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Abstract

Objectives: Cystic fibrosis (CF) is one of the most common severe autosomal

recessive disorders. Prenatal or preconception CF screening is offered in some

countries. A maternal blood sample in early pregnancy can provide circulating

trophoblasts and offers a DNA source for genetic analysis of both the mother and

the fetus. This study aimed to develop a cell‐based noninvasive prenatal test (NIPT)

to screen for the 50 most common CF variants.

Methods: Blood samples were collected from 30 pregnancies undergoing invasive

diagnostics and circulating trophoblasts were harvested in 27. Cystic fibrosis testing

was conducted using two different methods: by fragment length analysis and by our

newly developed NGS‐based CF analysis.

Results: In all 27 cases, cell‐based NIPT provided a result using both methods in

agreement with the invasive test result.

Conclusion: This study shows that cell‐based NIPT for CF screening provides a

reliable result without the need for partner‐ and proband samples.

Key points

What's already known about this topic?

� Many pregnant women are positive towards prenatal screening for Cystic fibrosis (CF).

� The only current pregnancy marker is echogenic bowel in the second trimester, but this test

has low sensitivity and specificity.

What does this study add?

� Prenatal screening for CF can be done using circulating trophoblasts isolated from maternal

blood early in pregnancy

� Circulating trophoblasts can provide screening for CF as a simple single‐visit setup without

the need for a paternal sample.

The data will be included in a presentation by author Line Dahl Jeppesen at CoGEN in start of November 2022.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, pro-

vided the original work is properly cited.

© 2022 The Authors. Prenatal Diagnosis published by John Wiley & Sons Ltd.
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1 | INTRODUCTION

Cystic fibrosis (CF) is one of the most common recessive disorders. It

is a multiple organ system disorder with onset in early childhood

causing reduced life expectancy.1 The disease is caused by variants in

the CF Transmembrane Conductance Regulator (CFTR) gene. More

than 2000 different variants have been identified, and some are

much more prevalent than others.2 In Denmark, approximately 3% of

the population are carriers of a disease causing CFTR‐variant, the

most common being F508del (CFTR c.1521_1523del), which is pre-

sent in 96% of the Danish CF population.3,4

In 2005, the American College of Obstetrics and Gynecology

recommended to implement a prenatal or preconception CF car-

rier screening program.5,6 In Denmark, however, such a screening

program is not available, although it has been subject to discus-

sion.7 Thus, a CF preconception carrier screening is only available

for individuals with a family health history of CF. Verified carrier

couples can opt for tax‐financed in vitro fertilization (IVF) and

preimplantation genetic testing (PGT) or they can choose prenatal

diagnosis for CF by chorionic villous sampling (CVS) or amnio-

centesis. Since 2016, newborn screening for CF has been imple-

mented to ensure early intervention and treatment. In Denmark,

1–2 asymptomatic newborns are diagnosed with CF every

month.8

‐Prenatal diagnosis traditionally relies on invasive sampling.

Although studies indicate that procedure‐related risk of miscarriage

is negligible,9,10 the procedure is associated with discomfort. Invasive

procedures are thus not adequate as a first‐tier screening and

noninvasive solutions are warranted. In the second‐trimester ultra-

sound scan, findings of fetal echogenic bowel are used as markers for

CF, although sensitivity and specificity are very low.11

The preference for noninvasive prenatal diagnostics for CF has

been investigated in a study by Hill et al.12 The authors found that

procedure‐related risk of miscarriage, test accuracy and the oppor-

tunity for early testing were the key attributes for accepting a

noninvasive prenatal test (NIPT). The Danish couples in particular

wished for a test without the risk of miscarriage.13 These findings

were echoed in a questionnaire study among Danish PGT users,

where 55% chose CVS to confirm transfer of an unaffected embryo.

Nine out of 10 expressed a wish for a confirmatory test of the

pregnancy if a noninvasive alternative was available.14 Therefore,

efforts have been made to develop NIPT options for CF using either

fetal cell‐free DNA or circulating trophoblasts in maternal blood.15–17

The procedure for NIPT using fetal cell‐free DNA was initially

based on detection or exclusion of the paternal variant allele in

maternal plasma.18 This approach is only useful if the parents carry

different CF variants and is therefore not applicable for CF screening

in a population with high mutation homogeneity such as the Danish.

Moreover, detection of the paternal variant allele would require

invasive testing to determine the fetal status for the maternal variant

allele. Instead, an indirect testing strategy based on relative haplo-

type dosage analysis has been developed.19 This method was

implemented as a clinical noninvasive diagnostic service in the UK in

2016 for couples where both parents are confirmed CF carriers and

DNA is available from an affected proband or an unaffected child.15

This approach is thus not adequate for a population‐based prenatal

CF screening program.

Intact circulating trophoblasts can be isolated consistently

around gestational age (GA) 10–14 weeks and constitute the back-

bone in cell‐based NIPT. This allows the extraction of placental DNA

without the background of maternal DNA.20 Circulating trophoblasts

may therefore be useful for prenatal screening purposes, as direct

variant analyses can be performed without the need for paternal‐ and

proband samples.16,17,21–23

This aim of this study was to establish cell‐based NIPT as a

screening tool for the 50 most common pathogenic CFTR variants.

The analysis was conducted by direct variant analysis using either

fragment length analysis or next‐generation sequencing (NGS) of

circulating trophoblasts and test results were compared to results

from invasive tests.

2 | METHODS

2.1 | Participant inclusion

Two groups of pregnant women undergoing invasive testing were

included.

In group 1 (validation group), eight women (cases 1–8) with a risk

of carrying a fetus with CF due to parental CF carrier status or family

history (Table 1) were recruited at Department of Clinical Genetics,

Aarhus University Hospital, Denmark.

In group 2 (low‐risk group), 22 consecutive blood samples were

collected between August and November 2021. This group included

women (CF‐1 to CF‐22) opting for CVS at Department of Obstetrics

and Gynecology, Aarhus University Hospital, Denmark, for in-

dications other than CF (Table 2). Genetic counseling and follow‐up

tests on the CVS material were offered at Department of Clinical

Genetics, Aarhus University Hospital, if a variant was detected either

in the pregnant women or by cell‐based NIPT.

All (N = 30) included women donated a blood sample at GA 10–

14 weeks; in 26 cases, blood collection was prior to CVS and 4 were

taken after CVS.

The study was approved by Central Denmark Region Committee

on Health Research Ethics (69,335, 72,586 and 79,316) and all par-

ticipants gave informed consent prior to blood sampling after being

informed of the project orally and in writing.

2.2 | Blood processing and identification of
circulating trophoblasts

Thirty ml of blood was drawn and processed as previously

described.24,25 In brief, three Cell‐Free DNA BCT tubes (Streck

2 - JEPPESEN ET AL.
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laboratories, USA) with whole blood were centrifuged and plasma

was carefully removed from the cell pellet. This was followed by red

blood cell lysis and paraformaldehyde‐fixation and permeabilization

of nucleated cells. Next, enrichment by magnetic‐activated cell

sorting was conducted using a LS column (MACS, Miltenyi Biotec,

Germany) with CD105 and CD141 antibody conjugated microbeads.

The enriched cell population was stained with fluorophore‐
conjugated antibodies targeting a cocktail of cytokeratin (CK) an-

tibodies, CD14 and CD45. Maternal genomic DNA (gDNA) was

extracted using Maxwell® RSC Whole Blood DNA Kit (Promega,

USA) following the manufacturer's protocol. In case 4 (group 1),

only 20 ml of blood was drawn and for case 5 (group 1), 50 ml of

blood. Candidate cells were isolated using a CK‐positive, CD14/

CD45‐negative gate for single cell sorting using a BD fluorescens

activated cell sorting (FACS)™Melody Cell Sorter (BD Biosciences,

USA). This was followed by whole genome amplification (WGA)

using PicoPLEX® Single Cell WGA Kit v3 (Takara Bio, USA) applied

to up to 10 candidate cells per sample. GlobalFiler™ polymerase

chain reaction (PCR) Amplification Kit (Thermo Fisher Scientific,

USA) was applied to generate a Short Tandem Repeat DNA profile

of candidate cells in order to determine the cell origin. Comparison

with the maternal DNA profile allowed identification of tropho-

blasts based on the presence of paternally inherited alleles as

previously described.26 If no cells of fetal origin were identified

among the first 10 candidate cells, the remaining cells were

analyzed accordingly.

2.3 | Detecting common disease‐causing variants in
Cystic Fibrosis Transmembrane Conductance
Regulator

All samples in group 1, where trophoblasts were successfully har-

vested (N = 7), and all maternal (N = 22) and trophoblast WGA‐DNA

samples (N = 20) from group 2 were subjected to CF analysis using

two different methods: (i) Amplification Refractory Mutation System

PCR (ARMS‐PCR) and fragment length analysis and (ii) NGS‐based

CF analysis:

2.4 | Amplification Refractory Mutation System
PCR and fragment length analysis

The WGA products from single cells of fetal origin were diluted to

5 ng/μL and pooled by equal volume within cases. The pooled

WGA‐DNA (and maternal gDNA) was analyzed using the Elucigene

CFEU2v1 (Elucigene, UK) kit following manufacturer's instructions

for detection of the 50 most common disease‐causing variants in

CFTR by ARMS‐PCR. Fragment length analysis was performed

using an Applied Biosystems 3500 Genetic Analyzer (Thermo

Fisher Scientific, USA). Data was analyzed using GeneMapper™ 5

Software (Thermo Fisher Scientific, USA) using the Elucigene

CFEU2v1 bins and panels. In the figures, the nomenclature for

CFTR variants used in the “Elucigene CF‐EU2v1 Guide to

TAB L E 1 Summary of case characteristics and prenatal diagnosis for the validation group (group 1) containing pregnancy cases tested for
Cystic fibrosis (CF) in the clinical setting

Case‐ID Clinical indication
CFTR
variant

Gestational

age at blood
sampling

Number of candidate

cells for WGA and
STR analysis

Number of fetal
cells for cell‐
based NIPT for
CFTR variants

Cell‐based NIPT

result for CFTR
variants

Concordance between

cell‐based NIPT and
CVS results

1 Prior CF screen

negative

None 13 + 2 5 4 Normal Yes

2 Mother is a known

carrier

F508del 12 + 4 6 5 F508del

heterozygote

NA

3 One parent is a

known carrier

F508del 11 + 4 8 1 Normal Yes

4 Both parents are

known carriers

F508del 11 + 3 11 4 F508del

heterozygote

Yes

5 One parent is a

known carrier

F508del 13 + 4 10 4 Normal Yes

6 Both parents are

known carriers

F508del,

R334W

10 + 4 10 5 R334W

heterozygote

Yes

7 Both parents are

known carriers

F508del 9 + 5 10 1 Normal Yes

8 Both parents are

known carriers,

child with CF

F508del 10 + 4 17 0 No result ‐

JEPPESEN ET AL. - 3
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Interpretation” was adopted (see supplementary Table 1). Thus,

disease‐causing variant alleles are described as mutant alleles (e.g.

F508del M) and normal alleles as wild‐type alleles (e.g. F508del

wildtype [WT]).

2.5 | Next‐generation sequencing‐based Cystic
fibrosis analysis

NimaGen CFTR‐HS kit (version 0.3) was designed in collaboration

with the manufacturer (NimaGen, The Netherlands). The analysis was

performed following manufacturer's protocol: 20–80 ng maternal

gDNA or pooled fetal WGA‐DNA was input for Reverse

Complement‐PCR, where sample‐specific indexes and P5/P7 se-

quences (NimaGen) were added to create an NGS‐library for

Illumina‐based sequencing with a mean insert size of 250 bp.

Following equal volume pooling of the libraries and AMPure XP bead

purification (Beckman Coulter), the libraries were sequenced on a

MiniSeq (Illumina) in a 1x100 bp rapid run. Bcl2fastq and demulti-

plexing were performed using Local Run Manager (Illumina). The

FASTQ files were aligned to the hg38 reference genome without

alternate contigs27 using bwa mem (version 0.7.17) and the resulting

BAM and VCF files were explored in Integrative Genomics Viewer

(Broad Institute, UC San Diego).

The bioinformatic pipeline used SnpAhoy 0.5.228 for calling the

genotypes on 48 CFTR‐related SNP‐positions. SNP‐positions with

genotype calls differing from the hg38 reference genome were

reported as possible variants. The common 3‐base deletion

F508del was detected using Freebayes 1.3.629,30 while the 21kb

deletion CFTRdele2,3 was detected using Delly 0.9.1.31,32 Filtering

of the vcf‐file from Freebayes was done using VCFtools

0.1.16.33,34

TAB L E 2 Summery of case characteristics and cell‐based noninvasive prenatal test (NIPT) results of 22 consecutive pregnancy cases
(group 2) recruited for prenatal Cystic fibrosis (CF) screening when they opted for invasive sampling with an indication other than CF

Case‐ID

Gestational age
at blood

sampling

Number of candidate cells

for WGA and STR analysis

Number of fetal cells for cell‐
based NIPT for CFTR variants

Cell‐based NIPT result

for CFTR variants

Concordance between
cell‐based NIPT and

CVS results

CF‐1 13 + 2 7 4 Normal Yes

CF‐2 12 + 6 10 9 Normal Yes

CF‐3 10 + 5 10 0 ‐ ‐

CF‐4 13 + 3 10 10 Normal Yes

CF‐5 13 + 0 4 1 Normal Yes

CF‐6 13 + 4 10 5 Normal Yes

CF‐7 13 + 2 9 3 Normal Yes

CF‐8 12 + 3a 10 1 Normal Yes

CF‐9 12 + 6 10 7 Normal Yes

CF‐10 12 + 5 10 8 Normal Yes

CF‐11 11 + 1a 9 5 Normal Yes

CF‐12 13 + 1a 4 0 ‐ ‐

CF‐13 10 + 4 10 4 Normal Yes

CF‐14 9 + 4 10 6 Maternal carrier of

F508del, fetus normal

Yes

CF‐15 12 + 1 10 6 Normal Yes

CF‐16 12 + 3 8 5 Normal Yes

CF‐17 13 + 6a 10 2 Normal Yes

CF‐18 11 + 2 10 6 Normal Yes

CF‐19 10 + 2 10 8 Normal Yes

CF‐20 13 + 3 10 5 Maternal carrier of

c.3718‐2477C > T,

fetus normal

Yes

CF‐21 9 + 2 10 4 Normal Yes

CF‐22 14 + 0 5 1 Normal Yes

aIndicates blood samples that have been collected after invasive sampling.

4 - JEPPESEN ET AL.
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2.6 | Allelic drop‐out rate

For the cell‐based NIPT results, the allelic drop‐out (ADO, i.e. loss of

signal from one allele due to insufficient PCR amplification) rates

were calculated by the number of observed alleles divided by the

number of expected peaks for each sample: ADO ¼ 1 − Alleles observed
Alleles expected.

For the ARMS‐PCR and fragment length analysis (Elucigene

CFEU2v1), the ADO rate was calculated for the detection of variant

alleles and the normal F508del allele (Elucigene CFEU2v1 reagent

mix A), as well as the detection of the normal alleles (Elucigene

CFEU2v1 reagent mix B, Supplementary Table 1). For all 27 cell‐
based NIPT results from groups 1 and 2, all expected variant and

normal F508del alleles were observed (N = 30), translating to a 0%

ADO rate. In total, 1258 peaks out of 1330 expected normal and

variant alleles were observed, translating to an ADO rate of 5.4%

(CI95: 2.5%–8.4%, median: 2.0%, Supplementary Figure 1). For

normal allele peaks <300 base pairs (peak no. 1–23 in CFEU2v1

reagent mix B, see Supplementary Table 1) and variant alleles

(N = 3), the ADO rate was 0%.

For the NGS‐based CF analysis, the single nucleotide poly-

morphism (SNP) coverage depth was used to determine the ADO

rate. The NimaGen CFTR‐HS includes 29 amplicons, covering the 50

disease‐causing variants of the Elucigene CFEU2v1 kit. Amplicon

reads for CFTR‐HS‐Ampl‐26 are only generated if a CFTRdele2,3

(21kb deletion, c.54‐5940_273 + 10250del21080) variant allele is

present. See Supplementary Table 1 for details. For all other ampli-

cons, SNP‐coverage depth <300 reads was defined as SNP position

ADO, allowing an SNP coverage depth of 30X with a minor allele

frequency of 10%, which may occur due to WGA amplification bias.

For all 27 samples, the average SNP ADO rate was 1.2% (CI95: 0.3%–

2.2%, median: 0.0%, Supplementary Figure 2).

2.7 | Cystic fibrosis testing on chorionic villous
sampling

Pregnant women in group 1 had CVS for CF testing performed at

regional hospitals of Central Denmark Region, Aarhus University

Hospital or Aalborg University Hospital. For group 2, women were

invited to participate in this study if they were offered CVS at

Aarhus University Hospital for other reasons than CF; typically

increased risk at the combined first‐trimester risk assessment.

Chorionic villous sampling DNA was extracted at the Department of

Clinical Genetics, Aarhus University Hospital, and analyzed using

Elucigene CFEU2v1 in a clinical setting (group 1) or in a research

setting (group 2).

3 | RESULTS

Flow of patients and samples is illustrated in Figure 1.

3.1 | Group 1: Validation study with women opting
for chorionic villous sampling for Cystic fibrosis

Cell‐based NIPT for CF was performed in eight pregnancies (GA 10–

14) referred for prenatal CF diagnostics. Table 1 summarizes the

results of cell‐based NIPT and invasive testing. In seven of these

cases, a cell‐based NIPT result was successfully obtained and in six

cases showing a fetal CF status in agreement with the CVS result. In

case 2, the CVS result was not obtained. The consistency between

the results of cell‐based NIPT and CVS accounts for both the ARMS‐
PCR and fragment length‐ and the NGS‐based CF analysis. In one

case (case 8), no fetal cells were harvested from the blood sample and

a redraw was not an option.

As can be seen from Table 1, CFTR variants in the heterozygote

form were detected in the fetus of cases 2, 4 and 6. Figure 2A shows

the results for case 4, where the mother and the fetus are both

heterozygote carriers of the pathogenic variant commonly known as

F508del (CFTR c.1521_1523del). The first panel row shows the result

for maternal blood DNA and the second panel shows the result from

the trophoblasts retrieved from the same blood sample. Maternal

and fetal samples both present with a variant allele and a normal

allele. For details, see the figure legend.

Figure 2B shows the finding of a paternal variant allele, R334W

(CFTR c.1000C > T), in the fetus, as well as the normal F508del allele

(WT). Importantly, the maternal F508del variant allele is not present

in the fetus; thus, the child is an unaffected CF carrier.

All fetal WGA‐DNA samples from group 1 (N = 7) were analyzed

by NGS to establish a proof‐of‐principle. Supplementary Figure 3

shows the NGS‐based CF analysis result for cases 4 and 6. For all

cases, the results of NGS analysis were in concordance with the CVS

result.

3.2 | Group 2: Prenatal Cystic fibrosis screening of
consecutive pregnancies opting for chorionic villous
sampling for an indication other than Cystic fibrosis

In the second part of the study, 22 consecutive samples (CF‐1 to

CF‐22) were collected from pregnant women opting for CVS for

indications other than CF. The case characteristics are summarized

in Table 2. For 20 samples, a cell‐based NIPT result was obtained

by both ARMS‐PCR and fragment length and NGS‐based CF

analysis; these results were identical with those of the invasive

samples. Two cases failed to generate a cell‐based NIPT result:

One sample (CF‐3) failed due to a technical error during FACS,

and from the other sample (CF‐12), no trophoblasts were

harvested.

In two maternal samples (CF‐14 and CF‐20), a CF variant allele

was detected. In the first sample, the pregnant woman carried an

F508del variant allele, while the cell‐based NIPT result showed a

normal CF profile in the fetus, confirmed by CVS

JEPPESEN ET AL. - 5
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(Supplementary Figure 4). The second sample, CF‐20, was more

complicated (see Figure 3). The maternal fragment length analysis

indicated that she was a heterozygous (carrier) of CFTR

3849 + 10kbC > T (CFTR c.3718‐2477C > T). The cell‐based NIPT

result presented with a normal CF profile in agreement with the CVS

result (Figure 3A). The pregnant woman was informed about the

result, and the fragment length analysis in the clinical setting

confirmed the result. However, the NGS‐based CF analysis deviated

(Figure 3B) as a single nucleotide variant (SNV) in the maternal

sequence was found 1bp downstream from the reported variant. This

SNV was the CFTR c.3718‐2476G > A intron variant categorized as

likely benign (https://www.ncbi.nlm.nih.gov/clinvar/RCV000870174/,

Figure 3). This deviating result was confirmed by Sanger sequencing

at the Department of Clinical Genetics, Aarhus University Hospital

and communicated to the pregnant couple. The fragment length

analysis manufacturer (Elucigene, Yourgene Health) will include this

observation in the revised user instructions.

3.3 | Next‐generation sequencing‐based Cystic
fibrosis analysis

An NGS‐based CF analysis was performed using Nimagen CFTR‐HS

kit for all 27 fetal WGA‐DNA samples. In brief, the MiniSeq run

generated a total yield of 1.88 G, with 95.64% of data considered

high quality (% >=Q30). The SNP coverage depth for each variant is

shown in Supplementary Figure 5, including the total mean coverage

depth for all 27 fetal WGA‐DNA samples.

Supplementary Figure 3 shows the NGS‐based CF screening result

for case 4, where both the mother and the fetus were heterozygote

carriers of an F508del variant allele. For case 6, the NGS‐based CF

screening result for the F508del variant and the R334W variant (CFTR

c.1000C > T) is shown in Supplementary Figure 3.

4 | DISCUSSION

The presented data showed that noninvasive testing using circulating

trophoblasts can determine fetal CF status. A cell‐based NIPT result

was obtained in 27 cases; seven cases at a high risk of CF, and 20

consecutive pregnancies undergoing invasive diagnostics on in-

dications other than CF. In all cases, cell‐based NIPT provided an

accurate result in agreement with the invasive diagnostics. This re-

veals the potential of cell‐based NIPT to provide an accurate and

timely prenatal screening for CF without the need for partner or

proband samples.

Is cell‐based NIPT then an alternative to invasive testing? We

found four of seven high‐risk cases, where the cell‐based NIPT

showed a normal unaffected CF test result. The remaining three high‐
risk cases showed the presence of both a normal allele and a variant

allele, indicating that the fetuses were unaffected CF carriers. These

three cases reflect clinical situations where invasive testing could be

avoided. However, we recognize that invasive confirmatory testing is

needed in situations where allelic drop‐ssssout could influence

interpretation of the result as cases with homozygous normal results

when the parents carry different CF variants or homozygous

abnormal results.

While awaiting larger validation studies, cell‐based NIPT for CF

may be relevant: (i) when CF carrier couples abstain from prenatal

testing due to the procedure‐related risk of miscarriage, (ii) if CF is

F I GUR E 1 The flow of patients and samples. Blood was collected from two groups of pregnant women receiving invasive sampling. In
group 1, the pregnancies were included when they opted for invasive sampling for Cystic fibrosis (CF) due to the couple's carrier status or
family history. This group was the validation group. In group 2, N = 22 pregnant women were included consecutively when they opted for

invasive sampling with an indication other than CF. This group simulated a prenatal screening program with a CF risk corresponding to the
background population. The text describes the outcome for cell‐based noninvasive prenatal test (NIPT) for both groups as well as the maternal
CF result in group 2. Abbreviations: CF, cystic fibrosis; CVS, chorionic villous sampling.

6 - JEPPESEN ET AL.
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suspected due to the presence of ultrasound fetal hyperechogenic

bowel, and (iii) to confirm the transfer of an unaffected embryo

following PGT.35

In the second part of this study, cell‐based NIPT for CF was

performed in 22 consecutive pregnant women opting for CVS for

reasons other than CF, simulating a prenatal screening setup.

F I GUR E 2 CF test results for maternal DNA and trophoblast WGA‐DNA pools for case 4 and case 6. The fragment length analysis results
to the left show the variant (mutant, M) alleles represented by blue peaks and the normal (wildtype) F508del allele represented by a green
peak. The fragment length analysis results to the right show the normal alleles and detection of a green peak indicates the heterozygote status
of the individual, while the absence of the green peak indicates the homozygote status of the individual. Peaks 10 and 12 represent F508del,

which present as split peaks separated by 3 bp if both a normal allele and a variant allele are present. (A) In case 4, both the pregnant woman
and the fetus are heterozygote for F508del indicated by the F508del M and WT alleles, as well as 10 and 12 split peaks in the fragment length
analysis result to the right. (B) In case 6, the pregnant woman is a heterozygote carrier of F508del. The fetus has inherited the paternal R334W

variant allele and the normal F508del allele, indicating that the fetus is an unaffected carrier of Cystic fibrosis (CF). Abbreviations: CF, cystic
fibrosis; M, mutant, WT, wildtype; WGA‐DNA, whole genome amplified DNA.
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A cell‐based NIPT CF screening result was obtained in 20 of the

22 fetuses and they all showed a normal CF test result in

agreement with the CVS results. In the two remaining pregnancies,

a cell‐based NIPT result was not achieved, which is equivalent to a

failure rate of 9% (CI: 1%–29%). For future large‐scale validation

studies, the failure rate may be reduced by sampling an increased

amount of blood (e.g. from 30 to 60 ml) or by a redraw only if a

cell‐based NIPT result cannot be achieved based on the first

sample. However, the residual risk of fetal CF was significantly

lowered as the maternal result was normal. In two maternal re-

sults, the fragment length analysis for CF found a variant. In both

cases, follow‐up analysis, genetic counseling and CF testing of the

partner and relevant family members were offered. Overall, these

results suggest that trophoblasts can be a DNA source in prenatal

CF screening.

The DNA source for cell‐based NIPT is limited to the amount

obtained from few harvested trophoblasts, and WGA is therefore a

necessity to obtain sufficient DNA for genetic analysis. However, the

F I GUR E 3 CF test result for maternal DNA and trophoblast WGA‐DNA pools for CF‐20 using (A) Amplification Refractory Mutation
System polymerase chain reaction (ARMS‐PCR) and fragment length analysis and (B) next‐generation‐sequencing. (A) The maternal Cystic

fibrosis (CF) test result presents with a blue variant peak 09–3849 + 10Kb indicating that the pregnant woman is a heterozygote carrier of
Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) 3849 + 10kbC > T (c.3718‐2477C > T, dbSNP: rs75039782). The trophoblast
WGA‐DNA showed a normal CF test result, indicating that the fetus is unaffected. Panel (B) shows the sequencing analysis of the variant,

rs75039782, and the base position is marked in dark blue bar. The grey bars represent sequences that do not vary from the hg38 reference
genome, displayed by the colored base sequence. In the maternal test result, an single nucleotide variant (SNV), CFTR c.3718‐2476 G > A, was
detected 1 bp downstream for the variant of interest. This SNV is a likely benign intron variant. Thus, the ARMS‐PCR result was due to an SNV
in the primer binding site, resulting in a false‐positive result. The CF‐20 trophoblast WGA‐DNA sequencing result presented with a normal CF

test result. Total counts for the specific amplicon are specified in the lower right corner. Abbreviations: ARMS‐PCR, Amplification Refractory
Mutation System polymerase chain reaction; bp, base pair; CF, cystic fibrosis; SNV, single nucleotide variant; WGA‐DNA, whole genome
amplified DNA.
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WGA procedure leads to the risk of amplification of only one allele

and lack of amplification of the other (ADO). If the nonamplified allele

is the variant allele, this will cause a wrong diagnosis. Thus, ADO is a

critical measure of the test performance. For the cell‐based NIPT

results using both fragment length analysis and NGS (N = 27), the

ADO rates were 5.4% (CI95: 2.5%–8.4%, median: 2.0) and 1.2% per

sample (CI95: 0.3%–2.2%, median: 0.0%), respectively. These ADO

rates are lower than what has previously been reported in similar

studies using WGA‐DNA from circulating trophoblasts (27%–

74%).22,23 In this study, the initial material for the CF analysis was

WGA‐DNA pooled from multiple trophoblasts, and this may explain

the lower ADO rate. Thus, cell‐based NIPT for CF should preferably

be based on WGA‐DNA from multiple trophoblasts as recommended

by Vossaert et al.36 The technology used in the present study holds

promise for retrieval of an adequate number of trophoblasts from

most samples obtained in GA 10–14 weeks.20,37 Thus, the cell‐based

prenatal CF screening could potentially be accessible prior to the

first‐trimester screening at 12 full weeks of gestation. Downstream

analysis may vary according to volume and clinical preferences, and

in the following, we will discuss our experiences with the clinically

established fragment length analysis and the NGS‐based CF analysis

developed for this purpose in our clinical samples.

In this study, we found that the NGS platform is just as useful as

the fragment length analysis and may offer some potential benefits

even though some barriers remain. In one woman, both the CF

screening test and the clinical follow‐up analysis detected a less

common variant (CFTR c.3718‐2477C > T) using fragment length

analysis. Surprisingly, this result was not confirmed in the NGS

analysis, which instead showed a neighboring SNP (CFTR c.3718‐
2476G > A). This changed the clinical interpretation as this variant is

interpreted as likely benign. SNPs in the primer annealing regions of

other PCR variant allele amplicons may result in false‐positive re-

sults, which may become more predominant when used in

population‐based screening, as compared to diagnostic procedures.

Similarly, in the NGS‐based CF analysis, there is a potential for

detection of variants of unknown significance, which can be a real

burden for both health care professionals and the expectant parents.

However, this barrier can be overcome by using a bioinformatic

pipeline to call variants of interest. The high analysis cost for the

NGS‐based CF analysis is a barrier to use this method instead of

fragment length analysis when analyzing small sample sizes but

would be overcome in a large‐scale screening setup. Thus, the ad-

vantages of the NGS platform includes correct identification of the

SNPs, as in the case above, lower ADO rate (1.2% per sample vs. 5.4%

in the fragment length analysis), bioinformatic variant calling and

scalability for a screening setup.

In a recent study, Chang et al. presented a cell‐based NIPT

analysis using circulating trophoblasts for targeted sequencing of a

gene panel including 67 genes related to different monogenic dis-

eases.22 The approach used both direct variant analysis and SNPs for

haplotyping, requiring a blood sample from the partner and a pro-

band. Another recent study by Zhuo et al. used a similar approach to

detect pathogenic variants for Tay Sachs disease, CF and

hemoglobinopathies, as well as to detect family‐specific pathogenic

variants.23 Together, these studies support the feasibility for devel-

oping cell‐based NIPT for various monogenic disorders using NGS.

The economy for cell‐based NIPT CF screening at a national

scale has not yet been addressed, but cost‐benefit analyses for ge-

netic carrier screening in CF have previously been positive.38

Implementation of cell‐based CF screening will identify CF carriers,

which will allow them to consider their reproductive options before

conception. This is opposed to the current newborn screening pro-

gram, which does not accurately identify CF carrier individuals.

5 | CONCLUSION

Cell‐based NIPT provides an option for a prenatal CF screening

program for the 50 most common disease‐causing variants. Impor-

tantly, this can be done early in pregnancy and without the need for a

partner sample and with little inconvenience for the pregnant

woman.

ACKNOWLEDGMENTS

The completion of this study would not have been possible without

the pregnant women who generously donated a blood sample for this

study. We would like to thank the technicians at Department of

Clinical Genetics, Aarhus University Hospital, for identifying relevant

cases and providing the results from the invasive diagnosis. Techni-

cian Filiz Kesgin from Department of Clinical Medicine, Aarhus Uni-

versity, is thanked for her assistance on patient recruitment and

blood sampling. We would like to acknowledge the laboratory tech-

nicians at ARCEDI for their skilled isolation and genotyping of

circulating trophoblasts. We would like to thank Rowenna Bijl and

her colleagues at NimaGen, The Netherlands, for their valued

contribution in developing and optimizing the CFTR HotSpot

sequencing kit in collaboration with the authors. Marie Høst Pahus,

Department of Infectious Diseases, Aarhus University Hospital, is

thanked for providing access to sequencing facilities. Finally, yet

importantly, a warm thank you to bioinformaticians, Michael Knud-

sen and Anders Sune Pedersen from Department of Molecular Di-

agnostics, Aarhus University Hospital, for their excellent

bioinformatics assistance. Isolation and analysis of circulating tro-

phoblasts were funded by ARCEDI. Ida Vogel's research is funded by

Novo Nordisk Foundation (NNF16OC0018772). Line Dahl Jeppesen

is an Industrial PhD student employed by ARCEDI and funded by an

Innovation Fund Denmark grant (0153‐00004B).

CONFLICT OF INTEREST

Line Dahl Jeppesen, Lotte Hatt, Jakob Hedegaard, Ripudaman Singh,

and PS are all employed by ARCEDI, a Danish biotech company that

holds the patented technology for enrichment of circulating tro-

phoblasts used in this study. Anders Sune Pedersen and Michael

Knudsen are employed as consultants by ARCEDI. Dorte Launholt

Lildballe, Christian Liebst Frisk Toft, and Ida Vogel have no conflicts

of interest and do not receive any funding by ARCEDI.

JEPPESEN ET AL. - 9

 10970223, 0, D
ow

nloaded from
 https://obgyn.onlinelibrary.w

iley.com
/doi/10.1002/pd.6276 by D

anish R
egions N

orth D
enm

ark, W
iley O

nline L
ibrary on [15/12/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



DATA AVAILABILITY STATEMENT

Study data not presented in this article is available upon request

directed to the corresponding author.

ORCID

Line Dahl Jeppesen https://orcid.org/0000-0002-5058-787X

Ripudaman Singh https://orcid.org/0000-0003-2657-0661

Christian Liebst Frisk Toft https://orcid.org/0000-0002-5012-3143

REFERENCES

1. Scotet V, L’hostis C, Férec C. The Changing Epidemiology of Cystic
Fibrosis: Incidence, Survival and Impact of the CFTRGene Discovery. Vol

11. Genes. MDPI AG; 2020.

2. Hospital of Sick Children. Cystic Fibrosis Mutation Database

[Internet]. [cited 2022 Mar 10]. http://www.genet.sickkids.on.ca

3. Nielsen OH, Thomsen BL, Green A, Andersen PK, Hauge M, Schiotz

PO. Cystic fibrosis in Denmark 1945 to 1985. An analysis of inci-

dence, mortality and influence of centralized treatment on survival.

Acta Pædiatr Scand. 1988;77(6):836‐841. https://doi.org/10.1111/j.

1651‐2227.1988.tb10765.x

4. de Boeck K, Zolin A, Cuppens H, Olesen H, Viviani L. The relative

frequency of CFTR mutation classes in European patients with cystic

fibrosis. J Cyst Fibros. 2014;13(4):403‐409. https://doi.org/10.1016/j.

jcf.2013.12.003

5. Romero S, Biggio JR, Saller DN, Giardine R. Committee Opinion
Number 432. Vol 486. Committee Opinion Number; 2005.

6. Romero S, Rink B, Biggio JR, Saller DN. Carrier Screening in the Age of

Genomic Medicine Committee on Genetics. Vol 690; 2017.

7. Smed VM, Bennike O, Petersen B, et al. Genetisk Screening af

Kommende Foraeldre.

8. Skov M, Bækvad‐Hansen M, Hougaard DM, et al. Cystic fibrosis

newborn screening in Denmark: experience from the first 2 years.

Pediatr Pulmonol. 2020;55:549‐555. https://doi.org/10.1002/ppul.

24564

9. Wulff CB, Gerds TA, Rode L, Ekelund CK, Petersen OB, Tabor A. Risk

of fetal loss associated with invasive testing following combined

first‐trimester screening for Down syndrome: a national cohort of

147 987 singleton pregnancies. Ultrasound Obstet Gynecol. 2016;

47(1):38‐44. https://doi.org/10.1002/uog.15820

10. Salomon LJ, Sotiriadis A, Wulff CB, Odibo A, Akolekar R. Risk of

miscarriage following amniocentesis or chorionic villus sampling:

systematic review of literature and updated meta‐analysis. Ultra-
sound Obstet Gynecol. 2019;54(4):442‐451. John Wiley and Sons Ltd.

https://doi.org/10.1002/uog.20353

11. Muller F, Simon‐Bouy B, Girodon E, Monnier N, Malinge M, Serre J.

Predicting the risk of cystic fibrosis with abnormal ultrasound signs

of fetal bowel: results of a French molecular collaborative study

based on 641 prospective cases. Am J Med Genet. 2002;110(2):

109‐115. https://doi.org/10.1002/ajmg.10431
12. Hill M, Suri R, Nash E, Morris S, Chitty L. Preferences for prenatal

tests for cystic fibrosis: a discrete choice experiment to compare the

views of adult patients, carriers of cystic fibrosis and health pro-

fessionals. J Clin Med. 2014;3(1):176‐190. https://doi.org/10.3390/

jcm3010176
13. Lund ICB, Becher N, Petersen OB, et al. Preferences for prenatal

testing among pregnant women, partners and health professionals.

Dan Med J. 2018;65(5).

14. Toft CLF, Diemer T, Ingerslev HJ, Pedersen IS, Adrian SW, Kesmodel

US. Patients’ choices and opinions on chorionic villous sampling and

non‐invasive alternatives for prenatal testing following preimplan-

tation genetic testing for hereditary disorders: a cross‐sectional

questionnaire study. Prenat Diagn. 2022;42(2):212‐225. https://doi.

org/10.1002/pd.6088

15. Chandler NJ, Ahlfors H, Drury S, et al. Noninvasive prenatal diag-

nosis for cystic fibrosis: implementation, uptake, outcome, and im-

plications. Clin Chem. 2020;66(1):207‐216. https://doi.org/10.1373/

clinchem.2019.305011

16. Mouawia H, Saker A, Jais JP, et al. Circulating trophoblastic cells

provide genetic diagnosis in 63 fetuses at risk for cystic fibrosis or

spinal muscular atrophy. Reprod Biomed Online. 2012;25(5):508‐520.

https://doi.org/10.1016/j.rbmo.2012.08.002

17. Jeppesen LD, Hatt L, Singh R, et al. Cell‐based non‐invasive prenatal

diagnosis in a pregnancy at risk of cystic fibrosis. Prenat Diagn.

2021;41(2):234‐240. https://doi.org/10.1002/pd.5861

18. Hill M, Twiss P, Verhoef TI, et al. Non‐invasive prenatal diagnosis for

cystic fibrosis: detection of paternal mutations, exploration of patient

preferences and cost analysis. Prenat Diagn. 2015;35(10):950‐958.

https://doi.org/10.1002/pd.4585

19. Jenkins LA, Deans ZC, Lewis C, Allen S. Delivering an accredited Non‐
invasive Prenatal Diagnosis Service for Monogenic Disorders and Rec-
ommendations for Best Practice. Prenatal Diagnosis; 2018.

20. Ravn K, Singh R, Hatt L, et al. The number of circulating fetal

extravillous trophoblasts varies from gestational week 6 to 20.

Reprod Sci. 2020;27(12):2170‐2174. https://doi.org/10.1007/s430

32‐020‐00243‐1
21. Saker A, Benachi A, Bonnefont JP, et al. Genetic characterisation of

circulating fetal cells allows non‐invasive prenatal diagnosis of cystic

fibrosis. Prenat Diagn. 2006;26(10):906‐916. https://doi.org/10.10

02/pd.1524

22. Chang L, Zhu X, Li R, et al. A novel method for noninvasive diagnosis

of monogenic diseases from circulating fetal cells. Prenat Diagn.

2021;41(4):400‐408. https://doi.org/10.1002/pd.5796

23. Zhuo X, Wang Q, Vossaert L, et al. Use of amplicon‐based sequencing

for testing fetal identity and monogenic traits with Single Circulating

Trophoblast (SCT) as one form of cell‐based NIPT. PLoS One.

2021;16(4 April):16. https://doi.org/10.1371/journal.pone.0249695

24. Hatt L, Brinch M, Singh R, et al. A new marker set that identifies fetal

cells in maternal circulation with high specificity. Prenat Diagn.

2014;34(11):1066‐1072. https://doi.org/10.1002/pd.4429

25. Hatt L, Brinch M, Singh R, et al. Characterization of fetal cells from

the maternal circulation by microarray gene expression analysis ‐
could the extravillous trophoblasts be a target for future cell‐based

non‐invasive prenatal diagnosis? Fetal Diagn Ther. 2014;35(3):

218‐227. https://doi.org/10.1159/000356073

26. Hatt L, Singh R, Christensen R, et al. Cell‐based Noninvasive Prenatal
Testing (cbNIPT) Detects Pathogenic Copy Number Variations. Vol 8.

Clinical case reports; 2020:2561‐2567.

27. NIH National Cancer Institute Genomic Data Commons. GDC

Reference Files.

28. Knudsen M. SnpAhoy Source Repository; 2019. https://github.com/

micknudsen/snpahoy

29. Garrison E, Marth G. Haplotype‐based Variant Detection from

Short‐Read Sequencing; 2012. http://arxiv.org/abs/1207.3907

30. Garrison E. FreeBayes Source Repository; 2012. https://github.com/

ekg/freebayes

31. Rausch T, Zichner T, Schlattl A, Stutz AM, Benes V, Korbel JO.

DELLY: structural variant discovery by integrated paired‐end and

split‐read analysis. Bioinformatics. 2012;28(18):i333‐i339. https://

doi.org/10.1093/bioinformatics/bts378

32. Rausch T, Zichner T, Schlattl A, et al. Delly Source Repository; 2013.

https://github.com/dellytools/delly

33. Danecek P, Auton A, Abecasis G, et al. The variant call format and

VCFtools. Bioinformatics. 2011;27(15):2156‐2158. https://doi.org/

10.1093/bioinformatics/btr330

34. Auton A, Danecek P, Marcketta A. VCFtools Source Repository;

2015. https://github.com/vcftools/vcftools

35. Liebst C, Toft F, Ingerslev HJ, et al. Cell‐based Non‐invasive Prenatal

Testing for Monogenic Disorders: Confirmation of Unaffected

10 - JEPPESEN ET AL.

 10970223, 0, D
ow

nloaded from
 https://obgyn.onlinelibrary.w

iley.com
/doi/10.1002/pd.6276 by D

anish R
egions N

orth D
enm

ark, W
iley O

nline L
ibrary on [15/12/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0002-5058-787X
https://orcid.org/0000-0002-5058-787X
https://orcid.org/0000-0003-2657-0661
https://orcid.org/0000-0003-2657-0661
https://orcid.org/0000-0002-5012-3143
https://orcid.org/0000-0002-5012-3143
http://www.genet.sickkids.on.ca
https://doi.org/10.1111/j.1651-2227.1988.tb10765.x
https://doi.org/10.1111/j.1651-2227.1988.tb10765.x
https://doi.org/10.1016/j.jcf.2013.12.003
https://doi.org/10.1016/j.jcf.2013.12.003
https://doi.org/10.1002/ppul.24564
https://doi.org/10.1002/ppul.24564
https://doi.org/10.1002/uog.15820
https://doi.org/10.1002/uog.20353
https://doi.org/10.1002/ajmg.10431
https://doi.org/10.3390/jcm3010176
https://doi.org/10.3390/jcm3010176
https://doi.org/10.1002/pd.6088
https://doi.org/10.1002/pd.6088
https://doi.org/10.1373/clinchem.2019.305011
https://doi.org/10.1373/clinchem.2019.305011
https://doi.org/10.1016/j.rbmo.2012.08.002
https://doi.org/10.1002/pd.5861
https://doi.org/10.1002/pd.4585
https://doi.org/10.1007/s43032-020-00243-1
https://doi.org/10.1007/s43032-020-00243-1
https://doi.org/10.1002/pd.1524
https://doi.org/10.1002/pd.1524
https://doi.org/10.1002/pd.5796
https://doi.org/10.1371/journal.pone.0249695
https://doi.org/10.1002/pd.4429
https://doi.org/10.1159/000356073
https://github.com/micknudsen/snpahoy
https://github.com/micknudsen/snpahoy
http://arxiv.org/abs/1207.3907
https://github.com/ekg/freebayes
https://github.com/ekg/freebayes
https://doi.org/10.1093/bioinformatics/bts378
https://doi.org/10.1093/bioinformatics/bts378
https://github.com/dellytools/delly
https://doi.org/10.1093/bioinformatics/btr330
https://doi.org/10.1093/bioinformatics/btr330
https://github.com/vcftools/vcftools
https://orcid.org/0000-0002-5058-787X
https://orcid.org/0000-0003-2657-0661
https://orcid.org/0000-0002-5012-3143


Fetuses Following Preimplantation Genetic Testing. http://genome.

ucsc.edu/

36. Vossaert L, Wang Q, Salman R, et al. Validation studies for single

circulating trophoblast genetic testing as a form of noninvasive

prenatal diagnosis. Am J Hum Genet. 2019;105(6):1262‐1273.

https://doi.org/10.1016/j.ajhg.2019.11.004

37. Kruckow S, Schelde P, Hatt L, et al. Does Maternal Body Mass Index

affect the Quantity of Circulating Fetal Cells Available to Use for

Cell‐Based Noninvasive Prenatal Test in High‐Risk Pregnancies?

Fetal Diagnosis and Therapy; 2019.

38. Nielsen R, Gyrd‐Hansen D. Prenatal screening for cystic fibrosis: an

economic analysis. Health Econ. 2002;11(4):285‐299. https://doi.org/

10.1002/hec.652

SUPPORTING INFORMATION

Additional supporting information can be found online in the Sup-

porting Information section at the end of this article.

How to cite this article: Jeppesen LD, Lildballe DL, Hatt L,

et al. Noninvasive prenatal screening for cystic fibrosis using

circulating trophoblasts: detection of the 50 most common

disease‐causing variants. Prenat Diagn. 2022;1‐11. https://doi.

org/10.1002/pd.6276

JEPPESEN ET AL. - 11

 10970223, 0, D
ow

nloaded from
 https://obgyn.onlinelibrary.w

iley.com
/doi/10.1002/pd.6276 by D

anish R
egions N

orth D
enm

ark, W
iley O

nline L
ibrary on [15/12/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://genome.ucsc.edu/
http://genome.ucsc.edu/
https://doi.org/10.1016/j.ajhg.2019.11.004
https://doi.org/10.1002/hec.652
https://doi.org/10.1002/hec.652
https://doi.org/10.1002/pd.6276
https://doi.org/10.1002/pd.6276

	Noninvasive prenatal screening for cystic fibrosis using circulating trophoblasts: Detection of the 50 most common disease‐ ...
	1 | INTRODUCTION
	2 | METHODS
	2.1 | Participant inclusion
	2.2 | Blood processing and identification of circulating trophoblasts
	2.3 | Detecting common disease‐causing variants in Cystic Fibrosis Transmembrane Conductance Regulator
	2.4 | Amplification Refractory Mutation System PCR and fragment length analysis
	2.5 | Next‐generation sequencing‐based Cystic fibrosis analysis
	2.6 | Allelic drop‐out rate
	2.7 | Cystic fibrosis testing on chorionic villous sampling

	3 | RESULTS
	3.1 | Group 1: Validation study with women opting for chorionic villous sampling for Cystic fibrosis
	3.2 | Group 2: Prenatal Cystic fibrosis screening of consecutive pregnancies opting for chorionic villous sampling for an i ...
	3.3 | Next‐generation sequencing‐based Cystic fibrosis analysis

	4 | DISCUSSION
	5 | CONCLUSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT


