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Abstract

Background—When problems with compatibility arise, transfusion services often perform time-
consuming serologic testing to locate antigen-negative red cell units for safe transfusion. New
technologies enabled red cell genotyping for all clinically relevant blood group antigens. We
performed mass-scale genotyping and provided access to a large red cell database to meet the
demand for antigen-negative red cell units beyond ABO and Rh.

Methods—A red cell genotype database was established in 2010. Hospitals were given online
access to a web-based antigen query portal in 2013 to find antigen-negative units in their
inventories.

Findings—Genotype data were analyzed for 43,066 blood donors covering a set of 42 clinically
relevant red cell antigens. Requests were filled for 5661 of 5672 patient encounters (99.8%)
requiring antigen-negative red cell units in a multi-ethnic and multi-racial population. Red cell
genotyping met the demand for antigen-negative blood in 5339 of 5672 (95%) patient encounters,
while 333 remaining requests were filled using serologic data. In a pilot phase, seven community
and rural transfusion services searched their local inventories using an online antigen query portal.

Interpretation—Red cell genotyping has the potential to transform the way antigen-negative red
cell units are provided. An antigen query portal may reduce the need to ship blood or perform
serologic screening. The wealth of genotype data, easily accessible online, facilitates the supply of

This manuscript version is made available under the CC BY-NC-ND 4.0 license.

Adﬁlress for correspondence: Gregory A Denomme, PhD, FCSMLS(D), Diagnostic Laboratories, BloodCenter of Wisconsin, 638 N
18t Street, P.O. Box 2178, Milwaukee, W1 53201-2178, phone: 414-937-6440, fax: 414-937-6404, greg.denomme@bcw.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Statement of Disclaimer: The views expressed do not necessarily represent the view of the National Institutes of Health (NIH), the
Department of Health and Human Services (DHHS), or the U.S. Federal Government.

At the time the red cell genotyping described in this article was implemented, none of the molecular immunohematology assays for
red cell genotyping had been approved by the US Food and Drug Administration (FDA).

Authorship contribution: GAD coordinated red cell genotyping, and collected and summarized the data. JLG contributed to the
content of the discussion. GAD and WAF conceptualized the study, analyzed the data, and wrote the manuscript.

Conflict of interest disclosure: GAD is the inventor of European patents on red cell genotyping owned by Canadian Blood Services.
WAF & JLG do not have a conflict of interest relevant to this article.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Flegel et al.

Page 2

affordable antigen-negative red cell units for patient safety. Physicians may recognize these new
efficiencies for patient transfusion support.

Funding—BloodCenter of Wisconsin Diagnostic Laboratories Strategic Initiative and the NIH
Clinical Center Intramural Research Program.

Introduction

Blood group antigens are polymorphic, and alloimmunization to these antigens complicates
red cell transfusion and clinical care during pregnancy. Patients who are alloimmunized
require antigen-negative red cell units. In chronically transfused patients, matching of the
antigens between the red cell unit and the patient, in the absence of alloantibodies, can be an
effective way to limit alloimmunization and avoid acute or delayed hemolytic transfusion
reactions.1 In the setting of stem cell therapy, delayed red cell engraftment complications
due to alloimmunization can be obviated.>~” This prophylactic matching can be
accomplished by serologic testing® or by red cell genotype “dry’ matching.10

When problems with compatibility beyond ABO and Rh arise, tertiary care centers
traditionally search their inventories and perform time-consuming serologic testing on site to
locate antigen-negative red cell units. The skills and resources required are beyond the
capability of smaller hospitals and often of large hospital transfusion services. Then, the
responsibility for locating antigen-negative red cell units falls on the regional blood center
which can provide an inventory encompassing the entire supply chain from blood centers to
transfusion institutions.

For 20 years, blood centers have used molecular techniques to screen blood for blood-borne
infectious disease markers. More recently, similar molecular techniques have become
available for red cell genotyping as the molecular basis has been established for the
clinically relevant blood group antigens.11-12 Methods vary in complexity and feasibility for
high-throughput application. Several available molecular methods can identify a greater
number of antigens than can be determined by any blood group serology.10:13.14 Red cell
genotyping provides an opportunity to integrate antigen testing into other molecular testing
of blood donors,>:16 and has been applied to a limited degree outside of the US for routine
typing and labeling of blood since 2002.17

Several models of mass-scale donor red cell genotyping have been published since 2008.
Notably, a multi-center study18:19 reported a “fill-fraction’ exceeding 90% for common
antigen-negative requests. Red cell genotyping involving 3400 to more than 21,000 donors
have been also reported’20-22 and may be more wide-spread among large blood centers
than presently reflected in the literature. The basic academic research on molecular
immunohematology, which began around 1990 and culminated approximately 10 years ago,
is rendered into practice today.

Red cell genotyping could contribute to an efficient supply of antigen-negative red cell units
when performed by mass-scale testing. We implemented a high-throughput red cell
genotyping process and integrated the data with the inventory database throughout the blood
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supply chain. We monitored the ability to meet the demand for compatible blood over 3
years.

Materials and Methods

Blood donor inclusion criteria

Two groups of whole blood donors were included in the study. All self-declared African
American, Asian, Hispanic, and Native American blood donors were eligible regardless of
their ABO and Rh type or history of donation. In addition, blood donors who were group O,
A and B, regardless of the Rh phenotype, were eligible for inclusion only if they had a
history of at least 3 donations in the previous 3 years, with one donation in the previous 12
months at BloodCenter of Wisconsin. The blood donors gave informed consent, and the
BloodCenter of Wisconsin’s Institutional Review Board approved the retrospective red cell
phenotype and genotype review (BCW12-27).

For the purposes of this study, we analyzed all blood donor samples collected in 4 years
from 2010 to 2013, antigen-negative red cell units supplied from 2011 to 2013, and blood
requests filled using an online web-based portal from May to December 2013.

Blood group alleles and predicted phenotypes

Red cell genotyping was done using a nanofluidic microarray system as described
previously.2324 Thirty-two single nucleotide polymorphisms (SNPs) predicted 42 blood
group antigens24: C, E, ¢, e, V, hrS, VS, hrB, Crawford; M, N, S, s, U; Lu@, Lu®, Lu8, Lul4;
K, k, Kp?, KpP, Js?, JsP; Fya, Fyb: Jk8, JkP, Jk3; Di?, DiP; Y12, Yt?; Sc1, Sc2; Do?, DoP, Hy,
Jo? Co?, CoP; and Cr2. Specific combinations of SNPs predicted C, ¢, e, U, Fyb and Jk
variant blood group antigens.2>-32 Another 14 antigens were identified by phenotyping: He,
‘N’, P1, Pk f, CW, Go?, Le?, LeP, Wr2, Xg?, H, Tc?, and Vel.

Red cell genotype database

Genotype results were electronically transferred to a database where a computer algorithm
translated the genotype data into alleles with predicted blood group phenotypes. The data
were parsed with blood donor demographic information and existing serologic phenotypes.
Red cell genotypes could be displayed with historical genotypes (predicted phenotypes) and
serologic phenotypes using a standard blood establishment computer system (LifeTrak;
Mediware Information Systems, Oak Brook, IL).

Antigen query portal

Seven hospital-based transfusion services were given access to the BloodCenter of
Wisconsin’s secure online web-based antigen query portal on May 1, 2013. A set of 14
common and clinically relevant antigens could be queried: C, E, ¢, e, C¥, M, N, S, s, K, Fy2,
FyP, Jk?, and JkP, which was arranged on the basis of the frequency of requests and the
expected prevalence of the antigens in the generally small inventories of transfusion
services. The antigen query portal was designed to transmit blood group antigen information
associated with the red cell unit using its identification number (ISBT 128; International
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Council for Commonality in Blood Banking Automation, San Bernardino, CA) without
personal health information.

The operator at the transfusion service scanned the red cell unit identification numbers into
an electronic file, and indicated the antigen requirements and number of units requested. The
blood center output file returned to the transfusion service displayed the red cell unit
identification numbers of the oldest units in their inventory matching the request. The
system provided an option to electronically forward unfilled or partially filled requests to
BloodCenter of Wisconsin for shipment of compatible blood. Prior to transfusion, all red
cell units identified by their historical phenotype or genotype were confirmed by serology
either at the blood center or transfusion service. All transfusion services ensured that the
antigen-negative red cell units were crossmatch-compatible in accordance with standard
operating procedures.

Patient encounter

For the purpose of this study, a blood center-patient encounter was defined as an event when
one or more red cell units were requested for a patient at a specific time. Requests for a
patient could come from different hospitals over time.

Role of the funding sources

The work was supported by unrestricted grants from BloodCenter of Wisconsin Diagnostic
Laboratories Strategic Initiative and the Intramural Research Program of the NIH Clinical
Center. The funding programs did not participate in the study design, collection, analysis,
interpretation, or in writing the report. GAD had access to the original data. The
corresponding author had full access to all of the data and the final responsibility to submit
for publication.

Results

A red cell database was established at our blood center on July 17, 2010 encompassing
donors genotyped from January 2, 2010. It comprised 42 blood group antigens that were
genotyped and an additional 14 antigens that continued to be tested by serology.24 We
described the database for blood donor antigens and monitored the ability to meet the
demand for antigen-negative red cell units over 3 years from January 1, 2011 to December
31, 2013.

Blood donor antigen database

No more than 28 antigens were known by phenotype for any blood donor before 2010,
representing the serologic phenotype database accumulated since 1985 (Table 1). In the 4
years since, at least 36 antigens were determined in 41,280 of 43,066 (96%) red cell
genotyped donors, with a minimum of 26 antigens for all genotyped donors. Red cell
genotyping generated nearly 1.67 million results with a total of 728,482 antigen-negative
genotypes obtained in 4 years compared to 133,086 antigen-negative phenotypes
accumulated over nearly 3 decades of testing. The phenotype-genotype concordance rates
ranged from 80.7% to 100% (median 99.6%, mean 98.0%).24 It was not possible to calculate
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the negative predictive value because discrepant results were not entered into our clinical
database.

Antigen-negative blood supply

The ability to complete antigen-negative red cell unit requests was examined for 3 years
subsequent to the establishment of the red cell genotype database (Table 2).33 Using the
combined genotype and serologic phenotype information, we identified 15,072 of the 15,106
(99.8%) red cell units needed for 5661 of 5672 (99.8%) patient encounters (Table 2).
Requests ranged from 1 to 10 antigens per red cell unit. There were no cases of acute or
delayed hemolytic transfusion reactions recognized due to the antigen requirements
specified. No adverse reactions or alloimmunizations due to unmatched antigens were
reported to the blood center. From 2011 to 2013, we thawed and deglycerolized 83 of
15,106 (0.6%) frozen units for patients in hospitals served by BloodCenter of Wisconsin,
and supplied 134 (0.9%) red cell units that were defined as ‘rare’ by the American Rare
Donor Program (ARDP)32 to 25 patients. Only 34 red cell units had to be imported from
other blood centers for 11 patients, because the antigen-negative red cell units were not
readily available at the time of the request. These data represented the complete antigen-
negative red cell unit supply for the hospitals served by our blood center.

Using the 42 antigens represented in our red cell genotype database, we were able to fill
14,357 of 15,106 (95%) requests for antigen-negative red cell units from hospitals served by
BloodCenter of Wisconsin (Table 2). Only 749 of 15,106 (5.0%) red cell units, representing
333 of 5672 (5.9%) patient encounters, required serologic phenotyping (Table 3), because
the antigens involved are not currently part of the red cell genotyping process. For hospitals
elsewhere in the US, the red cell genotype database could fill 1080 of 1199 (90.8%) requests
(Table 2), with another 198 units provided by serologic phenotyping (Table 3).

Screening red cell units by serology for any of the 42 antigens was phased out as red cell
genotyping data was accrued, and has not been used since 2011. We continued to use
serologic phenotype data for the steadily decreasing number of blood donors who remained
active and were not red cell genotyped.

Antigen query portal

A web-based interface was established to allow hospital-based transfusion services to search
their own inventories for antigen-negative red cell units. They were given access to query
for those antigen-negative red cell units most likely present in their inventories based on the
small size of their inventories. One hospital participated in the pilot project and six
community hospitals joined after the query portal was implemented. The hospitals
represented facilities with 25 to 201 beds, with 4 hospitals located more than 140 miles from
BloodCenter of Wisconsin. For the eight months ending in 2013, a total of 71 red cell units
were found in the local hospital inventories for 52 requests from seven hospitals. Beginning
in 2014, the program was offered to all transfusion services within our supply chain.
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Patient encounters

We had 5672 patient encounters from hospitals served by our blood center (Table 2). There
were 1623 patients involved in 3 years (Table 4). The number of patient encounters ranged
from 1 to 64 and their distribution was highly skewed (median 1.5, 75%-percentile 2.5,
mean 3.49), because 877 patients were encountered only once.

Discussion

When antigen-negative red cell units are needed, blood centers commonly screen red cell
units by serologic methods. This time-consuming and labor-intensive process was
abandoned by our blood service in 2011 after implementation of red cell genotyping, which
transformed the supply of antigen-negative red cell units at our blood center. Larger
numbers of red cell units with much more antigen data were made available using red cell
genotyping, when compared with conventional serologic phenotyping (Table 1). With 4
years of high-throughput red cell genotyping, we achieved a 5-fold increase in available
antigen information over that obtained in almost 30 years of phenotyping.

Our database, including genotype and residual phenotype data, ensured that enough red cell
units were available to meet the demand for compatible blood in our region 99.8% of the
time. In the remaining 11 of 5672 (0.2%) cases requiring 34 red cell units, providing
antigen-negative red cell units was challenging because red cell units were retrieved from
other blood centers, a costly and time-consuming process that can be further minimized with
sufficiently large genotype databases. Our genotype database included all non-Caucasian
blood donors to provide antigen-negative red cell units to patients with sickle cell disease on
chronic transfusion programs and to freeze red cell units with rare blood types for long-term
storage. Extending the network of red cell genotyped blood to other blood centers will
facilitate rapid access to compatible blood for safer transfusions in regions beyond our
catchment area. Virtual networks of red cell genotyped donor databases, which can be web-
based ‘in the cloud’, will eventually complement previously proposed centralized recipient
databases.3* At the time we implemented red cell genotyping, there was no FDA approved
test available in the US. However, the FDA approved a comparable test in 2014
(PreciseType HEA; Immucor, Norcross, GA). Currently, there are no publications of studies
which use sequencing. In the future, red cell genotype databases from many blood centers
could become a virtual inventory made available for querying compatible blood.

Patients with alloantibodies require blood that is negative for the cognate antigen for safe
transfusion. Red cell genotyping is a technology whereby DNA-based techniques are used to
evaluate genes for the particular single and multiple nucleotide substitutions, deletions,
insertions, and gene conversions that determine the expression of red cell antigens. Red cell
genotyping, as a new routine technology at the blood center, increases the availability of
blood typed for clinically relevant blood group antigens. This study was concluded in 2013
and described the initial 4 years of applying mass-scale genotype screening that has been
instituted as a routine process at BloodCenter of Wisconsin in 2010 and is continuing since
as described previously.24
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The identification of antibodies to distinct antigens of high-prevalence decreases the quality
of transfusion support in patients:3° blood donor screening using molecular methods
resolved this supply issue by 2008.20 Our red cell genotyping covered three of the most
frequently involved high prevalence antigens, KpP, LuP, and Yt2. The fourth antigen, Vel,
could not be genotyped at the inception of our program because its gene was only identified
in 2013.36-38 All antigen-negative red cell units provided on the basis of a phenotype (Table
2) could be determined by red cell genotyping. Based on their clinical relevance in our
patient population, the high-prevalence Vel antigen and the CW antigen are the next targets
to be included in our red cell genotyping process.

Access to red cell genotype information for blood in hospital inventories via an online web-
based antigen query portal may provide efficiencies in the supply of antigen-negative red
cell units which can be captured by any participating hospital. The ability to search and
utilize hospital inventories avoids delays associated with shipping blood, reduces the
number of blood group phenotypings performed at transfusions services, and limits the
necessity to ship antigen-negative red cell units from blood centers. However, the traditional
blood supply chain may prevail at many blood centers for a while. Physicians should be
made aware of the new efficiencies for patient transfusion support because they control the
demand for antigen-negative red cell units.

The cost and return on investment of red cell genotyping requires careful consideration.
Genotyping enables a mass-scale approach to red cell antigen matching that cannot be
offered by any phenotyping alone. Since our red cell genotyping is a seamless end-to-end
process within the blood center,24 the efficiencies and impact on the movement of red cell
units, database value, and low hands-on-time can be included in cost evaluations. A cost
efficacy analysis3® should capture the benefit to the patient and long-term value of
maintaining sufficient red cell units with a genotype, as compared to the costs of
establishing the process initially. Red cell genotyping of blood donors on a mass-scale,
combined with real-time inventories shared between blood centers and transfusion services,
could provide a supply of antigen-negative red cell units at a level that cannot technically
and economically be attained using current database structures and conventional
phenotyping.

Acknowledgments

We thank Harvey G. Klein for discussing and reviewing the manuscript; Craig Beczkiewicz, David Allen Stiles,
and Steven Reinders for computational assistance; and Michael Schanen, Kathleen Bensing, Cindy Piefer, and the
Immunohematology Reference Laboratory staff for red cell genotyping. This work was supported by a BloodCenter
of Wisconsin Diagnostic Laboratories Strategic Initiative and the Intramural Research Program of the NIH Clinical
Center.

GAD is the inventor of European patents on red cell genotyping owned by Canadian Blood Services. WAF & JLG
do not have a conflict of interest relevant to this article.

Reference List

1. Cox JV, Steane E, Cunningham G, Frenkel EP. Risk of alloimmunization and delayed hemolytic
transfusion reactions in patients with sickle cell disease. Arch Intern Med. 1988 Nov; 148(11):
2485-9. [PubMed: 3142382]

Lancet Haematol. Author manuscript; available in PMC 2016 July 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Flegel et al.

11.

12.

13.

15.

16.

17.

18.

19.

Page 8

. Azarkeivan A, Ansari S, Ahmadi MH, Hajibeigy B, Maghsudlu M, Nasizadeh S, Shaigan M,

Toolabi A, Salahmand M. Blood transfusion and alloimmunization in patients with thalassemia:
multicenter study. Pediatr Hematol Oncol. 2011 Sep; 28(6):479-85. [PubMed: 21854216]

. Sanz C, Nomdedeu M, Belkaid M, Martinez I, Nomdedeu B, Pereira A. Red blood cell

alloimmunization in transfused patients with myelodysplastic syndrome or chronic myelomonocytic
leukemia. Transfusion. 2013 Apr; 53(4):710-5. [PubMed: 22845746]

. Chou ST, Jackson T, Vege S, Smith-Whitley K, Friedman DF, Westhoff CM. High prevalence of

red blood cell alloimmunization in sickle cell disease despite transfusion from Rh-matched minority
donors. Blood. 2013 Aug 8; 122(6):1062—71. [PubMed: 23723452]

. Perseghin P, Balduzzi A, Galimberti S, Dassi M, Baldini V, Valsecchi MG, Pioltelli P, Bonanomi S,

Faccini P, Rovelli A, et al. Red blood cell support and alloimmunization rate against erythrocyte
antigens in patients undergoing hematopoietic stem cell transplantation. Bone Marrow Transplant.
2003 Jul; 32(2):231-6. [PubMed: 12838290]

. Franchini M, Gandini G, Aprili G. Non-ABO red blood cell alloantibodies following allogeneic

hematopoietic stem cell transplantation. Bone Marrow Transplant. 2004 Jun; 33(12):1169-72.
[PubMed: 15094753]

. Gajewski JL, Johnson VV, Sandler SG, Sayegh A, Klumpp TR. A review of transfusion practice

before, during, and after hematopoietic progenitor cell transplantation. Blood. 2008 Oct 15; 112(8):
3036-47. [PubMed: 18583566]

. Diedrich B, Andersson J, Sallander S, Shanwell A. K, Fy(a), and Jk(a) phenotyping of donor RBCs

on microplates. Transfusion. 2001 Oct; 41(10):1263-7. [PubMed: 11606826]

. Le N, Harach ME, Kay JK, Brown RP, Everetts JN, Herman JH. Establishing an antigen-negative

red blood cell inventory in a hospital-based blood bank. Transfusion. 2014 Feb; 54(2):285-8.
[PubMed: 23710570]

10. Denomme GA, Flegel WA.. Applying molecular immunohematology discoveries to standards of

practice in blood banks: now is the time. Transfusion. 2008 Nov; 48(11):2461-75. [PubMed:
19054376]

Denomme GA. Molecular basis of blood group expression. Transfus Apher Sci. 2011 Feb; 44(1):
53-63. [PubMed: 21277830]

Patnaik SK, Helmberg W, Blumenfeld OO. BGMUT: NCBI dbRBC database of allelic variations
of genes encoding antigens of blood group systems. Nucleic Acids Res. 2012 Jan.40:D1023-
D1029. Database issue. [PubMed: 22084196]

Wagner FF. Molecular testing in transfusion medicine. Expert Opin Med Diagn. 2010 Sep; 4(5):
411-28. [PubMed: 23496198]

14. Zimring JC, Welniak L, Semple JW, Ness PM, Slichter SJ, Spitalnik SL. Current problems and

future directions of transfusion-induced alloimmunization: summary of an NHLBI working group.
Transfusion. 2011 Feb; 51(2):435-41. [PubMed: 21251006]

Avent ND. Large-scale blood group genotyping: clinical implications. Br J Haematol. 2009 Jan;
144(1):3-13. [PubMed: 19016734]

Denomme GA. Prospects for the provision of genotyped blood for transfusion. Br J Haematol.
2013 Oct; 163(1):3-9. [PubMed: 23889672]

Flegel WA, von Zabern |, Wagner FF. Six years’ experience performing RHD genotyping to
confirm D- red blood cell units in Germany for preventing anti-D immunizations. Transfusion.
2009 Mar; 49(3):465-71. [PubMed: 19243542]

Klapper E, Zhang Y, Figueroa P, Ness P, Stubbs J, Abumubhor I, Bailey J, Epperson L, Tauscher C,
Enriquez E, et al. Toward extended phenotype matching: a new operational paradigm for the
transfusion service. Transfusion. 2010 Mar; 50(3):536-46. [PubMed: 19929860]

Shafi H, Abumuhor I, Klapper E. How we incorporate molecular typing of donors and patients into
our hospital transfusion service. Transfusion. 2014 May; 54(5):1212-9. [PubMed: 24628032]

20. Wagner FF, Bittner R, Petershofen EK, Doescher A, Muller TH. Cost-efficient sequence-specific

priming-polymerase chain reaction screening for blood donors with rare phenotypes. Transfusion.
2008 Jun; 48(6):1169-73. [PubMed: 18422854]

Lancet Haematol. Author manuscript; available in PMC 2016 July 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Flegel et al.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Page 9

St-Louis M, Perreault J, Lavoie J, Emond J, St-Laurent J, Long A, Richard M. Genotyping of
21,000 blood donors in Quebec and RHD analysis. Transfus Clin Biol. 2010 Oct; 17(4):242-8.
[PubMed: 20965765]

Meyer S, Vollmert C, Trost N, Bronnimann C, Gottschalk J, Buser A, Frey BM, Gassner C. High-
throughput Kell, Kidd, and Duffy matrix-assisted laser desorption/ionization, time-of-flight mass
spectrometry-based blood group genotyping of 4000 donors shows close to full concordance with
serotyping and detects new alleles. Transfusion. 2014 Dec; 54(12):3198-207. [PubMed:
24845979]

Hopp K, Weber K, Bellissimo D, Johnson ST, Pietz B. High-throughput red blood cell antigen
genotyping using a nanofluidic real-time polymerase chain reaction platform. Transfusion. 2010
Jan; 50(1):40-6. [PubMed: 19761548]

Flegel WA, Gottschall JL, Denomme GA. Implementing mass-scale red cell genotyping at a blood
center. Transfusion. 2015 accepted for publication.

Daniels GL, Faas BH, Green CA, Smart E, Maaskant-Van Wijk PA, Avent ND, Zondervan HA,
von dem Borne AE, van der Schoot CE. The VS and V blood group polymorphisms in Africans: a
serologic and molecular analysis. Transfusion. 1998 Oct; 38(10):951-8. [PubMed: 9767746]

Faas BH, Beckers EA, Wildoer P, Ligthart PC, Overbeeke MA, Zondervan HA, von dem Borne
AE, van der Schoot CE. Molecular background of VS and weak C expression in blacks.
Transfusion. 1997 Jan; 37(1):38-44. [PubMed: 9024488]

Irshaid NM, Henry SM, Olsson ML. Genomic characterization of the kidd blood group
gene:different molecular basis of the Jk(a-b-) phenotype in Polynesians and Finns. Transfusion.
2000 Jan; 40(1):69-74. [PubMed: 10644814]

Noizat-Pirenne F, Mouro I, Le Pennec PY, Ansart-Pirenne H, Juszczak G, Patereau C, Verdier M,
Babinet J, Roussel M, Rouger P, et al. Two new alleles of the RHCE gene in Black individuals:
the RHce allele ceMO and the RHCE allele cEMI. Br J Haematol. 2001 Jun; 113(3):672-9.
[PubMed: 11380457]

Noizat-Pirenne F, Lee K, Pennec PY, Simon P, Kazup P, Bachir D, Rouzaud AM, Roussel M,
Juszczak G, Menanteau C, et al. Rare RHCE phenotypes in black individuals of Afro-Caribbean
origin: identification and transfusion safety. Blood. 2002 Dec 1; 100(12):4223-31. [PubMed:
12393640]

Storry JR, Reid ME, Fetics S, Huang CH. Mutations in GYPB exon 5 drive the S-s-U+(var)
phenotype in persons of African descent: implications for transfusion. Transfusion. 2003 Dec;
43(12):1738-47. [PubMed: 14641872]

Tournamille C, Colin Y, Cartron JP, Le Van KC. Disruption of a GATA motif in the Duffy gene
promoter abolishes erythroid gene expression in Duffy-negative individuals. Nat Genet. 1995 Jun;
10(2):224-8. [PubMed: 7663520]

Tournamille C, Le Van KC, Gane P, Le Pennec PY, Roubinet F, Babinet J, Cartron JP, Colin Y.
Arg89Cys substitution results in very low membrane expression of the Duffy antigen/receptor for
chemokines in Fy(x) individuals. Blood. 1998 Sep 15; 92(6):2147-56. [PubMed: 9731074]
Flickinger C, Petrone T, Church A. Review: American rare donor program. Immunohematology.
2004; 20(4):239-43. [PubMed: 15679456]

Harm SK, Yazer MH, Monis GF, Triulzi DJ, Aubuchon JP, Delaney M. A centralized recipient
database enhances the serologic safety of RBC transfusions for patients with sickle cell disease.
Am J Clin Pathol. 2014 Feb; 141(2):256-61. [PubMed: 24436274]

Seltsam A, Wagner FF, Salama A, Flegel WA. Antibodies to high-frequency antigens may
decrease the quality of transfusion support: an observational study. Transfusion. 2003 Nov;
43(11):1563-6. [PubMed: 14617316]

Storry JR, Joud M, Christophersen MK, Thuresson B, Akerstrom B, Sojka BN, Nilsson B, Olsson
ML. Homozygosity for a null allele of SMIM1 defines the Vel-negative blood group phenotype.
Nat Genet. 2013 May; 45(5):537-41. [PubMed: 23563606]

Cvejic A, Haer-Wigman L, Stephens JC, Kostadima M, Smethurst PA, Frontini M, van den Akker
E, Bertone P, Bielczyk-Maczynska E, Farrow S, et al. SMIM1 underlies the Vel blood group and
influences red blood cell traits. Nat Genet. 2013 May; 45(5):542-5. [PubMed: 23563608]

Lancet Haematol. Author manuscript; available in PMC 2016 July 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Flegel et al. Page 10

38. Ballif BA, Helias V, Peyrard T, Menanteau C, Saison C, Lucien N, Bourgouin S, Le GM, Cartron
JP, Arnaud L. Disruption of SMIM1 causes the Vel- blood type. EMBO Mol Med. 2013 May;
5(5):751-61. [PubMed: 23505126]

39. Kacker S, Vassallo R, Keller MA, Westhoff CM, Frick KD, Sandler SG, Tobian AA. Financial
implications of RHD genotyping of pregnant women with a serologic weak D phenotype.
Transfusion. 2015 Mar 21.

Lancet Haematol. Author manuscript; available in PMC 2016 July 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Flegel et al.

Page 11

Research in context
Evidence before this study

A literature search revealed more than 10 studies detailing red cell genotyping among
blood donors. No publication documented the extent to which the accrued data of red cell
genotypes enabled the supply of antigen-negative red cell units for an entire state with a
large number of hospitals. There was no published web-based portal allowing hospitals to
identify red cell units in their inventory using an online search of the blood center’s red
cell genotype database.

Added value of this study

We showed that blood donor genotype data covering a set of 42 clinically relevant red
cell antigens represented 1,667,026 data points including 728,482 antigen-negative
genotypes. We were able to phase out serologic screening of red cell units for any of
these antigens within one year after red cell genotyping began, while 5661 of 5672
(99.8%) of clinical requests were filled for an entire region with a multi-ethnic
population. Hospital transfusion services identified antigen-negative red cell units in their
local inventories using an online antigen query portal.

Implications of all the available evidence

The integration of available red cell genotype databases at various blood centers with a
web-based portal accessible for hospitals constitutes a novel approach to supply
affordable antigen-negative blood. Mass-scale red cell genotyping combined with
internet ‘cloud’-based informatics can transform the way antigen-negative blood is
provided for patient safety at a level that cannot be technically and economically attained
using current database structures and conventional phenotyping. Physicians may
recognize these new efficiencies for patient transfusion support.
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Table 1

Blood donors with phenotypes or genotypes for 42 blood group antigens at the end of 2013

Number of donors and antigens tested

Number of antigens* by phenotype only'r by genotype*

Donors (n)  Antigens (n) Donors (n)  Antigens (n)

1 20147 20147 0 0
2 12013 24026 0 0
3 7016 21048 0 0
4 7850 31400 0 0
5 5222 26110 0 0
6 2990 17940 0 0
7 2221 15547 0 0
8 3830 30640 0 0
9 2367 21302 0 0
10 1535 15350 0 0
11 899 9889 0 0
12 805 9660 0 0
13 1432 18616 0 0
14 1656 23184 0 0
15 914 13710 0 0
16 691 11056 0 0
171025 678 12479 0 0
261028 6 160 5 137
291033 0 0 364 11688
34 0 0 878 29852
35 0 0 539 18865
36 0 0 3916 140976
37 0 0 1260 46620
38 0 0 21144 803472
39 0 0 995 38805
40 0 0 1033 41320
41 0 0 7853 321973
42 0 0 5079 213318
Total 72272 322264 43066 1667026
Donors not testedS 523302 na 595720 na

Antigens as listed Materials and Methods.
TAntigen phenotype records were tabulated since 1985. Because of annual donor attrition, more than 98% of donors with phenotypes are from
1991 to 2013. There were an additional 23,731 confirmatory phenotypes tests based on previously known red cell genotype results (data not
shown).

iRed cell genotyping records began January 2, 2010; among the 202,275 donors in 2010 — 2013 we genotyped 43,066 donors (21.3%).

§The total number of individual whole blood donors at BloodCenter of Wisconsin since 1985 was 638,786.

Lancet Haematol. Author manuscript; available in PMC 2016 July 01.



1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuey Joyiny

1duosnuepy Joyiny

Flegel et al.
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Table 3

List of blood group antigens that were phenotyped but not genotyped

Red cell units supplied 2011 — 2013

Antigen* In Wisconsin

Elsewhere in the US
From BCW  From other blood centers

He - - 2
‘N’ - 1 -
P1 16 - 5
Pk - - 2
ft - - -
cw 680 - 80
Go? - - 15
Le? 19 - 15
Leb 29% - 17
wra - - 42
Xga 4 — —
H - 1 -
Tc? - - 1
Vel 1 - 19
Total 749 2 198

*
All antigens could be genotyped as previously detailed.24
TLack of the f antigen expression can be deduced by a negative phenotyping result for the c or e antigens.

i29 units of Le(a-b-) phenotype

na, not applicable
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Table 4

Number of antigens required for patients in hospitals served by BCW

Antigens required  Patients

612
519
292
98
54
13
9
1

o N o o~ W N

Rare™ 25
Total 1623

*
Rare phenotypes (see footnote to Table 2).
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