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Abstract

Objective—The cause of preeclampsia remains unknown and the diagnosis can be uncertain. We
used proteomic-based analysis of urine to improve disease classification and extend the
pathophysiological understanding of preeclampsia.
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Study design—Urine samples from 284 women were analyzed by mass spectrometry-based
proteomics (SELDI). In the exploratory phase, 59 samples were used to extract the proteomic
fingerprint characteristic of severe preeclampsia requiring mandated delivery and develop a
diagnostic algorithm. In the challenge phase we sought to prospectively validate the algorithm in
225 women screened for a variety of high and low-risk conditions, including preeclampsia. Of these,
19 women were followed longitudinally throughout pregnancy. Presence of biomarkers was
interpreted relative to clinical classification, need for delivery and other urine laboratory measures
(ratios of protein-to-creatinine and soluble fms-like tyrosine kinase-1-to-placental growth factor). In
the translational phase biomarker identification by tandem mass spectrometry and validation
experiments in urine, serum and placenta were employed to identify, quantify and localize the
biomarkers or related proteins.

Results—We report that women with preeclampsia appear to present a unique urine proteomic
fingerprint which predicts preeclampsia in need for mandated delivery with highest accuracy. This
characteristic proteomic profile also has the ability to distinguish preeclampsia from other
hypertensive or proteinuric disorders in pregnancy. Pregnant women followed longitudinally who
developed preeclampsia displayed abnormal urinary profiles >10 weeks prior to clinical
manifestation. Tandem mass spectrometry followed by de-novo sequencing identified the biomarkers
as non-random cleavage products of SERPINA-1 and albumin. Of these, the 21-aminoacid C-
terminus fragment of SERPINA-1 was highly associated with severe forms of preeclampsia requiring
early delivery. In preeclampsia, increased and aberrant SERPINA-1 immunoreactivity was found in
urine, serum and placenta where it localized predominantly to placental villi and placental vascular
spaces adherent to the endothelium. In addition, significant perivascular deposits of misfolded
SERPINA-1 aggregates were exclusively identified in preeclamptic placentas.

Conclusion—Proteomics-based characterization of urine in preeclampsia identified a proteomic
fingerprint composed of SERPINA-1 and albumin fragments which can accurately diagnose
preeclampsia and shows promise to discriminate it from other hypertensive proteinuric diseases.
These findings provide insight into a novel pathophysiological mechanism of preeclampsia related
to SERPINA-1 misfolding which may offer new therapeutic opportunities in the future.

Keywords
proteomics; prematurity; preeclampsia; birth; mandated delivery; proteinuria

INTRODUCTION

Preeclampsia complicates 5-8% of pregnancies in the United States.! Geographic, social,
economic and racial differences are thought to be responsible for incidence rates up to 3 times
higher in some popula’cions.z’3 Preeclampsia has been implicated in 20% of pregnancy-related
maternal deaths and continues to be the leading cause of a mandated preterm delivery.4’5’6 As
a pregnancy-specific hypertensive disorder, preeclampsia is defined as new-onset elevated
blood pressure accompanied by proteinuria after 20 weeks of gestation.7 Compelling evidence
suggests that key disturbances at the fetal-maternal interface (endothelial cell dysfunction,
oxidative stress, circulatory and metabolic alterations) play a central role in the etiology and
pathogenesis of the clinical manifestations of this syndrome leading to progressive
deterioration of maternal and fetal condition, with early delivery as the only definitive
treatment.8

Because delivery of the fetus and the placenta is the only intervention proven to prevent high
maternal morbidity and mortality, management involves balancing the risks of prematurity
against severity of preeclampsia and response to treatment.9 This decision is frequently
complicated by the difficulty in discriminating preeclampsia from other conditions that are
also characterized by hypertension and proteinuria, such as chronic hypertension or
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glomerulonephropathies. Therefore, discovery of relevant biomarkers to aid with the accurate
prediction, rapid confirmation of the diagnosis, and treatment monitoring of preeclampsia
remains crucial.

Proteomics seems to have all the necessary attributes to provide the needed breakthrough in
understanding the pathophysiology of preeclampsia by discovery of biomarkers that may also
point to novel inroads into prevention or treatment of this syndrome.10 Since renal pathology
is a hallmark of preeclampsia~11 and the degree of proteinuria frequently reflects disease
severity,12 we turned to proteomic profiling of urine aiming to develop a rapid and non-
invasive diagnostic and prognostic modality for preeclampsia based on qualitative rather then
quantitative changes in urinary proteins. Furthermore, by identifying the aberrantly excreted
proteins (biomarkers) we hoped to gain new insights into the mechanisms responsible for this
condition.

Patients and samples

We studied urine samples from 284 women. Pregnant subjects were enrolled at Yale-New
Haven Hospital from March 2004 to December 2006. The non-pregnant women were enrolled
at Fletcher Allen Health Care Hospital. The research protocols were approved by both Yale
University and University of Vermont Human Investigational Committees. All women
provided written informed consent.

In all instances gestational age was established based on last menstrual period and/or
ultrasonographic examination prior to 20 weeks of gestation. At enrollment, women were
clustered into clinical categories based on well recognized clinical and laboratory criteria.’
Severe preeclampsia (SPE) was defined as systolic blood pressure of >160 mm Hg or diastolic
>110 mm Hg on at least 2 occasions 6 hours apart, >5 grams protein excretion / 24 hour urine
collection, and/or persistent +3 proteinuria on dipstick testing. Other elements of the sPE
definition included: in utero growth restriction (IUGR) <10t percentile, persistent
neurological symptoms (headache, visual disturbances), epigastric pain, oliguria (less than 500
mL/24 h), serum creatinine >1.0 mg/dL or any elements of HELLP syndrome: hemolysis,
elevated liver enzymes (>2 times the normal), low platelet count (<100,000 cells/uL). Chronic
hypertension (crHTN) was defined as a sustained elevation in blood pressure prior to
pregnancy or before 20 weeks gestational age.7 Superimposed preeclampsia (SpPE) was
diagnosed in the context of crHTN accompanied by new onset proteinuria or a sudden increase
in proteinuria (if present in early pregnancy), or a sudden increase in blood pressure that met
severe criteria and did not respond to medical therapy, or the presence of other SPE criteria,
with the exclusion of isolated IUGR.” Mild PE (mPE) was defined as a blood pressure of at
least 140/90 mmHg and urinary protein excretion of at least 300 mg/24 hours urine collection
(or at least 1+ or greater on dipstick testing), each on two occasions 4-6 hours apart and no
diagnosis of either sPE or spPE. A cut-off of 150 mg/24 hours urine collection was used to
judge proteinuria for non-pregnant women.13

Serum and urine samples were collected contemporaneously as previously described. 141n
select cases, placental tissue was collected at delivery for histology and mRNA extraction.
Placental tissues from gestational age-matched women with spontaneous preterm birth in the
absence of histological evidence of infection or inflammation were used as the appropriate
control for preeclamptic placentas.
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Study design

The study was undertaken in 3 phases: exploratory, challenge and translational.1® The purpose
of the exploratory phase was to extract the urinary proteomic profile characteristic of
preeclampsia requiring mandated delivery which was defined as an intentional intervention
because of a deteriorating maternal or fetal condition in the context of preeclampsia. To
minimize inaccuracies at this stage we selected the exploratory phase samples based on
stringent clinical criteria. In point, we abstracted for each patient the clinical information into
a semi-quantitative variable named the “objective clinical score of preeclampsia severity
(OCS-sPE)” (see Appendix Section l.a. for details). Women with sPE (n=38) were elected
based on a minimum of 3 criteria of severity7 which mandated a clinically indicated delivery.
Twenty-one healthy asymptomatic women at similar gestational ages who did not develop
preeclampsia during the remainder of their pregnancy and delivered at term were chosen as
controls (CRL). SELDI profiles were generated from urine aliquots stored at —80°C. The
characteristics of the women that provided urine samples for the exploratory phase are
presented in Appendix Section I.b.

The purpose of the challenge phase was to validate the proteomic profile in a population
different than that used for its development by determining the ability to identify preeclampsia
requiring mandated delivery and differentiate this condition from other clinical contexts such
as mPE or crHTN. The ability of the proteomic profile to predict disease severity based on
need for delivery was further compared to that of other analytes measured in a random urine
specimen and proposed to have diagnostic and prognostic value for preeclampsia, specifically
the urinary soluble fms-like tXrosine kinase-1 (sFlt-1)-to-placental growth factor (PIGF) and
protein-to-creatinine ratios.1416,17,18

The design of the challenge phase is illustrated in Figure 1 and was based on the rational that
test accuracy can vary with the extent, stage of the disease and associated morbidities. 19
Additionally, since preeclampsia is a progressing disease and by definition a clinical diagnosis
for which no acceptable gold standard is yet alvailalble,20 we chose as outcome measure the
need for delivery rather than the clinical classification at enrollment. We reasoned that an
indication for mandated delivery belongs to a team, is the last management resort when all
other strategies have failed, its resulting outcome is final, cannot be revoked and thus less
subject to bias.

A total of 225 consecutive women were enrolled prospectively. Proteomic spectra were
acquired using fresh samples of urine and all samples were scored by investigators unaware
of the clinical classification or outcome. The cross-sectional challenge cohort consisted of 206
women who had a single random sample of urine analyzed (at entry into the study). At the end
of enrollment and for the purpose of data analysis, several subsets of women were identified
based on the clinical classification at the time of their urine sampling: 1) asymptomatic pregnant
controls (CRL: n=18, gestational age: 25 [7—41] weeks); 2) pregnant women with chronic
hypertension (crHTN: n=26, gestational age: 33 [20-39] weeks); 3) mild preeclampsia (MmPE:
n=29, gestational age: 36 [24-40] weeks); 4) severe PE (SPE: n=31, gestational age: 36 [24—
40] weeks); 5) superimposed preeclampsia (SpPE: n=28, gestational age: 34 [16-39] weeks);
6) pregnancy-associated conditions unrelated to preeclampsia (n=64, gestational age: 28 [21-
34] weeks); 7) nonpregnant proteinuric women (n=10).

The longitudinal cohort included 19 randomly selected asymptomatic women at low (n=4) or
high-risk (n=15) for developing preeclampsia. In all, we performed serial proteomic profiling
of their fresh urine samples from the first trimester until 6 weeks postpartum. Pre-pregnancy
conditions defining the high-risk population included: crHTN, history of SPE in a prior
pregnancy, diabetes, diabetic nephropathy, nephrolitiasis, membranous glomerulonephritis
and sickle cell disease with history of crises.
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In the 3" phase (translational) we identified the discriminatory biomarkers and conducted
validation experiments in urine, serum and placental samples.

SELDI profiling and development of the urinary proteomic scores (UPS) of preeclampsia

During the exploratory phase, SELDI conditions were first optimized by systematically
screening combinations of ProteinChip® array surfaces (Ciphergzen Biosystems, Fremont CA)
and various binding/washing protocols as previously described. 1 We found that an on-spot
application of 1.5-pg of total unfractionated urine protein provided optimal signal-to-noise (S/
N) ratios. After screening >200 experimental conditions, two (reverse phase hydrophobic
surfaces H4 and H50) were considered optimal based on several peak clusters in the 2.3—
17.5~kDa mass region unique to the sPE samples. Arrays were incubated for 1-hour with the
samples (6-pL/spot) diluted to 0.25 mg/mL total protein. Following incubation, unbound
proteins were removed by washing each spot with the respective buffer. After drying, 1-puL
20% saturated a-cyano-4-hydroxycinnamic acid solution (CHCA) was added and the arrays
read in the SELDI-TOF mass spectrometer.

To extract the discriminatory peaks (biomarkers) and define which combination of biomarkers
is ogtimal, we applied the principles of Mass Restricted (MR) scoring as described earlier
21,22 \ith minor modifications (see Appendix Section I.c. for details). The first goal of the
MR scoring method is to identify the minimal combination of SELDI peaks (identified by their
molecular mass) with discriminatory value and second, to reduce all proteomic information
into a numeric variable that characterizes each sample and can be further compared to other
diagnostic modalities or tested prospectively against outcome using standard statistical
methods. 23 Two objective urinary proteomic scores were designed: a Boolean score
(UPSD) representing the sum of Boolean indicators (1:~present; 0:~absent) assigned to each
biomarker and a ranked score (UPSr) with merged semi-quantitative information of
biomarkers present calculated as UPSr~=~Y(S/N)/10+1, where “X” includes the biomarkers
with Boolean indicators of 1 (i.e. present).

To determine the intra - and inter-observer variability of the proteomic scores and their stability
with varying conditions and times of urine storage, SELDI analyses and calculations of
UPSb and UPSr were performed on 8 samples of fresh urine (3 CRL and 3 sPE) by three
independent investigators each performing the analysis in triplicate. In addition, the
investigators performed the same SELDI analysis after aliquots of the 8 samples were
maintained at either —80°C, +4°C or +20°C for 24h, 3 days and 7 days, respectively.

Identification of discriminatory proteomic biomarkers

Tandem mass spectrometric (MS/MS) peptide sequencing was accomplished using a
quadrupole time of flight instrument (Q-TOF™1I, Micromass Ltd, UK) equipped with a
PCI11000 interface (Ciphergen) which allows for peptides to be sequenced directly from the
arrays without any offline purification necessary.24 Protein identification was achieved by
database searching using Mascot software (Matrix Science, London, UK). Methodological
details on identification of the discriminatory proteomic biomarkers components of the UPS
scores are provided in Appendix Sections I.d. Following identification by MS/MS of some of
the peaks of the UPS score, we conducted in vitro experiments by spiking urine samples devoid
of biomarkers (CRL samples with UPS scores of 0, n=3) with purified precursors (Sigma, St.
Louis, MO) in the attempt to identify whether the biomarkers of the UPS profile can be re-
created by the interaction of the precursor with the urine milieu.

Other experimental procedures are described in Appendix Sections I.e.
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Statistical analysis

All data sets were subjected to normality testing using the Kolmogorov-Smirnov method. Data
is reported as either mean with standard deviation (SD) or 95% confidence intervals (for
normally distributed data) or as median with range (for non-normally distributed data). Data
sets were compared with either Student’s t test or Mann-Whitney test as appropriate.
Correlation analysis was performed using Sperman’s rank order correlation. Longitudinal data
was compared by 2-way ANOVA. Proportions were compared with Fisher’s exact tests. Test
accuracy (cases correctly classified / total number of cases), sensitivity, specificity, and
likelihood ratios were measured on receiver operator characteristic (ROC) plots using MedCalc
(Broekstraat, Belgium) statistical software. Intra- and inter-rater variability of the proteomic
scores (ordinal scale) was estimated by Cronbach's alpha coefficient for scale reliability 25 and
agreement in diagnosis (nominal scale) with either Cohen’s kappa method (two raters) or by
the method of Fleiss-Cuzick, an extension of the Cohen’s kappa method for 3 raters per subject.
26 Agreement level calculations were performed using StatsDirect software (v.2.5.7,
StatsDirect Ltd, Cheshire, UK) and interpreted as “very good” (kappa = 0.81-1.00), good
(kappa = 0.61-0.80) moderate (kappa = 0.41-0.60), fair (kappa = 0.21-0.40) or poor (kappa
<0.20). Multiple stepwise logistic regression analysis was used to adjust p-values and odds
ratios (ORs), respectively, for potential and combined influences of other parameters. Variables
are entered into the model if p<0.05 and removed for p>0.1. A p-value of less than 0.05 was
used to indicate significance.

RESULTS

Characterization of the urinary proteomic signature of severe preeclampsia

Atthe end of the exploratory phase through analysis of the SELDI-TOF spectra, we determined
that the proteomic profile characteristic of preeclampsia requiring delivery includes 13
biomarkers peaks (P1 to P13, Figure 2). This dictates that UPSh can range from O (all
biomarkers absent) to 13 (all 13 biomarkers present) while UPSr can range from 0 to infinity
depending on the sum of the S/N ratios of the biomarkers present. In Appendix Section Il.a.
we list the observed molecular masses and the frequency with which each of the 13 biomarkers
was detected in the exploratory phase. SPE women had significantly elevated UPS scores
compared to controls (SPE: UPSh: 9 [8-13] and UPSr 29 [13-49] vs CRL: UPSh: 1 [0-6] and
UPSr 1 [0-8], P<0.001). In ROC analysis we determined that the combination of an UPSbh >6
and an UPSr >8 distinguished with 100% sensitivity and 100% specificity a diagnosis of SPE
from CRLs at the time of initial clinical screening.

Challenge phase - prospective validation of the proteomic profiling of urine to predict
preeclampsia requiring mandated delivery

Of the women enrolled in the cross-sectional cohort, 86 had a mandated delivery for
preeclampsia which in 73% occurred preterm and in 50% of cases at <34 weeks (Figure 1).
Test performances of the urine proteomic scores were compared with those of other tests from
arandom urine sample such as protein-to-creatinine ratio, and the sFlt-1-to-PIGF ratio (Figure
3). The urine sFIt-1-to-PIGF ratio predicted a medically-indicated delivery for preeclampsia
better than the protein-to-creatinine ratio (difference in ROC areas: 0.32 [95%Cl: 0.22-0.42],
P<0.001) and also better than either urinary analyte alone (P<0.001). However, the
performance of the urine proteomic scores was superior to sFlt-1-to-PIGF ratio and to all the
other tests (difference in ROC areas between uFP and UPSr: 0.10 [95%Cl: 0.04-0.17],
P=0.002) (Figure 3). The accuracies of the urine analytes and proteomic scores to predict a
preeclampsia-related indicated delivery are listed in Table 1. A subanalysis of the women
enrolled in the non-hypertensive groups that delivered either at term or preterm in the absence
of preeclampsia revealed that gestational age per se did nor correlate with the proteomic scores
(for UPSh: Sperman’s r=0.08, P=0.427 and for UPSr: r=0.07, P=0.468).
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We next tested whether addition of the “non-reassuring” proteomic status to the clinical
assessment would have additive value in predicting outcome. In a stepwise multivariate logistic
regression a clinical diagnosis of SPE at enrolment and the “non-reassuring” proteomic urinary
status were independent predictors of the need for delivery. The best model included the
clinician’s assessment (OR: 45.8 [95%C1:9.2-228.5], P<0.001), a“non-reassuring” urine
pattern (OR: 12.4 [95%CI:4.7-33.2], P<0.001) and gestational age at assessment (OR: 1.2
[95%CI:1.0-1.3], P=0.004). Variables excluded from the model (P>0.1) were maternal age,
gravidity, parity, sFlt-1-to-PIGF and protein-to-creatinine ratios. When we restricted our
analysis to women screened for sPE at less than 34 weeks (n=139) of gestation a “non-
reassuring” urinary profile was the only variable with additive value (P<0.001) to the clinical
assessment to predict the severity of SPE requiring a mandated preterm delivery at <34 weeks,
independent of gestational age. Moreover, the additive predictive value was maintained at a
level of P<0.001 when we restricted the analysis to the women classified initially as mPE,
crHTN and spPE. In the clinical context where at the time of initial clinical assessment
differentiation of mPE, uncontrolled crHTN and presumed spPE from sPE is most difficult
based on clinical criteria alone, a non-reassuring SELDI profile was the only predictor of
preeclampsia requiring delivery (OR: 9.1 [95%CI:2.8-29.6.0] improving disease classification
to 81% from 67% based on clinical signs and symptoms alone (P<0.001). Variables excluded
from the model were gestational age, parity, urine sFlt-to-PIGF or protein-to-creatinine ratios.

Out of the 19 women enrolled in the longitudinal cohort of the challenge phase, 3 developed
SPE requiring delivery (Figure 2). We found that the subgroup of patients that ultimately
developed sPE had significantly higher median UPS scores at all times even up to 25 weeks
prior to delivery (Figure 4). While the UPS scores in patients who did not develop sPE did not
change throughout pregnancy and postpartum, we found a progressive increase in UPS scores
in women who ultimately developed sPE. Evolution of urinary proteomic scores of women
who developed sPE was characterized by the increase both in the number of biomarkers present
in the urine (2-way ANOVA: UPSbh P<0.001) and their relative abundance (UPSr P<0.001)
at least 10 weeks prior to onset of clinical manifestations (Figure 4). We further determined
that none of the non-pregnant women had the proteomic fingerprint of preeclampsia present
despite significant proteinuria (median [range]: 332 [162-543] mg/24 hours). This allowed us
to conclude that our biomarkers are specific of preeclampsia and not of proteinuric conditions
unrelated to pregnancy.

Challenge phase — ability of the proteomic profile to distinguish preeclampsia from other
hypertensive disorders

The results of the challenge phase revealed that in preeclampsia the urinary proteomic profile
is a dynamic entity with an increase in the number of biomarkers and their abundance which
parallels disease progression. Based on an ROC analysis we established that pregnant women
with proteomic scores UPSb >5 and UPSr >7 at the time of initial assessment have either sSPE
or spPE requiring at some point in pregnancy a medically-indicated delivery. Therefore such
scores should be deemed “non-reassuring”.

To determine whether proteomic profiling can aid clinicians to distinguish preeclamptic
women that would require delivery from those with other hypertensive disorders which can
potentially be managed expectantly, we first investigated the frequency of a “non-reassuring”
urine profile in all pregnant women with known outcomes enrolled in the cross-sectional
cohort of the challenge phase (n=196). Of all women categorized clinically as sPE, 94%
(29/31) had a “non-reassuring” profile. Of the spPE women, 89% (25/28) had the “non-
reassuring pattern” and thus correctly classified based on clinical criteria. Conversely, 66% of
the (19/29) of the cases classified as mPE also had a “non-reassuring” pattern, while crHTN
and asymptomatic non-hypertensive women exhibited the proteomic profile in only 27% (7/26)
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and 9% (7/82) of cases, respectively. This suggests that clustering hypertensive disorders in
pregnancy on clinical criteria alone can be subject to bias and supports the need of an additional
test such as proteomic profiling of the urine for correct classification.

Intra, inter-observer variability and stability of the proteomic scores

Using agreement measures we report “very good” Cronbach alpha values of 0.990 (intra-
observer) and 0.975 (inter-observer) for the nominal classification of urinary profiles as
reassuring/non-reassuring and an average kappa (Fleiss and Cuzick extension) of 0.943 (intra-
observer, “very good”) and 0.720 (inter-observer, “good”) for the UPS scores as ordinal
variables. Storage of the urine in various conditions did not alter the proteomic scores (kappa
ranging from 1: “perfect agreement” to 0.75: “good”).

Biomarker identification

Using tandem mass spectrometry we identified corresponding sequences for 5 of the biomarker
components of the profile: P1, P2, P3, P5 and P7 (Figure 2) which matched peptide fragments
of human SERPINA-1 (SwissProt P01009) and albumin (SwissProt P02768). The results
obtained from the MS/MS analysis on selected peptides are presented in Table 2. Additional
results illustrating the correspondence of biomarkers between detection in the SELDI-TOF and
the Q-TOF mass spectrometer are displayed in Appendix Section 11.b. The complex P1-P3 at
2390-2430 Da corresponded to the 21-aa C-terminus fragment of SERPINA-1 [aa~398-418]
in either non-oxidized form (P1) or with either one (P2) or two (P3) methionine residues
(positions 398 and/or 409) in oxidized form. Although not part of the final score, the complex
of peaks that accompanies P1-P3 (Figure 2, asterisk) was identified as the 22-aa C-terminus
peptide fragment of SERPINA-1 [aa 397-418]. The biomarker peak P7 corresponded to the
24-aa N-terminus fragment of SERPINA-1 after cleavage of the signal peptide.27 We
attempted a similar identification strategy for the remaining peaks of the UPS profile but the
amount of corresponding protein was below the current technical capability for identification.
Using a strategy detailed in Appendix Section Il.c. we determined that P6, P8, P10, P11, P12
and P13 are originating from human albumin.

Translational implications of presence of SERPINA-1 fragments in urine of patients with sPE

By studying the combinations in which the biomarker peaks occurred in patients with sPE, we
found that the urinary appearance of the 21-aa C-terminus fragment of SERPINA-1 in the urine
(P1) and at least one of its oxidized forms (P2 and/or P3) is a specific hallmark of preeclampsia
severity. We thus became interested on how SERPINA-1 homeostasis is disturbed in urine,
serum and placenta of women with sPE from a quantitative and qualitative perspective.
Examination of fractional excretion of SERPINA-1 revealed that SPE women had significantly
elevated urinary excretions of SERPINA-1 immunoreactivity (450-fold, P<0.001) even after
correcting for the degree of non-specific proteinuria (275-fold, P<0.001, Figure 5A) or
albuminuria (3.2-fold, P<0.001, Figure 5B). Despite this excessive excretion, serum levels of
immunoreactive SERPINA-1 remained significantly elevated (P<0.001, Figure 5C). We
identified by western blotting that SERPINA-1 immunoreactivity excreted in urine by sPE
women was heterogeneous and included multiple molecular weight forms both below
(fragments) and above (supramolecular aggregates) the 52kDa mass of monomeric
SERPINA-1 while urine samples of CRL women were devoid of SERPINA-1
immunoreactivity (Figure 5D and E).

By immunohistochemistry we found that placentas from pregnancies complicated by sPE
(n=10) had increased stromal (P<0.001), endothelial (P<0.001) and intra-vascular (P<0.001)
SERPINA-1 staining compared to gestational age-matched controls (n=10) (Figure 6). The
most conspicuous finding was the acellular positive material sequestered within the fetal
vascular spaces and adhering to the vascular endothelium of the villi, virtually absent in non-
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preeclamptic placentas. In preeclamptic placentas SERPINA-1 positive accelular aggregates
were also encountered more often in the intervillous space occupied by maternal blood. By
using the monoclonal ATZ11 antibody~30’28 known to recognize oligomeric misfolded
SERPINA-1 complexes but not the native or latent forms of monomeric SERPINA-1~29 we
found an intense staining pattern in SPE placentas with predominant endothelial and
perivascular localization while the villi of the non-preeclamptic placentas remained entirely
free of staining.‘?’0

DISCUSSION

We used multi-dimensional proteomic technology to determine that women with preeclampsia
requiring mandated delivery exhibit a urinary proteomic signature characterized by non-
random fragments of SERPINA-1 and albumin. We provided evidence that appearance of the
proteomic fingerprint in the urine precedes the onset of clinical symptoms and maintains
diagnostic significance in the context of associated morbidities, thereby improving disease
classification. Proteomic profiling of the urine was significantly better than clinical evaluation
alone, or angiogenic factors to predict severity of preeclampsia and need for delivery. This
could be avery important especially for the developing world where severe disease is associated
with high mortality.31 We further provided evidence that proteomic profiling of the urine
carries the potential to differentiate preeclampsia from uncontrolled hypertensive disorders
when clinical criteria alone seem powerless. Lastly, our findings that a significant proportion
of women with crHTN or mPE display the biomarkers characteristic for SPE supports the view
that classification of hypertensive disorders based on clinical criteria is deficient. Proteomics
may allow in the future identification of "new" molecular diseases relevant for reclassification
of the preeclamptic syndrome, treatment selection and prognosis. In addition, knowledge of
the identity of the biomarkers provided us with a new mechanistic view of preeclampsia.

Proteinuria is a fundamental criterion for diagnosis of preeclampsia and the result of endothelial
impairment with acute atherosis at the level of renal lomeruli.11 The degree of proteinuria
has been associated with the severity of preeclampsia3 and indirect relationship with perinatal
mortality. 33 current analysis of proteinuria for diagnosis and monitoring of severity of
preeclampsia in clinical practice relays on quantitative determination of total protein in a 2-
step approach. The urinary dipstick analysis has been shown to be inaccurate do to high false
positive rate 34 and iis used as screening. If positive, it leads to the measurement of total protein
eliminated in a 24-hour period. However, 24-hour collections are cumbersome, often requiring
hospitalization, subject to error and compliance issues and result in delay in diagnosis. Several
studies attempting to provide evidence in support of random proteinuria after normalization
for creatinine (protein-to creatinine ratio) as a quick surrogate measure of proteinuria of
preeclampsia have yielded mixed results.35; 36 Despite this, this test is now accepted by the
International Society for the Study of Hypertension in Pregnancy (ISSHP) as reliable measure
of proteinuria of preeclampsia. 3

The current study aimed to provide a comprehensive qualitative and quantitative description
of proteinuria of preeclampsia to create a customized combination of biomarkers that
differentiate it from proteins present in urine of normal subjects and most importantly from
proteinuria of other conditions unrelated to preeclampsia. As demonstrated by our current study
the accuracy of diagnostic indices based on proteomic profiling to discriminate cases with
significant morbidity was higher than that of protein-to-creatinine ratio and even that of sFlt-1-
to-PIGF ratio in a challenge cohort of over 100 cases with various pathologies as applicable to
a high-risk obstetrical service.

Aside from the practicality of producing a non-invasive diagnostic and prognostic test,
knowledge on the identity of the biomarkers has leaded us to interesting and novel observations

Am J Obstet Gynecol. Author manuscript; available in PMC 2009 November 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Buhimschi et al.

Page 10

related to SERPINA-1 and albumin fragmentation. SERPINA-1 is an abundant plasma protein
and the main blood-borne serineéjrotease inhibitor. Although its primary function is the
inhibition of neutrophil elastase 8 it also has activity against catepsin G, proteinase 3,
pancreatic elastase, trypsin, chymotrypsin and collageanses and Kkallikrein. 39 The
antiproteolytic activity is explained by formation of an equimolar enzyme-Serpina-1 complex.
This results in the proteolytic cleavage of the reactive center peptide bond between Met3%8 and
Ser359 of the secreted form of SERPINA-1.40 SERPINA-1 is synthesized by the liver,
macrophages neutrophils and also by trophoblast.41 Increases in serum SERPINA-1 occur in
diseases such as rheumatoid arthristis, vasculitis, infections and other diseases associated with
an inflammatory component.42 Interestingly, studies have shown that even minor increases in
levels of serum SERPINA-1 are associated with development of arterial hypertension and an
increased risk of cardiovascular disease.#3 44 One explanation is that by inhibiting the activity
of the kallikrein-kinin system 45 an upregulation of plasmatic SERPINA-1 favours the renin-
angiotensin system leading to systemic vasoconstriction and hypertension.

Our experiments confirmed that women with sPE have higher serum, urine and placental
SERPINA-1 immunoreactivity despite a tremendous urinary loss. Also significant may be that
the C-terminus fragment of SERPINA-1 corresponding to P1-P2-P3 biomarkers is part of a
sequence which has been shown to activate monocytes to a heightened pro-inflammatory state,
46 an observation consistent with the increased cytokine levels reported in preeclampsia.47

Protein misfolding diseases are a growing body of pathological entities such as systemic
amyloidosis, Alzheimer’s and prion diseases. These conditions are characterized by aberrations
in tertiary and quaternary structures of specific proteins which result in deposits of aggregated
oligomers and alterations in organ function.#8 SERPINA-1 stands out because of its
susceptibility to oxidative stress-induced fragmentation, misfolding, polymerization and
aggregation.49 Supramolecular aggregates of misfolded SERPINA-1 have been recently
implicated in pathophysiology of an emerging class of diseases known as serpinopathies
characterized by accumulation of aggregates within hepatocytes and neurons leading to liver
damage and encephalopathy.50 The high frequency of abnormal liver and neurological
findings in women with preeclampsia supports the view that fragments or aberrant forms of
SERPINA-1 may be direct players in the pathophysiological manifestations of this syndrome.
Our finding of ATZ11-positive staining limited to sPE villi is indicative that placenta is also
a target organ for SERPINA-1 aggregates and thus may explain its altered function in this
condition.

It is known that normal urine contains small amounts of intact aloumin and much larger
quantities of low molecular weight albumin fragments. In this study we demonstrated that, in
addition to the biomarkers generated by fragmentation of SERPINA-1, the urine of SPE patients
also contains a consistent pattern of aloumin fragments different from that of normal subjects.
Though most dye-binding or antibody-based assays detect the intact form of albumin, they
would not detect the fragments that we identified as specific biomarkers for preeclampsia.51
Because mass spectrometry technology can recognize these precise biomarkers, it may prove
to be the ideal screening tool for women at low and high risk of preeclampsia. In support of
the value of mass spectrometry is the observation that none of the albumin or SEPRINA-
breakdown products are present in the urine of non-pregnant proteinuric women. Thus, in the
future mass spectrometry may represent the solution to the frequent clinical dilemma of
differentiating PE from other pre-existing hypertensive proteinuric disorders during gestation.

We do not know at this time if any of these specific SERPINA-1 or albumin cleavage products
have a direct or facilitating role in the endothelial and/or glomerular damage characteristic of
preeclampsia. However, our proteomics approach determined that two abundant serum
proteins serve as a reservoir of novel peptides generated through a non-genomic
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posttranslational and non-random cleavage. For example, we have confirmed that despite
elevated SERPINA-1 immunoreactivity in serum and placentas by immunoblot and
immunohistochemistry, the mRNA levels of SERPINA-1 in sPE placentas by real time PCR
remain unchanged compared to controls (data not shown). This suggests that placenta is not
the source of the aberrantly elevated SERPINA-1, but rather its deposit. Furthermore, it is well-
known that circulating SERPINA-1 levels are elevated not only in preeclampsia but also in
acute inflammatory conditions. 52 Therefore it is not the elevation in SERPINA-1 level which
is characteristic for preeclampsia but rather its pattern of fragmentation present in urine. Further
studies are required to elucidate if besides being biomarkers, the fragments or misfolded forms
of SERPINA-1 are also direct players in the pathophysiological manifestations of
preeclampsia. Given the increasing interest in molecular and pharmacological chaperones
which have been found to reduce the severity of several neurodegenerative disorders and other
protein-misfolding diseases, >3 our findings set the preliminary stage to test whether drugs that
stabilize thermodynamically native protein structures can also prevent or halt the progress of
preeclampsia.
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Figure 1. Flow-chart and distribution of urine samples for the challenge phase
Pregnancy-associated conditions unrelated to preeclampsia were preterm labor: n=47; preterm
premature rupture of the membranes: n=11, placenta praevia: n=4, sepsis: n=1 and isolated
IUGR: n=1. Of the women enrolled in the cross-sectional cohort, 86 had a medically-indicated
delivery for preeclampsia. The remaining 110 pregnant women delivered at different
gestational ages. Deliveries at <37 weeks in this group occurred either spontaneous (n=50) or
were medically-indicated for clinical conditions such as: placenta previa (n=4), non-reassuring
fetal status (n=10) or idiopathic intra-uterine fetal demise (n=2). Out of the 19 women enrolled
in the longitudinal cohort of the challenge phase, 3 developed sPE or spPE requiring mandated
delivery at <37 weeks. Abbreviations: PE: preeclampsia; SPE: severe preeclampsia; mPE: mild
preeclampsia; crHTN: chronic hypertension; CRL: healthy pregnant control; wks: weeks.
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Figure 2. The urinary proteomic fingerprint of severe preeclampsia requiring delivery
Representative SELDI profile from a patient with severe preeclampsia (SPE) at 30 weeks
gestational age illustrating the 13 biomarker components (P1-P13, marked with red bullets)
of the urinary proteomic scores (UPSb=13 and UPSr=47) presented in comparison with a
SELDI profile of urine from a healthy pregnant control patient (both UPSb and UPSr of 0) at
the same gestational age (CRL). kDa: kilodaltons. The asterisk marks a complex of peaks not
part of the UPS profile that accompanies P1-P3 complex.
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Figure 3. Diagnostic performances of the proteomic profile relative to other analytes assessed in
the same random urine sample

Receiver operating characteristic (ROC) curves of the proteomic score UPSr (red line), protein-
to-creatinine ratio (blue line) and soluble fms-like tyrosine kinase 1 [sFlt-1]-to-placental
growth factor [PIGF] ratio (green line) for predicting a preeclampsia-related indicated delivery.
Analysis included all consecutive pregnant women who contributed with urine samples to the
cross-sectional challenge phase (n=196).
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Figure 4. Evolution of urinary proteomics scores during pregnancy in the longitudinal cohort of
the challenge phase

19 asymptomatic pregnant women at low or high risk for developing preeclampsia were
followed longitudinally from the first trimester until 6 weeks postpartum. UPSb (Panel A) and
UPSr (Panel B) scores were generated prospectively. Black boxes represent the women who
developed preeclampsia requiring an mandated preterm delivery (n=3). Open boxes represent
women who had a normal course of their pregnancy (n=16). On the x axis are the time periods
in weeks prior to each patient’s delivery date (time 0). pp = postpartum. On the y axis are the
values of the urinary proteomic scores (UPSb and UPSr, respectively). The arrow indicates
the time-point where women manifested clinical signs and symptoms. The data is presented
as percentiles with median. The ends of the boxes define the 25th and 75th percentiles, the line
inside the box defines the median and the whiskers show the largest and smallest values. 2-
way ANOVA: p<0.01 for both time periods and outcome. Bars with at least one common red
letter are not statistically different at a value of p>0.05.
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Figure 5. Quantitative and qualitative changes in SERPINA-1 immunoreactivity in urine and
serum of women with severe preeclampsia
Fractional excretion (FE) of SERPINA-1 (proportion of SERPINA-1 immunoreactivity
excreted in the urine compared with that filtered by the glomeruli) relative to that of total
proteins (Panel A) and albumin (Panel B), in logarithmic format. Despite the significant
urinary loss, circulating SERPINA-1 levels are increased in women with severe preeclampsia
(sPE) (n=29) compared to controls (CRL, n=16) at similar gestational ages (sPE: 32.7+4.4
weeks vs. CRL: 30.4+1.5 weeks, p=0.151) (Panel C). Western blot of SERPINA-1
immunoreactivity in urine from representative CRL and sSPE women under denaturing (Panel
D) or native conditions (Panel E). The red arrow points to monomeric SERPINA-1 (S1: 52
kDa). The bands above 52 kDa represent supramolecular aggregates while those below
represent fragments. These results suggest that women with sPE excrete a complex pattern of
SERPINA-1 fragments and aggregates in addition to P1-P3 biomarkers identified by us using
SELDI. Lane 2 in panel E was loaded with SERPINA-1 polymerized in vitro (pS1) to
demonstrate antibody reactivity against oligomeric SERPINA-1. Molecular weight markers
(M) in kilodaltons (kDa) are loaded in Lane 1.
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Figure 6. Immunohistochemistry of SERPINA-1 and of its supramolecular aggregates in human

placenta

Representative placental sections from a woman that delivered after a medically-indicated
preterm delivery for severe preeclampsia (Panels a—;d & g) and a gestational age matched
patient with spontaneous preterm birth (panels e—;g) were stained immunohistochemically with
a polyclonal antibody recognizing the multiple immunoreactive forms (Panels a—;c & e—;f)
and with a monoclonal antibody (ATZ11) recognizing only the supramolecular aggregates of
SERPINA-1 (oligomers, misfolded forms and SERPINA-1-elastase complexes). Positive
staining is shown by Ni-DAB (purple-black) deposits. PVS: placental villous stroma; PTR:
placental trophoblast; PBV: placental blood vessels; Endo: endothelium. Panel g: sPE: omitted
primary antibody. Magnification scales are presented for each panel in microns. Panels b, c,

f & g: light methyl-green counterstain.
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