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The power of digital PCR in fetal blood group genotyping: a review
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Abstract: There is a clinical need to determine the fetal blood group status for pregnant women who
present with clinically significant red cell antibodies to optimize perinatal care. Non-invasive prenatal testing
(NIPT) to assess the fetal blood group status is problematic for blood groups that arise from single nucleotide
variants (SNVs) because the cell-free DNA from the maternal allele is present in greater abundance than
the fetal allele, resulting in competition, especially in traditional real-time quantitative polymerase chain
reaction (QPCR) platforms. This review discusses the power for digital (d)PCR to overcome this limitation.
The dPCR is based on first diluting and compartmentalizing individual DNA molecules into individual PCR
mixes, so that the competing (e.g., maternal) molecules are separated from the target (fetal) DNA molecule
prior to amplification. In comparison to gPCR platforms, dPCR is amenable to the quantitation of a positive
signal from an individual DNA molecule, providing the ability to calculate the fractional abundance of the
fetal sequence of interest. Comparison studies, though small in number, show that dPCR is more precise
and sensitive. Clinical feasibility studies to date show that dPCR for fetal Kell antigen, Rhe, RhE and Dufty
antigens have high accuracy. The key limitation of the dPCR approach is that separate assays need to be
established and validated for each blood group antigen. Despite that limitation, the power of dPCR for
fetal blood group genotyping provides an added diagnostic tool in the management of women with red cell

antibodies.
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Introduction and aim expert antenatal monitoring is indicated to detect and, if

indicated, respond to any signs of significant fetal anaemia.

Early assessment of the fetal blood group status provides Delivery planning and newborn care may also be altered

useful clinical information to guide the perinatal care accordingly. Conversely, if the fetus has not inherited the

for pregnant women who have been alloimmunized to paternal antigen of interest, expert antenatal monitoring,

a clinically significant red cell antigen. Should the fetus carlier delivery, tertiary newborn care and unnecessary

inherit the paternal red cell antigen targeted by the maternal maternal anxiety can all be avoided.

antibody there is a risk of the fetus developing haemolytic
disease of the fetus and newborn (HDFN). In such cases,
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Liquid biopsy, a non-invasive alternative to chorionic
villus sampling (CVS) or amniocentesis, permits non-
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invasive prenatal testing (NIPT) of circulating cell-free
fetal (cff)DNA in the maternal plasma, enabling detection
of paternally inherited markers (1). NIPT is based
on discoveries led by Professor Lo et 4/. from late last
century, that placental derived cffDNA circulates in the
maternal plasma against a background of maternal cell-free
deoxyribonucleic acid (DNA), defined as mcfDNA (2,3).
The concentration of cffDNA increases with gestation
and is cleared rapidly after delivery, thereby representing
fetal markers specific for that pregnancy. There are three
characteristics of cffDNA that pose challenges with NIPT:
namely the cffDNA comprises smaller size fragments than
mcfDNA (4); cffDNA is present in a low concentration
and is present in the maternal circulation as a low abundant
molecule against a background of more abundant and larger
fragments of mcfDNA (2).

Fetal blood group genotyping to predict the RhD
antigen status served as one of the first models to
demonstrate the capability and clinical utility for NIPT
technology (2,5). RhD-negative women, particularly with
a Caucasian background, are most commonly homozygous
for the RHD*0IN.01 haplotype, in which the RHD gene
is deleted at the RH blood group locus (6). As such, there
is no competing background maternal RHD cfDNA in
the circulation and NIPT for fetal RHD can be performed
using real-time or quantitative PCR, defined as qPCR,
instrumentation. Fetal blood group RHD genotyping
was therefore amongst the earliest clinical applications
for NIPT technology and was applied as a diagnostic for
alloimmunized women, presenting with allo-anti-D (5,7,8).

After RhD, the most clinically significant red cell
antigens are Kell (K), Rhc and RhE and the Duffy antigens,
Fy' and Fy’. It has been noted that mothers alloimmunized
with anti-K and anti-c, in particular, are at high risk for
having a fetus affected by HDFN (>50% risk) if the infant
inherits the respective paternal antigen (9). However, the
application of NIPT in such cases is more problematic as
these, and indeed many other blood group antigens arise,
from single nucleotide variants (SNVs) on the blood group
gene. This poses a problem using qPCR techniques, as
the allele from the mcfDNA is more abundant and will
compete with the allele from the c¢ffDNA in the PCR
reaction (10-12).

The aim of this paper is to discuss the power for digital
PCR, defined as dPCR, to overcome the limitations
imposed by the intrinsic characteristics of cffDNA and to
discuss the potential for dPCR to serve as an additional
clinical diagnostic tool for fetal blood group genotyping.
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The scope is limited to application of dPCR for blood
groups and the reader is referred to other reviews for a
broader application of NIPT dPCR for detection of fetal
chromosomal anomalies and single gene disorders.

Principle behind digital (d) PCR

The digital (d) PCR is based on first diluting and
compartmentalizing individual DNA molecules into individual
PCR mixes, so that the competing (maternal) molecules are
separated from the target (fetal) DNA molecule prior to
amplification (13). Digital (d) PCR in essence dilutes an initial
PCR reaction mixture into thousands to tens of thousands
of reaction mixtures such that each mixture comprises 0 or
1 copy of a DNA template from the initial mixture. The
majority of reaction mixtures comprise zero copies and the
remaining contain either maternal or fetal cfDNA partitioned
away from each other. Given the maternal and fetal DNA
differ in the target gene by a SNV, this separation means
that the probe, specific for the paternally inherited SNV on
fetal DNA, will not be affected by the excessive abundance of
maternal DNA in the PCR reaction.

Different dPCR platforms have been developed and
include droplet digital PCR, defined as ddPCR, where
PCR reactions are performed under oil emulsion, and
Microfluidics PCR where reactions occur in DNA
microchip chambers. For a recent review the reader is
referred to Nogués, 2020 (14) as well as to Hindson ez 4l.,
2011 and Quan ez 4l., 2018 for further background and
pictorial depictions (15,16). Independent of the platform,
each PCR reaction for the diluted mixture runs to an end
point, after which fluorescent signal is scored. For example,
with ddPCR, the droplet reader sips the reaction mixture
and singulates the droplets to read fluorescent signals from
each reaction to score the number of positive or negative
fluorescence signals. The software calculates the fraction of
positive and negative droplets and uses Poisson statistics to
calculate the concentration of the target molecule. Should
the assay design include the alternate allele rather than
just the target allele, the software will also calculate the
fractional abundance of rare sequences.

Feasibility studies for dPCR

The feasibility for dPCR was first shown by Vogelstein
and Kinzler in 1999 to address the problem in cancer
research on how to detect a small number of tumour
derived alleles among a large excess of normal cells (17).
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DNA from colorectal cancer cell lines was diluted and
subsequent dPCR products were derived from single
molecule templates. Sequencing showed that the PCR
products were either completely variant or completely
wild-type. They concluded that “Dig-PCR” (now dPCR)
can be used to detect mutations present at relatively low
levels in the samples to be analysed. The limit of detection
was defined by the number of wells that can be analyzed
and the intrinsic mutation rate of the polymerase used for
amplification. As the name implies, dPCR is quantitative
and counts the number of positive signals which should be
distributed according to Poisson probabilities (17).

In 2007, Fan and Quake predicted that the dPCR method
may be applicable to NIPT to detect the presence of fetal
markers testing the cffDNA (18). Their prediction was
predicated on the experiment at the time showing dPCR
accurately detected trisomy 21 (down syndrome) in mixtures
of human genomic DNA from a normal cell line and a
trisomy 21 cell line (18). They therefore foresaw the practical
application of applying dPCR to detect fetal cfDNA, which,
as in their in-vitro study, is mixed with maternal cfDNA.

Subsequently, Lun ez a/. [2008] tested the hypothesis
that microfluidics dPCR would enhance the precision of
measuring circulating fetal DNA (19). Using an artificial
sample mixture of 7% male DNA they carried out 20
analyses on the dPCR platform and non-digital PCR. The
CVs of the digital and nondigital assays were 16% and 49%,
indicating that the digital assay was 3.1 times more precise
than the nondigital assay. The study also recruited 10
pregnant women with male fetuses for each trimester and
5 pregnant women with female fetuses in the first trimester
for the comparison of three PCR platforms: dPCR, qPCR
and mass spectrometry using PCR assays designed to target
the ZFY (zinc finger protein, Y-linked) gene. The dPCR
showed improved sensitivity—100% versus 90%—in the
pregnancies with male fetuses. Also of note, the median
fraction of fetal-DNA concentration was higher with dPCR
than qPCR with fractional fetal-DNA measured as 9.7%,
9.0% and 20.4% for the first second and third trimesters
by dPCR compared to 4.8%, 4.1% and 7.6% reported by
gPCR. This paper became a reference for acknowledging
that cffDNA levels present in maternal plasma were more
abundant than first thought.

Clinical feasibility for NIPT dPCR for fetal blood

group SNV genotyping
The first study into dPCR for fetal blood group assessment

© Annals of Blood. All rights reserved.

Page 3 of 8

involved a collaborative study between Professor Lo’s
team in Hong Kong and Australian Red Cross Lifeblood
researchers. This involved a retrospective study involving
two women who demonstrated a rare SNV on the RHD
gene at an exon/intron boundary, defined as RHD*01DELS
(previously known as RHD*IVS3+1G>A) (13). This RHD
variant has a low prevalence in European populations
(1 per 15,152 of the population) and is associated with a very
weak RhD phenotype, called DEL (20). Red cells with this
phenotype express a quantitatively reduced antigen density,
detected by adsorbing and eluting anti-D antibodies from
the red cell. This (and some of the other DEL phenotypes)
also exhibits a qualitative difference resulting in partial D
antigen expression, such that mothers can make forms of
anti-D antibody directed against the missing D-epitopes
(21-24). Such anti-D have been associated with HDFN
where the baby is RhD positive (22). Tsui ez 4l. showed the
feasibility for a microfluidic dPCR approach to determine
whether the fetal-derived wild type RHD allele sequences
could be detected against a background of the dominant
maternal RHD SNV-based variant (13).

The approach by Tsui ez a/., first showed the dPCR
specificity and sensitivity using genomic DNA mixtures to
mimic fractions of fetal cfDNA relative to the maternal cfDNA
of between 2% to 10% for this RHD variant genotyping
scenario. They then tested two cases. For Case 1 with a male
fetus, sampled at 34 weeks, the fetal fraction (ff) assessed
from informative SNV markers was 8.20%: the dPCR used
a 4,590 well format and yielded positive signals among 23 of
the 4,590 wells, predicting an RhD-positive fetus. For Case 2
with a female fetus, sampled at 15 weeks, the fetal fractdon was
4.15%: the dPCR yielded positive signals in 11 wells among
the 11,475 wells tested. This resulted in the prediction of an
RhD-positive fetus (13). For both cases, the predictions were
confirmed using the cord blood RhD phenotype.

The two cases illustrate the power of the system,
partitioning (or subdividing) nucleic acid samples into
thousands of nanoliter-sized droplets. This is combined
with the capability of scoring fluorescent signals, using
automated processes within dPCR systems. Here both cases
were clinically significant and this RHD variant represents
one of many blood group allelic variants arising from SNVs
that are associated with a clinically significant phenotype.

Comparison of dPCR to qPCR for mothers with

the deleted RHD haplotype
Before considering NIPT dPCR for other blood group
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SNVs it is worth reviewing two studies that compared the
performance of ddPCR against the established qPCR for
fetal RHD genotyping where the RhD-negative mother has
the deleted RHD haplotype (RHD*01N/OIN).

Sillence et al. [2015] enrolled 46 RhD negative pregnant
women with the deleted RHD*0IN.01 haplotype (10).
Maternal blood samples were collected in either Streck cell-
free DNA BCT (n=24) or ethylenediaminetetraacetic acid
(EDTA) (n=22) tubes, the former designed to stabilize white
cells and minimize lysis. By ddPCR, genotyping for fetal
RHD exons 5 and 7 was accurate in 100% (24/24) of Streck
samples and 95.5% (21/22) of EDTA samples. In contrast
to these ddPCR outcomes, qPCR detected RHD exon 5
with a reduced accuracy of 83% in samples with optimal
fetal cfDNA fractions (>4%). The accuracy of qPCR
compared to dPCR was reduced further, for RHD exon 5
and 7, when the fetal fraction had been suboptimal (<2%).
They concluded false QPCR results were not caused by low
cffDNA concentrations, since these were similar to ‘optimal’
samples, but by low concentration of cffDNA relative to
high maternal ¢cfDNA i.e., low fetal fraction, attributed to
possible competition with the homologous maternal RHCE
allele. They noted overall gPCR was considered more
susceptible to non-specific amplification of the maternal
allele and dPCR more powerful in the detection of alleles
associated with conditions associated with a SNV (giving
B-thalassemia and cystic fibrosis as examples) (10).

Svobodovi et al. [2015] compared ddPCR with qPCR
using diluted genomic DNA of known concentrations.
The PCR assay included assaying three RHD exons
(5, 7 and 10). In their study, dPCR displayed lower variability
between replicates. The detection limits in their study and
the linearity of the assays were comparable (limits near 1
Genome Equivalent). In a second stage, clinical plasma
samples were analysed for 35 RhD-negative pregnant women,
with 25 of these women carrying an RHD positive fetus.
The fetal fraction measurements were higher for ddPCR
compared with qPCR (15.7% versus 9.8%) and correlated
with gestational age. It was noted that with ddPCR that the
operator has to manually set the fluorescence threshold levels
which defines the cut-off for interpreting the number of
fluorescence signals as positive or negative (25).

Diversity of SNV based blood group antigens and

clinical significance

The International Society of Blood Transfusion (ISBT)

© Annals of Blood. All rights reserved.

Annals of Blood, 2023

Working Party for Red Cell Immunogenetics and Blood
Group Terminology currently recognizes 43 blood group
systems, each with a defined but separate locus across
the human genome (26). Within these systems, 345
antigens have been characterized, many of them defined
by investigations of pregnant women presenting with an
unidentified antibody to a red cell antigen (27). Maternal
red cell alloantibodies of clinical significance vary among
different ethnicities (28,29). A study of 66,354 pregnant
women in Australia found that 0.73% harboured antibodies
to red cell antigens with at least 20 different antibodies
detected and classified into three groups according to
clinical significance (30). The Rh antibodies, anti-E and
anti-D, were shown to represent 27.6% and 10.4% of all
antibodies respectively, after which the most prevalent and
significant were anti-K (9.1%) in the Kell system and anti-c
(8.7%) in the Rh system and anti-Fy* or anti-Fy" (3.1%) in
the Dufty blood group system.

Clinical feasibility for ddPCR assay for fetal KEL,
Duffy and Rh typing

Based on red cell antibody prevalence and significance
in the Australian context, O’Brien et 4/. developed a suite
of ddPCR NIPT assays for K/k, Fya/Fy", C/c and E
fetal typing for pregnant women with the corresponding
antibody (11). Initial reporting of 43 out of 81 referred
clinical cases showed all ddPCR NIPT genotyping
predictions were concordant with the infant blood group
phenotype, where provided, resulting in an accuracy of
100% [confidence interval (CI): 92.0-100.0%]. It is worth
noting the lower CI level is a measure of the sample size in
this ongoing clinical validation study (11).

Key considerations for clinical application are the
pre-analytical requirements for patient enrolment and
for sample processing (time between collection and
separation of plasma). The study by O’Brien et a/., 2020,
shows that fetal K signals can be detected as early as 10
and 12 weeks gestation (correlating with the infant cord
phenotype) (Figure I1). From among samples received, the
average transport time was 57 hours and fetal blood group
genotyping outcomes were concordant for samples collected
in either EDTA blood collection tubes or tubes designed to
minimize white cell lysis by incorporating a stabilizer. This
latter tube type minimizes contamination of the plasma
from maternal genomic DNA arising from white cell lysis
during transport of the blood sample.
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Figure 1 Antenatal case, phenotype kk, presented with anti-K. Maternal blood samples were collected at 10 weeks plus four days gestation.
NIPT ddPCR fetal genotyping of plasma-derived cffDNA using the ddPCR platform. Testing is performed in replicates of 5 with a total

of 69,300 droplets formed across the five replicates. Top left quadrant shows 11 positive fetal KEL*01.01 droplet signals predicting the

fetus is K positive. Sample fetal fraction in EDTA processed 7 days following collection is 0.22%. Fetal genotyping matched cord red
cell phenotyping outcomes. NIPT, non-invasive prenatal testing; ddPCR, droplet digital PCR; cffDNA, cell-free fetal DNA; EDTA,

ethylenediaminetetraacetic acid; PCR, polymerase chain reaction.

Table 1 Summary of three studies comparing qPCR and dPCR performance

Accuracy (%)

Study Gene target Sample number Collection tube Gestation

gPCR dPCR
Lunetal. ZFX, ZFY 10 EDTA 90% 100% 12-39
2008, (19)
Sillence et al. RHD; RHD exons 5, 7 22 EDTA 41% 96% 28-30
2015, (10) 24 Cell-Stabilizer Tube  100% (RHD exon 7); 100%

with EDTA 83% (RHD exon 5)

Svobodova RHD; RHD exons 5, 7, 10 35 EDTA 100% 100% 12-36

et al. 2015, (25)

gPCR, quantitative polymerase chain reaction; dPCR, digital polymerase chain reaction; EDTA, ethylenediaminetetraacetic acid.

Gaps and limitations for dPCR

There is a need for economic modeling of the relative
cost and benefit between qPCR and dPCR technologies.
Interestingly there are few studies comparing the accuracy
between qPCR and dPCR for detecting fetal blood group
genes based on SNV variations. D’Aversa et al., 2018,
showed that ddPCR was reliable for detecting the SRY
gene marker among 29 samples collected between 4.5 and
12 weeks gestation, noting only 8 could be assigned by
gPCR in this early gestation age (31). Table 1 summarizes
three further studies which compare qPCR and dPCR for

© Annals of Blood. All rights reserved.

samples between 12 and 39 weeks gestation. These studies
were testing for male linked markers or RHD exons rather
than SN'Vs.

NIPT for fetal blood group antigen prediction is most
valuable when the genotyping assay used is personalised
according to the maternal antibodies that present during the
pregnancy. The clinical significance for red cell antibodies
varies such that the associated HDFN ranges from mild
to very severe with high morbidity and mortality (32).
Evidence suggests women with multiple red cell antibodies
are more likely to develop significant HDFN than those
with a single antibody as reported in 13% of alloimmunized
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cases in one study (33,34). One of the limitations of the
ddPCR approach is its low assay multiplexing capability
which means that separate assays need to be established and
validated for each blood group antigen. Where multiple
antibody specificities are identified in a pregnancy, more
reagents, cfEDNA template (and consequently more maternal
plasma sample) are required to complete the requested
investigations.

There is also a need to incorporate robust and universal
internal control markers for cases where the fetus types
negative for a target blood group allele because in such cases
the question arises as to whether c¢ffDNA was present and
or extracted correctly from the starting plasma sample. One
safeguard to manage this problem is to request a second
sample at a subsequent gestation time to confirm and verify
false outcomes do not arise from low cffDNA levels in the
initial sample.

There is also a recognised problem with receiving
sufficient samples for any one clinical marker to validate the
test. This is further compounded by the logistical difficulties
in obtaining either the cord blood group or infant samples
following birth. This is in contrast to validating NIPT fetal
RHD genotyping assays since infant cord RhD phenotyping
is an established part of antenatal care to target postnatal
anti-D prophylaxis for RhD-negative women.

The future for dPCR in combination with MPS
technologies

Digital PCR was initially developed in parallel with next-
generation sequencing (NGS), also called Massively Parallel
Sequencing, to provide a confirmation and quantitation of
MPS findings.

MPS in principle would be expected to overcome some
of the limitations imposed by dPCR.

MPS provides comprehensive blood group profiling,
relevant for blood donors and patients, in a single test
system (35-37). In the case of NIPT, and provided sufficient
sequencing depth is obtained, it would also permit
inclusion of informative SNP targets to verify the presence
of cffDNA in the sample. Whilst a review of MPS for
NIPT application is beyond the scope of this review, some
preliminary studies have been reported for a limited number
of blood group markers (38,39). The key challenge with
MPS will be, in contrast with dPCR, the management and
validation of the bioinformatics data from a large number of
target alleles.

Finally, NIPT studies to date have focussed on few
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antigens across multiple systems, particularly those more
clinically relevant in the Caucasian population, such as
the Rh blood group antigen, D (RH1) and the Kell blood
group antigen, K (KEL1). The prevalence and significance
of blood group antigens varies amongst population groups
however. A recent case study highlights the potential for
antigens prevalent in other populations to be implicated in
HDFN. This particular case involved a pregnant woman,
alloimmunized to GP Mur, where the fetus had a paternally-
inherited GYP*Muyr allele, GP. Mur, (GYP*501), within the
MNS blood group system, is prevalent in Asian populations
(40,41). The future opens the possibility for NIPT to
provide a personalised precision medicine approach for such
cases, using dPCR and potentially MPS platforms, to assist
in early fetal blood group genotyping to guide pregnancy
management.

Conclusions

There is a clinical need to measure the fetal blood group
status from mothers who present with clinically significant
red cell antibodies to guide antenatal care pathways (42).

The power of dPCR lies in the partitioning of DNA
molecules, thereby removing competing high abundant
from low abundant molecules.

Clinical feasibility studies to date, though small in
number, are demonstrating that dPCR for fetal blood
group genotyping provides an added diagnostic tool for
the management of women with red cell antibodies. For
the future, the potential for combining a dual approach
of Massively Parallel Sequencing with dPCR awaits
development.
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