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Abstract

Pregnant women who develop preeclampsia exhibit higher circulating levels of the soluble VEGF
receptor-1 (sFlt-1). Recent findings suggest that soluble Flt-1 may contribute to the pathogenesis of
preeclampsia by binding and neutralizing vascular endothelial growth factors (VEGF) and placental
growth factor (PIGF). Existing literature identifies sFlt-1 as a 100 kDa glycoprotein, a product of an
MRNA splice variant. We hypothesized that sFlt-1 expression may be more complex with multiple
variants of sFIt-1 as well as multiple sources during normal pregnancy and preeclampsia. Using a
combination of affinity purification of sFlt-1 by heparin-agarose and epitope specific antibodies, we
performed Western blot analysis with epitope specific antibodies for sFlt-1. Plasma of preeclamptic
women exhibits significantly higher amounts of a novel 145 kDa variant of sFlt-1, along with the
100 kDa isoform. We identified sFlt-1 variants in the conditioned medium from placental explant
cultures that are hypoxia responsive with varying sizes, including 185, 145,100 and 60 kDa forms,
as well as antigenicity. The 145 kDa was similar in antigenicity to the 100 kDa found in plasma
whereas the 185 and 60 kDa sFlt-1 demonstrated different epitopes. Deglycosylation studies also
confirm that there are multiple sFlt-1 polypeptides. Co-immunoprecipitation with VEGF suggests
that these different sFlt isoforms can bind VEGF and therefore, may be of functional importance.
Finally, comparison of sFlt-1 in the conditioned medium obtained from cultured cytotrophoblasts,
peripheral blood mononuclear cells (PBMCs) and human uterine microvascular cells (HUtMVECs)
exhibit mainly the100 kDa sFlt-1. Collectively these data suggest the presence of multiple isoforms
of sFlt-1 in the circulation of women with preeclampsia as well as in uncomplicated pregnancies and
the possibility of multiple sources. Placental hypoxia may contribute to sFlt-1 over expression but
other regulatory mechanisms cannot be ruled out.
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1. Introduction

Preeclampsia is a pregnancy specific disorder characterized by new onset hypertension and
proteinuria after 20 weeks of gestation. This syndrome affects 5-7% of pregnancies and is
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associated with significant fetal/neonatal and maternal morbidity and mortality [1]. Excess
circulating soluble vascular endothelial growth factor (VEGF) receptor-1, also known as sFlt-1,
is thought to be a major player in the pathogenesis of preeclampsia [2]. Serum soluble Flt-1
concentrations are higher in preeclampsia and weeks prior to the onset of the disease [3].
Soluble Flt-1 is believed to exert its biological activity by binding and thereby neutralizing the
vascular endothelial growth factors (VEGF) and placental growth factor (PIGF) [4,5]. In a
pregnant rat model, adenovirus transfection with sFlt-1 results in features similar to those
observed with preeclampsia [2]. Based on the dramatic rise in sFlt-1 over the course of gestation
and the dramatic fall soon after delivery, it has been hypothesized that the placenta is the
primary source of this circulating anti-angiogenic factor. Placental production of sFlt-1 was
reported by Clark et al. [6]. Isolated placental cytotrophoblasts also produce sFit-1 [7,8].
However, we have shown that maternal peripheral blood mononuclear cells (PBMCs) are also
a potential source of sFlt-1 [9]. Outside of pregnancy, sFlt-1 has been observed in vascular
endothelial cells [5], peripheral blood mononuclear cells [10,11] and vascular smooth muscle
cells [12].

Soluble Flt-1 is a truncated, splice-variant form of the membrane-bound Flt-1 protein.
Preeclamptic placentas are believed to be hypoxic as they show increased levels of HIF-o
proteins and its downstream marker proteins including sFlt-1[13,14]. The Flt-1 gene is hypoxia
responsive with an authentic hypoxia response element (HRE) in the promoter region [15] and
many in vitro studies have shown the up regulation of Flt-1 proteins and RNA using villous
explants [9,16,17] and cytotrophoblast cells [7,8].

Several lines of evidence, however, lend biologic plausibility to our hypothesis that multiple
molecular weight forms of sFlt-1 exist, with sources and function. Much of the existing
literature of FIt focuses on 185 kDa form that is found on the cell surface and the 100 kDa
soluble form. The Flt-1 gene codes for a transcript of 7.4 Kb and splice variants of 3.0 and 2.4
Kb size MRNA. The 7.4 Kb mRNA codes for a 150 KDa protein that when glycosylated results
in a 185 kDa membrane bound protein on the cell surface [18]. This membrane bound protein
has an extracellular domain that has 7 1gG like domains, transmembrane domain and
intracellular domain. The splice variant mRNA codes for a soluble protein that is identical to
the membrane bound Flt-1 up to the sixth I1gG like domain. The splice variant lacks the
transmembrane domain but acquires short stretch of sequence from the 5’ end of intron 13 that
codes for 31 amino acids unique to the sFlt-1 protein. The soluble Flt-1 is a 100 kDa protein
that also is variably glycosylated. Recent reports suggest that the 13th intron of the Flt-1 gene
contains six potential poly adenylation and splice sites that could make the sFlt-1 transcripts
vary in size any where from 3.0 to 7.5 Kb [19,20]. Whether these lengthy transcripts will
actually code for protein or are mainly involved in regulation is currently not known. However,
inarecent report by Slay and colleagues, a new sFIt protein was identified, referred to as sFlt-14
that is expressed in vascular smooth muscle cells by a unique transcript [12]. A 3.0 Kb long
transcript has been identified that uses an unknown splice site in intron 14. Thus the mRNA
for sFIt-14 contains part of n'terminal sequence of exon 14 followed by 480 nucleotide sequence
of intron 14 differing from the membrane bound Flt-1 and also the sFlt-1. This mRNA is
associated with a cellular and soluble form of sFIt with approximate molecular weights of 115
and 135, respectively. Additionally the authors report that sFlt-14 is found to be over expressed
in preeclampsia also [12]. These findings support our hypothesis of the existence of other sFit-1
variants.

Based on the existing literature it is clear that further research is needed to characterize sFlt-1
variants, and their sources and regulation as well as their functional relevance. This is
particularly important in furthering our understanding of preeclampsia pathogenesis a serious
condition that still remains completely misunderstood and is lacking a cure.
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We aimed this study (1) to elucidate the existence of sFlt-1 variants in plasma of women with
preeclampsia and (2) to compare the sFlt-1 production using the explants from normal pregnant
and preeclamptic women and also to study the effect of in vitro hypoxia. We have used multiple
cell types that include villous explants, cytotrophoblasts, maternal peripheral blood
mononuclear cells (PBMCs) and human uterine micro vascular endothelial cells (HUtMVECS).
Additionally deglycosylation of sFlt-1 proteins to study the polypeptide nature and VEGF co-
immunoprecipitation study to show the binding of sFlt were also performed.

2. Methods

2.1. Study population and sample collection

This study is a part of an ongoing investigation of preeclampsia at Magee-Womens Hospital
(Pittsburgh, PA). The study was approved by the University of Pittsburgh Institutional Review
Board and informed consent was obtained from all subjects. Placentas (n = 6 in each group)
and maternal venous blood (n = 14 in each group) were obtained from women with
uncomplicated, normotensive pregnancies and pregnancies complicated by preeclampsia.
Plasma samples were collected prior to delivery and placental samples immediately after
delivery. Plasma samples were stored at —70°C until assayed. Clinical characteristics are
presented in Tablel Exclusion criteria included prior preeclampsia, illicit drug use and
preexisting medical conditions such as diabetes, chronic hypertension, and renal disease.
Preeclampsia was diagnosed by the presence of gestational hypertension (an absolute blood
pressure > 140 mm Hg systolic and/or 90 mm Hg diastolic after 20 weeks of gestation),
proteinuria (greater than 300 mg per 24-h urine collection, >2+ on a voided or or >1+ on a
catheterized random urine sample, or a protein/creatinine ratio of >0.3), and hyperuricemia (>1
standard deviation above reference values for the gestational age the sample was obtained (e.g.
term, >5.5 mg/dL)) beginning after the 20th week of pregnancy with resolution of blood
pressure and proteinuria postpartum [21]. We include hyperuricemia in our classification as it
identifies a more homogeneous group of gestational hypertensive women with a greater
frequency of adverse fetal outcomes [22]. The diagnosis of preeclampsia was determined
retrospectively based on medical chart review by a jury of research and clinical investigators.

2.2. Villous explant culture

Villous explants were prepared as described by us previously [23] with modifications. Several
cotyledons from third trimester placentas were excised at random and rinsed extensively in
sterile saline to remove blood. Decidua and large vessels were removed from the villous
placenta by blunt dissection. Villous tissue was then finely dissected into 5-10 mg pieces while
in an iced sterile saline bath. The pieces were extensively washed two or three more times
before culture.

After removing excess buffer using sterile gauze, villous tissue was weighed and precisely 600
mg of tissue was collected. Fifty milligrams of villous tissue was placed into each well of a 24
well plate (Becton Dickinson, Franklin Lakes, NJ) containing 1.0 ml of Medium 199
(Mediatech, Cellgro, Herndon, VA) supplemented with 5% Fetal Bovine Serum (FBS, Summit
Technology, Ft. Collins, CO) and antibiotics. Explants were incubated at 37°C for 24 h on an
orbital shaker (60 rpm, Belly Dancer, Stovall Life Science Inc., Greensboro, NC) under
standard tissue culture conditions of 5% CO»-balance room air (nonhypoxic condition, pO, ~
147 mm Hg or 20.94% O>) in a cell culture incubator (Forma Scientific, Marietta, OH).

Reduced O, (“hypoxia”, pOs ~ 15 mm Hg or 2% O,-5% CO,-balance nitrogen) exposures
were carried out in a Hypoxic chamber/Glove box (Coy Laboratory Products, Grass Lake, MI)
with an oxygen probe for continuous monitoring and an orbital shaker. At the end of the
incubation period, explants were removed, excess medium removed with sterile cotton gauze
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and samples were flash frozen in liquid nitrogen and stored at —70°C. The medium (12 ml)
was pooled and then stored at —70°C in aliquots.

2.3. Cytotrophoblast culture

Cytotrophoblast cells were isolated from term placenta according to published protocols [24].
Briefly, villous explants were prepared and thoroughly washed to remove any blood. These
explants were digested with trypsin/DNase/Dispase solution made in M199 medium buffered
with HEPES. Cells were separated based on their buoyant density in a continuous Percoll
gradient (Sigma Chemical Co., St Louis, MO). Cells were identified using density beads
(Sigma Chemical Co., St Louis, MO). Cells that band between 1.048 and 1.062 were collected
and washed with culture medium by centrifugation. Cytotrophoblasts were grown for 24 h in
RPMI medium (Cellgro, Mediatech Inc., Herndon, VA) containing 5% fetal bovine serum.

2.4. Peripheral blood mononuclear cells (PBMCs)

Peripheral blood was drawn from normal pregnant women at term and the PBMCs were
purified using ficoll gradients and were cultured following published protocol [9].

2.5. Human uterine micro vascular endothelial cells (HUtMVECS)

Human uterine micro vascular endothelial cells (HUtMVECSs) were purchased from Lonza
(Lonza, Walkersville, MD, USA) and were grown in culture following manufacturer's protocol
using Endothelial basal Medium-2 supplemented with hEGF, hydroxycortisone, GA-1000,
fetal bovine serum, VEGF, hFGF-, IGF-1 and ascorbic acid. Conditioned medium from these
cultures were collected and stored in aliquots at =70 C.

2.6. Heparin-agarose enrichment of soluble Flt

Patient plasma samples and conditioned medium from explant cultures, cytotrophoblasts,
HUtMVECs and peripheral blood mononuclear cells (PBMCs) were enriched for soluble Flt-1
by heparin-agarose affinity chromatography using published protocols [19,25]. Briefly,
heparin-agarose beads (Sigma Chemical Company, St. Louis, MO) — 30 pl packed volume and
either 0.5 ml of conditioned medium (diluted to 1 ml with PBS) or 100 ul of plasma sample
(diluted 1:10 with PBS) — were incubated at 4°C for 1 h with continuous mixing. The heparin-
agarose/sFIt conjugate was centrifuged and the pellet was washed three times with 1x PBS
buffer. After the final wash, the beads were resuspended in 1x Laemmli's solution and
processed for Western blot analysis.

2.7. Western analysis

Total proteins from villous explants were extracted using our published procedures [23]. A
HIF-1a monoclonal antibody (Transduction Laboratories, Lexington, KY, cat # H72320) was
diluted to 1.25 pg/ml in TBS buffer (Tris buffered saline) containing 0.05% Tween-20.
Membranes containing 10 ug proteins, electrophoresed separately, were probed with a
monoclonal anti-B-actin antibody (Clone AC-15, Sigma, St. Louis, MO; 2.2 ug/ml) to account
for loading variations. The membrane was further stained with Coomassie blue to confirm
equal loading. For the characterization of sFlt-1 proteins four different antibodies were used:
(1) sc-386 from Santa Cruz Biotechnology that recognizes extracellular domain (immunogen
is 17 amino acid peptide corresponding to the last 50 amino acids in the carboxyl terminus),
not found in sFlt-1, (2) V4262 from Sigma Chemical Company that recognizes the amino acid
terminus epitope present in both Flt-1 and sFIt-1 (immunogen is amino acids in the 1 to 251
region of the amino terminus), (3) AF321, R&D Systems, similar to Sigma antibody
(immunogen is a recombinant sFIt protein containing amino acids 27 to 687) and (4) 36-1100
from Zymed that is specific for human sFIt-1 (immunogen is a polypeptide against human sFlt,
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amino acids 672-685, accession # AAC50060). A diagrammatic representation of the different
antibodies and their potential binding sites is shown in Fig. 3A.

2.8. Immunoassay for sFlt-1

Soluble FIt-1 was measured in conditioned media from explants cultured under normoxic and
hypoxic conditions for 24 h using the Quantakine kit from R&D Systems (Minneapolis, MN)
following manufacturer's instructions. Sensitivity of the assay was 5.01 pg/ml, with an intra-
assay coefficient of variation of 2.6-3.8% and an inter assay coefficient of variation of 7.0
8.1%.

2.9. Co-immunoprecipitation

The heparin-agarose enriched sFlt-1 from the conditioned medium (hypoxia exposed
preeclamptic explants) were pooled and incubated with 1.0 ug recombinant VEGF (R&D
Systems) for 4 h incubation at 4 C. Anti-VEGF antibody (cat # 554539, BD Pharmingen, San
Diego, CA) was added to this fraction and the incubation was continued for another 4 h. The
immune complexes were pulled down using Protein-A agarose incubation for 30 min.

The protein-A agarose and immune complexes were recovered by centrifugation and pellets
were washed three times with 1 ml of Radioimmunoassay buffer (RIPA buffer, PBS with 1%
NP-40, 1% sodium deoxycholate, 0.1% SDS and one pl per ml of Protease inhibitor cocktail,
1 mM phenylmethyl sulfonylflouride, and sodium vanadate). Finally the agarose—IP complexes
were resuspended in IX Laemmli buffer (1X Laemmli buffer 50 mM Tris HCI, pH 6.8, 2%
SDS, 10% Glycerol) containing 5 mM DTT, 0.5 mM phenyl methyl sulfonyl fluoride (PMSF),
1 mM sodium vanadate and one pl per ml of protease inhibitors cocktail (1000x%, Protease
Inhibitor Cocktail Set 111, Calbiochem, San Diego, CA) and subjected to Western blot analysis
for sFIt-1.

2.10. Deglycosylation

To purify and concentrate the 100 and 145 kDa proteins and the high molecular weight proteins,
we initially separated the heparin-agarose fraction on an SDS containing-8% polyacrylamide
gel. Using the colored molecular weight markers as guide, the region between 100 and 150
KDa and the region above that were excised from the gel. Electro elution of the proteins was
performed using dialysis membranes filled with protein running buffer and the gel section.
Electrophoresis was carried out overnight at 30 V. The eluted proteins were concentrated using
Amicon spin columns (Microcon Ultracell YM-3, Millipore, Bedford, MA) and were then used
in deglycosylation studies.

Enzymatic deglycosylation was carried out using a kit from Prozyme Glyko following the
manufacturer's protocol (Prozyme Inc., San Leandro, CA). After denaturing the proteins by
heating at 100 °C for 5 min in the presence of SDS and mercaptoethanol, the heparin-agarose
fractions of either the conditioned medium or plasma containing the enriched sFIt-1 were
subjected to deglycosylation with a cocktail of five deglycosylation enzymes (N-Glycanase,
Sialidase A, O-Glycanase, B (1-4) Galactosidase and B-N-Acetylglucosaminidase). The
deglycosylated proteins were subjected to Western blot analysis as described above.

2.11. Densitometry

The developed films from Western analysis were scanned using a Hewlett Packard laser
scanner (Scanjet 5370C, Hewlett Packard, Palo Alta, CA) into a PICT or TIFF file in grey
scale. Densitometry was carried out using an automated digitizing software UN-SCANIT™
Gel Version 4.3 (Silk Scientific Inc., Orem, Utah).
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2.12. Data analysis

3. Results

The data in all graphs and the table are presented as mean +SEM. They were analyzed by one
or two factor analysis of variance (ANOVA). When appropriate, post hoc comparisons between
individual group means were made by Bonferroni/Spearman test. A p value of less than 0.05
was considered to be significant.

3.1. Soluble Flt-1 in plasma

In order to demonstrate the existence of other sFlt-1 variants, we used heparin-agarose binding
to enrich sFIt-1 in plasma samples from women with normal pregnancy and preeclampsia (n
= 14 each) followed by Western blot analysis using an antibody from Sigma that recognizes
both membrane bound Flt-1 and the soluble form sFlt-1. Since plasma samples were used in
this experiment, only soluble forms will be detected by this approach. Two major bands at 100
and 145 kDa were observed in both groups of women (Fig. 1A). These two isoforms were also
significantly higher in preeclamptic plasma with the 145 kDa form approximately 2.5-fold
higher (398,348 + 49,927 vs. 159,572 + 30,763 arbitrary densitometric units) and the 100 KDa
from approximately 3.5-fold higher (283,732 £ 41,018 with vs 80,828 £+ 17,142) in women
preeclampsia compared to normotensive women with uncomplicated pregnancies (p < 0.001
in both) (Fig. 1B). Other isoforms were present but it was difficult to quantify them in these
gels. Using other antibodies, we were also able to identify variants of sFlt-1 with different
epitopes of the sFIt-1 protein suggesting that other novel sFIt-1 variants exist. The recognition
pattern of different antibodies for sFlt-1 is shown in Fig. 3 using plasma samples from normal
and preeclamptic women. In addition to the 145 and 100 kDa proteins, the plasma samples also
showed protein bands at 150 and 60 kDa when probed with antibodies obtained from Santa
Cruz and Zymed Incorporations. These two antibodies recognize different epitopes than that
of antibodies from Sigma and R&D companies.

3.2. Characterization of sFlt-1 in conditioned medium from explant cultures of normal and
preeclamptic women

To quantify the sFlt-1 in the conditioned medium we employed two different approaches. First
one was a direct measurement of sFlt-1 in the conditioned medium using the ELISA kit from
R&D systems. The second method involved heparin-agarose enrichment of the sFIt proteins
and Western blot analysis using four different antibodies followed by densitometry.

3.3. Estimation of sFlt-1 in the condition medium by ELISA

Placental explants were incubated either under standard culture conditions (21% oxygen and
5% CO») or under low oxygen conditions (2% oxygen/5% CQO,) for 24 h. To validate the
hypoxia response, total proteins were prepared from these explants and were subjected to
Western blot analysis to show the HIF protein induction (Fig. 2A). The HIF-1a protein levels
were significantly higher in preeclamptic explants compared to normal pregnant explants
exposed to 21% oxygen (Fig. 2B, p < 0.05). Under 2% oxygen explants from both groups up
regulated HIF-1a proteins significantly (above 2.0 fold, p < 0.05).

The sFIt-1 concentration in the conditioned medium was estimated by ELISA (Fig. 2C). Under
standard culture conditions (21% oxygen, 5% CO5), the conditioned medium from
preeclamptic explants had 13170 pg/ml of sFlt compared to 8095 pg/ml of sFlt-1 by normal
pregnant explants (p = 0.097). Under hypoxic conditions, increased levels of sFlt-1 were
observed in both groups (1.5 fold, NP p = 0.0.03 and PE 0.085). Two of the PE explants
expressed very high sFlt-1 even under normoxic conditions. The other four preeclamptic
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explants showed either marginal increase or equal amounts of sFlt-1 as seen in explants of
normal pregnancy under normoxic conditions.

3.4. Heparin-agarose enrichment and characterization of sFlt-1 variants in the explant
conditioned medium

The antigenic recognition pattern of the four different antibodies, their potential epitopes are
shown in Fig. 3A.

Conditioned medium from the explant cultures were subjected to heparin-agarose affinity
enrichment of sFlt-1 proteins and the sFIt-1 was analyzed by Western blots. Fig. 3B, panels
1-4, shows representative Western blot profiles of the heparin-agarose fractions of conditioned
medium using four antibodies. Sigma antibody recognizes the 100 kDa sFlt-1 proteins (3B,
panel 1) that have been described in the literature and additionally a band at 145 kDa. The
R&D systems antibody shows a similar profile as that of Sigma antibody (panel 2). Panel 3
shows a profile of antibody from Santa Cruz Biotechnology indicating predominance of 185
and 60 kDa proteins. The fourth panel (3B, panel 4) using the sFit-1 antibody from Zymed,
indicates, in contrast to the results in the plasma samples, that this antibody does not recognize
any protein in the conditioned medium from the explant culture. All the bands that were
identified in the conditioned medium were up regulated under hypoxic exposure (Fig. 3C and
D) although not significantly (p = 0.08). Under 21% conditions, however, the preeclamptic
group showed significantly higher amounts of the 100 kDa sFlt-1 protein (both Sigma and
R&D antibody, p = 0.012) compared to controls.

In order to compare the sFIt-1 variants in the plasma samples, representative profile of each
antibody is shown in Fig. 3B, panels 5-8, adjacent to the profiles obtained for the conditioned
medium. The Zymed antibody that did not recognize any protein in the conditioned medium,
now recognizes a 150 and 60 kDa bands mainly and a few other minor bands (3B, panel 8).
The pattern is identical to that of Santa Cruz antibody (3B, panel 7). Antibodies from Sigma
(as shown in Figs. 1A and 3B, panel 5) and R&D systems (panel 6) recognize two major bands
at 145 and 100 kDa in the plasma as seen in the conditioned medium. In addition the plasma
samples exhibit few high molecular weight bands with a wide range of sizes. The 145 kDa is
the new sFIt-1 isoform that has similar antigenic epitope as that of the 100 kDa sFlt-1 that has
been previously reported. Additionally, the bands observed at 150 and 60 kDa using antibodies
from Santa Cruz and Zymed companies are new forms of sFlt-1 that are novel in their size and
molecular weight.

3.5. Deglycosylation of heparin-bound proteins of plasma samples

To determine whether the difference in sizes of these sFlt-1 variants is due to differential
gycosylation of a single polypeptide, we performed deglycosylation studies using pooled
samples from preeclamptic patients only. We electro eluted sFlt-1 in the heparin-agarose
fractions from the gel in two regions. Region I contained proteins above 150 kDa and region
Il contained proteins between 100 and 150 kDa (Fig. 4A). We used a deglycosylation kit from
Prozyme that involves five different glycosidases to remove simple and complex n-linked and
o-linked glycosyl moieties completely. Lane 1 contains the heparin-agarose fraction from a
preeclamptic plasma, intentionally overexposed to show different sized bands, probed with
Sigma ab. Lane 2 contains the input from Region | with proteins of approximate molecular
weights of 200, 185 and 145 kDa and Lane 4 contains input from Region Il showing the 145
and 100 kDa proteins. The 145 sFlt-1 in lane 2 may be the same as in Lane 4, a carry over in
the electro elution process. The respective deglycosylated forms are shown in lanes 3 and 5.
Lane 3 shows deglycosylated proteins at 80,120 and 150 kDa and lane 5 shows two major
bands at 70 and 80 kDa. The 200 kDa band is deglycosylated to a band at 150; the 185 is
deglycosylated to 120 kDa; 145 is deglycosylated to 80 kDa and the 100 kDa is deglycosylated
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to 70 kDa. The bands are labeled 1-4 and the corresponding deglycosylated forms are la—4a,
respectively. This indicated that the soluble VEGF receptors are not single polypeptides that
are differentially glycosylated, instead they are polypeptides of different lengths.

The sFIt-1 variants identified by the Santa Cruz antibody both in the plasma and conditioned
medium appear to be non-glycosylated forms, since deglycosylation did not cause any change
in their respective sizes (Fig. 4B).

3.6. Soluble Flt-1 in conditioned medium from cultures of cytotrophoblasts, HUtMVECs and

PBMCs

We compared the heparin agarose fraction from conditioned medium obtained from
cytotrophoblasts, HUtMVECs and PBMCs to determine the potential sources of these variants.
Under standard culture conditions (21% oxygen) these three cell types produce mainly the
100-120 kDa sFlt-1 protein (Band 4 in 4A) and we can observe traces of the 145 kDa sFlt-1
band (Band 3 in 4A) also. When deglycosylated, sFlt-1 from these systems gives identical
profile with a ~70 kDa protein that was observed using plasma samples and explant conditioned
medium (Fig. 4C) and Sigma antibody suggesting that these are similar in size, antigenicity
and extent of glycosylation. Santa Cruz antibody failed to detect any sFlt-1 variants in these
conditioned medium, either due to the fact there were none or not present in detectable
quantities (data not shown).

3.7. Co-immunoprecipitation with VEGF and probe for VEGF receptors

In order to find out whether the different isoforms are capable of binding VEGF protein, we
performed co-immunoprecipitation studies. We added 1 pg of VEGF recombinant protein to
the heparin-agarose enriched fraction from conditioned medium and plasma, used a VEGF
specific antibody to pull the protein complexes down and performed Western analysis for sFlt-1
using the Sigma ab. Fig. 5A shows that both 145 and 100 kDa proteins are capable of binding
VEGF.

We also analyzed the 185 and 60 kDa proteins from conditioned medium and the 150 kDa
protein from plasma as recognized by the Santa Cruz ab (Fig. 2B), in a similar way (Fig. 5B)
and the results show that these high molecular variants also bind VEGF.

4. Discussion

The mechanism of sFlt-1 expression during pregnancy and particularly with preeclampsia is
complex. Growing evidence suggests that there may be multiple RNA transcripts for sFlt-1,
various tissue sources, and that the mechanisms other than hypoxia may be involved in the
regulation of this protein.

The major findings of this report are: (1) identification of variants of sFlt-1 protein based on
molecular weight and antigenicity both in plasma of pregnant women and in conditioned
medium obtained from placental explant culture, (2) increased sFlt-1 production by explants
from preeclamptic pregnancies compared to normal pregnant controls, (3) confirmation of
soluble FIt-1 protein up regulation in villous explants exposed to hypoxic conditions, (4)
identification of varying sizes of sFlt-1 polypeptides despite deglycosylation suggesting the
presence of novel mMRNA transcripts and (5) providing evidence for VEGF binding functional
potential of these sFlt-1 variants.

Heparin-agarose affinity chromatography or batch purification has been successfully used in
the purification of soluble Flt-1 [5,6,19]. Heparin is a negatively charged polymer of a regular
disaccharide repeat sequence with a high degree of sulfation and expected to bind many proteins
[26] and this binding is reversible depending on ionic strength. Park and Lee have shown that
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the fourth 1gG-like domain of the sFlt-1 is the major heparin-binding site [27]. Therefore we
chose to enrich the sFIt-1 proteins present in the conditioned medium and plasma obtained
from patients and further characterized with specific assays.

Initial reports of sFlt-1 indicated an approximately 90 kDa protein that also exists in
glycosylated forms with molecular weight ranging from 100 to 120 kDa [5,6]. The mRNA size
that codes for this sFlt-1 protein was reported as either 2.4 or 3.0 Kb, the difference in length
being the 3’ untranslated sequence. Other naturally occurring splice variants of Flt-1, other than
the sFlt-1 referenced above, have been reported earlier. These variants contain 4-5 of the
extracellular IgG like loops, and can bind to VEGF; however, they are unable to cause signal
transduction because of the tyrosine kinase domain is missing [28]. The membrane-bound Flt-1
(185 kDa) is thought to be produced by mRNA that is approximately 7.0-8.0 Kb. However,
recent studies indicate that the Flt-1 gene has multiple poly-adenylation sites and splice sites
in intron 13 that could make the sFlt-1 transcripts vary in size by up to 4000 bases at the 3'
untranslated regions depending on which site is utilized [19,20]. Thus the 7.0-8.0 Kb mRNA
that was previously reported by many investigators could be a mixed population of mMRNA
transcripts for Flt-1 as well as sFlt-1. Sequences in the 3’ region could potentially be involved
in stabilization and differential expression of sFlt-1 mMRNA. Although these two reports suggest
multiple different mMRNA lengths for sFlt-1, they do not necessarily show sFlt-1 proteins with
varying sizes. In other words these mRNA variants with lengthy 3’ ends may code for a single
sFIt-1 with differential glycosylation that changes their size. Our study focused on sFIt-1
protein of various sizes rather than mRNA. We also used deglycosylation to specifically
address distinct polypeptides for sFlt-1.

In a recent report, a novel smooth muscle specific sFlt-14 was identified that codes for an
intracellular form and a soluble form of 115 and 135 kDa sizes, respectively. Evidence is
provided for the inclusion of intron 14 that results in larger size mMRNA transcript and protein
[12] and presence of amino acids that are not found in either the 185 kDa Flt-1 or the 100 kDa
sFIt-1. The authors suggest that this may be one of those rare occurrences where the intronic
sequences are translated into proteins as seen in sFlt-1 where the intronic sequences code for
31 amino acid stretch. This 135 kDa protein may be the 145 kDa protein that we have identified
in plasma samples of preeclamptic women in our study. Gu et al identified a 150 kDa protein
in the plasma of preeclamptic women [29] further supporting our current work that variants of
sFIt are present and may vary by tissue type.

The use of four different antibodies that have different epitope recognition sites enabled us to
identify distinct isoforms of sFlt-1 both in the conditioned medium from explant culture and
in plasma of women with normal pregnancy and preeclampsia. Using an antibody from Sigma,
we found sFIt-1 variants in plasma of pregnant women distinct from the previously
demonstrated 100 kDa sFlt-1 form. These 145 and 100 kDa sFlt-1 proteins were significantly
higher in women with preeclampsia. The 145 kDa is a novel variant that to our knowledge has
not been reported in the literature. In these Western profiles we also observed other protein
bands of varying molecular sizes but since the 100 and 145 kDa proteins were so highly
expressed (almost 90%), quantitation of these other molecular weights sFlt-1 proteins was not
feasible. In addition to the 145 kDa protein, the plasma samples demonstrated sFlt-1 proteins
with molecular weights of 150 and 60 kDa. These two polypeptides were identified using
antibodies from Santa Cruz and Zymed which do not share the same epitope recognition as
that of the from Sigma and R&D systems antibodies. The explant conditioned medium
demonstrated 100 and 145 kDa sFlt-1 proteins similar to the ones found in plasma. Expression
of the 145 kDa sFlt-1 form was lower than the 100 kDa form in explant culture medium, media
from cytotrophoblasts, PBMCs and endothelial cells than the 100 kDa form. This was in
contrast to the plasma samples where the 145 kDa form was the predominant form. Interestingly
the antibody from Zymed that failed to recognize any of the 185, 145, 100 and 60 kDa sFlt-1
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forms in the explant medium whereas it recognized a 150 and 60 kDa sFIt-1 proteins in plasma.
This suggests that the 150 and 60 kDa forms identified by this antibody in plasma may be from
a source other than the placenta.

The 185 and 60 kDa proteins are recognized by the Santa Cruz antibody and not by the Sigma
and R&D antibodies. This is an indication that these two are unique splice variants that may
have skipped the first few amino acids at the 5’ amino-terminus that are the recognition
sequence for the Sigma and R&D antibodies. Partial evidence to this statement comes from
the work of Boocock et al. [28] that have identified splice variants that resemble our findings.

Soluble variants of proteins are usually produced by spliced transcripts or proteolytic cleavage
of the membrane bound proteins by proteases. Our results of deglycosylation studies provide
evidence for distinct sFlt-1 variants of different peptide length rather than differential
glycosylation. There is a possibility that the 185 kDa sFlt-1 isoform may arise from the peptidyl
cleavage by chymotrypsin-like proteases [30] or other membrane type-MMPs [31]. However,
the deglycosylation step (Fig. 4B) did not further reduce the 185 kDa protein from conditioned
medium. This raises the possibility of an unglycosylated variant of sFlt-1 that is remarkably
differentin polypeptide size (requires about 1638 amino acids and 4914 bp of coding sequence).
The largest mMRNA size known for the Flt-1 protein is 7680 bp (Gene bank accession #
X51602.1) with a coding region of 4017 bp resulting in an unglycosylated Flt-1 protein with
a theoretical size of 150 kDa (SWISSPORT # P17948). Previous studies indicated that the
sFIt-1 transcript might be of different sizes mainly due to the variation in the 3" UTR that is
not translated but contributes to post-transcriptional regulation. Our findings along with Wang
and Sley may provide the first evidence for the occurrence of sFlt-1 molecules that are distinct
polypeptides based on size [12,29].

There have been many attempts to identify the source of sFlt-1 in preeclamptic pregnancies.
Since circulating sFlt-1 concentrations drop dramatically after delivery of the placenta, it is
widely accepted that placenta is the primary source of sFlt-1 in pregnancy and preeclampsia.
However, other cell types have been shown to produce sFlt-1 in the nonpregnant state. We
have previously shown that PBMCs are an additional source of sFlt-1 in preeclampsia [9]. The
placental compartment is comprised of different cell types including cytotrophoblasts,
macrophages, endothelial cells, smooth muscle cells, and cells from maternal blood. All these
cells are capable of expressing sFlt-1 protein. Our finding of different variants of sFlt-1, raised
the question about the origin or source of these varying isoforms. Using placental explant
cultures to study the sFlt-1 protein profile we found the prominent sFlt-1 under standard culture
conditions was the 100 kDa protein, although we detected the 145 kDa form to a lesser degree.
Both these isoforms were hypoxia responsive. Using standard culture conditions with
cytotrophoblasts, maternal PBMCs and the human uterine microvascular cells, we also
demonstrated that the 100 kDa is the major form of sFlt-1 produced by these cell types. The
145 kDa protein was also produced under these conditions but to a lesser degree. Thus the
increased production of the 145 kDa sFIt-1 protein seen during preeclampsia may be disease
specific.

Consistent with published reports [7,9,16,17] we found increased sFlt-1 production by
placental explants from women with preeclampsia with some variations. In our hands, the
amount of sFlt-1 produced by preeclamptic explants was only marginally higher (p = 0.097)
than sFlt-1 produced by explants from normal pregnancy, cultured under standard 21% oxygen
condition and as estimated by ELISA. On the other hand densitometry performed on all the
different sFlt-1 bands demonstrated significant differences between sFlt-1 in conditioned
medium from normal and preeclamptic explants (p < 0.05). There are a number of possible
explanations for the above finding. First, this could be due to the selective epitope recognition
of the R&D antibody that may not account for all of the sFlt-1 species in the conditioned
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medium. Second, of the six patients with preeclampsia, only two had markedly higher amounts
of sFlt-1 in placental explants while the other four had only slightly higher sFlt-1 than normal
pregnancy under 21% oxygen condition. We did not see the robust difference in the circulating
sFIt-1 levels of explant conditioned medium that was seen in the patients. This could be
explained by the physical isolation of the explant tissue from cellular interaction and
association with other circulating factors that may be required to result in the over production
of sFlt-1. Exposure of these explants to hypoxic conditions for 24 h (a drastic measure) does
show sFlt-1 regulation in agreement with published reports. However, in spite of 24 h
incubation at 2% oxygen, the fold induction of sFlt-1 proteins is only about 1.4-1.5 in both
groups and fails to mimic the in vivo differences found in the circulation of pregnant women.
This observation suggests that placental hypoxia contributes to sFlt-1 production in
preeclampsia, but also suggests in vitro vs. in vivo differences or other mechanisms including
hypoxia independent (dys) regulatory pathways involved in sFlt-1 over expression in vivo.

There is evidence supporting both hypoxic and non-hypoxic regulation of sFlt-1 in other
systems. Induction of uteroplacental ischemia alone resulted in significant elevation of both
mRNA and protein for sFlt-1 in non-human primates [32]. These investigators suggest that
placental and peripheral blood mononuclear cells are involved in the sFlt-1 production.
Likewise there are other instances where sFlt-1 can be up regulated by non-hypoxic
mechanisms. Hypertension produced by reduced uterine perfusion in pregnant rats has been
shown to result in sFIt-1 up regulation [33]. Lockwood et al have shown that treating first
trimester decidual cells with thrombin increases sFlt-1 [34]. Treatment with angiotensin 11,
autoantibodies from preeclamptic women targeted against angiotensin receptor and
atorvastatin have also been reported to cause up regulation of sFlt-1 in pregnant mice, human
placental villous explants and trophoblast cells [35,36].

While our study findings are novel and exciting, we acknowledge some limitations. The
multiple isoforms reported here are based on heparin-agarose binding and immunoreactivity.
We also used response to low oxygen tension. Although co-immunoprecipitation with VEGF
study suggests the functional potential of these variants, additional functional and molecular
studies are needed for confirmation. In addition purification of the various protein bands and
sequencing by mass spectrophotometry would provide additional evidence that these are indeed
related to sFIt-1. Peptide sequencing of the 185 and 60 kDa proteins from the conditioned
medium is necessary to identify the precise nature of these two isoforms, i.e., whether they are
native proteins or resultants of proteolytic cleavage of the membrane bound Flt-1 protein.
Finally evaluation of the sequences of the splice variants of sFlt-1 at the mRNA level using
cell-specific and transcript specific probes will provide better understanding regarding the
biology of this receptor. These approaches are currently in progress.

Collectively our study provides evidence for multiple sources and multiple sFIt-1 transcripts
as well as varying tissue sources of sFlt-1 protein during pregnancy and especially during
preeclampsia. It appears that a global dysregulation is involved in the sFlt-1 expression during
preeclampsia. When the responsible factors involved are identified it should shed new light in
our understanding the etiology of the pathogenesis of preeclampsia.
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Variants of soluble Flt in plasma from normal pregnant (NP) and preeclamptic women (PE).
Western analysis for sFIt-1 was performed using antibody from Sigma, Inc. (St. Louis, MO)
after heparin-agarose enrichment. Equal volume of plasma (100 ul) from each patient was used
to enrich sFIt using heparin-agarose. (A) Representative Western blot profile demonstrating
the 100 and 145 kDa major bands and (B) densitometric quantitation of these two sFlt-1 variants

(n =14 in each group; *p < 0.05).
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A Normal Pregnant Preeclampsia
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Fig. 2.

Soluble FIt-1 is increased under hypoxic conditions in villous explant conditioned media from
both uncomplicated pregnant (NP) and preeclamptic women (PE). Villous explants were
prepared from placentas of normal pregnant and women with preeclampsia (n = 6 in each
group) and incubated at 21% and 2% oxygen for 24 h. Western analysis was performed to
validate the hypoxia responsive HIF-1a protein increase (A). (B) Densitometric quantitation
of HIF-1a protein mass demonstrated a two-fold increase in response to hypoxia in both groups
(*p < 0.05). (C) Soluble FIt-1 concentrations by ELISA in conditioned media from these
experiments. Compared to normal pregnancy the preeclamptic conditioned medium under 21%
oxygen showed elevated sFlt-1 levels that was not statistically significant (p = 0.097).
Compared to 21% oxygen, 2% oxygen exposure resulted in significantly higher sFlt-1
concentrations in normal pregnant villous explant conditioned media (p = 0.03); sFlt-1
concentrations were higher in preeclampsia under 2% oxygen; however, this was not
statistically significant (p = 0.085).

Placenta. Author manuscript; available in PMC 2010 January 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuely Joyiny vd-HIN

Rajakumar et al.

Page 17
A Santa Cruz
NH2 COOH
FIt 185 Kd
sFIt 100 Kd
Sigma &
R&D Systems Zymed
B Conditioned Medium Plasma
NP PE
Oxygen % 21 2 21 2 21 2 21 2 NP NP PE PE
145 Kd —| )
100 Kd — Sigma
145 Kd —
100 Kd — R&D
Systems
185 Kd _&;’.—  — - — .
150kd” - T - ——
? - SantaCruz
v e wox D
60Kd — - ux | — —
150 Kd —
Zymed
60 Kd —
C
N 7 p=0.08 80000
2 120000 p=0.012 I 70000
E'> 1000004 60000
il % 800004 P=0.08 50000
2E ool e
<= J
% 40000 0060
& 20000 10000
0 - : : | 0
Nor Hyp Nor Hyp
NP PE
Fi-ChlsigmeRenlt 00 £ FIt-CM-SC sFit 185 kd | Fit-CM-SC sFit 60 Kd
Fig. 3.

Characterization of sFlt-1 variants using different antibodies in both villous explant
conditioned media and plasma from normal pregnant (NP) and preeclamptic women (PE). (A)
Schematic representation of Flt (185 kDa) and sFIt (100 kDa) epitopes that are recognized by
antibodies from Sigma Chemical Co., R&D Systems, Santa Cruz, and Zymed as reported by
the respective manufacturers. (B) Panels 1-4 are representative Western blots using Sigma (1),
R&D Systems (2), Santa Cruz (3) and Zymed (4) antibodies on villous explant conditioned
media under 21% oxygen and 2% oxygen conditions. Panels 5-8 are representative Western
blots using plasma samples from women with normal pregnancies and preeclampsia with the
same order of antibodies. These are shown in adjacent panels to indicate the variability in sFlt-1
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protein sources, molecular weight and antigenicity. (C) The 100 kDa sFIt-1 protein mass is
significantly higher in preeclamptic villous explant conditioned media compared to normal
pregnancy (p = 0.012) and hypoxia up regulated in response to (p = 0.08) using the Sigma
antibody and densitometric quantitation. (B) Similarly, there is significant difference between
normal pregnancy and preeclampsia for the 60 kDa sFIt-1 protein and significant hypoxic up
regulation for both 185 and 60 kDa sFlt-1 proteins using the Santa Cruz antibody (p < 0.05 for
all).

Placenta. Author manuscript; available in PMC 2010 January 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Rajakumar et al.

Page 19
A Glycosidases - - + - +
200 Kd —— 1>
Region 1 2>
150 Kd —— 2 } <1a
Region 2 <22
100 Kd —
75 Kd — <3a
<3a
56 Kd — <4a
o i
- - L —
1 2 3 4 5
B Plasma CcMm
Glycosidases - + - +
200 Kd —
150 Kd Ty 55k
100 Kd :
75 Kd
—— 60 Kd
C CcTB PBMC HUVECS
Glycosidases - + - + - +
150 Kd ——
100 Kd ——
Fig. 4.

Deglycosylation yields sFlt-1 polypeptide variants of differing molecular weights in both
villous explant conditioned media and maternal plasma. (A) Western analysis for sFlt-1 was
performed using antibody from Sigma, Inc. (St. Louis, MO) after heparin-agarose enrichment
of pooled preeclamptic plasma (A, Lane 1); Lanes 2—-4 show the proteins eluted from regions
1 and 2, and Lanes 3 and 5 are deglycosylated sFlt-1 variants, respectively. The bands are
numbered 1-4 and the deglycosylated forms are denoted by la—4a, respectively. (B) Pooled
plasma from preeclamptic woman and pooled preeclamptic villous explant hypoxic
conditioned media were treated as noted above but with a different antibody from Santa Cruz
Biotechnology. The representative Western blot demonstrates unglycosylated forms of sFlt-1,
specifically the 150 kDa band in plasma and 185 and 60 kDa bands in conditioned medium.
(C) Conditioned medium from cytotrophoblasts (CTB), peripheral blood mononuclear cells
(PBMCs) and human uterine microvascular endothelial cells (HUtMVECS) treated with
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glycosidases also demonstrated that the 100 kDa sFIt-1 is the major form (Band 4 in Lane 4

of Fig. 4A) and when deglycosylated it gives rise to a polypeptide with a molecular weight of
60-70 kDa (Band 4a in lane 5 of 4A) using the Sigma antibody.
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A Plasma CM
VEGF - + - +

150 Kd
100 Kd

1 2 3 4
IP  with anti-VEGF antibody Pharmingen
WB with anti-VEGFR1 Sigma antibody

B CM Plasma
VEGF - + - +

60 Kd

1 2
IP  with anti-VEGF antibody Pharmingen
WB with anti-VEGFR1 Santa Cruz antibody

Fig. 5.

Soluble Flt-1 variants bind exogenous VEGF protein. In order to show that these variants are
capable of binding VEGF, their functional target, VEGF (1 pg) was added to the heparin-
agarose enriched sFIt-1 fraction, immunoprecipitated the sFlt-1/VEGF complex with anti-
VEGF antibody (Pharmingen, San Diego, CA) and then probed for sFlt-1 with Sigma antibody
(A). Lanes 1 and 3 show the input heparin-agarose sFlt-1 from plasma and conditioned medium,
respectively. Lanes 2 and 4 show the sFIt-1 receptors that were immunoprecipitated using anti
VEGF antibody. Immunoprecipitates from the same experiment were analyzed by Western
blot using antibody from Santa Cruz (B) to demonstrate that the 150 and 185 kDa variants were
also capable of binding VEGF protein.
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Characteristics of the entire study population.

Table 1

Page 22

Normal pregnancy (n = 20)

Preeclampsiaa (n=20)

Maternal age (years)
Gestational weeks at delivery
Maternal race (n)
White
African-American
Others
Nulliparous (n)
Mode of delivery (n)
C-section
Birth weight (g)
Systolic BP (mm Hg)
Diastolic BP (mm Hg)

Proteinuria™ (n)
Uric acid (mg/dL)

2794 +16
39.5+0.2

12

*k
3496.3 £99.9
1171+£26
716+15
0
ND

27.05£1.3

36.2+0.7

18

2

0

20

9

2600.5 + 220.7
Kk

159.4+27
*k

92.4+1.0

20

6.73+0.34

Mean+SEM; ND, not determined.

*
p =0.003,

*%
p =0.001 compared to normal pregnancy.

aPreecIampsia definition is based on the Working Group Report (2003) and hyperuricemia of 1SD above normal for gestational age.

b1—3+dip, protein/creatinine ratio > 0.3, 24 h protein > 300 mg.
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