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Introduction

Blood group antigens are antigenic determinants on the 
surface of red blood cells (RBCs). That is, they can elicit 
an immune response after a transfusion or pregnancy 
event. It is the antibody that causes clinical problems in 
transfusion incompatibility, maternal-fetal incompatibility, 
and autoimmune hemolytic anemia (1). 

Alloimmunization is the source of a variety of problems 
during long-term medical and transfusion management, 
with the main problems being the correct definition of 
many clinically significant antigens and the identification 
of appropriate antigen-negative RBCs for transfusion 
(2-4). At the inception of immunohematology and for 
decades after, hemagglutination test results were used 
to determine the phenotype and to predict the genotype 
of an individual. Despite its relatively low cost, ease of 

performance, sensitivity, and specificity, hemagglutination-
based determination of RBC phenotype has important 
limitations. Accurate antigen typing of transfused patients is 
often a difficult task due to the presence of donor RBCs in 
the patients’ circulation. It is also complicated to type cells 
when a patient’s RBCs have a positive direct antiglobulin 
test and no direct agglutinating antibody is available and 
there are no commercial antibody reagents to type many 
clinically significant antigens. In addition, the lack of 
automation in hemagglutination may be a limiting factor in 
the routine typing of blood group antigens. 

In part, to mitigate these limitations, molecular typing 
of blood group genes has been added in diagnostics and is 
increasingly being used to determine the genotype and to 
predict the phenotype of an individual (5,6). 

Table 1 shows the advantages of molecular typing in 
diagnostics compared to hemagglutination. 
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Applications of molecular typing of blood group 
genes in diagnostics

The use of the genetic information provided by the Human 
Genome Project added a new phase in immunohematology. 
Molecular bases of the 343 blood group antigens clustered 
in 43 blood group systems now recognized by International 
Society of Blood Transfusion (ISBT) were elucidated 
(7,8). With the knowledge gathered with the gene cloning 
and sequencing of blood group genes, it was possible to 
identify the molecular characteristics of the blood group 
antigens and to know that most of them are derived of 
single nucleotide variations (SNVs), know the RH locus 
organization and developing a multitude of methods for 
blood group phenotyping using DNA-based technology  
(9-16). And then several advantages of molecular methods 
over serological methods in diagnostics appeared. It was 
shown that we do not need RBCs for RBC genotyping as 
genomic DNA can be obtained by different sources of cells 
and that transfused cells do not interfere and therefore we 
could test patients who have being recently transfused (17). 
It was also demonstrated that molecular tests could be 
used to type patients with warm autoantibodies, type low 
and high frequency antigens, assist in the identification of 
variant antigens and in the differentiation between weak D 
and partial D (18). 

Table 2 summarizes the main applications of molecular 
typing in diagnostics and Figure 1 shows the molecular 
based methods currently applied in diagnostics in terms of 
resolution and throughput. 

Molecular discoveries brought a lot of other benefits 
to Transfusion Medicine including the discoveries of new 
blood group systems and the possibility of performing 
personalized therapy. First,  new technology since 
monoclonal antibodies in 1980s with development of single 
nucleotide polymorphism (SNP) arrays and next generation 
sequencing (NGS) provided us with new blood group genes 
and proteins and the assignment of orphan antigens to their 
blood group home.

Molecular typing in patient diagnostics

Molecular typing of blood group genes in the transfusion 
setting is recommended for transfusion-dependent 
patients, as part of antibody identification process, since 
the identification of the patient’s predicted phenotype 
allows the laboratory to determine to which antigens the 
patient can and cannot respond to make alloantibodies. In 
addition, molecular typing provides improved accuracy and 
more information on the antigenic profile of the patients, 
especially those where no serological reagents are available 
as for example the Dombrock (DO) antigens and rare blood 
types.

Several studies have shown the relevance of blood group 
genotyping for the management of chronically transfused 
patients with diseases such as sickle cell anemia (SCA), 
thalassemia and myelodysplastic syndrome (MDS), in 
which the hemagglutination results may not reflect the 
patient’s true phenotype, by assisting in the identification 
of suspected alloantibodies and the selection of antigen-

Table 1 Advantages of molecular typing over serological tests

Molecular typing Phenotyping

Computerized interpretation and data entry into a patient or data 
base/high resolution and high throughput 

Subjective test and labor intensive/low resolution and low  
throughput

Does not require special reagents Requires use of reliable antisera

Can type any antigen with known molecular basis Many antisera for clinically significant antigens are not available

Transfused RBCs and RBCs coated by IgG can be accurately type Transfused RBCs and IgG coating RBCs interfere

Predict with high level accuracy fetus at risk of HDFN Indirect indication of a fetus at risk of HDFN

DNA can be obtained from different sources of cells RBCs required

Zygosity can be accurately determined Restricted to determine zygosity

Identify variants leading to weak expression of antigens Limited to detect weak variant antigens

Characterize partial D and weak D types Does not differentiate partial D from weak D

HDFN, hemolytic disease of the fetus and newborn; RBC, red blood cell; IgG, immunoglobulin G.
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Table 2 Applications of molecular typing in diagnostics (19,20)

Patients testing

Type patients who have been recently transfused 

Type patients for multiple antigens and high-prevalence antigens to aid in antibody identification 

Type patients whose RBCs are coated with immunoglobulin (+DAT)

Determine which phenotypically antigen-negative patients can receive antigen-positive RBCs

Type patients receiving monoclonal antibody therapy interfering in pre-transfusion testing

Type patients who have an antigen that is expressed weakly on RBCs

Resolve blood group typing discrepancies

Help in differentiation between alloantibodies and autoantibodies when a patient’s RBCs type antigen-positive

Type patients when antiserum is not available or with weak potency

Help in identification of variant antigens, especially Rh variants

Type patients who have received allogeneic stem cell transplant

Donors testing

Type donors to increase the inventory of negative antigens

Type donors for antibody identification panels

Type donors to identify rare phenotypes 

Resolve blood group A, B and RhD discrepancies 

Type donors who have an antigen that is expressed weakly on RBCs

Prenatal testing

Identify a fetus at risk without invasive procedures

Determine paternal RHD zygosity

Type pregnant women to differentiate between partial D and weak D to provide information about risk of alloimmunization and candidacy 
for RhIg

RBC, red blood cell.
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Figure 1 Throughput and resolution of molecular methods 
currently applied in diagnostics.

negative RBCs for transfusion (21-24). Taking the genotype 
into account enables a better selection of compatible units 
for patients and clinical benefits for them. Several authors 
showed that blood group genotyping of transfusion-
dependent patients is useful in preventing and identifying 
alloimmunization and in decreasing the risk of hemolytic 
transfusion reactions (25). Also, the use of better-matched 
blood units can reduce transfusion requirements, decreasing 
the risk of other adverse reactions like transfusion-related 
acute lung injury and potential exposure to infectious 
diseases. 

Sickle cell patients are among those who benefit most 
from molecular typing as it allows for more extended 
antigen matching, identifies patients who lack high-
prevalence antigens and helps to differentiate between 
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auto- and alloantibodies, especially in patients who make 
Rh antibodies despite D, C, and E antigen matching 
by serology. In a previous study, da Costa et al. (26) 
demonstrated that molecular matching of red cells is 
superior to serological matching in patients with sickle cell 
disease (SCD) when patients who were receiving serologic 
matching units, received precisely genotypically-matched 
units and benefited of the transfusions as shown by better 
in vivo RBCs survival, as assessed by raises in hemoglobin 
levels  and diminished frequency of  transfusions. 
The use of the DNA approach was also essential to 
identify autoantibodies underlying clinically significant 
alloantibodies. 

The great diversity of RH genes in African individuals 
also increases the risk of patients with SCD to develop 
clinically significant Rh antibodies (27-29). Chou et al. (30) 
reported RH genotypes in 857 patients with SCD showing 
that 29% of RHD and 53% of RHCE were altered, but not 
all antibodies developed by those patients were associated 
with inheritance of altered RH alleles. These results suggest 
that Rh antibodies are not only a result of inheriting altered 
RH alleles, but may also be a result of altered Rh epitopes 
on donor red cells. Recently, Macedo et al. (31) provided 
evidence that patients exposed to RBC units from donors 
with Rh variants may develop clinically significant Rh 
antibodies. Therefore, molecular typing can assist in the 
identification of RHD and RHCE alleles encoding altered 
Rh epitopes in patients and blood donors, improving RH 
genotype-matched RBC units and providing the means 
for reducing Rh alloimmunization and delayed hemolytic 
transfusion reactions (DHTRs). 

In addition, the discrimination between weak D 
and partial D in patients with SCD can be of clinical 
importance, because carriers of partial D antigen may 
develop anti-D when transfused with D-positive RBC units. 
For example, a systematic RHD genotyping in 48 Brazilian 
patients with SCD serologically-typed as weak D showed 
that 40 of them had RHD genes encoding partial D and 
four patients had already developed anti-D, demonstrating 
the importance to differentiate weak D and partial D in 
chronically transfused patients to establish a transfusion 
policy recommendation (32).

Besides, the knowledge of the specific RH variant 
inherited or exposed is  important  to predict  the 
clinical significance of Rh antibodies produced by 
patients with SCD. Coleman et al. (33) found that 
among alloimmunized patients with SCD receiving 
D,  CEK ant igen-matched RBCs,  52 .3% had Rh 
specificities, of which 26.5% associated with specific 
variant alleles had DHTR. In a recent study, Miranda 
et al. (34) evaluated eleven patients with SCD with Rh 
alloantibodies and Rh variants receiving serologic Rh-
matched RBC units, and verified that seven patients 
had laboratory and clinical evidence of hemolysis due to 
anti-C produced by four patients with the RHCE*(C)ceS 

/RHCE*(C)ceS genotype and to anti-e produced by a patient 
with a homozygous RHCE*ceAR allele. Figure 2 shows 
transfusion follow-up of one of the patients RHCE*(C)ceS 
homozygous who developed anti-C after transfusion of a 
C+ RBC unit. 

In addition to its contribution to the general accuracy 
of identification of RBC antigens and variants, genotyping 
of transfusion-dependent patients with SCD is important 
to determine which phenotypically Fy(b−) patients 
can safely receive Fy(b+) RBCs without the risk of  
alloimmunization (35). The use of FY genotyping for 
identification of patients with SCD carrying the FY*B-
67C allele has been shown to considerably increase the 
availability of blood for them. 

Patients with warm autoantibodies or with drug 
interference (drug antibodies or monoclonal antibody drug 
therapies such as anti-CD38 and anti-CD47) have also 
benefited from extended RBC genotype with the possibility 
of receiving transfusions of RBC units matched to clinically 
significant antigens (36-38). This approach reduces the 
risk of hemolytic transfusion reactions, prevents further 
alloimmunization and improves patient care by reducing 
working time and the number of tests performed to remove 
the interference of autoantibodies or drugs underlying RBC 
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Figure 2 Transfusion follow-up showing laboratory evidence 
of hemolysis in a SCD patient RHCE*(C)ceS homozygous who 
developed anti-C after transfusion of a C+ RBC unit. SCD, sickle 
cell disease.
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alloantibodies. 

Molecular typing in donor testing

Molecular typing can be used to antigen-type blood 
donors for transfusion, as multiple SNVs can be included 
in a single assay, allowing efficient screening for multiple 
antigens. Currently, high-throughput genotyping based on 
DNA arrays is a very feasible method to obtain a fully typed 
donor database to be used for a better matching between 
recipient and donor to prevent alloimmunization and 
hemolytic transfusion reactions. In addition, it is expected 
to greatly expand the pool of blood donors who are negative 
for multiple antigens or negative for a high-prevalence  
antigen (39,40). 

Molecular typing also provides the means to identify 
antigen-negative donors when typing antisera are not 
available or are weakly reactive, e.g., anti-Doa, -Dob, -Hy, 
-Joa, -V, -VS, and to provide a better characterization 
of reagent cell panels that are used for patient antibody 
identification (41). 

Another significant advantage of molecular typing in 
blood donors is the identification of variant alleles leading to 
weak antigens expression as they can immunize an antigen-
negative transfusion recipient if not recognized. An example 
is a donor with the Fyx phenotype, who may be mistyped 
as Fy(b−) by serology. Molecular typing can correctly 
characterize this donor as Fy(b+w) by identification of the 
265C>T SNV responsible for the weak antigen expression. 
In a recent study reporting internal discrepancies detected 
when testing a subsequent donation by DNA testing 
the authors showed that 52% of the discrepancies were 
associated with the FY system, and most involved the Fyx 
phenotype (42). 

The molecular typing of a variant gene can also assist 
in resolving a serologic investigation in blood donors. A 
proportion of donors with ABO subgroups who have been 
typed as group O in the past are now being recognized as 
group A or group B with the use of monoclonal antibodies. 
Since the bases of many of the weak subgroups of A and 
B are associated with altered transferase genes, DNA-
based assays can be used to correctly define the ABO group 
of those donors (43). Similarly, a proportion of blood 
donors are presenting discrepancies in D typing due to 
the variability to detect weak and partial antigens (44,45). 
Molecular testing has been used to confirm the RhD type 
of donors in order to identify donors with the potential 
to alloimmunize RhD-negative recipients. A recent study 

performed in the United States in 1,174 serologic RhD-
negative blood donors showed that 0.94% had variant RHD 
alleles that might cause alloimmunization in RhD-negative 
recipients (46).

Molecular typing in prenatal testing

The discovery of cell-free fetal DNA (cffDNA) in maternal 
plasma has opened new and exciting possibilities for the 
non-invasive prenatal determination of fetal blood group 
status following fetal-maternal bleeding (47). Non-invasive 
genotyping of fetal RHD status by analyzing cffDNA 
in maternal plasma has already been incorporated into 
routine practice of many countries for the management 
of D-negative pregnant women previously sensitized or at 
risk of immunization (48,49). The assessment of the risk 
of hemolytic disease of the fetus and newborn (HDFN) 
by accurate prediction of fetal RHD status allows to 
administrate Rh immunoglobulin (RhIg) to D-negative 
women with D-positive fetuses and avoids unnecessary 
administration in cases of D-negative fetuses (50). 

Appropriate classification of RhD phenotypes is also 
critical to determining the management of obstetric patients 
(51,52). However, the serologic distinction between partial 
D and weak D is a difficult task due to the variations in 
serologic testing (53). RHD genotyping has been used to 
provide information about risk of alloimmunization and 
candidacy for RhIg. It is generally accepted that women 
who have a serologic weak D phenotype due to RHD*weak 
D types 1, 2, and 3 alleles, the most common RhD variants 
in Caucasians, are not at risk of alloimmunization and can 
be treated as RhD-positive avoiding the unnecessary use 
of RhIg (54,55). According to Sandler et al. (54), around 
13,360 pregnant women whose RhD type was uncertain, 
received RhIg when it was not necessary, which means 
an estimated 26,700 doses administered to patients who 
did not need it. However, particular RHD variant alleles 
are known to be more prevalent in different ethnic groups. 
African descent individuals are more likely to express a 
partial D phenotype (32,56). In a previous study, Bub  
et al. (57) showed a great variability in RHD variant alleles 
in pregnant women from a population of high admixture. 
According to the results obtained, 78% of these obstetric 
patients were at risk for anti-D and candidates for RhIg. 

Based on the prevalence of RHD variant alleles in 
different ethnic groups, there is a consensus in the literature 
that pregnant women with weak D phenotype should be 
provided with RHD genotyping for determination of weak 
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or partial D status in order to identify women who are 
candidates for RhIg. And this analysis has demonstrated be 
clinically beneficial without increasing overall costs (58).

Cost-effectiveness of molecular typing in 
diagnostics

The cost and reimbursement of molecular tests has been 
a barrier to their routine implementation. However, the 
cost of molecular detection can be significantly reduced 
by analyzing several polymorphisms at the same time and 
processing a large number of samples per reaction using 
a centralized testing model. The introduction of short-
read NGS technologies has also led to a reduction in 
sequencing costs. It is important to note that molecular 
testing would need to be performed only once per lifetime 
and can make part of the patient transfusion record. There 
is currently a consensus that molecular typing is cost-
efficient to select more compatible blood for transfusion 
facilitating transfusion, preventing, and reducing RBC 
alloimmunization and DHTR (59). In addition, it can 
reduce the cost of Rh prophylaxis, discomfort from Ig 
application and exposure to infectious agents. In repeat 
donors the use of molecular typing can reduce the cost 
of repetitions and in the acquisition of rare sera with a 
probability of achieving more accurate compatibility. 
On the other hand, it has been demonstrated that even 
though the hemagglutination tests are considered faster 
and cheaper than molecular tests, for patients with many 
specific diagnoses and serologic and transfusion history 
characteristics, they can be limited, expensive and time-
consuming. Cost-benefit analysis is often challenging, but 
the costs of an alloimmunized patient and a transfusion 
reaction must be taking into account when analyzing 
whether the molecular typing of blood group genes in 
diagnostic is cost-saving or cost-effective. Target group 
of patients, such as those with SCD or with autoimmune 
hemolytic anemia and those with unexplained complex 
serological results, will particularly benefit from molecular 
assays with more efficient, faster, and less costly analysis, 
improving safety and efficacy of blood products with low 
additional costs.

Summary

Molecular typing of blood group genes brings a new era 
in, diagnostics offering many advantages over serologic 
testing, with the primary benefit of predicting the blood 

group phenotype in situations that cannot be performed 
serologically. It has been successfully implemented in 
clinical laboratories and is proving to be a powerful 
tool, preventing alloantibodies formation, with potential 
advantages for identifying rare blood types and finding 
better antigen matches for chronically transfused patients. 

Advances are ongoing in the automation of SNVs and 
DNA sequence analysis and the success of sequencing the 
human genome has shown the potential for genotyping 
large numbers of samples. With the advance of NGS, it 
will be possible obtain accurate blood group phenotype 
predictions in both blood donors and patients and bring 
personalized medicine to the field of Transfusion Medicine 
(60-63) by allowing a more precise red cell matching to the 
patients. This would change current practice, increasing 
the inventories of phenotyped RBC units, enabling 
blood transfusions with a superior match for women 
in childbearing age and for patients requiring chronic 
transfusions, thus preventing immunization, the risk of 
HDFN and hemolytic transfusion reactions. 

Hemagglutination has identified many phenotypic 
variants encoded by RHD, RHCE, or hybrids, and molecular 
analysis has revealed remarkable variation within the 
variants. Numerous partial D and weak D phenotypes have 
been defined at the molecular level (8) and this information, 
together with clinical and serologic data, has been used to 
guide transfusion and testing policy for patients and donors. 

The wide availability of serologically-defined variants 
has contributed to the knowledge about the allelic diversity 
of the human blood groups. Although this diversity 
of blood group alleles is not always associated with 
adverse transfusion reactions, with the gathering of more 
information it became clear that many molecular events 
result in discrepancies between phenotype and genotype. 
In a recent study (64) evaluating 325 discrepancies found 
between phenotypes and genotypes in daily routine practice, 
the authors verified that 97.67% of the discrepancies 
occurred due to false phenotype results in hemagglutination, 
demonstrating that despite the limitations of molecular 
methods currently employed (Table 3), genotyping is more 
efficient to define the blood types, especially in transfusion 
dependent patients.

The knowledge gathered with molecular discoveries 
has also been used to explore expression of new alleles, 
express antigens in heterologous systems by using mRNA in 
transfection studies to potentially detect and identify blood 
group antibodies in a single automated assay and to produce 
recombinant forms of an antigen to facilitate the detection 
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of alloantibodies to high-prevalence antigens. 
The advance of NGS tests with the inclusion of genetic 

variants leading to null phenotypes and the implementation 
in the clinical setting with low additional costs, will 
overcome the limitations of the current molecular methods 
and may allow the full replacement of blood group 
phenotyping in a near future. 
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