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Abstract
TITLE: Preeclampsia Risk Assessment: Evaluation of Cut-offs to Improve Stratification (PRAECIS):
Methods for a Multi-Center, Prospective Cohort Study in Biomarkers for Preeclampsia in the

United States

Purpose: To describe the methods and protocol outline of the PRAECIS study, which aims to
identify and validate a cut-off of the ratio of the FMS-like tyrosine kinase-1 soluble protein
(sFLT-1) and placental growth factor (PIGF) to predict the short-term (2 week) development of
severe features requiring delivery per the guidelines of the American College of Obstetricians
and Gynecologists in hospitalized, adult women with a known hypertensive disorder of

pregnancy between 23 weeks and 34 weeks and 6 days gestational age.

Methods: The PRAECIS study is a pragmatic, observational, blinded multi-center study to
identify and validate a cut-off of the sFLT-1/PIGF ratio in hospitalized women with preterm,
hypertensive disorders of pregnancy that will predict the short-term (2 week) development of
preeclampsia with severe features. The study aims to provide the definitive American data

necessary for application of the serum prognostic test to the FDA for approval in the US.

Conclusions: The PRAECIS study is a feasible study design across academic and community
centers in the United States and promises the necessary data to bring a much anticipated

serum prognostic device to American obstetric clinics.
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Introduction
Despite incredible advances in maternal and neonatal intensive care as well as high

access to care, one of the leading causes of neonatal and maternal morbidity and mortality in
low-income countries is also one of the leading causes of maternal and neonatal morbidity in
the United States (US). Preeclampsia is a hypertensive disorder of pregnancy affecting
approximately 4% of all hospital deliveries® that costs the healthcare system $2 billion in the
first year after delivery?. The largest cost burden comes from infants delivered at an early
gestational age, born to mothers with severe, early-onset disease. Longer term costs are
unknown? but are likely significant given the growing evidence for an increased maternal risk of
vascular, cardiovascular?, and end-stage renal disease®. Yet, in spite of the high cost to women’s
health and to the larger healthcare system, no diagnostic or prognostic tools or treatments are
available for preeclampsia in the US. Urgent delivery of a preterm fetus — often the only
treatment for the maternal syndrome— is a significant source of the cost burden.

The American College of Obstetricians & Gynecologists define preeclampsia as new-
onset hypertension after 20 weeks’ gestation accompanied by evidence of end-organ damage,
including proteinuria, thrombocytopenia, a serum creatinine greater than 1.1 mg/dL or a
doubling from baseline, impaired liver function, or pulmonary edema®. Clinically, these non-
specific criteria are poor predictors of disease®. Their overlap with other, more benign
hypertensive disorders of pregnancy and chronic diseases (e.g. nephropathy, biliary disease,
lupus, etc.) make the diagnosis of preeclampsia challenging. Broad diagnostic criteria based on
clinical signs and symptoms yield an inconsistent, heterogeneous population from whom it is

difficult to draw conclusions. Unlike other potentially lethal illnesses such as cancer — where



tissue specimens form the diagnostic gold-standard and confirm pathology, the diseased organ
(the placenta) is by design highly vascular, risking catastrophic consequences for mother and
fetus if biopsied in the latter half of pregnancy when symptoms present. Instead, introduction
of a biochemical marker that approximates local placental pathology would improve dissection
of the heterogenous preeclamptic population and inform the future development of
therapeutics, much like what has grown out of the revolution in myocardial infarction diagnosis
with the use of troponins beginning in the late 1990’s’.

Based on the model of preeclampsia as a maternal angiogenic factor imbalance, serum
and plasma prognostic assays of soluble FMS-like tyrosine kinase (sFLT-1) and placental growth
factor (PIGF) are commercially available in Europe (the Elecsys sFLT-1/PIGF by Roche and the
Kryptor sFlt-1/Plgf by BRHAMS ThermoFisher, among others). sFLT-1 and PIGF are angiogenic
proteins produced by the highly vascular placenta, with PIGF — a member of the VEGF family—
promoting vascular development and endothelial health, and sFLT-1 working as its soluble
decoy receptor to regulate placental vessel development. Due to poorly characterized events at
initial placentation, the placenta becomes stressed later in pregnancy, leading to an excess of
sFLT-1, systemic maternal vascular damage, and the classic signs and symptoms of preterm
preeclampsia. Introduction of assays measuring sFLT-1 and PIGF into European clinics has
resulted in improved diagnostics and prognostics®, a 45-55% reduction in hospitalizations for

910 and a £24 million reduction in expected annual costs for the UK

suspected preeclampsia
NHS®.

The recent inclusion of angiogenic factors in European national guidelines stems from

large, international, prospective cohort studies of European and Australian women with



suspected preeclampsia. Led by Stefan Verlohren at Charité University Medicine Berlin, the
PROGNOSIS trial*? validated an sFLT-1/PIGF cut-off of 38 to rule out the short-term risk (1 week)
of developing preeclampsia with a negative predictive value (NPV) of 99.3% (95% Confidence
Interval (Cl), 97.9-99.9). Similarly, in a prospective cohort study in clinics across the UK, an
isolated plasma PIGF concentration <5 centile for gestation ruled in preeclampsia within 2
weeks with high sensitivity'2. Results of the PROGNOSIS trial were recently validated in 764
pregnant women from 25 sites across Asia in the PROGNOSIS Asia trial (sFLT-1/PIGF cut-off of
38 to rule out preeclampsia within 1 week, NPV of 98.6%, 95% Cl 97.2-99.4%)'% as well as in a
single-center US study (the ROPE study, N=402) by members of our group (sFLT-1/PIGF cut-off
of 38 NPV of 97.8% to rule out preeclampsia within 2 weeks)*. Though the accumulating
evidence strongly supports the use of angiogenic biomarkers in the diagnosis and prognosis of
preeclampsia, the sFLT-1/PIGF ratio has yet to be validated in a multi-center, national cohort in
the US and therefore is not included in ACOG’s national practice guidelines.

The Preeclampsia Risk Assessment: Evaluation of Cut-offs to Improve Stratification
trial®® is a multi-center, prospective cohort study in centers across the US intended to identify
and validate a cut-off to rule in the short-term (2 weeks) risk of developing preeclampsia with
severe features in women with preterm singleton gestations and with a hypertensive disorder
of pregnancy. This study will provide the much-needed, definitive evidence for the use of
angiogenic biomarkers in the American pregnant population with the goal of improving risk
stratification and healthcare costs and reducing neonatal and maternal adverse outcomes
through accurate prognosis of one of the most morbid diseases affecting pregnant women and

neonates in US clinics.



Intended Use of sFLT-1/PIGF Assay

Women with hypertensive disorders of pregnancy are at risk of acute, rapidly
progressive, and severe complications, including renal injury requiring dialysis, thrombotic
microangiopathy, seizure (eclampsia), stroke, and death, among others. The clinician’s toolbox
for predicting the onset of these “severe features” uses non-specific clinical signs and
symptoms including refractory headache, right upper quadrant pain, hyperreflexia, elevated
liver enzymes and/or creatinine, elevated blood pressure, and uric acid. However, clinical signs
and symptoms perform poorly as predictors of adverse outcomes in this population,
particularly in the early-onset (<34 weeks’ gestation) group (AUC = .62-.81), with little
improvement when blood pressure, proteinuria, and uric acid are combined (AUC <.86)°.
Interestingly, when the angiogenic biomarker ratio sFLT-1/PIGF is added to the algorithm,
predictive accuracy increases significantly (AUC = .92)8.

The poor predictive accuracy and low specificity of current clinical markers create
uncertainty for clinicians regarding escalation of care; administration of betamethasone for
neonatal lung maturity or magnesium for neonatal neuroprotection must be optimally timed
for preterm delivery of preeclamptic pregnancies and are not risk-free. However, our current
methods do a poor job of discriminating among patients who may imminently require these
interventions. Similarly, decisions regarding expensive hospital admissions for close monitoring
or transfers to centers with level Ill NICUs are complicated by inadequate available prognostic
methods.

With this trial we intend to introduce angiogenic biomarker assays into the hospital to

improve the obstetrician’s methods of risk stratifying women at short-term (2 weeks) risk of



developing severe features of preeclampsia and therefore adverse outcomes of disease
requiring premature delivery. Concentrations above the identified cut-off will identify women
at increased risk of severe features, resulting in an escalation of care and resource allocation
(i.e. NICU consultation, administration of betamethasone, transfer to a higher level of care,
etc.), while a concentration below the cut-off will identify women at low risk requiring standard

expectant management.

Rule-in vs. Rule-out Test
A test’s indication should reflect its clinical utility in balance with the clinical risk of a

false positive or a false negative result. The PROGNOSIS trial and follow-up studies emphasized
the sFLT-1/PIGF ratio as a rule-out test, that maximizes sensitivity and negative predictive value
but risks false negatives. While there is certainly clinical utility to a rule-out assay for the
prediction of preeclampsia, our pilot data from the single-center ROPE study suggests that for
the hospitalized, preterm population, the sFLT-1/PIGF has high specificity (92.8) for the
prediction of severe features and is therefore a useful rule-out assay*“. Particularly when
enriched for the hypertensive population (gestational hypertensives, chronic hypertensives,
and pre-eclamptics), the hospitalized, preterm population poses significant risk for potentially-
fatal adverse events in the event of a false negative result. By assessing a rule-in test in a
hospitalized population, our study design minimizes any risk associated with a false negative,
specifically the risk of an adverse event (i.e. an eclamptic seizure or stroke) occurring out-of-
hospital in a high risk patient. Given the high specificity of the rule-out test and the

considerable risk of a false negative in our selected, enriched population, we aim to maximize a
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specificity of at least 85% with a minimum of 70% sensitivity and to maximize the positive
predictive value while minimizing false negatives.

Furthermore, the study of a rule-out test in a hospitalized population further mitigates
risk associated with device trials in an International Conference on Harmonization/ FDA-defined
vulnerable population. A hospitalized patient with a low-risk sFLT-1/PIGF result would remain
hospitalized for expectant management and monitoring, moderating any risk of a false
negative. Women with a high risk result would receive escalated care, including increased
monitoring, administration of betamethasone for fetal lung maturation, magnesium for
eclampsia prophylaxis and fetal neuroprotection (depending on gestational age), a NICU

consult, and other high-cost resources best allocated to appropriate patients.

Methods & Analyses

Study Design
PRAECIS is a multi-center, pragmatic, blinded, prospective, non-interventional study

intended to identify and validate a cut-off of the sFLT-1/PIGF ratio in adult women with
singleton pregnancies between 23*0 to 34'6/7 weeks’ gestation with a hypertensive disorder of
pregnancy that predicts the development of severe features of preeclampsia within 2 weeks of
testing. Identification of the cut-off and its validation are executed in independent, consecutive
cohorts in 2 study phases: the “derivation” cohort for cut-off identification and the “validation”
cohort for cut-off validation. Specimens allocated for the measurements of sFLT-1 and PIGF
levels will be stored frozen in minimum -20° Celsius freezers (minimum -80° Celsius freezers

after 1 month of storage) and later tested as a batch per the Device Manufacturers’ protocols.
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A separate, site-specific, limited sub-study will be performed to validate results from fresh
samples compared with samples frozen for specific periods of time for each assay.

To obviate any influence on clinical decision making, the investigators, study staff,
patients, and treating clinicians will be blinded to the sFLT-1 and PIGF measurements, which will
be batch-analyzed after recruitment of the last participant in each cohort. Because test results
will not influence clinical decision making, enrollment in the study poses no risks other than the
small risk of local site infection or irritation associated with maternal venipuncture to the
mother or fetus/neonate.

Study participants donate serum and plasma specimens at enrollment which are
promptly aliquoted and frozen within 5 hours of collection. Participants are then followed for
maternal and fetal/neonatal outcomes by medical record review for 2 weeks after enrollment
or delivery, whichever occurs first (Figure 2). Delivery outcomes outside of the 2-week window
and general neonatal disposition 4 weeks after delivery are also assessed via the medical record
(Fig. 2). Outcomes are documented in electronic case report forms by investigative staff across
all sites. Medical record review may be done retrospectively at the 2 week study period mark
and then again 4 weeks after delivery to ensure complete assessment of the key study periods.

Finally a statistical analysis plan will be written and signed prior to each cohort analysis,
defining the statistical approach to the data. Minimal changes are expected to be made
between the derivation and validation cohorts, however the exact number to be recruited for
the validation cohort will be finalized by the prevalence of disease in the derivation cohort as

well as the performance of the test characteristics.
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In an attempt to replicate anticipated use of the assay, hospitalized participants who
have not delivered at the end of the 2-week post-enrollment phase may be re-consented and
re-enrolled under a new, unique study ID number (Fig. 2). This represents common clinical
practice where serum tests are repeatedly monitored for change over time. The number of re-
enrolled subjects will be monitored, and multi-variate analysis will control for re-enrollments to

avoid bias per the statistical analysis plan.

Study Population: Inclusion Criteria
Patients are required to meet the following criteria to participate in the study.

e Signed informed consent
e Pregnant woman 218 years of age
e 23'0to 34'6/7 weeks’ gestation
e Singleton pregnancy
e Hospitalized with (or developed while hospitalized) a hypertensive disorder of
pregnancy as defined by ACOG Guidelines®6. The following ACOG definitions were
used,
o Preeclampsia: Hypertension (systolic BP > 140 mm Hg or diastolic BP > 90 mm
Hg or both (on two occasions at least 4 hours apart) after 20 weeks of gestation
with new-onset proteinuria (300 mg/24hr OR protein/creatinine ratio > 0.3). In
the absence of proteinuria, preeclampsia is defined by hypertension associated
with thrombocytopenia (platelets < 100,000/uL), impaired liver function

(elevated transaminases to twice normal), new development of renal
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insufficiency (elevated serum creatinine >1.1 mg/dL or a doubling of serum
creatinine in the absence of other renal disease), pulmonary edema, new-onset
cerebral or visual disturbances.

o Chronic Hypertension: Hypertension known to predate conception or detected
before 20 weeks’ gestation.

o Chronic Hypertension with superimposed preeclampsia: Chronic hypertension
present prior to 20 weeks’ gestation with new-onset proteinuria after 20 weeks’
gestation or chronic hypertension with proteinuria known to predate conception
with a sudden exacerbation of the hypertension requiring an escalation in
antihypertensive regimen, a sudden manifestation of other signs and symptoms
of preeclampsia as above.

o Gestational Hypertension: New-onset hypertension after 20 weeks’ gestation in
the absence of proteinuria.

e Ability to provide a serum sample.

As previously described, in a single-center pilot study, the sFLT-1/PIGF demonstrated
particular specificity for predicting the development of severe features within the hospitalized,
preterm population with an existing diagnosis of pregnancy-associated hypertension!4. An
elevated sFLT-1/PIGF ratio also predicts an indication for delivery in the short-term (less than 1
week) in women with an existing hypertensive disorder of pregnancy'’. In order to mitigate risk
associated with the potential for adverse outcomes (e.g. eclamptic seizure or stroke) at home in
the case of a false negative with a rule-out test, our rule-in test will rely on earlier data

suggesting high specificity in our enriched, sick population.
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Participants with a local diagnosis of preeclampsia with severe features will not be
excluded initially from enrollment, to prevent the introduction of bias from practice variation
across sites. Instead, an objective adjudication committee will review all enrollment data and
agree on enrolling and final diagnoses for each participant. After final adjudication committee
review, subjects determined to have preeclampsia with severe features upon enrollment will be

excluded from primary analysis but may be included in secondary and exploratory analyses.

Study Population: Exclusion Criteria
Patients with any of the following criteria are excluded from the study.

e Multiple gestations
e Patients who have received intravascular (IV) heparin within 24 hours of enroliment.
Low dose subcutaneous heparin or low molecular weight heparin for prophylaxis of
deep vein thrombosis is permitted
e Patients who are currently participating in another clinical trial to evaluate a new
therapeutic intervention (l.e. not considered part of routine clinical care) or who have
participated in another such trial in the previous 30 days)
e Inability to provide blood specimens for research, and thereby unable to comply with
the protocol.
The exclusion criteria are defined to limit known confounders of increased levels of the
SFLT-1 protein. High levels of circulating heparin— as would be seen in IV administration— have
been shown to increase endothelial expression of sFLT-18. Similarly, an increase in number of

gestations in the current pregnancy increases the placental mass, thereby increasing circulating
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SFLT-1 levels. Logically, pregnancy with multiples is a known risk factor for the development of
pre-eclampsia®®. Furthermore, the study device has been validated with the sera of women
with singleton gestations®>. Additional studies are required to better understand the use of the
sFLT-1/PIGF ratio in the multi-gestation (i.e. twins, triplets, etc.) population.

Eligible subjects will review the study with research staff, have time for questions and

reflection, and will sign informed consent prior to participating in any study activities.

Study Sites & Enrollment
Between 15 and 20 academic and community hospital centers, including a minimum of

3 community sites, are participating or will be participating in recruitment, enrollment, and
specimen and data collection. To be eligible, centers must have a high delivery rate — defined as
a minimum of 2,000 deliveries per year, a level lll NICU to ensure that subjects will not be
transferred upon development of severe disease, appropriate freezers for specimen storage,
and sufficient staff for data collection. Community centers without a level Ill NICU will be
considered for participation if they have direct links and shared electronic medical records with
one of the participating tertiary care centers to facilitate complete data collection.

Sites were screened for participation via a pre-study phone call or an in-person visit to
determine eligibility, followed by an in-person, training study initiation visit with the
coordinating center staff and the monitor. All sites obtained institutional review board (IRB)
approval prior to starting study activities. The majority of sites (12) chose to rely on the
coordinating center IRB via the SMART IRB platform?° or through existing hospital reliance

agreements. The remainder chose their local IRBs or a commercial IRB as the IRB of record. Site
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coordinators meet biweekly via national teleconferences for data collection refinement and
guidance from the coordinating center.

The involvement of community centers is crucial to the success of the study in order to
demonstrate the feasibility of using the device outside of large academic and research facilities
that may already have some familiarity with the assay. Community hospital centers are likely to
benefit the most from the prognostic device in that they can use the results to rapidly risk
stratify patients who need to be transferred to specialist centers with high level NICU care

compared to those who can remain in the community to receive expectant management.

Specimen Collection, Storage, & Processing
Study participants donate one 10 cc. serum sample, one 10 cc. plasma sample, one urine

collection, and one saliva sample within 24 hours of enrollment. Blood sample specimens are
centrifuged within 5 hours of venipuncture, while allowing sufficient time for serum clotting. All
study specimens are then aliquoted and promptly stored in -80°C or -20°C. Specimens are
batch-shipped to the coordinating center at least every 3 months, where they are stored at -
80°C until cohort completion and batch-testing. Specimens initially stored at -20°C are shipped
to the coordinating center within 1 month of collection to be stored in the coordinating center’s
-80°C freezers per Device Manufacturer’s reference standards. Any freeze/thaw cycles are
logged to account for potential protein instability.

Batched assays of serum and plasma sFLT-1 and PIGF levels are performed on the
B.R.A.H.M.S. Kryptor device by experienced lab technicians per the manufacturer’s protocol

and standards at the end of each independent study cohort (derivation and validation).
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Kryptor Assays
Serum and plasma assays will be analyzed using the B.R.A.H.M.S. ThermoFisher Kryptor

automated platform, a random-access sandwich immunoassay analyzer (Fig. 3 & 5). Though
previous large cohort studies of the sFLT-1/PIGF assay have used the Roche Elecsys automated
platform'¥'3 the ThermoFisher Kryptor assay and the Roche Elecsys assay are highly correlated
(r =.95-.97) for the sFLT-1/PIGF ratio3* 3> (Fig. 4)33. Smaller studies suggest improved specificity
of the sFLT-1/PIGF ratio with the Kryptor assay (AUC .92, 100% specificity) when compared to
the Elecsys device3*3°. Previous studies found no significant difference between the test
performances of the two devices in the prediction of preeclampsia3®, despite slightly different
optimal cut-off ratios (Elecsys cut-off > 85'%; Kryptor cut-off > 99.23%). Kryptor inter- and intra-
assay coefficients of variation are low (3.9-11.1% and 1.1-5.3% respectively)®®, denoting high
precision of the instrument, and the linearity is excellent within the clinically relevant range3°.
The sFLT-1 and PIGF assays are two, individual sandwich immunoassays that use
ThermoFisher B.R.A.H.M.S. proprietary Time Resolved Amplified Cryptate Emission (TRACE)
Technology. The ratio is a calculated measurement. TRACE technology overcomes the issues of
high levels of background noise and subsequent, time-consuming washing steps by extending
the fluorescing and detection time of its antibody-fluorophore. A second antibody with an
excitable molecule of europium cryptate forms an immune complex with the antigen of
interest (i.e. sFLT-1 or PIGF) and the fluorophore3®. Excited by light, the europium cryptate
transmits energy to fluorophore of the immune complex (Fig. 5), greatly extending the signal,
while detection is delayed 50 microseconds to limit the signal to the long-lasting, analyte-
specific emissions®. Total time for both assays is less than 30 minutes, permitting rapid test

turn-around in a clinical laboratory.
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Calibration, validation, quality control, and maintenance of the Kryptor device being
used for the PRAECIS study was performed at the coordinating center under supervision of the
research team. Participating sites may receive additional devices for a separate study to

validate fresh and frozen study specimens in collaboration with the manufacturer.

Data Collection: Data Entry & Monitoring

All study participants receive standard of care according to each study center, and all
delivery decisions are made by local obstetricians per ACOG guidelines®*6. Results of the
participants’ care (i.e. vital signs, symptoms, physical exam, lab results, diagnoses, etc.),
interventions, and outcomes are reviewed in the medical record and extracted by research staff

in the electronic database.

Data is collected from the medical record at enrollment, at the end of the 2-week study
period, and at delivery (Fig. 2). The 2-week study period is shortened to the delivery date if the
participant delivers within the 2-week window. Neonatal records are reviewed for select
adverse neonatal outcomes until 4 weeks after delivery or neonatal discharge, whichever

comes first.

Each site is monitored at least 5 times throughout the course of the study— after first
enrolled subject, before the end of the derivation cohort, mid-way through recruitment, after
initiation of the validation cohort, and before study completion— by trained monitors. The
monitor ensures the rights and well-being of the subjects are protected, that trial data are

accurate, complete, and verifiable from source documents, and that the conduct of the trial is
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in compliance with the protocol, good clinical practice, and regulatory requirements including
those provided by the IRB.

Monitors will also verify adverse events, defined as any sign, symptom, syndrome, or
illness that occurs or worsens during the course of the study. Because hypertensive disorders of
pregnancy are inherently morbid conditions associated with significant adverse events and the
study does not intervene in the natural course of the disease, an exception to adverse event
reporting will be made for all complications of hypertensive diseases of pregnancy, including
but not limited to eclamptic seizure, stroke, cerebral hemorrhage, posterior reversible
encephalopathy syndrome, renal failure, etc. Since the only intervention of the study is a single
venipuncture, only adverse events as related to the intervention— including infection or pain
the puncture site, bacteremia, bleeding, local nerve damage, vasovagal reaction etc.— will be

reported, making this a minimal risk study. No adverse events are anticipated.

End Point Adjudication Committee
At the end of each cohort (derivation and validation, respectively), an adjudication

committee of independent (non-investigator) obstetrician-gynecologists will be provided with
the clinical data and will be asked to reach a consensus on the hypertensive diagnosis at the
end of the 2-week period or delivery, whichever happens first. The committee’s consensus
opinions will minimize regional practice variations across sites, particularly given the known
heterogeneity of the population in question. Committee members will be blinded to angiogenic
protein levels and to local site diagnosis at the end of the 2-week period or delivery to minimize

bias.
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Primary End Points
The primary endpoint of the derivation cohort is the identification of a cut-off that

differentiates the women who develop preeclampsia with severe features according to the
ACOG criteria within 2 weeks of testing (clinically positive) from those who do not. Test assay
results will be used to generate a receiving operator characteristic curve that will differentiate
the two groups while optimizing specificity. The test performance of the cut-off, including the
sensitivity (SE), specificity (SP), positive predictive value (PPV), and the negative predictive value
(NPV), will also be assessed. The identified cut-off will be selected to maximize specificity with a
pre-specified sensitivity of at least 70%, taking into account the observed prevalence of
preeclampsia in the cohort. The primary endpoint of the validation cohort will measure the test
performance (SE, SP, PPV, NPV) of the cut-off identified in the derivation cohort, with the aim

of validating the pre-specified cut-off.

Secondary End Points
In addition to the primary endpoint of identifying a cut-off that differentiates

hypertensive women who will develop preeclampsia with severe features, both the derivation
cohort and the validation cohort will have several secondary endpoints.

The test performance (SE, SP, PPV, NPV) of the identified sFLT-1/PIGF cut-off to predict
those women who will develop adverse maternal outcomes and the fetuses who will develop
adverse fetal/neonatal outcomes within 2 weeks of testing will also be assessed. Adverse
maternal outcomes include the presence of severe hypertension (systolic blood pressure > 160
mmHg or a diastolic blood pressure > 110 mmHg) and one of the following: placental

abruption, cerebral hemorrhage, seizure without underlying seizure disorder, pulmonary

21



edema, disseminated intravascular coagulation, elevated liver enzymes (AST or ALT > 80 U/L),
acute renal failure (creatinine > 1.4), or thrombocytopenia (platelet count < 100,000/pL).
Adverse fetal/neonatal outcomes include delivery indicated for hypertensive or placental
complications of pregnancy, small for gestational age birth weight (<10t percentile for
gestational age), or fetal or neonatal death. Secondary endpoints for the validation cohort
include confirmation of the test performances for predicting adverse maternal outcomes and
adverse fetal/neonatal outcomes identified in the derivation cohort.

Currently the standard of care for diagnosing preeclampsia and preeclampsia with
severe features relies on non-specific signs and symptoms of end-organ damage, which have
poor predictive value®. Another secondary endpoint will be to compare the test performance of
the sFLT-1/PIGF ratio alone to the test performance of these non-specific clinical and laboratory
factors per ACOG guidelines, including admission systolic or diastolic blood pressure,
proteinuria, liver transaminases, uric acid, maternal age, lactic dehydrogenase, body mass
index, history of preeclampsia, and platelet count. The test performance of the algorithmic
combination of the sFLT-1/PIGF ratio with the above factors will also be assessed to identify the
ultimate prognostic factor or combination of predictors of disease. The validation cohort will
independently replicate these findings. Finally the test performance of a high (above the cut-

off) sFLT-1/PIGF ratio to predict time to delivery will be analyzed independently in both cohorts.

Sample Size
Using the 33.5% prevalence of preeclampsia with severe features as reported in our

pilot study#, derivation cohort sample sizes with a 95% confidence interval were estimated to
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maximize specificity to a minimum of 85% with a pre-specified sensitivity of at least 70% (Table
2). Inflating the sample size for the inclusion of 20% population re-enrollments for repeat
hospitalizations?! and including a margin of 15% to account for missing data and subjects lost to
follow up, 300 hospitalizations (i.e. enrollments) to achieve 250 unique patients are required

for cut-off identification in the derivation cohort.

The sample size for the validation cohort will be determined from the prevalence of
preeclampsia with severe features in the derivation cohort and the test performance of the
identified cut-off. However, to estimate the potential validation cohort sample size, a 33.5%
prevalence was assumed for an estimated 700 additional validation cohort subjects.
Recruitment for the derivation cohort (300 subjects) is complete. Validation cohort sample size

is pending derivation cohort data analysis.

Statistical Analyses
To obtain the primary end point, assay test results from the Derivation cohort will be

used to generate receiver operating characteristic (ROC) curves. A cut-off that maximizes
specificity and therefore the positive predictive value with a minimum of 85% and a pre-
specified sensitivity of at least 70% will be used to define a cut-off that differentiates clinically
positive (high risk to develop of preeclampsia with severe features within 2 weeks of testing)
from clinically negative (low risk to develop preeclampsia with severe features within 2 weeks
of testing) women. Test performance of the cut-off — including sensitivity (SE), specificity (SP),
positive predictive value (PPV), and negative predictive value (NPV) — will be calculated with

respective 95% confidence intervals. In the case of re-enrolled patients, calculations will take
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into account the correlation among hospitalizations?2. All hypotheses will be tested at the 5%
significance level and all calculations will be performed using the statistics language R.
Following completion of enrollment and follow-up in Phase 2, specimens and results will be

handled as for Phase 1.

Subgroup Analyses
Our population has been enriched for those women at higher risk of developing

preeclampsia with severe features — namely, those with a diagnosis of a hypertensive disorder
of pregnancy — as well as those at risk of adverse maternal of fetal outcomes— preterm
pregnancies admitted to the hospital. However, prior studies have demonstrated that the sFLT-
1/PIGF ratio may also be used to identify women at risk of developing preeclampsia, a milder
disease state at risk of developing adverse outcomes and severe features't'317.23 Therefore,
as a sub-group analysis, the cut-off identified in the derivation cohort will also be assessed for
its performance measures in predicting the development of preeclampsia or superimposed
preeclampsia in the gestational hypertensive and chronic hypertensive populations

respectively.

Additionally, multivariable logistic models will be used for an exploratory analysis to
assess how the specific hypertensive disorder and gestational age affect the decision to
hospitalize the subject. Local diagnoses will also be compared with the adjudication
committee’s final participant diagnoses to assess geographic variance in diagnosis and will be
correlated with the results of the sFLT-1/PIGF ratio to approximate how the inclusion of

angiogenic biomarkers may affect physician decision making.
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Discussion
The Preeclampsia Risk Assessment: Evaluation of Cut-offs to Improve Stratification

(PRAECIS) study aims to provide the definitive evidence required for FDA approval and
introduction of sFlt-1/PIGF prognostic testing for the short-term (2 week) prediction of
preeclampsia with severe features in the US. A pragmatic trial, PRAECIS will demonstrate the
feasibility of using the sFlt-1/PIGF ratio in academic and community centers alike and, we
hypothesis, will demonstrate superior specificity and positive predictive value (PPV) to our
current methods of predicting the development of severe features, namely elevated blood
pressure with a PPV of approximately 18-20%2*. The introduction of a significantly improved
prognostic tool (minimum specificity of 85%) will facilitate the short-term clinical decision-
making, particularly around the common diagnostic conundrum of progressing chronic
hypertension — which requires medication augmentation and expectant management— versus
the development of superimposed preeclampsia with severe features — an indication for the
preparation of urgent delivery. Improved prognostication will also enhance risk stratification in
this population, allowing for better allocation of resources. Furthermore, the test will improve
our current ability to isolate the pregnant, hypertensive population with angiogenic imbalances,
paving the way for much needed, targeted therapeutic clinical trials.

Taking advantage of the ratio’s approved status in the UK, Lucy Chappell and her group
at the King’s College London have successfully analyzed the effect of the introduction of
angiogenic biomarkers in the clinical decision-making around suspected preeclampsia. In a

randomized controlled trial of concealed vs. available PIGF testing in 1023 eligible women (the
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PARROT trial), Chappell’s group found a decrease in maternal adverse events when PIGF levels
were made available to clinicians, without a difference in fetal/neonatal adverse outcomes or a
difference in gestational age at delivery®. In a cost savings analysis of the study, Chappell
identified a potential cost-savings of £3,891,196 each year for the NHS. Not only did the use of
the test improve outcomes of the mother without jeopardizing the fetus —a known risk in a
maternally-indicated preterm delivery, the test’s use resulted in a significant cost savings for
the national health system, likely due to better resource allocation. Currently, Chappell and
collaborators in Brazil are embarking on a stepped-wedge, cluster, randomized controlled trial
to assess the effect of the use of an unblinded sFLT-1/PIGF ratio on the frequency of preterm
birth in Brazil?>?8, the results of which are pending.

From Chappell’s data and others'*?728, we anticipate that the introduction of the sFLT-
1/PIGF ratio into US hospitals will significantly decrease maternal adverse outcomes and
healthcare costs without adversely affecting neonatal outcomes. Women identified as low risk
by the serum test may remain in the hospital under expectant management depending on local
practice, while women at high risk would experience an escalation in care that would minimize
adverse events as seen in the PARROT study, including transfer to a center with a level Il NICU,
increased blood pressure and symptom monitoring, and the administration of betamethasone
for fetal lung maturation and magnesium for eclampsia prophylaxis and fetal neuroprotection.

Not only would the availability of a clinical sFLT-1/PIGF test allow for improved maternal
outcomes, it would also pave the way for much-needed therapeutic studies that target the
angiogenic pathway. Several therapeutic modalities have shown promising results in non-

human primate models, including recombinant PIGF (rhPIGF) in a Hamadryas baboon model of
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preeclampsia?® and a single dose of short interfering RNA (siRNA) that suppressed signs and
symptoms of preeclampsia in another baboon model®**. Members of our group have
demonstrated the potential for human therapeutic trials in several pilot studies looking at the
safety and efficacy of pheresis removal of the sFLT-1 protein in pregnant women with preterm

3132 Gestation was extended 2 weeks in women treated with 2 doses and up to 3

preeclampsia
weeks in women treated with 4 doses, as compared to 3 days in controls (no pheresis

treatment). Expansion of this promising treatment is not possible without an objective clinical

marker of disease, such as an approved biomarker.

Conclusion
The PRAECIS study is a pragmatic, observational, blinded multi-center study to identify

and validate a cut-off of the sFLT-1/PIGF ratio in hospitalized women with preterm,
hypertensive disorders of pregnancy that will predict the short-term (2 week) development of
preeclampsia with severe features. The study aims to provide the American data necessary for
application of the serum prognostic test to the FDA for approval in the US, with an anticipated
indication of the prediction of the development of severe features requiring delivery in
hospitalized women between 23 weeks and 34 weeks and 6 days gestational age with a known
hypertensive disorder of pregnancy. From decades of research and pragmatic studies of similar
diagnostics and prognostics approved in Europe, we anticipate that the introduction of this
prognostic blood test will reduce adverse maternal outcomes, increase gestation in low-risk
individuals, and significantly reduce healthcare costs associated with preeclampsia, one of the

most common great diseases of pregnancy in the US and worldwide. Thus far, we have
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demonstrated feasibility of the study design in academic and community centers alike, with

results of the derivation cohort pending analysis completion.
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Figure 1. Study Schema
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Legend, Figure 1. Overall study schema, from recruitment to specimen analysis,
including the transition from the derivation to the validation cohorts.
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Figure 2. Data Collection Landmarks
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Legend, Figure 2. Diagram of important data collection landmarks to guide national
research teams’ medical chart review. Review of the 2 week outcomes and 4 week
neonatal outcomes may be done “retrospectively” — at the 2 week and 4 week marks
respectively— to allow staff to collect the nadir and peak values of appropriate
variables. Diagram also describes when and how a subject may qualify for re-
enrollment.
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Figure 3. B.R.A.H.M.S. ThermoFisher Kryptor Automated Immunoassay Analyzer

Legend, Figure 3. Photograph of the
Kryptor device being used for specimen
analysis. Image courtesy of Pascaline
Caruhel, ThermoFisher Scientific
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Legend, Figure 4. Correlation graph between the Roche Elecsys assay and the Kryptor
assay, with correlation coefficient of r=0.97. Reprinted with permission from
Salahuddin et al. Hypertension Pregnancy 2016.
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Figure 5. Time Resolved Amplified Cryptate Emission (TRACE) Technology
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Legend, Figure 5. Cartoon of the TRACE technology. When excited by light, the
europium cryptate molecule transfers energy to the fluorophore (XL665) of the
corresponding immune complex, allowing for a prolonged signal. The prolonged
signal allows for the decay of background fluorescence before signal detection,
without multiple, time-consuming washing steps, resulting in a more precision
guantification. Image courtesy of Pascaline Caruhel, ThermoFisher Scientific.
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Table 1. Study Procedures and Data Collection

delivery, complications of delivery or postpartum
maternal stay, and, if PE with severe features
developed, the criteria substantiating that diagnosis)

Study Procedures Screening/ [Through 2 (Final
Enrollment|weeks outcomes
after at
enroliment|Delivery

Informed consent (prior to any study procedures) X

Inclusion/Exclusion X

Demographics, Medical, Pregnancy, Prior X

Hospitalization(s) for Hypertensive Disorder(s) of

Pregnancy, and Rx History

Serum/EDTA plasma, urine and saliva collection (within X

24 hours of enrollment) for sFlt-1/PIGF, angiogenic

marker levels

Below are performed per SOC and should be extracted

from medical record and transcribed onto CRFs:
Maternal Systolic/Diastolic BP X X X
Maternal proteinuria X X X
Maternal clinical signs/symptoms X X
Maternal chemistry, hematology, coagulation panels X X X
Maternal delivery assessments X X
Fetal/neonatal outcomes recorded X x@
Medications administered X X X
Adverse events (Maternal, fetal, neonatal as X X X
applicable)

Delivery information (indication for delivery, type of X X

a. Neonatal outcomes are also to be recorded at 4 weeks after delivery or until discharge,

whichever comes first.
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Table 2. Sample Size Estimates for Derivation Cohort Achieving 0.2 Width for 95% Cl with Sidak
correction

Specificity (95% Cl) Sample size (unique patients)*
0.6 (0.5-0.7) 191
0.7 (0.6 -0.8) 170
0.8 (0.7-0.9) 133
0.9 (0.79-0.99) 82

Sensitivity (95% Cl) Sample size (unique patients)*
0.85(0.73-10.93) 215

*Assumes 20% of patients will be re-enrolled to achieve a total of 300 hospitalizations, 250
unique patients.
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Summary of student role: PRAECIS Study Senior Research Fellow &

Center Coordinator
| became involved with the PRAECIS study just as our group received feedback on our

protocol from the FDA. While awaiting FDA correspondence, | did significant literature reviews
in the field, resulting in a published review of preeclampsia (Circulation Research) and several
first-author editorials in prominent journals, such as The Lancet and Trends in Pharmacological
Sciences, a Cell Press Journal (see student publication section below). Through this publication
process, | have learned about the peer-review process and am now being invited to review
manuscripts in journals in which | have published.

Upon final correspondence with the FDA (IDE-exempt status), in coordination with the
principal investigators (Pls) and the statisticians, | made the necessary changes to the protocol
and the statistical analysis plan, as well as suggested and implemented changes to address
feasibility of the study. | then wrote the primary IRB application as well as the case report form
with oversight from the Pls. Working with a data management team, | transferred the paper
case report form into an electronic database with appropriate alerts and queries to ensure
clean data. Once all regulatory and data collection pieces were in place, | recruited the first
subjects into the study at the coordinating center and completed their data extraction to assess
the database | designed. | continued to support hired research staff by recruiting subjects
labeled as “difficult” by their treating physician teams. | have led the efforts to recruit our 17
active sites, including initial invitations, site budget development, and IRB applications and
approvals, and have collaborated with the Pl and the clinical research office on all site and

vendor contracting, including the hiring of our contract research organization (CRO). | also
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oversee the regulatory reporting for 12 out of 17 sites through the SMART IRB reliance
network?®, relying on a central, academic IRB.

After site recruitment, | worked directly with the CRO to design all site training— including
training and managing the coordinating center research team— and monitoring protocols and
have participated in most local site trainings and visits. | designed and co-led (with the 3 co-Pls)
the national investigators meeting in Boston, MA and co-lead biweekly research coordinator
calls with the CRO. | also oversaw the installation, calibration, and validation of the
ThermoFisher B.R.A.H.M.S. Kryptor device at the coordinating center.

My current role on this project is to manage and coordinate the 17+ national sites and the
CRO, requiring daily site trouble shooting and creative problem-solving around national practice
variation. Having reached our derivation cohort recruitment goal, | am also providing the initial

database validation in preparation for statistical analysis of the first phase of our study.
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Affordable
Preeclampsia
Therapeutics

Elizabeth Lemoine'? and
Ravi Thadhani'#*

Preeclampsia is one of the leading
causes of maternal and perinatal
morbidity and mortality, particularly
in resource-limited settings. Treat-
ment options for this devastating
condition remain extremely limited.
The successful application of RNAI
technology to suppress the patho-
genic protein soluble FMS-like tyro-
sine kinase-1 (sFLT1) in a baboon
model of preeclampsia portends
the development of effective thera-
pies potentially accessible to areas
with the greatest burden of disease.

A hypertensive disorder of pregnancy,
preeclampsia is one of the leading causes
of maternal and perinatal morbidity, and is
associated with 10-15% of maternal
deaths worldwide [1]. Ninety-nine percent
of these deaths occur in resource-poor
settings [1] without access to advanced
antenatal, postnatal, and neonatal care.
Although our understanding of the patho-
physiology of preeclampsia has grown
enormously over the past few decades,
our options for intervention continue to be
limited; the only definitive treatment
remains delivery of the placenta and the
— often preterm — fetus. Consequently,
there is a need and an opportunity for
the development of preeclampsia thera-
peutics, particularly those accessible to
developing countries with the greatest
burden of disease.

Preeclampsia likely begins at implantation
with superficial invasion of placenta ves-
sels leading to excessive release of phys-
iologic antiangiogenic factors [2]. The

pathological mechanism responsible for
the superficial implantation remains
poorly defined, and therefore therapeuti-
cally untargetable at this time. However,
the effects of placental overexpression of
the anti-angiogenic sFLT1 family of pro-
teins are well described and lead to endo-
thelial damage, hypertension, proteinuria,
renal endotheliosis, and end-organ dam-
age that characterize the maternal pre-
eclamptic syndrome [2].

Many studies have established sFLT1 as
an important therapeutic target. Not only
is sFLT1 known to be necessary and
sufficient to initiate the signs and symp-
toms of preeclampsia [2], several thera-
pies targeting sFLT1 are in development.
These therapies include infusions of a
recombinant sFLT1 ligand, placental
growth factor (rPIGF), in baboons and
extracorporeal adsorption of circulating
sFLT1 in humans [2], both of which quell
and potentially reverse the maternal syn-
drome and extend gestation. However,
the instability of the rPIGF biologic with-
out refrigeration and the operational bur-
den of apheresis make these therapies
challenging to implement in developing
countries. Furthermore, since only a
small percentage of total body sFLT1 is
circulating [2] and therefore targetable by
extracorporeal apheresis, such strate-
gies will likely require multiple treatments.
An affordable, stable technology that tar-
gets sFLT1 at the level of cellular produc-
tion could have effects on maternal
morbidity and mortality in resource-lim-
ited settings.

First described by Fire and Mello in 1998,
RNA interference (RNAI) technology was
revolutionary in its ability to select and
suppress gene targets. Its elegant effi-
ciency led to a flurry of medical applica-
tions and the Nobel Prize for its creators
less than 10 years after its discovery [3].
RNAi takes advantage of the endogenous
gene-editing  RNA-induced  silencing
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complex (RISC) that catalyzes the
destruction of highly specific sequences
of mMRNA, thereby preventing translation
and protein synthesis. Chemically modi-
fied, double-stranded small-interfering
RNAs (siRNAs) are subcutaneously
injected and easily migrate to the cyto-
plasm, where they bind to RISC (Figure 1).
Necessary for cell-specific targeting and
uptake, the siRNA passenger strand of
the siRNA is shed upon binding, while
RISC uses the guiding strand to target
and destroy complementary mMRNA
sequences, thereby knocking out expres-
sion of the protein of interest [4]. Although
early clinical studies did not result in
immediate clinical applicability, improved
chemical optimization for in vivo stability
and cellular uptake resulted in effective
and elegant oligonucleotide therapies
with extended half-lives [5,6].

The recent work by Turanov et al. pub-
lished in Nature Biotechnology [7] repre-
sents the first time that RNAI has been
applied to a placental target, and shows
great promise in its safety profile and
applicability.  Using  high-throughput
screens, Turanov et al. isolated two
siRNA sequences complementary to the
three isoforms of sFLT1 mRNA that are
predominant in preeclampsia and that
share homology between baboons and
humans. The siRNA sequences were
then chemically stabilized to withstand
the in vivo environment, and a cholesterol
conjugate (Figure 1) was added to
increase non-selective tissue uptake,
thereby favoring siRNA distribution to tis-
sues with high blood flow such as the
placenta. A low dose (20 mg/kg) equimo-
lar mixture of the two siRNAs was injected
into a baboon model of preeclampsia,
resulting in  significantly —decreased
plasma sFLT1 through to delivery. Mater-
nal systolic blood pressure and protein-
uria also trended downwards, and no
significant differences were observed in
term baboon fetal weights in the
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Figure 1. Schema of sFLT1 siRNA Interference in the Placenta. (A) Physiologic protein production of sFLT1 protein. (B) sFLT1 protein production is halted by
sFLT1 siRNA. siRNA enters the cell via cholesterol modification on the passenger strand. Upon entry into the cytoplasm, siRNA binds to RISC, and the passenger strand
is released. siRNA-RISC binds to the complementary sFLT1 mRNA strand, causing its destruction and preventing further translation.

treatment arm compared with term con-
trols. Mice treated with siRNAs with
sequence homology between all three
species demonstrated good placental
uptake (~7%) but no detectable accumu-
lation in fetal tissues, suggesting that the
siRNA does not cross the placenta into
the fetus.

sFLT1 is an ideal target for oligonucleotide
silencing therapy, particularly for applica-
tion in obstetrics in the developing world.

Not only is there significant evidence of its
pathogenicity, but sFLT1 is derived from
multiple mMRNA species that are almost
exclusively transcribed in the placenta
[8]. This cellular specificity greatly reduces
crossreactivity in other organs with high
blood flow, such as the liver and the kid-
ney, as was observed in the animals stud-
ied by Turanov et al. Furthermore, the
siRNA sequences did not affect in vitro
levels of FIt1 mRNA, a transmembrane
protein important for angiogenesis and
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the primary sFLT1 splice variant tran-
script. The combination of undetectable
fetal accumulation and high cellular and
molecular specificity propones a favor-
able safety profile. Finally, dried siRNA
is stable at room temperature and is rela-
tively inexpensive, the major criteria for
therapeutic application in the developing
world.

Successful attenuation of preeclampsia in
baboon models provides an excellent



foundation on which to build a clinically
useful therapy. However, significant work
remains to be done. As the authors note,
additional primate studies will be neces-
sary to better understand the pharmaco-
kinetics and dynamics of RNAi, to
optimize the dose and schedule, and to
fine-tune the level of sFLT1 silencing.
Should preclinical trials continue to be
promising, the time, cost, and design of
Phase |, ll, and Il clinical trials remain
challenging but surmountable hurdles in
drug development for maternal condi-
tions. The pharmaceutical industry has
historically remained reluctant to pursue
novel compounds for obstetric indica-
tions [9]. Instead, safety and toxicology
data in pregnancy are often accumulated
in post-marketing surveillance via off-label
use in pregnancy [9]. Therefore, the bur-
den of therapeutic development for preg-
nancy conditions remains largely in the
arena of academics, at least for the earli-
est of phases.

Nonetheless, clinical use of RNAI therapy
is no longer science fiction. Patirsiran, an
RNAI therapeutic that targets hepatic
production of transthyretin, recently
received FDA approval to treat polyneur-
opathy secondary to hereditary amyloi-
dosis. As oligonucleotide therapies
become more mainstream and our
understanding of their safety profiles
matures, we should not neglect their
applications in maternal health. The work
of Turanov et al. in the baboon model of
preeclampsia is a first step towards a
stable, elegant, and affordable treatment
for women without access to life-saving
intensive care, and serves as an inspira-
tion to continue to work towards a treat-
ment for one of the gravest and
neglected diseases in maternal health.
As Craig Mello said, ‘As humans, we
must work with  common purpose
around the world to prepare for the chal-
lenges and opportunities ahead’ [10]. A
worldwide treatment for preeclampsia is
such an opportunity.

Disclaimer Statement

R.T. is a coinventor on preeclampsia biomarkers that
are held by Harvard Hospitals and have been out-
licensed. R.T. has previously served as a consultant to
Thermofisher Scientific and Roche Diagnostics, and
has financial interest in Aggamin Therapeutics LLC.
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Peptides are emerging as a new
reliable class of therapeutics and,
thanks to their lower cost of pro-
duction, they are becoming estab-
lished as perfect drug aspirants.
Here, we briefly review the phage
display method and its contribu-
tion to the identification of pepti-
des of interest for the therapeutic
market.

Peptide-Based Drug Discovery
and Development

The discovery of new drugs is a multiface-
ted process requiring a wide-ranging scan
of thousands of potential candidates using
reliablein vitro screening analysis. However,
high production costs and the need for
several clinical trials to verify the tolerability,
toxicity, and effectiveness of the candidate
molecules delay production of marketable
drugs, driving up their price and making
them prohibitive to most patients. In this
context, thanks to their biocompatibility,
overall reproducibility of their synthetic pro-
cesses, and lower production costs, pep-
tides represent an attractive alternative and
have received attention from the pharma-
ceutical industry inrecentyears [1]. The use
of peptides in clinical trials has recently
gained ground. Indeed, it is estimated that
the peptide therapeutics market, which
was valued at 19475 milion USD in
2015, will reach 45542 milion USD by
2024'. Peptides are small biological mole-
cules composed of 2-50 amino acids that
are useful for targeting and studying
protein—protein interactions thanks to their
high selectivity for their target. They can
interfere with or stimulate receptor-ligand
binding, altering or restoring molecular—
metabolic processes [2]. Furthermore,
peptides can also be used for drug
delivery, shuttling bioactive molecules or
nanoparticles to specific tissues [3].

One of the most important breakthroughs

in drug discovery has been the advent of
reverse pharmacology, better known as
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Compendium on the Pathophysiology and

Treatment of Hypertension

Preeclampsia
Pathophysiology, Challenges, and Perspectives

Sarosh Rana, Elizabeth Lemoine, Joey P. Granger, S. Ananth Karumanchi

Abstract: Hypertensive disorders of pregnancy—chronic hypertension, gestational hypertension, and preeclampsia—
are uniquely challenging as the pathology and its therapeutic management simultaneously affect mother and
fetus, sometimes putting their well-being at odds with each other. Preeclampsia, in particular, is one of the most
feared complications of pregnancy. Often presenting as new-onset hypertension and proteinuria during the third
trimester, preeclampsia can progress rapidly to serious complications, including death of both mother and fetus.
While the cause of preeclampsia is still debated, clinical and pathological studies suggest that the placenta is central
to the pathogenesis of this syndrome. In this review, we will discuss the current evidence for the role of abnormal
placentation and the role of placental factors such as the antiangiogenic factor, SFLT1 (soluble fms-like tyrosine
kinase 1) in the pathogenesis of the maternal syndrome of preeclampsia. We will discuss angiogenic biomarker
assays for disease-risk stratification and for the development of therapeutic strategies targeting the angiogenic
pathway. Finally, we will review the substantial long-term cardiovascular and metabolic risks to mothers and
children associated with gestational hypertensive disorders, in particular, preterm preeclampsia, and the need for
an increased focus on interventional studies during the asymptomatic phase to delay the onset of cardiovascular
disease in women. (Circ Res.2019;124:1094-1112. DOI: 10.1161/CIRCRESAHA.118.313276.)

Key Words: biomarkers ® blood pressure B cardiovascular disease ® preeclampsia B pregnancy
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ypertensive disorders are a common complication of
pregnancy that put women and their fetuses at dispro-
portionate risk for further complications, as well as life-long
sequelae. Ranging in severity, hypertensive disorders of preg-
nancy include chronic hypertension—systolic blood pressure
(BP) 2140 mmHg or diastolic BP 290 mmHg that predates
the onset of pregnancy; gestational hypertension—hyperten-
sion diagnosed after 20 weeks gestation without concurrent
proteinuria; preeclampsia-eclampsia—classically, new-onset
hypertension with new-onset proteinuria; and chronic hyper-
tension with superimposed preeclampsia—chronic hyperten-
sion with new-onset proteinuria or other signs/symptoms of
preeclampsia after 20 weeks or chronic proteinuria with new-
onset hypertension.! With the greatest morbidity and mortality,
preeclampsia affects 5% to 7% of all pregnant women but is
responsible for over 70000 maternal deaths and 500000 fetal
deaths worldwide every year. In the United States, itis a leading
cause of maternal death, severe maternal morbidity, maternal
intensive care admissions, cesarean section, and prematurity.>*
Delivery can resolve most signs and symptoms; however,
preeclampsia can persist after delivery and, in some cases,
can develop de novo in the postpartum period.'® De novo
or persistent postpartum preeclampsia has emerged as an

important risk factor for peripartum morbidity in the United
States.® Hypertensive disorders of pregnancy and in particu-
lar preterm preeclampsia is also associated with substantial
risk for cardiovascular disease (CVD) and cerebrovascular
disease in the long-term.”®

Epidemiology and Clinical Definition
of Preeclampsia

Risk Factors for Preeclampsia

Risk factors for the development of preeclampsia have been
studied extensively (Table 1). Major risk factors include a
history of preeclampsia, chronic hypertension, pregesta-
tional diabetes mellitus, antiphospholipid syndrome, and o-
besity, among others.” Other risk factors include advanced
maternal age, nulliparity, history of chronic kidney disease,
and use of assisted reproductive technologies. Relatively
rare risk factors are a family history of preeclampsia and
mother carrying a trisomy 13 fetus.!!! Genetic susceptibil-
ity to preeclampsia has been extensively studied.'>"* A 2017
genome-wide association study analysis of neonates from
4380 cases of preeclampsia and 310238 controls found a
genome-wide susceptibility locus (rs4769613; P=5.4x10"")
near the FLT1 (FMS-like tyrosine kinase 1) gene, the protein
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Nonstandard Abbreviations and Acronyms

ACOG American College of Obstetrics and Gynecology

Arrb1 [-arrestin-1

ASPRE aspirin for evidence-based preeclampsia preven-
tion trial

AT1-AA Angiotensin Il type 1 receptor autoantibodies

AT1-B2 Angiotensin Il type 1 receptor and Bradykinin B2
receptor complex

BP blood pressure

ComMT catechol-0-methyl transferase

CcvD cardiovascular disease

Dv decidual vasculopathy

ER endoplasmic reticulum

ET-1 endothelin-1

FLT1 fms-like tyrosine kinase

HELLP syndrome Hemolysis Elevated Liver enzymes Low Platelets
syndrome

HIF hypoxia-inducible factors

HO heme oxygenase

hsFLT1 human soluble FMS-like tyrosine kinase 1

KIR killer cell Ig-like receptors

IL interleukin

MHC major histocompatibility complex

PAPP-A pregnancy-associated plasma protein A

PGC-1a proangiogenic transcriptional cofactor- 1alpha

PIGF placental growth factor

PPCM peripartum cardiomyopathy

PPV positive predictive value

RNAi RNA interference technology

ROS reactive oxygen species

RR relative risk

RUPP reduction in uterine perfusion pressure rodent model

sENG soluble endoglin

SFLT1 soluble fms-like tyrosine kinase 1

SGA small for gestational age

StAmP Statins to ameliorate early onset preeclampsia trial

STRIDER Sildenafil for severe fetal growth restriction trial

TF transcription factor

TGF-p1 transforming growth factor 31

Th1/Th2 T helper type 1/type 2 cells

TNF Tumor necrosis factor

uNK uterine natural killer cell

UPR unfolded protein response

VEGF vascular endothelial growth factor

product of which is a well-established pathogenetic fac-
tor in preeclampsia.'* rs4769613 has a higher frequency in
late-onset preeclampsia, exerts effects only in the fetal—not
maternal—genome, and has no difference in transmission
of disease association with parental sex inheritance, mak-
ing the effects of imprinting unlikely. However, maternal
genetic susceptibility may play a role as well. A multieth-
nic maternal preeclampsia genome-wide association study
discovered a genome-wide susceptibility locus at rs9478812
(P=5.90%x107), an intronic region of protein PLEKHGI im-
plicated in BP regulation."

Preeclampsia and Vascular Disease 1095

Table 1. Risk Factors for Preeclampsia

Major Risk Factors
Prior preeclampsia (RR, 8.4; 95% Cl, 7.1-9.9)
Chronic hypertension (RR, 5.1; 95% Cl, 4.0-6.5)
Pregestational diabetes mellitus (RR, 3.7; 95% Cl, 3.1-4.3)
Multiple gestation (RR, 2.9; 95% Cl, 2.6-3.1)
Prepregnancy BMI >30 (RR, 2.8; 95% Cl, 2.6-3.1)
Antiphospholipid syndrome (RR, 2.8; 95% Cl, 1.8-4.3)

Other risk factors
Systemic lupus erythematosus (RR, 2.5; 95% Cl, 1.0-6.3)
History of stillbirth (RR, 2.4; 95% Cl, 1.7-3.4)
Prepregnancy BMI >25 (RR, 2.1; 95% Cl, 2.0-2.2)
Nulliparity (RR, 2.1; 95% Cl, 1.9-2.4)
Prior placental abruption (RR, 2.0; 95% Cl, 1.4-2.7)
Assisted reproductive technology (RR, 1.8; 95% Cl, 1.6-2.1)
Chronic kidney disease (RR, 1.8; 95% Cl, 1.5-2.1)
Advanced maternal age >35 (RR, 1.2; 95% CI, 1.1-1.3)

Genetic susceptibility (mother, father)

Rare risk factors

Family history of preeclampsia

Trisomy 13 fetus

Relative Risk provided from meta-analyses by Ray et al.* BMI indicates body
mass index; and RR, relative risk.

Clinical Definition of Preeclampsia

Classically, the American College of Obstetrics and
Gynecology (ACOG) defines preeclampsia as the presence
of hypertension and proteinuria occurring after 20 weeks of
gestation in a previously normotensive patient. However, a
significant proportion of women develop systemic manifesta-
tions of preeclampsia—such as low platelets or elevated liver
enzymes—before the hallmark of proteinuria is detectable,'®!”
resulting in delayed diagnoses. The evolving understanding
of preeclampsia as a heterogeneous hypertensive disorder of
pregnancy led to ACOG’s hypertension 2013 task force to re-
vise the definition of preeclampsia to include the presence of
severe features with or without proteinuria and to exclude de-
gree of proteinuria as a criterion of severe features (Table 2).!
These criteria were confirmed more recently in an update of
the ACOG’s practice guidelines.'®

Pathogenesis of Preeclampsia
A placental disease, preeclampsia progresses in 2 stages: (1) ab-
normal placentation early in the first trimester followed by (2) a
“maternal syndrome in the later second and third trimesters char-
acterized by an excess of antiangiogenic factors'*?° (Figure 1).
While the mechanism of abnormal placentation is controversial,
animal models have demonstrated that uteroplacental ischemia
drives the hypertensive, multi-organ failure response observed
in the maternal preeclamptic syndrome*' (stage 2). A number of
theories have been proposed for the placental dysfunction ob-
served in stage 1, including oxidative stress, abnormal natural
killer cells (NKs) at the maternal-fetal interface, and genetic and
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Table 2. Clinical Definition of Preeclampsia’

Preeclampsia

Elevated blood pressure

Systolic >140 mmHg or diastolic =90 mmHg, 2 occasions, 4 h apart
in previously normotensive woman

AND Proteinuria

>300 mg/24 hour urine collection

or protein/creatinine >0.3

or dipstick reading =1+

OR severe features*

Severe features

Systolic blood pressure >160 mm Hg or diastolic >110 mmHg, 2
occasions, 4 h apart on bedrest

Thrombocytopenia (<100 000 pL)

Liver function tests 2x normal or severe persistent right upper quadrant
or epigastric pain

Serum creatinine concentration >1.1 mg/dL or doubling of creatinine in
the absence of other renal disease

Pulmonary edema

New-onset cerebral or visual symptoms

environmental factors, though none have conclusive evidence in
humans. However, substantive evidence supports the idea that
the diseased placenta leads to release of soluble toxic factors in
the maternal circulation that result in inflammation, endothelial
dysfunction, and maternal systemic disease.'****

Stage 1: Abnormal Placentation, Trophoblast
Invasion, and the Maternal-Fetal Interface

During normal placental implantation, cytotrophoblasts mi-
grate into the maternal uterine spiral arteries, forming vascular
sinuses at the fetal-maternal interface to provide nutrition to
the fetus. In normal pregnancy, this invasion progresses deeply
into the spiral artery to the level of the myometrium,** which
leads to extensive remodeling of the maternal spiral arterioles
into high capacitance, high flow vessels.” In placentas destined
to develop preeclampsia, cytotrophoblasts fail to transform
from the proliferative epithelial subtype to the invasive en-
dothelial subtype which causes incomplete remodeling of the
spiral artery.” Inadequate spiral arteriolar remodeling leads to
narrow maternal vessels, and relative placental ischemia.?® The
narrow spiral arteries are prone to atherosis—characterized by
the presence of lipid-laden macrophages within the lumen, fi-
brinoid necrosis of the arterial wall, and a mononuclear peri-
vascular infiltrate,”” leading to further compromise in placental
flow. In humans, placental ischemia can be noninvasively iden-
tified using uterine artery Doppler studies. During normal
pregnancy, uterine artery Doppler studies have confirmed ro-
bust systolic and diastolic uterine arterial flows; in contrast,
women with preeclampsia have significant impairment of di-
astolic flow with a characteristic notch in the waveform that
antedates clinical signs and symptoms of preeclampsia.?®?
These findings suggest that an abnormality in the trophoblasts
themselves may result in shallow placentation and inadequate

transformation of the spiral arteries, leading to placental ische-
mia and the maternal syndrome of preeclampsia.?
Atherosclerotic changes in maternal radial arteries that
supply the decidua—as opposed to the spiral arteries—are also
observed in preeclampsia.’®?*! Decidual vasculopathy (DV) is a
lesion common to disorders of placental insufficiency, includ-
ing intrauterine growth restriction and preeclampsia, and com-
bines (1) acute atherotic lesions with (2) medial hypertrophy
and perivascular lymphocytes (Figure 2). Within preeclampsia
phenotypes, the presence of DV is associated with worse clin-
ical outcome, higher diastolic BP, worse renal function, and
perinatal fetal death.® Histologically, normal third-trimester
decidual vessels are characterized by flat endothelium and a
loss of medial smooth muscle, while preeclamptic decidua
show signs of loose, edematous endothelium, hypertrophy of
the vessel media, and loss of smooth muscle modifications (as
seen in atherosclerosis), characterizing DV.*® Correlated with
clinical diagnosis, DV has the highest association with pree-
clampsia with small for gestational age (SGA) and a lesser but
significant association with SGA with doppler abnormalities,
suggesting a pathogenetic similarity between SGA with dop-
pler abnormalities and preeclampsia with SGA at the level of
the decidua.’® Overall, there is significant evidence that decid-
ual vessels demonstrate secondary atherosclerotic changes in
preeclampsia. Further studies are needed to determine if these
changes are representative of the maternal systemic endothe-
lial damage secondary to pathological changes such as hyper-
tension or if DV contributes to the pathogenesis of stage 1.%°
In addition to uteroplacental insufficiency, epidemiological
studies suggest that poor uterine decidualization—the stromal
transformation of uterine endometrium to prepare for implan-
tation—may affect the development of preeclampsia. Global
transcriptional profiling of chorionic villus samples points to in-
sufficient or defective decidualization in pregnancies that were
later complicated by severe preeclampsia.** Endometrial stromal
cells from nonpregnant donors with a history of severe preeclamp-
sia fail to decidualize in vitro and are transcriptionally inert, sug-
gesting baseline genetic abnormalities or genetic modifications.**
Finally, global transcriptional profiling of decidual tissue from
the women with preeclampsia also revealed defects in gene ex-
pression. These cells failed to redecidualize in culture, and their
conditioned medium failed to support cytotrophoblast invasion,
suggesting that decidual cells may be an important contributor
to downregulated cytotrophoblast invasion in preeclampsia.*
The in vitro studies are confirmed ex vivo in histological stud-
ies of preeclampsia showing shallow placentation.’! Given the
mounting evidence of fetal and maternal abnormalities in pre-
eclampsia, defective placentation might be the result of com-
binations of factors that affect both trophoblast and decidua.’>3

Hypoxia and Trophoblast Invasion

Upregulation of hypoxia-inducible transcription factors (TFs)
and hypoxia-related gene signatures in the placenta suggest
that hypoxia is central to the pathogenesis of preeclampsia.”’
In the early phases of implantation, the gestational sac exists
in a low oxygen tension environment, favoring trophoblast
proliferation. Before the invasion, the proliferating tropho-
blasts anchor the blastocyst to maternal tissues and plug the
tips of the spiral arteries within the decidua.* Eventually these
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Figure 1. Schematic of the pathogenesis of preeclampsia. Genetic factors, immunologic factors, other maternal factors cause placental dysfunction which
in turn leads to the release of antiangiogenic factors (such as sFLT1 [soluble fms-like tyrosine kinase 1] and SENG [soluble endoglin]) and other inflammatory

mediators to induce preeclampsia.

trophoblastic-spiral artery plugs collapse, forming an intervil-
lous space. The newly formed sinuses allow for the arrival of
maternal blood, increasing oxygen tension, generating oxi-
dative stress, and promoting trophoblast differentiation from
a proliferative to an invasive phenotype that will invade and
remodel the spiral arteries.* HIF (Hypoxia-inducible factors)-
la and -2a, markers of cellular oxygen deprivation, are ex-
pressed at high levels in proliferative trophoblasts and in the
placentas of women with preeclampsia.*® Overexpression
of HIF-1a in pregnant mice is associated with hypertension,
proteinuria, and fetal growth restriction in mice* and may
result in failure of trophoblastic differentiation from the pro-
liferative to the invasive phenotype.* Furthermore, inhibition
of HIF-1a by 2-methoxyestradiol, a metabolite of estradiol
that destabilizes HIF-1a, suppresses the production of sFLT1
(soluble fms-like tyrosine kinase 1), a potent antiangiogenic
factor known to contribute to the maternal syndrome.** HIF-
la expression is regulated by many factors in addition to hy-
poxia, therefore, isolating the dysregulated signal upstream is
challenging.?* Magnetic resonance imaging has been used
to assess the placental perfusion fraction—an estimate of the
fraction of perfused tissue by volume—as a marker of uterine
flow or placental function.** In a Swedish study of 35 women
with singleton pregnancies (13 with preeclampsia), Sohlberg
et al*’ found a smaller placental perfusion fraction associated
with fetal growth restriction, as well as abnormalities in mater-
nal and fetal vessel doppler flow, neonatal weight, and plasma
markers, including higher levels of sFLT1. Novel blood ox-
ygen level-dependent magnetic resonance imaging responses
promise new, noninvasive, in vivo techniques for assessing

maternal-fetal interface oxygen tension*** and may be useful
for mapping areas of placental pathology and insufficiency.*

Oxidative Stress

While low oxygen tension followed by maternal blood flow
oxygenation results in normal placentation, intermittent hy-
poxia and reoxygenation caused by poor spiral artery invasion
may cause oxidative stress. At the molecular level, preeclamp-
tic placentas show an imbalance of reactive oxygen species

Figure 2. Decidual vasculopathy. Placental bed of the uterus with
decidual vasculopathy in the third trimester. Vessels show chronic injury
with endothelial fragmentation and detachment (arrow) and fibrinoid
necrosis (**) of the vessel wall. Scale bar is 100 um. Reprinted from Hecht
et al®® with permission. Copyright ©2016, Elsevier.
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(ROS)-generating enzymes and antioxidants. In the ex vivo
preeclamptic trophoblast, ROS-producing enzyme expres-
sion and activity are increased® and inhibit the Wnt/B-catenin
signaling pathway that promotes trophoblast invasiveness.*
Oxidative stress may also promote the transcription of an-
tiangiogenic factors such as sFLT1.% In humans, placental
antioxidant mechanisms are impaired in patients with pree-
clampsia, as shown by their decreased expression of super-
oxide dismutase and glutathione peroxidase compared with
women with normal pregnancies.* However, treatment with
the antioxidants Vitamin E and Vitamin C did not alter disease
in women with preeclampsia, suggesting that ROS may be
less integral to the pathway of the human syndrome.>>%

ROS may derive from mitochondrial stress. Zsengellér et
al’” demonstrated decreased activity of the mitochondrial elec-
tron transport chain (ETC) enzyme cytochrome C oxidase in
the syncytiotrophoblast cells of preeclamptic placentas, which
correlated with increased placental sFLT1 expression. Based
on evidence that hydrogen sulfide donors inhibit HIF-1a,*®
Covarrubias et al*® demonstrated that AP39, a mitochondrial-
targeting hydrogen sulfide donor, pretreatment could decrease
sFLT1 expression in human syncytiotrophoblasts and increase
cytochrome C oxidase activity in a dose-dependent fashion in
normal and preeclamptic placentas, preventing the release of
ROS and the subsequent stabilization of HIF-10..° Recently
published studies with mitochondrial antioxidants in animal
models of preeclampsia have also been promising.®!

Another possible source of oxidative stress is endoplasmic
reticulum stress caused by ischemia-reperfusion injury.6>®
Endoplasmic reticulum stress has been observed in the de-
cidua and placentas of patients with fetal growth restriction
and preeclampsia and triggers decidual cell and cytotropho-
blast apoptosis through the activation of the UPR (unfolded
protein response).®* PERK (PKR-like endoplasmic reticulm
kinase), a transmembrane kinase that decreases the transla-
tional burden of the endoplasmic reticulum and upregulates
proapoptotic TFs, has emerged as the leading signaling path-
way implicated in preeclampsia.®*®> Interestingly, a recent
study suggests that synergy between ATF4 (activating tran-
scription factor 4), a TF downstream of PERK, and ATF6, a
TF regulator of misfolded proteins in endoplasmic reticulum
homeostasis,*>% negatively regulate the transcription of PIGF
(placental growth factor), an proangiogenic factor central to
the pathogenesis of preeclampsia.®’

Heme Oxygenase and Other Enzyme Abnormalities

There is growing evidence that heme oxygenase (HO), the
heme degradation catalyst, has an important role in the vas-
cular function of the mother and the fetus, as well as in pla-
cental development and function.®”° Three isoforms of HO
have been characterized,®®”" with HO-2 playing a role in spi-
ral artery invasion’ and HO-1 highly expressed in noninvasive
trophoblastic phenotypes.” Treatment of the reduced uterine
perfusion pressure (RUPP) rodent model with CoPP (cobalt
protoporphyrin), an inducer of HO-1, decreased BP and result-
ed in a proangiogenic shift in the VEGF (vascular endothelial
growth factor)/sFLT1 ratio in the placenta.” These preclinical
studies have fueled interest in manipulating the expression of
HO-1 as a potential therapeutic intervention for preeclampsia.

Another influence on trophoblastic invasion and spiral ar-
tery remodeling may come from corin, a transmembrane en-
zyme that locally activates atrial natriuretic peptide through
zymogen modification. Corin acts primarily in heart tissue,
however, Cui et al” found significantly decreased uterine-lo-
calized corin mRNA and protein levels as well as several corin
gene mutations in preeclamptic patients. The group then creat-
ed a knockout corin rodent model as well as transgenic crosses
that retained isolated cardiac corin activity. Both phenotypes
mimicked the hallmarks of preeclampsia, independently of
preexisting hypertension or cardiac-derived atrial natriuretic
peptide. However, in human studies, the evidence is mixed,
as systemic levels of corin and its target—atrial natriuretic
peptide—are upregulated during preeclampsia’’”” not down-
regulated as would be expected based on the animal studies.

In earlier studies, women with hypertensive disorders of
pregnancy were found to have lower levels of placental cate-
chol-O-methyl transferase (COMT) enzyme,” while women
with normal gestations were found to have increasing concen-
trations of 2-methoxyestradiol, the COMT breakdown prod-
uct of estradiol.”” Based on these observations, Kanasaki et
al* characterized a COMT knockout rodent model that repro-
duced the hallmarks of preeclampsia. However, COMT altera-
tions are not a feature of severe early-onset preeclampsia in
humans.* Given that COMT is decreased in many hyperten-
sive disorders of pregnancy,” more evidence is required to im-
plicate COMT in the pathogenesis of preeclampsia rather than
a risk factor for all gestational hypertensive disorders.

NK Cells and Impaired Placentation

The uterine NK (uNK) is well characterized in decidualization
physiology®' and may play a role in the abnormal placenta-
tion observed in preeclampsia. Unlike peripheral NKs, uNK
is not cytotoxic.?#3 Rather, in the decidua, uNK cells regu-
late the depth of placentation, spiral artery remodeling, and
trophoblastic invasion.*** As the main immunologic player
interacting at the allogenic maternal-fetal cell interface,®
uNKs recognize self-major histocompatibility complexes
(MHCs) derived from the maternal contribution and nonself-
allogenic MHCs from the paternal genotype. Specifically,
uNK express KIR (killer cell Ig-like receptors),®® while fe-
tal invasive extravillous trophoblasts express the main KIR
ligand, polymorphic HLA-C (human leukocyte antigen-C)
MHCs.¥ Because of independent segregation of maternal
KIR and HLA loci® and the paternal contribution to extravil-
lous trophoblast HLA-C, every pregnancy results in a unique
combination of KIR (maternal) and HLA-C (fetal) which may
affect the success of placentation.®® Mouse models selected
for nonmatched maternal uNK and paternal MHC molecules
in otherwise genetically identical parents have demonstrated
that allogenicity may promote decidual artery dilation, spiral
artery remodeling, more efficient placentas, and larger fetal
weights.® In other words, inhibition of the uNK response by
MHC-self recognition may lead to defective artery remodel-
ing.® Furthermore, certain maternal KIR haplotypes (uUNK)
appear protective against preeclampsia while others confer
risk.83+0%2 However, the presence of the risk-associated haplo-
type is insufficient for disease, suggesting an additional envi-
ronmental or genetic hit.
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Stage 2: Pathogenesis of the Maternal Syndrome

Imbalance in Circulating Angiogenic Factors

More than a decade ago, several groups identified elevated
levels of the antiangiogenic protein sFLT1 in placentas col-
lected from women with a clinical diagnosis of preeclamp-
sia.”** sFLT1 is a soluble protein that exerts antiangiogenic
effects by binding to and inhibiting the biological activity of
proangiogenic proteins VEGF and PIGF* (Figure 3). VEGF
is important for the maintenance of endothelial cell function,
especially in fenestrated endothelium, which is found in the
brain, liver, and glomeruli, the primary organs affected by pre-
eclampsia.” A member of the VEGF family, PIGF is impor-
tant in angiogenesis and selectively binds to VEGFR1/sFLT1
not VEGFR2.?7 Several findings implicated sFLT1 in the path-
ogenesis of preeclampsia: sFLT1 protein levels were high in
maternal plasma or serum®*®%; sSFLT1 mRNA expression was
high in preeclamptic placentas®; and injecting exogenous
sFLTT1 into rodents led to hypertension, proteinuria, glomer-
ular endotheliosis (a hallmark of preeclampsia seen in renal
biopsy), as well as several other preeclamptic features® ',
treatment of cancer patients with anti-VEGF drugs results in
hypertension and proteinuria'®1?; depletion of sFLT1 in pre-
eclamptic plasma using antibodies reverses the antiangiogenic
phenotype in cell culture studies®; lowering sFLT1 or antago-
nizing sFLT1 in animal models of preeclampsia improves
clinical symptoms'®-'% and, spontaneous resolution of clin-
ical signs and symptoms of preeclampsia, when sFLT1 levels
are lowered by 50% or more by treatment of the underlying
placental conditions such as fetal hydrops or removal of dis-
eased placenta in multiple pregnancies.'?!” In addition to the
elevated sFLT1 levels, circulating levels of free PIGF were re-
duced in women with preeclampsia, suggesting an imbalance
of antiangiogenic and proangiogenic proteins.’*1%

The availability of robust immunoassays for angiogenic
factors led to a number of clinical studies measuring the anti-
angiogenic/proangiogenic markers in large cohorts of human
pregnancies showing that sFLT1 levels are high and free PIGF
is low at the time of clinical diagnosis of preeclampsia as well
as several weeks before the diagnosis.!®!% Angiogenic factor
abnormalities in the plasma correlated with severity of presen-
tation, predicting disease, and adverse outcomes.''*!"! Early
studies called into question the utility of angiogenic factors
in prediction of preeclampsia.''> However, a recent multisite,
blinded randomized trial for the use of aspirin for prevention
of preeclampsia used several physiological and biochemical
parameters, including PIGF, with a detection rate of 90% at
a fixed false positive rate of 5% for preeclampsia, suggesting
that the markers may be used algorithmically for early diagno-
sis.'”® Such a strategy for prediction of the syndrome in early
pregnancy would identify women who are at risk for develop-
ing the disease and who may benefit from preventative inter-
ventions such as aspirin. Early diagnosis would also reduce
anxiety and unnecessary interventions in women at otherwise
low risk of developing preeclampsia.

Another antiangiogenic protein that has also been exten-
sively studied in preeclampsia is soluble endoglin (SENG), an
endogenous TGF-B1 (transforming growth factor $1) inhibi-
tor'!* (Figure 3). SENG is elevated in the sera of preeclamptic
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women 2 months before the onset of clinical signs of pree-
clampsia, correlates with disease severity, and falls after
delivery.'®!> In pregnant rats, it appears to potentiate the
vascular effects of sFLT1 to induce a severe preeclampsia-
like state, including the development of thrombocytopenia
and fetal growth restriction,''*'” and, in combination with
sFLT1, appears to induce cerebral edema resembling the re-
versible posterior leukoencephalopathy seen in patients with
eclampsia.!!$119

Inflammatory Cytokines and Immune Cell Alterations

It is well-established that preeclampsia is a proinflammatory
state, but the culpable cells have yet to be fully elucidated.
Syncytial knots'*!?! are allogenic nano to microvesicles shed
from apoptotic or activated trophoblasts'?' that have been
identified in the lungs''?? and plasma of normal pregnan-
cies and in increased amounts in preeclampsia.'?>'** Rich in
sFLT1 and endoglin,'*!?® syncytiotrophoblast microvesicles
and exosomes may instigate an inflammatory response. In
vitro, syncytiotrophoblast microvesicles activate cultured pe-
ripheral blood mononuclear cells, causing a release of pro-
inflammatory cytokines!'>*!?’ that is even more robust when
exposed to peripheral blood mononuclear cells from preg-
nant patients.'”” However, in vitro data are not consistent, as
microvesicles induced by an alternative mechanism are not
proinflammatory. 2%

IL (Interleukin)-10—a cytokine that induces the differen-
tiation of the T cell into the Th (T helper type)2 phenotype—
stands out in the literature as an important mitigator of the
maternal syndrome by neutralizing proinflammatory cyto-
kines, AT1-AA (angiotensin II receptor 1 autoantibodies),
placental ROS, and ET-1 (endothelin-1)."*® Many cell types
in preeclamptic patients demonstrate a dysregulation in the
balance of IL-10 and proinflammatory cytokines,'*'~'* includ-
ing uterine and circulating NKs"* and peripheral blood mon-
onuclear cells. Studies of peripheral blood mononuclear cells
of preeclamptic women had reduced IL-10 secretion,'3513
which may lead to failure of T-cell differentiation. Commonly
referred to as Th2 polarization, normal pregnancy is charac-
terized by a shift in T-cell phenotype towards Th2 relative to
Th1."3140 Multiple studies have reported an aberrant shift to-
wards the Th1 phenotype in preeclampsia, resulting in insuffi-
cient trophoblast invasion.'*! Furthermore, a preeclamptic-like
syndrome can be induced in normal pregnant rats with transfer
of CD4+ cells obtained from RUPP models.'*

Preeclampsia is also associated with elevated comple-
ment levels'**!** and with genetic mutations in C3."* In an-
imal models, complement inhibition restores spiral artery
capacitance'® and decreases sFLT1 production,' and a Clq
knockout mouse model mimics preeclamptic features.!#:148
However, complement dysregulation is most severe in the
form of severe preeclampsia called hemolysis elevated liver
enzymes low platelets (HELLP) syndrome. HELLP syndrome
has been shown to share a genetic mutation with'* and has a
similar presentation to atypical hemolytic uremic syndrome,
a disease thought to be caused by uncontrolled complement
activation.’>*2 Interestingly, many of the same complement
pathway mutations found in hemolytic uremic syndrome are
also associated with preeclampsia.*>!> Further evidence to
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Figure 3. sFLT1 (soluble fms-like tyrosine kinase 1) and sENG (soluble endoglin) causes endothelial dysfunction by antagonizing VEGF (vascular
endothelial growth factor) and TGF (transforming growth factor)-$1 signaling. There is mounting evidence that VEGF and TGF-f31 are required to
maintain endothelial health in several tissues including the kidney and perhaps the placenta. During normal pregnancy, vascular homeostasis is maintained
by physiological levels of VEGF and TGF-f1 signaling in the vasculature. In preeclampsia, excess placental secretion of sFLT1 and sENG (2 endogenous
circulating antiangiogenic proteins) inhibits VEGF and TGF-f31 signaling respectively in the vasculature. This results in endothelial cell dysfunction, including
decreased prostacyclin, nitric oxide production, and release of procoagulant proteins. Reprinted from Powe et al'* with permission. Copyright ©2011, the

American Heart Association.

the pathogenic link between atypical hemolytic uremic syn-
drome and HELLP, a patient presenting with early-onset se-
vere preeclampsia and HELLP was able to delay delivery by
17 days after treatment with Eculizumab,'>* an Food and Drug
Administration-approved C5 inhibitor used to treat atypical
hemolytic uremic syndrome **'>° including in pregnancy.'*
The use of Eculizumab as an effective treatment for a severe
form of preeclampsia is promising, however, HELLP is di-
agnostically difficult to distinguish from atypical hemolytic
uremic syndrome,'’ likely because of the overlap in comple-
ment pathology.

Renin-Angiotensin Pathway

There is evidence for alterations in the renin-angiotensin-
aldosterone system in the pathogenesis of preeclampsia.'*®
Several studies show enhanced angiotensin II sensitivity dur-
ing and before the onset of preeclampsia despite reduced cir-
culating renin and angiotensin II during preeclampsia when
compared with normal pregnancy.'>*'® One potential mechan-
ism for the increased angiotensin II sensitivity is the presence
of circulating autoantibodies to AT1 in the sera of preeclamp-
tic women.'M1%2 In preclinical studies, autoantibodies to AT1
reproduce many of the hallmark characteristics of preeclamp-
sia: vasoconstriction through activation of ET-1'9; endothelial
cell necrosis and apoptosis in human umbilical vein endothe-
lial cells'®; stimulation of tissue factor production contribut-
ing to hypercoagulation'®; reduction of trophoblast invasion
in human cell culture models'®; and increased production of
ROS in culture models.' Produced in response to placen-
tal ischemia and systemic inflammation,'®® anti-AT1-AA can
also stimulate placental production of antiangiogenic factors
SFLT1 and sENG.'® Finally, CD19+CD5+ cells, as well as
anti-AT1-AA activity, are elevated in the sera of preeclamptic

patients, implicating B lymphocytes as an immune player.'”

These findings suggest that anti-AT1-AA made by a subpopu-
lation of CD19+CD5+ in response to placental ischemia and
systemic inflammation may contribute to the hypertension and
production of antiangiogenic factors that characterize the ma-
ternal syndrome.

Recent preclinical studies on the hypersensitivity of the
AT1 receptor when complexed with the bradykinin B2 re-
ceptor provide compelling evidence for another model for
the activation of the renin-angiotensin-aldosterone system in
the setting of downregulated renin.'”" Using a new transgenic
mouse model with maternal, systemically upregulated smooth
muscle AT1-B2 complexes, the group was able to replicate
the preeclampsia syndrome, with pregnant animals develop-
ing hypertension, proteinuria, low platelets, increased sFLT1,
AT1-AA, and ET-1, smaller litter sizes, intrauterine growth
restriction, lower renin levels, and a decreased placental lab-
yrinth layer. Furthermore, when heteromerized with B2, ATI
seems independently sensitive to angiotensin II and mechano-
stimulation, which, the authors suggest, may evolve with an
increase in fetal-placental mass regardless of renin activity.
The preeclamptic-like transgenic mice were then rescued with
lentiviral administration of an inactivation-resistant variant of
Arrbl (B-arrestin-1), G-protein coupled receptor-associated
protein that desensitizes the AT1 receptor leading to signal
dampening. In ex vivo studies of human placentas, the group
found significantly elevated levels of inactivated (phosphory-
lated) levels of Arrbl in preeclamptic placentas compared
with normotensive placentas, as well as increased AT1-B2
complex formation on the vessels of the basal plate of a pre-
eclamptic placenta. Though the AT1-B2 model does appear
to replicate the maternal syndrome well, only a small num-
ber of human placentas were analyzed as part of this study.
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Additional human studies are required to assess applicability
of this model to the biology of preeclampsia.

Elevated levels of an oxidized form of angiotensinogen
that is more readily cleaved by renin have also been impli-
cated in the pathogenesis of the hypertension observed in pre-
eclampsia.'”” However, robust assays to measure this modified
form of angiotensinogen in the blood are needed to charac-
terize a role for oxidized angiotensinogen in preeclampsia.
Finally, in animal models, elevated levels of circulating sFLT1
were sufficient to induce angiotensin II sensitivity by inter-
fering with endothelial nitric oxide production.'”

Sympathetic Nervous System

While a major emphasis of study in the pathogenesis of pre-
eclampsia has been on the link between placental factors and
maternal endothelial dysfunction, several studies have im-
plicated the sympathetic nervous system in the pathogenesis
of preeclampsia.'”!”> Schobel et al'™ observed that muscle
sympathetic nerve activity is elevated in women with pree-
clampsia over normal pregnant and hypertensive, nonpregnant
control women. Women with preeclampsia also have reduced
baroreflex sensitivity and greater antihypertensive responses
to nonselective adrenergic receptor blockade.'®'”” Studies
using experimental animal models supports that sympathetic
nerve activity is increased in preeclampsia. Placental isch-
emia-induced hypertension in the RUPP rat model is associ-
ated with a hypertensive shift in baroreceptor control on renal
sympathetic nerve activity, '”® and a recent study found that
adrenergic receptor blockade markedly attenuates placental
ischemia-induced hypertension.'” Collectively, studies from
humans and animal models suggest that an intact sympathetic
nervous system may be important in eliciting the full hyper-
tensive response to factors released in response to placental
ischemia.

Lessons From Animal Models

One of the many challenges of the study of preeclampsia is
its reproducibility in animal models. Spontaneous preeclamp-
sia is unique to human gestation. Therefore, animal models
approximate rather than replicate the disease, predominantly
through evidence of systolic hypertension, renal endothelio-
sis, proteinuria, and, at times, fetal growth restriction and pro-
duction of antiangiogenic factors.'® The RUPP rodent model,
produced by clipping the abdominal aorta and the main uter-
ine arteries of pregnant Sprague-Dawley rats,'®! is most com-
monly used and presents with elevated mean arterial pressure,
greater vascular reactivity to a-adrenergic agonists'! and in-
creased production of AT1-AA, ROS, and sFLT1 and sENG
as observed in preeclamptic women.'®? Other animals, includ-
ing pregnant rabbits, rhesus monkeys, and baboons, have also
been used to model preeclampsia by inducing uteroplacental
insufficiency.'® To replicate the placenta as the inherently
pathogenic organ rather than as secondary to uterine ische-
mia, Kumasawa et al'* implanted mice with transgenic blas-
tocysts with trophectodermal layers expressing human sFLT1
via lentiviral vectors. Human sFLT1 levels increased in the
maternal serum as gestation progressed, with corresponding
development of the hallmarks of preeclampsia. However, the
rodents did not develop the full spectrum of severe features as
in humans. Genetic rodent models, such as the BPH/5 model,
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have been used as well. Mildly hypertensive at baseline, the
BPH/5 model demonstrates elevated mean arterial pressure,
proteinuria, and progressive glomerular damage in late gesta-
tion and delivers significantly smaller litters than controls.!s?
The previously discussed COMT knockout rodent model sim-
ilarly presents with systolic hypertension, elevated sFLT1, and
proteinuria that decline after parturition, however, there is no
evidence of systemic vascular damage or fetal growth restric-
tion, suggesting that this model approximates gestational hy-
pertension or mild preeclampsia.* The Clq knockout mouse
model relies on the observation of the complement factor Clq
at the decidual endothelium-trophoblast interface!'®* and was
found to have small litters, intrauterine growth restriction, el-
evated BP, proteinuria, elevated levels of SFLT1, and evidence
of endothelial dysfunction.'’'*® Systemic delivery of argi-
nine vasopressin was also sufficient to induce preeclampsia-
like state in pregnant mice, but lack of placental hypoxia and
SFLT1 upregulation in this model suggest that it may be more
relevant for term preeclampsia that is often characterized by
modest levels of antiangiogenic biomarkers.” Older rodent
models manipulate the renin-angiotensin system (placental
renin and maternal angiotensinogen) to model pregnancy-in-
duced hypertension,'*¢ however, the relevance of this model to
human disease is questionable as humans with preeclampsia
are characterized by suppressed renin and angiotensin II when
compared with normal pregnancy.

Primarily designed on the observation that placental is-
chemia induces systemic hypertension, the described animal
models have been useful for characterizing the molecular en-
vironment of uteroplacental hypoperfusion as well as a variety
of cytokines and proteins released into the maternal circula-
tion. Animal models can be used to extend correlation data
observed in humans into cause and effect relationships, as has
been seen in SFLT1 and SENG manipulation in RUPP mod-
els, and are critical tools for assessing toxicity and efficacy
in novel therapeutics. Of course, animal models are imperfect
for this human-specific disease, as they fail to demonstrate
thrombocytopenia, HELLP syndrome, eclamptic seizures,
and other signs and symptoms that define the severe features
of preeclampsia in humans. Perhaps, the imperfect overlap
in presentation stems from the fact that the primary driver
of preeclampsia, insufficient trophoblast invasion and failure
of spiral artery remodeling, does not occur naturally in other
species and has yet to be modeled accurately. In fact, rodent
trophoblasts minimally invade the spiral arteries, as decidu-
alization occurs after implantation,'®” and therefore, may be
an inherently insufficient model species. Furthermore, human
gestation is significantly longer than in rodents, and exposes
pregnant women to much larger doses of circulating toxins,
such as sFLT1, possibly leading to severe features. In fact,
when sFLT1 and sENG levels are concurrently pushed to
exaggerated levels, severe features do occur in animal mod-
els.!-110113 Degpite their limitations, experimental studies in
animal models allow investigators to test directly whether
certain factors found in women with preeclampsia can in-
deed lead to hypertension and other manifestations of the
syndrome. Further investigation is necessary with models that
better approximate human gestation physiology and length to
isolate the primary pathogenic factors.
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Maternal Contribution to Disease

Epidemiological studies suggest that several prepregnancy
maternal characteristics increase risk for preeclampsia.'®®
Interest is growing around obesity and diabetes mellitus as
risk factors (relative risk [RR], =3.5 each)" in light of data
suggesting Metformin, the biguanide first-line therapy for
type 2 diabetes mellitus, may decrease sFLT1."° In a recent
meta-analysis of 15 randomized controlled trials reporting
the incidence of hypertensive disorders of pregnancy with
Metformin use, Kalafat et al'! found a reduced risk of hyper-
tensive disorders of pregnancy (RR, 0.56; 95% CI, 0.37-0.85)
but a nonsignificantly reduced risk of preeclampsia (RR, 0.74;
95% CI, 0.09-6.28). However, authors admit the low quality
of the evidence and the clinical heterogeneity of the included
studies, limiting conclusions. Prepregnancy vascular dysfunc-
tion, such as in women with chronic hypertension, not only
jeopardizes placental perfusion but may also enhance the pla-
cental response to ischemia as well as the vascular response
to antiangiogenic factors such as sFLT1. Therefore, baseline
host characteristics may put women at risk of preeclampsia,
even at physiological elevations of antiangiogenic factors
and cytokines. A history of acute kidney injury before preg-
nancy, despite apparent full recovery, is also associated with
increased risk of pregnancy complications.'*? Interestingly, a
shorter interval between the AKI episode and the pregnancy
were associated with higher risks of preeclampsia. This sug-
gests that subclinical renal dysfunction may interfere with the
hemodynamic adaptation of normal pregnancy, which in turn
may lead to impaired placental perfusion and preeclampsia.'®

Translation of Preeclampsia
Biology in the Clinic

Biomarkers for Diagnosis, Prediction,

and Prognosis

The ACOG committee opinion issued in 2015 and reaffirmed
in 2017 does not recommend screening to predict preeclamp-
sia beyond obtaining an appropriate medical history.'s!
Because of the lack of adequate screening methods and the
severe sequelae of the disease, all women suspected of pree-
clampsia undergo resource intensive testing, often requiring
several-day hospitalizations for further investigation. Other
methods of screening have been investigated, including a me-
tabolomic pathways and combined metabolomic-proteomic
data approaches.!**7 A 2017 head to head comparison of the
Fetal Medicine Foundation algorithm-based screening method
(a combination of maternal factors, mean arterial pressure,
uterine-artery pulsatility index, and PIGF) demonstrated su-
periority to the screening methods currently recommended
by National Institute for Health and Care Excellence and
ACOG.'"® Using a similar screening algorithm with the addi-
tion of maternal serum PAPP-A (pregnancy-associated plasma
protein-A), the ASPRE trial (aspirin for evidence-based pre-
eclampsia prevention) screened women in the first trimester
to identify those at high risk for preeclampsia.'”” High-risk
women were then randomized to receive 150 mg of aspirin
or placebo daily until 36 weeks gestation. Daily low-dose as-
pirin use in high-risk women was associated with a signifi-
cantly lower incidence of preterm preeclampsia than placebo,

and detection rate of preterm preeclampsia was 76.7%
(138/180)—43.1% for term preeclampsia—with a false pos-
itive rate of 9.1%. These results suggest that early screening
with plasma biomarkers and imaging studies allows for early
intervention and possible prevention of disease.

Perhaps most promising among screening methods is the
use during the third trimester of combined biomarkers—such
as sFLT1, sEng, and PIGF—with high sensitivity and spec-
ificity for early diagnosis and prognosis of preeclampsia.’®
Substantial evidence already demonstrates encouraging test
characteristics of biomarker assays in this population.”'?* In
a study of over 600 women undergoing initial evaluation of
preeclampsia, an sFLT1/PIGF ratio of >85 correlated with di-
agnosis of preeclampsia and predicted adverse outcomes and
delivery within 2 weeks among women presenting <34 weeks
gestation. Furthermore, the biomarker ratio performed better
than all other currently available tests for prediction of pree-
clampsia.'’® A follow-up study of 402 patients presenting with
preterm singleton pregnancies by the same group showed that
an sFLT1/PIGF ratio >85 had a PPV of 59% in all patients and
74% among patients presenting <34 weeks for developing pre-
eclampsia with severe features within 2 weeks.?” Patients with
preeclampsia with normal angiogenic profile have fewer ad-
verse outcomes suggesting that the angiogenic form of pree-
clampsia is clinically more important.''! Other groups have
shown similar results. In a multicenter study of women with
suspected preeclampsia, authors showed a reverse association
of free PIGF with gestational age at delivery.”* In a recent mul-
tisite study of angiogenic factors, authors concluded that an
SFLT1/PIGF ratio of <38 had an negative predictive value of
99.9% for ruling out preeclampsia within 1 week.?® A follow-up
study from the same cohort showed an negative predictive value
of 95% within 4 weeks.?® Overall, serum or plasma angiogenic
factors appear to be a reliable risk-stratification method among
women with suspected preeclampsia, especially for preterm
preeclampsia, allowing for appropriate management.

Recent studies have also suggested that by reducing false
positive rates of diagnosis and consequent unnecessary hospi-
talizations, risk stratification with biomarkers is economical.
Assays using these plasma biomarkers are available for clini-
cal use in Europe, Canada, Africa, and Asia, and their clinical
success has led to the incorporation of angiogenic factors in
the definition of preeclampsia in the British National Institute
for Health and Care Excellence and national German guide-
lines.” Finally, a study in Mozambique showed that meas-
urement of PIGF is feasible in resource poor environments.
The authors concluded that low PIGF in women with sus-
pected preeclampsia was associated with increased transfers
to higher levels of care and increased maternal and perinatal
risks.?® Looking forward, biomarker assays are a cost-effec-
tive and reliable screening method that could be lifesaving,
even in areas of limited expertise and resources.

Though not part of any formal diagnostic criteria, hyper-
uricemia is classically a biomarker indicating progression of
gestational or chronic hypertension to preeclampsia and of
risk for fetal and maternal complications such as SGA.>*2
However, in all-comers, uric acid levels do not predict devel-
opment of preeclampsia.’’*"5 Evidence about the contribu-
tion of uric acid to the pathogenesis of preeclampsia is mixed,
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though general consensus suggests that levels are elevated
secondary to renal injury and decreased excretion.?'®

Treatment and Management of Preeclampsia

Current management of preeclampsia in the developed world
includes preconception counseling, perinatal BP control and
monitoring, prenatal aspirin therapy in high-risk women, be-
tamethasone for patients <34 weeks, parenteral magnesium
sulfate, and careful follow-up of postpartum BPs.! Timely
delivery of the fetus and placenta remains the only definitive
treatment. Even among patients who did not show antena-
tal signs of preeclampsia, surveillance continues postpartum
because of the rising incidence of postpartum preeclampsia.
Preeclampsia without severe features can be managed expect-
antly with twice-weekly maternal and fetal monitoring until
37 weeks in the absence of labor, rupture of membranes, vag-
inal bleeding, or abnormal antepartum testing."!* In women
with preeclampsia with severe features at <34 weeks, expect-
ant management can be attempted based on strict inclusion
criteria and with appropriate resources. In these patients, care-
ful attention should be given to worsening maternal and fetal
well-being and delivery is indicated at any time with deterio-
ration of maternal and fetal status. ACOG currently does not
recommend pharmacological treatment of mild to moderate
range hypertension (systolic <160 mmHg or diastolic <110
mmHg) in the setting of preeclampsia,' as it does not appear
to attenuate risk of disease progression and may increase the
risk of fetal growth restriction.?’” In a multinational random-
ized trial for control of BPs enrolling women with chronic and
gestational hypertension, authors found lower prevalence of
severe hypertension (=160/110 mmHg) among patients with
tight control of BPs during pregnancy (40.6% versus 27.5%).
There was no difference in development of preeclampsia and
perinatal outcomes were similar.?’® A large randomized trial is
underway in the United States to evaluate treatment of mod-
erate hypertension during pregnancy (URL: http://www.clini-
caltrials.gov. Unique identifier: NCT02299414). Treatment of
severe hypertension requires pharmacological therapy with la-
betalol, nifedipine, or methyldopa,' however, recent evidence
from animal studies suggest that amlodipine may be superior
to nifedipine because of its inducing effects on Arrb1 and sub-
sequent downregulation of the AT1-B2 receptor complex,'”!
though more clinical evidence is needed. Though current clin-
ical management is limited, innovative medical therapies are
on the horizon.

Small molecules have had variable success in treating hy-
pertensive disorders of pregnancy. Early studies, including the
1998 National Institutes of Health trial, did not show improved
outcomes in women at high risk of preeclampsia when treated
with low dose (60 mg) of aspirin compared with placebo.?"”
However, with improved risk-stratification methods, Rolnik et
al'"” demonstrated a lower incidence of preterm preeclampsia
in high-risk women treated with 150 mg of aspiring compared
with placebo. Aspirin is now recommended for the prevention
of preeclampsia in high-risk women.'

Sildenafil, a phosphodiesterase type 5 inhibitor, was ini-
tially thought to be a promising way to reduce placental is-
chemia given its ability to potentiate the actions of nitric
oxide, causing uterine vasodilation. However, in the 2018
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Maternal STRIDER trial (Sildenafil for Severe Fetal Growth
Restriction), sildenafil did not prolong pregnancy or improve
pregnancy outcomes compared with placebo in women with
severe intrauterine growth restriction in the late second to
third trimester.”® A 2017 randomized controlled trial of sil-
denafil therapy in fetal growth restriction did not show any
benefit in attenuating disease compared with placebo®' and
was prematurely halted when 11 neonates in the sildenafil arm
died secondary to pulmonary disease.””?> However, other small
molecules that effect nitric oxide production are still under
investigation. For example, statins continue to show promise
in animal models and in human ex vivo tissue samples.?*~>%
Likely because of its stimulatory effects on HO and improved
vascular function,” pravastatin improves fetal and mater-
nal outcomes in patients with antiphospholipid syndrome?¢
and mitigates disease in patients with severe features** and
with evidence of placental vascular pathology.””” StAmP trial
(Statins to Ameliorate Early Onset Preeclampsia), a dou-
ble-blind, multicenter, randomized controlled trial looking at
the effects of Pravastatin on serum biomarkers in preeclamp-
sia, has completed recruitment and is now in the data-analysis
phase (ISRCTN 23410175). Metformin, an insulin sensitizer
and the first-line treatment of type 2 diabetes mellitus, is as-
sociated with reduced incidence of hypertensive disorders in
pregnancy,'®! as well as decreased levels of circulating sFLT1
and sENG in vitro.?”® Metformin has been shown to be safe in
pregnancy, with no significant difference in neonatal outcomes
when compared with insulin in the treatment of gestational di-
abetes mellitus,?® making Metformin an attractive and readily
available therapy. Finally, ouabain, a cardiac glycoside, has
been shown to inhibit SFLT1 mRNA and protein expression
through the HIF-1a/heat-shock protein 27 pathway in human
cytotrophoblasts and explant cultures as well as in rat mod-
els without any fetal adverse effects.”®® Further investigation
is necessary to further characterize ouabain as a therapeutic.
Most small molecules target the prevention of preeclamp-
sia in high-risk women, however, no therapy currently exists
for the treatment of preeclampsia to delay preterm delivery.
Adapting apheresis technology safely and commonly used
in pregnant women with familial hypercholesterolemia,?!
Thadhani et al**? used a negatively charged dextran sulfate cel-
lulose column to remove positively charged sFLT1 from the
serum of 3 women with preterm (<32 weeks) preeclampsia,
resulting in dose-dependent delays in delivery. To minimize
the side effect profile—namely, transient hypotension—and
improve the efficiency of removal, the same group repeated
the pilot study with an apheresis device that incorporated
plasma separation for sFLT1 removal.*** Eleven women with
very preterm preeclampsia were treated with dextran sulfate
column apheresis with a mean reduction in SFLT1 of 18% per
treatment and an average of 8 days (range 2—11) of extended
gestation with a single treatment and an average of 15 days
(range 11-21) extended gestation with multiple treatments,
compared with an average of 3 to 4 days in controls. There
were no additional adverse events in neonates treated with
apheresis compared with normal and preeclamptic controls
born comparably preterm. Direct therapies for the treatment
of preeclampsia would revolutionize the management of this
highly morbid disease, and the results from these pilot studies
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show immense promise, with refinement of the specificity of
the apheretic column for known preeclamptic markers.

Other promising therapies for preeclampsia include recom-
binant human PIGF and RNA interference technology-based
methods. A ligand specific to VEGFRI1/FItl, recombinant
human PIGF has the potential to scavenge excess circulating
sFLT1 without the additional side effects of vascular permea-
bility and edema associated with VEGFR2. Baboon and rodent
studies have shown promising results, lowering BP, proteinu-
ria, and SFLT1 mRNA.?*2> However, the treatment may be
limited given that only a small percentage of total body sFLT1
is circulating®® and, therefore, amenable to ligand interaction.
RNA interference technology provides a cheaper alternative
to recombinant therapies. Silencing sequences of RNA spe-
cific to all 3 isoforms of circulating SFLT1 mRNA have been
shown to decrease sFLT1, BP, and proteinuria in pregnant ba-
boon models with a single dose.” However, given the limi-
tations of animal models of preeclampsia and the regulatory
implications of developing oligonucleotide therapies, signifi-
cant further study is required before clinical trials.

Preeclampsia and CVD

Short-Term Cardiovascular Complications in the
Postpartum Period

Postpartum hypertension (defined as hypertension >48 hours
or more after delivery) occurring either de novo or in the set-
ting of preeclampsia has emerged as an important risk fac-
tor for significant morbidity in women in the United States.>
While the pathogenesis of this syndrome is still being elucidat-
ed, clinical studies have suggested that postpartum hyperten-
sion may share similar plasma angiogenic profiles as women
with antepartum preeclampsia and, therefore, may represent a
group of women with subclinical preeclampsia or unresolved
preeclampsia.’ In the peripartum period, preeclampsia is as-
sociated with an increased risk of peripartum cardiomyopa-
thy (PPCM) that can progress to chronic heart failure, cardiac
transplantation, or death.*?* Given that VEGF pathway in-
hibitors in oncology patients also induce cardiomyopathy,?!
elevated levels of antiangiogenic factors may play a role in
the development of PPCM. Using a PGC (proangiogenic tran-
scriptional cofactor)-1a knockout mouse model and human
serum studies, Patten et al** showed that repeatedly elevated
levels of sFLT1 and prolactin cleavage fragments were syn-
ergistically associated with PPCM and that both angiogenic
factor imbalance and prolactin fragmentation are regulated
by PGC-1a. Authors proposed a 2-hit hypothesis for the de-
velopment of PPCM: (1) an increase in antiangiogenic fac-
tors such as sFLT1 that causes cardiac dysfunction as seen
in preeclampsia and (2) an independent decrease in defenses
against antiangiogenic factors in the heart as seen in low levels
of cardiac PGC-1a expression. Thus, inhibition or removal of
sFLT1 could attenuate PPCM in preeclamptic women with an
environmental or genetic predisposition to disease.

In the short-term, neonates may also present with
vascular effects secondary to the elevated levels of anti-
angiogenic factors. Though hypertension and proteinuria
observed in the mother are not observed in the fetus, ele-
vated levels of sFLT1 have been observed in the amniotic

fluid in women with preeclampsia.?*?> Epidemiological stud-
ies have shown an increased incidence of bronchopulmona-
ry dysplasia®*?* and decreased incidence of retinopathy of
prematurity (adjusted odds ratio 0.65; 95% CI, 0.49-0.86
for early preterm),?* 2 diseases of prematurity associated
with neoangiogenesis. Intraamniotic injections of sFItl in
rat models disrupt pulmonary angiogenesis and increase
the incidence of bronchopulmonary dysplasia,*** while ad-
ministration of anti-sFLT1 monoclonal antibody increases
alveolar counts and pulmonary vessel density in the pre-
mature pups of preeclampsia rat models.**® Together, these
epidemiological and animal studies imply that sFLT1 af-
fects fetal angiogenesis at mucous membranes exposed to
amniotic fluid.

Preeclampsia and Long-Term CVD

There is accumulating evidence that preeclampsia-eclampsia
predisposes to long-term cardiovascular risk?*?* including
risk of hypertension, peripheral arterial disease (RR, 1.87;
0.94-3.73), coronary artery disease (overall CVD RR: 2.3;
1.95-2.78), cerebrovascular disease (RR, 2.03; 1.54-2.67),
congestive heart failure, vascular dementia (hazard ratio, 3.46;
1.97-6.10), and death (RR, 2.29; 1.73-3.04).24%20 Potential
explanations for the association between preeclampsia and
CVD are debated. It has been proposed that endothelial dam-
age caused by preeclampsia persists beyond postpartum re-
covery, increasing the risk of CVD,?*7 and that the risk of
future CVD increases with multiple episodes of preeclamp-
sia.>*® Alternatively, an unfavorable cardiovascular risk profile
characterized by higher levels of glucose, cholesterol, hyper-
tension, and abdominal obesity may contribute to the develop-
ment of preeclampsia and later, CVD.?*

The odds of a fatal outcome from CVD have been shown
to be greater than odds of diagnosis (odds ratio =2.89; 95%
CI, 1.71-4.89 and odds ratio =2.01; 95% CI, 1.68-2.41; re-
spectively)® in preeclampsia, suggesting that women may
die from the sequelae of CVD without first being diagnosed.
Furthermore, meta-regression reveals a graded relationship
between the severity of preeclampsia-eclampsia and the risk
of cardiac disease (mild: RR 2.00, 1.83-2.19; moderate: RR
2.99, 2.51-3.58; and severe: RR 5.36, 3.96-7.27; P<0.0001),
implicating a dose-response to the severity of preeclamp-
sia.”* Studies are underway to find biomarkers and subclin-
ical echocardiographic measures, such as global longitudinal
strain,?'=* to provide early risk assessment and stratification
in women with preeclampsia.

The question remains if there is an opportunity for inter-
vention in asymptomatic women with a history of preeclamp-
sia. A study of 2 tertiary medical centers in the Netherlands*
found that a total of 42% of women with a history of pre-
eclampsia had significant CVD risk factors compared with
14.3% among women with a history of an uncomplicated
pregnancy. In the United States, a 2018 study using the
Nurses’ Health Study II suggested that hypertensive disorders
of pregnancy were associated with 10-year CVD risk overall,
independent of established CVD risk factors. Globally there is
increasing evidence that a history of preeclampsia should be
considered in CVD risk stratification.”
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Preeclampsia is also associated with 4.7-fold risk for subse-
quent end-stage renal disease.”> Based on sibling studies, Vikse
et al®® reported that familial aggregation of risk factors could not
explain the increased end-stage renal disease risk and, therefore,
concluded that preeclampsia per se may lead to long-term kid-
ney damage. Women with preeclampsia are also at a 4-fold risk
of stroke®” and 3-fold risk of vascular dementia later in life.>
Additional studies are needed to elucidate the pathogenesis of
these long-term complications in women with preeclampsia.

Decades of literature observe a relationship between life-
long CVD risk and growth restriction in utero, such as seen
in the fetuses of preeclamptic pregnancies. First described
by Barker and Osmond,™ the so-called Barker Hypothesis
suggests that lack of early nutrition, growth restriction, and
the uterine environment increase susceptibility to other risks
for CVD. Indeed, children born to women with preeclamp-
sia have an increased risk of CVD.?® Neonates may also be
at risk for pulmonary hypertension into their teenage years
and beyond.?' Pulmonary amniotic sFLT1 exposure leading
to decreased pulmonary angiogenesis has been proposed as
a mechanism for this long-term lung injury,*® though the se-
quelae of prematurity or systemic SFLT1 exposure*® cannot
be excluded. Current research seeks to further characterize
CVD in children born to preeclamptic mothers.**

Conclusions

Preeclampsia is a leading cause of maternal morbidity and
mortality worldwide, whose only definitive treatment—de-
livery of the fetus and placenta—carries significant morbidity
and mortality for the neonate. Though the mortality of pre-
eclampsia-eclampsia has decreased significantly in the United
States because of increased antenatal surveillance and early
interventions, the postpartum and lifelong sequelae of pree-
clampsia have risen in number and significance. Whether the
risk predates and confounds preeclampsia or is a result thereof,
we now know that women with a history of preeclampsia are
at increased risk for CVD>*?% and dementia®® later in life,
including acutely fatal myocardial infarction without the pro-
gressive, forewarning symptoms of the acute coronary syn-
drome.’®® An increased focus on interventional studies during
the postpartum, asymptomatic phase is imperative to mini-
mize the risk of CVD and its potentially fatal complications.

Improved risk stratification and therapeutics are other areas
of opportunity with several innovations on the horizon. While
ongoing work in placental oxidative stress and the maternal
immune response demonstrate intriguing insights, perhaps
the most promising area under investigation is the maternal
angiogenic factor imbalance and its effects on vascular func-
tion. Ongoing development of methods of risk stratification
using ratios of proangiogenic factors—such as PIGF—and an-
tiangiogenic factors—such as sFLT1 and sSENG—have high
detection rates for preterm preeclampsia when incorporated
into algorithms with other predictive elements®* and have
shown high negative predictive value as an isolated assay.
Removal of antiangiogenic proteins through plasma apheresis
significantly prolongs gestation compared with controls and
attenuates the symptoms of preeclampsia,*>?* and recombi-
nant human PIGF and siRNA have shown promising results
in animal models,?***3%7 gsuggesting possible therapeutic
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alternatives to preterm delivery. Most importantly, risk-strat-
ification methods using antiangiogenic factors have already
proven to be safe, efficient, cost-effective, and economical,
making them possibilities for improving care in countries that
carry the highest mortality from preeclampsia.
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A healthy pregnancy undergoes significant physiolog-
ic changes requiring multiorgan plasticity. Failure to
adapt to the hemodynamic and humoral changes of ges-
tation due to acute or chronic disease puts mother and
fetus at risk for potentially life-threatening complica-
tions. Responding to an increase in nitric oxide and re-
laxin and a decrease in sensitivity to vasoconstrictors, the
renal vasculature adapts in normal pregnancy to accom-
modate the large increase in blood volume and renal
blood flow. Pre-pregnancy kidney disease that limits this
remodeling increases the risk for complications, most no-
tably pregnancy-induced hypertension [1-3].

Preeclampsia-eclampsia, a hypertensive disorder of
pregnancy and one of the most globally fatal complica-
tions, results from placental overproduction of soluble
fms-like tyrosine kinase, causing systemic endothelial
damage, hypertension, and end-organ failure [4]; the pre-
pregnancy endothelial damage and vasculopathy of dia-
betes mellitus, obesity, or chronic hypertension increase
a woman’s baseline risk of developing preeclampsia by
decreasing her renal and vascular reserve. In addition to
baseline systemic endothelial damage, women with
chronic kidney disease (CKD) lack the glomerular plas-
ticity to respond to pregnancy-induced hormonal chang-

es and fail to hyperfiltrate sufficiently to accommodate
the increased volume of pregnancy. The relative hypofil-
tration prevents adequate volume expansion leading to
placenta ischemia and an increased risk of preeclampsia-
eclampsia. In order to optimize prenatal care and appro-
priate referral, it is important to identify the pregnancy
risks associated with pre-pregnancy comorbidities limit-
ing maternal physiologic flexibility.

Although efforts have been made to determine the ef-
fects of renal disease overall on pregnancy outcomes, data
on which adverse pregnancy outcomes correlate with in-
dividual renal pathologies are limited. It is logical that a
vascular renal disease would put a woman at higher risk
for a vascular complication of pregnancy such as pre-
eclampsia; but is this what is observed at the population
level? In “The Spectrum of Adverse Pregnancy Outcomes
based on Kidney Disease Diagnoses: a 20-year population
study” published in this issue, a South Australian group
led by Fitzpatrick et al. [5] identifies the prevalence of
pregnancy-related outcomes among kidney disorders in
the 407,580 births recorded in the South Australian Preg-
nancy Outcomes Unit (1990-2012). As the authors note,
strengths of the study include the large population and
the low systematic bias due to the mandatory reporting
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that generated the database. However, the study is limited
by diagnoses captured by ICD-9 codes without an ability
to confirm diagnoses with laboratory, imaging, or pathol-
ogy data, subjecting them to reporting bias and an inabil-
ity to validate diagnoses. Furthermore, data collection is
mandated only for births >20 weeks gestation, suggesting
that women with the greatest systemic illnesses and there-
fore with the greatest number of spontaneous abortions —
such as antiphospholipid syndrome/systemic lupus ery-
thematous — may have been excluded from analysis.

Overall, the study confirms findings of previous litera-
ture that women with renal disease are at an increased risk
of pregnancy-induced hypertension, cesarean section (an
illness severity marker), low birth weight, preterm deliv-
ery, and NICU admission [3]. However, the large size of
the cohort allows for sub-analyses of diseases grouped by
pathologies: immunological or cystic/genetic conditions,
vesicoureteral reflux (VUR), urological conditions, py-
elonephritis and “other” including renal disease second-
ary to diabetes mellitus and “unspecified renal disease in
pregnancy.” Perhaps the most interesting aspect in this
subgroup analysis is the fact that all adverse pregnancy
outcomes appear to be driven by an increased risk associ-
ated with immunological disease and/or VUR. Though
large, prospective studies observe that advancing stage of
CKD increases the risk of gestational complications [3],
Fitzpatrick et al. [5] further suggest that particular etiolo-
gies of acute and chronic renal disease, not just disease
progression, may drive adverse pregnancy outcomes.

Previous meta-analyses of VUR and associated ad-
verse pregnancy outcomes suggest a considerably more
benign scenario. Fitzpatrick et al. [5] large cohort con-
firms the previous meta-analyses’ observations of an in-
creased risk of pregnancy-induced hypertension and pre-
eclampsia [6, 7]; however, one meta-analysis could only
identify a risk of hypertension in the presence of renal
scarring [7], emphasizing the importance of disease pro-
gression on outcomes. Fitzpatrick et al. [5] suggest in
their findings a much graver pathology, observing an in-
creased risk of preterm delivery, low birth weight, NICU
admission, and cesarean delivery. Due to limitations in
the database, the percentage of renal scarring and sever-
ity of renal dysfunction (i.e., degree of proteinuria or cre-
atinine elevation) cannot be deduced. Severe baseline
scarring in this population would prevent renal physio-
logic adaption to pregnancy, resulting in systemic mark-
ers of poor pregnancy health. We speculate that biochem-
ical validation of the degree of disease progression would
have demonstrated a more advanced stage of renal dis-
ease in this VUR population.
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While Fitzpatrick et al. [5] contribute to a bird’s eye
view of kidney disease in pregnancy, the risk of poor
pregnancy outcomes — particularly with regard to hy-
pertensive disorders of pregnancy - has been character-
ized within certain individual renal diseases. Recent data
suggest that acute, recovered disease — not just chronic
disease — affects the health of a pregnancy; Tangren et al.
[8] demonstrate that a history of clinically recovered
acute kidney injury significantly increases a woman’s
risk for preeclampsia and small for gestational age in-
fants, as well as her rate of cesarean delivery and NICU
admission. Interestingly, the proximity of the AKI to
conception (within 18 months) increased the risk of pre-
eclampsia sevenfold, re-enforcing the importance of
current maternal renal reserve in maintaining a healthy
pregnancy.

CKD is a known risk-factor for complications in preg-
nancy [1, 3] due to an inability to accommodate adequate
volume expansion. About 30% of women with pre-exist-
ing chronic hypertension will develop superimposed pre-
eclampsia [4] likely due to placental ischemia from inad-
equate supporting volume. Furthermore, chronic sys-
temic disease with renal involvement — such as systemic
lupus erythematous and diabetes mellitus — has a well-
documented risk of developing hypertensive disorders of
pregnancy [4]. Studies including populations with single
kidneys reinforce the association between decreased re-
nal reserve and hypertensive disorders of pregnancy.
Women with single functioning kidneys due to congeni-
tal renal agenesis or transplant recipiency have increased
preterm preeclampsia, and low birth weight [6, 9], while
women status post kidney donation have excess risk for
term preeclampsia [10]. The comparison reinforces that
duration or severity of renal disease at the time of concep-
tion leads to systemic consequences and therefore infe-
rior fetal outcomes.

Associative, population-level analyses like those of
Fitzpatrick etal. [5] cannot provide causation, but they do
offer a starting place for inquisition. Future studies with
animal models of VUR are needed for better understand-
ing of the high risk of pregnancy complications the re-
searchers observed in this population. However, Fitzpat-
rick et al. [5] bring more greatly needed attention to how
a woman’s pre-pregnancy health affects her pregnancy,
her neonate, and her long-term health risks. Though Fitz-
patrick et al. [5] analysis only included kidney disease
concurrent with pregnancy and not its history, Tangren
et al. [8] findings suggest that a history of recovered renal
disease may provide insight into a woman’s baseline renal
function and therefore her risk for preeclampsia.

Lemoine/Karumanchi



A history of preeclampsia is a known risk factor for
cardiovascular disease, increasing a woman’s risk for fatal
myocardial infarction, acute coronary syndrome, vascu-
lar dementia, stroke, and end-stage renal disease [4].
Identifying women with decreased renal reserve prior to
conception and optimizing their care may reduce their
long-term risk of cardiovascular complications or wors-
ening of preexisting disease. Fitzpatrick et al. [5] assess-

ment of the association of kidney disorder diagnoses with
adverse pregnancy outcomes reminds us that pregnancy
is a demanding physiological state with the unique qual-
ity of a prenatal window of intervention prior to initiation
of the stress. Addressing preexisting health issues prena-
tally not only maximizes pregnancy outcomes for mother
and child but may serve the mother’s health for many
post-partum years to come.
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Comment

Oral regimen management of acute hypertension in pregnancy ( BE

Hypertensive disorders of pregnancy are among the
leading causes of maternal morbidity and mortality
worldwide, and they are directly responsible for
approximately 14% of maternal deaths.! Often,
women present in hypertensive urgency, requiring
rapid pharmacological intervention to prevent severe
complications.” The largest burden of disease is
found in low-income and middle-income countries
(LMICs),* where poor access to refrigeration, trained
health-care professionals, fetal monitoring, and
drug options create substantial challenges
the administration of rapid-acting intravenous
medications. Oral medications, which are more stable
in extreme environments, facilitate treatment of severe
hypertension in rural areas, with the added benefit

to

of fewer reactive, labile changes in blood pressure.
Although effective oral antihypertensives exist, data
from direct comparisons of these medications in the
maternal population are scarce, leaving a dearth of
evidence on which to build caregiver guidelines.>*

The gold standard for practice and guidelines—the
randomised controlled trial (RCT)—is an expensive
undertaking that has received little interest by the
pharmaceutical industry in the pregnant population
because of the risk of teratogenicity and other lifelong,
unknown risks to the fetus.® The financial and risk-
assessment hurdles of the RCT are compounded
in LMICs by the lack of infrastructure to execute
standardised protocols. Therefore, the choice of
lifesaving antihypertensives in treatment of maternal
severe hypertension is often determined by clinician
preference, cost, and local availability.®

In The Lancet, Thomas Easterling and colleagues’
report the first, to our knowledge, RCT directly
comparing  the three
antihypertensives for the treatment of severe acute
hypertension in two public hospitals in Nagpur,
India. In an open-label, parallel-group study design,
they randomly assigned 894 pregnant women
presenting with severe hypertension at a mean

most common  oral

gestational age of 36-5-36-7 weeks to receive one
of three drugs: nifedipine retard (n=298), labetalol
(n=295), or methyldopa (n=301). All three drugs were
effective first-line treatments in controlling severe
hypertension in the short-term without adverse

www.thelancet.com Vol 394 September 21,2019

maternal outcomes, the primary outcome of the study:
249 (84%) women in the nifedipine group, 228 (77%)
women in the labetalol group, and 230 (76%) women
in the methyldopa group had a systolic blood pressure
of 120-150 mm Hg and a diastolic blood pressure of
70-100 mm Hg within 6 h of study drug administration.
Although the three oral regimens are all viable first-line
options, only nifedipine and labetalol were shown to be
effective as single drugs; 56 (19%) women who received
methyldopa required an additional antihypertensive
drug to reach the target blood pressure. These results
are reassuring to maternal caregivers; acutely ill
patients can be managed successfully with readily
available oral regimens and might not require several
drugs if nifedipine and labetalol are used, an elegant
and efficient solution in the most resource-scarce
settings.

The three oral medications also had good safety
profiles, with few adverse maternal outcomes across
all groups. Only one eclamptic seizure was observed
(labetalol group), an incidence that was lower than
the hospital’s reported incidence of eclampsia (1-7%),
and lower than was observed in the treatment group
of the Magpie trial,® despite the low use of magnesium
sulphate (in 105 [12%] women). Notably, although
gestational age at delivery was equivalent across all
groups, there was a significant increase in the number
of neonatal intensive care unit admissions for low or
very low birthweight in the nifedipine group, leading
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to greater resource use. Given that neonates were
delivered within an average of 1 day of randomisation,
it is unlikely that the short-term use of nifedipine
had a significant effect on the low birthweights
observed. The difference is more likely attributable
to the baseline disease state of the nifedipine group.
Unfortunately, limitations of the study by Easterling
and colleagues’ are that the authors did not subclassify
the cause of the severe hypertension at randomisation
or at delivery, and they did not capture more specific
diagnoses in neonates when they were admitted to
the intensive care unit. Furthermore, the primary
outcome was only assessed for up to 6 h; therefore,
the findings might not be broadly generalisable to the
real-world need to manage severe hypertension until
delivery (on average, about 24 h after randomisation
in this population). However, given the difficulty
of rigorous protocol assessment without standard
research infrastructure, the 6-h study period provides
a practical understanding of the short-term oral
management of acute hypertension on a relatively
aggressive dosing schedule.

Despite these limitations, the study is reassuring
to providers in LMIC settings that oral regimens are
safe and viable options for acute hypertension in this
population, and that nifedipine and labetalol might be
used successfully as single drugs. The low incidence of
eclampsia in this study suggests that a standardised
treatment regimen as simple as regular blood pressure
monitoring and oral antihypertensives could have a
substantial effect on adverse maternal events when
escalation of care is not possible in rural settings.
Novel interventions for the treatment of hypertensive
disorders of pregnancy, particularly pre-eclampsia,

are on the horizon.® Rigorous, multicentre RCTs
must be done to demonstrate the efficacy and safety
of therapies in LMICs with the greatest burden of
disease.
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Uncovering covert stroke in surgical patients

Stroke can be a devastating complication of surgery,
with few effective strategies for detection or prevention.
Overt stroke (ie, stroke with clinically apparent
manifestations) occurs in approximately 0-1-1-0%
of patients undergoing non-cardiac surgery and is
associated with a higher mortality than that in patients
who did not have a stroke.” In the non-surgical setting,
covert stroke is more common than overt stroke
and is associated with cognitive decline.” However,

the incidence and sequelae of covert stroke in the
perioperative setting remain unknown. Furthermore,
current neuromonitoring strategies and serum bio-
markers are not useful for identifying cerebrovascular
vulnerability or injury.? Thus, covert perioperative stroke
could represent an insidious threat to brain health and
there is an esssential need to advance our understanding
of incidence and pathogenesis to ultimately inform
preventive strategies.
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Perspective

A Step-Wedge in the Biochemical Diagnosis of
Preeclampsia

Elizabeth R. Lemoine’? and S. Ananth Karumanchi

Preeclampsia, a hypertensive disorder of pregnancy, is
one of the leading causes of maternal and neonatal mor-
bidity and mortality worldwide. Among the reasons for
the great global burden of disease is the poor predictive
value of high blood pressure and proteinuria (traditional
markers for the disease) for related adverse outcomes (7).
Angiogenic biomarkers developed and studied during the
past decade are widely recognized as clinically sensitive
and specific biomarkers, with excellent predictive values
during the third trimester that complement and improve
upon clinical signs and symptoms (2). Normally pro-
duced in pregnancy, soluble FMS-like tyrosine kinase
(sFLT1) is a placentally produced, antiangiogenic pro-
tein that mitigates rapidly progressing placental angio-
genesis driven by proangiogenic proteins—placental
growth factor (PIGF) and vascular endothelial growth
factor—in the latter third of gestation. Preeclampsia is
characterized by enhanced production of placental
sFLT1, which in turn binds to PIGF, causing the free
concentration of serum PIGF to fall. Increased circulat-
ing sSFLT1 and decreased free PIGF antedate the onset of
preeclamptic signs and symptoms, allowing for accurate
and minimally invasive risk assessment of the systemic
vascular damage that characterizes preeclampsia (2). Fur-
thermore, angiogenic biomarkers can be used to differ-
entiate preeclampsia from mimickers of disease, such as
chronic hypertension, gestational hypertension, and
chronic kidney disease (2). Despite the opportunity for
early identification of disease before the onset of signs and
symptoms, funding bodies have been reluctant to invest
in the head-to-head comparisons of angiogenic biomark-
ers vs traditional factors, leading to a delay in their intro-
duction to the clinic.

Led by Lucy Chappell, the British PARROT trial
group recently published the first multicenter, random-
ized controlled trial (3) to evaluate whether inclusion of
PIGF in the diagnostic assessment of suspected pre-
eclampsia leads to earlier diagnosis and improved mater-
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nal and neonatal outcomes (n = 1023 participants, 576
in revealed arm, 447 in concealed arm). Using a unique
study design (the “stepped-wedge cluster randomized
controlled trial”), the group incorporated measured
PIGF concentrations into a clinical management algo-
rithm and found that availability of PIGF test results
decreased the median time to diagnosis of preeclampsia
from 4.1 days (concealed group) to 1.9 days (revealed
group) without any difference in gestational age at deliv-
ery or adverse neonatal outcomes. Interestingly, there
were 5 reported severe adverse events (2 eclamptic sei-
zures, 2 strokes, and 1 myocardial infarction) across 4
participants in the concealed PIGF group with no serious
adverse events reported in the revealed PIGF group. Ad-
verse maternal outcomes were also significantly increased
in the concealed PIGF arm compared to the revealed
PIGF arm (odds ratio, 0.32; 95% CI, 0.11-0.96). Al-
though previous studies have shown mixed results re-
garding PIGF’s ability to predict maternal adverse out-
comes, the significantly reduced adverse outcomes rate of
the revealed PIGF group in the PARROT trial suggests
that a more rapid diagnosis incorporating biomarkers
improves maternal management without fetal compro-
mise. In this first head-to-head comparison of diagnosis
with or without angiogenic biomarkers, PIGF-based test-
ing appears to come out on top.

The introduction of diagnostic biomarkers as dem-
onstrated in the PARROT trial marks a turning point in
the management of the hypertensive disorders of preg-
nancy, not unlike the milestone seen in cardiology in the
mid-1990s with the introduction of cardiac troponins
(4). Before the clinical use of cardiac biomarkers, <30%
of patients admitted for acute chest pain were found to
have myocardial infarction. However, once established as
a diagnostic tool, cardiac troponins proved better predic-
tors of death or nonfatal myocardial infarction than tra-
ditional methods such as electrocardiogram changes.
Now, of course, cardiac biomarkers are the gold standard
for diagnosing acute, new-onset cardiac ischemia and are
extensively used as a first-line screening test. Although
work remains to refine the specific angiogenic biomark-
ers and the algorithm used, the results of the PARROT
study promise a similar revolution in the field of obstet-
rics; serum PIGF concentrations equip clinicians with a
clinically sensitive test that improves time to diagnosis,
allowing for appropriate adjustment of maternal surveil-
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lance without jeopardizing neonates or increasing pre-
term birth rates.

Fortunately, many clinics around the world are al-
ready incorporating angiogenic biomarkers into daily
clinical practice. Large, multicenter observational studies
have led to the inclusion of the angiogenic biomarkers in
obstetric guidelines, and the biomarkers are actively used
in European clinics to rule out the short-term risk of
adverse maternal and fetal outcomes. Because angiogenic
biomarkers do not yet have Food and Drug Administra-
tion approval in the US, the American College of Obstet-
rics and Gynecology does not currently endorse their use.
However, the authors of this Perspective are actively en-
rolling in a multicenter trial in the US to assess the pos-
itive predictive value of the sFLT1/PIGF ratio in ruling in
preeclampsia with severe features (NCT03815110). We
hope that the much-anticipated results of the ongoing
trial will provide the missing national data required for
the introduction of angiogenic biomarkers in American
obstetric clinics.

As Chappell and colleagues note, the PARROT trial
selected the point-of-care assay for PIGF alone (Triage)
rather than the more involved assessment of the sFLT1/
PIGF ratio used in our ongoing study and in many of the
previous multicenter observational studies. Although
there is evidence that PIGF alone may be clinically less
specific than the sSFLT1/PIGF ratio for preeclampsia (5),
much of the management of hypertensive disorders of
pregnancy in the UK occurs in the outpatient setting,
where rapid point-of-care testing has great impact. In
summary, it is likely that use of PIGF—alone, when used
with sFLT1, or when used in conjunction with other
clinical factors—would greatly enhance our current abil-
ity to predict the onset of preeclampsia and its associated
adverse outcomes.

Revolution is a step-by-step process, and, as the ax-
iom tells us, Rome wasn’t built in a day. Although the

diagnostic utility of cardiac-specific troponin was recog-
nized in the 1980s, 20 years elapsed before its regular
clinical use. The delicate risk—benefit balance for the
mother—whose health generally benefits from termina-
tion of the pregnancy—and the fetus—who benefits
from prolongation of gestation that is not otherwise com-
promised by growth restriction or similar pathologies—
further impedes the evolution of clinical to biochemical
diagnosis for preeclampsia. The results of the PARROT
trial provide one more step in our biochemical under-
standing of the hypertensive disorders of pregnancy and
in obstetric management in general. As more and more
researchers develop the boldness of the PARROT trial
investigators to generate gold-standard evidence in preg-
nancy, the closer we will be to the biochemical revolution
in pregnancy.
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