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Abstract

Background: The routine prenatal determination of fetal RhD blood group would be very useful in the
management of pregnancies in RhD-negative women, as up to 40% of these pregnancies bear a RhD-negative
fetus. The fetal DNA present in maternal plasma offers an opportanity for risk-free prenatal diagnosis.

Aim: This study focused on the feasibility and accuracy of large-scale RhD fetal diagnosis in non-immunized
and anti-D immunized RhD-negative women.

Methods: Plasma DNA was extracted from 893 RhD-negative pregnant women and amplified in exons 7 and 10
of the RHD gene using conventional and real-time PCR. The results were then compared with the RFD fetal
genotype determined on amniotic cells and/or the RhI phenotype of the red blood cells of the infants at birth.
Results: After exclusion of 42 samples from women exhibiting a nonfunctional or rearranged RHD gene, fetal
RhD status was predicted with a 99.5% accuracy. A strategy is also proposed to avoid the small number of
false-positive and -negative results.

Conclusion: Fetal RHD genotyping from maternal plasma DNA in different clinical situations may be used with

confidence.

The prenatal determination of fetal RHD genotype is beneficial
in the management of pregnancics in RhD-negative women,
whether the women have developed anti-D immunization or not.

In France, as well as in many other countries, repeated screen-
ing for anti-D immunization is performed antenatally in the blood
of every non-anti-D} immunized RhD-negative pregnant women,
although 30-40% of the women carry a RhD-negative fetus with-
out the risk of hemolytic disease of the newborn. Furthermore, Rh
immunoprophylaxis is systematically provided following invasive
prenatal diagnosis procedures such as amniocentesis or chorionic
villus sampling, antepartum, and fetomaternal hemorrhages. In
some countries, anti-D immunoglobulin administration is recom-
mended during the third trimester of pregnancy even though the
RhD blood group of the fetus is unknown." The determination of
the fetal RHD genotype could modify this lack of rationality in
medical practices and prevent unnecessary exposure for the moth-
er to human immunoglobin which is only available in limited

v

amounts. Likewise, it is of prime importance to detect the RhD
status of fetuses from anti-D immunized women who may be
expecting a RhiD-negative fetus when the father is D heterozygote.

The demonstration that the RHD gene is absent in the genome
of the RhD-negative individuals'™ allowed the prenatal determina-
tion of the fetal RhDD blood group with PCR amplifications. The
first tests described were based on the PCR amplification of a
single RHD gene region.34 Multiple molecular polymorphisms
related to the extreme polymorphism of the RH blood group
system, such as DNA segmental exchanges between the RH genes
for D category variants, were later characterized.*® Recently, a
RHDvy pseudogene frequently present in RhD-negative Black
Africans was also characterized.”) Therefore, the high level of
accuracy and robustness of RHD genotyping has been demonstrat-
ed when using PCR that amplify several regions of the RHD

gene. (8101
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Fetal DNA is generally obtained through invasive means, such
as amniocentesis, which carry a risk of spontaneous miscarriage!''1
and a significant risk of boosting the maternal immune response to
fetal red blood cells antigens.['>131 Recently the detection of fetal
DNA in the plasma and serum of pregnant women!™! has opened
up new possibilities for the non-invasive prenatal determination of
fetal Rh blood group which are risk-free for the fetus.

Fetal RHD genotyping studies using fetal DNA from maternal
plasma were initially determined by amplifying a single RHD gene
region, either with real-time!'*2% or conventional PCR.[2122] Some
recent studies were performed with at least two distinct
RHD-specific PCR to ascertain the fetal RHD genotype in view of
the extreme polymorphism of the RH blood group system.[2324
Less than 140 samples were included in all these reports.

The aim of this study was to validate the diagnostic use of fetal
RHD, genotyping with two PCR amplifications by using fetal
cell-free DNA from maternal plasma. Since the major problem
with this test is the lack of internal control detecting the presence
of fetal DNA when PCR results are negative, we evaluated its true
accuracy on a large number of samples from RhD-negative preg-
nant women treated in different diagnosis situations.

Materials and Methods

Maternal Blood Samples

Non-immunized and anti-D immunized RhD-negative pregnant
women were recruited with informed consent either 1-2 weeks
before undergoing ammniocentesis for karyotyping or during a
routing prenatal check-up for antibody titration, respectively.

5-10mL maternai blood samples were collected in tubes con-
taining EDTA. Blood samples were taken from nearly 200 labora-
tories located all over France, as well as in the West Indies, Tahiti,
and Djibouti. The samples were transported by mail or coutier and
arrived at the laboratory 1-2 days after extraction. Blood samples
were centrifuged at 1730g for 10 minutes at room temperature and
the plasma was carefully removed, then aliquoted by 800UL into
polypropylene cryogenic vials and stored at —20°C until further
processing. The buffy coat (501LL) containing maternal leukocytes
was removed, washed three times with NaCl 0.9% at 5500g and
stored at —20°C until further processing.

RhD Phenotyping on Red Bicod Cells from
Newborm Blood

The RhD phenotype was determined on blood samples collect-
ed at birth for Rh immunoprophylaxis (non-immunized patients)
or for the diagnosis of Rh hemolytic disease (anti-D immunized
patients). RhD serotyping was performed with commercial anti-
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RhD reagents (Diagast, Lille, France) using a direct agglutination
test,

Plasma DNA Extraction

DNA was extracted from 800pL of plasma sample with a
QIAamp® Blood Kit (Qiagen, Courtaboeuf, France) according to
the *blood and body fluid’ protocol recommended by the manufac-
turer. DNA was eluted using 60uL of the elution buffer provided
with the kit. For each series of extraction, three controls were
added: (i) a positive control from a sample (800uL) of plasma .
from RhD-positive women diluted (1/500 v/v) with plasma from
an RhD-negative man; (ii) a negative control composed of 800uL
plasma from an RhD-negative man; and (jii) a blank control for
which 800uL of water was used instead of plasma.

Processing of Amniotic Fluld Samples

Amniocentesis was performed several days or weeks after
maternal blood sampling, either for karyotyping (non-immunized
patients) or the measurement of the bilirubin content of the amni-
otic fluid (anti-I> immunized patients). For RHD genotyping, 1mL
of amniotic fluid was centrifuged at 5585g for 10 minutes at room
temperature and the amniocytes pellet was immediately subjected
to DNA extraction.

Genomic DNA Extraction

Fetal or maternal genomic DNA from amniocytes and buffy
coal, respectively, were extracted using the InstaGene Matrix
(BioRad, Hercules, CA, USA). Briefly, the pellet was resuspended
in 200uL of the InstaGene Matrix and incubated for 30 minutes at
56°C followed by 30 minutes in boiling water. After centrifugation
at 5585g for 4 minutes at room temperature, the supernatant-
containing genomic DNA was removed and stored at 4°C until it
was required for further processing.

Conventicnal PCR Amplification

Two distinct RHD-specific PCR (exons 7 and 10) were per-
formed from plasma DNA. Four distinct RHD-specific PCR in
exons 4, 7, and 10, and intron 4, were performed for RHD
genotyping from amniocyte and leukocyte DNA.") A PCR in RHD
exon 6 was performed to better characterize a RHDw allele.” All
oligonucleotides used are listed in table 1.

Each amplification reaction was set up in a final volume of
50uL containing 10pL of plasma or genomic DNA, 1 xXPCR buffer,
0.25pM of each primer, 200M each dNTP, 1.5mM MgCla (2mM
MgCla for exon 4 and intron 4 amplification reactions), 1 U
Platinum® Tag DNA polymerase (Life Technologies, Cergy

Mol Dlagn 2004; 8 (1)
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Table |. Characteristics and sequences of oligonucleotide primers used in the RHD genotyping

Primers Nucleotide sequence Localizalion Product size (bp)  Specificity
Genomic DNA

RHDIN3-FF 5-GCCGACACTCACTGCTCTTAC-3 Intron 3 208 Dy
Ds-R 5-CAAACTGGGTATCGTTGCTG-3' Exon 4 171 D

D6-F 5-GCCGGGGTGTTGTAACCGAGT-3' Exon 7 133 D

b7-R 5-ATTGCCGGCTCCGACGGTATC-3 Exon 7

D4-F 5-GGATTTTAAGCAAAAGCATCCAAGAA-3 Exon 10 2 D

D5-R 5-ACTGGATGACCACCATCATATATGC-3 Exon 10

P4-F 5.CGCAGCCTATTTTGGGCTG-3 Exon 4 111 (IC) D+ CE
P5-R 5-CCAGCATGGCAGACAAACT-3 Exon 4

12-F 5'-ACGATACCCAGTTTGTCT-3 Exon 4 1050 {IC) . CE
ES-R 5-ATCCACAAGAAGAGGGCG-3 Exon 5 450 D
RH6FL] 5-CAAAAACCCATTCTTCCCG-3' Intron 5 355 Dy
RHDy EX6RY! 5-AACACCGCACTGTGCTCC-¥ Exon 6

Plasma DNA

Dé-F 5-GCCGGGGTGTTGTAACCGAGT-3 Exon 7 133 D

D7-R 5-ATTGCCGGCTCCGACGGTATC-Y Exon 7

D4-F 5-GOATTTTAAGCAAAAGCATCCAAGAA-3 Exon 10 131 D
RDB-RI'S 5-AGTGCCTGCGCGAACATT- Exon 10

IC = interna! control.

Pontoise, France). 0.5% DMSQ was added into the reaction mix-
ture for intron 4 amplification only. Identical thermal profiles were
used for all PCR amplifications. _

Thermal cycling, performed on a Robocycler® (QOzyme, Mon-
tigny le Bretonneux, France) was initiated with 10 minutes of
denaturation at 95°C, followed by 40 cycles with denaturation at
92°C for 1 minute 20 seconds, annealing at 57°C for [ minute 20
seconds and extension at 72°C for 2 minutes, and a final extension
at 72°C for 7 minutes. 15uL of PCR products were elec-
trophoresed on a 2% agarose gel-containing ethidium bromide and
visualized under ultraviolet light.

Real-Time PCR

Real-time PCR analysis was performed wsing a LightCycler®
apparatus (Roche Molecular Biochemicals, Mannheim, Germa-
ny). PCR reactions were performed in the LightCycler® glass
capillaries using the LC FastStart DNA Master SYBR® Green I kit
(Roche Molecular Biochemicals, Mannheim, Germany) in a final
volume of 20puL containing SpL of plasma DNA, 0.5uM of each
primer, 4mM MgCla, and 2pL of the reaction mix provided with
the kit which contained Faststart Tag DNA polymerase. Amplifi-
cation conditions were initial denaturation at 95°C for 8 minutes,
followed by 45 cycles with denaturation at 95°C for 15 seconds,
annealing at 59°C for 10 seconds, and extension at 72°C for 5
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seconds. Melting curves allowing product identification were gen-
erated by slowly heating (0.1°C/seconds) from 67-95°C. The
RHD exon 7-specific and RHD exon 10-specific melting tempera-
tures were 86.10°C (SD 0.41°C) and 83.08°C (8D 0.40°C), re-
spectively.

A multiplex RHD-specific PCR was also performed on mater-
nal levkocyte DNA (35 cycles of amplification) using the same
conditions described above, except the concentrations of the
primers {(0.15pM for D6-F and D7-R, and 0.5uM for D4-F and
RDB-R; see table 1),

Results

Irnprovements of PCR Reactions for the RHD Genotyping
from Matemat Plasma

Since the RH blood group system is highly pelymorphic, we
wanted to ascertain the fetal RHD genotype with at least 2 RHD
PCR in distinct regions. Among the 4 PCR we routinely used for
fetal RHD genotyping from amniocytes (pairs of primers
RHDIN3-F/D)S-R for exon 4; D6-F/D7-R for exon 7, D4-F/D3-R
for exon 10 and 12-F/E5-R for intron 4; see table I), only 2 RHD
PCR in exons 7 and 10 exhibiting the best sensitivity!®! were tested
to detect fetal RHD sequences in maternal plasma.

Mol Diagn 2004; 8 (1)
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Fig. 1. Chart flow of the maternal blood samples process. Immediately after their receipt, maternal blood samples were centrifuged and plasma samples
were aliquoted and stored at —20°C with a buffy coat until needed for further processing. The fetal RHD genolype was determined by real-ime and
conventional PCR. The absence of a silent RHD gene or a rearranged AHD-CE-D gene in the maternal genome was only checked in those patients whose
fetuses exhibited at least a positive result for one BHD PCR. Felal RHD genotype from maternal plasma was confirmed by the fetal RHD genotype from

amniotic cells and/or by the RhD phenotype of the infant at birth,

The results of conventional PCR performed with the first 100
pregnant mothers revealed a significant difference of sensitivity
between these two RHD PCR reactions. The exon 7 RHD PCR was
able to detect fetal RHD sequences in maternal plasma in pregnan-
cy as early as 7 gestational weeks (gw), whereas the exon 10 RED
PCR failed to detect close to 50% of fetal RHD sequences from
plasma samples tested during the first trimester of pregnancy (data
not shown). The sensitivity of the exon 10 RHD PCR was, there-
fore, improved by changing one RHD sequence-specific
oligonucleotide as outlined by Lo et al.l'* The sensitivity of this
new RHD exon 10 PCR (with primers D4-F and RDB-R) reached
that of the RHD exon 7 PCR (data not shown).

We also performed real-time PCR using the LightCycler®
apparatus to increase the specificity of the PCR amplifications
combined with an extra-level of protection against post-PCR
contamination.

Each RHD PCR was performed in duplicate, once in conven-
tional PCR and once in real-time PCR. Plasma samples that tested
negative or positive in both PCR amplification techniques and in
both RHD exons were considered RhD-negative or RhD-positive,
respectively. When discordant results for one or both PCR be-
tween the two amplification techniques were observed, DNA
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plasma was extracted once more and RHD exons 7 and 10 PCR
were carried out again with both techniques. RHD fetal DNA was
considered as present when a positive signal was observed at least
for the RHD exon 7 PCR, once in both amplification techniques.
On the other hand, the fetal RHD genotype was undetermined
when RHD exon 7 PCR was negative and RHD exon 10 PCR
posilive. Indeed, this pattern could correspond either to a RhD-
negative but RhC-positive phenotype or to DIV or DBT D category
phenotypes that were not identified with these PCR.1%5! ‘

RHD Genotyping on Maternal Leukocyte DNA: A
Mandatory Step

The concentration of fetal DNA in maternal plasma corre-
sponds to a minor fraction of the total plasma DNA (from 3.4%
during the second trimester of pregnancy to 6.2% at late pregnan-
cy).’6t As a consequence, the presence of a nonfunctional RHD
gene in the maternal genome from phenotypically RhD-negative
women invalidates the fetal genotyping from maternal plasma
because of the possible false-positive resulis. Therefore, the pres-
ence of a nonfunctional RHD gene was checked by a multiplex
RHD exons 7 and 10 real-time PCR on maternal leukocyte DNA
each time a plasma sample tested positive (figure 1), Such silent

Mot Diagn 2004; 8 (1)
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RHD genes in the maternal genome could alse be highlighted by
the real-time PCR performed on plasma DNA since the exponen-
tial growth phase for both PCRs began earlier (approximately 25th
cycle) than with the positive plasma DNA control (approximately
35th cycle; figare 2).

Among the 893 women in this study, 34 women (29 anti-D
immunized and 5 non-immunized RhD-negative women) were
found to carry a nonfunctional RHD gene. The fetal RHD genotyp-
ing on maternal plasma was invalidated for these 34 cases. Three
additional conventional PCR in exon 4, intron 4, and exon 6, were
performed to better characterize these inactive RHD genes, Twen-
ty-six were identified as an African RHDw pseudogene!” as they
exhibited a 208 bp-long fragment in RAD exon 4 and T807G
nonsense mutation in RHD exon 6 (data not shown). The eight
remaining inactive RHD genes were all found in Caucasian wo-
men génomes and their characterization is under investigation.

In addition, 14 RhD-negative but RhC-positive women were
positive with the RHD exon 10 PCR and negative with the RHD
exon 7 PCR using genomic DNA (data not shown). These results
suggest the presence of a hybrid RAD-CE(3-7}-D or RHD-
CE(2-9)-D allele expressing a dCes or dCe phenotype, respective-
ly. Accordingly, the fetal genotype on maternal plasma was deter-
mined as RhD-positive only when a positive signal in R D exon 7
was detected (nine cases) and the RHD genotype was undeter-
mined for the five other samples.

13 q RHD exon 7 amplification
12 ® Sample1
B Sample 2
115 O Positive control
10 5 ® Negative and blank controls
g -

RHLD exon 10 amplification

8 1 A Sample 1
7 4 O sample2
6 A Positive control

Negative and blank controls

Fluorescence

5,
4
3

0 5 10 15 20 25 30 35 40 45
Cycle number

Fig. 2. Detection of the RHD exons 7 and 10 wilh real-time PCR in mater-
nal plasma. Two patients” samples were tested. Sample 1 exhibited a
maternal AHD silent gene, invalidating the test, and sample 2 gave a
positive result. Positive (plasma from RhD-positive women) diluted (1/500
v/v) in plasma from an RhD-negative man, negative (plasma from an RhD-
negative man) and blank {water) controls were used.
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Table Il. Subdivision of maternal plasma samples. For validation, the re-
sults of RHD genotyping from matemnal plasma were compared to RHD
genotyping of amniotic celis {group 1}, infant blood at birth (group II) or both

(greup i1}

Validation method Group | Group I Group |l
Maternal plasma + + +
Amniotic fuid + NA +
Infant blood NA + +

NA = not available.

Fetal RHD Genotyping on Maternal Plasma DNA

Results observed with the earliest plasma sample for each
pregnancy were compared with the RHD fetal genotype deter-
mined on amniotic fluid with four RFfD-specific PCR (group I) or
deduced from the RhD phenotype of the infant at birth (group II)
or both (group III) [see table II].

Among the 893 samples of this study, 39 were excluded for the
reasons given above and three because an RHD exon 10 but no
RHD exon 7 was detected using plasma DNA.

Therefore, we validated the results of 851 plasma samples: 306
non-immunized women sampled between 7 and 36 gw (see table
1I0); and 545 anti-D immunized women collected between 7 and
40 gw (see table IV).

Six hundred and fifty-four fetuses were predicted to be RhD-
positive from PCR on plasma DNA (tables III and 1V). RHD-
positive fetal genotype was confirmed for 649 samples by PCR on
amniotic cells and/or red cells phenotype at birth. False-positive
results were obtained with 5 samples (table III). The red blood
cells of two children (table II) were typed as RhD-negative but
these children had inherited 4 REDv pseudogene from their father,
as indicated by the presence of a 208 bp-long fragment in the RHD
exon 4 PCR using amniotic cell DNA. Two other children were
phenotyped as Rh-negative at birth although RHD-positive DNA
was found in maternal plasma (table IV). As no amniotic fluid or
infant blood was available for RHD genotyping, we could not
conclude whether these discrepancies could be attributed to the
presence of an inactive paternally inherited RHD gene. The last
discrepancy was observed for a twin pregnancy resulting from
assisted medical procreation (table IIT}). RhD-positive DNA was
amplified from maternal plasma at 13 gw. Two months later, both
fetuses were genotyped as RhD-negative on amniotic cells and the
red blood cells of the children were phenotyped as RhD-negative
at birth. In this case, a third non-evolutive embryo was suspected
to be present at ultrasonography which could have been RhD-
positive.

One hundred and ninety-seven fetuses were predicted to be
RhD-negative using RHD exons 7 and 10 PCR on maternal plasma

Mol Diagn 2004: 8 (1)
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Tabte IlI. The accuracy of fetal RHD genotyping from maternal plasma of non anti-D immunized pregnant women. Concordant and discordant resuits refer
to fetal RHD genotype from matemal plasma which were cenfirmed or not confirmed, respectively, by RHD genolyping from amniotic cells (group 1), infant

blood at birth {group 1), or both (group (Il

Group | Group Il Group lii

concordant discordant concordant discordant concordant discordant

pos neg f-pos  f-neg pos neg f-pos  f-neg pos neg f-pos  f-neg
07-11 gw (n = 18) 4 5 0 0 1 2 0 0 4 1 12 0
12-14 gw (n = 88) 33 20 0 1 2 i 0 0 23 7 1 0
15-19.5 gw (n = 155) 66 27 0 0 0 0 0 0 51 10 1# 0
2024 gw (n = 23) 7 0 0 0 1 0 0 5 0 0
25-28 gw {n = 12) 1 0 0 1 2 0 0 0 0 0
20-32 gw {n = 4) 0 0 0 1 1 0 0 0 0 0
>32 gw {n = 6) 1 0 0 1 1 0] 0 0 a 0
Total (n = 306) 112 66 1] 1 6 8 0 0 87 23 3 0

a Paternally inherited AHDy allele.

F-neg = false-negative (RHD-negative by maternal plasma but RHD-positive by other methods; F-pos = false-positive (RHD-positive by maternal plasma,
but RHD-negative by other methods); gw = gestation weeks; NA = not available; neg = FHD-negalive genotype; pos = RHD-positive genotype.

(tables Il and 1V). RHD-negative fetal genotype was confirmed
for 193 samples by PCR on amniotic cells and/or red cells pheno-
type at birth. False-negative results were obtained with four sam-
ples (collected at 7, 7, 12, and 19 gw). They were all identified as
RhD-positive when RHD fetal DNA was amplified either on a
subsequent maternal plasma sample collected 2—4 weeks later or
on amniotic cells.

Eight plasma samples (5 mothers exhibiting an RHFD exon 10 in
their genome) were undetermined since RHD exon 10 but not exon
7 was amplified. Five of them were found to be RhD-negative
when amniotic cells or infant blood were available (data not
shown). The remaining three fetuses were genotyped as DIV

category on amniotic cells. Serologic and molecular analysis at
birth contirmed a D!Va phenotype for the three children (data not
shown).

Discussion

This was the largest pre-diagnosis study of fetal RHD genotyp-
ing using PCR on plasma DNA from Rh-negative pregnant wo-
men. Eight hundred and ninety-three cases were analyzed, i.c. the
results of RHD genotype on amniotic fluid and/or of RhD pheno-
type on infant blood at birth were available. The result was
invalidated in 42 instances: 34 women exhibited a nonfunctional
RHD gene in their genorhe and the fetal genotype was further

Table IV. Accuracy of fetal FHD genotyping from maternal plasma of anti-D immunized pregnant women. Concordant and discordant results refer to felal
RHD genotype from matemal plasma which were confirmed or not confirmed, respectively, by the RHD genotyping of amniotic cells {group 1), infant blood

at birth (group II}, or both {group 1)

Group | Group 1l Group It

concordant discordant concordant discordant concordant discordant

pos neg f-pos  f-neg pos neg f-pos  f-neg pos neg f-pos  f-neg
07-11 gw (n = 39) 8 0 0 1 10 6 0 0 14 0 0 0
12-14 gw (n = 65} 12 4 0 0 21 2 1 0 24 0 0 1
15-19.5 gw (n = 138) 27 16 0 0 48 12 0 1 29 5 0 0
20-24 gw (n = 107) 17 3 0 0 45 17 1 0 22 2 0 0
25-28 gw (n = 73) 9 0 0 0 42 8 0 0 14 o] 0 0
29-32 gw (n = 63) 11 1 0 0 37 7 0 0 7 0 0 0
=32 gw {n = 60) 5 i 0 0 39 12 0 0 3 0 0 0
Total {n = 545) 89 25 0 1 242 64 2 1 113 7 0 1

f-neg = false-negative (RHD-negative by maternal plasma but RHD-positive by other methods; F-pos = false-posilive (FHD-positive by maternal plasma,
but RHD-negative by other methods); gw = gestation weeks; NA = not available; neg = RHD-negative genotype; pos = AHD-positive genotype.

© 2004 Adis Data Information BV, All rights reserved.
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undetermined for eight plasma samples since RHD exon 10 but no
RHD exon 7 were amplified.

As a consequence, we determined fetal RHD genotype using
both conventional and real-time PCR for 851 samples. The real-
time PCR is more convenient for a diagnosis purpose: it is less
time-consuming, has an extra level of protection against post-PCR
confaminations, and the best specificity of PCR amplification.
However, we did not observe real-time PCR to be more sensitive
than conventional PCR for the detection of plasma DNA in early
pregnancy.

Among the five false-positive results, two were cavsed by the
presence of a paternally inherited RHDvyr gene. For two remaining
cases the presence of a paternally inherited silent RHD gene could
not be ascertained since no amniotic fluid nor infant blood was
available. Finally, a non-evolutive RhD-positive embryo was sus-
pected to be present for the last case.

The four false-negative results were due to a low fetal DNA
concentration since no signal was observed in early pregnancy
while RHD-positive signals were detected in three plasma samples
collected later in pregnancy. These discrepancies highlighted the
usefulness of a positive control for the presence of fetal DNA. The
search for internal controls has produced some useful options but
none appear to be suitable for all samples. Y chromosome-specific
PCR, such as SRY, were used by several groups.?22327291 AJ]
these tests exhibited sensitivity close to 100% but were informa-
tive only for pregnancies involving male fetuses. The detection of
highly polymorphic short tandem repeat (STR) markers is inde-
pendent of the {etal gender but exhibited a much lower sensitivity
than that reported for the fetal RHD genotyping from maternal
plasma. It reached 70% according to Tang et al.’" for second
trimester pregnancies, whereas Finning et al.l*!! have not be able to
detect fetal STR alleles in maternal plasma using an 8-locus STR
kit. Only Pertl et al.P™ reached a sensitivity of 100% but afl 12
pregnancies were more than 37 weeks.

The lack of an internal control to ascertain the fetal RHD-
negative genotype when no RHD PCR signal was detected should
be compensated. Firstly, the efficiency of DNA recovery or an
mhibitory effect of DNA extract should be checked by iniroducing
low amounts of a plasmid DNA in plasma samples before DNA
extraction"! followed by specific PCR amplification to detect this
exogenous DNA in absence of an RHD signal. Secondly, as it is
known that the conceniration of fetal DNA increases with gesta-
tional age,?53% an initial result of fetal RHD-negative genotype
should always be confirmed by: (1) repeated fetal RHD genotyping
tests from a new maternal plasma sample taken two or four weeks
later and always beyond the 14th gw; and/or (ii) on amniotic cells
if available. In this way, it is noteworthy that we never observed a
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false-negative result on two consecutive plasma samples from the
same pregnant womarn.

We performed two distinct RHD PCR in exons 7 and 10 to
ascertain the fetal RHD genotype since the RH blood group system
is highly polymorphic. However, the interpretation is uncertain
when onty PCR RHD exon 10} is positive (eight cases in our study).
This pattern may suggest the presence of a hybrid RHD-CE(3-7)-
D or RHD-CE(2-9)-D allele found in RhD-negative Black Afri-
cans expressing a dCes or dCe phenotype, respectively>*33 (five
cases). It could also indicate the presence of a DIV or DBT
category alleles,[#! both being the only D category alleles exhibit-
ing no positive signal in RHD exon 7 PCR (three cases). In such
situation, a third RHD-specific PCR in exon 4 should be per-
formed to distinguish these different alleles expressing either an
RhD-negative or RhD-positive phenotype. The fetuses would be
genolyped as RHD-positive or -negative when the RHD exon 4 is
amplified or noet, respectively.

In our study, about 4% (34 out of 893) of RhD-negative women
exhibited a silent RHD gene in their genome, most (26 out of 34)
were carrying a RHDWY pseudogene frequently observed in the
RhD-negative Black African population.l”! These observations
highlight the need to define specific PCR for genotyping the
fetuses in such situations. Some groups have already described
specific RHD PCR that did not amplify the RHDwy allele and
specific RHEDy PCR that did not recognize a normal RHD al-
lele.3241 Although both assays are applicable to plasma samples,
their sensitivity is lower than that of the PCR used for the RHD
prenatal diagnosis and, therefore, are not currently vsed in our
laboratory,

We also found 0,9% (8 out of 893) of RhD-negative wormen
exhibiting other nonfunctional RHD genes, a percentage much
higher than that previously found in German blood donors.B*8 An
independent study consisting in RAD genotyping 400 Caucasian
RhD-negative women confirmed this ratio, as four women exhibit-
ed a silent RHD gene that was not a RHDvys allele (personal data).
Unfortunately, we are still unable to propose any prenatal diagno-
sis on maternal plasma for these mothers since multiple molecular
mechanisms are involved.139!

Conclusions

Considering our present study, a different diagnostic approach
for fetal RHD genotyping on maternal plasma would be proposed
by distinguishing whether RhD-negative pregnant women were
anti-D immunized or not.

Fetal RHD genotyping should be proposed for every non anti-D
immunized RhD-negative women in order to limit the use of
antenatal prophylaxis to only those women beating an RhD-
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positive fetus, This is possible becanse the RHD fetal genotype can
be determined by two RHD PCR in exons 7 and 10 in duplicate in
real-time PCR. Although some false-positive results might be
tolerated in this situation, it is crucial to strictly avoid false-
negative results that may result in subsequent immunization of the
mother. For example, a fetus exhibiting a RHD exon 10 without an
RHD exon 7 should be considered RhD-positive if antenatal
prophylaxis needs to be administer in an emergency. If time
allows, a third PCR in the RHD exon 4 should be performed to
clarify the fetal RHD genotype status.

The presence of a paternally inherited RHDW pseudogene in
PCR RHD-positive fetus represents only a small number of cases
amd it need not be systematically checked, unless the father is
known to be of Black African origins. In the case of negative RHD
PCR results, confirmation from a second maternal plasma sample
should be obtained two weeks later before considering abstention
of Rh immunoprophylaxis.

The anti-D prophylaxis is not provide to anti-D immunized
RhD-negative women. However, in these situations the diagnosis
of RhD incompatibility must be certain and, therefore, the speci-
ficity and sensitivity of fetal RHD genotyping on maternal plasma
should approach 100% because it will guide the degree of inter-
vention in the pregnancy. Every plasma sampie that exhibited an
RHID exon 10 but no RHD exon 7 should be further tested in the
RHD exon 4 1o distinguish a dCes or dCe phenotype from a DIV or
DET D category phenotype, since DIVa fetuses conld experience
severe hemolytic disease if the mother is anti-D immunized (per-
sonal data). Specific RHDy PCR could be performed in order to
limit the number of false-positive results for fetuses bearing anoth-
er RHD gene imherited from the father. False-negative results need
to be completely avoided and repeated testing is required on at
least two plasma samples collected some weeks apart when thé
PCR result is negative.

In conclusion, we observed a rate of concordance of 99.5%
{847 of the 851 samples) between the RHD fetal genotype on
maternal plasma and that determined by RHD PCR using amniotic
cells or that deduced from the RhD phenotype on neonatal red
blood cells. These results were obtained from a large number of
samples and allow us to propose the extension of fetal RhD testing
from materna] plasma to a maximum of RhD-negative pregnant
patients so that more pregnant women can benefit froim the lesting.

Acknowledgements

No sources of funding were used in conducting the study, howcver the
financial support of the Jacques BOY institute (Reims, France) was greatly
appreciated.

The authors have no conflicts of interests relevant to the content of this
study.

© 2004 Adis Data Information BY. All rights reserved.

19.

20.

21.

22,

23,

24,

25.

References

. Brossard Y, Parnet-Mathien F, Lursen M. Incompatibilités foeto-maternelles ér-

ythrocytaires. In: Transfusion sanguine: une approche sécuritaire. Montrouge;
Jobn Libbey, 2000: 290-318

. Colin Y, Chérif-Zahar B, Le Van Kim C, et al. Genetic basis of the RhD-positive

and RhD-negative blood group polymorphism as determined by Southern
analysis. Blood 1991; 78: 2747-52

. Bennett PR, Le Van Kim C, Colin Y, et al. Prenatal determination of fetal RhD type

by DNA amplification. N Engl I Med 1993; 329: 607-10

- Lo ¥YM, Bowell PJ, Selinger M, et al. Prenatal determination of fetal RhD status by

analysis of peripheral blood of rhesus negative mothers. Lancet 1993; 341:
1147-8

- Rouitlac C, Colin Y, Hughes-Jones NC, et al. Transcript analysis of D cutegory

phenotypes predicts hybrid RhD-CE-D proteins associated with alieration of D R
epitopes. Blood 1995; 85: 2937-44

. Avent ND, Reid ME. The Rh blood group systen:: a review. Blood 2000; 95:

375-87

. Singleton BK, Green CA, Avent ND, et al. The presence of an RHD pseudogene

containing a 37 base pair duplication and a nonsense mutation in africans with
the RhD-negative blood group phenotype. Blood 2000; 95: 12-8

. Simsek 8, Faas BHW, Bleeker PMM, et al. Rapid RhD genotyping by polymerase

chain reaction-based amplification of DNA. Blood 1995; 85: 2975-80

. Aubin JT, Le Van Kim C, Mouro I, et al. Specificity and sensitivity of RHD

genotyping methods by PCR-based DNA amplification. Br J Haematol 1997;
98: 356-64

. Maaskant-van Wijk PA, Faas BH, de Ruitjer JA, et al. Genotyping of RHD by

multiplex polymerase chain reaction analysis of six RHD-specific exons [pub-
lished erratum appears in Transfusion 1999 May, 39 (5): 546). Transfusion
1998; 38: t015-21

. Wilson RD. Amntocentcsis and chorionic villus sumpling. Curr Opin Qbstet

Gynecol 2000; 12: 81-6

- Murray IC, Karp LE, Williamson LA, et al. Rh isoimmunisation related to

amniocentesis. Am J Med Genet 1983; 16: 527-34

. Pratt GA, Bowell PJ, Mackenzie IZ, et al. Production of additional atypical

alloantibodies in Rh(D)-sensitized pregnancies managed by intrauterinc inves-
tigation methods. Clin Lab Huematol 1989, 11: 241-8

. Lo ¥M, Corbetta N, Chamberlain PF, et al. Presence of fetal DNA in maternal

plasma and serum. Lancet 1997; 350: 485-7

. Lo YM, Hjelm NM, Fidler C, et al. Prenatal diagnosis of fetal RhD status by

molecular analysis of maternal plasma. N Engi J Med 1998; 339: 1734-8

. Zhang J, Filder C, Murphy MF, et al. Determination of fetal RHD status by

maternal plasma DNA analysis. Ann N Y Acad Sci 2000; 906: 153-5

. Avent ND, Finning KM, Martin PG, ct al. Prenatal determination of fetal blood

group status. Vox Sang 2000; 78 Suppl. 2: 155-62

. Zhong XY, Holzgreve W, Hahn S. Risk free simultaneous prenatal identification of

fetal Rhesus D status and sex by multiplex real-time PCR using cell free DNA
in maternal plasma. Swiss Med Wkly 2001; 131: 70-4 :

Costa IM, Giovangrandi Y, Ernault P, ot al. Fetal RHD genotyping in maternal
serem during the first trimester of pregnancy. BrJ Haematol 2002; 119: 255-60

van der Schoot CE, Tax GHM, Rijnders RIP, et al. Prenatal typing of Rh and Kell -
bload group system antigens: the edge of a watershed, Transfus Med Rev 2003;
17: 31-44

Faas BH, Beuling EA, Christizens GC, et al. Detection of fetal RHD-specific
sequences in maternal plasma [letter]. Lancet 1998; 352; 1196

Zhong XY, Holzgreve W, Hahn S. Detection of fetal Rhesus D and sex using fetal
DNA from maternal plasma by multiplex polymerase chain reaction. Br J
Obstret Gynaecol 2000; 107: 766-9

Finning KM, Martin PG, Soothill PW, et al. Prediction of fetal D status from
maternal plasma; introduction of a new invasive fetal RHD genotyping service,
Transfusion 2002; 42; 1079-85

Legler TJ, Lynen R, Maas TH, et al. Prediction of fetal RhD and RhCeEe phenotype
from maternal plasma with real-time polymerase chain reaction. Transfus
Apheresis Sci 2002; 27: 217-23

Huang CH, Liu PZ, Cheng JG. Molecular biology and genetics of the Rh blood
group system. Seinin Hematol 2000; 37: 150-65

Mol Diagn 2004; 8 (1)



Non-Invasive Fetal RHD Genotyping

31

26.

27.

28.

29.

30.

31

32.

Honda H, Miharu N, Ohashi Y, et al. Successful diagnosis of fetal gender using
conventional PCR analysis of maternal serum. Clin Chem 2001; 47: 41-6

Lo YM, Tein M5, Lau TK, et al. Quantitative analysis of fetal DNA in maternal
plasma and serum: implications for noninvasive prenatal diagnosis. Am J Hum
Genet 1998; 62: 768-75

Wei C, Saller DN, Sutherland JW. Detection and quantification by homogeneous
PCR of cell-free fetal DNA in maternal plasma. Chn Cherm 2001; 47: 336-8

Randen I, Hauge R, Kjeldsen-Kragh J, et al. Prenatal genotyping of RHD and SRY
using maternal blood. Vox Sang 2003; 85: 300-6

Tang NL, Leung TN, Zhang I, et al. Detection of fetal-derived paternaily inherited
X-chromosome polymorphisms in maternal plasma. Clin Chem 1999; 45:
2033-5

Finning K, Martin P, Avent ND. Noninvasive prenatal diagnosis of fetal blood
group status. Transfus Med 199%; 9 Suppl. 1: 32

Pertl B, Sekizawa A, Samura O, et al. Detection of male and female fetal DNA in
maternal plasma by multiplex fluorescent polymerase chain reaction amplifica-
tion of shert tandem repeats. Hum Genet 2000; 95: 45-9

® 2004 Adis Data Information BY. All rights reserved.

33. Lo YM, Lau TK, Zhang J, et al. Increased fetal DNA concentrations in the plasma
of pregnant women carrying fetuses with trisomy 21. Clin Chem 1999; 45:
1747-51

34, Blunt T, Danicls G, Carritt B. Serotype switching in a partially deleted RHD gene.
Vox Sang 1994: 67: 397-401

35. Huang CH. Alleration of RH gene structure and expression in human dCCee and
DCw-red blood cells: phenotypic homozygosity versus genotypic heterozygosi-
ty. Blood 1996; 88: 2326-33

36. Wagner FF, Frohmajer A, Flegel WA, RHD positive haplotypes in D negative
Europeans. BMC Genet 2001; 2: 10

Correspondence and offprints: Dr Christelle Rouillac-Le Sciellonr, Centre
National de Référence d'Hémobiologie Périnatale (CNRHP), Hopital Saint-
Antoine, boulevard Diderot, 53 75570 Paris Cedex 12, France.

E-mail: christelle.lesciellour@sat.ap-hop-paris.fr

Mol Diagn 2004; 8 (1)



