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Circulating trophoblast cell clusters for early
detection of placenta accreta spectrum disorders
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Placenta accreta spectrum (PAS) is a high-risk obstetrical condition associated with
significant morbidity and mortality. Current clinical screening modalities for PAS are not
always conclusive. Here, we report a nanostructure-embedded microchip that efficiently
enriches both single and clustered circulating trophoblasts (cTBs) from maternal blood for
detecting PAS. We discover a uniquely high prevalence of cTB-clusters in PAS and subse-
quently optimize the device to preserve the intactness of these clusters. Our feasibility study
on the enumeration of cTBs and cTB-clusters from 168 pregnant women demonstrates
excellent diagnostic performance for distinguishing PAS from non-PAS. A logistic regression
model is constructed using a training cohort and then cross-validated and tested using an
independent cohort. The combined cTB assay achieves an Area Under ROC Curve of 0.942
(throughout gestation) and 0.924 (early gestation) for distinguishing PAS from non-PAS. Our
assay holds the potential to improve current diagnostic modalities for the early detection
of PAS.
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lacenta accreta spectrum (PAS) disorders, including pla-

centa accreta, placenta increta, and placenta percreta, are

the consequences of abnormal implantation!, or aberrant
invasion and adherence of placental trophoblasts into the uterine
myometrium?. PAS is associated with significant maternal mor-
bidity because the post-delivery placenta of the fetus does not
spontaneously separate and can lead to severe hemorrhage, often
leading to an emergency hysterectomy, blood transfusion, and
intensive care unit admission®*. Safe and optimal care of preg-
nant women with PAS depends on antenatal diagnosis>®. Current
diagnostic modalities for PAS, including serum analytes, ultra-
sonography, and magnetic resonance imaging (MRI), are effective
but not always conclusive, and some options are not readily
available in low resource settings®~8. Even in specialized diag-
nostic units in the United States, around one-third® to half!? of
PAS cases remain undiagnosed during pregnancy. Thus, there is a
crucial need to develop novel technologies to improve the
antenatal diagnosis of PAS throughout gestation and several
blood-based biomarkers—such as plasma protein signatures!l,
cell-free fetal DNA and cell-free placental mRNA!2—have been
explored for this purpose. Timely detection and diagnosis of PAS
provide opportunities to improve prenatal care and minimize
maternal and neonatal morbidity by planning delivery in a ter-
tiary care center with a coordinated team. This has implications
both from the individual’s risk-stratification and from a broader
public health perspectivel3-16, The most important risk factors
for PAS are placenta previa (when the placenta implants low and
overlays the cervix) and prior cesarean deliveries!”. Given the
rising rate of cesarean deliveries, there has been a concomitant
100-fold increase in the incidences of PAS disorders since the
1950s, with a current prevalence of 1 in 500 pregnancies!S. A
noninvasive approach for the early detection of PAS is valuable to
inform providers and women of their high-risk pregnancy in all
health systems, especially in low resource and rural settings
without sub-specialists trained in ultrasound!>16:19,

Circulating trophoblasts (cTBs) are placenta-derived tropho-
blast cells, predominantly of the extra-villous trophoblast (EVT)
type, which shed into the maternal circulation during placental
implantation and development?%2l. Even though rare in num-
bers, cTBs can be enriched from the maternal circulation. We and
others have demonstrated these cells can be used for genetic
testing and potentially used as an alternative for noninvasive
prenatal testing (NIPT)20-22-25, EVT’s function is to migrate and
invade at the maternal-fetal interface for normal implantation
and placentation; however, when dysfunctional, abnormal inva-
sion occurs, it can lead to PAS!7:26. This leads to potential
increased cTBs present in the maternal circulation and a means to
detect abnormal placental invasion noninvasively. Exploring the
utility of ¢TB enumeration as noninvasive biomarkers for the
assessment of excessive EVT invasion may be a promising diag-
nostic solution to detect PAS throughout gestation.

Our group pioneered the concept of “NanoVelcro” Chips?7:28,
in which immunoaffinity agent-coated nanostructured substrates
confer improved “stickiness” to the devices, allowing for selective
capture of cTBs from pregnant women?>, as well as other types of
rare cells, e.g., circulating tumor cells (CTCs) from cancer
patients29-31,

In this work, our initial goal is to explore the use of Nano-
Velcro Chips to detect increased ¢TBs in maternal circulation as a
result of abnormal migration and invasion leading to PAS com-
pared to normal placentation. However, during a pilot study, we
discovered the presence of aggregates of cTBs in clusters, now
known as “clustered cTBs” in PAS. To best preserve the intrinsic
properties (i.e., morphology and size distribution) of cTB-clusters
while retaining the capture performance of the device, we carry
out comprehensive optimization to enable simultaneous detection

of both single and clustered c¢TBs. Using the optimized Nano-
Velcro Chips, we enumerate single and clustered cTBs, as well as
cTB-clusters in a cohort of 168 pregnant women with clinically
confirmed PAS, placenta previa and normal placentation. Control
studies are performed in 15 healthy non-pregnant female donors.
We are able to demonstrate that the counts of single and clustered
cTBs, as well as cTB-clusters in PAS are significantly higher than
those in non-PAS groups, and the combination of single and
clustered cTBs, as well as cTB-clusters can be used to distinguish
PAS from normal placentation and/or placenta previa with
excellent diagnostic performance in training, validation, and test
cohorts throughout gestation, particularly early in gestation. In
addition, the EVT origin of cITBs captured on NanoVelcro Chips
is verified by well-validated immunocytochemistry (ICC) markers
and further confirmed by the detection of trophoblast-specific
genes, including those of EVT origin, using reverse transcription
Droplet Digital polymerase chain reaction (RT-ddPCR). Enu-
meration of single and clustered cTBs, as well as cTB-clusters can
be used for the noninvasive early detection of PAS, holding great
promise to improve current diagnostic modalities for PAS
detection.

Results

Discovery of clustered cTBs in PAS using NanoVelcro Chips.
To test our hypothesis that cTB counts in maternal circulation are
elevated in PAS compared to normal placentation, we conducted
a pilot study to capture cTBs using the NanoVelcro Chip (Fig. 1a
and Supplementary Fig. 1), which is composed of two functional
components, i.e., an anti-EpCAM-grafted silicon nanowire sub-
strate (SINWS) and an overlaid PDMS chaotic mixer. Con-
ceptually, NanoVelcro Assays work analogously like Velcro™:
the target cell surfaces covered with nanoscale cell-surface com-
ponents (a.k.a., microvilli) and the substrate embedded with
nanostructures can be regarded as the upper and lower strips of
Velcro fastener, respectively. When a ¢TB contacts the substrate,
the microvilli on ¢TBs’ surfaces entangle with the nanostructures
on the NanoVelcro Chips, introducing increased surface contact
areas to facilitate immunoaffinity-mediated ¢TB capture. Fol-
lowing the previously published procedure for preparation of
SiNWS?7, Ag nanoparticle-templated wet etching was employed
to introduce densely packed silicon nanowires with a high aspect
ratio (diameters = 100-200 nm, lengths =5-10 um) onto litho-
graphically patterned silicon wafers. N-hydroxysuccinimide/
maleimide chemistry was then adopted to covalently conjugate
streptavidin onto the surfaces of SINWS. Before cTB-capture
studies, biotinylated anti-EpCAM were grafted onto SINWS to
confer the specificity to recognize and enrich single and clustered
cTBs in blood samples. Here, NanoVelcro Chips pre-coated with
anti-EpCAM were utilized to isolate and enumerate cIBs in
pregnant women with normal placentation (n=2), placenta
previa (n=3), and PAS (n=5). A 4-color ICC protocol?> was
developed for the immunofluorescent staining of the captured
cTBs. In addition to a conventional ¢cTB marker, i.e., CK7, human
leukocyte antigen (HLA)-G—a major histocompatibility tissue-
specific antigen that is normally expressed in EVTs3233—was
used to verify the identity of the cTBs and enhance the specificity
of this assay. Fluorescence microscopy imaging was adopted to
distinguish cTBs (DAPI+/CK7+/HLA-G+/CD45-, Fig. 1b) from
background white blood cells (WBCs) (DAPI+/CK7-/HLA-G-/
CD45+) immobilized on SINWS. In pregnant women with PAS,
in addition to single cTBs, we observed a phenomenon of clus-
tered cTBs (cTBs present in the cTB-clusters, which were defined
as an aggregation of two or more cTBs). The clustered cTBs
shared similar cytomorphology and similar immuno-phenotype
with the single cTBs. In this pilot study, no clustered cTBs were
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Fig. 1 NanoVelcro Chips for detecting single and clustered circulating trophoblasts (cTBs) in placenta accreta spectrum (PAS) disorder. a Abnormal
invasion and adherence of placental trophoblasts into the uterine myometrium, classified into placenta accreta, increta, and percreta based on the severity of the
disorder. During implantation and placentation, a small number of cTBs sheds from the placenta into the maternal circulation. NanoVelcro Chip, composed of an
overlaid polydimethylsiloxane (PDMS) chaotic mixer and an anti-EpCAM-coated silicon nanowire substrates (SINWS), was adopted to capture both single and
clustered cTBs (colored in green) in maternal blood, allowing for noninvasive detection of PAS disorder. The trophoblast origin of the cTBs was confirmed by
detecting trophoblast-specific genes and immunocytochemistry (ICC) staining on the captured cTBs. b Representative micrographs of ICC staining on a single
cTB and clustered cTBs (DAPI+/CK7+/HLA-G+/CD45-) captured by NanoVelcro Chips. Blue: DAPI stained nuclei; green: FITC stained CK7; orange: TRITC
stained HLA-G; red: CY5 stained CD45. Scale bar, 10 um. Data are representatives of five independent assays.

detected in pregnant women with normal placentation or pla-
centa previa.

Optimization for isolating both single and clustered cTBs. To
best preserve the intrinsic properties (including intactness and
size distribution) of ¢TB-clusters while capturing both single and
clustered cTBs, we optimized NanoVelcro Chips according to
the general workflow depicted in Fig. 2a. Initially, we obtained
single and clustered cTBs by culturing JEG-3 cells (a trophoblast
cell line) under sphere-forming conditions®. In a typical
sphere-forming JEG-3 cell sample, the majority (67.7%) of cells
are present in the form of multidirectional clusters. For the
convenience of cell counting by fluorescence microscopy,
single and clustered JEG-3 cells in the mixture were labeled with a

3,3’-dioctadecyloxacarbocyanine perchlorate (DiO) green fluor-
escence dye. We prepared clustered cTB blood sample models by
spiking a healthy non-pregnant female donor’s peripheral blood
mononuclear cells (PBMCs) (isolated from 2-mL blood) with
single and clustered JEG-3 cells. The clustered cTB blood sample
models were run through NanoVelcro Chips, followed by the
nuclear staining with 4,6-diamidino-2-phenylindole (DAPI),
then microscopy imaging and enumerating. We first examined
how the flow rates (0.2, 0.5, 1.0, and 2.0 mLh™!) affected the
efficiencies of capturing single JEG-3 cells and JEG-3 clusters of
varying cell numbers. The data summarized in Fig. 2b suggests
that 0.5 mLh™! is the optimal flow rate with an average capture
efficiency of 94% for single JEG-3 and 93-100% for clustered
JEG-3 (of cell numbers ranging between 2 and >20). Overall, we
found that (i) NanoVelcro Chips exhibited better capture

| (2021)12:4408 | https://doi.org/10.1038/s41467-021-24627-2 | www.nature.com/naturecommunications 3


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-24627-2

a (i) A mixture of single and (ii) Clustered cTB blood sample (iii) NanoVelcro Chips for
clustered JEG-3 cells in models containing single and capturing both single and
sphere-formation culture clustered JEG-3 cells clustered JEG-3 cells
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Fig. 2 Optimization and characterization of NanoVelcro Chips for capturing single and clustered cTBs in clustered cTB blood sample models. a A
general workflow developed for optimization of NanoVelcro Chips for capturing both single and clustered JEG-3 cells. (i) A mixture of single and clustered
JEG-3 cells was prepared by culturing under a sphere-formation condition. (ii) Both single and clustered JEG-3 cells were labeled with 3,3'-
dioctadecyloxacarbocyanine perchlorate (DiO) and spiked into healthy non-pregnant female donor's peripheral blood mononuclear cells (PBMCs) to
prepare clustered cTB blood sample models. (iii) These samples were used for the optimization of NanoVelcro Chips to capture both single and clustered
JEG-3 cells. Scale bar, 50 um. b The performance of capturing single JEG-3 cells and JEG-3 clusters of varying cell numbers were studied at flow rates of
0.2, 0.5, 1.0, and 2.0 mL h~!. Data are presented as means + SD of three independent assays. ¢ Distribution of single JEG-3 cells and JEG-3 clusters along
the three microchannels of NanoVelcro Chips were studied at the optimal flow rate of 0.5 mL h~". Data are from one independent experiment. Inset: a
photograph of NanoVelcro Chip showing the connected three channels. d Side-by-side comparison of the distributions of single JEG-3 cells and JEG-3
clusters of varying cell numbers characterized before spiking and after immobilization onto NanoVelcro Chips. Data are presented as means + SD of three
independent assays. Error bars represent SD. e Representative pie charts showing the proportions of single and clustered JEG-3 cells, as well as proportions
of JEG-3 clusters of varying cell numbers, before spiking (left) and after (right) immobilization. Data are from one representative independent experiment.
f SEM images of the single JEG-3 cell (N =1) and clustered JEG-3 cells (N =2, 3, 4, and >5) captured on the SINWS of NanoVelcro Chips. Cells are colored
in green. Scale bar, 10 um. Data are representatives of three independent assays. Source data are provided in the Source data file.
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performance for larger clusters than that observed for single cells
and smaller clusters, and (ii) higher flow rates negatively impact
the overall capture performance.

NanoVelcro Chip introducing negligible perturbation to cTBs.
At the optimal flow rate of 0.5 mLh™l, we evaluated the spatial
distribution of single and clustered JEG-3 cells along the three
channels on each NanoVelcro Chip. As shown in Fig. 2¢, 59%
(367/622), 22% (139/622), and 19% (116/622) of single JEG-3
cells were captured in the first, second, and third channels,
respectively. 71% (175/248), 19% (47/248), and 10% (26/248) of
clustered JEG-3 were captured in the first, second, and third
channels, respectively. The predominant distribution in the first
two channels (81-90%) suggests that NanoVelcro Chips have
sufficient channel length to capture both single and clustered
JEG-3 cells. Finally, we studied how the capture process in
NanoVelcro Chips could perturb the intrinsic properties (ie.,
intactness and size distribution) of JEG-3 clusters. Figure 2d
shows a side-by-side comparison of the distribution of single
JEG-3 cells and JEG-3 clusters of varying cell numbers before
spiking and after immobilization onto NanoVelcro Chips. This is
also depicted in the representative pie charts in Fig. 2e. Therefore,
the distribution observed after immobilization is similar to that
before spiking, suggesting that NanoVelcro Chips introduces
negligible perturbations to the intrinsic properties of cTB-clusters.
To better elucidate how the Velcro-like operating mechanism?7-30
facilitates immunoaffinity-mediated capture of single and clus-
tered JEG-3 cells onto SINWS, scanning electron microscopy
(SEM) imaging was employed to characterize the interfaces
between single and clustered JEG-3 cells and SINWS after cap-
ture. Fig. 2f shows representative SEM images of a single JEG-3
cell (N=1) and clustered JEG-3 cells (N =2, 3, 4, and >5) cap-
tured on SINWS of NanoVelcro Chips. We observed the entan-
gled interactions between long microvilli of JEG-3 cells and
densely packed silicon nanowires on SINWS, i.e., the character-
istic “Velcro-like” interactions at the interfaces between single
and clustered JEG-3 cells and SINWS. In conclusion, NanoVelcro
Chips introduced negligible perturbations to the morphology of
single and clustered JEG-3 cells, suggesting that the Velcro-like
operating mechanism, originally developed to facilitate
immunoaffinity-mediated capture of single cTBs, can also be
effectively adopted for immunoaffinity-mediated capture of
clustered cTBs.

Single and clustered cTBs isolated from maternal blood. Using
the above optimized experimental conditions, NanoVelcro Chips
were employed to detect and enumerate single and clustered
cTBs, as well as cTB-clusters in clinical samples following
the streamlined workflow (see “Methods”). Fig. 3 depicts our
clinical study design. Among the 171 eligible pregnant women
recruited in this study, three subjects were excluded due to fetal
genetic/congenital anomalies or technical failure. We collected
blood samples from 168 pregnant women and 15 non-pregnant
women in four cohorts, (i) PAS cohort: prenatally suspected and
subsequently pathologically confirmed PAS patients (n =65,
mean age = 36 years old (yo)); (ii) placenta previa cohort: clini-
cally diagnosed placenta previa patients (n =59, mean age = 35
yo); (iii) normal placentation cohort: pregnant women with
clinically confirmed normal placentation (n =44, mean age = 37
yo); and (iv) healthy non-pregnant female donors (n =15, mean
age =29 yo). The demographic information of these cohorts is
provided in Table 1 and Supplementary Table 1. Characterization
and enumeration were performed by an investigator blinded to all
clinical information. For each blood sample, PBMCs were
obtained from 2mL of whole blood (via gradient centrifugal

depletion of red blood cells) and then processed through Nano-
Velcro Chips. After performing the 4-color ICC?? to stain DAPI,
CK7, HLA-G, and CD45, single and clustered cTBs (DAPI+/CK7
+/HLA-G+/CD45—) were identified from background WBCs
(DAPI +/CK7-/HLA-G-/CD45+) under a fluorescence micro-
scope. Representative micrographs of a single cTB, as well as
clustered c¢TBs in different sizes of cTB-clusters comprising of 2,
8, and 15 cells isolated from blood samples of pregnant women
with PAS, are shown in Fig. 4a, b. Additional images of single
cTBs, as well as clustered c¢TBs in different sizes of ¢TB-clusters,
are provided in Supplementary Fig. 2. The morphology of single
cTBs is usually round and smooth with diffuse nuclear DAPI
staining and uniform cytoplasmic CK7 staining. cTB-clusters are
characterized as an aggregation of two or more cIBs, and the
clustered cTBs are the cTBs present in a cTB-cluster. Both the
single and clustered cTBs exhibit cytoplasmic and membrane
HLA-G staining. The overall size of cTB-clusters (n = 279) ranges
from 7 pm to 210 um (Supplementary Fig. 3a, b) depending on
the configuration and numbers of ¢IBs in each cluster. The
distribution and proportion of cTB-clusters of varying numbers
of cells are summarized in Supplementary Fig. 3¢, d. Despite their
size differences, cTB-clusters are composed of small round cTBs
with a high level of homogeneity.

Single and clustered cTBs as a putative biomarker for detecting
PAS. Blood samples from a final cohort of 168 pregnant women
were subjected to NanoVelcro Chip assay and analyzed according to
the combination of single and clustered cTBs, as well as cTB-clusters.
The final cohort included 65 PAS, 59 placenta previa, and 44 normal
placentation. The enumeration results (cTB count per 2 mL of blood)
of single cTBs (blue bar) and clustered cTBs (orange bar) from each
blood sample, are summarized in Fig. 5a. Overall, single cTBs are
detected in the majority of pregnant women, with a detection rate of
98, 85, and 86% in the groups of PAS, placenta previa, and normal
placentation, respectively (Fig. 5a inset). Notably, the detection rates
of clustered cTBs (ie., cIBs present in cTB-clusters) in the PAS
group (86%) were statistically significantly higher (Chi-square test, p
<0.0001) than the placenta previa group (22%) and the normal
placentation group (14%). Of the 6 PAS samples without clustered
cTBs, 3 samples were from women with a focal accreta confirmed
intraoperatively, a less severe phenotype of PAS. This result raises the
question of the correlation between ¢TB enumeration and severity of
the disease. Therefore, we first compared the counts of single and
clustered cTBs, as well as cTB-clusters among the subtypes of PAS
(ie., accreta versus increta and percreta). Results summarized in
Supplementary Fig. 4. indicated that despite a trend showing
increased numbers of ¢TBs or cTB-clusters with more severe disease,
the comparison is not statistically significant (p > 0.05) in the current
study. cTBs were not detected in healthy non-pregnant female
donors. We then compared the counts of single and clustered cTBs,
as well as cTB-clusters among the three study groups (ie., PAS,
Previa, and Normal) in Fig. 5b-d. Significantly higher counts of
single and clustered cTBs, as well as cTB-clusters were observed in
the PAS group compared to those found in the Previa and Normal
groups, suggesting the potential role of ¢TBs and cTB-clusters in
distinguishing PAS from placenta previa, and normal placentation.
To integrate the enumeration results of single and clustered
cTBs, as well as cTB-clusters into a statistically robust prediction
model, we first screened each variable to determine if it served as
a statistically significant univariate predictor of PAS status.
Receiver operating characteristic (ROC) analysis was conducted
to assess the diagnostic performance of the single and clustered
cTBs, as well as cTB-clusters to distinguish pregnant women with
PAS from those with placenta previa and normal placentation.
ROC curves summarized in Supplementary Fig. 5. demonstrated

| (2021)12:4408 | https://doi.org/10.1038/s41467-021-24627-2 | www.nature.com/naturecommunications 5


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

Study Cohort (Los Angeles)
(n=109, GA = 6-40 weeks)

Study Cohort (Shen Zhen)
(n =62, GA = 6—40 weeks)

Exclusion (n = 3)
2 Fetal genetic/congenital anomalies
1 Failed in the chip running procedure

l—

A 4

A 4

Final Cohort (n = 168)
PAS (n = 65)
Previa (n = 59)
Normal (n = 44)

Training set (n = 117)

v

Independent Test set (n = 51)

v

| Leave-one-out cross validation |

Prediction characteristics

v

A

v

v

Inner training set Inner test set > Best Model
1 2R3N ARSI EIN 7INSIRON 10 * 114 115 116 117 1\ 2 31 4k 5
1 2IR3IRARSIRGIR 7R BIR O R109 = 14K 15K116 117\ 7)) 0
1 2R3N ASINEIN "IN SR ON 10 - (114115)116)117 11%12 131 14 151
1 2 3 4 5\ 6 ) 7 ) 8 ) 9 )10) ~ (1a)a15)a18)a17 46 47\ 48 49\ 509851
Training ) Test

Fig. 3 Clinical study design flowchart depicting the recruitment and exclusions from the study cohort. Blood samples from 109 and 62 eligible study
subjects gestational age (GA, 6-40 weeks) were collected and processed in Los Angeles, USA, and Shenzhen, China, respectively. After 3 samples were
excluded due to fetal genetic/congenital anomalies or technical failure, blood samples from a final cohort of 168 pregnant women were subjected to
NanoVelcro Chip assay and analyzed according to the combination of single and clustered cTBs, as well as cTB-clusters.

that all of single and clustered cTBs, as well as cTB-clusters met
this selection criterion. We then conducted a stepwise multi-
variate logistic regression model (Supplementary Table 2) to
combine the single and clustered cTBs, as well as cTB clusters for
differentiating PAS from non-PAS (placenta previa plus normal
placentation) followed by the leave-one-out cross validation, and
applied this logistic regression model to an independent test set
(Fig. 3). Fig. 6a—c summarizes the diagnostic performance of the
combined cTB assay for distinguishing PAS from non-PAS in the
training set, after leave-one-out cross validation, and in the
independent test set with areas under the curve (AUC) of 0.947
(sensitivity = 88.9%, specificity = 87.5%), 0.946 (sensitivity =
88.9%, specificity = 87.5%), and 0.926 (sensitivity = 90.0%,
specificity = 90.3%), respectively. We observed that the PAS
prevalence is higher in Shenzhen cohort (47.5%) than the USA
cohort (33.6%) in this study. We next calculated the positive
predictive value (PPV) and negative predictive value (NPV) for the
cTB assay in the subpopulations of USA cohort (PPV = 85.3%,
NPV =90.4%) and Shenzhen cohort (PPV=92.9%, NPV =
90.9%) as well as all cohorts (PPV = 83.8%, NPV = 92.0%). These
data are summarized in Supplementary Fig. 6.

To explore whether the cTB assay improves the prediction of
PAS if combined with ultrasound and other clinical risk factors
listed in Table 1, such as previous cesarean delivery (CD),

maternal age, maternal body mass index (BMI), in vitro
fertilization (IVF), gravidity and parity, multivariate logistic
regression analysis was used to evaluate and select significant
clinical predictors. The results showed that in addition to the cTB
assay, ultrasound is the most statistically significant contributor
associated with PAS (p <0.0001, Supplementary Table 2). We
then constructed a stepwise multivariate logistic regression model
to see if the combination of the ¢TB assay with ultrasound
improves prediction of PAS. As the comparison of ROC curves
showed in Fig. 6d, the combination of cTB assay along with
ultrasound achieved an AUC of 0.978, which outperformed the
cTB assay alone (with AUC of 0.978 versus 0.942, p = 0.0523, not
significant), or ultrasound alone (with AUC of 0.978 versus 0.866,
p <0.0001).

Both single and clustered ¢TBs can be detected throughout
gestation. The counts of single and clustered cTBs, as well as ¢cTB-
clusters based on GA for each group are displayed in
Supplementary Fig. 7. There was no statistically significant
difference between earlier GA and late GA in the counts of single
and clustered cTBs, as well as cTB-clusters in PAS and normal
placentation. The statistically significant decrease was only
observed for single cTBs in placenta previa. To explore whether
the cTB assay performs differently in varying GA, we then
conducted logistic regression models (Supplementary Table 2)
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Table 1 Clinical information for pregnant women (n =168)
enrolled in the study.

Characteristics PAS Previa Normal p value?
Total number (n) 65 59 44

Median maternal 36 (23-44) 35 (19-54) 37 (22-45) 0.8772
age (range)-yo

Pre-pregnancy 24 (16-49) 23 (17-32) 24 (19-44) 0.4858
BMIP (range)

IVFC-n (%) 0.5830
Yes 14 (21.5) 1 (18.6) 15 (34.1)

No 51 (78.5) 48 (81.4) 29 (65.9)
Gravidity-n (%) 0.0180
1 8 (12.3) 7 (11.9) 15 (34.1)

2 1 (16.9) 16 (27.1) 15 (34.1)

>3 46 (70.8) 36 (61.0) 14 (31.8)

Parity-n (%) 0.0294
0 10 (15.4) 13 (22.0) 20 (45.5)

1 26 (40.0) 19 (32.2) 21 (47.7)

>2 29 (44.6) 27 (45.8) 3(6.8)

Previous CDd- 0.0013
n (%)

0 15 (23.1) 21 (35.6) 32 (72.7)

1 30 (46.1) 20 (33.9) 11 (25.0)

>2 20 (30.8) 18 (30.5) 1(2.3)

aPAS versus non-PAS.

bBMI: body mass index (kg m=2).

CIVF: In vitro fertilization.

dCD: cesarean delivery. Comparisons are evaluated using Mann-Whitney test or the Chi-square
test. All tests are two-sided without adjustments.

and comparison of ROC analysis on the subpopulations of
pregnant women at earlier GA (<24 weeks) and late GA (=
24 weeks) to distinguish PAS from non-PAS, respectively. The
cTB assay in the subpopulations can differentiate PAS from non-
PAS regardless of GA. Again, the cTB assay can improve
prediction of PAS if combined with ultrasound in both earlier GA
and late GA. In the earlier GA population (Fig. 6e), the
combination of cTB assay along with ultrasound achieved an
AUC of 0.976, which outperformed the cTB assay alone (with
AUC of 0.976 versus 0.924, p=0.1713, not significant), or
ultrasound alone (with AUC of 0.976 versus 0.826, p =0.0015).
In the late GA population (Fig. 6f), the combination of cTB assay
along with ultrasound achieved an AUC of 0.979, which
outperformed the c¢TB assay alone (with AUC of 0.979 versus
0.961, p=0.2548, not significant), or ultrasound alone (with
AUC of 0.979 versus 0.884, p = 0.0014). These results show that
the potential of cTB assay for the detection of PAS can be used
throughout gestation, and the cTB assay is also reproducible in
tight GA windows of both earlier GA and late GA.

In this study, the numbers of single (p =0.0103, r;,=0.197)
and clustered ¢TBs (p=0.0151, r,=0.187), as well as cTB-
clusters (p=0.0151, r,=0.187) are correlated with a previous
CD. However, they are not correlated with other known risk
factors for PAS including maternal age, maternal BMI, IVF, or
gravidity and parity. Among all 63 cases of PAS, there are 43
(66%) patients who have both a previous CD and a previa and 5
(8%) patients have neither a previous CD nor a previa
(Supplementary Table 3), which are the two most important risk
factors for PAS.

Confirming the trophoblast origin of the ¢TBs. We further
confirmed the trophoblast origin of the cTBs by detecting
trophoblast-specific genes. To identify trophoblast-specific genes
throughout gestation, we used publicly available human placenta

transcriptome datasets through the Human Protein Atlas, (https://
www.proteinatlas.org/humanproteome/tissue/placenta)3>-37.  As
summarized in Supplementary Fig. 8, we initially identified 91
placenta enriched genes that had the highest gene expression
compared to other tissues (=4-fold higher mRNA expression).
Subsequently, to increase specificity, we selected genes that were
detected either only in placenta (5 genes) or in less than one-third
of other tissue types (46 genes). We then used a high tissue spe-
cificity (TS) score (TS > 28), which is determined by fold-change
between the expression in placenta to tissue with the second-
highest expression level, to further increase placental specificity of
our placenta specific genes. Since brain and blood cells have
unique datasets in the Human Protein Atlas (The Brain Atlas and
The Blood Atlas, respectively), only genes that had low/absent
expression in brain or WBCs (NX<1) were selected. These
selection steps resulted in a panel of 12 genes that are highly
specific for the placenta (Supplementary Fig. 8). To identify genes
specific to the trophoblast population of the placenta, which is the
population in the maternal circulation?%21, we utilized publicly
available single-cell RNA sequencing data of the placenta (i.e.,
GSE8949738). Of the identified 12 placenta specific genes, we
selected highly expressed genes in trophoblasts and excluded those
also highly expressed in villous stromal cells. Trophoblast candi-
date genes that were highly expressed throughout gestation were
selected to broaden utilization. To minimize differences due to
fetal sex, trophoblast candidate genes were not sexually
dimorphic3®. The resulting 7 trophoblast-specific genes were fur-
ther confirmed in another publicly available single-cell RNA
sequencing dataset of trophoblasts, GSE977340 (Supplementary
Fig. 8). The final 7 trophoblast-specific genes include chorionic
somatomammotropin  hormone (CSH)I, CSH2, pappalysin
(PAPPA)2, pregnancy-specific beta-1-glycoprotein (PSG)I, PSG2,
PSG3, PSG11 (Supplementary Table 4).

We validated the trophoblast specificity of our 7 genes using
trophoblast cells from the placental tissue of PAS compared to
WBCs from healthy non-pregnant female donors (Fig. 7a).
Hematoxylin and Eosin (H&E) staining and HLA-G immuno-
histochemistry staining of placenta tissue ensured that tropho-
blast cells are identified and dissected for RT-ddPCR
(Supplementary Fig. 9). Heat maps of placenta-derived gene
signatures obtained from 4 placenta samples and 4 non-pregnant
female donor WBC specimens (Fig. 7a, heat maps) demonstrates
that all 7 trophoblast-specific genes are highly expressed in the
trophoblast within the placenta from PAS patients and absent in
WBCs. Trophoblast-specific gene expression was studied in ¢TBs
captured on NanoVelcro Chips from 21 pregnant women
including 11 with PAS and 10 with normal placentation. PBMCs
were obtained from 2 mL of whole blood and processed through
the NanoVelcro Chips. RNA was extracted from single and
clustered cTBs captured on the NanoVelcro Chips, followed by
RT-ddPCR for the trophoblast-specific gene detection (Fig. 7a).
As depicted in the heat maps (Fig. 7b), signals of the 7-validated
trophoblast-specific genes were identified in both pregnant
women with PAS and normal placentation. The primary copy
numbers were loglO-transformed for each gene. Of the 7
trophoblast-specific genes, all had significantly higher expression
in PAS than those in normal placentation, except PSG2 (Fig. 7c).
These results further confirmed the trophoblast origin of the
single and clustered cTBs enriched by NanoVelcro Chips.

Discussion

In this study, we engineered and optimized nanostructure-
embedded microchips (i.e., NanoVelcro Chips) to fulfill an unmet
clinical need for the early detection of PAS. The capacity of Nano-
Velcro Chips to enrich and detect both single and clustered ¢TBs
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Fig. 4 Characterization and enumeration of single and clustered cTBs isolated from blood samples collected from pregnant women. Representative
immunofluorescent images of a single and b clustered cTBs in different sizes of cTB-clusters shown at x40 magnification. Blue: DAPI stained nuclei; green:
FITC stained CK7; orange: TRITC stained HLA-G; red: CY5 stained CD45. Scale bar, 10 um. Data are representatives of four independent assays.

simultaneously enables accurate enumeration of single and clustered
cTBs, as well as cTB-clusters. The counts of single and clustered
cTBs, as well as cTB-clusters were significantly higher in women
with PAS than placenta previa and normal placentation throughout
gestation, and also in the subpopulations of both earlier GA and late
GA. The enumeration of ¢cTBs and cTB-clusters holds great promise
for the early detection of PAS, and augments ultrasound screening,
with implication to low resource settings. We discovered and
characterized cTB-clusters, a striking characteristic that has never
been described for PAS. Although cTBs have been detected in
maternal blood using multiple technologies?»*2-2%, and clustered
cTBs were observed when detecting single ¢IBs using immuno-
magnetic cell sorting methods?44l, the majority of current cTB
detecting technologies were focused on NIPT. To our knowledge,
none of them have been developed to enrich single and clustered
cTBs simultaneously for detecting PAS.

Current screening paradigms for PAS include clinical history
risk stratification combined with 2D ultrasonography#2, with
MRI as an adjunct to ultrasound in cases of more severe placental
invasion or cases with posterior placentation®. However, the
imaging-based antenatal diagnosis of PAS disorders remains
subjective, with accuracy dependent on the operator, similar to
limitations seen for fetal anomaly screening’. Moreover, it was
reported that MRI is often misleading when used as an adjunct to
ultrasound in the management of PAS®, and MRI is expensive
and requires expertise that is rarely available in lower resource
settings. Recent population studies have shown that half to two-
thirds of cases of PAS disorders remain undiagnosed before
delivery*3#4, highlighting the crucial need to develop new tech-
nologies for prenatal detection. Our study demonstrates a pro-
mising noninvasive technology for detecting PAS that does not
rely on imaging instruments or expertise by taking advantage of
the in vitro diagnostic value of NanoVelcro Chips, capable of
accurately enumerating single and clustered cTBs, as well as ¢TB-
clusters.

The combination of single and clustered cTBs, as well as ¢TB-
clusters can differentiate PAS from placenta previa and normal
placentation during pregnancy with excellent diagnostic perfor-
mance throughout gestation, but most importantly, the cTB assay
can also be applied early in gestation. cTBs have been identified to
decline with increasing GA in normal placentation?#41. In this
study, no significant difference was observed between the earlier
and late GA in counts of single, and clustered cTBs, as well as
cTB-clusters in PAS and non-PAS groups except the single cTBs
in the placenta previa group, which may be explained by the high
rate of resolution of previas later in gestation. The cTB assay to
distinguish PAS from non-PAS performed well throughout
gestation and it also performed reproducibly in both earlier and
late GA. The cTB assay provides the opportunity for the non-
invasive detection of PAS earlier in gestation, with significant
potential to expedite early intervention, including referral of these
pregnancies to tertiary care centers and Centers of Excellence for
PAS, which provides the opportunity to improve clinical
outcomes*>.

In this study, we pioneered the use of single and clustered
cTBs, as well as cTB-clusters enriched by NanoVelcro Chips for
detecting PAS. Significantly increased numbers of single and
clustered cTBs, as well as cTB-clusters, were observed in PAS in
contrast to non-PAS. The uniqueness of our NanoVelcro Chips
stems from the use of nanostructured substrates, which allow for
enhanced local topographic interactions between the nanos-
tructured substrates and nanoscale cellular surface components
(e.g., microvilli), resulting in vastly improved cell-capture
affinities3%3!. This unique mechanism of NanoVelcro Chips
makes them well-suited for capturing single cTBs and even more
so for capturing cTB-clusters. In addition, our NanoVelcro Chips
introduce negligible perturbations to the cTB-clusters during the
capture process. The prevalence of cTB-clusters with more than
two cTBs attached to each other makes them more visible and less
biased for enumeration. Given the streamlined workflow
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Fig. 5 Comparison of single and clustered cTBs, as well as cTB-clusters in PAS, placenta previa, and normal placentation. a Counts of single and

clustered cTBs per 2 mL of blood for all participants enrolled in the study (n=183). Pregnant women (n =168) are divided into three groups (i.e., PAS,
placenta previa, and normal placentation) based on clinical diagnosis and sorted within groups based on total cTB count (single cTB count plus clustered
cTB count). Non-pregnant indicates the control cohort of healthy non-pregnant female donors (n=15). The inset shows the percentages of pregnant

women with detectable single and clustered cTBs in PAS, placenta previa, and normal placentation. Counts of: b single cTBs, ¢ clustered cTBs, and d cTB-
clusters per 2 mL of blood for pregnant women with PAS (n = 65), placenta previa (n = 59), and normal placentation (n = 44) are shown. Counts are log2-
transformed. The two shorter horizontal lines denote the 25-75% interquartile ranges (IQR) and the longer horizontal lines in between denote the median.
Data are expressed as mean = SE for b single cTBs: PAS (4.4 + 0.2), placenta previa (2.2  0.2), normal placentation (1.6 + 0.2); ¢ clustered cTBs: PAS (4.7
+0.3), placenta previa (0.6 + 0.2), normal placentation (0.3 0.1); and d cTB-clusters: PAS (3.0 £ 0.2), placenta previa (0.3 £0.1), normal placentation
(0.2 +£0.1). Significant differences between different groups are evaluated using one-way ANOVA with Bonferroni's multiple comparisons test (two-sided
with adjustment). The p values for b single cTBs, ¢ clustered cTBs, and d cTB-clusters (PAS versus previa; PAS versus normal)) are all <0.0001. Source

data are provided in the Source data file.

developed for capturing ¢TBs and cTB-clusters in NanoVelcro
Chips, we envision scaling up this cost-effective assay in a large-
scale multicenter validation study.

cTBs have been identified in maternal circulation as far back as
1893 when multinucleate fetal trophoblasts were reported at
postmortem examinations of lungs from women dying as a result
of eclampsia?®. Unlike the ¢TBs found in the pulmonary vascu-
lature postmortem, our cTB-clusters are in the venous system,
which requires passage through capillaries. Thus it remains to be
determined if this clustering is unique to the type of trophoblast
that has extra invasive properties leading to PAS and travels as
cTB-clusters?4, similar to tumor cells that are more aggressive and
have the capability to enter the venous system as large CTC-
clusters?’. In previous studies?>48, cTBs have been demonstrated
to be of fetal origin as they carry both paternal and maternal
alleles. In this study, we further confirmed they are of trophoblast
origin, similar to recent studies that identified cTBs to be EVTs of
placental origin2%21. Moreover, HLA-G expression*® in-situ on
both single and clustered cTBs supports they are all of the same
immune-phenotype and derived from an EVT cell type.

We note that this study has some limitations. Due to the
relatively low incidence of PAS, our internal and external vali-
dation study was conducted in a relatively small cohort though
patients were from different hospitals. Interestingly, of the 6 PAS
samples without clustered ¢TBs and with the lowest counts of
single cTBs (Fig. 5a, bottom 6 in PAS group), 3 samples were
from pregnant women with small areas of focal accreta, which is a
less severe form of placenta accreta. This result raises the possi-
bility of the correlation between cTB enumeration and severity of
the disease. However, our results of the stratification of PAS
showed no significant difference between the accreta group versus
increta/percreta group in the counts of single and clustered cTBs,
as well as cTB-clusters. More evidence from large-scale validation
studies are required to address this question. We lack longitudinal
follow-up to be able to interpret the implications of dynamic
changes of single and clustered cTBs across gestation in pregnant
women who are at higher risk of developing PAS. Future clinical
validation studies will require larger cohorts.

In summary, this is the first description of the prevalence of
cTB-clusters in pregnant women with PAS. To enable accurate
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file.

cTB and cTB-cluster enumeration for detecting PAS, we engi-
neered and optimized a nanostructure-embedded microchip that
can isolate both single and clustered cTBs efficiently. We
demonstrate that enumeration of single and clustered cTBs, as
well as cTB-clusters isolated by the NanoVelcro Chips can be
used for noninvasive detection of PAS throughout gestation, but
most importantly can be used earlier in gestation, which holds
great promise to augment current diagnostic paradigms for
detecting PAS. We envision that the combination of cTBs and
cTB-clusters captured on the NanoVelcro Chips for detecting
PAS early in gestation will enable a promising quantitative assay
to serve as a noninvasive test and also as a complement to
ultrasonography to improve diagnostic accuracy for PAS early in
gestation.

Methods

Study design. This observational cohort study protocol was approved by the
Institutional Review Boards (IRB) of University of California, Los Angeles (UCLA)
(UCLA IRB#13-001264), University of Utah Health (MTA-2018-1091), Cedars-
Sinai Medical Center (CSMC) (CSMC IRB #Pro00006806 and Pro00008600) and
Shenzhen People’s Hospital (LL-KY-2019608). All samples from pregnant women
and healthy non-pregnant female donors were obtained according to protocols
approved by the IRB. Written informed consent was obtained from all the parti-
cipating subjects. Pregnant women aged from 18 to 45 years old with singleton
intrauterine pregnancies, and GA between 6 and 40 weeks were eligible for
inclusion. Women were excluded if they are diagnosed with known or suspected
aneuploidy, fetal genetic/congenital anomalies or blood draw was not possible.
Samples were collected between December 2017 and January 2021 during prenatal
care visits. Pregnant women were classified as normal placentation, placenta previa
(without placenta accreta), and PAS. PAS or placenta previa was defined and
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diagnosed according to current American College of Obstetricians and Gynecol-
ogists (ACOG) and Society for Maternal-Fetal Medicine (SMFM) guidelines4 as
well as FIGO consensus guidelines”. The primary diagnostic modality for antenatal
diagnosis was a maternal-fetal medicine obstetrics ultrasound. PAS was confirmed
by histopathological diagnosis after delivery after reviewed by pathologists with
expertise in gynecological and perinatal pathology as part of routine clinical care
for those patients who underwent a hysterectomy. The patients who did not have a
hysterectomy were confirmed PAS during the cesarean delivery’. An intraoperative
or clinical diagnosis of PAS is made in accordance with the International FIGO
classification of PAS based on general classification and grading® (Supplementary
Table 3). Normal placentation had no clinical evidence of pregnancy complications
or any fetal abnormalities. The pilot study was conducted at UCLA. NanoVelcro
Chips were optimized using clustered cTB blood sample models and then used to
isolate and detect cTBs and cTB-clusters from clinical samples for detection of PAS
at both UCLA (samples collected in USA) and Shenzhen (samples collected in
China). All blood samples collected at CSMC or University of Utah Health were
sent to UCLA for NanoVelcro Chip assay on the day of blood draw. The sample
size was calculated according to the AUC comparison between our assay and the
clinical ultrasound using the paired DeLong’s test. A sample size of 128 (51 cases of
PAS and 77 cases of control, the ratio of sample sizes in negative/positive groups is
3/2) is expected to have 80% power to detect the difference between the AUCs for
cTB assay versus ultrasound, assuming AUC = 0.920 for our ¢TB assay, AUC =
0.800 for ultrasound, when a correlation between the assays of 0.5 was assumed.
The power was obtained for a two-sided test at 0.05 significance level. All
laboratory samples were assayed by investigators blinded to the clinical status of
the subjects.

Preparation of single and clustered JEG-3 cells. The human choriocarcinoma
cell line JEG-3 was acquired from the American Type Culture Collection (ATCC,
USA) and cultured in DMEM supplemented with 10% fetal calf serum in a
humidified atmosphere of 5% CO, at 37 °C. The cell line was tested and found
negative for Mycoplasma contamination. A floating mixture of single and clustered
JEG-3 cells were generated under a sphere-forming condition* and used to test the
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Fig. 7 RT-ddPCR assay for detection of trophoblast-specific genes in the cTBs captured by NanoVelcro Chips confirming trophoblast cells of placental
origin. a Schematic illustrating the general workflow for detecting trophoblast-specific genes in cTBs captured by NanoVelcro Chips. The trophoblast-
specific genes were selected from placenta transcriptome databases, validated using trophoblast cells from the placental tissue of PAS (n = 4 biologically
independent samples) compared to white blood cells (WBCs) from healthy non-pregnant female donors (n = 4 independent experiments). b Heat maps
depicting relative signal intensities for gene expression of 7 trophoblast-specific genes in the cTBs enriched from pregnant women with PAS (n=11) and
normal placentation (n=10). ¢ Differences in gene expression for 7 trophoblast-specific genes in the cTBs enriched from pregnant women with PAS (n=
11) and normal placentation (n =10). Primary copy numbers (CN) are log10-transformed for each gene and False Discovery Rate (FDR) is controlled for
multiple comparisons. Data are presented as means = SD. Multiple T-tests are used to compare the differences of trophoblast-gene expression in different
groups. All tests are two-sided with adjustments. The adjusted p value (g value) for each gene (PAS versus normal) is as follows: 0.0004 (CSH1), <0.0001
(CSH2), 0.0008 (PAPPA2), <0.0001 (PSGT1), 0.0671 (PSG2), <0.0001 (PSG3), 0.0074 (PSG11). ****q < 0.0001, ***q < 0.001, **q < 0.01, *q < 0.05. Clinical
data for patients are listed in Table 1 and Supplementary Table 1. Source data are provided in the Source data file.

performance of NanoVelcro Chips for capturing both single and clustered JEG-3
cells. Briefly, logarithmic phase JEG-3 cells were digested in 0.25% trypsin, and
once cells detached, digestion was terminated with serum-free culture media (SFM)
composed of DMEM/F12 (1:1) basal medium (Hyclone, USA) supplemented with
20 ng mL™! human epidermal growth factor (EGF) (PeproTech, USA), 20 ng mL™!
basic fibroblast growth factor (bFGF) (PeproTech, USA), 0.4% bovine serum
albumin (BSA) (Sigma, USA), 4 pg mL! insulin, 1:50 B27 supplement (Gibco/
Invitrogen, Australia) and 100 UmL"! penicillin. A single-cell suspension of
5000-20000 JEG-3 cells was seeded in each well of a low adhesion 6 well plate. The
medium was replaced every other day. Cell sphere-formation was observed by
inverted microscopy; when cell spheres expanded 50-fold, the supernatant was
collected, centrifuged at 300 x g for 5 min, and the cell spheres were washed with
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phosphate buffer solution (PBS) twice. The live single and clustered JEG-3 cells
were characterized by acquiring an optical microscope image before dye labeling.
Then, the mixture of single and clustered JEG-3 cells was pre-stained with
Vybrant™ DiO green fluorescent dye, and the PBMCs isolated from healthy non-
pregnant female donor’s whole blood were pre-stained with Vybrant™ DiD red
fluorescent dye (Invitrogen, USA). The cell pre-staining process was performed in a
serum-free culture medium at 37 °C for 1h for cell-labeling before the spiking
study. Excess cell-labeling dye was removed by centrifuging the labeled suspension
at 300 x g for 5 min and washed with PBS twice. After dye labeling, the cell mixture
was resuspended with PBS. A 2.5-uL mixture of single and clustered JEG-3 cells
was deposited on an ultralow-attachment culture dish>’. The population of single
and clustered JEG-3 cells was characterized by acquiring fluorescence microscope
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images before spiking. After that, the mixture of single and clustered JEG-3 cells
was re-pipetted and spiked into PBMCs to prepare a clustered cTB blood sample
model for the immobilization onto a NanoVelcro Chip. The culture dish was
reimaged to account for the mixture of single and clustered JEG-3 cells that
remained attached to the surface. By post-processing these microscope images,
single JEG-3 cells and clustered JEG-3 cells within each cluster that were ultimately
spiked into female donor’s whole blood could be accurately enumerated.

NanoVelcro Chip optimization. The clustered ¢TB blood sample models con-
taining both single and clustered JEG-3 cells were incubated with biotin-conjugated
anti-EpCAM for 30 min at room temperature, and excess antibody was removed by
PBS washing and centrifuging the suspension at 300 x g for 5 min. The samples
were resuspended in PBS (200 uL) and injected to the NanoVelcro Chips at flow
rates of 0.2, 0.5, 1.0, and 2.0 mL h™l, respectively. The single and clustered JEG-3
cells captured in NanoVelcro Chips were fixed with 4% formaldehyde (PFA,
Electron Microscopy Sciences) in PBS (200 pL). After nuclear staining with DAPI,
all the stained chips were scanned and imaged under a fluorescence microscope
(Nikon 90i). The single and clustered JEG-3 cells captured on the chips were then
counted.

SEM sample preparation and imaging. A mixture of single and clustered JEG-3
cells was captured onto the NanoVelcro Chips. After separating the PDMS tops
from the chips, the single and clustered JEG-3 cells were first fixed in 4% PFA for
1 h. After fixation, cells were dehydrated in 50, 70, 80, 95, and 100% ethanol (200
proof) solutions successively for 15 min each. The samples were dried overnight
and then sputter-coated with gold at room temperature. Prepared samples were
imaged using a Zeiss Supra 40VP SEM at an accelerating voltage of 10 keV.

Clinical sample collection and blood processing. Blood samples were collected in
the Department of Obstetrics and Gynecology, David Geffen School of Medicine,
UCLA; Los Angeles and the Center for Fetal Medicine and Women’s Ultrasound;
Los Angeles; Department of Obstetrics and Gynecology, Cedars-Sinai Medical
Center, Los Angeles; Department of Obstetrics & Gynecology, University of Utah
Health, Salt Lake City, UT, USA; Department of Obstetrics and Gynecology,
Shenzhen People’s Hospital, China. Clinical information was abstracted from all
subject charts. Peripheral blood samples were collected in 10 mL acid citrate
dextrose (ACD) vacutainer tubes and were processed on the same day. The PBMCs
were isolated in 15 min by using SepMate™ PBMC Isolation Tubes (STEMCELL
Technologies, USA) and aliquoted following our previously published protocol’!.
PBMCs from 2 mL of whole blood were run through the NanoVelcro Chips using
the optimized protocol. The streamlined workflow is composed of the following
steps: (i) capturing cTB cells/clusters onto NanoVelcro Chips (30 min), (ii) over-
night standard immunostaining, and (iii) imaging/counting by a fluorescent
microscope (30 min).

Immunostaining and identification of cTBs. The samples were run through
NanoVelcro Chips under optimized conditions. After 4% PFA fixation, the
immobilized cells were subjected to 4-color ICC staining with DAPI (#422801,
BioLegend, USA), anti-cytokeratin 7 antibody (Rabbit polyclonal IgG) (#ab53123,
abcam, USA), anti-HLA-G antibody (4H84) (#ab52455, abcam, USA), and anti-
CD45 monoclonal antibody (YAML501.4) (#MA5-17687, Thermo Fisher Scien-
tific, USA) for identification of ¢TBs (DAPI+/CK7+/HLA-G+/CD45-) and cTB-
clusters. Immobilized cells were imaged using the Nikon Ni fluorescence micro-
scope with NIS-Element imaging software (Nikon Eclipse Ti2). An automatic scan
was carried out under x20 magnification with DAPI, FITC, TRITC, and Cy5
channels corresponding to nuclear, CK7, HLA-G, and CD45 staining, respectively.
Micrographic features of candidate cTBs were reviewed to ensure consistency with
epithelial as opposed to the hematologic origin. When analyzing the multi-channel
ICC micrographs, WBCs were defined as round/ovoid cells (DAPI4-/CK7-/HLA-
G-/CD45+); and cTBs were defined as round/ovoid cells (DAPI+/CK7+/HLA-G
+/CD45-).

Pathological examination of placenta tissues. Pathological examination
including Hematoxylin and Eosin (H&E) and immunohistochemistry (IHC)
staining of the placenta tissues obtained from PAS patients was performed inde-
pendently by pathologists with expertise in gynecological and perinatal pathology
at UCLA. All of the placenta tissues were fixed in 10% neutral formalin for 24-48 h
and embedded in paraffin according to the standard operating procedure (SOP) for
tissue in the pathology department at UCLA. Serial 4 pm-thick tissue sections from
formalin-fixed paraffin-embedded (FFPE) blocks were cut and mounted on poly-L-
lysine coated glass slides. Standard IHC staining on 4 pm-thick tissue sections was
performed on Ventana Benchmark ULTRA Slide Stainer according to a protocol
optimized for the HLA-G antibody. The IHC analysis for HLA-G was performed to
differentiate between villous trophoblasts (cytotrophoblasts and syncytiotropho-
blasts) and EVTs. Positive HLA-G staining confirmed the identity of EVTs.

Trophoblast-specific gene validation on placenta tissues. Trophoblast-specific
gene expression in placenta tissue was performed to validate the selected

trophoblast-specific gene panel. The unstained FFPE placenta tissue slides were
deparaffinized and macrodissected to enrich the trophoblasts in the placenta tis-
sues. The target trophoblastic areas in each slide were identified and marked under
microscopy in the corresponding H&E and IHC stained slides from the same FFPE
block by pathologists. Total RNA was extracted from the enriched placenta tissues
using Qiagen (Dusseldorf, Germany) RNeasy FFPE kit. Then the complementary
DNA (cDNA) was synthesized using a Thermo Scientific Maxima H Minus
Reverse Transcriptase Kit according to the manufacturer’s protocols. cDNA was
then tested for trophoblast-specific gene transcripts using duplex ddPCR in each
tube with two fluorescence filters (i.e., FAM and VIC). Predesigned Taqman assays
(Thermo Fisher Scientific) containing primers and probes for each gene (Supple-
mentary Table 5) were used in the ddPCR following the manufacturer’s protocols.
ddPCR experiments were performed on a QX200 system (Bio-Rad Laboratories,
Inc.) according to the manufacturer’s protocols. Data were analyzed using the
QuantaSoft™ software to quantify the corresponding copy numbers of gene
transcripts detected in each assay.

Trophoblast-specific gene detection on the isolated cTBs. NanoVelcro Chips
were used for isolating the single and clustered cTBs from pregnant women. To
extract RNA from the single and clustered cTBs captured on NanoVelcro Chips, we
performed on-chip lysis of cells by introducing 600 pL of TRIzol solution (Zymo
Research, USA) and 600 uL of anhydrous ethanol (Sigma-Aldrich) sequentially
through the NanoVelcro Chips. The effluent solution was collected in a 2.0 mL
RNase-free Eppendorf tube at the same time. Then, RNA was purified using a
Direct-zol"RNA MicroPrep Kit (Zymo Research). cDNA was synthesized using a
Thermo Scientific Maxima H Minus Reverse Transcriptase Kit according to the
manufacturer’s instructions. cDNA was then tested for the trophoblast-specific
gene using duplex ddPCR in each tube with two fluorescence filters (i.e., FAM and
VIC). RT-ddPCR experiments were performed using the same protocol as that
used for the placenta tissues.

Statistical analysis. Comparisons of ¢TB enumeration data among different
groups were evaluated using one-way ANOVA after log2-transformation. Com-
parisons of the enumeration data between earlier GA and late GA were evaluated
using Mann-Whitney test. Chi-square test was used for comparison of the
detection rates of samples for cIBs and cTB-clusters in each group. Comparisons
in Table 1 were evaluated using Mann-Whitney test or the Chi-square test. The
Spearman’s rank-order correlation was used to analyze the correlation of the cTB
enumeration and demographic information. Multiple T-tests were used to compare
the differences of trophoblast-gene expression in different groups. Benjamini,
Krieger, and Yekutieli FDR were used for multiple testing correction across the set
of genes with the maximum desired FDR of 1%. Logistic regression model, com-
parison of ROC curves, and single ROC curves were conducted using MedCalc
19.0.4 software. The optimal cutpoints were calculated to maximize sensitivity and
specificity. Leave-one-out cross validation for the logistic regression model was
conducted in R studio (version 1.4.1103-4). All the other statistical tests in this
study were performed using the GraphPad Prism 9.0 software (https://www.
graphpad.com/). All tests are two-sided and p-value or g-value <0.05 is considered
significant.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

Raw data of Figs. 2b-e, 5, 6, 7, Table 1, Supplementary Figs. 3b-d, 4, 5, 6, 7, and
Supplementary Table 2, 3 are provided as a Source data file. All the other data that
support the findings of this study are available within the article and its Supplementary
information files. Additional data are available from the corresponding authors upon
reasonable request. Source data are provided with this paper.

Code availability
The code for leave-one-out cross validation for the logistic regression model used in this
paper is provided in Supplementary Note 1.
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