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The feline AB blood group system (blood types A, B, and AB) encoding the cytidine monophosphate-N-acetylneuraminic acid hydroxylase (CMAH) gene is the most significant in transfusion medicine and hemolysis of the newborn for cats. Blood typing and cross-matching in pre-transfusion testing are crucial to determining blood compatibility and thus prevent hemolytic transfusion reactions. We here performed serological and genetic investigations to characterize blood samples from cats with discordant results for card agglutination (CARD) and the alloantibody agglutination test for blood typing in two cats (subjects K and R). Subject K showed incompatible cross-matching in pre-transfusion testing. Red blood cells from subjects K and R determined blood type B from the CARD method showed blood type AB by alloanti-A and alloanti-B antibodies in agglutination testing. Genomic DNA sequencing of the coding region (exons 1a to 14) for the cat CMAH gene showed that subject K had four mutations with heterozygosity at c.139C>T, c.179G>T, c.327A>C, and c.364C>T. Similarly, the CMAH gene of subject R carried six mutations with heterozygosity at c.142G>A, c.187A>G, c.268T>A, c.327A>C, c.773G>A and c.1603G>A, representing a new diplotype including a novel synonymous single nucleotide polymorphism (SNP) in exon 7 (c.773 G>A: Arg258Gln). The CMAH diplotype in subjects K and R was different from major diplotype in blood type B cats. This study is the first to report CMAH variants in cats with discordant blood types between CARD and TUBE methods. These results could assist in the classification of feline AB blood types for transfusion medicine to avoid blood incompatibilities.
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INTRODUCTION

AB blood group antigens are the most significant in transfusion medicine and neonatal isoerythrolysis (NI) for cats (1–5). The feline AB blood group system is based on A and B antigens and contains type A, type B, and the rare type AB. Type A erythrocytes express N-glycolylneuraminic acid (Neu5Gc) and type B erythrocytes express N-acetylneuraminic acid (Neu5Ac) (6, 7). Cat serum contains naturally occurring antibodies against other erythrocyte antigens, with 95% of type A cats showing antibodies to type B antigen, and 35% of type B cats showing antibodies to type A antigen (2). Type AB erythrocytes express both Neu5Gc and Neu5Ac, and cats of this type show no naturally occurring antibodies to blood types A or B (2).

The enzyme cytidine monophosphate-N-acetylneuraminic acid hydroxylase is encoded by the CMAH gene, which changes Neu5Ac to Neu5Gc (8, 9). Humans only have Neu5Ac, because a 92-bp in exon 6 of the CMAH gene renders the resulting protein inactive (10, 11). Conversely, many DNA polymorphisms have been described in the cat CMAH gene, including c.139C>T, c.142G>A, c.179G>T, c.187A>G, c.268T>A, c.327A>C, c.364C>T, c.374C>T, c.376G>A, c.593A>C, c.868A>C, c.898A>G, c.933delA, c.1322delT, c.1342G>A, and c.1603G>A in the coding region of the cat CMAH gene (12–16). In our previous report, we regard that double haploids selected from multiple recessive alleles carrying one or several of these SNPs are presumed to lead to a loss or reduction of enzyme activity for synthesizing Neu5Gc from Neu5Ac, and would thus be associated with expression of Neu5Ac on the erythrocyte membrane in type B and AB cats (15).

Blood typing and cross-matching based on pre-transfusion testing are crucial to determining blood compatibility and thus preventing hemolytic transfusion reactions. There are some discrepancies in results of blood typing among different blood-typing kits depending on the sensitivity and specificity for detection of antigen (17–21). In addition, the FeLV-related anemia, other anemic cases, autoagglutination or mixed-field agglutination could affect the results of blood typing (17, 19, 20). In the present study, we describe the detection of an incompatible cross-match case (subject K) in the feline AB blood group system, and another cat (subject R) with discordant results from the card agglutination (CARD) method and alloantibody agglutination test for blood typing. We here describe our results from serological and genetic investigations to characterize blood samples from these two cats. We then characterized the low-frequency haplotypes carried according to six mutations and a novel haplotype with a new SNP in the feline CMAH genes of these cats.



METHODS


Animals
 
Subject K

Subject K was a 4-year-old, male, neutered, domestic Scottish Fold cat brought in as a volunteer feline blood donor with blood type B (CARD method) according to the feline AB blood group system. Subject K showed incompatible major cross-match and compatible minor cross-match with a candidate to receive transfusion of type B blood (CARD method) in pre-transfusion testing at Kariya Animal Hospital (Tokyo, Japan).



Subject R

Subject R was a male, neutered, and hybrid about 1 year old identified as a B-type (CARD method) cat in a blood group screening test at our laboratory. Blood had been collected at Shippo Animal Hospital (Yokohama, Japan) with the consent of the owner.




Serological Analyses

For this study, subjects K and R were identified due to a re-analysis of blood typing. Blood types were determined using RapidVet-H Feline Blood Type Cards according to the protocol described by the manufacturer (Kyoritsu Seiyaku Corporation, Tokyo, Japan). In addition, antigens and natural antibodies were tested by the tube (TUBE) agglutination method. Blood group antigens were also determined in subjects K and R using anti-A and anti-B alloantibodies in plasma from type B cats and type A cats, respectively. Natural antibodies in subjects K and R were tested using red blood cells (RBCs) from type A and B cats. RBC antigens from subject K were only characterized using the absorption test because of small amount of blood from subject R. Plasma containing anti-A alloantibodies and 3% RBCs from type A cats were mixed and reacted in 12 × 75-mm tubes at room temperature, and centrifuged at 3,000 rpm for 15 s. Tube agglutination testing was then performed using plasma supernatant that excluded anti-A alloantibody and a solution of 3% RBCs from subject K. Agglutination was considered positive if RBCs remained agglutinated after tubes were gently shaken.



Molecular Analysis

Genomic DNA was extracted from whole blood using the Puregene kit (Qiagen, Valencia, CA, USA), according to the instructions from the manufacturer. The coding region of the cat CMAH gene was amplified from genomic DNA as described in our previous report (15). Sequencing was performed directly on PCR products, purified using the High Pure PCR Product Purification Kit (Roche, Mannheim, Germany). Using the BigDye Terminator kit (v3.1; Applied Biosystems, Foster City, CA, USA), sequencing was performed on an ABI 3730 Genetic Analyzer (Applied Biosystems). BigDye Xterminator Purification kits (Applied Biosystems) were used to purify dye-labeled fragments in accordance with the instructions from the manufacturer.




RESULTS


Serological Analysis

The results of serological analysis in subjects K and R are in Table 1. Subject K showed incompatible major cross-match and compatible minor cross-match with a candidate for transfusion with blood type B in pre-transfusion testing. The major cross-match between RBCs from subject K and plasma from 10 blood-type B cats were tested using the TUBE method. Subject K showed incompatible major cross-match for all blood-type B cats. Then, the blood type of subject K was investigated by the CARD method using RapidVet-H Feline Blood Type CARD kits (Kyoritsu Seiyaku Corporation) and the TUBE method using plasma anti-A and anti-B alloantibodies from cats with type B blood and type A blood, respectively. The RBCs from subject K with blood type B as determined by the CARD method showed agglutination not only with anti-A alloantibody, but also with anti-B alloantibody by the TUBE method. These results suggested that subject K was identified as a type B cat by the CARD method but was actually a type AB cat. A less sensitive detection of A antigen using the CARD method has been reported in previous papers (17, 19, 20). Whether A antigen was expressed on RBC membranes in subject K was confirmed by the absorption test. Agglutination of A antigen on the RBC membrane on exposure to plasma from type B cats containing anti-A antibody disappeared when the anti-A antibody in plasma from type B cats was absorbed by reaction with type A RBCs.


Table 1. Serological investigation of subjects K and R with blood type B as determined by the CARD method.
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Subject R was identified as a type B cat in laboratory blood group screening with SNP genotyping in the feline CMAH gene. Similar to subject K, subject R had been identified by the CARD method as a type B cat, but as a type AB cat by the TUBE method using alloantibodies. Neither subject K nor subject R carried both anti-A and anti-B alloantibodies in plasma.



CMAH Gene Analysis

To characterize the CMAH gene, which is associated with feline AB blood group, we performed genomic DNA sequencing of the coding region (exons 1a to 14) in subjects K and R. Among the 17 single nucleotide variants (SNVs) reported for the feline CMAH gene, subject K showed four mutations with heterozygosity at c.139C>T (Arg47Cys) and c.179G>T (Val48Met) in exon 2, and c.327A>C (Glu109Asp) and c.364C>T (Pro122Ser) in exon 4 (Table 2). The CMAH diplotype (Dip.) of subject K was identified as Dip. 9 in our previous study (15), as identified from a cat with blood type B determined by the CARD method. That previous cat with Dip.9 was not blood typed using the TUBE method.


Table 2. Cat CMAH gene variants in cats showing inconsistencies between CARD method and alloantibody tests.
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The CMAH gene of subject R carried six mutations, with heterozygosity at c.142G>A (Val48Met) and c.187A>G (IIe63Val) in exon 2, c.268T>A in exon 3, c.327A>C in exon 4, c.773G>A (Arg258Gln) in exon 7 and c.1603G>A (Asp535Asn) in exon 13 (Table 2). The SNP locus at c.773 G>A in exon 7 was a novel variant for the feline CMAH gene, representing a new diplotype for the CMAH gene.




DISCUSSION

Blood typing and cross-match testing are the most common procedures applied in effective and safe transfusion medicine. Normally, identification of matching blood types between donors and recipients prevents major and minor transfusion reactions in the feline AB blood group system. Classification of the blood type is thus very important. This study is the first to report CMAH variants in cats with discordant blood types between CARD and TUBE methods in the feline AB blood group system.

Type AB erythrocytes show decreased expression of both A and B antigens compared with type A or type B erythrocytes (6). Griot-Wenk et.al showed that the mean fluorescence of AB cells was half that seen with A or B cells alone (7). We here identified two cats (subjects K and R) that were blood type B according to the CARD method, but were blood type AB according to the TUBE method. Seth et al. also reported discordant results from several commercially available serological tests for blood typing as compared with results from the TUBE method (17–21). Among six of 58 discordant cases, three cats showed type B with the CARD method and type AB with not only the TUBE method, but also with immunochromatographic cartridge (CHROM), gel-based (GEL), and conventional slide (SLIDE) methods. These results suggested that the CARD method did not detect expression of A antigen in cases of blood type AB cat with extremely low levels of A antigen (17). Type AB erythrocytes have approximately half as much A and B antigen as A and B erythrocyte, respectively (6, 7). We consider that type AB cats with a weak A antigen (henceforth AwB) exist at low frequency among cats categorized as type B by the CARD method. We recommend both CARD method and TUBE method to determine the blood type for incompatible cross-match cases.

Many DNA polymorphisms in the cat CMAH gene have been described (12–16). Subjects K and R with type AB did not carry the critical genotype for blood type B (c.268:AA) and type AB (c.364:TT) cats in the CMAH gene (12, 14–16). The diplotype of subject K corresponded to Dip.9, which we identified in a type B cat in a previous report (15). That previous cat with Dip.9 was not blood typed using the TUBE method, so the possibility remains that Dip.9 cats are uniformly AwB cats. The Dip.9 type B cat in that previous study (15) was originally planned to be bred as a donor cat for type B cats in our Veterinary Medical Teaching Hospital. However, the cat was determined to be unsuitable as a donor cat and was transferred to a foster family. The present subject R with new SNPs and a new diplotype not only showed that further CMAH variants exist in cat populations, but also that type AwB cats can show genetic variation. This study suggested that not only blood typing methods and cross-matching methods but also CMAH variant analysis are useful in identifying appropriate blood sources for AB blood transfusion medicine.
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