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Abstract

Background—The D typing strategies in several European countries protect carriers of D
category VI (DVI) from anti-D immunization but not carriers of other partial D. Besides DVI, one
of the clinically most important partial D is D category IV (DIV). A detailed description and direct
comparison of the different DIV types was missing.

Study design and methods—A~HD nucleotide sequences were determined from genomic
DNA. D epitope patterns were established with commercial monoclonal anti-D panels.

Results—DIV comprises several variants of the D antigen with distinct serology, molecular
structures, evolutionary origins and ethnic prevalences. The DIV phenotype is determined by
350H shared by all, but not limited to, DIV variants which are further divided into DIVa and
DIVb. The DIVa phenotype is expressed by D/V type 1.0harboring 350H and the dispersed
amino acids 62F, 137V and 152T. The DIVb phenotype is expressed by D/V type 3to type 5
representing RHD-CE-D hybrids. 4 of the 6 postulated DIV variants were encountered among 23
DIV samples analyzed. Of 12 DIV carriers with anti-D, 10 were female and 7 likely immunized
by pregnancy. 2 D/V'related alleles are newly described: DWN which differs from DIV type 4 by
350D and epitope pattern. DNT carries 152T, known to cause a large D antigen density.

Conclusion—D/V alleles arose from at least 2 independent evolutionary events. D/V type 1.0
with DIVa phenotype belongs to the oldest extant human RHD alleles. DIV type 2to type 5with
DIVb phenotype arose from more recent gene conversions. Anti-D immunization, especially
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dreaded in pregnancies, will be avoided not only in carriers of DVI but also in carriers of other D
variants like DIV, if our proposed D typing strategy is adopted.

Introduction

D is the clinically most important protein antigen on red blood cells (RBC) and the leading
cause of alloimmunization in D negative individuals. In 1953, allo-anti-D was also detected
in D positive individuals.! This ostensible contradiction was explained by partial defects of
the D antigen. Individuals lacking part of the D antigen may develop an antibody against the
missing part following transfusion, transplant or pregnancy. The term “partial D” for these D
variants was introduced in 1984;23 however, D variants missing different epitopes had been
recognized much earlier.

In 1959, the D antigen was divided into Rh”, RhB, RhC 4.5 and RhP 6.7 and summarized as
the 4 “blood factors”.8 Independent of this earlier work,4 7% D categories | to VI were
defined in 1962,10 of which D category | was retracted!1:12 while D category VII was added
later.1213 The D category | samples of 1977 represented a heterogeneous set of weak D
phenotypes from Caucasians,!! difficult to characterize by serology because of the weak
expression of the D antigen,1! while the heterogeneity of the weak D types likely involved
was unknown at the time. The original nomenclature comprised of the “blood factors”4:°
was abandoned for the D category classification,10 which is still in use.14

The current terminology for D categories comprises DIl to DVII.15 Several subtypes of D
categories'# have since been detected as well as many partial D, whose serological
appearance and molecular basis did not match any defined D category. Today, D categories
represent only a fraction of all partial D alleles. At present, 85 partial D are listed in the
internet-based registry of RHD alleles (The RhesusBase),1 of which only 26 belong to D
categories and their subtypes.

DIl is very rare; only 3 individuals expressing DIl are known in 2 pedigrees.115 DVII is the
most prevalent D category in Caucasians with a phenotype frequency of 1 in 900 in
Germany.1” DVI, not to be confused with DIV, is much less frequent with 1 in 6214,18 but
is the clinically most relevant partial D in Europeans with respect to immunization by
normal D.19 Therefore, in several European countries a D typing strategy involving the use
of two monoclonal anti-D antibodies that do not recognize DVI is mandatory for
recipients.20 While this strategy prevents anti-D formation in DVI individuals, there are
other partial D that are typed as D positive, like DIV, RyHa", DNB, DVII, DIII, weak D type
4.2 and DV.21 These partial D may remain undetected and anti-D immunizations may occur
with the consequence of transfusion incompatibility and complications during
pregnancy.22.23

The RhD protein has 12 transmembraneous segments and forms 6 extracellular loops. DII,
DHK (identical to DV type 5) and DVII type 1 are caused by single amino acid substitutions
in the extracellular loops 6, 4 and 2, respectively. These substitutions are not related to the
RhCE amino acid sequence and are, hence, not caused by gene conversions.2425 In contrast,
DIIlI, DIV, DV and DVI harbor amino acid substitutions which may be explained by gene
conversions because they are found in the RhCE protein.

DIV has been divided serologically into DIVa and DIVb using polyclonal anti-Go?, an
antibody defining the low-prevalence RhD antigen RH30 (Go?). All DIVa are Go? positive
and DIVb are considered Go? negative.1! Similarly, DIVa but not DIVb carry the high-
prevalence D epitope 4 (epD4) detectable with monoclonal antibodies (9 epitope model).26
Molecular characterization suggested different phylogenetic origins for DIVa and
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DIVb.27-29 Several molecular subtypes have been reported for DIVb,39-3% while DIVa is less
diverse at the molecular level.

A complete record of the DIV types and their phylogeny was missing. We provide a detailed
and systematic description of DIV alleles and propose an easy and comprehensive
nomenclature. A large case collection of DIV carriers with anti-D is presented. We also
propose an improved routine typing strategy, which would avoid anti-D immunization in
pregnancies and transfusions of individuals carrying the DIV phenotype or some other
partial D.

Materials and Methods

Immunohematology

Serologic testing of 1gG and 1IgM monoclonal antibodies for agglutination was done by a gel
matrix test (LISS-Coombs 37°C with polyspecific rabbit anti-lgG and monoclonal anti-C3d,
clone C139-9, ID Micro Typing System; DiaMed; Cressier sur Morat, Switzerland).36
Monoclonal IgM anti-D approved for routine use in Germany were BS226 and BS232
(Seraclone Anti-D (RH1); Biotest, Dreieich, Germany), RUM-1 (immuClone Anti-D rapid;
Immucor, Rédermark, Germany) and D175-2 (immuClone Anti-D fast; Immucor). Several
monoclonal anti-D from RhD typing kits were used as detailed in the Results (D Screen;
Diagast, Loos, France; and Advanced Partial RhD Typing Kit; Alba Bioscience, Edinburgh,
UK). Two monoclonal IgG anti-D LOR17-6C7 and LHM76/58 came from the International
Workshop on Monoclonal Antibodies against Human Red Blood Cells and Related Antigens
in Nantes 1996.37 The sources of further antisera are detailed in Table 3.

Commercial monoclonal IgM anti-C were MS24 (Ortho BioClone; Ortho, Neckargemiind,
Germany and Gamma-clone; Immucor, Norcross, USA) and MS273 (immuClone 2;
Immucor, Rodermark, Germany). The anti-Go? sera A1149 and DL34678B were kindly
provided by M.K. Moulds and showed identical results with all partial D and weak D types
except weak D type 4.0. The 3 weak D type 4.0 samples tested did not react with the A1149
serum, were noted as Go? negative in the figure, but reacted with the DL34678B serum
possibly due to an additional specificity in the DL34678B serum.

The mean antigen density was determined by flow cytometry according to the protocol
described previously3® with monoclonal IgG anti-D BS221, BS227, BS228, BS229, BS231
and H4111B7 (Biotest). The secondary antibody was goat anti-human IgG, Fab-fragment,
FITC-conjugated (Jackson ImmunoResearch Laboratories, West Grove, USA).

Molecular methods

RHD and RHCE nucleotide sequencing from genomic DNA for exons 1 through 10
including adjacent flanking intron regions and RHD exon specific PCR was performed as
described.31:39-41 All D/V type 1.0samples were sequenced in full length as well as DWN,
DNT and at least one example of each reported D/Vallele; further samples were identified
by RHD exon specific PCR and nucleotide sequencing of relevant RHD exons. The
presence of the ceT/typical nucleotide substitution 1025C>T was determined by sequencing
of RHCE exon 7.42

Serological population screen

From February until September 1995, we examined 78,156 blood donations in South-
Western Germany, of whom 60,965 were D positive. An autoanalyzer (Olympus PK7100;
Olympus, Hamburg, Germany) was used to test for reactivity with 7 IgM anti-D including
BS226 and BS232 (Biotest), P3X212 11 F1 and P3X212 23 B10 (Diagast) and RUM-1
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(Immucor).17:43 pP3X212 23 B10 binds to epD9,° also published as epD23,26:44 which is
absent from DIVa and DIVb. P3X212 11 F1 binds to epD8,15 also published as epD22,26:44
which is absent e.g. from DVII, DVI, RyH2" and DHMI. The antibodies were used in a
dilution of 1:1,000 in phosphate buffered 0.9% NaCl (Immusol; Dade Behring, Liederbach,
Germany) with 0.22% bovine serum albumin (Ortho, Neckargemiind, Germany) as
described previously.*3 25 pl of an 1.6% RBC suspension prepared in Immusol with 0.1%
bromeline (Roth, Karlsruhe, Germany) was mixed with 25 pl antibody solution. After 1 h at
25 °C the incubation mixture was read with the autoanalyzer. D positive donors typing
negative with P3X212 23 B10 or P3X212 11 F1 were further tested with panels of
monoclonal anti-D. All DIV were also characterized by molecular methods. Several
publications have covered samples from this 9 months’ blood donor survey in
1995,17.19.24,29,31,32,38,45-48 \yhjch commenced the molecular D variant analysis that took
place in Ulm since.

Rhesus Immunization Registry

Samples from D positive patients with suspected anti-D were collated in the Rhesus
Immunization Registry (RIR) from 1998 to 2009.21 A possible immunization event, such as
a transfusion or pregnancy, had been documented in all patients.

Nomenclature

Results
RHD alleles

We followed the common practice to abbreviate the names of the D categories; for example,
we used the abbreviation DIV for D category IV.

All names for alleles and other genetic structures are italicized; all names for phenotypes
and protein structures are in regular font.

DIl type 4 and DIl type 5 are related to DIV type 1.0 and presented for comparison. DIII
type 5 was first characterized in 2002;28 according to recent findings the nucleotide
sequence of Dllla is in fact identical to DIII type 5,450 while the sequence originally
assigned to DIlla in 1997 was incomplete.?! These findings imply that the phenotypes
previously described by DIII type 5 28 and DlIlla 51 are identical. We are aware of the
internet-based allele terminology that had been drafted by an ISBT subcommittee and
proposed at the time of manuscript submission.>2 Because 15 years of literature refers to a
putative nucleotide structure dubbed D///2,°1 now known to be incorrect,>® we propose
discontinuing the use of D///aas an allele designation. We advocate reserving the
designation DIlla for the description of the serologic phenotype,12 which represents its
original definition, and using D/// type 5for the allele and D111 type 5 for the protein,28
which makes the D///a allele and Dllla protein designations®! obsolete.

The allele DWN was named after the two characteristic amino acid substitutions
tryptophane (W) and asparagine (N) and has been observed before without attribution of a
name.53 The designation DN/T was derived from the amino acid substitution asparagine (N)
to threonine (T).

We collected and characterized 23 samples with DIV phenotype (Table 1), 16:27.28,31-35,54-58
among which 4 molecular structures were encountered. The 3 DIV type 1.0 samples differed
from the DIV type 1.1 described in 199530 by the presence of the additional amino acid
substitution A137V28 (Table 1). The partial D DNT carried the amino acid substitution
N152T in isolated form; which is one of the four amino acid substitutions characteristic of
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DIV type 1.0. The partial D DWN is similar to DIV type 4 except for amino acid position
350, which is variant in all DIV types but normal in DWN.

Anti-D immunization

Ethnicity

In an internet-based survey from 1998 to 2009 (Rhesus Immunization Registry), we collated
cases of anti-D immunizations occurring in D positive individuals.?! 124 samples were
submitted and analyzed at the molecular level. 12 were DIV, among which D/V type 4and
type 3were the most frequent (Tables 1 and 2). Strong anti-D antibodies were observed in
DIV type 1.0and type 4 carriers. Also DWNand DNT were recognized because their
carriers had produced anti-D.

At least 2 of the 3 DIV type 1.0 carriers were of African origin; the ethnicity of the 3
carrier is unknown. All 20 DIV type 3 to DIV type 5 carriers were Caucasians; 17 were
donors or patients from Germany and 1 patient each was of Turkish, Yugoslavian and Swiss
origin. The DNT carrier was a Caucasian from Germany while the DWN carrier was an
African American.

Immunohematology

DIV types and related D variants were tested with monoclonal anti-D to establish the
epitope patterns (Table 3).26:37 Samples of DlllIc,32 DIII type 4,32 DNU,® DNB% and
DWI60 were tested for comparison. Characteristic of DIV were the lack of reactivity with
anti-D clones specific for epD 1.1, 1.2, 2.1, 2.2, 3.1 and 9.1. An antibody directed against
epD4.1 (clone no. LOR17-6C7) recognized DIV type 1.0 but not DIV type 3 to type 5,
DWN and DNB. Only DIV type 1.0 samples were Go? positive (Fig. 1).

Antigen densities

The number of D antigens per RBC were large in DIV type 1.0, DIl type 4 and type 5 as
well as DNT, while moderately reduced in DIV type 3 to type 4, DWN, DNU and DNB

(Fig.1).

Population frequencies

DIV and ceTI

Among 78,156 blood donations,1” we detected 8 samples with DIV phenotype by applying a
high throughput serologic screening procedure followed by further serological and
molecular characterization. 4 DIV type 3, 3 DIV type 4 and 1 DIV type 5 donors were
identified (Table 4), who are among the 23 DIV samples listed in Table 1. Furthermore, we
detected 80 samples with DVII phenotype and 1 sample each of DNU and DFW.

Our 3 DIV type 1.0 samples were serologically C negative with 3 monoclonal IgM anti-C
including Gamma-clone, which is known to detect weak C expression in rare samples with
the DIVa(C) phenotype.#2:61 They all carried the RHCE allele ceT/42 as evident from the
presence of a heterozygous T/C at nucleotide position 1,025. Samples of DIV type 3 (n = 3),
DIV type 4 (n = 2), DIV type 5 (n = 3), DWN (n = 1), DIl type 4 (n = 1), DIl type 5 (n = 1)
and DNT (n = 1) did not carry the ceT/allele.

Discussion

A comprehensive characterization is available for most of the clinically important partial D
but was missing for the group of D/Valleles. The current D typing strategy applied in
Germany and several European countries protects individuals with DVI from immunization
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by normal D. However, patients with DIV and other partial D are typed D positive and
hence can get immunized by transfusion of D positive blood. An improved typing strategy
will be particularly relevant in women in childbearing age and girls. To avoid adverse
effects of anti-D immunization, detailed knowledge is required for the involved alleles and
the susceptibility to become immunized by normal D. This objective prompted us to address
the molecular basis and to determine the clinical importance of the various D/V alleles.

What was initially defined as DIV, was later recognized to comprise a group of different
phenotypes and alleles. DIV and its subgroups DIVa and DIVb are serologically defined,;
DIV lacks epD 1, 2, 3 and 9 or parts thereof;24:26:60.62.63 D|v/a carries epD4 and the low
prevalence antigen Go? (RH30), which are absent from DIVb (Table 5).11.26.64 The
differences between DIVa and DIVD at the serological level are mirrored by distinct
molecular structures, evolutionary origins and ethnic prevalences (Fig. 1 and Table 5). 350H
is the only variant amino acid residue that is shared by all DIV types.

The DIVa phenotype is expressed by DIV type 1.0. The original publication of DIV type
1.139 has been incorrect;®® if DIV type 1.1 is ever found, the DIVa phenotype will need to
be tested in that sample. We observed DIV type 1.0 only (Table 1), which is the primordial
allele of the DIVa cluster (Fig. 2).28 The DIVa cluster is one of the 3 African clusters and
encompasses also the D//I type 4and D/l type 5alleles as well as the (C)cde® haplotype.
All these DIVa-related variants (Fig. 1A) share the amino acids 62F, 137V and 152T, which
are likely remnants of evolutionary old alleles.28:32 62F and 137V are highly conserved in
the animal kingdom and occur in the Rh-related proteins RhAG, RhBG and RhCG. 152T is
an RhCE typical amino acid present in several mammal species and is regarded as the
specific amino acid substitution of the DIVa cluster relative to the normal Eurasian RHD
allele.28 We observed the corresponding D variant with N152T as the sole difference to the
normal RhD protein. This allele, dubbed DNT, was evolutionary unrelated to the DIVa
cluster and may belong to the Eurasian D cluster because it differed in haplotype.
Furthermore, the DNT sample was found in a Caucasian, while DIV type 1.0 typically
occurs in Africans.

The DIVb phenotype is expressed by DIV type 2 to type 5, which are structurally distinct
from DIV type 1 because they are encoded by RHD-CE-D hybrid alleles of the RHD gene
(Table 1, Fig. 1B and Table 5). They arose as members of the Eurasian D cluster (Fig. 2).
While DIV type 1 typically occurs in Africans, all our samples of D/V type 3to type 5were
from Caucasians (Table 5). D/V type 4 represents the RHD-CE-D gene conversion with the
shortest RHCE segment encoding only 3 amino acids (Table 1). All DIVb-related variants
share the structural motif of DIV type 4 but harbor further stretches of RhCE-like amino
acids which are located in the transmembraneous or intracellular section of the protein (Fig.
1B).

D350H, the sole amino acid substitution shared by all DIV variants, is part of extracellular
loop 6 of the RhD protein (Fig. 1 and Fig. 3).5° This RhCE typical substitution causes a
change in charge and hydrophobicity likely affecting anti-D binding. The associated
antigenic loss defines the DIV phenotype. The D variant DWN was similar to DIV type 4
but lacked the critical D350H substitution and was instrumental in determining the influence
of 350D for D antigen expression. The comparison of epitopes expressed by several D
variants with substitutions at loop 6 (Table 3) corroborated previous reports24:60.62.63 gn the
allocation of epD 3, 4 and 9 to distinct amino acids of loop 6 (Fig. 3).

In 1977, DIV could be divided into DIVa and DIVb by serologic criteria.1126 DIVa is Go?
positive and occurs in African populations, while DIVb lacks Go? and occurs in Caucasians.
The first 2 alleles expressing these 2 DIV phenotypes were characterized on a molecular
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level in 1995 and named D/Vaand D/V6.3% Neither allele was observed among our 24 DIV
samples or has been confirmed since the original description. 4 additional D/V alleles have
been described since 1995 and confirmed in this study.

We propose to reserve the designations DIVa and DIVb for the description of the serologic
phenotypes and to use the designations D/V type 1to type 5for the alleles characterized
molecularly (Table 1). The 2 initially described alleles 30 were named D/V type 1.1 and DIV
type 2 (Table 1).55D/V type 1.0 has been confirmed independently,®6:66 while D/V type 2
has not been confirmed and may attract further scrutiny. Alleles encoding the DIVb
phenotype are labeled D/V type 2to type 5 (Table 1). DIV type 2 cannot be frequent,39:55 if
extant at all, and D/V types 3and 4 kept their original names.32-34 The allele D/V(J), first
described in Japan,3® was designated D/V type 5.

A small fraction of DIVa samples express C antigen very weakly.61 The initial
presumption?? that this C expression may be caused by the RHCE variant ceT/has not been
confirmed:;®” recently, this weak C expression in DIVa(C) was attributed to a hybrid allele at
the RHCE locus.®4 Our 3 DIV type 1.0 samples, lacking C expression, occurred in a
genotype heterozygous for ce77/, which is in accordance with independent observations.42:67
The ceT/allele has not been found associated with the DIVb phenotype, at least not in our
sample collection.

All DIV variants appear D positive by routine serology, because their densities are larger
than 4,500 D antigens per RBC. DIVa-related D variants, which carry the amino acid
substitution N152T, had a density of larger than 20,000 D antigens per RBC (Fig. 1A), while
DIVb-related D variants had a moderately reduced density of lower than 8,000 D antigens
per RBC (Fig. 1B). Typical antigen densities®® are 22,750 for CDe/CDe (R1R1)32 and
24,500 for CDe/cDE (R1R5).32 N152T may facilitate the integration of the RhD protein into
the RBC membrane.3! Accordingly, the D variant DNT with the single amino acid
substitution N152T had an unusual large density of 28,000 D antigens per RBC.57 Similarly,
increased antigen densities were observed in other D variants harboring the N152T
substitution such as DIV type 1, DIl type 4 and DVI type 1111931 The relatively large
antigen density of DIl type 5 as compared to weak D type 4.0 may be due to the presence of
152T as well. DIl type 5 arose from a recombination between alleles of the DIVa and the
weak D type 4 clusters (Fig. 2).28:69 The substitution T201R likely caused the low antigen
density of weak D type 4.0 (Fig. 1A).

During the years 1998 - 2009, cases of D positive patients with anti-D were collated in the
Rhesus Immunization Registry.21 Among 124 cases was 1 patient with anti-LW?, the others
had an allo- or an auto-anti-D. Allo-anti-D was confirmed in 70 cases comprising 12 DIV,
12 DVI, 11 RgH?", 9 DNB, 6 DVII, 5 DIII, 2 DV, 2 weak D type 4.2/DAR; and 1 each of
DAU-3, DAU-4, DDE, DFL, DHMI, DMI, DNT, DOL, DWN, weak D type 11 and weak D
type 15. The number of registered cases did not correlate with the population frequency of
the involved D variants: the prevalence of D variants in the population of Southern Germany
are 1 in 977 for DVII, 1 in 6214 for DVI,18 and 1 in 9770 for DIV (Table 4). Individuals
with DVII are, therefore, much less prone to anti-D immunization than individuals with DVI
and DIV. Among the 12 cases with DIV and anti-D were only 2 males. 7 immunizations
were suspected or confirmed to be caused by pregnancy (Table 2). 79% of all patients with
partial D and anti-D were females and pregnancy was the most frequent immunization
cause. Therefore, women of childbearing age and girls would especially benefit from
measures to prevent further anti-D immunization. In a study conducted in the USA, among
21 cases of anti-D immunizations in D-positive individuals one third were cases with DIV0
including 6 DIVVa and 1 DIVb; 6 cases involved weak D type 4.2.
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The present typing strategy for the D antigen in recipients, introduced 1996 in Germany,
aims at preventing anti-D immunization in patients with DVI (1:6,214),18 the clinically most
relevant partial D in Caucasians.1%71 DNB (1:292 to 1:1644)% and DVII are the most
frequent known partial D in Caucasians but of lesser clinical relevance. Currently 2
monoclonal anti-D that react with epD6 26 and do not recognize DVI are used for typing of
recipients. Consequently, recipients with DV are typed and transfused D negative.
However, recipients with DIV are not protected by this strategy developed in Europel8.71
and adapted to Caucasians. Electing reagents for typing of the D antigen is posing an
ongoing challenge.”?

It would be valuable to also protect carriers of other clinically relevant partial D, including
DIV, from becoming immunized by the D antigen. To this end, an adaptation of the current
serological D typing strategy for recipients would be necessary and can be implemented at
the routine level. A set of 2 monoclonal anti-D antibodies could be used with one not
recognizing DVI, and another not recognizing other clinically important D variants. For
instance, an antibody binding epD9.1, like P3X212 23 B10 and LHM77/64 (Table 3), would
neither recognize any DIV type (Table 3) nor RgHa" 73 or give only weakly positive results
with several other partial D. Other useful target epitope and monoclonal anti-D may be
epD3.1 and P3X290 or ESD1 (Table 3). For clinical purposes, appropriate monoclonal anti-
D might be selected according to the prevalence of partial D in the population served.’4
Discrepant results with the 2 monoclonal antibodies should prompt identification of the
allele by molecular methods or evaluation by panels of monoclonal anti-D. Pregnant women
and their children would especially benefit from this modified typing strategy.

Acknowledgments

The authors dedicate this paper to the memory of John James Moulds, MT(ASCP)SBB, who died on June 13, 2011
at the age of 67. With his lifetime contributions to blood group serology, he was a key person for our field and
contributed profoundly to our understanding of blood group antigens and to establishing the foundation, on which
all molecular immunohematology is built.

We thank all contributors of the Rhesus Imunization Registry framework?L for procuring blood samples and
clinical data of D positive patients with anti-D carrying the D variants DIV, DIlI, or DNB. Such samples were
provided by J. Burkhart, Miinchen, W. Endres, Stuttgart, M. Heuberger, Kassel, B. Just, Hagen, A. Mildner,
Reutlingen, E. Piro-Biehler, Weiden, P. Pirzer, Amberg, and A. Seltsam, Springe, all from Germany; S. Kilga-
Nogler, Innsbruck, Austria; the late N. Eicher, Bern, Switzerland; J. Jorgensen, Aarhus, Denmark; M.R. Combs,
Durham, NC, S. Frandson, San Diego, CA, and M.K. Moulds, Shreveport, LA, United States. DWI was a gift from
G. F. Kérmdczi, Vienna, Austria. One additional sample of DWN/RHDpsi came from S. Kuhn, Wiirzburg,
Germany. The authors acknowledge the serology advice by Marylin K. Moulds and the technical assistance by
Donna M. Baker and David Hanna in Shreveport, LA, and by Marianne Lotsch, Anita Link and Hedwig Erne in
Ulm. This work was supported by the Intramural Research Programs of the DRK-Blutspendedienst Baden-
Woirttemberg — Hessen, Mannheim and the NIH Clinical Center.

Reference List

1. Argall Cl, Ball JM, Trentelman E. Presence of anti-D antibody in the serum of a DY patient.
J.Lab.Clin.Med. 1953; 41:895-8. [PubMed: 13061812]

2. Salmon, C.; Cartron, JP.; Rouger, P. The Human Blood Groups. Masson; New York: 1984.

3. Issitt PD, Telen MJ. Introduction of the term “partial D”. Transfusion. 1996; 36(8):761-2. [PubMed:
8780675]

4. Unger LJ, Wiener AS. Some observations on blood factors RhA, RhB and RhC of the Rh-Hr blood
group system. Blood. 1959; 14:522-34. [PubMed: 13651326]

5. Unger LJ, Wiener AS, Katz L. Studies on blood factors RhA, RhB, and RhC. J.Exp.Med. 1959;
110:495-510. [PubMed: 13840401]

Transfusion. Author manuscript; available in PMC 2014 November 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

von Zabern et al.

10.

11.

12.

13.

14.
15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

Page 9

. Sacks MS, Wiener AS, Jahn EF, Spurling CL, Unger LJ. Isosensitization to a new blood factor,

RhP, with special reference to its clinical importance. Ann.Int.Med. 1959; 51:740-7. [PubMed:
14440648]

. Unger LJ, Wiener AS, Katz L. Studies of the quantitative antiglobulin test with serums of

specificities anti-Rh O, anti-Rh A, anti-Rh B, anti-Rh C, and anti-Rh D. Am.J.Clin.Pathol. Dec.
1959 32:499-506. [PubMed: 13840400]

. Wiener AS, Unger LJ. Further observations on the blood factors Rh-A, Rh-B, Rh-C and Rh-D.

Transfusion. Jul.1962 2:230-3. [PubMed: 14006808]

. Wiener AS, Unger LJ. Rh factors related to the Rhq factor as a source of clinical problems.

J.Amer.Med.Assoc. 1959; 169:696-9. [PubMed: 13620524]

Tippett P, Sanger R. Observations on subdivisions of Rh antigen D. Vox Sang. 1962; 7:9-13.
[PubMed: 13921349]

Tippett P, Sanger R. Further observations on subdivisions of the Rh antigen D. Arztl.Lab. 1977;
23:476-80.

Tippett P, Lomas-Francis C, Wallace M. The Rh antigen D: partial D antigens and associated low
incidence antigens. Vox Sang. 1996; 70:123-31. [PubMed: 8740002]

Lomas C, Bruce M, Watt A, Gabra GS, Mueller S, Tippett P. TAR+ individuals with anti-D, a new
category DV!!. Transfusion. 1986; 26(6):560. Ref Type: Abstract.

Daniels, GL. Human Blood Groups. 2 ed.. Blackwell Science; Oxford: 2002.

Lomas C, McColl K, Tippett P. Further complexities of the Rh antigen D disclosed by testing
category D!! cells with monoclonal anti-D. Transfus.Med. 1993; 3:67-9. [PubMed: 7518725]
Wagner, FF. The RhesusBase. DRK-Blutspendedienst Baden-Wurttemberg - Hessen; Ulm: 1998.
Flegel WA, Wagner FF. The frequency of RHD protein variants in Caucasians. Transfusion
Clinique et Biologique. 1996; 3:10s. Ref Type: Abstract.

Wagner FF, Kasulke D, Kerowgan M, Flegel WA. Frequencies of the blood groups ABO, Rhesus,
D category VI, Kell, and of clinically relevant high-frequency antigens in South-Western
Germany. Infusionsther.Transfusionsmed. 1995; 22(5):285-90. [PubMed: 8924742]

Wagner FF, Gassner C, Muller TH, Schonitzer D, Schunter F, Flegel WA. Three molecular
structures cause Rhesus D category VI phenotypes with distinct immunohematologic features.
Blood. 1998; 91(6):2157-68. [PubMed: 9490704]

Flegel WA, Khull S, Wagner FF. Primary anti-D immunization by weak D type 2 RBC.
Transfusion. 2000; 40(4):428-34. [PubMed: 10773054]

Flegel, WA. The Rhesus Immunization Surveillance, 1998 - 2009. DRK-Blutspendedienst Baden-
Wirttemberg - Hessen; Ulm: 1998.

Lurie S, Eliezer E, Piper I, Woliovitch I. Is antibody screening in Rh (D)-positive pregnant women
necessary? J.Matern.Fetal Neonatal.Med. Dec; 2003 14(6):404-6. [PubMed: 15061320]

Prasad MR, Krugh D, Rossi KQ, O'Shaughnessy RW. Anti-D in Rh positive pregnancies.
Am.J.Obstet.Gynecol. Oct; 2006 195(4):1158-62. [PubMed: 17000249]

Avent ND, Jones JW, Liu W, Scott ML, Voak D, Flegel WA, Wagner FF, Green C. Molecular
basis of the D variant phenotypes DNU and D!! allows localization of critical amino acids required
for expression of Rh D epitopes epD3, 4 and 9 to the sixth external domain of the Rh D protein.
Br.J.Haematol. 1997; 97:366—71. [PubMed: 9163603]

Rouillac C, Le Van Kim C, Beolet M, Cartron JP, Colin Y. Leul10Pro substitution in the RhD
polypeptide is responsible for the pVil category blood group phenotype. Am.J.Hematol. 1995;
49:87-8. [PubMed: 7741145]

Scott M. Section 1A: Rh serology. Coordinator's report. Transfus.Clin.Biol. Jan; 2002 9(1):23-9.
[PubMed: 11889897]

Rouillac C, Gane P, Cartron JP, Le Pennec PY, Colin Y. Molecular basis of the altered antigenic
expression of RhD in weak D (DY) and RhC/e in RN phenotypes. Blood. Jun 1.1996 87:4853-61.
[PubMed: 8639859]

Wagner FF, Ladewig B, Angert KS, Heymann GA, Eicher NI, Flegel WA. The DAU allele cluster
of the RHD gene. Blood. Jul 1; 2002 100(1):306-11. [PubMed: 12070041]

Transfusion. Author manuscript; available in PMC 2014 November 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

von Zabern et al.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Page 10

Flegel WA, von Zabern |, Doescher A, Wagner FF, Strathmann KP, Geisen C, Palfi M, Pisacka M,
Poole J, Polin H, et al. D variants at the RhD vestibule in the weak D type 4 and Eurasian D
clusters. Transfusion. Oct 6; 2009 49(6):1059-69. [PubMed: 19309476]

Rouillac C, Colin Y, Hughes-Jones NC, Beolet M, D'Ambrosio A-M, Cartron JP, Le Van Kim C.
Transcript analysis of D category phenotypes predicts hybrid Rh D-CE-D proteins associated with
alteration of D epitopes. Blood. 1995; 85:2937-44. [PubMed: 7742554]

Wagner FF, Gassner C, Muller TH, Schénitzer D, Schunter F, Flegel WA. Molecular basis of weak
D phenotypes. Blood. 1999; 93(1):385-93. [PubMed: 9864185]

Wagner FF, Frohmajer A, Ladewig B, Eicher NI, Lonicer CB, Miiller TH, Siegel MH, Flegel WA.
Weak D alleles express distinct phenotypes. Blood. 2000; 95(8):2699-708. [PubMed: 10753853]

Wagner FF, Gassner C, Eicher NI, Lonicer C, Flegel WA. Characterization of D category IV type
IV, DFW, and DNB. Transfusion. 1998; 38(S1):63S. Ref Type: Abstract.

Kdérmoczi GF, Forstemann E, Gabriel C, Mayr WR, Schonitzer D, Gassner C. Novel weak D types
31 and 32: adsorption-elution-supported D antigen analysis and comparison to prevalent weak D
types. Transfusion. 2005; 45(10):1574-80. [PubMed: 16181207]

Hyodo H, Ishikawa Y, Kashiwase K, Ogawa A, Watanabe Y, Tsuneyama H, Toyoda C, Uchikawa
M, Akaza T, Fujii T, et al. Polymorphisms of RhDVY and a new RhDV2-like variant found in
Japanese individuals. Vox Sang. 2000; 78(2):122-5. [PubMed: 10765149]

Flegel WA, Eicher NI, Doescher A, Hustinx H, Gowland P, Monsouri Taleghani B, Petershofen
EK, Bauerfeind U, Ernst M, von Zabern 1, et al. In-frame triplet deletions in RHD alter the D
antigen phenotype. Transfusion. 2006; 46(12):2156-61. [PubMed: 17176329]

Rouger P, Muller J-Y. Third International Workshop and Symposium on Monoclonal Antibodies
against Human Red Cells and Related Antigens: Section RH. Transfus.Clin.Biol. 1996; 3(6):329-
541. [PubMed: 9091104]

Flegel WA, Curin-Serbec V, Delamaire M, Donvito B, lkeda H, Jorgensen J, Kumpel BM, Le
Pennec P-Y, Pisacka M, Tani Y, et al. Section 1B: Rh flow cytometry. Coordinator's report.
Rhesus index and antigen density: an analysis of the reproducibility of flow cytometric
determination. Transfus.Clin.Biol. 2002; 9:33-44. [PubMed: 11889898]

Wagner FF, Ladewig B, Flegel WA. The RHCE allele ceRT: D epitope 6 expression does not
require D-specific amino acids. Transfusion. Sep; 2003 43(9):1248-54. [PubMed: 12919427]
Chen Q, Flegel WA. Random survey for RHD alleles among D+ European persons. Transfusion.
2005; 45(7):1183-91. [PubMed: 15987365]

Wagner FF, Frohmajer A, Flegel WA. RHD positive haplotypes in D negative Europeans. BMC
Genet. 2001; 2(1):10. [PubMed: 11495631]

Vege S, Meyer W, Copeland T, Westhoff CM. A new RHce allele, RHCE*ceT], is associated with
C typing discrepancies and is linked to RHD*DVIla. Transfusion. 2007; 47(S3):159A. Ref Type:
Abstract.

Flegel, WA.; Kaucher, M.; Schoty, S.; Hochgeladen, E.; Northoff, H. Automated testing for
Rhesus-antigen with monoclonal antibodies.. In: Chester, MA.; Johnson, U.; Lundblad, A., et al.,
editors. Proceedings of the Second International Workshop and Symposium on Monoclonal
Antibodies against Human Red Blood Cells and Related Antigens. 1 ed.. Symposium Secretariat;
Lund: 1990. p. 151

Scott M. Rh serology - coordinator's report. Transfus.Clin.Biol. 1996; 3:333-7. [PubMed:
9018785]

Flegel WA, Hillesheim B, Wagner FF. RHD category VIl is caused by a single molecular event
[Abstract]. Transfusion Clinique et Biologique. 1996; 3:33s. Ref Type: Abstract.

Flegel WA, Wagner FF. RHD antigen density and agglutination in RHD variant red cells.
Transfus.Clin.Biol. 1996; 3:385-6. [PubMed: 9018794]

Gassner C, Schmarda A, Kilga-Nogler S, Jenny-Feldkircher B, Rainer E, Muller TH, Wagner FF,
Flegel WA, Schonitzer D. RHD/CE typing by polymerase chain reaction using sequence-specific
primers. Transfusion. 1997; 37(10):1020—-6. [PubMed: 9354819]

Miiller TH, Wagner FF, Trockenbacher A, Eicher NI, Flegel WA, Schonitzer D, Schunter F,
Gassner C. PCR screening for common weak D types shows different distributions in three Central
European populations. Transfusion. 2001; 41(1):45-52. [PubMed: 11161244]

Transfusion. Author manuscript; available in PMC 2014 November 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

von Zabern et al.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Page 11

Westhoff CM, Vege S, Hue-Roye K, Huang C, Reid ME. Dllla and DIl type 5 partial D
phenotypes are encoded by the same RHD variant allele. Transfusion. 2007; 47(S3):158A. Ref
Type: Abstract.

Westhoff CM, Vege S, Halter-Hipsky C, Whorley T, Hue-Roye K, Lomas-Francis C, Reid ME.
Dllla and DIII Type 5 are encoded by the same allele and are associated with altered RHCE*ce
alleles: clinical implications. Transfusion. Jun; 2010 50(6):1303-11. [PubMed: 20088832]

Huang CH, Chen Y, Reid M. Human pllla erythrocytes: RhD protein is associated with multiple
dispersed amino acid variations. Am.J.Hematol. 1997; 55:139-45. [PubMed: 9256293]

Storry JR, Castilho L, Daniels G, Flegel WA, Garratty G, Francis CL, Moulds JM, Moulds JJ,
Olsson ML, Poole J, et al. International Society of Blood Transfusion Working Party on red cell
immunogenetics and blood group terminology: Berlin report. Vox Sang. Jul; 2011 101(1):77-82.
[PubMed: 21401621]

Fichou Y, Le MC, Bryckaert L, Guerry C, Benech C, Dupont I, Jamet D, Ferec C, Chen JM.
Variant screening of the RHD gene in a large cohort of subjects with D phenotype ambiguity:
report of 17 novel rare alleles. Transfusion. 2012; 52(4):759-64. [PubMed: 21950494]

Reid, ME.; Lomas-Francis, C. The Blood Group Antigen Facts Book. 2 ed.. Academic Press; San
Diego: 2003.

Avent ND, Reid ME. The Rh blood group system: a review. Blood. 2000; 95(2):375-87. [PubMed:
10627438]

Reid ME, Ripaux M, Auxerre C, Reussel M, Nataf J, Rouger P, Le Pennec P-Y, Peyrard T. DIVa
and DIVa-2 are encoded by the same RHD allele. Transfusion. 2012; 52(Suppl. S3):34A. Ref
Type: Abstract. [PubMed: 21682733]

von Zabern I, Wagner FF, Hanna D, Moulds JM, Flegel WA.. Clinical relevance of D category IV
comprising phylogenetically heterogeneous alleles. Transfusion. 2009; 49(Suppl. s3):119A. Ref
Type: Abstract.

Fong C, Vege S, Weber KM, Denomme GA, Velliquette RW, Lomas-Francis C, Westhoff C. An
RHD*455C allele encodes a partial D phenotype associated with production of allo anti-D.
Transfusion. 2012; 52(Suppl. S3):166A. Ref Type: Abstract. [PubMed: 21790625]

Wagner FF, Eicher NI, Jorgensen JR, Lonicer CB, Flegel WA. DNB: a partial D with anti-D
frequent in Central Europe. Blood. Sep 15; 2002 100(6):2253-6. [PubMed: 12200394]

Koérmoczi GF, Legler TJ, Daniels GL, Green CA, Struckmann R, Jungbauer C, Moser S, Flexer M,
Schénitzer D, Panzer S, et al. Molecular and serologic characterization of DWI, a novel “high-
grade” partial D. Transfusion. Apr; 2004 44(4):575-80. [PubMed: 15043574]

Salmon C, Gerbal A, Liberge G, Sy B, Tippett P, Sanger R. Le complexe génique D!V (C)-[The
gene complex DIV (C)-]. Rev.Fr.Transfus. Jun; 1969 12(2):239-47. [PubMed: 4979914]

Cartron JP, Rouillac C, Le Van Kim C, Mouro I, Colin Y. Tentative model for the mapping of D
epitopes on the RhD polypeptide. Transfus.Clin.Biol. 1996; 6:497-503. [PubMed: 9018815]

Scott ML, Voak D, Jones JW, Avent ND, Liu W, Hughes-Jones N, Sonneborn H-H. A structural
model for 30 Rh D epitopes based on serological and DNA sequence data from partial D
phenotypes. Transfus.Clin.Biol. 1996; 3:391-6. [PubMed: 9018796]

Hipsky CH, Hue-Roye K, Lomas-Francis C, Huang CH, Reid ME. Molecular basis of the rare gene
complex, DIVa(C)-, which encodes four low-prevalence antigens in the Rh blood group system.
Vox Sang. 2012; 102(2):167-70. [PubMed: 21729099]

Bruce DG, Poole J, Tilley L, Wallis JP, Todd A. Immune alloanti-D in a patient with a novel RHD
mutation. Transfusion Medicine. 2005; 15(S1):52. Ref Type: Abstract.

Touinssi M, Chapel-Fernandes S, Granier T, Bokilo A, Bailly P, Chiaroni J. Molecular analysis of
inactive and active RHD alleles in native Congolese cohorts. Transfusion. 2009; 49(7):1353-60.
[PubMed: 19351380]

Westhoff CM, Vege S, Halter HC, Hue-Roye K, Copeland T, Velliquette RW, Horn T, Lomas-
Francis C, Reid ME. RHCE*ceTI encodes partial ¢ and partial e and is often in cis to RHD*DIVa.
Transfusion. Jul 13.2012 :10-2995.

Yu X, Wagner FF, Witter B, Flegel WA. Outliers in RhD membrane integration are explained by
variant RH haplotypes. Transfusion. 2006; 46(8):1343-51. [PubMed: 16934070]

Transfusion. Author manuscript; available in PMC 2014 November 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

von Zabern et al.

69.

70.

71.

72.

73.

74.

75.

76.

Page 12

Pham BN, Peyrard T, Juszczak G, Dubeaux |, Gien D, Blancher A, Cartron JP, Rouger P, Le
Pennec PY. Heterogeneous molecular background of the weak C, VS+, hr B-, Hr B- phenotype in
black persons. Transfusion. Mar; 2009 49(3):495-504. [PubMed: 19040491]

Westhoff CM. Rh complexities: serology and DNA genotyping. Transfusion. 2007; 47(Suppl 1):
17S-22S. [PubMed: 17593281]

Endres W, Flegel WA, Helmbold W, Kasulke D, Montag-Lessing T, Poschmann A, Sonneborn H-
H. Uberlegungen zum Vorgehen bei der Bestimmung der D-Eigenschaft.
Infusionsther.Transfusionsmed. 1996; 23:172-5.

Hyland CA. The challenge and paradox in serology RhD typing for blood donors and patients.
Blood Transfus. 2013:1-2.

Flegel WA, von Zabern |, Doescher A, Wagner FF, Vytiskova J, Pisacka M. DCS-1, DCS-2 and
DFV share amino acid substitutions at the extracellular RhD protein vestibule. Transfusion. Jan;
2008 48(1):25-33. [PubMed: 17900276]

Denomme GA, Wagner FF, Fernandes BJ, Li W, Flegel WA. Partial D, weak D types, and novel
RHD alleles among 33,864 multiethnic patients: implications for anti-D alloimmunization and
prevention. Transfusion. 2005; 45(10):1554-60. [PubMed: 16181204]

Flegel, WA. The Rhesus Immunization Surveillance. DRK-Blutspendedienst Baden-Wiirttemberg
- Hessen; Ulm: 1998 - 2009. http://www.uni-ulm.de/~wflegel/RH/RIR/rirres.html

Wagner, FF. The RhesusBase. DRK-Blutspendedienst Baden-Wirttemberg - Hessen; Ulm: 1998 -
2012. http://www.uni-ulm.de/~fwagner/RH/RB2/

Transfusion. Author manuscript; available in PMC 2014 November 01.


http://www.uni-ulm.de/~wflegel/RH/RIR/rirres.html
http://www.uni-ulm.de/~fwagner/RH/RB2/

1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

von Zabern et al.

Page 13

DIV type 1.0 Extracellular

A ; DIVa related

13t

11 7200075 131

231 282 ) 290

T

nterminus 2 Intracellular C terminus 417 D antigens

Go? per RBC
DIV type 1.0 = = = = = M- -0+ +++ 20,005
DIll type 4 I — I O S S— I E— S— i 33,255
DIl type 5 = o g - e R — | e— Y 22,553
weak D type 4.0 -l ]ee[ 1] Joe [ Joel ) — Y — N L 1,689
DFV f Jes[ Jou[ Jes[ Jee] Jos[ Jee[ Jes[ Jes[_J=s[J== - 9,422
DNT .l Joe Joe[ i Jos[ % I I — [ 28,070
Dlllc o e e e[ el e e e[ Jes[ e[ - 26,889

s o I seer e et

121M 152T 201R 223V
127A
128G
DIV type 3

B DIVb related

'o

230 231 282 290
.
'o
n 72 75 131
°
2 417
D antigens
Go? per RBC
DIV type 3 [ Jos[ Jes Jos [ Joef -« - . - 4,544
DIV type 4 [ LI I Joe[ o[ Joo[ Qe[ W[ Jes[ Qe[ - 4,907
DIV type 5 [ Jos [ Joe] Je[ I Je ]I - - - - 6,756
DWN [ J=«] Joe[ Je| Jou [ ] N U N L I N LU 5,337
DNU [ == TRl Joe Jee I L I | I I L 8,073
DNB [ == ][ J=[ I | I S— I 5,908
Exon 1 2 3 4 5 6 7 8 9 10
Figure 1.

Molecular structure, antigen density and anti-Go? reactivity of DIV variants. DIVa-related
variants (panels A) and DIVb-related variants (panels B) are shown with models of the 2-
dimensional structure (upper panels of A and B) and the linear exon structure (lower panels
of A and B). In the 2-dimensional models of the RhD protein, amino acid substitutions are
indicated (colored circles) together with the positions of the 9 exon boundaries (bars) as
reflected in the RHD cDNA. DIV type 1.0 exemplifies the typical structure of DIVa-related
variants with dispersed amino acid substitutions and DIV type 3 represents a typical
structure of DIVb variants resulting from gene conversions (black circles). The linear exon
structures of several related D variants are compared (white horizontal bars, lower panels of
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A and B); typical amino acid substitutions corresponding to nucleotide substitutions (colored
and gray vertical bars) as well as RHCE-like gene conversions (black bars) are indicated.
Antigen densities of DIII type 4 and DllIc,32 of weak D type 4.0 and DFV2° and of DIV
type 111, DNU and DNB5? were published previously.
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Phylogeny of DIV. The phylogenetic tree is based on a previous tree for RHD?2:39 with 4
main branches representing allele clusters. The three African D clusters have characteristic
primordial amino acids and typically occur in a cDe haplotype while the Eurasian D cluster
has normal RHD as the primordial structure in which the Ceand cE alleles of RHCE
evolved. The DIVa cluster is one of the 3 African D clusters; D variants of this cluster share
the ancestral amino acid substitutions 62F, 137V and152T relative to the consensus RhD. In
contrast, DIV variants with DIVb phenotype evolved in the Eurasian D cluster by gene

conversions. The typically associated RHCE alleles are shown.
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Amino acid position and substitution D epitope (epD)
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epD 9.1 «—

epD 4.1

Extracellular
loop 6

/ Helix 12

Amino acids at extracellular loop 6 critical for D epitope (epD) expression. epD were
allocated on the basis of reactivities with monoclonal anti-D P3X290 and LHM56/55 (epD
3.1), with LOR17-6C7 (epD 4.1) as well as P3X212 23 B10 and LHM77/64 (epD 9.1).
Further splits of these epD were previously described.?460 DNAK is another partial D6°
with a single amino acid substitution in loop 6 (G357D, not shown).

Transfusion. Author manuscript; available in PMC 2014 November 01.



Page 17

von Zabern et al.

(6 901 A1 30 YNQO) 0/22£09V PaNsodap aney ge'[e 18 OpoAH
"(UNG) ¥806¥S4H ‘(WM@) £806¥SdH ‘(7 80/ A1) S806¥SHH ‘€ 80/ A1) 1806¥SdH ‘©°T 8041 A1) 9806¥S4H S18quINU UOISS300E Iapun TGN Ul palisodsp a1am erep sousnbas pioe o1efonu ay 1.

+

"|e198J0X8 = 43 ‘Je|N||32eiul = D] ‘SnosURIGUIBWISURI = N1 “FD/H WOl) SUOISISAU0D duab |[e YNQO 01 s1aja) BuLisquinN

1

*(so1yen ou) Juoy JepnBas Ul pasn ag PINOYS 1 YoIym 1oy ‘usioad wetien g ay Joy pasodosd ose si aweu siy L

gg,fPMIS S T 99020 9ago NL € 12STN O<VSSY VN ,~L>\ a
NYSE V1907
01 MESE 01 1£50T
UOISISAUOD UOISIBAUOD NN
Apmssiyy T 9929 Elay) 43 / Jo ued auab auah VN 7
N86E
O}APTE  LEBTT O} LTH6
UOISIBAUOD UOISIBAUO0D
: : e
s € 83Qo0 Ele 4301 ‘L 601/ auab auab rania #7 inia
NYSe V1907
01 HOSE 01 08v0T
UOISIBAUOD UOoISIBAU0D
ssveee 8 89090 8do 43 / 4o 1ed auob auab ¥ adfi gnia i sl Ala
1€6TT
T 33020 \86E 01 190€ 01976
€ 99000 UOISISAUOD UOISIBAUOD adfi
ss'ze'e G 99090 ao 4301 'L 6019 auab auah gadMignia & 0INa
N86E 1€6TT
01 HOSE 01 08%0T
UOISIBAUOD UOISIBAUOD
ss'oe 0 VN VN Ol ‘INL ‘43 601 / 40 ued aush auah Z M1 gnia Z9aINnIa
Hosea <9801
9510811001 84 0} 43 L 12STN J<VSS5y
umoys geuondiioap L € 4291 1<998T
[euIBlIO ‘g5 0 O VN svN NL 14 pasiadsip pasiadsip v I 801 BAIG I'TediNIg
Hosea <9801
43 L 12GTN J<VSSY
NL € ALETY 1<00T¥
AL € 4291 1<998T .
& € 89020 aqo WL z pasiadsip pasiadsip zenig  pOToMNIG
souanbes +mcmm aHy ul 5
upoud uonnNIsgns  gg 'pg 'orUOITBUDISOP
sowepy U adkoweyq  edAiojder ajqedoid +co:mN__muo_mcmEEmE penIpsid POAJOAUI UOXT o 1oy apIoBPNN SnoIdId *mEm: pasodo.d

Apnis Siyy Jospueqo id

opIe dHY

NIH-PA Author Manuscript

LNa pue NAQ @ [enued g 8y pue sadA1 A1Q@ JO saseq Jejndsjoin

T alqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Transfusion. Author manuscript; available in PMC 2014 November 01.



Page 18

von Zabern et al.

1€

*AIsnoinaid pagriosap se (9 = u) pawuIuod sem juiodyesiq . m;._.\\

“8]qe|IeAR 10U = VN

§
NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Transfusion. Author manuscript; available in PMC 2014 November 01.



Page 19

von Zabern et al.

"adA1o0uab AGHE/NMA 8Y) BulAired ‘3-1ue pue zg Jai g-1ue yum ajdwes A@G [euonippe auo Sem a1ay L

/]

*35Ned UoIeZIuUNWW! >_mv__._\\

‘31qeaijdde Jou = <Zw,

HhAHY/0'T 3841 A1 103 snobAzoisiay punodwod vm.m_mu

(6TT-d1d) O-hue pue ‘(TT-H1x) M-hue pue 3-nue '(58-d1d) IN-Ue pue s-hue ‘gA3-ue (78-41Y) ghd-hue ‘(6z-dId) 3-nue
(€2-41d) 3-nue alam salpoqrue [rUOIIPPY gg 1881 Xtjew 196 u1 auop a1am s1aM1 "DgY 4o unowre areudoidde ue Jo xoe| 01 anp pawloylad Jou Ajesauab aiam suondiosae snobojoine ‘annebau sem uonnje

Apognue 1ng 1s8) ulingoBue 10a11p aAisod e pey sajduies TT-41Y PUe 8TT-HIY ‘SOT-HIY ‘v6-H1Y ‘G8-H1Y '08-HIY 'sa|dues T Jo § Ul sisa) unngoBiue 19a11p aAneBau Ag papnjaxs alam g-Nue-0Iny

/
Tz 3UIIUO d]qeITeAR BIED ‘SaLIUB (H1Y) AnsiBay uonezIUNWW] SNSALY
*

uewey T00C \\N umouxun 9T 399020  °Jewsy 78-d1d AN
ses| Je
(WSn) ueauyy 000z 81048q \\H 18l ¥ |eJanss 9T 9920  9lews) ¢TT-dIY b na
T [eJanas
uewny 8861 6 Vi 8 93Q%0 Jewd}  6TT-dId
uews /66T 310439 Vi umouxun 4 93020  deWa} 18-dId saafinig
VN
\\mmmm_:mom_Em
syuIg aAZ y2Nsed a ot
yspunL 900¢ l suou 8 33Q20 dlew  G0T-dId
ueulls /66T 91043 n umouun 8¢T 89020  °ews) G8-dld
uelne|sobnA /66T 81043q %<z anmsod q T T 89920  3ewsy 08-dId
uewsy 000¢ v /A 96¢ 33Q20 3lew 6¢-dld
uewls  066T 31043 Vi auou 14 89020  °ews) 8T-dld radINIa
umousun annisod
URWIeD 9667 L1seo e yoreecae § 9900 oWl vyl
uBWISD 000 21043Q z umouun z 99020  9eWSa)  9z-dIY
SSIMS /66T 91049 Vi auou T 899020  °ews) €¢-dld gadinig
\\mmm_:mum_c._ T
(obo]) uesupy 9002 SUMIg Al auou 9T 99000  dJewsay w:”m_m
(ojgnday ueoIuILOA) ONBININ /66T 810484 n° auou 952 000 spewey 7 praafiag
Apuyia oleq  sepueufeid uosnsueniunogy 4O IMUY adgoueug xS B0 apire ahy

SIUSAS UOITeZIUNWIWI19|qSS0d

NIH-PA Author Manuscript

NIH-PA Author Manuscript

800 Pue 866T Usamiag LNQ pue NAMA ‘AIQ Yum sjusized ur -nue-oj|y

¢?olqel

NIH-PA Author Manuscript

Transfusion. Author manuscript; available in PMC 2014 November 01.



Page 20

von Zabern et al.

++++ ++++ ++++ +++ +++ ++++ - - - - T€ MTob) x\\mm\wm_\/_In_
++++ an ++++ ++ +++ ++++ - - - - an *Tob) \\Homm
++++ ++++ ++++ +++ +++ +++ - - - - TT S]] \\Hw\moﬂ_\/_In_
. I . e . . (+) ++ - it €9 ob) y SCIOSNH
+++ ++++ ++++ +++ +++ +++ - - - - 1 82511] \\NOH\_\DS_IJ
++++ +++ ++++ +++ +++ ++++ - - - - aN T96) \\mm\mt\/__._n_
. FH++ . +++ e+ - - - - o+ an YI9B6) \\wm\wt\/_In_
++++ ++++ ++++ +++ +++ +H++ . - - - 1€ ob| w,omNXma
++++ ++++ ++++ +++ ++++ e+ - - - - 12 96) %mwNXma
+H++ +H++ +H++ +++ +++ +++ +++ ++++ +H++ +H++ ¥'g 90) .m._”vNXm.n_
++++ ++++ ++++ ++ - - - - - - 16 W6 %oam_ €¢ ¢TeXed
+++ ++++ ++++ +++ +++ +++ ++++ +++ +++ ++++ '8 4] %Hu_ T1cleXed
++++ ++++ ++++ +++ +++ ++++ +H++ ++++ ++++ ++++ 7' 96) %mmea
++++ ++++ ++++ +++ ++++ ++++ ++++ ++++ ++++ ++++ 19 NI %San_
++++ +H++ ++++ +++ ++++ ++++ +H++ +H++ +H++ ++++ ¥'9 96) %3_21
++++ ++++ ++++ +++ ++++ ++++ ++++ ++++ ++++ ++++ 99 NBI No:\,_I
++++ +++ ++++ +++ ++++ ++++ ++++ ++++ ++++ ++++ T'9 4] Nm.m:o
+H++ anN +H++ +++ ++++ ++++ +H++ ++++ ++++ ++++ 19 NI HH.S_DW_
++++ an ++++ +++ ++++ ++++ ++++ ++++ ++++ ++++ ¥'9 NI ummmmm_
++++ +H++ ++++ +++ ++++ ++++ +H++ ++++ ++++ ++++ ¥'9 4] memmm_
9'A20 9320 ECTekle) E=lakle) 99020
®m@O ING  pedf1iNQ 8000011Id 930 AN 93APNNG ©AONMA  SedhiAld ved Al gediialg Tedhiala 19%  adkos) auo|D
*>H_>_Gm®m_ d-11ue [euooouo N
@a-nue jo sjaued yum AliAnoeal 2160j0les
€9|qel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Transfusion. Author manuscript; available in PMC 2014 November 01.



Page 21

von Zabern et al.

BUL pesyip ¢

"1S8101g ‘|aued -1UE [BUOJI0UOIN
*¥

‘paNeld 118S BuldA1-a yy _m_%n_-n_s

gz PaIs!] B1em 1'6Qds pue Tyads 1oy sanoi19ads ataym doysyIom stied ayl Ul pajuswindop (9G-T "0u @-1uUe [euojoouoW) & NTAST,, 40 1oyl Woly paIayip TAST 40 ANARORa)

*31qeaidde 10U — N “pauIwILIap 10U - AN gz 1035 Aq Ajsnoinaid paguiosap se susened gda

doys>10m salUeN aU) Ul 8S/9.INHT SE PaIUBWNIOP 1/ “Ou APogiUEe [ELOJIOUOL UMM PUE 8G/9/IH T UMA PaUIEIGO S)NSal 8L 1 “80uaIasold BAlY Iy BuidAL Quy [ented paouepy

o

1sebeiq Emeom.n_%

*Auewas) U1 asn aunnol Joy panoidde g-nue [BUOJOOUOIN

'+

f
“uingoBnue Yl $1se) XLew |99
¥

++++ ++++ ++++ - ++++ - - - - ++++ v 96) 1/09-.THO1
+++ ++++ ++++ +++ ++ +++ - - - - Te ob| ¥ TrH
++++ aN ++++ +++ e+ e+ +++ e+ +H++ +H++ 'S 96| e leesd
+++ anN ++++ +++ ++++ ++++ ++++ ++++ ++++ ++++ 'S 96) ¥ beesd
++++ an ++++ +++ +H++ ++++ +++ +H++ ++++ ++++ €9 96| x 8cesd
++++ ++++ ++++ +++ +++ + - - - - A4 [3)4]] o Leesd
++++ anN ++++ +++ +++ +++ ++ +++ ++ +++ €9 96) o Teesd
+++ aN +++ + ++ ++ +++ + + +++ an 4] TN
+++ an +++ + ++ +++ +++ + ++ ++ €9 XI96) \\:Rm_\/__._n_
+H++ +H++ +++ +++ +++ e+ e+t +++ e+t ++++ €9 Eoh) .\\\\ow\m@aS_In_
++++ +++ ++++ +++ +++ +++ ++++ +++ +++ +++ 18 €56 x\\mdmm_\/_In_
+++ ++++ ++++ +++ +++ + - - - - 2T US| S\mv\om_\/_In_
++++ +++ ++++ +++ - - - - - - 6 9| E\vo\REII_
9°A20 93Q20 99020 992D 99020
@D INA  vadAl (1@ 8@DD2I1ld 93P aNd 93AONNA P®aAPNMAa  Gadliala vadlialg gadlialgd TedAiAlg +o8 adAios| auo|D

RiAoesy
.

g-nhue [euopouo

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Transfusion. Author manuscript; available in PMC 2014 November 01.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

von Zabern et al.

Phenotype frequencies of D variants in the Southwest German population

Table 4

Phenotype frequency

partial D Estimate 95% Confidenceinterval* DonationsJr (n)
DVII 1:977 1:788 - 1:1,264 80
all DIV 1:9,770 1:5,238 - 1:23,792 8

DIV type 1.0 NA 1:26,087 - NA 0

DIV type 3 1:19,539 1:8,143 - 1:57,215 4

DIV type 4 1:26,052 1:9,647 - 1:95,545 3

DIV type 5 1:78,156 1:14,683 - 1:1,532,470 1
DNU 1:78,156 1:14,683 - 1:1,532,470 1
DFW 1:78,156 1:14,683 - 1:1,532,470 1

*

95% confidence interval of the frequency estimate according to Poisson distribution.

Page 22

fD variants among 78,156 blood donations, of which 60,965 were D positive. All DIV samples came from different donors. The 80 donations with
DVI1I were from 71 donors.
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Table 5

Differences between DIVa and DIVb

Page 23

DI Va* DI Vb*
DIV type 1.0Jr DIV type 2 to type 5Jr
Epitopes
Go? positive negative
epD4 positive negative
D antigen expression high moderately reduced
RHD nucleotide substitutions  dispersed RHD-CE-D gene conversions

RHCE
Haplotype

Phylogeny

Typical ethnic origin

associatied with ceT/

cDe or (C)De’t

old extant allele, primordial allele of the DIVa cluster in the African
cluster

African

regular exon 7

CDe or cDE

gene conversions in the Eurasian cluster

Caucasian

*
Defined serologically

fDefined at the molecular level

’tA minor fraction of DIVa samples expresses a weak C antigen.6
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