neonate or not, or presence/absence of

thrombocytopenia <100 x10°/L (the threshold defined by ACOG as a severe feature of

preeclampsia) (Table 3).

Table 3. VWF:Ag/ADAMTS13 values according to selected clinical features of

preeclampsia.

count**

>100 x10%/L: 3.09 (2.16-3.63)

>100 x10%/L: 3.38 (2.25-4.09)

P P
VWE:Ag (iu/ml VWE:Ag/ADAMTS13 rati
g (iu/mi) value g/ ratio value

Severity of Severe: 2.98 (2.15-3.70) 0.86 Severe: 3.35 (2.25-4.01) 0.45
preeclampsia Non-severe: 3.10 (2.20-3.47) ' Non-severe: 3.57 (2.74-4.17) '
Small f

matl ror SGA: 3.05 (2.00-3.59) SGA: 3.19 (2.22-4.05)
gestational Non-SGA: 3.09 (2.20-3.64) | %> | Non-sGA:3.66(2.87-4.08) | >1°
age (SGA) $ . . . . . . . .
Nadir platelet | <100x10°/L:2.96 (2.27-340) | ... | <100x10°/L:3.53(241-3.96) | .

VWEF:Ag, von Willebrand Factor antigen. VWF:Ag and VWF:Ag/ADAMTS13 ratios given as median
(interquartile range). P values obtained using Mann-Whitney test, with significance level defined as P
<0.05. Severe preeclampsia defined according to ACOG criteria[8]. *Small for gestational age defined
as birthweight less than 10" centile on customised growth charts. **Nadir platelet count refers to

the lowest platelet count, either pre- or post- delivery.
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3.7 Post hoc analysis of thrombocytopenia in preeclampsia

Given the increased frequency and severity of thrombocytopenia in the preeclampsia cases
compared to normal pregnant controls (Table 1), additional associations between
thrombocytopenia and the measured laboratory parameters were investigated. Since VWF
is involved in platelet activation/aggregation, it was postulated that VWF activity might be
more relevant than VWF antigen in this regard. As illustrated in Figure 3, preeclampsia cases
with a platelet nadir <100 x10°/L (n=8) had higher VWF activities and VWF:Ac/VWF:Ag
ratios, than those with nadirs =100 x10°/L (n=26) (median VWF:Ac: 2.61 vs 2.14, P =0.03;
median VWF:Ac/VWF:Ag ratio: 0.94 vs 0.76, P =0.008). This was despite a higher frequency
of blood group O (with an expected lower VWF activity) in the group with a platelet nadir
<100 x10°/L (6/8 (75%) vs 15/26 (58%)). There was no difference between GA at bloods in

the two groups, (median GA, 34 vs 36 weeks, P = 0.88), so this was not considered a

confounder.
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Figure 3: VWF activity and VWF activity/VWF antigen ratio (VWF:Ac/VWF:Ag) for
preeclampsia cases (n=34) according to nadir platelet count. Scatter plots of (a) VWF activity
and (b) VWF:Ac/VWEF:Ag ratio for preeclampsia cases with nadir platelet counts < 100 x10%/L (n=8)
compared to those with nadir platelet counts >100 x10°/L (n=26). Plts, nadir platelet count (pre- or
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post-delivery) x10%/L. The solid line represents the median value for each group. P- value derived
using the Mann-Whitney test

In addition, positive correlations were observed between: (i) % fall in platelet count to nadir,

and VWF activity (r =0.45, P =0.01, Fig 5(a)); (ii) % fall in platelet count to nadir and

VWEF:Ac/VWF:Ag ratio (r= 0.50, P =0.004, Fig 5(b)); (iii) % fall in platelet count to nadir and

sFIt-1/PIGF ratio (r =0.45, P =0.01, Fig 5(d)); but not between % fall in platelet count to nadir

and VWF:Ag/ADAMTS13 ratio (r =0.14, P =0.46, Fig 5(c)).
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Figure 4. Scatter plots of (a) VWF activity, (b) VWF activity/VWF antigen ratio
(VWF:Ac/VWF:Ag ratio), (c) VWF antigen/ADAMTS13 ratio (VWF:Ag/ADAMTS13) and (c)
sFIt-1/PIGF ratio, against % fall in platelet count to nadir. Significant positive correlations were
observed via Spearman’s rank correlation coefficient for three data sets: VWF activity and % fall in
platelets to nadir (r =0.45, P =0.01); VWF:Ac/VWF:Ag ratio and % fall in platelets to nadir (r= 0.50, P
=0.004); sFlt-1/PIGF ratio and % fall in platelets to nadir (r =0.45, P =0.01), but not for

VWF:Ag/ADAMTS13 ratio and % fall in platelets (r =0.14, P =0.46)
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4. Discussion

In summary, we have demonstrated marked increases in both VWF:Ag and
VWF:Ag/ADAMTS13 ratio in preeclampsia compared to normal pregnancy, with median
levels 1.7 times higher for both parameter. ADAMTS13 activity was slightly reduced, but still
within laboratory normal range in all but one case (with a slightly low value). Interestingly
however, VWF:Ac was not shown to be significantly higher, and the VWF:Ac/VWF:Ag ratio

was significantly lower in preeclampsia than normal pregnancy.

Previous studies have demonstrated similar elevations in VWF:Ag in preeclampsia [31-34,
36], and it is likely that endothelial activation with increased Weibel-Palade body release of
VWEF is the underlying cause [40]. Regarding ADAMTS13, whilst previous small studies have
shown mild-to-moderately reduced ADAMTS13 activity in HELLP syndrome [35, 37, 41], the
existing literature on preeclampsia is conflicting, with 3 studies showing mildly reduced
ADAMTS13 activity compared to normal pregnancy ((ranging from 74% to 89% of the

normal pregnant values)[33, 34, 36], but 2 studies showing no difference[31, 32]. The
variance is likely explained by clinical heterogeneity of preeclampsia cases, variation in
baseline ADAMTS13 levels between individuals, and study size and design (including method

of ADAMTS13 analysis and GA at bloods).

Low ADAMTS13 activity in the face of significantly elevated VWF may be expected due to
increased consumption of the protease by increased substrate, and a reciprocal relationship
has been shown in other settings, such as inflammation [42, 43]. However, we did not find a
negative correlation between ADAMTS13 activity and VWF:Ag, mirroring the findings of
Molvarec et al [31]. Meanwhile, Stepanian et al [33], Aref et al [36] and Alpoim at al [34] all
demonstrated that high VWF and low ADAMTS13 are independently associated with
preeclampsia, implying a more complex relationship. Alternative reasons for reduced
ADAMTS13 activity in preeclampsia include: increased proteolytic inactivation by thrombin
and plasmin[44] [7, 45]; reduced synthesis [46] and inhibition of activity[47] due to
inflammatory cytokines [48]; as well effects on synthesis/secretion due to liver dysfunction

if present. Also of note, expression of ADAMTS13 mRNA and protein has been identified in
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placental tissue, with evidence for a role in promoting angiogenesis and trophoblastic cell

development, and with reduced expression in preeclamptic placentas[49].

VWF:Ag/ADAMTS13 ratios in preeclampsia, or indeed normal pregnancy, have not to our
knowledge been previously reported. The median ratios for both preeclampsia and normal
pregnancy (3.57 and 2.06 respectively), were both elevated compared to the non-pregnant
state, in which median values have been previously reported in the region of 1 [24, 25]). For
comparison, median ratios of 2.4 in acute ischaemic stroke[26], and 3.2[23] and 6.1[24] in
acute COVID19 infection are reported in the literature, with demonstrated prognostic
utility/clinical correlations. Although VWF:Ag/ADAMTS13 ratios in preeclampsia were
significantly elevated compared to normal pregnancy, multimer analysis suggested that the
imbalance was not severe enough to cause systemic persistence of ultralarge (UL) VWF
multimers (as are present in TTP). This has also been demonstrated by others previously [31,
50]. However, even in the absence of systemically circulating UL VWF multimers, the raised
VWF:Ag/ADAMTS13 ratio could still theoretically contribute to microthrombotic risk in the
preeclamptic placenta and maternal organs, where VWF is subject to high shear forces
which promote ADAMTS13 binding, Under such conditions, VWF/ADAMTS13 imbalance
could become functionally relevant and could predispose to placental and end organ
thrombosis/ischaemia. Our data did not demonstrate an association between
VWF:Ag/ADAMTS13 (or VWF:Ag) and preeclampsia severity or risk of fetal growth
restriction, but this may have been because of the small sample size, which is a limitation of

our study.

VWF:Ag/ADAMTS13 ratios in women with a current normal pregnancy, but a history of
preeclampsia, were not significantly different to those of normal pregnant controls,
although this group was small and earlier median GA at bloods was a significant confounder.
Whilst acknowledging the limitations, this finding suggests that the elevated ratios observed
in preeclampsia are due to the acute disease process, rather than an underlying disposition,
and do not confer similar changes in future pregnancies. Similarly, no increased risk of
preeclampsia was demonstrated in women carrying three functional genetic variants of
ADAMTS13 associated with reduced activity, or in women with a lower baseline (non-

pregnant) ADAMTS13 activity, in a Norwegian study[51]. Nevertheless, it would be
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interesting to investigate a potential role for the VWF/ADAMTS13 axis in mediating the long

term thrombotic risks following preeclampsial5, 6].

We had postulated that if VWF level or VWF/ADAMTS13 ratio is a marker of the degree of
endothelial activation in preeclampsia, there might be positive correlation with the sFlt-
1/PIGF ratio, given that an excess of sFlt-1 relative to PIGF is believed to be a key mediator
of endothelial dysfunction[10, 11]. However, the data did not support this hypothesis, with
no significant correlation observed between with either VWF:Ag or VWF:Ag/ADAMTS13

ratio for any of sFlt-1, PIGF or sFlt-1/PIGF ratio (although sample size is again a limitation).

The finding of a reduced VWF:Ac/VWF:Ag ratio in preeclampsia was intriguing. Most
previous studies of VWF in preeclampsia measured VWF:Ag levels only, although Hulstein et
al[35] also measured VWF:RCo, which was more modestly elevated than VWF:Ag in a small
group of preeclampsia patients, in agreement with our findings. It is conceivable that
preeclamptic vascular changes produce conditions of increased shear stress which promote
VWEF proteolysis by ADAMTS13, and a reduced proportion of larger more active multimers
(in a situation analogous to severe aortic stenosis[52], and as recently reported in severe
COVID19[53]). In other words, although VWF levels are high, there is a skew to smaller less
active multimers. The limited multimeric analysis performed in this study was primarily
intended to rule in/out the presence of ultra-large multimers and did not use densitometry
or normal pregnant plasma controls. More extensive and quantitative multimeric analysis
would be needed to investigate for a relative loss of higher molecular weight multimers in

preeclampsia.

Thrombocytopenia is a relatively common complication of preeclampsia and is believed to
result from increased platelet activation and consumption[54]. No relationship was
observed between VWF:Ag or VWF:Ag/ADAMTS13 ratio and thrombocytopenia. However,
VWEF activity correlated positively with % fall in platelets, as did VWF:Ac/VWF:Ag ratio. It
would appear that while overall preeclampsia is associated with increased VWF levels with
reduced VWF:Ac/VWF:Ag ratios, patients with preserved VWF:Ac/VWF:Ag ratios are more
likely to develop thrombocytopenia. Hulstein et al[35] demonstrated increased amounts of

what they termed ‘active’ VWF, with greater GPlb binding capacity, in HELLP compared to
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preeclampsia without HELLP. Based on positive correlation between propeptide/mature
VWEF ratio and levels of ‘active’ VWF, they postulated that acute, as opposed to chronic,
endothelial activation is the source of the ‘active’ VWF. Extending this idea to our findings, it
may be the patients with greater fall in platelet count had more acutely activated
endothelium which produced more ‘active’ VWF, explaining the higher VWF:Ac/VWF:Ag
ratios. The positive correlation between sFlt-1/PIGF ratio and the % fall in platelets also

supports the concept that thrombocytopenia is related to endothelial activation.

The main limitation of this study is the sample size. Although the changes in the
VWF/ADAMTS13 axis in preeclampsia were significant enough to be clearly demonstrated in
the small sample, it may be that the observed lack of association with clinical features, or
angiogenic imbalance, is merely due to sample size. The small size of the history of
preeclampsia group and earlier GA at bloods limit the validity of the observed normal ratio
in that group, and further investigation of the ratio in women who develop preeclampsia,

before and after the event, is warranted.

In summary, this study builds on existing evidence for a role of the VWF/ADAMTS13 axis in
the pathophysiology of preeclampsia, and specifically demonstrates marked increases in
both VWF:Ag and VWF:Ag/ADAMTS13 ratio, with a reduction in VWF activity:antigen ratio,
and a mild reduction in ADAMTS13 activity. In addition, associations between
thrombocytopenia, increased VWF activity, and increased sFlt-1/PIGF ratio were
demonstrated. Preeclampsia remains a leading cause of maternal/fetal morbidity/mortality,
and improved risk tools, therapeutic and preventative strategies are needed[55]. Larger
prospective studies with repeated blood sampling would help determine whether
alterations in VWF/ADAMTS13 axis might precede onset of the clinical syndrome and have
utility in risk prediction models; as well clarifying whether levels at diagnosis might have
prognostic value, and whether alterations in the axis may persist and contribute to long

term cardiovascular/thrombotic risk.

The main reason to measure ADAMTS13 in preeclampsia remains the exclusion of TTP in
cases with diagnostic uncertainty. However demonstration of a VWF/ADAMTS13 imbalance

in preeclampsia, even in the absence of severe ADAMTS13 deficiency, is also of value as it
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raises the question of whether administration of recombinant ADAMTS13 might restore
VWF/ADAMTS13 homeostasis (for example as demonstrated ex vivo in the setting of severe
COVID-19 infection[56]), and ameliorate the clinical picture, raising the possibility of a

potential therapeutic avenue to be explored in preeclampsia.
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