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Abstract

Background: We instituted RHD genotyping in our transfusion service for

obstetrical patients and transfusion candidates. We sought to examine how

RHD genotyping resolved weak or discrepant automated microplate direct

agglutination (MDA) RhD phenotypings and impacted needs for Rh Immune

Globulin (RhIG) and D-negative RBCs.

Study Design and Methods: We investigated RhD phenotypes with equivo-

cal or reagent-discrepant automated MDA (Immucor, Norcross, GA), weak-2+

immediate-spin tube typings, historically discrepant RhD typings, or D+ typ-

ings with anti-D. We performed microarray RHD genotyping (RHD BeadChip,

Immucor BioArray Solutions, Warren, NJ). Patients were managed as D+ with

weak-D types 1, 2, and 3, and as D-negative with all other results.

Results: Our weak-D prevalence was 0.14%. Among 138 patients (73 obstetrics,

65 transfusion candidates), 38% had weak-D types 1, 2 or 3, 25% weak partial

type 4.0, 21% other partial-D variant alleles, and 15% no variant detected. One

novel allele with weak partial type 4.0 variants plus c.150T>C (Val50Val) was

discovered. Weak D types 1, 2 or 3 were identified in 66% (48/73) of Whites

versus 3% (2/62) of diverse ethnic patients (p < .0001). RHD genotyping chan-

ged RhD management in 60 patients (43%) (49 to D+, 11 to D-negative), result-

ing in net conservation of D-negative RBCs (98 avoided, 14 given) and RhIG

(8 avoided, 3 given).

Conclusion: In our patient population, equivocal or reagent-discrepant MDA

RhD phenotypes were highly specific for weak-D or partial-D RHD genotypes.

Resolution of RHD genotype status reduced our use of D-negative RBCs

and RhIG.

Abbreviations: ?, equivocal reaction in MDA; AGT, antiglobulin test; D4, anti-D Series 4 (Immucor); D5, anti-D Series 5 (Immucor); DNA,
deoxyribonucleic acid; DΨ, D-negative pseudogene; IS, immediate spin; MDA, microplate direct agglutination; NVD, no variant detected; OB,
obstetrical; RBC, red blood cells; RhIG, Rh Immune Globulin.
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1 | INTRODUCTION

In patients with weak or discrepant RhD phenotypes,
RHD genotyping is recommended in obstetrics to distin-
guish patients with or without risk of anti-D alloimmuni-
zation and determine candidacy for Rh Immune
Globulin (RhIG).1,2 However, in automated RhD typing
systems with diverse methods and reagents, there is lim-
ited disparate information on how to efficiently define
weak D phenotypes needing RHD allele determination.3–9

9 Furthermore, previously United States and Canadian
studies have not prospectively examined the clinical
impact of RHD genotyping on ensuing needs for D-
negative RBC transfusions. We sought to examine these
issues after initiating RHD genotyping in our transfusion
service.

2 | METHODS

2.1 | Patients

We implemented RHD genotyping for obstetrical patients
and RBC transfusion candidates with weak or discrepant
RhD phenotypes at Northwestern Memorial Hospital, an
academic medical center in Chicago, Illinois. In this pro-
spective quality improvement project, we excluded
patients transfused in the previous 3 months, obscuring
serological phenotyping.

2.2 | Rh serological phenotyping

We performed all testing per manufacturer directions.
Routine RhD typing was by automated microplate direct
agglutination (MDA) employing two monoclonal IgM
reagents in Series 4 (D4, clone MS201) and Series 5 (D5,
TH28) (Echo Lumena or Galileo NEO, Immucor, Nor-
cross, GA). First-time patients often had confirmatory
manual RhD typings (Gamma-clone, Immucor, IgM
GAMA401, IgG F8D8).

We identified most patients when MDA gave equivo-
cal reactions or reactive/non-reactive discrepancies
between reagents. Equivocal reactions were defined in
manufacturer directions as greater than the negative cut-
off and less than the positive cutoff, and scaled as <1+
with Echo Lumena and ≤2+ with Galileo NEO.10,11

Some patients were investigated for weak-2+ tube

immediate-spin (IS) confirmatory typings, discrepancies
with historical typings in our laboratory or elsewhere, or
D+ typing with anti-D. For this project, after qualifica-
tion for genotyping, we typed specimens by tube method
for RhD for comparison, and for RhCcEe where shown
(Gamma-clone, Immucor). Specimens negative or equiv-
ocal in MDA underwent automated antiglobulin-test
(AGT) RhD typing (IgG MS26).

2.3 | RHD genotyping

Genomic DNA was isolated from peripheral white blood
cells by routine methods (QIAamp, QIAGEN, Inc.,
Valencia, CA). We employed a DNA-array assay, which
identified RHD variant alleles and RHCE*ceHAR (RHD
BeadChip, Immucor BioArray Solutions, Warren,
NJ).12–14 For alleles with two possible RHD variant allele
calls, the more likely allele was inferred based on race/
ethnicity, frequencies, and RhC phenotypes.15 Zygosity
was undetermined unless heterozygous variants were
detected. Reference RHD analysis (New York Blood Cen-
ter16) was obtained in one case with exon-specific low sig-
nals. One case underwent DNA-based RBC phenotyping
(HEA BeadChip, Immucor BioArray Solutions, War-
ren, NJ).

2.4 | Clinical interpretations and
outcomes

We treated weak-D-phenotype patients as D-negative
pending RHD genotyping. Patients with weak D types
1, 2, and 3 were considered D+ for RhIG eligibility and
RBC transfusions.1,2 Patients with partial D genotypes17

were managed as D-negative. Patients with no variant
detected (NVD) were considered D-negative in case of
uninterrogated partial-D alleles. For patients with chan-
ged RhD management, we reviewed RhIG needs, RBC
transfusions, and antibody screens (automated solid
phase red cell adherence, Immucor) after transfusion of
D+ RBCs.

2.5 | Statistics

Categorical statistical comparisons utilized Fisher's two-
tailed exact test for p < .05 (GraphPad Software, San
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Diego, CA). Percentages may not sum to 100% due to
rounding.

3 | RESULTS

3.1 | Weak-D-phenotype patients

In 2.5 years (2019–2021) we identified 138 patients with
weak or discrepant RhD phenotypes included here. We
had 73 obstetrical cases (53%): 35 women during preg-
nancy or fertility planning, 36 women at delivery or end
of pregnancy, and two fathers (one during his partner's
pregnancy and one after a weak-D-phenotype newborn);
and 65 patients (47%) with current or potential transfu-
sion need the following: 25 undergoing surgery, 27 with
cancer, and 13 with other medical conditions. Our preva-
lence of serological weak D phenotypes was 0.14% of all
type-and-screen specimens.

3.2 | RHD variants

Fifty-two patients (38%) had weak D types 1, 2 or 3;
34 (25%) had weak D types 4.0 or 4.3; 29 (21%) had other
partial D variant alleles; 21 (15%) had NVD; and 2 cases
(1%) had no RHD or RHCE*ceHAR detected (Table 1).

3.3 | Race and ethnicity

Our patients' race and ethnicity are shown in Table 2.
Weak D types 1, 2, and 3 were identified in 48/73 (66%)
Whites compared to 2/62 (3%) ethnically diverse patients
(p < .0001). In our obstetrical service, an unrelated study
provided recent overall race/ethnicity distributions18 for
comparison with our weak-D-phenotype obstetrical
patients. Blacks comprised 9% (1050/11,617) of our
overall obstetrical population and 41% (29/71) of our
weak-D-phenotype obstetrical cohort. Using these data,

TABLE 1 RHD variants and RhD management in 138 patients with weak or discrepant RhD phenotypes

RHD variants OB Non-OB Sum (%)
RhD management
changes (%)

Weak D type 1 16 10 26 25

Weak D type 2 0 2 2 2

Weak D type 3 12 12 24 22

Weak D Types 1, 2, and 3 28 24 52 (37.7%) 49 to D+ (35.5%)

Weak partial D type 4.0a or 4.3: 20 14 34 (24.6%)

Type 4.0 or 4.3 12 13 25 3

Type 4.0 or 4.3/DΨ 4 1 5

Type 4.0 or 4.3/DIIIa or DIIIa-CE(4-7)-Da (C+) 4 0 4

Other partial D: 15 14 29 (21.0%)

DAR 7 6 13 1

DAR/DΨ 3 2 5

DOL1 or DOL2 4 2 6 1

DAU4a or DV type 5 (C�) 1 0 1 1

DNB 0 1 1 1

DIIIa 0 1 1 1

DIIIaa or DIIIa-CE(4-7)-D/Type 4.0a or 4.3 (C�) 0 1 1

DIVab (C�) 0 1 1

No variant detected (NVD) 8 13 21 (15.2%) 3

No RHD 2c 0 2 (1.4%)

All other than Types 1, 2, and 3 45 41 86 (62.3%) 11 to D� (8.0%)

Totals 73 (53%) 65 (47%) 138 60 (43.48%)

Note: RhD management changes: RHD genotyping changed RhIG eligibility or RhD type of RBC transfusions. DΨ: D-negative pseudogene. Non-OB:
transfusion candidates. OB: obstetrics.
aMore likely variant (Section 2.3); RhC typings shown.
bRHD-BeadChip possible alternative DIVa/DIIIa-CE(4-7)-D was ruled out because RBCs were C-negative and HEA BeadChip genotyping performed because of
anti-C predicted VS-negative phenotype.
cPossible RHCE variants (Section 3.5).
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the estimated weak-D prevalence in our Black obstetrical
patients was 0.64% compared to 0.09%–0.11% in His-
panics and Whites.

3.4 | RhD serological phenotypes

MDA reactions were equivocal (n = 101) or reagent-
discrepant (n = 7) in 108/137 cases (79%) (Table S1). Direct
agglutination was negative or equivocal in 62% (85/137) of
D4 and 91% (125/137) of D5 typings. Eighteen specimens
(13%) nonreactive by MDA were investigated because of
reactive IS reactions in confirmatory typings (n = 9) or dis-
crepant historical typings (n = 9). Eleven cases (8%) with
≥1+ MDA reactions were investigated because of weak-2+
IS reactions (n = 6) or anti-D (n = 5). One case had 1+ IS
typing but MDA typings were unavailable.

Among 108 equivocal or reagent-discrepant RhD typ-
ings in MDA, 91 cases had an RHD variant identified or no
RHD detected (84% specificity). Specimens with only nega-
tive or equivocal reactions in MDA were more likely to
have weak D types 1, 2, or 3 (50/84, 60%) than those with
stronger reactions (2/53, 4%, p < .0001). In tube IS typings,
8% (4/49) of types 1, 2, and 3 specimens reacted 3–4+,
compared to 35% (12/34) of weak partial type 4.0 cases and
56% (15/27) of other partial D specimens. In specimens
with only negative or equivocal D4/D5 reactions, 64/65
specimens typed in automated AGT (98%) were reactive.

3.5 | Selected cases

A White obstetrical patient's RBC typings were 3+ by D4,
equivocal by D5, 2+ by tube IS, and Dce in phenotyping.
The DNA assay reported weak D type 4.0 or 4.3 but

displayed “low-signal” for exon 2 analytes. Reference testing
detected the RHD-deletion hybrid box, and exon-2 sequenc-
ing revealed the changes in RHD*weak D type 4.0 plus silent
c.150T>C (p.Val50Val). c.150T>C does not affect splicing,19

but may have prevented BeadChip exon-2 primer binding
as with RHD*DAR6.20 A weak partial D type 4.0 variant
allele plus c.150C is not in current RHD allele rosters.15,17,21

Two specimens with no RHD or RHCE*ceHAR
detected by RHD BeadChip reacted 3–4+ with D4, nega-
tive with D5, and IS- and AGT-negative in Gamma-clone
tube typing (Crawford-negative).22 RHCE variants carry-
ing clone-dependent D-like antigenicity were suspected.

3.6 | Patients with plasma anti-D
antibody reactivity

Six patients had past or current anti-D with DOL1 or DOL2
(2), DNB, DIIIa, DIVa, and weak D type 1. Four weremedical
or gynecological patients. Two were evaluated at pregnancy.
One patient with normal RhD phenotype and anti-D (IgG
titer 1) had DOL1 or DOL2. Her newborn had normal IS D+
typing and negative anti-IgG direct antiglobulin test (DAT)
(not genotyped). The other obstetrical patient had a history of
anti-D with no recent RhIG in a past infertility evaluation.
We identified her weak D phenotype at a subsequent miscar-
riage when genotyping revealed weak D type 1. We recom-
mended future RhIG coverage as a precaution, but based on
reported experience she likely had auto-anti-D.2

3.7 | RhD management

Fifty-one patients with types 1, 2, and 3 (37%) were man-
aged as D+ and 87 were managed as D-negative (63%).

TABLE 2 Race/ethnicity and RHD variants

Weak D
Weak
partial D

Partial D

NVD
No
RHD All

Race/
ethnicity

Type
1

Type
2

Type
3

Type
4.0 DAR DOL DAU4 DNB DIIIa DIVa

White 25 2 21 8 1 14 2 73

Black 23 15 4 1 1 1 3 48

Hispanic 2 2 3 2 1 2 12

Asian 1 1

Native
American

1 1

Unknown 1 1 1 3

Totals 26 2 24 34 18 6 1 1 2 1 21 2 138

Abbreviation: NVD, no variant detected.
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RHD genotyping changed RhD management in 60 cases
(43.48%) from D-negative to D+ (n = 49, 35.5%) or D+ to
D-negative (n = 11, 8.0%). Eight patients switched to D+
management and subsequently received 98 D+ RBC
units. Six had follow-up antibody screening for 1–15
months. None developed anti-D. Eight women avoided
RhIG at delivery or subsequent pregnancies. Among
those who switched to D-negative management,
3 received 14 D-negative RBCs, and 3 received RhIG.

We cautiously managed our obstetrical and sporadically
transfused patients with weak partial D type 4.0 in this cohort
as D-negative, since anti-D has occurred many times (includ-
ing with a positive monocyte monolayer assay).23,24 However,
if necessary we would issue D+ RBCs to type 4.0 patients
with difficult antibodies or high transfusion needs.2,25

4 | CONCLUSION

We successfully implemented RHD genotyping in our
transfusion service to resolve the clinical management of
patients with serological weak-D phenotypes. Equivocal
or discrepant IgM anti-D typing reactions in automated
MDA tests were highly specific for weak and partial D
genotypes. Notably, 56% (15/27) of our patients with par-
tial D variants had 3–4+ IS tube typings and would have
been missed in some genotyping decision protocols.4,7,8

RHD genotyping results changed RhIG or RBC transfu-
sion management in 43% of our cohort. A high propor-
tion of ethnically diverse patients and over one-third of
White patients with weak or discrepant D phenotypes
had RHD genotypes warranting D-negative management.
However, our post-genotyping net ratio of D-negative
RBCs spared to D-negative RBCs needed was 98:14.

ACKNOWLEDGMENTS
We thank the staff of Northwestern Memorial Hospital
Blood Bank for their dedication and the Laboratory of
Immunohematology and Genomics, New York Blood
Center, for performing reference RHD genomic testing.

CONFLICT OF INTEREST
Glenn Ramsey has received lecture honoraria from
Immucor, Inc.

ORCID
Christina M. Barriteau https://orcid.org/0000-0002-
1667-7505
Glenn Ramsey https://orcid.org/0000-0001-9721-5259

REFERENCES
1. Sandler SG, Flegel WA, Westhoff CM, Denomme GA,

Delaney M, Keller MA, et al. It's time to phase in RHD

genotyping for patients with a serologic weak D phenotype.
Transfusion. 2015;55:680–9.

2. Flegel WA, Denomme GA, Queenan JT, Johnson ST,
Keller MA, Westhoff CM, et al. It's time to phase out “serologic
weak D phenotype” and resolve D types with RHD genotyping
including weak D type 4. Transfusion. 2020;60:855–9.

3. Wang D, Lane C, Quillen K. Prevalence of RhD variants, con-
firmed by molecular genotyping, in a multiethnic prenatal pop-
ulation. Am J Clin Pathol. 2010;134:438–42.

4. Clarke G, Harmon J, Berardi P, Barr G, Cote J, Fallis R, et al.
Resolving variable maternal D typing using serology and geno-
typing in selected prenatal patients. Transfusion. 2018;56:
2980–5.

5. Luo X, Keller MA, James I, Grant M, Liu S, Massey KS, et al.
Strategies to identify candidates for D variant genotyping.
Blood Transfus. 2018;16:293–301.

6. Horn TN, Keller J, Keller MA, Klinger L. Identifying obstetrics
patients in whom RHD genotyping can be used to assess risk of
D alloimmunization. Immunohematol. 2020;36:146–51.

7. Uzuni A, Wlosinski L, Lopez-Plaza I. Updated evaluation of
RhD status among women of childbearing age in Detroit,
Michigan. Am J Clin Pathol. 2021;156:1000–6.

8. Leiva-Torres GA, Chevrier M-C, Constanzo-Yanez J, Lewin A,
Lavoie J, Laganière J, et al. High prevalence of weak D type
42 in a large-scale RHD genotyping program in the province of
Quebec (Canada). Transfusion. 2021;61:2727–35.

9. Hudgins JP, Matsushita C, Tuma CW, O'Brien L, Shulman IA.
Identification of RHD allelic variants discovered by atypical
typing results on the NEO/Echo platforms. Immunohematol.
2021;37:165–70.

10. Immucor. Echo Lumena operator manual. EC2-001-104. Nor-
cross, GA: Immucor; 2020.

11. Immucor. NEO operator manual. NEO-001-102. Norcross, GA:
Immucor; 2020.

12. Reid ME, Hipsky CH. Looking beyond HEA: matching SCD
patients for RH variants. In: Moulds JM, Ness PM, Sloan SR,
editors. BeadChip molecular immunohematology. New York:
Springer; 2011. p. 101–20.

13. Reid ME, Hipsky CH, Hue-Roye K, Hoppe C. Genomic ana-
lyses of RH alleles to improve transfusion therapy in patients
with sickle cell disease. Blood Cells Mol Dis. 2014;52:195–202.

14. Immucor. RHD molecular BeadChip test [manufacturer direc-
tions]. P/N 190-00302. Revision G. Warren, NJ: BioArray Solu-
tions; 2019.

15. Floch A, Téletchéa S, Tournamille C, de Brevern AG,
Pirenne F. A review of the literature organized into a new data-
base, RHeference. Transfus Med Rev. 2021;35:70–7. [cited 2022
Aug 7]. Available from: https://www.rheference.org

16. Vege S, Sprogøe U, Lomas-Francis C, Jakobsen MA,
Antonsen B, Aeschlimann J, et al. Impact of RHD genotyping
on transfusion practice in Denmark and the United States and
identification of novel RHD alleles. Transfusion. 2021;61:
256–65.

17. Wagner FF, Flegel WA. The Rhesus site. Transfus Med
Hemother. 2014;41:357–63. Version 2.5.2. 2020. [cited
2022 August 7]. http://www.rhesusbase.info/

18. Badreldin N, Grobman WA, Chang KT, Yee LM. Opioid pre-
scribing patterns among postpartum women. Am J Obstet
Gynecol. 2018;219(103):e1–8.

2198 BARRITEAU ET AL.

https://orcid.org/0000-0002-1667-7505
https://orcid.org/0000-0002-1667-7505
https://orcid.org/0000-0002-1667-7505
https://orcid.org/0000-0001-9721-5259
https://orcid.org/0000-0001-9721-5259
https://www.rheference.org
http://www.rhesusbase.info/


19. Fichou Y, Gehannin P, Corre M, Le Guern A, Le Maréchal C,
Le Gac G, et al. Extensive functional analyses of RHD splice
site variants: insights into the potential role of splicing in the
physiology of Rh. Transfusion. 2015;55:1432–43.

20. Vege S, Hudgins JP, Lomas-Francis C, Novotny A, Shulman I,
Westhoff CM. Serologic characterization of D antigen expression
encoded by two reported RHD alleles: implications for transfusion
and pregnancy (abstract). Transfusion. 2017;57(S3):158A–9A.

21. Blood Group Allele Tables. Red cell immunogenetics and blood
group terminology. Amsterdam: Working Group, International
Society of Blood Transfusion; 2022 [cited 2022 August 7]. Avail-
able from: https://www.isbtweb.org/working-parties/red-cell-
immunogenetics-and-blood-group-terminology

22. Peyrard T, Wagner FF. The Rh system. In: Cohn CS,
Delaney M, Johnson ST, Katz LM, editors. Technical manual.
20th ed. Bethesda, MD: AABB; 2020. p. 329–54.

23. Westhoff CM, Nance S, Lomas-Francis C, Keller M, Chou ST.
Experience with RHD*weak D type 4.0 in the USA. Blood
Transfus. 2019;17:91–3.

24. Miranda MR, dos Santos TD, Castilho L. Systematic RHD geno-
typing in Brazilians reveals a high frequency of partial D in

transfused patients serologically typed as weak D. Transfus
Apher Sci. 2021;60:103235.

25. Yin Q, Srivastava K, Brust DG, Flegel WA. Transfusion sup-
port during childbirth for a woman with anti-U and the
RHD*weak D type 4.0 allele. Immunohematology. 2021;37:
1–4.

SUPPORTING INFORMATION
Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Barriteau CM,
Lindholm PF, Hartman K, Sumugod RD,
Ramsey G. RHD genotyping to resolve weak and
discrepant RhD patient phenotypes. Transfusion.
2022;62(11):2194–9. https://doi.org/10.1111/trf.
17145

BARRITEAU ET AL. 2199

https://www.isbtweb.org/working-parties/red-cell-immunogenetics-and-blood-group-terminology
https://www.isbtweb.org/working-parties/red-cell-immunogenetics-and-blood-group-terminology
https://doi.org/10.1111/trf.17145
https://doi.org/10.1111/trf.17145

	RHD genotyping to resolve weak and discrepant RhD patient phenotypes
	1  INTRODUCTION
	2  METHODS
	2.1  Patients
	2.2  Rh serological phenotyping
	2.3  RHD genotyping
	2.4  Clinical interpretations and outcomes
	2.5  Statistics

	3  RESULTS
	3.1  Weak-D-phenotype patients
	3.2  RHD variants
	3.3  Race and ethnicity
	3.4  RhD serological phenotypes
	3.5  Selected cases
	3.6  Patients with plasma anti-D antibody reactivity
	3.7  RhD management

	4  CONCLUSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	REFERENCES


