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This narrative review reports recent advances in transfusion medicine, encompassing enhancements in molecular diagnostics, blood engineering, and therapeutic technologies. It summarizes findings from peer-reviewed studies relevant to these emerging areas. Molecular diagnostics have evolved from low-throughput polymerase chain reaction (PCR) -based methods with specificity for known polymorphisms to high-throughput approaches, such as microarray-based genotyping and next-generation sequencing, which enable the detection of both established and novel blood group variants. In addition, the integration of genomic data with serological testing has improved the accuracy of blood group profiling and enhanced donor screening for rare antigens. Advances in blood engineering are demonstrated by studies employing induced pluripotent stem cell reprogramming and clustered regularly interspaced short palindromic repeats (CRISPR)-mediated gene editing to produce red blood cells engineered for multiple rare or null antigen phenotypes. Other investigations describe noninvasive fetal RHD genotyping (Rhesus D antigen gene genotyping), recombinant DNA technologies for standardized reagents, and gene therapy approaches that extend clinical applications beyond diagnosis to treatment. Collectively, this review demonstrates that a diversified use of molecular, genomic, and cellular technologies is reshaping antigen matching and therapeutic strategies in transfusion medicine.
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1 Introduction

Blood transfusion practice has undergone significant evolution, transforming from a high-risk intervention into a critical component of modern healthcare (1). Early transfusions, one of the first forms of personalized medicine, involved a direct connection between donor and recipient in the same room (2). The introduction of the ABO blood group system in 1900 by Karl Landsteiner transformed whole-blood transfusion practice, with ABO blood group compatibility becoming the cornerstone of safe transfusion (3).

Transfusion medicine encompasses more than blood transfusion alone and plays a significant role in immunohematology, transplantation, cellular therapy, and disease management (4). The blood group antigens on the surface of all red blood cells (RBCs) are responsible for cellular recognition and the immune response (5). According to the International Society of Blood Transfusion (ISBT), these antigens are grouped into 48 systems comprising more than 360 recognized antigen specificities (5). The ABO and Rhesus (Rh) systems are the most clinically relevant, affecting transfusion compatibility, hemolytic reactions, and disease susceptibility (3). New molecular technologies have broadened our knowledge of these systems, providing information on their genetic and structural basis (6).

In the last couple of decades, cutting-edge molecular, cellular, and proteomic technologies have been integrated into transfusion medicine (7). These include next-generation sequencing (NGS), single-cell RNA sequencing, and proteomics, which have transformed diagnostic and therapeutic approaches (8). The emerging era of gene-editing and omics technologies has broadened the horizons of precision medicine and personalized strategies to address the problems of alloimmunization, rare phenotypes, and transfusion-related complications (9, 10).

This review discusses innovations in transfusion medicine, including the role of blood group antigens and advancements in molecular diagnostics, blood engineering, and therapeutic technologies (11, 12).



2 Molecular diagnostic advances


2.1 Polymerase chain reaction (PCR-based) genotyping

Various PCR-based methods have increased the accuracy of blood group typing and effectively resolved certain complications of conventional serological methods (13). These include conventional PCR, real-time PCR (qPCR), multiplex PCR, and digital droplet PCR (ddPCR). These methods utilize designed primers specific to known alleles to amplify DNA fragments, Then the results are analyzed through gel electrophoresis or restriction enzyme digestion (13). Among these, real-time PCR enables the rapid and accurate identification of blood group antigens by detecting polymorphism responsible for antigen expression (13). This technique uses fluorescently labeled probes designed to bind specific DNA sequences. During amplification, Taq polymerase cleaves the probe, releasing a fluorescent signal that is proportional to the amount of target DNA, thereby enabling both qualitative detection and quantitative analysis (14). The high sensitivity and specificity of this method make it well-suited for genotyping applications (14, 15).

Multiplex PCR has been used to simultaneously amplify several target DNA sequences in a single reaction by employing multiple primer sets. This approach facilitates the detection and analysis of multiple genes or genetic variations, saving time, reagents, and effort compared to performing separate individual reactions (16). In this method, two reaction mixtures, containing allele-specific primers and the DNA fragments for different blood group antigens (Duffy, Kidd, Rh, Diego, and MNS) are amplified (17). The technique has been validated against standard serology and polymerase Chain Reaction-Sequence Specific Primer (PCR-SSP) and proved to be valid and suitable for supplying antigen-matched units to transfusion-dependent patients (17).

Digital droplet PCR (ddPCR) is another sensitive and specific technique used in blood group genotyping. Unlike traditional PCR, wherein the amplification is done on bulk DNA, ddPCR allows for partitioning a sample into thousands or millions of nanodroplets, by which DNA can be individually amplified and quantified on a single-molecule basis (18). This method enables the detection of low-frequency variants and minor alleles, making it especially useful for transfusion-dependent populations (19). ddPCR has the advantage of accuracy in mixed populations, effectively solving challenges associated with multiply transfused patients (19).



2.2 Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) + PCR-SSP

MALDI-TOF MS is a highly accurate analytical technique that is used to measure the mass of DNA fragments. In this method specific primers will bind to the polymorphic site and will be extended by DNA polymerase by adding one or a few nucleotides complementary to the target sequence. Then the amplified extension products are ionized by laser, electrostatically accelerated, and separated based on their mass-to-charge ratio (m/z), facilitating accurate differentiation between variants (20). To improve reliability, it is often combined with PCR-SSP, a targeted approach in which primers amplify DNA only when a specific allele is present. The integration of MALDI-TOF with PCR-SSP, provides a powerful strategy for identifying both common and rare blood group variants (21).



2.3 Transfusion medicine array

In transfusion medicine, Microarray provides the molecular resolution needed to define blood group antigens, thus assessing transfusion compatibility, minimizing adverse reactions, and enhancing transfusion safety (22). Single Nucleotide Polymorphisms (SNPs), defined as single-base variations in the DNA sequence, and can be detected using SNP array-based genotyping. In this method, DNA is hybridized to immobilized oligonucleotide probes on chips allowing detection of multiple SNPs simultaneously. This technique is valuable in cases where serological methods are inconclusive or unavailable. However, most commercially available SNP arrays are limited by the number of loci and often fail to capture many transfusion-relevant variants (22). To overcome these challenges, a specialized genome-wide SNP array, called the transfusion medicine array (TM-Array), was developed using the Affymetrix Axiom platform to facilitate the comprehensive study of both common and rare transfusion-associated variants across genetically diverse donor and recipient populations. The TM-Array includes probes with targets involved in RBC and platelet structure and function, the human leukocyte antigen (HLA) system, and blood groups, including human platelet antigen (HPA) (22). The Affymetrix Axiom platform is a hybridization-based genotyping array that offers a flexible choice of predesigned modules and customizable content. The TM-Array features approximately 1.38 million hybridization probes, representing about 879,000 SNPs and copy number polymorphism markers (22). The array demonstrated exceptional technical performance, with over 99% of SNPs reliably genotyped, as well as strong reproducibility, showing an error rate below 0.03%. It also exhibited excellent parent–child trio accuracy of 99.97%. Blood group genotyping results were in concordance with serological findings, and the array could detect rare alleles with a minor allele frequency as low as 0.5% (22).



2.4 NGS

NGS has been utilized for analyzing genome variations, including SNPs, structural variations, and copy number variations (23). NGS has the advantage of enabling the complete genotyping of many blood group systems in a single test, allowing for the detection of both common and rare variants (23). NGS has successfully characterized complex genomic configurations in systems like Rh and MNS, which are often difficult to interpret using conventional methods (24). By utilizing high-throughput sequencing technologies, NGS facilitates complete analysis of the entire blood group gene loci, improving accuracy and resolution in transfusion-related genotyping (25). In the context of NGS-based genotyping, massively parallel sequencing, also known as high-throughput sequencing, has been used for profiling full blood group genotypes, allowing for the identification of known and novel genetic variants affecting blood group antigens (26). This sequencing method is based on fragmenting genomic DNA, then sequencing it in parallel and aligning the resulting reads to a reference genome for variant detection (26). This approach enables the discovery of novel polymorphisms that cannot be detected by microarray or traditional genotyping methods (26). Short-read NGS has been applied to whole-genome blood group genotyping (27). For instance, the Ion Torrent system, employing NGS technology, detects nucleotide incorporation by measuring pH changes during DNA synthesis (28). This allows for real-time and label-free sequencing. It provides reads with an average insert size of 200 base pairs, suitable for targeted sequence amplification and the sequencing of specific genome regions, enabling an efficient and cost-effective focus on clinically relevant variants (28). Whole-genome sequencing, used for the genetic analysis of variants associated with the Kidd, Duffy, and Kell blood group systems, was performed by generating 150 bp paired-end reads with 30X coverage depth employing Illumina technology, thus revealing all known and novel variants across the genome (29). These findings highlight the potential of NGS technologies to improve transfusion safety through more accurate and individualized blood group genotyping (29).



2.5 Emerging CRISPR diagnostics

A CRISPR/Cas13a-based SNP was developed to detect specific ABO types, allowing for the resolution of weak and subgroup alleles. Unlike the widely known CRISPR/Cas9 gene-editing system which uses Cas9 endonuclease to target DNA, the CRISPR/Cas13a system targets RNA molecules. In this method, DNA from the ABO gene was amplified using PCR. Then the amplified DNA was transcribed into RNA, making it a target for Cas13a. A specifically designed guide RNA (gRNA) was used to recognize the RNA sequence with the SNP site, the Cas13a activates and cleaves the RNA target. This cleavage will produce fluorescent signal that confirms the presence of the SNP. This approach demonstrated accurate ABO genotyping with a sensitivity of approximately 50 pg. per reaction and a detection time of 60 min (30).



2.6 Clinical applications of molecular diagnostics


2.6.1 Hemolytic Disease of the Fetus and Newborn (HDFN)

Hemolytic Disease of the Fetus and Newborn (HDFN) is an immune-mediated condition that develops when maternal immunoglobulin G (IgG) antibodies produced against fetal RBCs cross the placenta and cause hemolysis of fetal RBCs (31). Antibodies against RhD antigen are the most clinically significant compared to other blood group systems such as Kell, Duffy, Kidd, and ABO (31). Molecular diagnostics contribute to the non-invasive prediction and diagnosis of HDFN. Real-time PCR using cell free fetal DNA to detect fetal RHD, KEL, and ABO genotypes, as demonstrated by Song et al. (32) where they combined TaqMan and SYBR PCR in fetal ABO typing showing accuracy rate of 93.2%. Similarly, multiplex PCR-SSP used for screening of RHD variants, particularly in regions with high prevalence of DEL alleles, where serology encounters limitations (32). ddPCR has expanded these capabilities, with O’Brien et al. (31) showing its utility to predict fetal inheritance of KEL1, Duffy, or Rh antigens causing risk of fetus alloimmunization. These examples illustrate how PCR-based techniques are used for early prediction and diagnosis of HDFN, reducing the need for invasive procedures such as amniocentesis (31). Targeted next-generation sequencing (NGS) has also been applied in the identification of novel antigens associated with HDFN. As an example, exome sequencing of a three-generation pedigree revealed previously unrecognized low-frequency red cell antigen, provisionally named SARAH (MNS47), which was linked to a G240T single-nucleotide variant in the GYPA gene. This finding reinforced the role of NGS in discovering rare antigens with clinical significance in transfusion medicine (33). In addition, targeted NGS has been used for non-invasive fetal ABO blood group prediction in type O pregnancies by analyzing cell-free fetal DNA from maternal plasma. This technique identified both common and rare ABO variants, highlighting its utility in reducing the risk of HDFN in alloimmunized pregnancies and offering a safer alternative to invasive diagnostic procedures (25).



2.6.2 Transfusion compatibility

Achieving reliable transfusion compatibility is vital for safe transfusion, yet traditional serological tests can become unreliable, especially in patients with autoimmune hemolytic anemia (AIHA), those who have received multiple transfusions, or individuals with rare genetic variants (13). Molecular methods provide more precise approaches of detection blood group antigens and help reduce the risk of alloimmunization. Real-time PCR (TaqMan) is widely used for this purpose, it has been used for genotyping different blood group systems, such as Rh, Kell, Duffy, Kidd, MNS, and Diego (13). Loop-mediated isothermal amplification (LAMP) determines ABO groups in under 30 min, obtained from non-blood samples such as saliva or dried blood (34). Multiplex PCR enables testing several alleles in a single run, while PCR-SSP is useful for detecting RHD variants and reliable PCR-based platform for routine detection of RHD variants in regions where DEL alleles are highly prevalent (35). More recently, next-generation sequencing (NGS) has been used for detailed profiling of both well-known and novel alleles. Whole-genome sequencing, used for the genetic analysis of variants associated with the Kidd, Duffy, and Kell blood group systems, was performed by generating 150 bp paired-end reads with 30X coverage depth employing Illumina technology, thus revealing all known and novel variants across the genome (29). These findings highlight the potential of NGS technologies to improve transfusion safety through more accurate and individualized blood group genotyping (29).

Transfusion management in multitransfused patients such as those with sickle cell disease (SCD) or thalassemia, is challenging because the high risk of alloimmunization. Conventional serological matching of antigens like C, E, and K, is not enough, since these patients commonly carry variant alleles. Molecular sequencing was used to identify RH allele frequencies of SCD patients and African American donors. The study revealed that 29% of RHD and 53% of RHCE alleles were altered in both groups. These genotypic differences contribute to alloimmunization, despite conventional matching. While practical barriers such as the high cost remain, these findings highlight the clinical importance of RH genotyping as a routine tool in transfusion practice to reduce alloimmunization risk in transfusion-dependent patients (36). Although RH genotyping and next-generation sequencing (NGS) offers promise tools for characterizing genetic variants and may in the future improve transfusion compatibility in chronically transfused patients, their ability to reduce alloimmunization has yet to be established and challenges such as cost and data complexity remain (36). In contrast, well-established interventions have already been used and demonstrated observable benefit. Universal leukoreduction of red blood units has been associated with decreased new alloantibody formation leading to significant reduction in alloimmunization rates (37). Similarly, implementation of ABO-identical platelets and cryoprecipitate have reduced both RBC alloimmunization and transfusion reactions (38). Comprehensive analyses highlight that leukoreduction, ABO-identical transfusion, and washing of blood products remain the most reliable and cost-effective approaches for reducing alloimmunization at present (39).



2.6.3 Donor registry expansion and rare phenotype detection

Expanding donor registries and detecting rare phenotypes plays a pivotal role in transfusion medicine, as they directly impact the availability of antigen-matched blood for patients with alloimmunization or rare blood group. Microarrays-based genotyping has enabled large-scale screening of donors for extended antigen typing. For instance, the application of microarray genotyping in genetically diverse populations involved resolving complex blood group systems such as Rh and MNS, where highly homologous regions often complicate serological interpretation (40). The microarray platform validated against MALDI-TOF mass spectrometry achieved 99.95% concordance and a 99.65% call rate. It delivers high-throughput, accurate, and cost-effective genotyping, thus demonstrating its potential utility in routine donor screening, patient transfusion support, reduction of alloimmunization risk in multitransfused patients, and diversity-focused donor registry expansion (40).



2.6.4 Detection of transfusion-transmitted pathogens

Pathogen detection represents another important application of molecular platforms in transfusion medicine. Implementation of nucleic acid testing (NAT) and PCR in transfusion medicine has significantly improved the safety of blood supplies. NAT allows detection of viral nucleic acids during the early window period, shortens the time to detection of infection and reducing the risk of transmitting infections such as human immunodeficiency virus (HIV), hepatitis B virus (HBV), and hepatitis C virus (HCV) (41). Another illustrative example is the development of DNA oligonucleotide microarray known as a pathogen chip that was designed to detect transfusion-transmitted RNA viruses via sequence-specific probe hybridization on a chip. Using 1,769 oligonucleotide probes, the chip identified 16 clinically relevant viruses, including HIV, HCV, HBV, dengue, Zika, and chikungunya in both individual and pooled plasma samples. This approach offers a valuable tool for comprehensive, rapid, and reproducible viral detection (42).

Table 1 summarizes the advances in molecular blood group diagnostics.


TABLE 1 Advances in molecular blood group diagnostics.


	Technique
	Mechanism
	Clinical application
	Example clinical conditions
	Advantages
	Disadvantages
	References

 

 	PCR-based methods (PCR-RFLP, PCR-ASP, PCR-SSP, etc.) 	Utilize designed primers specific to known alleles to amplify DNA fragments. The results are analyzed through gel electrophoresis or restriction enzyme digestion. 	Used in genotyping of known polymorphisms in common blood group systems (e.g., Rh, Kell, Kidd). Able to distinguish between homozygous and heterozygous. 	HDFN: Detects fetal RHD allele in RhD-negative mother.
 Autoimmune hemolytic anemia AIHA: confirms variant antigens that may evade serological typing.
 Transfusion: determines antigen profile in multitransfused patients
 Donor matching: Identifies donors with rare phenotypes 	Specific for known polymorphisms. Cost-effective, and well-established. 	Limited to predefined variants, low throughput. 	(77, 78)


 	Real-time PCR (qPCR) 	Real-time amplification and quantification of target DNA using fluorescent probes, more sensitive and faster than conventional PCR. 	Enables non-invasive prenatal genotyping of fetal antigens (e.g., RhD, Kell) from maternal plasma. 	HDFN: non-invasive detection of fetal RhD/KEL1 enabling early intervention of HDFN.
 Transfusion: Enabling rapid genotyping in patients with warm autoantibodies and overcomes the limitations of serological typing.
 Genotype clinically significant blood group antigens supporting extended antigen matching and reducing the risk of alloimmunization in transfusion recipients. 	Faster results, quantitative analysis 	Still limited to known polymorphisms 	(79, 80)


 	Microarray-based genotyping 	DNA is hybridized to immobilized oligonucleotide probes on chips; allowing detection of multiple SNPs simultaneously. 	Screens for multiple blood group alleles in donors to find antigen-negative blood. Ideal for large-scale donor screening and complex antibody identification 	Alloimmunization: resolving complex alloantibody profiles by enabling simultaneous identification of multiple blood group antigens.
 HDFN: identifies maternal zygosity or paternal genotype for predicting fetal risk.
 Rare donor registries:
 Identification of rare or extended phenotypes, supporting the development and maintenance of rare donor registries. 	Simultaneous testing of multiple polymorphisms 	High initial cost, complex data interpretation 	(81)


 	Mass spectrometry (MALDI-TOF) 	Determine mass-to-charge ratio of ionized DNA or protein fragments, the variants are distinguished based on mass differences. 	Accurate identification of protein-level variants such RhCE and partial D antigen systems, which may not be reliably detected traditional serological methods. 	Transfusion: detect weak or partial D variants that may be missed by serology, allowing appropriate antigen matching.
 Autoimmune hemolytic anemia (AIHA): Detect antigen mismatches that may lead to autoantibody production.
 Donor selection: Molecular level characterization of complex blood group antigens, minimizing the risk of transfusion reactions. 	High accuracy, multiplex capability 	Expensive equipment, complex sample preparation 	(20, 81)


 	Next-generation sequencing (NGS) 	High-throughput sequencing is used to analyze blood group gene loci. 	Offer comprehensive blood group genotyping, by identifying rare or novel alleles. 	Transfusion support in Sickle cell disease/thalassemia: full genotyping for extended antigen matching and may minimize alloimmunization.
 Population studies: identifying blood group allele frequencies and polymorphisms across different ethnic groups, thereby guiding the development of donor registries. 	Detection of known and novel variants 	High cost, complex data analysis 	(81–83)


 	Long-read sequencing (Nanopore, PacBio) 	Ability to generate long, continuous DNA sequence reads that span the entire blood group genes or haplotypes. 	Identification of complex structural variants such as hybrid genes (e.g., RHD-CE-D), long-range haplotypes, or gene conversions causing genotype-serotype discrepancies in blood group systems. 	Determination of complex Rh phenotypes.
 HDFN: Enables identification of hybrid or partial alleles that are often missed by short-read sequencing.
 Extended typing in alloimmunized patients: supports genotyping in individuals with complex serologic profiles or inconclusive molecular results. 	Ability to resolve long haplotypes 	Still in early stages of application 	(84, 85)


 	CRISPR-Cas9 mediated gene editing 	Gene-editing tool that uses guide RNA and Cas9/Cas13 enzyme, allowing the introduction of targeted insertions, deletions, or gene knockouts 	Still experimental; used to engineer red blood cells devoid of immunogenic antigens, with the goal of generating universal donor cells. 	Transfusion in alloimmunized patients: Produce antigen-negative RBCs.
 Enables engineering of antigen-negative red blood cells to overcome challenges associated with alloantibody. 	Potential for” universal” donor cells. 	Challenges in scalability and safety 	(10)




 





3 Blood product engineering


3.1 Antigen modulation: RNA interference (RNAi) and microRNA (miRNA)

Blood group antigen expression holds significance in transfusion medicine, organ transplantation, and the understanding of disease susceptibility (43). The regulation of blood group antigen expression is determined by specific genes and their encoded glycosyltransferases (44).

Blood group antigens are found on the surface of RBCs and other cell types and are essential for immunological recognition (44). Obtaining knowledge on their expression and silencing and using techniques such as gene knockdown or knockout can significantly affect transfusion medicine (12). Blood group systems such as ABO, Rh, Kell, and Duffy are encoded by specific loci that impact glycoprotein and glycolipid synthesis on the cell surface (45). The ABO gene encodes glycosyltransferases, forming an ABO system (8). Genetic variations in this region, especially single nucleotide polymorphisms (SNPs), can affect enzyme activity and lead to variations in antigen expression levels (44, 46). For instance, alterations in the RHD gene, such as SNPs and hybrid alleles can alter antigen expression and give rise to weak D, partial D, or Del phenotypes (47).

Techniques like RNAi can assist in the selective suppression of the specific blood group antigens, for example, targeting the ABO gene to reduce its expression and lowering the risks linked with ABO incompatibility during transplantation (48, 49).

Moreover, overexpressing antigens such as ABO RhD in cell models helps in understanding the immunogenic and biochemical pathways involved in their synthesis (49). In addition, studies on ABH antigen regulation help explain the disappearance of ABH antigens during carcinogenesis and highlighted potential therapeutic targets in ABO-mismatched organ transplantation (45).

A pressing challenge in transfusion medicine is the availability of RBCs with extremely rare phenotypes (50), such as Rh-null (in which Rh antigens are absent from RBC membranes) (50). Rh-null blood cells are important for transfusion in patients with the same phenotype and for the diagnosis of Rh alloimmunization, especially in complicated cases like pregnancy (50).



3.2 iPSC-derived RBCs

Recent advances have focused on the production of RBCs from different cell sources. Human-induced pluripotent stem cells (hiPSCs) can be used as they offer an unlimited number of hemopoietic progenitor cells that can differentiate into erythroid cells (51), which can be produced from peripheral blood mononuclear cells and modified through gene editing, thus offering a novel system to produce customized red cells (51). Cells derived from hiPSCs could remedy the shortage in situations where rare blood types like Rh-null and Kell-negative phenotypes would provide greater compatibility for patients with alloimmunization (52, 53).

Induced pluripotent stem cells (iPSCs) have been generated from the dermal fibroblasts of an individual with a Bombay blood phenotype using Yamanaka factors (Oct4, Sox2, Klf4, and c-Myc). These iPSCs were established to be pluripotent and capable of significant cellular differentiation into various types. Furthermore, the hiPSCs maintained the genetic mutations associated with the Bombay phenotype, notably, the FUT1 and FUT2 gene mutations. Cells differentiated from hiPSCs can efficiently produce hematopoietic lineage cells positive for markers such as CD34 and Runx1, along with the erythroid markers α-globin and γ-globin. The abovementioned study represents a step toward the production of universal donor RBCs (53).

Park et al. (54) established the generation of autologous iPSC-derived RBCs from peripheral blood mononuclear cells without chromosomal mutations, as shown in Figure 1. Another group of researchers also established hiPSCs from the primary bone marrow CD34 + cells of an O-negative blood donor (53). Table 2 summarizes these technologies and their usage.

[image: Diagram illustrating a three-step process for generating iPSCs: 1) Expansion of erythroid progenitors from peripheral blood, showing cell expansion over seven days. 2) Reprogramming via transfection using plasmids with vectors Oct4, Sox2, Lin28, Klf4, and L-Myc. 3) iPSC maintenance with mTeSR1 medium.]

FIGURE 1
 The production of human induced pluripotent stem cells from peripheral blood. Expansion of Erythroid Progenitors: First Peripheral blood is collected, then peripheral blood mononuclear cells (PBMCs) are isolated. These cells are cultured under specific conditions to promote the growth of erythroid progenitors. The progenitor cells then grow over several days (Day 1 → Day 4 → Day 7), producing enough cells for transfection. Reprogramming via transfection: The erythroid progenitors are then transfected with plasmids carrying (Oct4, Sox2, Lin28, Klf4, and L-Myc), promoting the formation of iPSC-like colonies. iPSC maintenance: the generated iPSCs are maintained in mTeSR1 medium to maintain pluripotency and self-renewal (created using BioRender.com).



TABLE 2 Therapeutic applications and clinical impact of molecular and cellular innovations in transfusion medicine.


	Technology
	Clinical use
	Implementation status
	Implementation status impact

 

 	Molecular genotyping 	Extended phenotype matching, rare donor identification 	Implemented in specialized centers 	Improved matching for multitransfused patients, although this may result in difficulty locating compatible units


 	NGS-based blood group profiling 	Comprehensive antigen matching 	Emerging technology, limited clinical use 	Potential for personalized transfusion strategies


 	Non-invasive fetal RHD genotyping 	Prevention of Hemolytic Disease of the Fetus and Newborn (HDFN) 	Implemented in some countries 	Reduced need for invasive procedures, targeted prophylaxis


 	CRISPR-engineered RBCs 	Potential for” universal” donor cells 	Experimental stage 	Could revolutionize transfusion for rare blood types


 	iPSC-derived diagnostic RBCs 	Identification of complex Rh antibodies 	Research stage 	Improved diagnostics for patients with rare Rh types


 	Recombinant blood products 	Treatment of coagulation disorders 	Some products in clinical use 	Reshaping the demand for plasma-derived products


 	Gene therapy 	Treatment of hematologic diseases 	Some are FDA approved and in use clinically 	Potential for curative treatments




 



3.3 CRISPR gene-edited cells


3.3.1 CRISPR-mediated antigen deletion for universal RBCs

The introduction of gene-editing technologies like CRISPR-Cas9 has revolutionized the arena of blood product development (50). Antigens from red cells can be deleted using these technologies to produce universal donor blood. Antigens from major blood group systems, such as the ABO, Rh, Kell, Duffy, and GPB systems, have been successfully deleted. These advances will go a long way in lowering immunogenicity during transfusions (10).

An innovative application of CRISPR/Cas9 involves the conversion of blood type A to blood type O in Rh-null donor-derived hiPSC lines; this is seen as a pathway for producing universally compatible red cells from donors with rare blood types (55). The authors targeted the ABO gene to disrupt the enzymatic activity responsible for antigen A synthesis using two approaches: (1) introducing a specific mutation (c.261delG) prevalent in type O individuals and (2) creating an incipient knockout of the ABO gene. Both approaches were successful in editing the ABO gene without compromising the pluripotence or potential for differentiation of the stem cells, as shown in Figure 2 (55).

[image: CRISPR/Cas9-mediated ABO gene editing process diagram. A blood donor's sample is isolated into peripheral blood mononuclear cells, which undergo non-integrative reprogramming to induced pluripotent stem cells. These cells are edited using CRISPR/Cas9 to alter ABO genes, transforming type A Rh-null blood to type O Rh-null.]

FIGURE 2
 CRISPR/Cas9 mediated ABO gene editing allows the conversion of blood type (created using BioRender.com).




3.3.2 Generation of multi-antigen knockout erythroid cells

Hawksworth et al. (10) improved transfusion compatibility by editing erythroblasts using CRISPR to eliminate the expression of antigens while maintaining cell functionality. They generated a human erythroblast cell line called BEL-A using CRISPR-Cas9 genome editing. These researchers were attempting to improve ABO-compatible RBC transfusions by knocking out specific blood group genes, with the targeted antigens belonging to the ABO, Rh, Kell, Duffy, and MNS blood groups, thereby creating customized RBC phenotypes via bi-allelic knockouts (10). This allowed for the generation of erythroblast cell lines capable of differentiating into functional reticulocytes with a complete deficiency of the targeted antigens. Through multiple gene knockouts, the authors generated a cell line capable of developing into reticulocytes, which are highly transfusion-compatible (10). However, other studies have highlighted the increased immunogenic risks associated with reticulocytes and these immature cells persisting both during storage and in the recipient’s circulation after transfusion (56, 57). Therefore, while multi-antigen knockout strategies represent exciting innovation, their clinical application will require ensuring full maturation into enucleated red cells (10, 56).



3.3.3 CRISPR-based development of RhD-negative blood

Another remarkable achievement is the development of RhD-negative blood using CRISPR/Cas9 technology. The RHD gene was targeted by a homology-directed repair (HDR)-based CRISPR/Cas9 system. This system mediated the introduction of a premature stop codon in the RHD gene, knocking down its expression in hiPSCs derived from human umbilical arterial endothelial cells. This source was chosen for its high hematopoietic differentiation potential. Following genetic modification, RHD knockout hiPSCs were induced to differentiate into erythrocytes using an optimized four-phase protocol involving stepwise changes in oxygen conditions to mimic natural hematopoietic environments (10). The erythrocytes obtained expressed standard RBC markers (CD71 and CD235a) but lacked RhD antigen expression. Functional tests, including agglutination tests, confirmed that the modified erythrocytes did not agglutinate with anti-RhD antibodies, thus demonstrating an RhD-negative phenotype. This work represents a significant step toward creating universal donor blood products for transfusion medicine (10).



3.3.4 HLA-universal platelets and megakaryocytes

Another noteworthy achievement is the engineering of HLA-universal megakaryocytes and platelets to reduce the risk of alloimmune platelet refractoriness, mainly in patients who require frequent platelet transfusions (58). The elimination of HLA antigens on platelets has opened possibilities for better compatibility and fewer immune response risks during platelet transfusion therapies (59–61).




3.4 miRNA-based therapeutics in transfusion and transplantation

miRNAs have been recognized as vital modulators of blood group antigens (62). miRNAs are small, non-coding RNAs used for post-transcriptional gene regulation that regulate the expression of blood group antigens on RBCs and other cell types (63). In transfusion medicine, miRNA-based therapeutic approaches have been studied to reduce the risks of alloimmunization and enhance compatibility (64, 65). Kronstein-Wiedemann et al. (12) determined the role of miRNAs in the regulation of the expression of ABO blood group antigens during erythropoiesis. They found that miR-331-3p and miR-1908-5p directly regulate glycosyltransferase A and B mRNA, as increasing expression of these miRNAs in hematopoietic stem cells significantly reduced A and B antigen expression on RBCs (12, 45). The Rhesus protein RhAG is regulated by miR-9. RhAG was one among 170 putative target genes with an inverse correlation with miR-9 expression of miR-9 (66). The expression of the KLF1 protein was also downregulated upon the overexpression of miR-326 and increased expression of γ-globin. This decreased the amounts of Lutheran and other blood group antigens (the Indian, P1PK, Landsteiner-Wiener, Knops, OK, RAPH, and I blood group systems) (67). In autoimmune hemolytic anemia, silencing miRNAs involved in autoantibody production showed potential in the reduction of hemolysis (68). Moreover, downregulation of the miRNAs that target RhD expression may reduce the immune response in sensitized Rh-negative individuals, resulting in better transfusion outcomes (12).

In transplantation, miRNA-based interventions have been used to control the expression of ABO and HLA antigens on donor tissues to reduce organ rejection risk (68). For example, silencing miR-150, which directly regulates erythropoiesis, was found to reduce immunogenic antigen levels, thus reducing the immune reaction (69, 70). Another example is miR-223, whose effects on HLA antigen expression on megakaryocytes could reduce HLA-mediated alloimmune responses and thereby improve the compatibility of platelet transfusions for patients suffering refractory thrombocytopenia (58, 71). Silencing miR-181a in transplantation models reduces the rates of graft rejection by decreasing the immunogenicity of transplanted tissues. This miRNA has been shown to regulate HLA-DR antigen expression on donor tissues (72). miR-451 is involved in erythrocyte maturation and the expression of blood group antigens. Its downregulation may improve the survival and compatibility of transfused RBCs by minimizing the effect of immune-mediated clearance (73).




4 Conclusion

Understanding the molecular basis of blood group antigens and their associated technologies has driven a revolution in transfusion medicine and transplantation and led to a better understanding of disease susceptibility (8). In the last few decades, the understanding of blood group systems has progressed substantially: more than 36 systems, along with 300 antigens, have been described by the International Society of Blood Transfusion (74). Clinically significant antigens are essential in determining transfusion and transplantation compatibility (75). Molecular diagnostics, such as PCR and NGS, have been used to enhance blood group typing accuracy and aid in potentially reducing the risk of alloimmunization (76). Such methods may resolve the challenges associated with traditional serological methods (by identifying rare phenotypes) and address serological discrepancies (76). Gene editing technologies, such as CRISPR-Cas9, have been used to develop universal donor cells and enhance the engineering of blood cells (50). Their application in silencing the expression of immunogenic antigens, such as RhD and Kell, holds great promise for allo-immunized patients by reducing severe transfusion complications (50). Despite these developments, a huge gap remains between such advances and their application in clinical practice (52). The complexity and high costs of molecular diagnosis and gene editing make these innovations inaccessible in many parts of the world (52).



Author contributions

WA: Conceptualization, Project administration, Validation, Methodology, Writing – review & editing, Formal analysis, Writing – original draft, Resources, Visualization. AY: Resources, Writing – review & editing, Visualization, Writing – original draft, Validation, Methodology, Project administration, Conceptualization. MS: Conceptualization, Methodology, Visualization, Validation, Project administration, Supervision, Writing – review & editing, Resources, Writing – original draft.



Funding

The author(s) declare that no financial support was received for the research and/or publication of this article.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Generative AI statement

The authors declare that no Gen AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References
	 1. Ackfeld, T, Schmutz, T, Guechi, Y, and Le Terrier, C. Blood transfusion reactions—a comprehensive review of the literature including a Swiss perspective. J Clinic Med MDPI. (2022) 11:859. doi: 10.3390/jcm11102859
	 2. Storry, JR, and Olsson, ML. The ABO blood group system revisited: a review and update. Immunohematology. (2009) 25:48–59. doi: 10.21307/immunohematology-2019-231 
	 3. Abegaz, SB. Human ABO blood groups and their associations with different diseases. BioMed research international. (2021). 2021:6629060. doi: 10.1155/2021/6629060
	 4. Groot, HE, Villegas Sierra, LE, Said, MA, Lipsic, E, Karper, JC, and Van Der Harst, P. Genetically determined ABO blood group and its associations with health and disease. Arterioscler Thromb Vasc Biol. (2020) 40:830–8. doi: 10.1161/ATVBAHA.119.313658 
	 5. Gassner, C, Castilho, L, Chen, Q, Clausen, FB, Denomme, GA, Flegel, WA , et al. International society of blood transfusion working party on red cell immunogenetics and blood group terminology report of Basel and three virtual business meetings: update on blood group systems. Vox Sang. (2021) 117:1332–44. doi: 10.1111/vox.13361
	 6. Sandler, SG, Horn, T, Keller, J, Langeberg, A, and Keller, MA. A model for integrating molecular-based testing in transfusion services. Blood Transfus. (2016) 14:566–72. doi: 10.2450/2015.0070-15 
	 7. Reid, ME, Rios, M, and Yazdanbakhsh, K. Applications of molecular biology techniques to transfusion medicine. Transfus Med Rev. (2000) 37:166–76. doi: 10.1016/S0037-1963(00)90041-6 
	 8. Fichou, Y. Molecular genetics and genomics of blood group systems. Annals of Blood. (2022) 7. Available at: https://aob.amegroups.org/article/view/6749
	 9. de Wolski, K, Fu, X, Dumont, LJ, Roback, JD, Waterman, H, Odem-Davis, K , et al. Metabolic pathways that correlate with post-transfusion circulation of stored murine red blood cells. Haematologica. (2016) 101:578–86. doi: 10.3324/haematol.2015.139139 
	 10. Hawksworth, J, Satchwell, TJ, Meinders, M, Daniels, DE, Regan, F, Thornton, NM , et al. Enhancement of red blood cell transfusion compatibility using CRISPR-mediated erythroblast gene editing. EMBO Mol Med. (2018) 10:454. doi: 10.15252/emmm.201708454 
	 11. Avent, ND. Recombinant technology in transfusion medicine. Curr Pharm Biotechnol. (2000) 1:117–35. doi: 10.2174/1389201003378951 
	 12. Kronstein-Wiedemann, R, Künzel, SR, Thiel, J, and Tonn, T. Role of miRNA in the regulation of blood group expression. Transfus Med Hemother. (2024) 51:237–51. doi: 10.1159/000538866
	 13. Rodrigues, ES, Macedo, MD, Melo, FU, Rocha-Junior, MC, de Deus Wagatsuma, VM, Toledo, R , et al. Rapid blood group genotyping by allelic discriminative real-time PCR in multiply-transfused patients. Transfus Med. (2015) 25:111–4. doi: 10.1111/tme.12186 
	 14. Nagy, A, Vitásková, E, Černíková, L, Křivda, V, Jiřincová, H, Sedlák, K , et al. Evaluation of Taq man qPCR system integrating two identically labelled hydrolysis probes in single assay. Sci Rep. (2017) 7:392. doi: 10.1038/srep41392 
	 15. Soares, S d S, Aquino, JR, Petrolli, F, de Oliveira, TB, Almeida, S, and Fiegenbaum, M. Frequencies of genetic variants of the rh, Kell, Duffy, Kidd, MNS and Diego systems of Northwest Rio Grande do Sul, Brazil. Hematol Transfus Cell Ther. (2023) 45:317–23. doi: 10.1016/j.htct.2022.05.004 
	 16. Jungbauer, C, Hobel, CM, Schwartz, DWM, and Mayr, WR. High-throughput multiplex PCR genotyping for 35 red blood cell antigens in blood donors. Vox Sang. (2012) 102:234–42. doi: 10.1111/j.1423-0410.2011.01542.x 
	 17. Intharanut, K, Bejrachandra, S, Nathalang, S, Leetrakool, N, and Nathalang, O. Red cell genotyping by multiplex PCR identifies antigen-matched blood units for transfusion-dependent Thai patients. Transfus Med Hemother. (2017) 44:358–64. doi: 10.1159/000471886 
	 18. Taylor, SC, Laperriere, G, and Germain, H. Droplet digital PCR versus qPCR for gene expression analysis with low abundant targets: from variable nonsense to publication quality data. Sci Rep. (2017) 7:2409. doi: 10.1038/s41598-017-02217-x 
	 19. Eryilmaz, M, Müller, D, Rink, G, Klüter, H, and Bugert, P. Introduction of noninvasive prenatal testing for blood group and platelet antigens from cell-free plasma DNA using digital PCR. Transfus Med Hemother. (2020) 47:292–301. doi: 10.1159/000504348 
	 20. Molan, A. Molecular diagnostics in transfusion medicine: MALDI-TOF MS for blood bankers—the alternative approach for genotyping. IOSR J Pharm Biol Sci. (2014) 9:1–6. doi: 10.9790/3008-09229097
	 21. Flesch, BK, Scherer, V, Just, B, Opitz, A, Ochmann, O, Janson, A , et al. Molecular blood group screening in donors from Arabian countries and Iran using high-throughput MALDI-TOF mass spectrometry and PCR-SSP. Transfus Med Hemother. (2020) 47:396–408. doi: 10.1159/000505495 
	 22. Guo, Y, Busch, MP, Seielstad, M, Endres-Dighe, S, Westhoff, CM, Keating, B , et al. Development and evaluation of a transfusion medicine genome wide genotyping array. Transfusion (Paris). (2019) 59:101–11. doi: 10.1111/trf.15012 
	 23. Jakobsen, MA, Dellgren, C, Sheppard, C, Yazer, M, and Sprogøe, U. The use of next-generation sequencing for the determination of rare blood group genotypes. Transfus Med. (2019) 29:162–8. doi: 10.1111/tme.12496
	 24. Legler, TJ, Maas, JH, Ko Èhler, M, Wagner, T, Daniels, GL, Perco, P , et al. RHD sequencing: a new tool for decision making on transfusion therapy and provision of Rh prophylaxis. Transfus Med. (2001) 11:383–8. doi: 10.1046/j.1365-3148.2001.00327.x
	 25. Rieneck, K, Egeberg Hother, C, Clausen, FB, Jakobsen, MA, Bergholt, T, Hellmuth, E , et al. Next generation sequencing-based Fetal ABO blood group prediction by analysis of cell-free DNA from maternal plasma. Transfus Med Hemother. (2020) 47:45–53. doi: 10.1159/000505464 
	 26. McBean, RS, Hyland, CA, and Flower, RL. Approaches to determination of a full profile of blood group genotypes: single nucleotide variant mapping and massively parallel sequencing. Comput Struct Biotechnol J. (2014) 11:147–51. doi: 10.1016/j.csbj.2014.09.009 
	 27. Fürst, D, Tsamadou, C, Neuchel, C, Schrezenmeier, H, Mytilineos, J, and Weinstock, C. Next-generation sequencing technologies in blood group typing. Transfus Med Hemother. (2020) 47:4–13. doi: 10.1159/000504765
	 28. Orzińska, A, Guz, K, Mikula, M, Kulecka, M, Kluska, A, Balabas, A , et al. A preliminary evaluation of next-generation sequencing as a screening tool for targeted genotyping of erythrocyte and platelet antigens in blood donors. Blood Transfus. (2018) 16:285–92. doi: 10.2450/2017.0253-16 
	 29. Dinardo, CL, Oliveira, TGM, Kelly, S, Ashley-Koch, A, Telen, M, Schmidt, LC , et al. Diversity of variant alleles encoding Kidd, Duffy, and Kell antigens in individuals with sickle cell disease using whole genome sequencing data from the NHLBI TOPMed program. Transfusion. (2021) 61:603–16. doi: 10.1111/trf.16204 
	 30. Hongjuan, W, Liyan, L, Hanji, J, Hong, C, Yunxiang, W, Yongjun, H , et al. CRISPR/Cas13a-based single-nucleotide polymorphism detection for reliable determination of ABO blood group genotypes. Analyst. (2024) 149:2161–9. doi: 10.1039/d3an02248j
	 31. O’Brien, H, Hyland, C, Schoeman, E, Flower, R, Daly, J, and Gardener, G. Non-invasive prenatal testing (NIPT) for fetal Kell, Duffy and rh blood group antigen prediction in alloimmunised pregnant women: power of droplet digital PCR. Br J Haematol. (2020) 189:e90–4. doi: 10.1111/bjh.16500
	 32. Song, W, Zhou, S, Shao, L, Wang, N, Pan, L, and Yu, W. Non-invasive fetal ABO genotyping in maternal plasma using real-time PCR. Clin Chem Lab Med. (2015) 53:1943–50. doi: 10.1515/cclm-2015-0011 
	 33. McBean, RS, Hyland, CA, Hendry, JL, Shabani-Rad, MT, and Flower, RL. SARA: a “new” low-frequency MNS antigen (MNS47) provides further evidence of the extreme diversity of the MNS blood group system. Transfusion (Paris). (2015) 55:1451–6. doi: 10.1111/trf.12973
	 34. Choi, HC, Choi, J, Kwak, K, Kim, Y, Kim, E, and Lim, S. Rapid ABO genotyping method using loop-mediated isothermal amplification (LAMP) and real-time PCR. Int J Legal Med. (2024) 138:751–6. doi: 10.1007/s00414-023-03144-5 
	 35. Pittayabumrung, O, Leelayuwat, C, Romphruk, AV, and Simtong, P. Single-tube multiplex PCR-SSP for the detection of RHD variant alleles commonly found in serologically D-phenotype individuals in a Thai population. Transfus Med Hemother. (2025) 52:169–77. doi: 10.1159/000544107 
	 36. Chou, ST, Evans, P, Vege, S, Coleman, SL, Friedman, DF, Keller, M , et al. RH genotype matching for transfusion support in sickle cell disease. Blood. (2018) 132:1198–207. doi: 10.1182/blood-2018-05-851360
	 37. Blumberg, N, Heal, JM, and Gettings, KF. WBC reduction of RBC transfusions is associated with a decreased incidence of RBC alloimmunization. Transfusion. (2003) 43:945–52. doi: 10.1046/j.1537-2995.2003.00443.x 
	 38. Henrichs, KF, Howk, N, Masel, DS, Thayer, M, Refaai, MA, Kirkley, SA , et al. Providing ABO-identical platelets and cryoprecipitate to (almost) all patients: approach, logistics, and associated decreases in transfusion reaction and red blood cell alloimmunization incidence. Transfusion (Paris). (2012) 52:635–40. doi: 10.1111/j.1537-2995.2011.03329.x 
	 39. Blumberg, N, Cholette, JM, Cahill, C, Pietropaoli, AP, Winters, S, Phipps, R , et al. Transfusion medicine: a research agenda for the coming years. Transfus Apher Sci. (2019) 58:698–700. doi: 10.1016/j.transci.2019.08.015
	 40. Wittig, M, Steiert, TA, ElAbd, H, Degenhardt, F, Valenti, L, Prati, D , et al. Calling for diversity: improving transfusion safety through high-throughput blood group microarray genotyping (2023).
	 41. Pathak, A, Panda, D, Sharma, M, Tejwani, N, and Mehta, A. Blood donation screening of transfusion-transmissible viral infection using two different nucleic acid testing (NAT) platforms: a single tertiary care oncology Centre experience. Indian J Hematol Blood Transfus. (2023) 39:456–63. doi: 10.1007/s12288-022-01598-y 
	 42. De Giorgi, V, Zhou, H, Alter, HJ, and Allison, RD. A microarray-based pathogen chip for simultaneous molecular detection of transfusion-transmitted infectious agents. J Transl Med. (2019) 17:156. doi: 10.1186/s12967-019-1905-4 
	 43. Anstee, DJ. The relationship between blood groups and disease. Blood. (2010) 115:4635–43. doi: 10.1182/blood-2010-01-261859
	 44. Gassner, C, and Olsson, ML. Regulation of blood group expression: another layer of complexity to consider. Transfus Med Hemother. (2024) 51:207–9. doi: 10.1159/000539611
	 45. Kronstein-Wiedemann, R, Nowakowska, P, Milanov, P, Gubbe, K, Seifried, E, Bugert, P , et al. Regulation of ABO blood group antigen expression by miR-331-3p and miR-1908-5p during hematopoietic stem cell differentiation. Stem Cells. (2020) 38:1348–62. doi: 10.1002/stem.3251 
	 46. Lopez, GH, Condon, JA, Wilson, B, Martin, JR, Liew, YW, Flower, RL , et al. A novel FY*a allele with the 265T and 298A SNPs formerly associated exclusively with the FY*B allele and weak Fyb antigen expression: implication for genotyping interpretative algorithms. Vox Sang. (2015) 108:52–7. doi: 10.1111/vox.12185
	 47. Ying, Y, Zhang, J, Hong, X, Xu, X, He, J, and Zhu, F. The significance of RHD genotyping and characteristic analysis in Chinese RhD variant individuals. Front Immunol. (2021) 12:755661. doi: 10.3389/fimmu.2021.755661 
	 48. Brüggenwirth, IMA, and Martins, PN. RNA interference therapeutics in organ transplantation: the dawn of a new era. Am J Transplant. (2020) 20:931–41. doi: 10.1111/ajt.15689
	 49. Bagnis, C. Silencing and overexpression of human blood group antigens in transfusion: paving the way for the next steps. Blood Rev. (2015) 29:163–9. doi: 10.1016/j.blre.2014.10.004
	 50. Xu, L, Zeng, Q, Liang, L, Yang, Z, Qu, M, Li, H , et al. Generation of rh D-negative blood using CRISPR/Cas 9. Cell Prolif. (2023) 56:e13486. doi: 10.1111/cpr.13486 
	 51. Lapillonne, H, Kobari, L, Mazurier, C, Tropel, P, Giarratana, MC, Zanella-Cleon, I , et al. Red blood cell generation from human induced pluripotent stem cells: perspectives for transfusion medicine. Haematologica. (2010) 95:1651–9. doi: 10.3324/haematol.2010.023556 
	 52. Wittig, M, Steiert, TA, ElAbd, H, Degenhardt, F, Valenti, L, Prati, DD , et al. Calling for diversity: improving transfusion safety through high-throughput blood group microarray genotyping. (2023) doi: 10.1101/2023.12.15.23299980 
	 53. Seifinejad, A, Taei, A, Totonchi, M, Vazirinasab, H, Hassani, SN, Aghdami, N , et al. Generation of human induced pluripotent stem cells from a Bombay individual: moving towards “universal-donor” red blood cells. Biochem Biophys Res Commun. (2010) 391:329–34. doi: 10.1016/j.bbrc.2009.11.058 
	 54. Park, YJ, Park, YJ, Jeon, SH, Kim, HK, Suh, EJ, Choi, SJ , et al. Human induced pluripotent stem cell line banking for the production of rare blood type erythrocytes. J Transl Med. (2020) 18:236. doi: 10.1186/s12967-020-02403-y 
	 55. Petazzi, P, Miquel-Serra, L, Huertas, S, González, C, Boto, N, Muñiz-Diaz, E , et al. ABO gene editing for the conversion of blood type a to universal type O in rh null donor-derived human-induced pluripotent stem cells. Clin Transl Med. (2022) 12:e1063. doi: 10.1002/ctm2.1063 
	 56. Thomas, TA, Qiu, A, Kim, CY, Gordy, DE, Miller, A, Tredicine, M , et al. Reticulocytes in donor blood units enhance red blood cell alloimmunization. Haematologica. (2023) 108:2639–51. doi: 10.3324/haematol.2023.282815 
	 57. Perry, ES, Moore, RH, Berger, TA, Billups, LC, Maybee, DA, Salata, KF , et al. In vitro and in vivo persistence of reticulocytes from donor red cells. Transfusion (Paris). (1996) 36:318–21. doi: 10.1046/j.1537-2995.1996.36496226144.x 
	 58. Figueiredo, C, and Blasczyk, R. Generation of HLA universal megakaryocytes and platelets by genetic engineering. Front Immunol. (2021) 12:768458. doi: 10.3389/fimmu.2021.768458
	 59. Mattapally, S, Pawlik, KM, Fast, VG, Zumaquero, E, Lund, FE, Randall, TD , et al. Human leukocyte antigen class I and II knockout human induced pluripotent stem cell–derived cells: universal donor for cell therapy. J Am Heart Assoc. (2018) 7:e010239. doi: 10.1161/JAHA.118.010239 
	 60. Lee, J, Sheen, JH, Lim, O, Lee, Y, Ryu, J, Shin, D , et al. Abrogation of HLA surface expression using CRISPR/Cas 9 genome editing: a step toward universal T cell therapy. Sci Rep. (2020) 10:17753. doi: 10.1038/s41598-020-74772-9 
	 61. Winterhalter, PM, Warmuth, L, Hilgendorf, P, Schütz, JM, Dötsch, S, Tonn, T , et al. HLA reduction of human T cells facilitates generation of immunologically multicompatible cellular products. Blood Adv. (2024) 8:3416–26. doi: 10.1182/bloodadvances.2023011496 
	 62. Schänzer, W, Thevis, M, Geyer, H, and Mareck, U. micro RNA analysis for the detection of autologous blood transfusion Sportverlag Strauss (2014).
	 63. Mussack, V, Wittmann, G, and Pfaffl, MW. On the trail of blood doping—microRNA fingerprints to monitor autologous blood transfusions in vivo. Am J Hematol. (2021) 96:338–53. doi: 10.1002/ajh.26078 
	 64. Vieira, PCM, Maués, JH d S, Lamarão, LM, Moreira-Nunes, CA, and Burbano, RMR. Microrna 320a and membrane antigens as tools to evaluate the pathophysiology of platelets stored in blood banks. Curr Issues Mol Biol. (2022) 44:1838–50. doi: 10.3390/cimb44050126
	 65. Bayraktar, E, Bayraktar, R, Oztatlici, H, Lopez-Berestein, G, Amero, P, and Rodriguez-Aguayo, C. Targeting miRNAs and other non-coding RNAs as a therapeutic approach: an update. Non-Coding RNA. (2023) 9:27. doi: 10.3390/ncrna9020027
	 66. Chen, P, Price, C, Li, Z, Li, Y, Cao, D, Wiley, A , et al. MiR-9 is an essential oncogenic microRNA specifically overexpressed in mixed lineage leukemia-rearranged leukemia. Proc Natl Acad Sci USA. (2013) 110:11511–6. doi: 10.1073/pnas.1310144110 
	 67. Fraser, NS, Knauth, CM, Moussa, A, Dean, MM, Hyland, CA, Perkins, AC , et al. Genetic variants within the erythroid transcription factor, KLF1, and reduction of the expression of Lutheran and other blood group antigens: review of the in (Lu)phenotype. Transfus Med Rev. (2019) 33:111–7. doi: 10.1016/j.tmrv.2019.01.004
	 68. Gaál, Z. Role of micrornas in immune regulation with translational and clinical applications. Int J Mol Sci. (2024) 25:942. doi: 10.3390/ijms25031942 
	 69. Hu, YZ, Li, Q, Wang, PF, Li, XP, and Hu, ZL. Multiple functions and regulatory network of miR-150 in B lymphocyte-related diseases. Front Oncol. (2023) 13:1140813. doi: 10.3389/fonc.2023.1140813
	 70. Sun, Z, Wang, Y, Han, X, Zhao, X, Peng, Y, Li, Y , et al. Mir-150 inhibits terminal erythroid proliferation and differentiation. Oncotarget. (2015) 6:43023–37. doi: 10.18632/oncotarget.5824
	 71. Leuenberger, N, Schumacher, YO, Pradervand, S, Sander, T, Saugy, M, Pottgiesser, T , et al. Circulating microRNAs as biomarkers for detection of autologous blood transfusion. PLoS One. 8:e66309. doi: 10.1371/journal.pone.0066309 
	 72. Lee, CW, Wohlan, K, Dallmann, I, Förster, R, Ganser, A, Krueger, A , et al. miR-181a expression in donor T cells modulates graft-versus-host disease after allogeneic bone marrow transplantation. J Immunol. (2016) 196:3927–34. doi: 10.4049/jimmunol.1502152 
	 73. Xu, P, Palmer, LE, Lechauve, C, Zhao, G, Yao, Y, Luan, J , et al. Regulation of gene expression by miR-144/451 during mouse erythropoiesis. Blood. (2019) 133:2518–28. doi: 10.1182/blood.2018854604 
	 74. Malomgré, W, and Neumeister, B. Recent and future trends in blood group typing. Anal Bioanal Chem. (2009) 393:1443–51. doi: 10.1007/s00216-008-2411-3 
	 75. Li, HY, and Guo, K. Blood group testing. Front Med Lausanne. (2022) 9:827619. doi: 10.3389/fmed.2022.827619
	 76. Wu, PC, Pai, S-C, and Chen, P-L. Blood group genotyping goes next generation: featuring ABO, RH and MNS. ISBT Sci Ser. (2018) 13:290–7. doi: 10.1111/voxs.12426
	 77. Barros, M, Langhi, D, and Bordin, JO. Autoimmune hemolytic anemia: transfusion challenges and solutions. Int J Clin Transfus Med. (2017) 5:9–18. doi: 10.1016/j.transci.2010.12.011
	 78. Reid, ME, and Denomme, GA. DNA-based methods in the immunohematology reference laboratory. Transfus Apher Sci. (2011) 44:65–72. 
	 79. Clausen, FB, and van der Schoot, CE. Noninvasive fetal blood group antigen genotyping. Blood Transfus. (2025) 23:101–8. doi: 10.2450/BloodTransfus.712
	 80. Sarihi, R, Oodi, A, Dadkhah Tehrani, R, Jalali, SF, Mardani, F, Azarkeivan, A , et al. Blood group genotyping in alloimmunized multi-transfused thalassemia patients from Iran. Mol Genet Genomic Med. (2021) 9:1701. doi: 10.1002/mgg3.1701 
	 81. Daniels, G. An overview of blood group genotyping. Annals of blood (2021) 8. doi: 10.21037/aob-21-37
	 82. Kim, TY, Yu, HB, Phan, MTT, Jang, JH, and Cho, D. Application of blood group genotyping by next-generation sequencing in various Immunohaematology cases. Transfus Med Hemother. (2022) 49:88–97. doi: 10.1159/000517565 
	 83. Orzińska, A. Next generation sequencing and blood group genotyping: A narrative review. Ann Blood. (2023) 8:39. doi: 10.21037/aob-21-39
	 84. Li, M, Wang, L, Li, A, Wang, B, Yang, X, Zhang, Y , et al. Integrated analyses reveal unexpected complex inversion and recombination in RH genes. Blood Adv. (2024) 8:3154–65. doi: 10.1182/bloodadvances.2023012147 
	 85. Thun, GA, Gueuning, M, and Mattle-Greminger, M. Long-read sequencing in blood group genetics. Transfus Medi Hemother. (2023) 50:184–97. doi: 10.1159/000530652 


Copyright
 © 2025 Arishi, Yaqinuddin and Sajid. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		Molecular advances in transfusion medicine: a narrative review



		1 Introduction



		2 Molecular diagnostic advances



		2.1 Polymerase chain reaction (PCR-based) genotyping



		2.2 Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) + PCR-SSP



		2.3 Transfusion medicine array



		2.4 NGS



		2.5 Emerging CRISPR diagnostics



		2.6 Clinical applications of molecular diagnostics



		2.6.1 Hemolytic Disease of the Fetus and Newborn (HDFN)



		2.6.2 Transfusion compatibility



		2.6.3 Donor registry expansion and rare phenotype detection



		2.6.4 Detection of transfusion-transmitted pathogens















		3 Blood product engineering



		3.1 Antigen modulation: RNA interference (RNAi) and microRNA (miRNA)



		3.2 iPSC-derived RBCs



		3.3 CRISPR gene-edited cells



		3.3.1 CRISPR-mediated antigen deletion for universal RBCs



		3.3.2 Generation of multi-antigen knockout erythroid cells



		3.3.3 CRISPR-based development of RhD-negative blood



		3.3.4 HLA-universal platelets and megakaryocytes









		3.4 miRNA-based therapeutics in transfusion and transplantation









		4 Conclusion



		Author contributions



		Funding



		Conflict of interest



		Generative AI statement



		Publisher’s note



		References



















OPS/images/fmed-12-1607340-g001.jpg
@ Expansion of Erythroid Progenitors

Peripheral
PBMCs

Cell expansion

@ Reprogramming via Transfection
Plasmld

Erythroid transfected with reprogramming
vectors (Oct4, Sox2, Lin28, KIf4, and L-Myc)

(3) iPSC Maintenance

—_—
mTeSR1 Medium






OPS/images/fmed-12-1607340-g002.jpg
CRISPR/Cas9 mediated ABO gene editing

{ [

) PBMC
I. Isolation
v

Blood
! Donor

ARh

Non-integrative
reprogramming

Induced /
pluripotent stem e
cells (niPSCs) ——————— Sl

ABO gene editing
by CRISPR/ Cas9

O Rhyy;





OPS/images/cover.jpg
’ frontiers = Frontiers in Medicine

Molecular advances in transfusion
medicine: a narrative review












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
¥ frontiers Frontiers in Medicine






