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RESEARCH ARTICLE

PREECLAMPSIA

Protein misfolding, congophilia, oligomerization, and
defective amyloid processing in preeclampsia

Irina A. Buhimschi,"** Unzila A. Nayeri,> Guomao Zhao," Lydia L. Shook,? Anna Pensalfini,?
Edmund F. Funai,* Ira M. Bernstein,” Charles G. Glabe,®” Catalin S. Buhimschi**

Preeclampsia is a pregnancy-specific disorder of unknown etiology and a leading contributor to maternal and
perinatal morbidity and mortality worldwide. Because there is no cure other than delivery, preeclampsia is the
leading cause of iatrogenic preterm birth. We show that preeclampsia shares pathophysiologic features with
recognized protein misfolding disorders. These features include urine congophilia (affinity for the amyloidophilic
dye Congo red), affinity for conformational state-dependent antibodies, and dysregulation of prototype proteolytic
enzymes involved in amyloid precursor protein (APP) processing. Assessment of global protein misfolding load
in pregnancy based on urine congophilia (Congo red dot test) carries diagnostic and prognostic potential for
preeclampsia. We used conformational state-dependent antibodies to demonstrate the presence of generic supra-
molecular assemblies (prefibrillar oligomers and annular protofibrils), which vary in quantitative and qualitative
representation with preeclampsia severity. In the first attempt to characterize the preeclampsia misfoldome, we
report that the urine congophilic material includes proteoforms of ceruloplasmin, immunoglobulin free light chains,
SERPINA1, albumin, interferon-inducible protein 6-16, and Alzheimer’s B-amyloid. The human placenta abundantly
expresses APP along with prototype APP-processing enzymes, of which the a-secretase ADAM10, the p-secretases
BACE1 and BACE2, and the y-secretase presenilin-1 were all up-regulated in preeclampsia. The presence of
B-amyloid aggregates in placentas of women with preeclampsia and fetal growth restriction further supports the
notion that this condition should join the growing list of protein conformational disorders. If these aggregates play

a pathophysiologic role, our findings may lead to treatment for preeclampsia.

INTRODUCTION

Preeclampsia (PE) is a human-specific pregnancy disorder of un-
known etiology. If left untreated, patients may have a progressive clin-
ical deterioration resulting in seizures (eclampsia), stroke, hemorrhage,
kidney damage, liver failure, and death. The World Health Organiza-
tion (WHO) estimates that worldwide ~63,000 women die annually
because of PE (1). Most of these deaths occur in low- and mid-income
countries and are often caused by a delay or lack of diagnosis.

The clinical syndrome of PE is defined as new-onset hypertension
and proteinuria after 20 weeks of gestation (2). This rule applies to
most, but not all, cases (3). One major issue is the unpredictability
of PE in its clinical presentation and speed of progression. Early clin-
ical signs of PE are frequently inconspicuous, and the effectiveness of
hypertension and proteinuria as diagnostic “gold standard” is compro-
mised when PE is superimposed on other predisposing conditions,
such as chronic hypertension (ctHTN) or nephropathy.

The central role played by the placenta in the pathophysiology of
PE has emerged from the observation that the only definitive treat-
ment for this condition is early delivery of the fetus and the placenta
(4). Oxidative stress, vascular endothelial dysfunction, systemic in-
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flammation, altered levels of nitric oxide (NO), and aberrant angio-
genesis are some of the pathologic processes known to be involved
(5). Much research has focused on the exploration of a panel of coag-
ulation, inflammatory, and angiogenic protein mediators for diagnos-
ing PE (6-9). However, most studies using a “candidate marker” approach
have had the disadvantage of restricting the search to known proteins
that can be either up- or down-regulated (6). By using an unbiased
mass spectrometry proteomic profiling approach, we discovered that
urine of women with severe PE (sPE) requiring medically indicated
delivery (MIDPE) displayed a characteristic set of proteomic biomarkers
consisting of nonrandom proteoforms of SERPINA1 and albumin (10).
This feature had diagnostic and prognostic potential, because it preceded
the onset of clinical manifestations and correlated with disease severity
(10). Consistent with the existent evidence that some SERPINA1 frag-
ments have the propensity to misfold and aggregate into supramolecular
structures (11), we formulated the hypothesis that PE shares patho-
physiologic characteristics with known protein conformational disorders.
Herein, we demonstrated that urine of PE women exhibits congophilia,
a characteristic of protein misfolding (12). We used conformational
state antibodies that recognize mutually exclusive generic epitopes as-
sociated with prefibrillar oligomers (PFOs), annular protofibrils (APFs;
structurally and functionally distinct oligomers in ring-shaped, pore-like
conformation), or fibrils and fibrillar oligomers (13-15) to confirm the
presence of nonrandom protein aggregation in the urine of women with
PE. Reasoning that excess fragments of SERPINA1 and albumin may re-
sult from a proteolytic-antiproteolytic imbalance (16) analogous to that
generating Alzheimer’s B-amyloid (Ap) from the ubiquitously expressed
amyloid precursor protein (APP) (17), we searched for dysregulation
in the expression of prototype a-, -, and y-secretases in the placenta of
PE women. Last, we demonstrated the presence of APP-derived amyloid-
like proteins in the urine and placenta of women with PE.
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RESULTS

Women with sPE exhibit urine congophilia with spectral
features of amyloid-like aggregates

We tested our hypothesis by using a study design with feasibility and
validation phases (Fig. 1). As initial proof of principle (feasibility), we
tested urine samples from pregnant women (n = 80) with precise clin-
ical classifications and known outcomes: 40 sPE women requiring
MIDPE and 40 healthy pregnant controls (P-CRL) who had an un-
complicated gestation and delivered at term. Their clinical character-
istics are included in table S1. We designed a simple method whereby
urine that had been mixed with Congo red (CR) was spotted on an
unsupported nitrocellulose membrane, which was then washed with
increasing concentrations of methanol (Fig. 2A). The rationale of this
experiment was based on the self-assembling property of CR and its
ability to initiate formation of large insoluble oligomers after binding
to amyloid proteins that have an extensive B sheet structure (18). As
shown, spots of urine from sPE, but not P-CRL, women remained red
after the methanol wash, indicating that women with PE display uri-
nary congophilia. A standardized protocol was designed to allow an
objective quantification of each urine sample’s propensity to retain CR

and minimize variations because of differences in proteinuria and hy-
dration status (the CRD test). Two indices were obtained through
image analysis: CRI (the reference measure of the initial redness of
the spot) and CRR (measure of congophilia as the redness of spot after
removing unbound CR). No differences in CRI were noted between
the two groups (Fig. 2B). However, compared to P-CRL, CRR was
significantly increased in sPE urine (P < 0.001, Fig. 2C). In receiver
operating curve characteristic (ROC) analysis of our feasibility cohort,
a CRR cutoff value of 15% had 100% [95% confidence interval (CI),
92 to 100] sensitivity and 100% [95% CI, 92 to 100] specificity to dis-
criminate sPE cases from P-CRLs. On the basis of this result, we con-
sidered CRR >15% as “nonreassuring” (NR-CRR).

CR-bound amyloids exhibit bright red fluorescence and shift their
absorbance from about 490 to 540 nm when illuminated with UV light
(19). Upon illumination of our nitrocellulose membrane with long- but
not short-wavelength UV, we observed the characteristic red fluores-
cence of amyloid-bound CR (Fig. 2D). Immediately upon addition of
CR stock solution, we noted that 30% (12 of 40) of sPE urine samples
(but no P-CRLs) changed color from orange-red to magenta (Fig. 2E),
consistent with the bathochromic spectral shift described for Ap oligo-
merization (aggregation) in vitro (20). Spectrophotometric determination

Feasibility phase: N = 80

1. Pregnant asymptomatic women and normal outcome (P-CRL, n = 40)
2. Severe preeclampsia and medically indicated delivery (sPE, n = 40)

Urine CRD test

Validation phase: N = 582

! Cross-sectional cohort: n = 526 !

-

. Pregnant asymptomatic women (P-CRL, n=18)
. Pregnancy-associated hypertensive conditions (n = 336)
o Gestational hypertension (gestHT, n = 28)
o Chronic hypertension (crHTN, n = 63)
o Mild preeclampsia (mPE, n = 53)
o Severe preeclampsia (sPE, n = 135)
o Superimposed preeclampsia (spPE, n = 57)
3. Pregnant women with “other” conditions or comorbidities (n = 162)
o Other type 1 (unrelated to preeclampsia) (n = 125)
o Other type 2 (frequently co-occurring with preeclampsia) (n = 37)

\4. Nonpregnant proteinuric women (n = 10)

Enroliment categories

N =

Clinical outcome categories

~

Medically indicated Lost to Other
delivery for PE follow-up
(MIDPE: n = 254) (n=8) (n = 254)
<34 weeks| |34-36%7 weeks|[237 weeks| [<34 weeks|[34-36°7 weeks|[237 weeks|
(n=101) (n=84) (n=69) (n=122) (n=43) (n=89)

*Nonpregnant women (n = 10) were not included)

-

!Longitudinal cohort: n= 56}

Enrollment categories

1. High risk of preeclampsia (n = 28)
2. Low risk of preeclampsia (n = 28)

-

Clinical outcome categories \
Medically indicated Lost to Other
delivery for PE follow-up
(MIDPE: n=9) (n=1) (n=46)
<34 weeks| [34-36°7 weeks||237 weeks| |<34 weeks|[34-36°7 weeks|[237 weeks|
(n=2) (n=6) (n=1) (n=4) (n=6) (n=36)

-~/

Fig. 1. Flow chart of the study design and women who donated urine
samples for the urine Congo red dot (CRD) test. A total of 662 women
donated urine samples for the current study. The initial feasibility phase
included samples from 80 women that had either a normal pregnancy
or clear clinical manifestations of early-onset sPE that required MIDPE.

www.ScienceTranslationalMedicine.org

The remaining samples were used for the validation phase and to calculate
the diagnostic and prognostic characteristics of our urine CRD test. Cases
were analyzed by the outcome relevant to our study (MIDPE) at different
gestational age (GA) periods: early preterm (<34 weeks), near term (34 to
36%7 weeks), and term (>37 weeks).
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Fig. 2. Spectral characteristics of protein aggregation and congo-
philia in urine of women with sPE. (A) Representative CRD test result
of urine from three sPE women (lanes 2 to 4) and three healthy P-CRLs
from the feasibility cohort (lanes 5 to 7). Urine was mixed with a solution
of CR and spotted in duplicate on a strip of nitrocellulose, which was
photographed before and after washing with increasing concentration of
methanol. Lane 1 was spotted with a solution of phosphate buffer saline
(blank). The spots corresponding to sPE urine retained the red color,
whereas P-CRL spots washed away. (B and C) The two images in (A) were
sequentially photographed, and the amount of CR retained after the wash
within each spot was calculated as the percent of the amount present
before the wash. (B) The amount of CR before the wash was calculated as
an internal control index [CR incorporation (CRI)] for the P-CRL (n = 40)
and sPE (n = 40) urine samples in the feasibility phase and was not dif-
ferent between the two groups. (C) The test output [CR retention (CRR)],
measure of urine congophilia, was markedly elevated in sPE group. (D)
Photograph of the same nitrocellulose sheet after the wash, illuminated
with either long-wavelength (365 nm) or short-wavelength (254 nm) ultra-

of absorbencies at 403 nm (isobestic point) and 541 nm (point of max-
imal shift) confirmed the presence of amyloid-like aggregates in sPE
urine (Fig. 2F). Although as a group, sSPE women had a higher concen-
tration of amyloid-like aggregates, 20% (8 of 40) of sPE urines did not
exhibit a detectable (visual and/or spectrophotometric) spectral shift de-
spite NR-CRR in the CRD test (Fig. 2G). A spectrophotometrically de-
tectable shift occurred only for samples with CRR >50%, implying that
compared to CRD test (CRR cutoft 15%), direct spectrophotometry has
a lower sensitivity [80% (95% CI, 64 to 91)] in identifying PE (P =
0.007, feasibility cohort). In addition, sSPE women exhibited increased
urine ThT-induced fluorescence (Fig. 2H, P < 0.001), another indicator
that amyloid-like structures were present in the urine of women with
PE. Similar to direct spectrophotometry, only a subgroup of sPE speci-
mens (42%) showed an increase in fluorescence upon ThT binding
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After wash D After wash E
365nm 254 nm
Blank
b r P-CRL sPE
sPE
P-CRL ‘ /
a L
_=‘ T
P-CRL sPE
H 480 nm |
5160 r = 200~
3 8
~ 140+ == sPE - b
- — P-CRL 5 °
2 120- 2 150-
8 - === Blank 8
g 8 o
2 so] 2 100-
:Ez 60+ é o
= =
£ 40 = 5001 g) o
3 3 2 oRP
N 204 k|
5 3 >
3 . R
S e 515 565 615 665 S P-CRL SPE

Wavelength (nm)

violet (UV) light. (E) Some, but not all, SPE urine samples turned magenta
when mixed with CR. This change was visually notable for urine samples
with high CRR indices and corresponded to the bathochromic shift de-
scribed upon binding of CR to B sheet structures. (F) The bathochromic
shift can be quantified objectively by measuring the absorbance at 541
nm (point of maximal shift) after normalization (subtraction of absorbance
in the respective sample without CR). The two red lines are normalized
representative spectra from urine of two patients with sPE. The blue lines
correspond to spectra from two P-CRL urine samples. AU, arbitrary units.
(G) Scatter plot of congophilia determined by direct spectrophotometry.
(H) Thioflavin T (ThT)-induced fluorescence of urine samples analyzed
in the feasibility phase. Spectra from two sPE women (red lines) and two
P-CRL women (blue lines) are displayed. (I) Scatter plot of ThT-induced flu-
orescence determined by spectrofluorimetry (excitation: 444 nm/emission:
480 nm). Red horizontal bars represent group medians. Red superscripts
indicate groups with statistically significant differences at P < 0.05 (B and
C: Student’s t test; G and I: Mann-Whitney test). Exact P values are provided
in table S6.

(Fig. 2I). Compared to the CRD test, urine ThT binding had a lower
sensitivity [82% (95% CI, 65 to 92)] in identifying PE (P < 0.001, fea-
sibility cohort).

Urine congophilia differs among hypertensive pregnancy
disorders and increases with PE severity

To further understand the clinical implication of urine congophilia
during pregnancy, we tested urine samples from an additional 582
women, this time unselected with respect to enrollment category
(Fig. 1, validation phase). A cross-sectional (n = 526) and a longitudi-
nal (n = 56) cohort were designed. Women in the cross-sectional cohort
participated with a single urine sample. The results were grouped and
analyzed on the basis of clinical classification at sample collection and
pregnancy outcome (MIDPE or other). The clinical characteristics of
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RESEARCH ARTICLE

the women included in the cross-sectional cohort are presented in
table S2. Women in the longitudinal cohort were asymptomatic for PE
at study entry and were followed throughout gestation.

When cases enrolled in the cross-sectional cohort were grouped by
clinical diagnosis at the time of sample collection, both sPE and
superimposed PE (spPE; PE superimposed on preexisting hyper-
tension or proteinuria) women had higher CRR compared to all other
groups (Fig. 3A, P < 0.001). Next, we analyzed the proportion of women
displaying urine NR-CRR values. We found that 75% (40 of 53), 89%
(120 of 135), and 91% (52 of 57) of women admitted with a diagnosis
of mild PE (mPE), sPE, and spPE, respectively, had NR-CRR values
(Fig. 3B). These proportions were significantly higher than in all the

A

other groups (P < 0.05). Among crHTN women ruled out for spPE
based on clinical and laboratory criteria at the time of enrollment, 35%
(22 of 63) displayed NR-CRR. This was significantly higher compared
to P-CRLs (6%, 1 of 18, P = 0.017) or women with pathologies un-
related to PE (grouped as other type 1 conditions: 13%, 16 of 125, P <
0.001). Details on clinical definitions and criteria for patient classifica-
tion are included in Supplementary Materials and Methods. Consist-
ent with the progressing nature of PE, 27% (17 of 63) of women
classified as crHTN at enrollment had their diagnosis revised to spPE
and ultimately required MIDPE (Fig. 3C). Of these, 53% (9 of 17) had
urine congophilia at the initial evaluation, implying that the CRD test
may be useful for rapidly predicting spPE when this condition cannot
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Fig. 3. Diagnostic and prognostic features of urine congophilia. (A)
Scatter plots of CRR for the cross-sectional validation cohort (n = 526) by
enrollment diagnoses: nonpregnant (NP, n = 10), P-CRL (n = 18), other type
1 conditions (n = 125), other type 2 conditions (n = 37), gestational hyper-
tension (gestHTN, n = 28), crHTN (n = 63), mPE (n = 53), sPE (n = 135), and
SpPE (n = 57). Red lines mark groups’ medians. The blue dotted line marks
the 15% cutoff in CRR. (B) Proportion of pregnant subjects in the cross-
sectional validation phase cohort (n = 516) with NR-CRR values (CRR
>15%, gray portion of the bars) grouped by enrollment diagnoses. (C)
Proportion of pregnant women in the same cohort that ultimately required
MIDPE (black portion of the bars, n = 254). Hashed portions correspond to
cases lost to follow-up (n = 8). (D) Urine CRR values for the cross-sectional
validation phase cohort grouped by GA at delivery (n = 508 subjects with
known outcomes). MIDPE cases (black boxes): 20 to 24 weeks (n = 15), 25
to 27 weeks (n = 22), 28 to 33 weeks (n = 64), 34 to 36 weeks (n = 84), and
37 to 41 weeks (n = 69). Cases with outcomes deemed clinically unrelated
to PE (open boxes): <20 weeks (n = 19), 25 to 27 weeks (n = 28), 28 to 33
weeks (n = 75), 34 to 36 weeks (n = 43), and 37 to 41 weeks (n = 89). (E)
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Interval before delivery (weeks)

100-Specificity

CRR values of the longitudinal cohort (n = 55 women with known out-
comes) grouped by time intervals to delivery. MIDPE cases (black boxes,
n = 9); women who did not develop PE (open boxes, n = 46). (F) ROC
for prediction of MIDPE among pregnant subjects in the validation cohort
with known outcomes (n = 563). Each subject participated with a single
specimen (earliest available). CRR's performance was compared with that
of urine proteomics score (UPSr), soluble fms-like tyrosine kinase-1 (sFlt-1)/
placental growth factor (PIGF) ratio (known as uFP), creatinine-normalized
sFIt-1, creatinine-normalized PIGF, and protein-to-creatinine ratio (P/C ra-
tio). (A to C) Groups sharing at least one common red letter are not statis-
tically different at P > 0.05 [A: Kruskal-Wallis analysis of variance (ANOVA)
with Dunn’s post hoc tests; B and C: y? tests]. (D and E) Red lines mark
groups’ median. The limits of the box mark the 25 and 75 centiles. The
whiskers extend between 5 and 95 centiles. Asterisks note significant
differences (P < 0.05) between MIDPE and non-MIDPE groups for each pe-
riod. Daggers note significant differences from the first period within each
group (two-way ANOVA followed by Holm-Sidak tests). Exact P values are
provided in table S6.
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be diagnosed based on the current clinical criteria alone. The relation-
ship between CRR index and MIDPE in the longitudinal cohort is
presented in Fig. 3D, grouped by GA at delivery. Women who required
MIDPE had significantly higher CRR at all GA periods (two-way
ANOVA: MIDPE, P < 0.001; GA, P = 0.008; interaction, P = 0.018).
Among women managed with MIDPE, CRR levels were significantly
higher in preterm PE compared to term PE (P < 0.001). This may be
explained by the higher representation of mPE at term, which is man-
aged by MIDPE without delay, in accordance with the standard of care.
Additionally, cases with high CRR (=60%) were less represented in
women with term MIDPE compared to those requiring MIDPE at
<34 weeks (29% versus 58%, P = 0.003).

In our longitudinal cohort (Fig. 3E), women who developed PE
requiring MIDPE (n = 9, all from the high-risk enrollment group)
had significantly higher CRR before clinical manifestation of the dis-
ease (P < 0.001 for both MIDPE and interval to delivery). Seven of
nine (78%) of these women had NR-CRR values at study entry, more
than 10 weeks before clinically overt PE. This suggests that the un-
derlying mechanism of urine congophilia likely occurs early in the
asymptomatic phase and worsens progressively. Overall, four high-
risk women displayed urine congophilia at <20 weeks GA, and all
had MIDPE. All the low-risk women (n = 28) had a pregnancy course
uncomplicated by PE and term delivery, and all but one remained non-
congophilic throughout pregnancy. This one case became congophilic
in the third trimester and underwent indicated delivery for gestHTN
at term.

Among low- and high-risk women who did not develop PE, there
was no statistical difference in CRR at study entry (low risk: 3.2 £ 0.6%
versus high risk: 7.0 + 2.8%, P = 0.397).

The CRD test is a simple modality to diagnose sPE and
predict MIDPE

ROC analysis of enrollment urine samples (n = 563) from the preg-
nant women included in the validation cohort who had known preg-
nancy outcomes (cross-sectional cohort subjects not lost to follow-up:
n = 508 + longitudinal cohort subjects not lost to follow-up: n = 55)
determined that CRR alone (cutoff of >15%) had a sensitivity of
85.9% (95% CI, 81.1 to 89.9), specificity of 85.0% (95% CI, 80.4 to
88.8), positive likelihood ratio (LR) of 5.7 (95% CI, 4.4 to 7.5), and
negative LR of 0.17 (95% CI, 0.1 to 0.2) in predicting PE requiring
MIDPE (table S3). This was significantly better compared to the cur-
rently recognized clinical screening criteria for diagnosis of PE (CRR
versus blood pressure: P < 0.001; CRR versus protein dipstick: P < 0.001).
CRR had additive value to both systolic and diastolic blood pressures
(P < 0.001). CRR alone performed significantly better than the com-
bination of blood pressure and proteinuria based on the recommended
cutoffs of both American College of Obstetricians and Gynecologists
(P =0.004) (2) and WHO (P < 0.001) (2I). The association of CRR
with MIDPE remained significant after controlling for GA and mater-
nal demographic characteristics in multiple logistic regression [NR-CRR
odds ratio (95% CI), 30.6 (18.9 to 49.6); GA odds ratio, 3.3 (2.0 to 5.4)].
Maternal age, race, and parity were excluded from the model on the
basis of P > 0.1.

Next, we analyzed the group of women who completed 24-hour
urine protein collections (gold standard for proteinuria of PE, n = 250).
We found a significant correlation between CRR and 24-hour protein-
uria (r = 0.788, P < 0.001). Of the women with 24-hour proteinuria
(=300 mg/24 hours) that required MIDPE, 94% (148 of 158) had

www.ScienceTranslationalMedicine.org

CRR >15%, and 82% (129 of 158) had CRR >30% (fig. S1). We further
noted that a number of PE cases deemed “atypical” (n = 40) based on
the absence of either proteinuria or hypertension displayed urine
congophilia. Of the nonproteinuric atypical cases, 58% (23 of 40) were
congophilic at the time of first evaluation, suggesting the potential
clinical usefulness of the CRD test in such clinical circumstances.
All 23 congophilic women with “atypical PE” had a medically indi-
cated delivery. In 21 cases, the delivery indication was sPE with atypical
presentation. In the remaining two cases, the indication for delivery
was documented as abnormal fetal heart rate tracing.

CRR performed significantly better than urine sFlt-1/PIGF ratio (22)
(z statistic = 4.5, P < 0.001), creatinine-normalized urine sFlt-1 concen-
tration (z statistic = 6.8, P < 0.001), creatinine-normalized urine PIGF
concentration (z statistic = 9.2, P < 0.001), and P/C ratio (z statistic =
13.9, P < 0.001) (Fig. 3F). CRR had similar performance in predicting
MIDPE with our previously described UPSr (z statistic = 0.4, P =
0.695) (10). The proteomics score was the strongest predictor of urine
congophilia among women who required MIDPE, independent of GA
or total proteinuria or albuminuria (P < 0.001). This finding con-
curred with the previous observation that several peptide fragment
biomarkers of the UPSr have a high misfolding potential (10).

Urine congophilia associates with immunoreactivity for
oligomeric epitopes of prototype misfolded proteins

We used three quaternary structure antibodies previously validated to
identify mutually exclusive epitopes of known amyloidogenic proteins
(14). The A11 polyclonal antibody detects generic, sequence-independent
conformational epitopes on cytotoxic PFOs that appear to be antipar-
allel B sheet structures, including B barrels and B cylindrins (23-26).
The 0 APF polyclonal antibody recognizes generic, sequence-independent
epitopes on APF conformations that appear to be B barrels and are
more mature and thus less cytotoxic than generic PFOs (13). The OC
antibody detects parallel, in-register fibril conformations of mature fi-
brils and soluble fibrillar oligomers (15). We performed protein-normalized
dot blots on a subset of 234 consecutive urine specimens from P-CRL
(n =57), ccHIN (n = 16), mPE (n = 33), and sPE (n = 128) women. We
found higher A1l immunoreactivity in sPE compared to P-CRLs and
crHTN women (P < 0.001, Fig. 4A). Compared to P-CRL and ctHTN,
both sPE and mPE women had significantly elevated urine immuno-
reactivity for aAPF at enrollment (sPE: P < 0.001 and P = 0.021, re-
spectively; mPE: P = 0.004 and P = 0.035, respectively; Fig. 4B). As
shown in Fig. 4C, we noted heterogeneity in A1l and o APF immu-
noreactivity, with some specimens (S3 and S4) reacting equally to both
antibodies, and others (S2) predominantly to one. These results can be
explained by recent findings suggesting a role for PFOs as precursors
for APF formation (14). The OC antibody had no detectable reactivity.
Collectively, these results indicated the presence of both PFOs and
APPFs, but not fibrillar oligomers or mature fibrils in the urine of wom-
en with PE. However, not all sSPE women with urine congophilia dis-
played detectable APF or PFO immunoreactivity. Figure 4D displays a
3D plot of the A1l and o APF immunoreactivity along with congophilia
measurement for each urine specimen included in our analysis. Whereas
most non-MIDPE samples (n = 73, green circles) clustered together
close to the graph’s origin, the MIDPE specimens (n = 161, red squares)
scattered substantially along the three axes, illustrating the large het-
erogeneity among urine PFO, APF, and congophilia. Within the MIDPE
group, CRR correlated significantly with PFO (r = 0.268, P < 0.001)
but not APF immunoreactivity (r = 0.128, P = 0.106). The selective
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Fig. 4. Urine oligomeric immunoreactivity and relationship with PE severity. (A to C) Urine samples
of P-CRL subjects (n = 57) and of women with crHTN (n = 16), mPE (n = 33), or sPE (n = 128) were tested
by immuno-dot blots for the presence and amounts of PFOs (detected by A11 antibody: A and C), APFs
(detected by aAPF antibody: B and C), and mature fibrils (detected by the OC antibody: C). Cases were
selected consecutively from the feasibility and cross-sectional validation phases on the basis of both en-
rollment and outcome criteria: no MIDPE for P-CRL and crHTN groups and MIDPE for mPE and sPE. (C)
Immuno-dot blots from representative P-CRL (S1: dots 1 and 2) and sPE subjects (S2: dots 3 and 4, S3: dots
5 and 6, S4: dots 7 and 8) showing the presence of PFOs (reactivity for A11 antibody: S2 > S1 > S3) and
APFs (reactivity for aAPF antibody: S2 > S3 > S1) in sPE urine. The OC antibody did not detect fibril im-
munoreactivity above the nonspecific level of rabbit immunoglobulin G (IgG). (D) Three-dimensional (3D)
plot of urine congophilia (x axis), PFO (y axis), and APF immunoreactivities (z axis). MIDPE cases: red
squares (n = 161); non-MIDPE cases: green circles (n = 73). (A and B) Groups sharing at least one common
red letter are not statistically different at P > 0.05 (data presented as means and SEM, one-way ANOVA).
Exact P values are provided in table S6. OD, optical density.

birefringent particles (see inset) were ob-
served. At transmission electron micros-
copy (TEM,; Fig. 5, B and C), the particles
appeared as fibrillar arborescent confor-
mations tangled together in larger elec-
trodense structures. These structures were
absent in P-CRL specimens processed and
imaged in parallel (Fig. 5D). Negative stain
TEM (Fig. 5, E and F) showed the mono-
fibrils as elongated filaments of ~50- to
60-nm diameter with smooth, rounded ends
(asterisks). Except for the thicker diame-
ter, this overall microscopic appearance of
the congophilic precipitate from sPE urine
closely resembled that of fibrils extracted
from amyloid-laden tissues stained with
CR (27, 28).

Immunologic and proteomic
analysis of congophilic material in
PE urine reveals a heterogeneous
protein component

The term “misfoldome” has recently emerged
to describe any collection of misfolded
proteins (29). In our previous proteomics
study (10), we found that discriminatory
biomarkers of the UPSr represented non-
random cleavage fragments of SERPINA1
and albumin. Because it was specifically
SERPINAT’s known propensity to aggre-
gate that led us to think about protein mis-
folding in PE, the next logical step was to
search for footprints of SERPINA1 and
albumin in urine congophilic material.
Figure 5G (left panel) shows a represent-
ative SERPINA1 Western blot of two sPE
urine samples (lanes Ul and U2) and
their corresponding CR precipitate (lanes
P1 and P2). As shown, the CR pellet was
remarkably enriched in SERPINAI im-
munoreactivity, with the ladder pattern
indicating the predominance of SERPINA1
fragments compared to the intact precur-

correlation of CRR with PFO remained significant (P = 0.002) after
adjustment for GA and total proteinuria (urine P/C ratio) in multiple
regression. Compared to women with absent urine PFO immuno-
reactivity, patients who tested positive had significantly higher systolic
(P =0.002) and diastolic (P = 0.020) blood pressures, and more severe
clinical manifestations of the hypertensive syndrome (P < 0.001).
These analyses remained significant after correction for GA and pro-
teinuria (systolic blood pressure, P = 0.001; diastolic blood pressure, P =
0.027; clinical manifestations, P = 0.003).

Congophilic material isolated from PE urine contains fibrillar
nanoscale structures with amyloid-like microscopic features
We developed a protocol for CR-assisted precipitation of urine sam-
ples to further characterize the congophilia of PE. When the sPE pre-
cipitate was visualized by polarized microscopy (Fig. 5A), green
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sor (expected mass ~57 kD, blue arrow). A nonspecific Coomassie
stain of the same samples (Fig. 5G, right panel) illustrated that the
process of CR-assisted precipitation results in a change in banding pat-
tern, implying that only some peptides in sPE urine have CR affinity,
and SERPINAL fragments are part of this family. Figure 5H (left pan-
el) is a representative Western blot for albumin, which illustrates an
sPE urine sample before (U1) and after (P1) CR-assisted precipitation.
As shown, the intact albumin precursor (expected mass ~67 kD, blue
arrow) and higher-molecular weight aggregates appeared predomi-
nant relative to albumin fragments. These experiments confirmed that
CR precipitates from sPE urine have a protein component, which, al-
though heterogeneous, does not appear random. The protein component
was further validated by TEM immunolabeling with anti-SERPINA1
(Fig. 5I) and anti-albumin (Fig. 5]) antibodies. The pattern observed
at double immuno-TEM (Fig. 5K) indicated that SERPINA1 coexists
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Fig. 5. Microscopic and immunoreactive features of congophilic ag-
gregates isolated from urine of women with sPE. (A to C) Congophilic
precipitate from representative sPE urine specimens imaged in polarized
light (A) or by TEM (B and C). (D) A urine specimen from a normal pregnant
woman (P-CRL) processed identically is shown for comparison. (E and F)
TEM imaging of aggregates after negative staining with uranyl acetate.
The edges and dumbbell-shaped tip of a typical fibril are marked by the
arrows and asterisks, respectively. SDS—polyacrylamide gel electrophoresis
of representative sPE urine specimens (U1 and U2) and their respective
CR-assisted precipitates (P1 and P2). (G and H) Gels were either electro-
blotted to nitrocellulose membranes (G: lanes 1 to 5 and H: lanes 11 to
16) or stained for total proteins with Coomassie blue (G: lanes 6 to 10).

with albumin in the CR precipitates, which supports the idea of
heterologous coaggregation.

To determine what other proteins may be represented in CR pre-
cipitate, we applied proteomics techniques to select sPE cases (n = 4)
from the feasibility cohort. In addition to blood pressure and pro-
teinuria, these cases presented with at least two of the following: ec-
lampsia (n = 2), diaphoresis (n = 1), hemolysis, elevated liver enzymes,
and low platelet count syndrome (n = 2) and/or IUGR (n = 2). Aside
from SERPINAI and albumin, which were confirmed by liquid
chromatography-tandem mass spectrometry (LC-MS/MS), other rep-
resented identities were IgG k-free light chain (xFLC), ceruloplasmin,
and interferon-inducible protein 6-16 (IFI6 also known as G1P3) (table
$4). These identities were validated by Western blotting of CR pre-
cipitates prepared from women in the validation cohort, selected on
the basis of availability of sufficient sample volume (n = 60). Repre-
sentative confirmatory Western blots for kFLC (expected electropho-
retic mass ~25 to 30 kD), ceruloplasmin (~150 kD), G1P3 (~30 kD),
SERPINA1 (~57 kD), and albumin (~67 kD) in urine CR precipitates
from three women with preterm sPE are shown in fig. S2. Collectively,
these results suggest that the congophilic material of sPE women con-
tains proteoforms derived from fragments and/or aggregates of mul-
tiple proteins. Moreover, the congophilic aggregates from sPE patients
share a nonrandom pattern of immunoreactive proteoforms from at
least five different proteins. kFLC, ceruloplasmin, and G1P3 had their
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Nitrocellulose membranes were probed with polyclonal antibodies against
SERPINA1 (G: lanes 2 to 5) and albumin (H: lanes 12 and 13) or with rabbit
I9G (G: lanes 15 and 16). M, molecular weight marker. Blue arrowheads
mark the position expected for the nonaggregated intact SERPINA1 (G)
and albumin (H), respectively. Antibody-specific bands resolved above the
mass marked by the blue arrow represent SDS-resistant aggregates of
SERPINAT1 (G: lane 5) and albumin (H: lanes 12 and 13). Red arrowheads mark
the position of CR dye, which detaches from the protein aggregates in
reducing conditions. The blots were detected colorimetrically with 3,3,5,5-
tetramethylbenzidine (TMB). (I and J) TEM imaging of sPE CR aggregates
after immunogold labeling of SERPINA1 (1) or albumin (J). (K) Double immu-
nogold labeling for albumin (5-nm particles) and SERPINA1 (10-nm particles).

most predominant immunoreactive band at the expected molecular
size of the intact protein, which supports their intrinsic aggregation
propensity even in the nonfragmented state.

Unlike «FLC and ceruloplasmin, which have been previously re-
ported to undergo pathologic aggregation with relevance for several
human conformational disorders (30-32), G1P3 has not been previ-
ously investigated for participation in amyloid structures. We performed
an in silico analysis of the amyloidogenic potential for the three G1P3
isoforms resulting from alternative splicing (33, 34). Within the G1P3
sequence, we noted an unusually high number of aggregation-prone
segments (“hot spots”) (35). The AGGRESCAN algorithm predicted
that G1P3 has an aggregation propensity that exceeds that of AB,,, with
the shortest isoform (G1P3a) being the most amyloidogenic (Na4vSS:
G1P3a: 13.6 versus ABy,: 6.4; fig. S3 and table S5) (36).

PE urine contains aggregated APP proteoforms
It is well known that fibrillar amyloid proteins are resistant to prote-
olysis by trypsin (37). This led us to consider the possibility that our
proteomics approach, which relied on fingerprinting of tryptic cleav-
age peptides, might have missed important proteins, such as APP, in
the urine congophilic material.

APP is a ubiquitously expressed protein with three main isoforms
(APP770, APP751, and APP695) generated through alternative splicing
of the APP gene (38, 39). In the normal metabolic pathway, APP is
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first cleaved by o-secretase, rather than B-secretases, to release a solu-
ble N-terminal fragment (sAPPa) (40). The cleaved sAPPa is non-
amyloidogenic and functions as a growth factor promoting cell survival,
proliferation, and migration (41). However, cleavage of APP by B-secretase
and subsequently by A-secretase (Fig. 6A) releases the short Ap pep-
tide, which is a major constituent of congophilic senile plaques (38, 39).
Because of its high propensity for oligomerization and self-assembly, A
has direct pathological roles in inducing oxidative stress and neurode-
generation linked to Alzheimer’s disease (40, 42).

On the basis of the above knowledge, we searched for APP frag-
ments in the CR precipitate of urine samples retrieved from women
with sPE. We performed Western blotting with the ALZ90 monoclo-

nal antibody, which recognizes residues 511 to 608 in a domain spe-
cific to APP (43, 44), to demonstrate the presence of APP fragments
(Fig. 6B, lanes P1 to P3) in these samples. The most conspicuous
bands migrated between 60 and 90 kD, with a consistent banding pat-
tern among sPE cases. This pattern was either absent or modified in
spPE cases (P4 to P7), which supports the pathogenic difference be-
tween these two clinically overlapping syndromes associated with
pregnancy. Because all samples shown in Fig. 6B had NR-CRR levels,
we propose that urine congophilia may constitute a collection of mis-
folded proteins that includes APP fragments.

We next investigated by Western blot the presence of APP frag-
ments in crude urine specimens of healthy P-CRL (n = 8) and sPE
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Fig. 6. APP proteoforms in urine of women with sPE. (A) Diagram showing the functional domains of
APP, major sites of proteolytic cleavage by APP secretases (a, B, and y), and relative position of the epi-
topes recognized by the monoclonal antibodies used in this study. The Ox2 and Kunitz protease inhibitor
(KPl) domains are present in longer forms of APP. AB is a proteolytic fragment of APP released through
action of B- and y-secretases. (B) Western blot of congophilic precipitates isolated from urine of women with
early-onset sPE (P1 to P3) or with PE (spPE) superimposed on either crHTN (P4 and P5) or chronic nephrop-
athy (P6 and P7). (C) Western blots for APP immunoreactivity in crude urine samples of preterm women
with uncomplicated pregnancies (P-CRL: U1 and U2) and women with early-onset sPE (U3 to U8). Identical
membranes were probed with two antibodies binding to the AR sequence: ALZ90 and DE2B4. (D) Al-
bumin cross-reactivity was ruled out by the negative reaction with human albumin [purified (pHA) and
recombinant albumin (rHA)]. Positive reactivity was seen with Alzheimer’s brain homogenate (B+) and
sPE urine (sample U4 shown). (E and F) Western blots for APP proteoforms demonstrated with C terminus
and KPI domain anti-APP antibodies. The blue arrowhead marks the expected position of sAPP (~120 kD).
Immature sAPP forms are expected to have faster mobility (asterisk). An identical blot was probed with
isotype mouse IgG.
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(n = 16) women, with well-characterized
monoclonal antibodies raised against an
array of epitopes on the APP sequence:
ALZ90, DE2B4 (reactive with an epitope
within residues 1 to 17 of the AP region),
22Cl11 (reactive with an N-terminal epi-
tope of APP, sAPP, and the structurally re-
lated protein APLP-2) (43), and MAB5354
(reactive with an epitope in the KPI do-
main) (45). In Fig. 6C, we show that simi-
lar to the CR precipitate, crude sPE urine
specimens (U3 to U8) exhibited intense
ALZ90 immunoreactivity. DE2B4 detected
a similar immunoreactivity pattern with
ALZ90, albeit of lower intensity. Because
the nonspecific cross-reactivity of human
albumin with the two anti-APP mono-
clonal antibodies was ruled out (Fig. 6D,
shown for DE2B4), the likeliest expla-
nation for the banding pattern revealed
by ALZ90 and DE2B4 in sPE urine was
APP fragmentation and/or coaggregation
of APP fragments with other proteins.
The latter possibility was substantiated
by the decrease in intensity of the prom-
inent 64-kD band upon treatment of sPE
urine with Cibacron blue, a protein bind-
ing dye with high affinity for albumin
(fig. S4, A and B). The 22C11 antibody
(Fig. 6E) detected immunoreactive urine
proteins in both P-CRL (U1 and U2) and
sPE (U3 to U8) at the expected molecular
weight for mature SAPP (~130 kD, blue
arrow). Yet, sPE urine contained an addi-
tional band (~110 kD, asterisk), likely rep-
resenting immature sAPP (41). Some sPE
women with intense ALZ90 and DE2B4
immunoreactivity (lanes U3, U7, and U8)
had less prominent 22C11 sAPP bands.
We used an enzyme-linked immunosorbent
assay (ELISA) that detects total N-terminal
cleaved sAPP to confirm the presence of
APP proteoforms in urine and serum of
both P-CRL and sPE women. sPE women
(n = 66) had higher fractional excretion
of sSAPP compared to P-CRLs (n = 44)
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(fig. S5A, P = 0.032), associated with lower serum sAPP concentration
(fig. S5B, P = 0.009).

sAPP isoforms containing the KPI domain (APP770 and APP751)
function as anti-proteases and are generically referred to as protease
nexin-II (APP-KPI/PN2) (46). Similar to SERPINA1, APP-KPI/PN2
potently inhibits serine proteases, including trypsin and coagulation
factors acting as suicide substrates (46). Fragments of APP-KPI/PN2
that include the KPI domain are highly amyloidogenic (47, 48). Figure
6F demonstrates that urine specimens of sPE women contain an APP
fragment (~47 kD) specifically detected by the MAB5354 (KPI domain)
antibody. However, compared to DE2B4, MAB5354 immunoreactivity
and hence the contribution of APP751 isoform appeared to be small
(fig. S6, A and B). In summary, mature sSAPP proteoforms are normal
urine constituents in healthy pregnancies. The relatively low serum sAPP,
higher fractional excretion, and high amount of fragmented APP proteo-
forms in sPE urine point to a possible derangement in the APP proteolytic
processing pathway in sPE.

Human placenta expresses mRNA for APP and for prototype
a-, B-, and y-secretases

Placenta is central to the pathophysiology of PE. Because cellular pro-
cessing of APP is a well-characterized sequence of enzymatic cleav-
ages, we investigated the placental mRNA expression of total APP

and of prototype APP-processing enzymes: o-secretases (ADAM10
and ADAM17), B-secretases (BACE1 and BACE2), and y-secretases
(PSEN1 and PSEN2). By quantitative real-time polymerase chain re-
action, we determined that the human placenta expresses mRNA for
APP and for a-, B-, and y-secretases, with higher expression preterm
versus term for APP, ADAM10, ADAM17, BACE2, PSEN1, and
PSEN2 (Fig. 7, A to D). The relative abundance of the a-secretase
ADAMI0 was significantly higher than that of ADAM17, both pre-
term (P = 0.001) and term (P = 0.009, Fig. 7B). The amplification signal
for the B-secretase BACE1 was only weakly detected in both preterm
and term placenta. This was in contrast to BACE2, which was expressed
at significantly higher levels, especially in preterm placenta (P < 0.001
versus term, Fig. 7C). Compared to o- and B-secretases, y-secretases
had overall lower mRNA expression. The mRNA for PSEN1 was signif-
icantly higher compared to that of PSEN2 in preterm (P = 0.007), but
not in term, placentas (P = 0.209), where both y-secretases were expressed
at low amounts (Fig. 7D). The villous trophoblast mRNA content of
ADAMIO0 (P < 0.001) and BACE2 (P < 0.001) was significantly higher in
SPE compared to GA-matched placental tissues of women with idiopathic
preterm birth (iPTB) (Fig. 7E). A comparison among the same groups
showed decreased BACE1 mRNA levels in sPE (P = 0.021, Fig. 7E). No
significant changes in the mRNA expression were noted for ADAM17,
PSEN1, PSEN2, or APP (P > 0.05 for all) (Fig. 7F).
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Fig. 7. mRNA expression of APP and prototype APP-processing en-
zymes in human placenta. (A) mRNA expression of APP in placental
villous tissue of non-preeclamptic preterm (iPTB, n = 8) and term (elec-
tive C-section, n = 5) pregnancies. The primer and probe pair did not dis-
criminate among APP transcript variants. (B to D) Relative mRNA amounts
of prototype enzymes involved in APP metabolism: (B) o-secretases
(ADAM10 and ADAM17), (C) B-secretases (BACE1 and BACE2), and (D)
y-secretases [presenilin-1 (PSEN1) and presenilin-2 (PSEN2)]. AC; values
were reported relative to expression of the housekeeping genes (HKG)
-2 microglobulin and ribosomal protein L30 (A to D). (E) Relative quan-
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titation (RQ) of transcripts found differentially expressed between placen-
tal villous tissues of pregnancies complicated by iPTB (n = 8) or early-
onset sPE (n = 8). (F) Relative quantitation of transcripts found statistically
unchanged. AAC; values were reported relative to a reference placental
RNA pool (E and F). Statistical comparisons were performed among
groups on each graph. Groups sharing at least one common red letter
are not statistically different at P > 0.05. Data are presented as means
and SEM (A, E, and F: t tests; B to D: two-way ANOVA followed by
Holm-Sidak tests to adjust for multiple comparisons). Exact P values are
provided in table S6.
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sPE associates with placental
deposition of amyloid-like
ALZ90-positive aggregates
We identified intense 22C11 (N termi-
nus) APP immunoreactivity in the basal
plate and chorionic villi of iPTB pla-
centas (Fig. 8A). Decidual cells stained
more intensely than extravillous tropho-
blasts, whereas in the placental villi, en-
dothelial cells (Fig. 84, inset, open head
arrows) and cytotrophoblasts (closed head
arrows) stained more conspicuously than
the surrounding stroma. There were nota-
ble differences in 22Cl11 staining patterns
between sPE and iPTB placentas. In sPE,
decidual cells stained positive at almost the
same intensity compared to iPTB, but the
distribution of the 22C11 decidual cells
was more scattered and had a distorted
morphology (Fig. 8B). Intense staining of
acellular filamentous aggregates was ob-
served in the maternal intervillous spaces
on sPE sections (Fig. 8B, inset, arrowhead).
The pattern of ALZ90 antibody staining
(specific for AP amyloid plaques) (43, 44)
was different from that observed with 22C11.
ALZ90-positive areas were scarce in pre-
term iPTB tissues, and when present, they
localized more often to the decidua (Fig. 8C)
rather than to placental villi, where histolog-
ical immunoreactivity was virtually absent
(Fig. 8C, inset). Conversely, in sPE placentas,
ALZ90 staining was more prominent in
both the basal plate (Fig. 8D) and villous
areas (Fig. 8E), giving an overall piecemeal
appearance of the placenta. ALZ90 posi-
tivity localized to punctate (Fig. 8E, inset)
or flaky acellular material aggregated into
plaques (Fig. 8F). ALZ90-positive plaques
were more frequently observed in areas af-
fected by fibrinoid-like degeneration. Still,
not all fibrinoid-like material was ALZ90-
positive. At H&E staining, the ALZ90-positive
material had a characteristic purple protein-
aceous appearance different from the sur-
rounding eosinophilic fibrinoid (Fig. 8G).
Incubation with mouse IgG confirmed stain-
ing specificity (Fig. 8H). The ALZ90-positive
endovascular material was immunoreactive
for G1P3 and frequently noted in areas tra-
ditionally described morphologically as pla-
cental calcifications, which we confirmed
by alizarin S staining (fig. S7).
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Fig. 8. Immunolocalization of APP and prototype APP-processing enzymes in human placenta. (A
to E) Representative photomicrographs of APP immunostaining using either the 22C11 (N terminus of
APP) antibody or ALZ90 (epitope spans into the A domain) in placental villous tissue from pregnancies
complicated by either iPTB (A and C) or medically indicated PTB for sPE (B, D, and E). Note the differences
in staining pattern with the two antibodies within the decidua (dec), extravillous trophoblasts (evt), and
villous portion of the placenta (villi). Scale bars, 200 um (large panels) or 50 um (insets). (F to H) Serial
sections from a representative case of sPE with intrauterine growth restriction (IUGR) illustrating protein-
aceous aggregates resembling amyloid plaques. APP immunostaining with ALZ90 antibody (F), hematoxylin
and eosin (H&E) (G), and isotype mouse IgG as negative control (H). Scale bars, 100 um. (I to L) Photo-
micrographs representative of immunostaining for secretases found up-regulated at the mRNA level in
sPE compared to iPTB placentas (ADAM10: | and J; BACE2: K and L). (M to P) Photomicrographs repre-
sentative of immunostaining for secretases involved in AB generation (BACE1: M and N; PSEN1: O and P) in
iPTB (M and O) and sPE (N and P) placentas. Scale bars, 200 um (large panels) or 50 um (insets). Note the
difference in villous immunostaining for BACET and overall staining intensity for PSENT.

Human placenta expresses immunoreactivity

for prototype a-, B-, and y-secretases
Compared to iPTB placentas, sPE placentas expressed more ADAM10
(P =0.017; Fig. 8, I and J) and BACE2 (P = 0.007; Fig. 8, K and L). In

sPE, villous ADAM10 immunoreactivity localized predominantly to
cytotrophoblasts (Fig. 8], inset), whereas the B-secretase BACE2 was
more ubiquitously expressed among the placental cell populations,
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including villous cytotrophoblasts, syncytiotrophoblast, and villous
stromal cells (Fig. 8L, inset). Human placenta was found to display
positive immunostaining for BACEL. In iPTB placentas, decidual cells
and cytotrophoblasts showed most of the positive BACE1 staining
(Fig. 8M). A change in BACEI expression pattern was observed in
sPE villi, with prominent BACEI presence in the syncytiotrophoblast
layer that appeared to surround the edge of the villi (Fig. 8N, inset).
sPE placentas showed regional differences in BACE1 staining intensity
(fig. S8). Areas in proximity of placental infarcts were observed to have
the most marked syncytiotrophoblast staining. With respect to the
y-secretase PSEN1, iPTB placenta had virtually absent staining in
villous cytotrophoblasts or syncytiotrophoblast (Fig. 80, inset). Con-
versely, the sPE syncytiotrophoblast showed notable staining for
PSENI1 (P = 0.038; Fig. 8P, inset), which together with BACEI repre-
sent two key enzymes involved in APP processing via the amyloido-
genic pathway.

DISCUSSION

On the basis of its low prevalence in the general population and
limited knowledge on etiology, PE is categorized as a rare “orphan
disease” (49). Yet, PE is a feared complication of pregnancy. Key chal-
lenges for identification of effective therapies for PE are discovery of
the factors responsible for hypertension, proteinuria, and late lifetime
cardiovascular complications (50). An important factor hindering re-
search progress in PE is that the pathophysiologic process leading to
hypertension and proteinuria is believed to begin long before clinical
manifestations of the disease. In the absence of a gold standard diag-
nostic test that identifies the pathophysiologic process in its incipient
phase, it is difficult to know with certainty which patient harbors la-
tent PE. Moreover, because clinical signs and symptoms of PE are
nonspecific, it is likely that PE is a reflection of a larger spectrum of
hypertensive and/or proteinuric disorders empirically placed under
the same syndromic umbrella (3, 51). Last, although placenta is known
to play a central pathophysiologic role in PE, a clear correlation be-
tween placental lesions and disease severity cannot be established (52).
Thus, one can never be certain whether the disease has or has not
commenced.

We previously reported that PE women excrete nonrandom frag-
ments of SERPINA1 and albumin (10). The presence of aggregated
SERPINA1 proteoforms was also identified in the placenta of sPE
women (10). Consistent with the observation that urine SERPINA1
fragments have the propensity to misfold and aggregate supramolecu-
larly (11), we extended our studies to explore the hypothesis that PE
reflects a sum of pathological effects associated with the above two
processes. In the present investigation, our first step was to investigate
whether PE women exhibit urine congophilia. This feature is a well-
recognized marker of protein instability and misfolding (20) and has
been widely used as a postmortem histologic indicator of AB deposits
in Alzheimer’s brain (53). Although the mechanism of CR binding to
the amyloid fibril surface is not fully understood, it is known that this
phenomenon is reliant on the B sheet conformation of the amyloid
structure (20, 54). This structural arrangement allows the perfectly pla-
nar CR molecule to intercalate between the grooves of B sheets, where
electrostatic or hydrophobic interactions irreversibly stabilize it (54).
As shown, retention of CR by urine proteins and the increased fluo-
rescence and spectral shift of the urine aggregates strengthens the ar-
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gument that in PE, urine CR dye binds to proteins that are unfolded,
are misfolded, and/or have amyloid-like characteristics. We also used
conformational state—dependent antibodies to show that most urine
specimens from sPE cases contain more PFOs and APFs, as deter-
mined by All and o APF immunoreactivities, as compared to fibrils
detected by the OC antibody. Soluble, immature amyloid oligomers
from different amyloid-forming sequences are increasingly recognized
as the primary toxic species responsible for disease pathogenesis (13).
The PE phenotype could be therefore the result of the presence of sol-
uble and highly cytotoxic oligomeric assemblies to which, at least in
part, the clinical heterogeneity of PE may be linked.

The translational relevance of our research is that urine congo-
philia could serve as a rapid diagnostic and prognostic marker for PE.
Our analysis demonstrated that assessment of urine congophilia with
the CRD test performs better at predicting MIDPE than the current
clinical protocols for rapid assessment of proteinuria (dipstick). These
observations have immediate clinical applicability, because rapidly as-
sessing proteinuria may avoid a missed opportunity to prevent PE-
related maternal mortality in low-resource settings, which is where most
PE-related deaths occur (55). Urine dipsticks are not readily available
in many developing countries and are associated with false-positive
and false-negative results (56). Our data provide additional explana-
tion for the poor performance of dipsticks and 24-hour urine protein-
uria alone in estimating maternal complications in women with PE
(57). The dipsticKk’s colorimetric reagent (tetrabromophenol blue) de-
tects only a fraction of the proteins excreted in PE urine. Two com-
ponents identified in the congophilic precipitate extracted from PE
urine (kFLC and fragmented albumin) are notorious in their zero dip-
stick reaction (58). kFLCs are also known to aggregate in a nonlinear
fashion subsequent to chemical denaturation (58), which is frequently
the process used for clinical assessment of proteinuria in 24-hour
urine collections by turbidimetry (including in our clinical setting).
Therefore, both the dipstick and turbidimetric methods may under-
estimate the extent of proteinuria and render a false-negative diagnosis
for PE. We do not suggest that CRD test should replace the 24-hour
urine protein collection as the gold standard for assessment of protein-
uria when such test is available or able to be completed. However,
both currently used laboratory methods for estimation of proteinuria
are unable to provide important qualitative information on misfolded
proteins, which, on the basis of our findings, may be a process more
closely related to the pathophysiology of PE compared to total pro-
teinuria. All the above may explain why the CRD test was superior to
the dipstick at predicting MIDPE and why some women with 24-hour
proteinuria below the PE cutoff displayed NR-CRR tests.

An important consideration is that the predictive values reported
for the validation cohort in this study are specific to the population
targeted for enrollment (consecutive patients presenting at an academic
referral hospital in the United States) and would not necessarily be ap-
plicable to different populations of women or to health care settings
with different obstetric standards for MIDPE.

It is well recognized that blood pressure and/or proteinuria are
not ideal tests to discriminate PE and its phenotypic variants from
pregnancy-associated hypertensive conditions with different etiology
than PE. The CRD test proved valuable for discriminating spPE from
uncontrolled crHTN. In addition, several nonproteinuric atypical PE
cases displayed NR-CRR. This suggests that at least some cases deemed
atypical share a common pathophysiology with traditional PE. Finally,
the CRD test had better predictive value for PE compared to P/C ratio,
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urine angiogenic factors sFlt-1 and PIGF, and their ratio. The CRD
test performed equally well with the urine proteomics analysis, likely
because the process of protein fragmentation and misfolding in PE are
mechanistically related.

In our longitudinal cohort, most women who eventually developed
PE displayed NR-CRR values weeks before clinically overt PE. Some
patients had urine congophilia at a GA <20 weeks, which by definition
is the earliest gestational point when PE manifests clinically. Collec-
tively, these observations imply that the underlying mechanism leading
to urine congophilia in PE likely occurs early in the asymptomatic phase
and worsens progressively.

The urinary congophilic material of SPE women had footprints of
multiple proteins such as albumin, SERPINA1, xFLC, ceruloplasmin,
G1P3 (IFI6), and APP. Whether these proteoforms coaggregate in
the maternal circulation or in kidney remains unknown. SERPINA1,
KFLC, and APP have been detected in amyloids of various conforma-
tional diseases with different pathogenic mechanisms. The pathogenic
link among the composing proteoforms, 3D conformations, and clin-
ical manifestations of the PE syndrome requires further investigation.
Because PE is a human-specific disorder and for some of the identified
proteins (G1P3) no murine homolog exists, the task will be challeng-
ing (59).

Before this study, the expression of APP or APP-processing en-
zymes has not been investigated in either placenta or fetal membranes.
Therefore, we felt compelled to determine whether the presence of
aggregated AP is accompanied by dysregulation in APP-processing
pathways in PE. We first identified that APP mRNA was abundantly
expressed in both placenta and decidua. The elevated fractional excre-
tion of sAPP, up-regulation of major APP-processing enzymes, and
increased deposition of aggregated AP in the villous trophoblast point
to an excessively active APP-processing pathway in PE placentas. It
further suggests an insufficient or defective placental or systemic clear-
ance of misfolded proteins. Clearance mechanisms of misfolded pro-
teins are not aggregate-specific (60) and have a finite ability to eliminate
damaged proteins. Alteration of the clearance mechanisms may explain
the frequent association of the PE syndrome with preexisting conditions
characterized by increased load of misfolded proteins (diabetes, chron-
ic autoimmune, cardiovascular or renal diseases, and advanced age)
(61, 62). This indicates that such women may start pregnancy with
an inadequate protein misfolding clearing reserve.

Our data showed that among the enzymes of the secretory pathway,
ADAMI10 and BACE2 were transcriptionally up-regulated in sPE
placentas. Although BACEI and PSEN1 have been implicated in AB
generation, our study found lower placental mRNA expression for these
two enzymes. Yet, immunohistochemistry demonstrated an up-regulation
in their protein expression in PE trophoblasts. This discrepancy is not
surprising, because BACE1 expression is driven by complex transcrip-
tional and nontranscriptional mechanisms, including alternative
splicing, posttranslational modifications, cellular trafficking, and degra-
dation (63). Hence, the role of an increased histological staining of
BACEI in PE placentas warrants further investigation.

Pregnancy encompasses a short time period compared to the hu-
man life span. Within this window, the maternal organism is required
to adapt to an incredible molecular crowding created by the growing
fetus and placenta. If one considers that pregnancy-induced physio-
logic proteinuria (64) represents an adaptive mechanism to prevent
protein crowding and aggregation, the pathologic proteinuria of PE
could be viewed not only as a loss of integrity to the glomerular fil-
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tration barrier but also as an additional way to eliminate larger aggre-
gates. Studying how different mammalian species resolve the process
of pregnancy-related protein crowding may open inroads for further
understanding conformational disorders. On the basis of our findings,
targeted therapy for attenuation of protein fragmentation and aggre-
gation in women at risk for PE may arrest or prevent development of
the syndrome if administered at an early stage.

MATERIALS AND METHODS

Included in Supplementary Materials.
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