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RHD variants in Flanders, Belgium
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BACKGROUND: D antigen variants may be grouped
into partial D, weak D, and DEL types. Cumulative phe-
notype frequencies of these D variants may approach
1% in certain European regions. Unambiguous and
quick identification of D variants is of immediate clinical
relevance, with implications for transfusion strategy.
STUDY DESIGN AND METHODS: A total of 628
samples with ambiguous serologic results from different
immunohematology laboratories throughout the Flan-
ders region, Belgium, were genotyped using a commer-
cially available weak D typing approach. After exclusion
of detectable weak D types, molecular RHD exon scan-
ning was performed for the remaining samples, and
RHD sequencing was performed in two particular
cases.

RESULTS: Of all samples investigated, 424 (67.5%)
were positive for weak D Type 1, 2, or 3, and 22 cases
(3.5%) typed weak D Type 4.0/4.1/4.3, 4.2, 5, 11, 15, or
17. Another 49 (7.8%) samples were partial D variants,
with a major proportion being category DVI types
(n=27). One RHD(S103P) sample was identified as
high-grade partial D, with DIll-like phenotype and anti-D
and anti-C immunization. Additionally, a novel DVI Type
3 (A399T) variant was found. Of the remaining 133
samples mainly tested because of ambiguous serologic
D typing results due to recent transfusion, 32 (5.1%)
were negative for RHD, and 101 (16.1%) were indistin-
guishable from wild-type RHD and not investigated
further.

CONCLUSION: Despite the enormous diversity of RHD
alleles, first-line weak D genotyping was remarkably
informative, allowing for rapid classification of most
samples with conspicuous RhD phenotype in Flanders.
The clinical implications are discussed.

he D antigen of the Rh blood group system is of
major clinical importance due to its marked
immunogenicity. Alloanti-D acquired by trans-
fusion or pregnancy may cause hemolytic trans-
fusion reactions as well as hemolytic disease of the fetus
and newborn.! Transfusion policy and prenatal investiga-
tions depend on reliable D typing that, however, is com-
plicated by more than 200 D variants presently known.>?
These include weak D, partial D, and DEL types, with
different clinical implications: most weak D individuals
are believed to express all D epitopes excluding anti-D
alloimmunization, whereas partial D is generally charac-
terized by D epitope loss.*® Only minute D antigen quan-
tities are expressed by DEL types, which may feature
complete or partial D epitope composition.® All D+ phe-
notypes including even the weakest D variants may
induce anti-D in D- subjects.”® In addition, individuals
with partial D antigens may also develop alloanti-D upon
exposure to the entire set of D epitopes of normal D+ red
blood cells (RBCs); this holds true even with only minimal
epitope loss.?
It is of clinical importance to identify D variants with
potential for anti-D alloimmunization, specifically in
women of childbearing age and patients with a need of
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chronical transfusions or with anti-D. For this purpose,
routine serologic D typing may be efficiently supported by
RHD genotyping,' as serology cannot discriminate vari-
ants that safely can be considered as D+ phenotypes from
those that need to be treated as D- recipients. Of note,
RHD genotyping is complicated by a wealth of molecular
peculiarities, such as RHD-RHCE gene hybrids, RHD-null
alleles, and Rh mosaicism.'"3

In this study, RHD genotyping was performed on all
patient and blood donor samples with D variants coming
to attention by routine serology (weak agglutination in
RhD typing or anti-D in a D+ sample). With this approach,
for the first time the relative distribution of a D variant in
Flanders, Belgium, was determined. Moreover, an indi-
vidualized and safe transfusion strategy regarding D
matching for all studied patients could be attained. In
addition, information on two newly characterized partial
D variants is provided.

MATERIALS AND METHODS

Studied blood samples

All 628 samples were from the Flanders region, Belgium.
About 95% of the tested samples were from patients from
different hospitals across Flanders; the rest were donor
samples.

Routine serologic RhD typing

Automated D antigen typing was done using a compact
analyzer (WADiana, Grifols, Barcelona, Spain) equipment
with monoclonal anti-D in gel matrix (Bio-Rad, Cressier,
Switzerland), followed by tube testing with blended
monoclonal anti-D reagents (DiaClon, Bio-Rad).

Extended serologic analysis of a

RHD(S103P) sample

Rh antigen (D, C, c, E, e) typing, RBC antibody screening
and specification, and the direct anti-human globulin test
was performed exactly as described.® Anti-G was prepared
by a double elution method: polyclonal anti-CD reagent
(Biotest, Dreieich, Germany) was adsorbed onto group O
C+D- RBCs. After extensive washing and acid elution
(DiaCidel, Bio-Rad), the resulting eluate was adsorbed
onto group O C-D+ RBCs, followed by repeat washing and
elution.'*? The eluate and the last RBC washing solutions
were examined against a test cell panel in gel matrix indi-
rect antiglobulin test (IAT); the final eluate containing
anti-G was employed for typing in low-ionic-strength
saline antiglobulin cards (Bio-Rad). Similarly, Sample 1
plasma was tested for anti-G reactivity: plasma was
adsorbed onto and eluted from group O C-D+ RBCs; the
eluate was adsorbed onto and eluted from group O C+D-
RBCs. The final eluate was tested for anti-G reactivity
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against a cell panel in gel IAT."* D epitope'® mapping was
done as described,'” using 41 human monoclonal anti-D:
P3x35, P3x61, P3x290, P3x241, P3x249, HM10, HM16,
P3x21223B10, and P3x21211F1 (Diagast; provided by
K. Gottfert); MS26, ESD1, LDM1, LHM77/64, LHM70/45,
LHM76/55, LHM59/19, and LHMI169/80 (Bio-Rad);
Brad-2, Brad-3, and Brad-5 (provided by Belinda Kumpel,
International Blood Group Reference Laboratory [IBGRL],
Bristol, UK); BIRMA D6 and BIRMA D10 (IBGRL); H4111B7,
BS221, BS226, BS227, BS228, BS229, BS231, and BS232
(provided by Manfred Ernst, Biotest); BS225 (Sifin, Berlin,
Germany); MS-201 and LDM3 (Medion, Diidingen,
Switzerland); RUM-1 and D175-2 (Immucor, Rodermark,
Germany); HIRO-3, HIRO-5, HIRO-9, and HIRO-94
(provided by M. Uchikawa, Tokyo Metropolitan Blood
Center, Tokyo, Japan); B9A4-B2A6A6A1A1 (Bio-Rad); and
NaTH109-1G2 (IQ Products, Groningen, The Netherlands).

Flow cytometry

The D antigen density of variant D and control RBCs was
determined by flow cytometry exactly as described,® using
the following five primary anti-D: P3x35, P3x290, P3x241,
P3x249, ESD1, and Brad-3.

RHD genotyping and sequencing

Standard RHD genotyping was performed employing
polymerase chain reaction with sequence-specific
priming (PCR-SSP). Each studied sample was first ana-
lyzed with the weak D-type SSP kit (BAG Health Care, Lich,
Germany) to discriminate weak D Types 1, 2, and 3 from
other prevalent weak D types in European populations
(4.0, 4.1, 4.2, 4.3, 5, 11, 15, and 17). As this genotyping
approach positively detects the presence of specific weak
D mutations, RHD genotypes of other rare weak D types,
partial and hybrid alleles, as well as different D+ and D-
alleles, cannot be discriminated with this test. The most
common partial D variants were therefore tested in a
second step using the partial D-type SSP kit (BAG).
Genotyping for RHD-CE-D hybrid genes, causative of
some partial D types, for example, Category III, IV, V, and
VI, takes advantage of “RHD exon scanning,” a principle
described for the first time in 1997.1° Although modified,
key elements of the partial D-type SSP kit and comparable
products still take advantage of the described RHD exon
scanning principle.'®

RHD sequencing of DNA from the sample with
RHD(S103P) was done exactly as described previously.?
RHD sequencing of DNA from a sample with RHD*VI Type
3 (A399T) was done as detailed previously.*

RESULTS

Sample analysis for RHD using PCR-SSP

Over a period of 2 years, a total of 628 D+ samples with
either weak agglutination in serologic D typing (n = 627)



or alloanti-D formation (n = 1; in this case combined with
anti-C, with apparently normal D strength by routine
serology) were RHD genotyped by PCR-SSP technique.
Starting with a PCR-SSP kit for the identification of weak D
types, 424 samples (67.5%) were identified as weak D Type
1, 2, or 3. A further 22 samples were genotyped weak D
type 4.0/4.1/4.3, 4.2, 5, 11, 15, or 17. Of note, 446 of 628
(71.0%) of all serologically conspicuous samples could
thus be identified using one typing kit with only eight
PCR-SSP reactions.

An additional 47 samples were identified as partial D
variants, including category DVI Types 1, 2, and 3 with 10,
14, and three cases, respectively. Eight samples showed
the RHCE-D(5)-CE hybrid allele (DHAR). Hence, partial D
phenotypes with proven D epitope loss including weak D
Type 4.2, 11, and 15%*° represented 11.5% of all D variants
identified in this study. The complete list of all RHD vari-
ants observed in this study is given in Table 1. Of all
samples tested, 101 (16.1%) yielded a normal RHD+ typing
result without evidence for a RHD variant, whereas 32
(5.1%) were genotyped RHD-negative. Two samples
(Sample 1 and Sample 2) gave inconclusive RHD
genotyping results using the PCR-SSP tests and were
therefore further analyzed by RHD sequencing.

Sample 1 analysis by RHD sequencing

This sample was genotyped because of the presence of
anti-D (and anti-C) in the patient’s serum. This patient
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was of Caucasoid origin and had previously been typed as
normal D+ by routine serology. The DNA of the sample
showed unexpected negativity in one single diagnostic
PCR-SSP of the kit used. Positivity of the respective PCR-
SSP is indicative of the simultaneous presence of coding
nucleotides 201G and 307T on one allele, normally found
in Exons 2 of the regular RHD and RHC alleles, respec-
tively. Sequencing revealed a RHD variant with a 307T>C
nucleotide substitution in Exon 2. This missense mutation
predicts a serine-to-proline exchange in the second extra-
cellular loop of the RhD polypeptide. This RHD variant
had already been found in two Dutch samples in close
geographical vicinity to Belgium.?! Both the two Dutch
and this sample exhibited a C-c+E+e+ phenotype; there-
fore, RHD(S103P) is most likely linked to a RHCE*cE hap-
lotype. So far, it is listed as “incompletely characterized
weak or partial D.”? Our sequencing results were deposited
at EMBL database under Accession Number FR748227.
RHD(S103P) was assigned the name RHD*39 by the
International Society of Blood Transfusion (ISBT),
Working Party for Blood Group Allele Terminology.®

An apparently normal D-positive phenotype with
anti-D and anti-C

This RHD(S103P) sample was strongly reactive with
all routine monoclonal anti-D reagents in plate testing
and gel matrix IAT. Likewise, also polyclonal and mono-
clonal anti-D contained within gel matrix yielded

TABLE 1. Breakdown and frequency of all D variants identified in this study

Subgroups Genetic characteristics ISBT nomenclature Number %
Weak D Types 1, 2, and 3 Weak D Type 1 RHD*01W.1 (and W.1.1) 265 53.5
(n=424) Weak D Type 2 RHD*01W.02 146 295
85.7% Weak D Type 3 RHD*01W.03 13 2.6
Weak D type others Weak D Type 4.0/4.1/4.3* RHD*09.03, or 09.04, or 09.05 10 2.0
(n=22) Weak D Type 4.2t RHD*09.01, not 09.02 6 1.2
4.4% Weak D Type 5 RHD*01W.05 3 0.6
Weak D Type 11t RHD*11 1 0.2
Weak D Type 15t RHD*15 1 0.2
Weak D Type 17 RHD*01W.17 1 0.2
Partial D Dllla, or c, or Il Type 4 RHD*03.01, or 03.03, or 03.04 1 0.2
(n=49) DVa RHD*05 (suballeles undefined) 1 0.2
9.9% DVI Type 1 RHD*06.01 10 2.0
DVI Type 2 RHD*06.02 14 2.8
DVI Type 3 RHD*06.03 3 0.6
DVI Type 3 (A399T)ll RHD*06.03.02ll 11l 0.2l
DAR RHD*DAR 4 0.8
DHMi RHD*19 2 0.4
DAU RHD* 10 (suballeles undefined) 4 0.8
RhCE-D(5)-CE RHCE*01.22 8 1.6
RHD(S103P) RHD*39% 1 0.2
Total 495 100

* These three weak D subtypes were not differentiated.

Il New RHD allele observed in this study.

T Weak D types considered as partial D. Alloimmunization risk in weak D Type 4 allele carriers is being discussed controversially and clear
assignments are further complicated by the usage of parallel existent terminologies and the number of different subtypes reported so far.23
Recommended reading could start with reports published by Wagner et al.* and Hemker et al.?°
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TABLE 2. D epitope mapping of RHD(S103P)
RBCs
Immunoglobulin D Reaction in
Monoclonal anti-D class epitope gel IAT*
LHM70/45 19G 1.2 ++
P3x249 19G 2.1 -+
BS227 19G 2.2 -+
H41 11B7 19G 3.1 -+
P3x290 19G 3.1 -
LHM76/55 19G 3.1 -
ESD1 19G 41 -+
NaTH109-1G2 19G 5.2 -+
BS229 1gG 5.4 ++
BS231 19G 5.4 -+
P3x35 19G 5.4 -+
P3x241 19G 5.4 -
MS-201 IgM 6.1 -+
RUM-1 IgM 6.1 -+
P3x61 IgM 6.1 -+
D175-2 IgM 6.1 -+
BRAD-3 19G 6.2 -
BS221 19G 6.3 -+
BS228 19G 6.3 -+
LHM169/80 1gG 6.3 -+
HIRO-9 19G 6.3 ++
HM16 19G 6.4 -+
BS225 IgM 6.4 -+
BS226 IgM 6.4 -
BS232 IgM 6.4 -+
B9A4-B2A6A6A1A1 IgM 6.4 -+
HIRO-5 19G 6.5 -+
LDM1 IgM 6.5 -+
LDM3 IgM 6.5 -
HM10 IgM 6.6 -+
HIRO-94 19G 6.7 -
BRAD-5 19G 6.8 -+
LHM59/19 19G 8.1 ++
P3x212 11F1 IgM 8.2 -+
BRAD-2 19G 9.1 -+
MS26 19G 9.1 -
P3x212 23B10 IgM 9.1 ++
LHM77/64 19G 9.1 -+
BIRMA D6 19G 9.1 -+
HIRO-3 19G 16.1 -+
BIRMA D10 IgM NA -
* ldentical results were obtained with R1r control RBCs.
NA = not assigned.

normal D+ reactions. Further testing demonstrated a
C-c+E+e+C"- phenotype. The RHD(S103P) allele had
been reported to be associated with a G- phenotype in
two individuals.?! In fact, Sample 1 was also G- when
tested with polyclonal anti-G. Moreover, these RBCs
expressed apparently normal D antigens without detect-
able epitope loss, as evidenced by epitope mapping
studies: all 41 monoclonal anti-D were strongly reactive in
gel matrix IAT, comparable to CDe/cde control RBCs
(Table 2). D antigen quantification of RHD(S103P) RBCs
by flow cytometry paralleled the normal D+ serologic
results, with an absolute antigen density of 14,200 D sites
per RBC. For comparison, the antigen densities of CDe/
cde and cDE/ cde control samples amounted to 10,700 and
17,000 D sites per RBC, respectively.
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In the plasma of the proposita, a woman aged 74,
unexpected RBC antibodies were found: anti-D and anti-C
specificity was evident in gel matrix IAT (2+), with aug-
mented reactivity (4+) with papain-treated test cells. In
contrast, only negative reactions were observed after
incubation at 4°C. Anti-G specificity could be excluded by
a sequential adsorption-elution procedure: no antibodies
were detected in the second eluate in gel IAT after sequen-
tial adsorption-elution of plasma with C-D+ and C+D-
RBCs removing anti-C and anti-D, respectively.'* Addi-
tional anamnestic anti-Jk® reactivity of the plasma of this
JkP- individual could not be detected. The proposita had a
negative transfusion history but at least two children of
unknown Rh phenotype. Therefore, it was suspected that
her anti-RBC immunization resulted from pregnancy.

Discovery of a novel partial DVI Type 3 variant

Sample 2 was genotyped because of discordant serologic
typing results: it appeared negative with monoclonal
anti-D in gel matrix not reactive with DVI RBCs but was
strongly positive (4+) with another routine anti-D in tube
test. No unexpected RBC antibodies were found in this
sample. PCR-SSP genotyping with partial D-type SSP kit
showed typical genetic characteristics of a RHD*VI Type 3
(RHD*06.03) allele,® but lacked specific amplification for
RHD Exon 9. Therefore, it was sequenced in the respective
parts of the gene: the RHD allele appeared to be a RHD*VI
Type 3 (RHD*06.03) variant, where coding Nucleotide
1195 in Exon 9 was additionally mutated G>A. This pre-
dicts a change of Amino Acid 399 from the nonpolar
alanine to the polar threonine. This amino acid substitu-
tion has previously only been described for weak D Type
45 and 45.1>'7 but is here present in combination with the
alterations of RHD Exons 3 to 6 of D Category VI Type 3
mutants.?? The 1195G>A mutation prevented binding of
the oligonucleotide primer in the PCR-SSP specific for
RHD Exon 9 and caused the negative result, an observa-
tion also reported for weak D Type 45.1."7 This novel allele
was designated RHD*VI Type 3 (A399T) and represents a
previously unreported RHD variant.!” The carrier of this
novel variant RHD allele was of Caucasoid origin. No RBCs
were available for extended D antigen characterization.
The new Category VI Type 3 (A399T) was assigned the
name RHD*06.03.02 by the ISBT, Working Party for Blood
Group Allele Terminology.®

DISCUSSION

This is the first study investigating the relative frequencies
of RHD variants in Flanders on a molecular basis. More-
over, detailed immunohematologic properties of an
interesting RHD(S103P) with anti-D and anti-C as well
as genetic characteristics of a novel RHD*VI Type 3
(RHD*06.03) with an additional amino acid exchange
A399T are described.
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TABLE 3. Overview of comparable studies with more than 30 samples included
Weak D* Type Highest weak D type

Study Provenience Type all Type 1 Type 2 Type 3 others  ID-number observed Reference

1 Germany, Southwest 159 95 (59.7) 43 (27.0) 7 (4.4) 14 16 Wagner et al.®

2 Australia 89 38 (42.7) 48 (53.9) 3(3.4) n.a. 3 Cowley et al.?*

3 Austria, Tyrol 130 43 (33.1) 10 (7.7)t 65 (50.0)t 12 14 Miiller et al.?®

4 Germany, North 260 169 (65.0)f 44 (16.9) 45 (17.3) 2 21 Mdiller et al.?®

5 France 68 30 (44.1) 21 (30.9) 3 (4.4) 14 39 Ansart-Pirenne et al.?®

6 Canada, Ontario 32 16 (50.0) 8(25.0) 1(3.1) 7 5 Denomme et al.?”

7 Czech Republic 169 98 (58.0) 17 (10.1) 33 (19.5) 21 NA Araujo et al.?®

8 Portugal 99 16 (16.2)f 63 (63.6)t 14 (14.1) 6 4 Araujo et al.2

9 Spain, Catalonia 43 21 (48.8) 14 (32.6) 4(9.3) 4 4 Araujo et al.?®
10 France, West 230 93 (40.4) 63 (27.4) 11 (4.8) 63 43 Le Marechal et al.?®
11 Austria, North 128 72 (56.3) 29 (22.7) 19 (14.8) 8 49 Polin et al.®®
12 France, South 141 37 (26.2) 59 (41.8) 4 (2.8)1 41 61 Silvy et al.®!
13 Argentina 55 21(38.2) 9 (16.4) 8 (14.5) 17 59 Brajovich et al.®
14 Belgium, Flanders 495 265 (53.5) 146 (29.5) 13 (2.6) 71 17 This study

Total 2098 1014 (48.3) 574 (27.4) 230 (11.0) 280

* Data are reported as number (%).
1 Highest and lowest percentages of the observed weak D type alleles of the listed studies, respectively.

Despite the wealth of different weak D alleles known,
the molecular first-line approach to genotype the Flan-
ders samples was remarkably successful: every weak D
type recognized by the weak D PCR-SSP kit was actually
encountered at least once, and no additional weak D types
were discovered. Obviously, the choice of allele resolution
of this European kit (and similar commercially available
products) seems perfectly matched to the weak D spec-
trum in Flanders.

Our results were put in relation to 13 comparable
studies (Table 3). Summing up all of these studies resulted
in a considerable number of independent observations for
weak D Types 1, 2, and 3. In comparison to the average of
all studies, observation frequencies in the Flanders region
seem to be slightly elevated for weak D Types 1 and 2 and
decreased for weak D Type 3, respectively. Of note, none of
the cited studies including ours reported anti-D immuni-
zation among the weak D Types 1 (n = 1.014), 2 (n = 574),
and 3 (n =230) individuals investigated (Table 3).? Indi-
viduals with these weak D types may therefore be safely
transfused with D+ RBCs and appear not to require anti-D
prophylaxis in case of pregnancy with a D+ child.*

However, many other D variants have the potential
for anti-D alloimmunization after exposure to normal D.
For safety reasons, individuals with partial D, DEL, and
weak D types other than Types 1, 2, and 3 should be
treated as D- to exclude anti-D induction.*® Molecular
RHD typing of patients with ambiguous D typing is there-
fore of considerable clinical relevance, and correct RHD
variant identification allows to reserve the D- blood
supply for those that are actually in need for it. In addition,
RHD genotyping is able to confirm D- typing of donor
samples, excluding extremely weak D expression. In this
study, 71.0% of all samples with unclear serologic D typing

results could be assigned a safe D-matched transfusion
strategy using a single PCR-SSP kit. A further 21.2% were
identified as RHD+ or RHD-, mostly concerning samples
with inconclusive serology consequent to recent transfu-
sion. Only a small percentage of the RHD+ samples may
include weak or partial D types that are not included in the
kits used.

Besides the prevalent weak D Types 1, 2, and 3 with
apparently complete D epitope composition, 71 samples
with other genotypes were identified, including the novel
RHD*06.03.02 allele. Unfortunately, no detailed immuno-
hematologic work-up of this partial D could be performed
due to unavailability of RBCs.

Other variant RHD alleles known to include the
Ser103Pro substitution are RHD*03.02 and RHD*07.02 and
comparative serology could certainly have added addi-
tional information, but was not pursued, due to the
unavailability of respective sample material.*#* However,
our RHD(S103P) analysis is the first documented case with
anti-D (and anti-C) proving the partial nature of this near-
normal D phenotype. The single 307T>C substitution pre-
dicts an isolated Ser103Pro amino acid exchange in the
second extracellular RhD loop. Due to proline’s angled
structure it may act as structural disruptor probably alter-
ing the D antigen.*®37

CONFLICT OF INTEREST

CG is employed by the Blood Transfusion Service Zurich, SRC,
Switzerland, and acts as a consultant for Inno-Train GmbH,
Kronberg im Taunus, Germany. Inno-Train GmbH produces and
distributes similar products in comparison to those described for
molecular RHD typing within this manuscript. All other authors
have disclosed no conflict of interest.

Volume **, ** ** TRANSFUSION 5



VAN SANDT ET AL.

10.

11.

12.

13.

14.

15.

16.

17.

REFERENCES

Daniels G. Human blood groups. 3rd ed. Oxford:
Wiley-Blackwell; 2013.

Wagner FF. RhesusBase. 2012 [cited 2014 Sep 15]. Available
from: https://www.uni-ulm.de/~fwagner/RH/RB2/
International Society of Blood Transfusion (ISBT). Names
for RH (ISBT 004) blood group alleles. 2014 [cited 2014 Sep
15]. Available from: http://www.isbtweb.org/working-
parties/red-cell-immunogenetics-and-blood-group
-terminology/blood-group-terminology/blood-group
-allele-terminology/

Wagner F, Frohmajer A, Ladewig B, et al. Weak D alleles
express distinct phenotypes. Blood 2000;95:2699-708.
Kormoczi GF, Forstemann E, Gabriel C, et al. Novel weak D
types 31 and 32: adsorption/elution-supported D antigen
analysis and comparison to prevalent weak D types. Trans-
fusion 2005;45:1574-80.

Kormoczi GF, Gassner C, Shao CP, et al. A comprehensive
analysis of DEL types: partial DEL individuals are prone to
anti-D alloimmunization. Transfusion 2005;45:1561-7.
Wagner T, Kérmoczi GF, Buchta C, et al. Anti-D immuniza-
tion by DEL red blood cells. Transfusion 2005;45:520-6.
Gassner C, Doescher A, Drnovsek TD, et al. Presence of
RHD in serologically D-, C/E+ individuals: a European
multicenter study. Transfusion 2005;45:527-38.

Kormoczi GF, Legler TJ, Daniels GL, et al. Molecular and
serologic characterization of DWI, a novel “high-grade”
partial D. Transfusion 2004;44:575-80.

Gassner C, Schmarda A, Kilga-Nogler S, et al. RHD/CE
typing by polymerase chain reaction using sequence-
specific primers. Transfusion 1997;37:1020-6.

Westhoff CM. The structure and function of the Rh antigen
complex. Semin Hematol 2007;44:42-50.

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 Rh
D-negative blood group phenotype. Blood 2000;95:

12-8.

Kormoczi GF, Dauber EM, Haas OA, et al. Mosaicism due
to myeloid lineage restricted loss of heterozygosity as
cause of spontaneous Rh phenotype splitting. Blood 2007;
110:2148-57.

Vos GH. The evaluation of specific anti-G (CD) eluate
obtained by a double absorption and elution procedure.
Vox Sang 1960;5:472-8.

Issitt PD, Tessel JA. On the incidence of antibodies to the
Rh antigens G, rhi(Ce), C, and CG in sera containing
anti-CD or anti-C. Transfusion 1981;21:412-8.

Scott M. Section 1A: Rh serology coordinator’s report.
Transfus Clin Biol 2002;9:23-9.

Gassner C, Utz I, Schennach H, et al. Novel RHD alleles
with weak hemagglutination and genetic Exon 9 diversity:
weak D Types 45.1, 75, and 76. Transfusion 2013;53:
2954-9.

6 TRANSFUSION Volume **, ** **

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Prager M. Molecular genetic blood group typing by the
use of PCR-SSP technique. Transfusion 2007;47:

54S-9S.

Legler T, Maas J, Kohler M, et al. RHD sequencing: a new
tool for decision making on tranfusion therapy and
provision of Rh prophylaxis. Transfus Med 2001;11:

383-8.

Hemker MB, Ligthart PC, Berger L, et al. DAR, a new RhD
variant involving exons 4, 5, and 7, often in linkage with
ceAR, a new Rhce variant frequently found in African
blacks. Blood 1999;94:4337-42.

Faas BH, Beckers EA, Simsek S, et al. Involvement of
Ser103 of the Rh polypeptides in G epitope formation.
Transfusion 1996;36:506-11.

Wagner FF, Gassner C, Miiller TH, et al. Three molecular
structures cause Rhesus D category VI phenotypes with
distinct immunohematologic features. Blood 1998;91:2157-
68.

Wagner FF, Gassner C, Miiller TH, et al. Molecular basis of
weak D phenotypes. Blood 1999;93:385-93.

Cowley NM, Saul A, Hyland CA. RHD gene mutations and
the weak D phenotype: an Australian blood donor study.
Vox Sang 2000;79:251-2.

Miiller TH, Wagner FF, Trockenbacher A, et al. PCR screen-
ing for common weak D types shows different distributions
in three Central European populations. Transfusion 2001;
41:45-52.

Ansart-Pirenne H, Asso-Bonnet M, Pennec PY, et al. RhD
variants in Caucasians: consequences for checking
clinically relevant alleles. Transfusion 2004;44:

1282-6.

Denomme GA, Wagner FF, Fernandes BJ, et al. Partial D,
weak D types, and novel RHD alleles among 33,864
multiethnic patients: implications for anti-D
alloimmunization and prevention. Transfusion 2005;45:
1554-60.

Araujo F, Rodrigues MJ, Monteiro F, et al. Weak D type 2 is
the most prevalent weak D type in Portugal. Transfus Med
2006;16:63-7.

Le Marechal C, Guerry C, Benech C, et al. Identification of
12 novel RHD alleles in western France by denaturing
high-performance liquid chromatography analysis. Trans-
fusion 2007;47:858-63.

Polin H, Danzer M, Hofer K, et al. Effective molecular RHD
typing strategy for blood donations. Transfusion 2007;47:
1350-5.

Silvy M, Simon S, Gouvitsos ], et al. Weak D and DEL
alleles detected by routine SNaPshot genotyping: identifi-
cation of four novel RHD alleles. Transfusion 2011;51:
401-11.

Brajovich ME, Boggione CT, Biondi CS, et al. Comprehen-
sive analysis of RHD alleles in Argentineans with variant D
phenotypes. Transfusion 2012;52:389-96.

Flegel WA. How I manage donors and patients with a weak
D phenotype. Curr Opin Hematol 2006;13:476-83.



34.

35.

Rouillac C, Le Van Kim C, Blancher A, et al. Lack of G blood
group antigen in DIIIb erythrocytes is associated with seg-
mental DNA exchange between RH genes. Br ] Haematol
1995;89:424-6.

Faas BH, Beuling EA, Ligthart PC, et al. Partial expression
of RHc on the RHD polypeptide. Transfusion 2001;41:
1136-42.

36.

37.

RHD VARIANTS IN BELGIUM

Ryan P, Edwards CO. Systematic introduction of proline

in a eukaryotic signal sequence suggests asymmetry within
the hydrophobic core. J Biol Chem 1995;270:

27876-9.

Nilsson I, Saaf A, Whitley P, et al. Proline-induced disrup-
tion of a transmembrane alpha-helix in its natural environ-
ment. ] Mol Biol 1998;284:1165-75. O

Volume **, ** ** TRANSFUSION 7



