Received: 13 July 2020

Revised: 26 October 2020

Accepted: 30 October 2020

DOI: 10.1002/pd.5861

ORIGINAL ARTICLE

Cell-based non-invasive prenatal diagnosis in a pregnancy at
risk of cystic fibrosis
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Abstract
Objective: We aimed to develop cell-based NIPT for cystic fibrosis (CF) and test a
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pregnancy at risk of two common pathogenic variants.

4

as she and her partner were heterozygote carriers of F508del (c.1521:1523del). The
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Method: A pregnant woman carrying monozygotic twins opted for prenatal testing
partner was also positive for the CFTR-related variant R117H (c.350G>A). Fetal tro-
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phoblasts from maternal blood were enriched and isolated using antibodies and a
capillary-based cell-picking instrument. Multiplex PCR-based fragment length analysis
was performed on the extracted fetal DNA for STR-genotyping, fetal gender and
F508del variant status. The R117H variant status was tested using SNaPshot
analysis.
Results: The fetal origin of the isolated cells was verified by detection of two paternally inherited STR alleles and an Y chromosome marker, while no maternal DNA
contamination was detected. The direct variant analysis detected F508del heterozygosity and the SNaPshot analysis for R117H detected only the normal allele. Thus,
the results showed that the fetuses were healthy carriers of F508del, concordant
with the findings of conventional prenatal testing.
Conclusion: Cell-based NIPT could accurately state the fetal variant status and distinguish fetal trophoblasts from maternal cells. In the future, cell-based NIPT may provide an accurate less invasive alternative to chorionic villous sampling.
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significant geographical differences – in Denmark, F508del comprises

I N T RO DU CT I O N

88% of CF mutations.2
Cystic fibrosis (CF) is a common recessive inherited disorder with high

In prenatal care in Denmark, couples are currently offered CF car-

morbidity and mortality. The disorder is prevalent worldwide and cau-

rier screening only if a pathogenic variant is known in the couples'

sed by pathogenic variants in the cystic fibrosis transmembrane con-

family. Additionally, CF-testing is done directly on amniotic fluid if

ductance regulator gene (CFTR). In Denmark, the carrier frequency is

ultrasound detects a hyperechogenic fetal bowel.

1 in 34, and the birth prevalence is 1 in 4700. Consequently, 12–15

In the literature, different methods have been tested to establish

newborns are diagnosed annually with CF by the Danish neonatal

non-invasive prenatal test (NIPT) options for pregnancies at risk of

screening program.1

inheriting monogenic diseases. The majority of these methods are

The most frequent pathogenic variant is CFTR c. 1521_1523del,

based on analysis of cell-free DNA (cfDNA) in maternal plasma which

commonly known as F508del (or deltaF508), and this variant consti-

is compromised by the high quantity of maternal cell-free DNA and a

tutes 70% of CF mutations in the European population, however with

smaller amount of cell-free fetal DNA (cffDNA).3 Consequently, the
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first NIPT for CF was based on exclusion of the paternal variants only.
However, that method is applicable only to parents who carry different

What's already known about this topic?

variants, which applies to only approximately one third of CF carrier

• Cell-based Non-Invasive Prenatal Testing is based on iso-

parents.3 Presence of the paternal variant would further necessitate

lation of circulating fetal extravillous trophoblasts from

subsequent invasive diagnosis to determine the inheritance of the

blood drawn from pregnant women. It has shown its

maternal allele. Recently, a new method using relative-haplotype-

potential use in prenatal diagnostics for aneuploidy and

dosage analysis (RHDO) and next-generation sequencing has been

sub-chromosomal aberrations.

developed to provide a definitive diagnosis for CF.3 Because RHDO is
linkage-based, it is independent of the parental variants. However,
analysis of cffDNA is challenged by low fetal fraction of cell-free DNA

What does this study add?

(<4%),4 by recombination, and is currently limited to pregnancies where

• Cell-based NIPT can be used for prenatal diagnosis to

DNA of the partner and a proband is available for haplotyping.

detect known variants associated with severe recessive

Cell-based NIPT is an alternative to cffDNA and is based on isola-

disorders such as cystic fibrosis.

tion of circulating fetal extravillous trophoblasts from maternal blood.
Fetal extravillous trophoblasts are sources of an intact fetal genome
and can therefore be used for detection of genetic disorders in the
fetus itself.5 These cells are rare, and there are technological challenges in the enrichment from maternal blood.6 Despite this, the feasi-

2.2

|

Cell enrichment, staining and isolation

bility of cell-based NIPT by isolation of trophoblasts from pregnancies
in gestational week 10–14 has been established by different groups

Prior to the CVS, 30 mL of blood was drawn from the pregnant

including ours.7,8 In this case-study we demonstrate that cell-based

woman for fetal extravillous trophoblasts isolation. The isolation was

NIPT could be an alternative to either invasive testing or to RHDO

conducted as previously described9: After enrichment by Magnetic

analysis on cffDNA for CF.

Activated Cell Sorting (MACS), seven trophoblasts were isolated using
CellCelector (ALS, Germany) and pooled prior to cell lysis using PrepGEM (ZyGEM) following manufacturer's protocol.

2
2.1

METHODS

|
|

Case presentation

2.3 | Fetal cell identification and analysis of CFTRvariants

A couple came in for in vitro fertilization treatment due to a fertility
problem and were tested for CF as congenital bilateral absence of the

Figure 1 shows the protocol for cell-based NIPT for CF through iso-

vas deferens (CBAVD) was suspected in the father. The women and

lation of fetal extravillous trophoblasts and genetic analysis of intact

her partner were found to be carriers of the F508del variant

fetal DNA. To verify the fetal origin of the isolated cells and test

([NM_000492.3] CFTR:c.1521_1523delCTT). Additionally, the partner

for maternal contamination, fluorescent labeled primers for amplifi-

was a carrier of the CFTR-related variant, R117H ([NM_000492.3]

cation of three polymorphic short tandem repeat (STR) markers

CFTR:c.350G>A). The couple received genetic counselling prior to the

(D18S51, D10S1248, D22S1045), and the Y chromosome marker,

pregnancy. Due to a long waiting list for preimplantation genetic test-

SRY, were designed and optimized for multiplex PCR. Primers for

ing they decided to abstain from this. The woman became pregnant

amplification of the regions covering the CFTR variants F508del and

with dichorionic twins following traditional in vitro fertilization and

R117H were included in the multiplex PCR. Following multiplex

received conventional prenatal testing by chorion villus samples

PCR, one part of the reaction was directly used for fragment analy-

(CVSs) of both placentae, subsequently analyzed at the Department

sis for STR genotyping and detection of F508del using capillary

of Clinical Genetics, Aarhus University Hospital. Results showed that

electrophoresis (Thermo Fisher Scientific, USA). The other part was

the twins had similar benign copy number variations detected by array

used as template for SNaPshot (Thermo Fisher Scientific, USA) anal-

CGH. Moreover, we performed STR analysis on DNA obtained from

ysis following manufacturer's protocol for detection of R117H.

both CVS using GlobalFiler PCR amplification kit (Thermo Fisher Sci-

SNaPshot primers were designed for both forward and reverse

entific). The results showed two identical STR-profiles. Together these

strand. The SNaPshot product was analyzed by fragment analysis

findings indicated that the pregnant woman carried dichorionic mono-

using capillary electrophoresis. Further details on PCR conditions

zygotic twins. The couple was informed about the possibility of cell-

are provided upon request.

based NIPT in a research setting, and they both consented to giving
blood samples for this study.

The data analysis was performed using GeneMapper 5 software
(Thermo Fisher Scientific, USA).

The study was approved by the local Committee on Health and

The multiplex PCR described above was carried out on the cell

Research Ethics (M-69335) and the Danish Data Protection Agency

lysate as well as on DNA samples from the couple and DNA extracted

(2008-58-0035). Written consent was obtained for publication.

from CVS material to be used as positive controls. PCR amplification

CELL-BASED NIPT FOR MONOGENIC DISORDERS
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F I G U R E 1 Protocol for cell-based NIPT for CF through isolation of fetal extravillous trophoblasts and genetic analysis of intact fetal DNA:
fetal extravillous trophoblasts were enriched from 30 mL maternal blood and identified by immunostaining as previously described by Hatt et al.9
Seven fetal extravillous trophoblasts were isolated and pooled using a capillary-based picking instrument. Intact fetal DNA was extracted by cell
lysis. Multiplex PCR using fluorescent labeled primers for amplification of three STR markers (D18S51, D10S1248, D22S1045), SRY, CFTR
F508del and unlabeled primers for amplification of a region covering the CFTR-related 14 variant R117H was performed directly to intact fetal
DNA. Following thermal cycling, one part of the multiplex PCR product was used for STR genotyping and detection of F508del variant-status,
using CE. Another part of the multiplex PCR product was used as a template for detection of the R117H variant by SNaPshot analysis. Unlabeled
SNaPshot primers were designed to anneal to the sequence adjacent to the SNP site on both forward and reverse strand. Single nucleotide
primer extension by incorporation of fluorescent labeled ddNTPs allowed for SNP genotyping to determine the R117H-variant status using
CE. CE, capillary electrophoresis; CFTR, cystic fibrosis transmembrane conductance regulator; ddNTP, dideoxynucleotide; fEVT, fetal extravillous
trophoblast; NIPT, Non-Invasive Prenatal Test; SNaPshot analysis, system for single nucleotide polymorphism genotyping; SNP, single nucleotide
polymorphism; STR, short tandem repeat [Colour figure can be viewed at wileyonlinelibrary.com]
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was performed using AmpliTaq Gold 360 DNA polymerase (Thermo

et al who investigated cell-based NIPT for (a) Huntington's disease

Fisher Scientific, USA) in a final volume of 25 μL on Veriti 96-Well

using a PCR multiplex and for (b) multiple monogenic disorders using

Thermal Cycler (Applied Biosystems) with the following protocol:

WGA followed by mini-exome sequencing.10 In the first part of that





96 C for 12 minutes followed by 30 or 45 cycles of 94 C for

study, a conclusive NIPT result was obtained for only one out of five

30 seconds, 51 C for 30 seconds, 72 C for 30 seconds for DNA or

trophoblasts due to a high allele-dropout rate (74%). In a second part

cell lysate respectively, and a final extension at 72 C for 10 minutes

of the study, WGA of single cells followed by mini-exome sequencing



showed amplification bias and low coverage. Based on these results,

and 60 C for 10 minutes.

Cayrefourcq et al suggested that the fetal DNA from fetal
extravillous trophoblasts is degraded due to apoptosis. However,

3
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RESULTS

other technical issues may explain these findings as the authors used
REPLI-g Single Cell Kit for WGA, which, following manufacturer's

The result of the STR analysis clearly distinguished between the fetal

protocol, cannot be used for fixed cells.13 Recent results published

and maternal DNA profile by two fully informative STR markers and

by Weymaere et al (and supplemented by experiences from our labo-

the SRY marker (Figure 2A). All cells harvested were of fetal origin and

ratory) demonstrate that whole genome amplified DNA from a single

no maternal contamination was detected. For the STR analysis of fetal

fetal extravillous trophoblast using PicoPLEX Single Cell WGA kit

extravillous trophoblasts, allele drop out was observed for a single

(Takara Bio Inc.) is sufficient for STR or SNP genotyping to identify

STR marker (Figure 2A).

fetal origin of isolated candidate cells.14,15 Overall, the feasibility of

Analyzing the fetal extravillous trophoblasts showed heterozygos-

cell-based NIPT relies not only on an efficient technology for enrich-

ity for CFTR F508del (Figure 2B) and homozygosity for the normal

ment and isolation of the fetal extravillous trophoblasts, but also on

allele, CFTR c.350G, whereas the R117H-variant (c.350G>C) was not

the ability to obtain fetal DNA of a quality sufficient for the genetic

detected (Figure 2C). Hence, the monozygotic twin fetuses were

analysis.

healthy carriers of the CFTR F508del variant. These findings were

The complexity of testing for different monogenic disorders using

consistent with the result of the genetic analysis obtained in the clini-

this approach will require a substantial effort to develop individual

cal setting by CVS. Also, the results of the parents CFTR-variant sta-

assays. However, as previously suggested by Mouawia et al, protocols

tuses were in concordance with accredited analysis performed in the

used for preimplantation genetic testing can be adopted into cell-based

clinical laboratory.

NIPT.12 Of particular interest is the development of cell-based NIPT for
repeat expansion disorders as NIPT by testing of cell-free fetal DNA
seems unsuitable due to the fragmented nature of circulating cell-free

4
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DISCUSSION

DNA. Repeat-expansions cover an additional group of disorders where
there is a patient request for NIPT options as in the case of CF.

Over the last decade, several studies have supported the feasibility of

The findings in this case report, while preliminary, provide the

cell-based NIPT in detecting aneuploidies and subchromosomal aber-

encouragement for further development of cell-based NIPT for mono-

rations in the fetus.7,8 A smaller number of published data on develop-

genic disorders. Fetal extravillous trophoblasts can be isolated without

ing cell-based NIPT for monogenic disorders are available. Initial

maternal cell contamination, whereby a direct mutation analysis can

studies to establish a method for cell-based NIPT for monogenic dis-

accurately determine the fetuses' variant status. Furthermore, this

orders have been conducted using different techniques for isolation

approach raises the possibility of providing cell-based NIPT for auto-

and testing of fetal extravillous trophoblasts.10,11 In 2012, Mouawia

somal recessive disorders such as CF with no need for additional

et al provided the correct diagnosis in 63 consecutive pregnancies at

blood samples from the partner and a proband, as isolated cells can

risk of either CF or spinal muscular atrophy on fetal extravillous tro-

accurately be identified as fetal or maternal by STR analysis.12,14 Fur-

12

phoblasts selected by size and isolated by microdissection.

Despite

ther work could increase its applicability in clinical practice. First, a

these early promising results, the work has not yet led to a clinical

larger panel of STR markers will avoid inconclusive test results due to

implementation of cell-based NIPT for monogenic disorders. More

an insufficient number of informative markers for analysis. Second,

recently, Chang et al published a study where fetal extravillous tro-

single cell analysis to produce diagnostic replicas could decrease the

phoblasts were identified by immunostaining and isolated using an

risk of misdiagnosis, e.g. in cases with drop out of the normal allele in

automated picking instrument.11 In contrast to the present case

fetuses being heterozygous for a pathogenic CFTR variant. With these

report, whole genome amplification was conducted before the genetic

modifications, our method can be used for testing of pregnancies car-

analysis, allowing for either concurrent genotyping plus direct variant

rying dichorionic dizygotic twins, as cell-based NIPT of both fetuses

analysis using Sanger Sequencing or a combined approach using NGS-

relies on the ability to isolate and discriminate fetal extravillous tro-

based SNP haplotyping. The results were consistent with those

phoblasts from both placentae.

obtained by conventional prenatal testing, indicating that the quality

More than 2000 pathogenic variants have been reported in CFTR.

of whole genome amplified DNA from a single trophoblast is suffi-

The majority of CFTR variants are exceedingly rare, whereas F508del

cient for cell-based NIPT for monogenic disorders.11 These findings

by far is the most common pathogenic variant associated to CF. In

were not supported by the results of a recent study by Cayrefourcq

Denmark, 96% of CF patients have at least one F508del mutation and

5
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F I G U R E 2 Result of cell-based NIPT: A, STR genotyping by fragment analysis of three highly polymorphic microsatellite markers (D18S51,
D10S1248, D22S1045) and SRY marker. Fetal extravillous trophoblasts were identified by two fully informative microsatellite markers, STR 2 and
3, and the SRY marker. No maternal contamination was detected. For the fetal extravillous trophoblasts, allele drop out for STR 1 was observed
for both alleles, 148 and 163 bp, when compared to the STR profile of CVS DNA. B, Fragment analysis for detection of CFTR F508del. The
normal allele (126 bp) and the pathogenic variant F508del (123 bp) were detected by analysis of genomic DNA of the parents, CVS DNA and of
the fetal extravillous trophoblasts. The results were in accordance with the results obtained in the clinical setting. The stutter peaks present in the
CE data are artifacts from missing adenine incorporation. C, The SNaPshot analysis for detection of R117H. Analysis of maternal genomic DNA
shows homozygosity for the normal allele. Guanine (blue) is detected on the forward strand and cytosine (black) is detected on the reverse strand.
Analysis of paternal genomic DNA shows heterozygosity for the R117H variant. The R117H variant allele is detected by a green peak
corresponding to adenine on forward strand and a red peak corresponding to thymine on reverse strand. The shift in fragment lengths is caused
by difference in size of the fluorescently labeled ddNTPs. The R117H variant status in the fetuses was in accordance with the result of prenatal
diagnostics by invasive sampling. bp, base pair; CE, capillary electrophoresis; CFTR, cystic fibrosis transmembrane conductance regulator; CVS,
chorionic villous sampling; ddNTP, dideoxynucleotide; fEVT, fetal extravillous trophoblast; NIPT, noninvasive prenatal test; SNaPshot analysis,
system for single nucleotide polymorphism genotyping; STR, short tandem repeat [Colour figure can be viewed at wileyonlinelibrary.com]

more than 80% are homozygotic for F508del.1,16 Thus, prenatal

heterozygote state and these could subsequently be offered conven-

screening using cell-based NIPT for F508del alone would allow us to

tional invasive prenatal diagnosis to exclude CF. This number would

provide full diagnosis for around 80% of Danish CF patients. An addi-

decrease if it is possible to test for more variants simultaneously using

tional 16% would be identified as pregnancies carrying F508del in the

cell-based NIPT.
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The Danish patient society for CF suggests that prenatal screen-
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nancies are tested in an early gestational age.
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C O N CL U S I O N

The current case-report demonstrates how fetal extravillous trophoblasts can be used for cell-based NIPT for the detection of two common pathogenic variants in CFTR without WGA. Hence, our study
adds to the growing evidence for the feasibility of cell-based NIPT for
diagnosing monogenic disorders. In our opinion this provides a potential alternative to invasive diagnosis and an alternative to the current
non-invasive testing option, where cell-free NIPT exclusively is used
for detection of known paternal variants. Finally, we suggest that cellbased NIPT has the potential to be developed into a non-invasive
testing option for prenatal CF screening. Final development as well as
validation of cell-based NIPT for CF suitable for routine clinical testing
is yet to be done and should be tested in a large-scale clinical setting.
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