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21 (9.5%) Mafa-Ala alleles and 12 out of 46 (26.1%)
Mafa-B alleles had identical sequences to Mamu-4I and
Mamu-B alleles, respectively, implying a genetic admixture
of cynomolgus macaques with rhesus macaques during the
evolution (Otting et al. 2007; Bonhomme et al. 2009,
Otting et al. 2009). Because we determined the nucleotide
sequences only for exons 2, 3, and 4, two novel Mafa-AG
alleles and three novel Mafa-1 alleles were not given official
names. As for the geographic distribution of Mafa class I
alleles, there was no overlapping of Mafa-4 alleles
originated from different regions (Table 3), while there
were a few Mafa-B and Mafa-I alleles commonly observed

in macaques from different regions (Tables 4 and 5,
respectively). When we looked into the presence of novel
alleles in the geographic distribution, most of the novel
alleles were obtained from Malaysian macaques, while
almost all of the alleles found in Philippino macaques were
not novel (Table 2).

Mafa class I haplotypes identified in the family study
We could identify the Mafa-A4 and Mafa-B alleles compos-

ing 23 different haplotypes from the segregation studies
(Table 6). It was found that one to three expressing Mafa-A

Table 6 Mafa class I haplotypes identified in the cynomolgus macaques

ID*  Origin® Haplotype® Mafa-A1 Mafa-A (minor) Mafa-AG ~ Mafa-B Mafa-B (minor) Mafa-I
(major) (major)
P01 Indonesian “a” A1%002:01:02 A3*13:16 B*136:02 1*01:09/01:08
“b” A1*103:01 B*007:01:03, B*151:02:02
B*121:01
P02 Malaysian “c” A1%023:01 B*090:01 B*011:02, B*074:02
“d” A1%068:02 B*043:01 B*030:02, B*057:03 1*01:15 like-2
P03 Malaysian “e” A1%001:01, AGlI like-1 B*068:04, B*032:01, B*061:01,
A1%032:05 B*124:01:02 B*089:01:02
“f? A1*079:01 AG*04:03 B*061:02, B*155:02
B*138:02
P04  Philippino “g” A1*089:02 A2%05:13-like, B*137:03
A3*13:03
“h” A1*008:02 B*104:03
P05  Philippino  “i” A1*094:01 B*007:01:02 B*160:01
“ A1%008:02 AGI like-3 B*157:01 B*017:01, B¥089:01:02, I1*01:01:01,
B*116:01 1*01:15
P06  Philippino  “k” A1*08:03-like A2%*05:34-like B*074:01:02-like
“m” A1%089:02 A3%13:03 B*007:03, B*089:01:01
B*064:02
MO! Indonesian “n” A1*018:06 A2*05:16, B*002:03 1*01:15 like-1
A4*14:01
“0” A1*097:01 B*056:01 B*089:01:02
MO02 Indonesian “p” A1*097:01 B*137:03 B*013:08
“q” A1*019:05 B*018:01 B*004:01, B*060:04,
B*081:01
MO3 Malaysian “r” A1*054:01 B*002:03 1*01:15 like-1
“g” A1%056:02 A4*14:02 B*076:04 1*01:18 like
MO04 Malaysian “” A1*062:05 B*069:02 B*137:04
“u” A1*124:01 A3%*13:15 B*091:01
MOS5 Philippino  “v” A1%074:02, B*007:01:01,
A1*093:01 B*158:01
“w” A1#093:01 B*007:01:02 B*160:01
MO06 Philippino  “w” A1%093:01 B*007:01:02 B*160:01
“y” A1%052:02 B*033:02,
B*095:01

21D of founder animals as indicated in Fig. 1

® Origin of cynomolgus macaques

¢ Haplotypes were determined from studies of family as shown in Fig. 1
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alleles and one to five expressing Mafa-B alleles consisted
of Mafa class I haplotype, similar to the Mamu class 1
haplotypes in rhesus macaques (Naruse et al. 2010). Of
particular interest was that there were two haplotypes, “e”
(Malaysian founder P03) and “v” (Philippino founder
MOS5), carrying two different Mafa-41 genes (Fig. 1;
Table 6). Because previous studies have demonstrated that
there is usually only one Mafa-A1 allele on a chromosome
(Otting et al. 2007), while the presence of two Mamu-A1
alleles on the same haplotype was suggested in rhesus
macaques (Naruse et al. 2010; Doxiadis et al. 2011), we
performed further analyses.

The family studies showed that the Mafa-Alalleles
consisting of haplotype “e”, Mafa-41%001:01 andMafa-
AI*032:05, or haplotype “v”, Mafa-A1*074:02 and
Mafa-41%093:01, did not carry accompanying minor
Mafa-A genes (Table 6). When we constructed a
phylogenetic tree of Mafa-A alleles identified in this
study (Fig. 2), it was found that Mafa-41*001:01 was
mapped in the neighbor of Mafa-43gene, raising a
possibility that one of the two alleles on the same
chromosome might be a minor Mafa-A4 allele and not the
major Mafa-Al allele. To test the possibility, we
investigate the expression level of Mafa-A alleles
composing of haplotypes “e” and “v”. For this purpose,
other primer pairs were designed within the sequences
completely shared by these alleles to amplify the Mafa-4
c¢DNAs to avoid a possibility of affecting the efficacy of
PCR by mismatches with the primer sequences. The
cloning and sequencing analysis revealed that both
Mafa-A1%001:01 and Mafa-A1*032:05 on the haplotype
“e” were observed at similar frequencies among the
cDNA clones of Mafa-A alleles in P03and C008 (Fig. 1):
29.7% and 33.3% in P03 and 22.5% and 17.5% in C008,
respectively. Similarly, frequencies of haplotype *“v”
alleles, Mafa-A1*%074:02 and Mafa-A1%093:01, in
cDNA clones were 59.5% and 40.5%, respectively, in
MO05, while those in C010 were 23.3% and 26.7% and
31.4% and 17.1% in CO11, respectively. The frequencies
of cDNA clones varied in different individuals presumably
due to the allelic competition with the alleles of another
haplotype in each individual (Fig. 1), but they were much
higher than the frequencies of the minor Mafa-A4 allele
(Mafa-A3*%13:03) clones: 3.3% and 2.9% in C010 and
CO011, respectively. These observations indicated that two
Mafa-A alleles were considered to be major Mafa-Al
alleles in both haplotypes “e” and “v”

Discussion

Native cynomolgus macaques are widespread throughout
the islands of Southeast Asia into mainland Asia. They
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Fig. 2 Phylogenetic tree of Mafa-A alleles. A phylogenetic tree of the
Mafa-A alleles detected in this study was constructed by using the
neighbor-joining method with a bootstrap value of 5,000 replications.
Values more than 50% are indicated as percentages. Novel alleles were
underlined. Mafa-A1 alleles consisting of haplotype “e” are boxed,
while the stippled boxes represent the alleles on haplotype “v”. Alleles
of minor Mafa-A genes, Mafa-A2, A3, A4, and A6, are also indicated

are mainly found in Indonesia, Malaysia, and the
Philippines, then Burma, India, Vietnam, Cambodia,
Laos, and Thailand (Lang 2006). It was suggested that
the founding population of Mauritian macaques was
introduced from Indonesia (Pendley et al. 2008; Campbell
et al. 2009). More than 40% of Mafa class I alleles
observed in this study were novel, even though there have
been many reports on the analysis of Mafa class I genes,
demonstrating that the diversity of MHC in the cynomol-
gus macaques still needs to be investigated. When we
considered the origin of founders, 73.7% (28/38) were
novel in alleles found in Malaysian macaques, while only
15.6% (5/32) were novel alleles in Philippino macaques
(Table 2). The geographic distribution of novel alleles may
be due to the fact that the Malaysian macaques had not
been extensively analyzed before (Otting et al. 2007;
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Pendley et al. 2008; Kita et al. 2009). In the present study,
B*089:01:02 was found in individuals among Indonesian,
Malaysian, and Philippino macaques in different Mafa-B
haplotypes (Table 6). Likewise, B*137:03 was found in
Indonesian and Malaysian macaques (Table 4). In addi-
tion, shared alleles among the cynomolgus macaques,
rhesus macaques, and pig-tailed macaques (Macaca
nemestrina) were noted (Tables 3, 4, and 5). These
observations indicated that the diversity of MHC class I
genes is similar not only in the cynomolgus macaque
population but also among the Old World monkeys,
suggesting that the MHC class I polymorphisms might
be generated before the divergence of Old World
monkeys and/or there were admixtures of the Old
World monkeys.

In this study, we determined the haplotype structure
of Mafa class I locus by family studies and a total of 23
haplotypes were identified. Among them, haplotypes “i”
and “w” carried identical Mafa-B alleles but different
Mafa-A alleles (Table 6), suggesting that there were
haplotypes originated by a recombination between the
Mafa-A and Mafa-B loci. We showed that the Mafa class I
haplotypes were usually composed of one to three Mafa-A
alleles and one to five Mafa-B alleles, similar to the Mamu
class I haplotypes, of which usually one MHC-4] gene
and a few (one to three) MHC-B genes were highly
transcribed (Otting et al. 2007, 2008; Naruse et al. 2010;
Doxiadis et al. 2011). As for the MHC-4 locus in the
cynomolgus macaques, highly transcribed Mafa-4/gene
and other minor Mafa-A genes, such as Mafa-A2, -A3, -A4,
and -46 could be detected. It was reported that 87% of
cynomolgus macaques had at least one Mafa-A2 alleles
(Wu et al. 2008). However, only 3 out of 23 (13.0%)
haplotypes carried a Mafa- A2 allele in this-study (Table 6).
We could not exclude a possibility that the strategy of our
study might not be sufficient to detect the Mafa-4 genes
with low expression and/or the alleles with mismatches at
the primer site, based on the number of clones within a
PCR sample. Such a possibility is unlikely because we
used the primer pairs which could cover the known Mafa-
A2 alleles, although there might be novel Mafa-A42 alleles
having different sequences at the primer binding sites.
Therefore, we might underestimate the complexity of
Mafa class 1 alleles in this study. High-throughput
pyrosequencing methods may be a useful strategy to
avoid the possibility of missing alleles, as described by
several investigators (Wiseman et al. 2009; Budde et al.
2010; Aarnink et al. 2011b). In addition, because it was
reported that the cell surface expression of Mamu class I
molecule was varied depending on the locus and allelic
structure (Rosner et al. 2010), locus- and allele-dependent
expression of Mafa class I molecule at the cell surface will
be required.

The most important finding in this study was that we
demonstrated evidence for the presence of haplotypes
carrying two major MHC-A1 genes on the same chromo-
some from the family studies and additional cloning
studies. Interestingly, we and others have reported similar
phenomena in rhesus macaques (Naruse et al. 2010;
Doxiadis et al. 2011). In addition, several haplotypes
carried multiple major Mafa-BI alleles (Table 6), similar
to the Mamu-BI locus (Otting et al. 2008; Doxiadis et al.
2011). The raison d’etre of multiple major MHC class 1
genes/alleles on the same chromosome may be that they
play an immunological role as the “double lock strategy”
(Doxiadis et al. 2011) in which the double MHC-A41 alleles
of high transcription level might be favorable to present
peptide to CD8+ T cells. However, there is another unique
haplotype which carries no MHC-4lallele in cynomolgus
macaques (Otting et al. 2007) and maybe in rhesus
macaques (Doxiadis et al. 2011). These observations
suggested that the diversity of MHC in the Old World
monkey is far more complicated than in humans.

In summary, we investigated 26 cynomolgus macaques
from five families for the diversity of MHC class I alleles
and haplotypes. A total of 87 alleles were identified, of
which 40 were novel. There were 23 different haplotypes,
and two of them carried two MHC-41 genes, demonstrating
further the complexity of MHC class I locus in the Old
World monkey.
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