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Abstract

Objectives: To develop a flexible droplet digital PCR (ddPCR) workflow to perform
non-invasive prenatal diagnosis via relative mutation dosage (RMD) for maternal
pathogenic variants with a range of inheritance patterns, and to compare the ac-
curacy of multiple analytical approaches.

Methods: Cell free DNA (cfDNA) was tested from 124 archived maternal plasma
samples: 88 cases for sickle cell disease and 36 for rare Mendelian conditions. Three
analytical methods were compared: sequential probability ratio testing (SPRT),
Bayesian and z-score analyses.

Results: The SPRT, Bayesian and z-score analyses performed similarly well with
correct prediction rates of 96%, 97% and 98%, respectively. However, there were
high rates of inconclusive results for each cohort, particularly for z-score analysis
which was 31% overall. Two samples were incorrectly classified by all three
analytical methods; a false negative result predicted for a fetus affected with sickle
cell disease and a false positive result predicting the presence of an X-linked IDS
variant in an unaffected fetus.

Conclusions: ddPCR can be applied to RMD for diverse conditions and inheritance
patterns, but all methods carry a small risk of erroneous results. Further evaluation
is required both to reduce the rate of inconclusive results and explore discordant

results in more detail.

Key points

What is already know about this topic?

o Digital PCR can be used to determine the fetal genotype of single gene disorders by dosage
analysis of cfDNA in maternal plasma.

e Previous studies have shown the feasibility of this approach with small sample cohorts but
reported rates of incorrect results are as high as 20%.

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.
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1 | INTRODUCTION

During pregnancy, cell free fetal DNA (cffDNA) is shed from the
placenta and can be detected in maternal plasma alongside cell free
DNA (cfDNA) from maternal tissues.® This has allowed safer access
to fetal genetic material and the development of prenatal testing
using only a maternal blood sample, including screening for common
aneuploidies,? determination of fetal sex® and fetal RHD status,* and
non-invasive prenatal diagnosis (NIPD) of single gene disorders.’

Unlike detection of de novo or paternally inherited variants,
which are not present in the maternal genome, determining the fetal
inheritance of maternal variants is technically challenging, as the
variant of interest is also present in the maternal cfDNA. This has
complicated the development of NIPD for scenarios in which the
mother is affected with a dominant condition or is a carrier for an X-
linked or recessive condition. Detecting fetal inheritance of maternal
alleles can be achieved using relative haplotype dosage analysis
(RHDO), in which next generation sequencing (NGS) is used to
determine the inheritance of parental haplotypes in the cfDNA.°
However, the requirement of DNA from the biological father and a
familial proband currently limits its availability.

Notably, RHDO is not available for sickle cell disease (SCD), despite
this being a life-limiting autosomal recessive (AR) condition, with over
300,000 patients born globally every year” and one of the most frequent
requests for prenatal diagnosis in the United Kingdom. Approximately
70% of SCD patients are homozygous for a single missense variant in the
HBB gene (NM_000518.5:c.20A>T), referred to as the haemoglobin S
(HbS) allele.® Each year, over 300 invasive prenatal tests are performed
for SCD in the United Kingdom alone, and a sample from the biological
father is not received in up to 40% of cases when requested”; this would
prevent access to RHDO even if it was available.

Pregnant women who are heterozygous for rare disease variants
are also not served by RHDO, as it is too expensive to permit vali-
dation for rare genetic conditions in a publicly funded healthcare
system. Moreover, due to the requirement of a high number of
informative single nucleotide polymorphisms (SNPs) to differentiate
haplotypes at the gene locus, RHDO is currently not offered to
consanguineous couples.’® There is therefore an unmet clinical need
for a cost-effective and flexible non-invasive method for detecting
maternally inherited variants using only a maternal blood sample.
Patients welcome the prospect of such tests but stress that accuracy
is of paramount importance for any new method to be an acceptable

alternative to invasive testing.!?

has not been assessed.

o Different statistical analysis methods have been reported, but their comparative accuracy

What does this study add?

e We report the results for digital PCR analysis on over 120 cfDNA samples and a large-scale
comparison of three different analytical approaches.

e Accounting for technical variation using z-score analysis can significantly reduce incorrect

fetal genotype predictions, but all three methods tested have a small residual error rate.

Fetal inheritance of maternal alleles can also be detected using
relative mutation dosage (RMD), which measures imbalances in the
abundance of variant and normal sequences in the cfDNA.'2 Detecting
changesin allelicdosage due to the fetal genotype is complicated by the
low concentration of total cfDNA, which is present between 600 and
2000 genome equivalents per millilitre of plasma (GE/ml) in early
pregnancy.®1* Of this total cfDNA, the fetal DNA may comprise less
than 10%, and any allelic dosage change will be relative to this fetal
fraction. For a cfDNA test to be a clinical alternative to invasive testing,
it should be available at an equivalent time-point to chorionic villous
sampling (CVS), which is 11-14 weeks gestation, when the fetal frac-
tion and absolute concentration of cfDNA are both low.**

Digital PCR (dPCR) has previously been applied to RMD ap-

151¢ monogenic dia-

proaches, including cohorts of haemophilia,
betes!” and inherited deafness.'® However, Barrett et al.'? reported
in a large cohort study for SCD that 7 out of 59 fetal genotype
predictions using sequential probability ratio testing (SPRT) were
incorrect, including one false positive and four false negatives.

Recently, Sawakwongpra et al.°

reported a misclassification rate of
roughly 20% (5/24) when SPRT was applied to non-invasive fetal
genotyping of beta-thalassemia. The high rate of these incorrect
predictions and uncertainty about their aetiology have so far hin-
dered the clinical implementation of RMD in cfDNA testing. Many
publications have applied SPRT to RMD,*?1516:19.21-23 \yhj|st z-score

24,25 1826 including Markov chain

methods and Bayesian approaches,
Monte-Carlo (MCMC) analysis,17 have also been reported. However,
cohort sizes are often limited, and no large-scale comparison of
analytical approaches has been performed.

In this study, we developed a flexible droplet digital PCR (ddPCR)
workflow to perform NIPD for maternal pathogenic variants with X-
linked, autosomal dominant (AD) and autosomal recessive (AR) in-
heritance, including the common HBB c.20A>T variant, and a case
from a consanguineous family. We then applied three analytical
methods, SPRT, Bayesian and z-score analyses, and compared their

accuracy in predicting fetal genotypes.

2 | METHODS
2.1 | Sample collection

Plasma samples were collected from women, and biological fathers if
available, attending fetal medicine units between 2012 and 2021, as
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part of the RAPID project (NIHR RP-PG-0707-10107; Research
Ethics Committee reference: 14/5C/1020).° All samples were
pseudo-anonymised and consent for research obtained. For this
study, 127 samples were identified with the following criteria: sam-
ples from singleton pregnancies from women who were heterozygous
for pathogenic variants in Mendelian disease genes and with a fetal
genotype determined by invasive prenatal or postnatal testing. Three
cases were subsequently excluded due to evidence of the haemo-
globin C (HbC) allele, sample contamination and the presence of a
twin pregnancy which was not noted on the referral. Thus 124
samples were subsequently analyzed: 88 for SCD (HBB c.20A>T) and
36 for a range of variants in different disease genes (Figure 1).

Maternal plasma samples were processed as previously
described®® and stored at —80°C. cfDNA was extracted using a
QiaSymphony instrument using the QIAsymphony DSP Circulating
Nucleic Acid Kit (Qiagen). Genomic DNA (gDNA) for maternal and
paternal controls was extracted from stored blood pellets using a
QuickGene-610L (Kurabo) kit. Further details are included in
Supplementary Methods.

2.2 | Droplet digital PCR

Variant discrimination assays were designed for the 35 pathogenic
variants present in our cohort: 20 for X-linked conditions, 6 for AD
conditions and 9 for AR conditions, including the common HBB
¢.20A>T variant for SCD. Primer and probe sequences for the FGFR3
c.1138G>A?” CFTR c.1521_1523del*® and HBB c.126_129del*? var-
iants were taken from previous publications. The sequences, ampli-
cons and annealing temperatures for each assay are shown in
Supplementary Table 1, and PCR conditions are included in the
Supplementary Methods.

ddPCR was performed on a Bio-Rad QX200 system with an
automated droplet generator (Bio-Rad). Each assay was optimised on
gDNA from heterozygous parental controls using an annealing tem-
perature gradient. Each cfDNA sample was then tested with the
ddPCR assay for the relevant pathogenic variant, and results were
analyzed using Quantasoft (v1.7.4). The fetal fraction was determined
via ddPCR for the ZFY locus®’ or a paternally inherited SNP.2%%°
Identification of informative SNPs was performed using NGS and
ddPCR and is described in more detail in the Supplemen-
tary Methods. Parental gDNA was tested alongside the cfDNA at
equivalent concentrations to provide a comparison dataset of sam-

ples known to be truly heterozygous.

2.3 | Limit of detection experiment

A limit of detection experiment was designed to test the sensitivity of
the HBB c.20A>T ddPCR assay. gDNA from patients confirmed by
Sanger sequencing to be homozygous for either the HbS (HbSS) or
HbA (HbAA) alleles was fragmented to an average size of 150 bpon a
Covaris E220 Ultrasonicator, and the DNA fragment profile was

DIAGNOSIS-WILEY—L %

assessed using an Agilent 2200 TapeStation. HbAA and HbSS gDNA
was spiked into a HbAS gDNA sample at increments from 2% to 12%,
at different total concentrations of DNA. These mixtures simulated
the composition of cfDNA from a pregnant woman bearing affected
and unaffected fetuses with varying fetal fractions and cfDNA con-
centrations. This experiment was performed only for the SCD assay
due to sample availability.

2.4 | Analysis

SPRT was performed as previously described for autosomal®! and
X-linked inheritance patterns,*> using a likelihood ratio threshold of
852 The Bayesian analysis was performed for AD variants as

1,Y” with additional models for X-linked and

described by Caswell et a
AR inheritance, and a threshold of 0.957 for fetal genotype classi-
fication. Finally, we performed a z-score analysis, which was modified
from Chiu et al.2 Heterozygous parental gDNA results were used as a
control dataset, with known equal concentrations of variant and
reference alleles. The z-score was then calculated as the number of
standard deviations by which the cfDNA sample variant fraction
differed from the mean of the heterozygous gDNA controls. Applying
the same thresholds as Chiu et al.,? z-scores greater than 3 or less
than —3 were used to predict homozygous and hemizygous fetal
genotypes, whilst z-scores between 2 and —2 were predicted to have

heterozygous fetal genotypes.

3 | RESULTS

Overall, 124 samples were analyzed from 116 different families, for
35 pathogenic variants in 28 genes (Figure 2). Samples were
collected from between 9 and 35 weeks gestation (median: 12 + 4)
with fetal fractions ranging from 1.8% to 31.6% (median: 6.6%)
(Supplementary Table 2).

3.1 | Assay optimisation

The limit of detection study using sonicated gDNA showed that the
SCD assay could distinguish 4% spike-ins of both HbSS and HbAA at
DNA inputs ranging from 3000 to 12000 molecules (Supplemen-
tary Figure 1). We then looked at the variant fraction of the hetero-
zygous gDNA controls with known equal concentrations of variant and
reference alleles. These showed substantial variation (43.8%-55.4%),
particularly when fewer than 2000 haploid genome equivalents (GE)
were measured, due to the sampling error associated with low DNA
inputs. The variation was such that when the SPRT and Bayesian an-
alyses were applied to the control dataset, several replicates exceeded
the classification thresholds (Supplementary Figure 2).

Based on the results of this gDNA testing and the limit of
detection experiment for the SCD assay, we set additional quality
filters across both cohorts: samples with fewer than 2000 GE at the
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Sickle cell disease

Bespoke assay

HBB c.20A>T: design:
Samples 91 samples 36 samples
| I
3 samples Yiirikad: /guto§omil Autoso.ma.l
excluded 20 samples ominant: recessive:
7 samples 9 samples
124 samples
|
Testing Variant fraction Fetal fraction
ddPCR ddPCR
l |
g SPRT Bayesian Z score
Analysis ' ; )
analysis analysis analysis
| |
Comparison with
Outcome invasive or postnatal

testing

FIGURE 1 The testing workflow of the sample cohort. The numbers in each box indicate the number of samples tested. Three samples
included for sickle cell disease testing were subsequently excluded due to the detection of contamination, the presence of the haemoglobin C

allele and due to a twin pregnancy.

variant site or with a fetal fraction below 4% were classified as
inconclusive for all three analytical methods. The 4% fetal fraction
threshold is consistent with that routinely used for non-invasive

3334 and in our laboratory for

prenatal screening for aneuploidies
complex cfDNA assays for monogenic conditions. This was therefore
applied across all the assays, not just the SCD assay, rather than
testing bespoke assays due to lack of sample availability. A total of 25
samples, 13 in the SCD cohort and 12 in the bespoke cohort, did not
meet these quality criteria and were therefore classified as incon-

clusive across all three analytical methods.

3.2 | Sickle cell disease cohort
The HBB c.20A>T ddPCR assay was successfully optimised and
additional testing assessed the impact of the common HbC allele
(NM_000518.5:c.19G>A) on probe binding, which generated a
distinct low fluorescence droplet cluster (Supplementary Figure 3).
When compared to the results of invasive testing, the SPRT,
Bayesian and z-score analyses generated 97%, 98% and 99% correct
fetal genotype predictions for reportable cases, with 22%, 25% and
23% inconclusive results, respectively (Table 1). These inconclusive

rates include 13 cases, 15% of the SCD cohort, which did not meet
the quality criteria due to low fetal fraction or low DNA input. There
were two incorrect fetal genotype predictions generated by SPRT; a
homozygous normal genotype (HbAA) predicted for a confirmed
heterozygous carrier fetus (HbAS) and a heterozygous carrier ge-
notype predicted for a homozygous affected fetus (HbSS). The
Bayesian and z-score analyses generated only one of these incorrect
fetal genotypes. This sample (cfDNA-122), collected at 12 + 5 weeks
gestation, had a variant fraction of 50% and a fetal fraction of 6% and
was incorrectly predicted to have a heterozygous fetus by all three
analysis methods, whilst the CVS reported a fetus affected with SCD.

3.3 | Bespoke cohort

For the bespoke design cohort, all three analysis methods again
performed similarly well, with 92% correct fetal genotype predictions
for reportable cases for SPRT, 91% for the Bayesian analysis and 94%
for the z-score analysis (Table 2). Among the correct predictions
made by all three methods were those for the common CFTR
¢.1521_1523del variant and two common beta-thalassemia variants:
HBB c.126_129del and HBB c.93-21G>A. Six samples were tested
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TABLE 1 Sickle cell disease results (n = 88).

Fetal genotype HbSS HbAS HbAA
SPRT
Correct 12 43 12
Incorrect 1 1 0
Inconclusive 0 14 5
Bayesian
Correct 11 42 12
Incorrect 1 0 0
Inconclusive 1 16 5
Z-score
Correct 10 45 12
Incorrect 1 0 0
Inconclusive 2 13 5

DIAGNOSIS-WILEY—L*

Total Total (%) Percent reportable
67 76 97

2 2 3

19 22 -

65 74 98

1 1 2

22 25 -

67 76 99

1 1 1

20 23 -

Note: Results for the prediction of fetal genotypes for pregnancies at risk of sickle cell disease by sequential probability ratio testing (SPRT), Bayesian
and z score analyses compared with genotypes determined from invasive or postnatal testing. Inconclusive cases are classified as not reportable.

from couples in which both parents carried the same rare variant in a
recessive gene, and correct fetal genotypes were predicted by all
three methods for five of these (Table 3). The overall rates of
inconclusive results, including those which did not meet the quality
thresholds, were slightly higher for this cohort; 33% for SPRT, 39%
for the Bayesian analysis and 50% for z-score analysis. Twelve cases,
33% of the total cohort, were classified as inconclusive across all
three methods due to low fetal fraction or low DNA input. Of note,
seven X-linked samples had fewer than 2000 molecules detected by
the variant fraction assay (cfDNA-19, cfDNA-20, cfDNA-22, cfDNA-
25, cfDNA-26, cfDNA-27 and cfDNA-30) and therefore did not pass
the quality filter. These samples were extracted from small plasma
volumes and tested early in the study, prior to the optimisation of the
cfDNA extraction method (Supporting Information S1).

The SPRT and Bayesian analyses generated the same two
incorrect fetal genotype predictions for two X-linked recessive var-
iants in the ABCD1 and IDS genes; one false negative result (cFDNA-
17) and one false positive result (cfDNA-29) (Table 4). The latter was
also incorrectly classified by z-score analysis. This false positive
result, called by all three analytical methods, was from a cfDNA
sample taken at 13 + 6 weeks gestation from a woman who was
heterozygous for the IDS ¢.182_189del variant, which causes muco-
polysaccharidosis type 2. The ZFX/ZFY ddPCR assay measured a fetal
fraction of 10.3%, and the variant fraction was 54.6%. The SPRT,
Bayesian and z-score analyses all predicted that the fetus was
hemizygous for the variant and was therefore affected. However,
Sanger sequencing on CVS DNA at the time of sampling did not
detect the pathogenic variant, and the fetus was born unaffected
with mucopolysaccharidosis type 2.

Overall, across both the SCD and bespoke cohorts, SPRT, Bayesian
and z-score analyses correctly classified 96%, 97% and 98% of
reportable cases, with 25%, 29% and 30% inconclusive results,

respectively (Table 5). Again, these inconclusive results include the 25

TABLE 2 Bespoke cohort results (n = 36).

Total Total (%) Percent reportable

SPRT

Correct 22 61 92

Incorrect 2 6 8

Inconclusive 12 33 -
Bayesian

Correct 20 55 91

Incorrect 2 6 9

Inconclusive 14 39 =
Z-score

Correct 17 47 94

Incorrect 1 3 6

Inconclusive 18 50 -

Note: Results for the prediction of fetal genotypes for pregnancies at
risk of rare single gene conditions by sequential probability ratio testing
(SPRT), Bayesian and z score analyses compared with genotypes
determined from invasive or postnatal testing. Inconclusive cases are
classified as not reportable.

cases, 20% of the total cohort, which did not meet the quality thresh-
olds. SPRT generated the highest number of incorrect results, with four
in total across both cohorts, while z-score generated only two. A full
detailed results table can be found in Supplementary Table 2.

3.4 | X-chromosome inactivation

We hypothesised that X-chromosome inactivation (XCI) could have
played a role in the false positive IDS variant result due to the
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TABLE 3

Sample

Inheritance number
AR cfDNA-1
AR cfDNA-2
AR cfDNA-3
AR cfDNA-4
AR cfDNA-5
AR cfDNA-6
AR cfDNA-7
AR cfDNA-8
AR cfDNA-9
AD cfDNA-10
AD cfDNA-11
AD cfDNA-12
AD cfDNA-13
AD cfDNA-14
AD cfDNA-15
AD cfDNA-16
XLR cfDNA-17
XLR cfDNA-18
XLR cfDNA-19
XLR cfDNA-20
XLR cfDNA-21
XLR cfDNA-22
XLR cfDNA-23
XLR cfDNA-24
XLR cfDNA-25
XLR cfDNA-26
XLR cfDNA-27
XLR cfDNA-28
XLR cfDNA-29
XLR cfDNA-30
XLR cfDNA-31
XLR cfDNA-32
XLR cfDNA-33
XLR cfDNA-34
XLR cfDNA-35
XLD cfDNA-36

PRENATAL

DIAGNOSIS SHAW ET AL
Bespoke cohort individual results.
Fetal
Condition Gene DNA genotype  SPRT Bayesian Z score
Severe combined immunodeficiency ADA c.556G>A Het Het Het Het
Aicardi-Goutiéres syndrome type 6 ADAR c.2997G>T Het Het Het Het
Cystic fibrosis CFTR c.1521_1523del Hom var Hom var Hom var Hom var
Beta thalassemia HBB c.126_129del Het Het Het Het
Beta thalassemia HBB c.93-21G>A Het Het Het Het
Vitamin B12-responsive MMAA c.733+1G>A Hom ref Hom ref Hom ref Hom ref
methylmalonic aciduria
Congenital disorder of glycosylation PMM2 c.691G>A Hom var Hom var Hom var Hom var
type 1a
Congenital disorder of glycosylation PMM2 c.691G>A Het Inconclusive Inconclusive Inconclusive
type 1a
Aicardi-Goutiéres syndrome type 3 RNASEH2C ¢.205C>T Het Het Het Het
Hypophosphatasia ALPL c.331G>A Het Het Het Inconclusive
Crouzon syndrome FGFR2 c.1024T>A Hom ref Hom ref Inconclusive Hom ref
Achondroplasia FGFR3 c.1138G>A Hom ref Inconclusive Inconclusive Inconclusive
Neurofibromatosis, type 1 NF1 c.6792C>A Hom ref Inconclusive Inconclusive Inconclusive
Neurofibromatosis, type 1 NF1 c.6792C>A Het Het Het Het
Treacher Collins syndrome 1 TCOF1 c.3611C>A Hom ref Hom ref Hom ref Hom ref
von Hippel-Lindau syndrome VHL c.583C>T Hom ref Hom ref Hom ref Hom ref
Adrenoleukodystrophy ABCD1 c.3G>A Hemi var Hemi ref Hemi ref Inconclusive
Menkes disease ATP7A c.1949G>A Hemi var Hemi var Hemi var Hemi var
Menkes disease ATP7A €2916+1G>A Hemivar Inconclusive Inconclusive Inconclusive
X-linked choroideremia CHM c.1342C>T Hemi ref Inconclusive Inconclusive Inconclusive
Haemophilia A F8 c.1409C>T Hemi var Hemi var Hemi var Hemi var
Haemophilia A F8 c.1595G>A Hemi var Inconclusive Inconclusive Inconclusive
Haemophilia A F8 c.5999G>T Hemi var Hemi var Hemi var Hemi var
Haemophilia A F8 c.6046C>T Hemi var Hemi var Hemi var Hemi var
Haemophilia A F8 c.6544C>T Hemi var Inconclusive Inconclusive Inconclusive
Haemophilia A F8 c.6686T>C Hemi var Inconclusive Inconclusive Inconclusive
Frontometaphyseal dysplasia 1 FLNA c.5169T>G Hemi var Inconclusive Inconclusive Inconclusive
IPEX syndrome FOXP3 c.1010G>A Hemi ref Hemi ref Hemi ref Hemi ref
Mucopolysaccharidosis type 2 IDS ¢.182_189del Hemi ref Hemi var Hemi var Hemi var
Mucopolysaccharidosis type 2 IDS c.879+1G>T Hemi var Inconclusive Inconclusive Inconclusive
X-linked hydrocephalus L1CAM c.23T>A Hemi var Hemi var Inconclusive Inconclusive
Bartter syndrome type 5 MAGED2  c.1426C>T Hemi var Hemi var Hemi var Inconclusive
Norrie disease NDP c.163T>C Hemi ref Inconclusive Inconclusive Inconclusive
Ornithine transcarbamylase oTC c.905A>G Hemi ref Hemi ref Hemi ref Inconclusive
deficiency
X-linked lymphoproliferative XIAP ¢.356_359del Hemi var Inconclusive Inconclusive Inconclusive
syndrome type 2
Alport syndrome type 1 COL4A5 c.1295G>A Hemi var Hemi var Hemi var Inconclusive

Note: Results of droplet digital PCR for the bespoke design cohort, stratified by analysis method, compared to the results from invasive or post-natal
testing. Het: heterozygous; hom var: homozygous variant; hom ref: homozygous reference; hemi ref: hemizygous reference; hemi var: hemizygous

variant. AR: autosomal recessive. AD: autosomal dominant. XLR: X-linked recessive. XLD: X-linked dominant.
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TABLE 4 Incorrect results.

Sample number Variant

cfDNA-17 ABCD1 c.3G>A 7.7 49.5
cfDNA-29 IDS c.182_18%9del  10.3 54.6
cfDNA-87 HBB c.20A>T 52 48.5
cfDNA-122 HBB c.20A>T 6 50

Fetal fraction (%) Variant fraction (%) detected

DIAGNOSIS-WILEY—L**

Molecules  Fetal

genotype SPRT Bayesian Z score
3538 Hemivar  Hemiref Hemi ref Inconclusive
5949 Hemi ref  Hemivar Hemi var Hemi var
12181 Het Hom ref  Inconclusive  Inconclusive
8889 Hom var  Het Het Het

Note: Details of the four cell free DNA (cfDNA) samples with incorrect fetal genotype predictions. Molecules detected indicates the total molecules
detected by the variant fraction droplet digital PCR assay for each case. Het: heterozygous; hom var: homozygous variant; hom ref: homozygous

reference; hemi ref: hemizygous reference; hemi var: hemizygous variant.

TABLE 5 Total cohort results (n = 124).

Fetal genotype Total Total (%) Percent reportable (%)
SPRT
Correct 89 72 96
Incorrect 4 3 4
Inconclusive 31 25 -
Bayesian
Correct 85 69 97
Incorrect 3 2 3
Inconclusive 36 29 =
Z-score
Correct 84 68 98
Incorrect 2 2 2
Inconclusive 38 30 -

Note: Results for the prediction of fetal genotypes for all 124
pregnancies included in this study by sequential probability ratio testing
(SPRT), Bayesian and z score analyses. Inconclusive results are classified
as not reportable.

previously reported relationship between methylation status and
cfDNA fragmentation.®®> XCl| testing was performed on maternal
leukocyte DNA and DNA from the CVS. The polymorphic Androgen
Receptor (AR) (CAG)n repeat was amplified with and without Hpall
digestion, demonstrating an inactivation ratio of 75:25 between the
two alleles (Figure 3). The X chromosome with 25% methylation had
been inherited by the unaffected male fetus. This indicated that the X
chromosome bearing the normal IDS allele (Xn) was more commonly
active in the heterozygous mother's cells than the X chromosome
bearing the IDS c.182_18%del pathogenic variant (Xv).

4 | DISCUSSION

We have developed a ddPCR workflow for RMD and applied it to a
large cohort of 88 clinical samples from pregnancies at risk of SCD
due to the common HBB c.20A>T variant, and 36 cases at risk of 26
rare genetic conditions. The SPRT and Bayesian approaches

correctly classified 96% and 97% fetal genotypes in cases where a

prediction was made, respectively, across both cohorts. Both
methods generated a low number of incorrect fetal genotype pre-
dictions, four for the SPRT and three for the Bayesian analysis, and
incorrectly classified ddPCR data from heterozygous gDNA con-
trols. We subsequently performed a z-score analysis, which differed
from the SPRT and Bayesian approaches as it compared the cfDNA
result to the results of truly heterozygous parental gDNA samples.
This therefore accounted for the technical variation observed in the
gDNA controls and had the highest correct prediction rate for the
entire cohort, 98% of genotype predictions, generating only two
incorrect results.

All three analytical methods had high rates of inconclusive
results, the lowest being SPRT at 25% and the highest being z-
score analysis at 30%. Twenty-five samples in total, 20% of the
cases, did not meet the quality criteria due to low DNA input or
low fetal fraction and these were classified as inconclusive across
all three analytical methods. By removing these cases and looking
only at those which passed the quality criteria, the inconclusive
rates are reduced to 6%, 11% and 13% for SPRT, Bayesian and z-
score analyses, respectively. Since this study used archived sam-
ples, we were unable to request repeat samples at later gestations
for those cases with inconclusive ddPCR results due to low fetal
fraction or low numbers of molecules. Although taking a second
sample later in gestation does not always resolve issues of low
fetal fraction, it is expected that in a clinical scenario with access
to repeat sampling in cases which fail the quality criteria, all three
analysis methods may have a lower inconclusive rate. Of note,
there are current clinical NIPD services being offered in the NHS
reported to have high inconclusive rates during validation, which
were subsequently resolved following repeat testing with later
samples. 193¢

The SPRT was developed by Wald®” and has been applied to
dosage-based cfDNA testing of sequence variants with
ddPCR1215:16.19-21 3nd NGS,222%38 as well as for chromosomal
aneuploidy.®! The SPRT has also been successfully applied in RHDO,
where its usage is justified by the sequential nature of SNPs along the
locus of interest.® However, as ddPCR data for a single loci is not
acquired sequentially, the application of SPRT in ddPCR has been
criticised®® and incorrect fetal genotype predictions have been re-
ported.}21%:202338 | this study, applying the SPRT to ddPCR results
from heterozygous parental gDNA still generated fetal genotype
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FIGURE 2 Droplet digital PCR (ddPCR) analysis for 124 cell free DNA (cfDNA) samples. Shapes indicate whether invasive testing
determined the fetal genotype as hemi/homozygous for the variant (upward triangles), heterozygous (circles) or hemi/homozygous for the
reference allele (downward triangles) and are colored depending on whether the prediction was correct (white), incorrect (red) or inconclusive
(grey). A threshold of 2000 genome equivalents was also applied due to the high variability observed in heterozygous genomic DNA (gDNA)
controls at lower quantities. For the z-score analysis, the horizontal lines show the z-score thresholds of 3, 2, =2 and —3. 95% Poisson
confidence intervals are not included to prevent overplotting. [Colour figure can be viewed at wileyonlinelibrary.com]

classifications, despite no fetal signal being present. This indicates
that the SPRT in this form is overly sensitive and can misinterpret
technical variation as a dosage imbalance caused by cffDNA.

By contrast, the Bayesian analysis described here was developed
specifically for non-invasive fetal genotyping with ddPCR by Caswell
et al.¥” In a cohort of 38 pregnancies, the Bayesian approach had a
correct prediction rate of 100% for fetal inheritance of maternal
variants in the GCK or HNF4A genes, even at low fetal fractions. The
lower accuracy of this method in our cohort can be partially attrib-
uted to the earlier gestational ages at which samples were taken, as
both maternal and fetal cfDNA are lower in concentration earlier in
gestation.’® The median gestational age at sampling reported by
Caswell et al. was 28 + 0 weeks gestation, whilst for our cohort it was

12 + 4 weeks.

Z-score analysis is commonly applied in non-invasive prenatal
testing (NIPT) for aneuploidy, in which the dosage of a potentially
trisomic chromosome, such as chromosome 21, is compared to the
dosage of disomic chromosomes from the same sample.? We aimed
to adapt this principle for single gene disorders by comparing the
dosage of each pathogenic variant in the cfDNA samples with the
dosage in heterozygous parental controls, and dosage results from a
limit of detection study. This was the most conservative method,
making slightly fewer predictions overall; however, reducing the
number of incorrect results compared to the other two methods
used.

Despite this reduction in incorrect fetal genotype predictions
using z-score analysis, two samples, one in each cohort, were still

incorrectly classified by all applied methods, and we are unable to
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FIGURE 3 X-inactivation results for family 28 (cfDNA-29), viewed in GeneMarker v3.0.1. Peak annotations show the size of each allele in
bp and peak height in relative fluorescence units. The male fetus inherited the X chromosome with a 286bp AR amplicon, which was
preferentially unmethylated in maternal genomic DNA (gDNA), as shown by the skewed peak heights when digested with the methylation-
sensitive enzyme Hpall. This X chromosome did not contain the IDS c.182_189del pathogenic variant. [Colour figure can be viewed at

wileyonlinelibrary.com]

conclusively explain the aetiology of either incorrect prediction. A
sequence polymorphism within the probe or primer binding sites
could have caused the incorrect results by affecting the amplification
rate. However, Sanger sequencing showed no sequence variants
within the primer and probe binding sites for either assay. The pa-
tients' medical notes were also reviewed: neither patient had a blood
transfusion prior to pregnancy or prior to the test, neither patient

had an IVF pregnancy, and there was no report of another gestational

sac on the dating scan ultrasound reports, indicating that the incor-
rect predictions were not caused by a vanishing twin.

The false positive result for the IDS ¢.182_189del variant may
have been due to the impact of XCI on cfDNA fragment length and
therefore amplifiability using ddPCR. One hypothesis is that
increased activation and reduced methylation of the X chromosome
bearing the normal allele (Xn) would lead to the production of shorter

cfDNA fragments, as endonuclease enzymes have greater access to
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DNA in less condensed chromatin. Shorter cfDNA fragments would
be less likely to be amplifiable by ddPCR, due to the decreased
probability of both primer-binding sequences being present within a
single fragment. If there were fewer amplifiable fragments for the
normal allele, this could make it appear that the pathogenic variant
was higher in abundance, leading to the incorrect fetal genotype
prediction. However, this hypothesis has not been confirmed.
Notably, the 8bp IDS c.182_189del deletion (CCCCAAAT) contains
two common 4-mer end motifs (CCCA and CCAA) reported to be
generated by DNASE1L3 digestion during the production of
cfDNA,*® which may have implications for the fragmentation of this
cfDNA amplicon. This hypothesis requires further investigation;
however, this is not within the scope of this study since we do not
have access to pre-pregnancy samples. In a clinical setting, before
testing for X-linked conditions a maternal sample taken prior to the
pregnancy would be required in order to check the allelic balance of
the assay. If an imbalance in the variant fraction is identified, we
would currently advise against non-invasive prenatal diagnosis until
this XCI hypothesis can be further investigated.

While this is a large retrospective cohort study of RMD with
ddPCR, it has several limitations. Firstly, this approach was not a
comprehensive comparison of all available methods. For example, we
did not include the chi-squared and Bayes factor approach reported
previously by Chang et al.?® as this requires the generation of mul-
tiple biological control samples for each family, which is neither
economical for a large sample cohort nor in clinical service. Secondly,
whilst using results from gDNA control samples as a reference
dataset is an improvement on statistical assumptions, this still has
limitations and by accounting for technical variation in the assay the
rate of incorrect results was reduced but not eliminated. The results
of testing heterozygous sonicated gDNA showed no systematic bias
of any assays toward either allele (Supplementary Figure 2), indi-
cating that assay validation was not a contributing factor to the
incorrect results. However, cfDNA has many unique features,
including a distinct fragment size profile, jaggedness, non-random

1 which may impact ddPCR assays and

end-motifs and topology,*
cannot be replicated using gDNA as a surrogate reference material.
Unfortunately, we did not have access to blood samples taken prior
to pregnancy for the women in our cohort, which would have been
the most appropriate control material. By applying a cfDNA refer-
ence dataset instead of gDNA controls, the incorrect results with z-
score analysis may have been prevented, which suggests an avenue
for future development. In an ideal scenario, each assay would have
been optimised on maternal cfDNA from a pre-pregnancy control
plasma sample to assess for any allelic imbalances. A further limita-
tion is that we used archived samples, some of which had low fetal
fraction, and therefore we could not access repeat samples later in
pregnancy when fetal fraction may be higher.

Recent reports have applied NGS to RMD, with a focus on SCD,
with modifications to allow for single-molecule counting.?%2342
These approaches allow sequence-level inspection of the cfDNA and
could theoretically be applied to the detection of any pathogenic

variant. However, ddPCR is a cheaper and more flexible technique,

which allows the rapid development of assays for both rare and
common variants, giving it a significant advantage over NGS tech-

niques for clinical application.

5 | CONCLUSION

In summary, we report a large cohort of cfDNA analysis for
maternally inherited variants, including the common HBB c.20A>T
variant. In our cohort of 124 cfDNA samples, z-score analysis was
the most accurate method, generating 98% correct fetal genotype
predictions out of the total number of predictions made, but with
a high inconclusive rate of 31%. However, based on the evidence
from previous NIPD tests, which have been translated into clinical
service, this inconclusive rate would be expected to reduce with
repeat sampling. For the two incorrect fetal genotype predictions
made by the z-score analysis, the cause remains unknown. It may
be that with further refinements to the analysis method it will
become possible to reduce this rate of incorrect results. High
degrees of accuracy are required prior to clinical implementation
of cfDNA tests, and clear information on test performance must be

given to patients and physicians.
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