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The Journal of Immunology

Complex MHC Class I Gene Transcription Profiles and Their
Functional Impact in Orangutans

Natasja G. de Groot,* Corrine M. C. Heijmans,* Marit K. H. van der Wiel,*

Jeroen H. Blokhuis,*,†,‡ Arend Mulder,x Lisbeth A. Guethlein,†,‡ Gaby G. M. Doxiadis,*

Frans H. J. Claas,x Peter Parham,†,‡ and Ronald E. Bontrop*,{

MHC haplotypes of humans and the African great ape species have one copy of the MHC-A, -B, and -C genes. In contrast, MHC

haplotypes of orangutans, the Asian great ape species, exhibit variation in the number of gene copies. An in-depth analysis of the

MHC class I gene repertoire in the two orangutan species, Pongo abelii and Pongo pygmaeus, is presented in this article. This analysis

involved Sanger and next-generation sequencing methodologies, revealing diverse and complicated transcription profiles for orang-

utan MHC-A, -B, and -C. Thirty-five previously unreported MHC class I alleles are described. The data demonstrate that each

orangutan MHC haplotype has one copy of the MHC-A gene, and that theMHC-B region has been subject to duplication, giving rise

to at least three MHC-B genes. The MHC-B*03 and -B*08 lineages of alleles each account for a separate MHC-B gene. All MHC-

B*08 allotypes have the C1-epitope motif recognized by killer cell Ig-like receptor. At least one otherMHC-B gene is present, pointing

toMHC-B alleles that are not B*03 or B*08. TheMHC-C gene is present only on some haplotypes, and each MHC-C allotype has the

C1-epitope. The transcription profiles demonstrate thatMHC-A alleles are highly transcribed, whereasMHC-C alleles, when present,

are transcribed at very low levels. TheMHC-B alleles are transcribed to a variable extent and over a wide range. For those orangutan

MHC class I allotypes that are detected by human monoclonal anti-HLA class I Abs, the level of cell-surface expression of proteins

correlates with the level of transcription of the allele. The Journal of Immunology, 2016, 196: 750–758.

T
he MHC emerged with the evolution of jawed vertebrates
∼400 million years ago (1). The cell-surface proteins
encoded by the MHC class I genes play a key role in the

adaptive immune response to infections and cancer, and involve
the presentation of peptides to CD8+ cytotoxic T cells. The con-
tractions and expansions of the MHC class I gene family, which
took place during primate evolution, suggest that different species
seem to have fine-tuned their immune capability in the course of
resisting and surviving a spectrum of infections (2). In addition to
their role in T cell immunity, MHC class I molecules are also
ligands for killer cell Ig-like receptors (KIRs). The KIRs are
principally expressed on NK cells, a subset of lymphocytes in-
volved in innate immunity (3). In humans, HLA-C molecules are
the dominant ligands for KIR, and there are two types, which

carry either the C1 or the C2 epitope, and engage different KIR
subsets (4). In addition to fighting infection, NK cells play a

critical role in reproduction. Here the interaction of maternal KIR

on uterine NK cells, with fetal HLA-C expressed by extravillous

trophoblast (EVT), is essential for embryo implantation and for-

mation of the placenta (5). This raises the possibility that during

primate evolution, adaptations in the reproduction process may

also have influenced the gene content variation and polymorphism

of the MHC class I gene family.
Humans and orangutans shared a common ancestor ∼12–16

million years ago (6), and the orangutan, an inhabitant of Asia, is

the only great-ape species living outside of Africa. Two species

are officially recognized (7): Pongo abelii (Poab) and Pongo

pygmaeus (Popy), inhabiting the islands of Sumatra or Borneo,

respectively. Orangutans possess genes that are homologous to

HLA-A, -B, and -C genes (8). In the two species, however, there

is evidence for differences in the copy number of MHC class I

genes. All human haplotypes carry single copies of MHC class I

genes, whereas some orangutan haplotypes seem to have at least

two MHC-B genes and others lack MHC-C (9, 10). For gibbons,

the small apes that are also inhabitants of Asia, no homolog of

HLA-C has been identified (8), and the corresponding genomic

region appears to be absent from the MHC (11). In recon-

structing the evolution of the MHC-C and its coevolution with

KIR, these comparisons point to the orangutan being a pivotal

species.
The accessibility of next-generation sequencing (NGS) tech-

nologies opened new avenues for the study of gene content in

species with gene copy number variation (12). For instance, in

rhesus macaque, a species known to have extensive variation

in the gene copy number (13, 14), 454 pyrosequencing is a viable

tool for studying the MHC class I repertoire (15). Moreover, this

technique can be used to analyze the level of transcription of

different alleles present in an individual more reliably than was
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done in the past by conventional sequencing techniques (15–17).
In addition to the Sanger method, we have applied NGS tech-
nology to characterize MHC polymorphism, and to examine the
level of transcription of MHC class I genes in a panel of unrelated
orangutans. The cell-surface expression of MHC class I allotypes
on orangutan B cell lines was assessed using a panel of mAbs. The
data revealed a differential level of transcription/expression for the
orangutan MHC allotypes and shed light on the evolution of the
orangutan MHC class I family, as well as the plasticity of this
region in primates.

Materials and Methods
Cell lines

EBV-transformed B cell lines from six unrelated orangutan individuals
were studied: three cell lines from individuals of the Poab species (PPY1,
Jinjing, and Guchi) and three cell lines from individuals of the Popy
species (Jago, Katja, and Elmar). The human EBV-transformed B cell line
JY was used as a reference and control.

Sequencing of full-length orangutan MHC class I transcripts
using the Sanger method

Conventional Sanger sequencing was performed to define MHC-A, -B, and
-C gene variation in the six orangutans using four different primer sets: two
generic primer sets amplifying the full-length cDNA sequence of all three
classical genes (exons 1–8 for the MHC-A [1098 bp] and -C [1101 bp]
genes, and exons 1–7 for the MHC-B [1089 bp] gene), and two gene-
specific primer sets (Supplemental Fig. 1). RNA was extracted from the
cultured B cell lines with the RNeasy Mini kit (Qiagen), in accordance
with the manufacturer’s recommendation, and served as a template for the
cDNA synthesis using the RevertAid First Strand cDNA synthesis kit
(Thermo Scientific). The cDNA was used as starting material in the PCR
for the amplification of MHC-A, -B, and -C. The PCR mixes (50 ml total)
contained 2 ml cDNA, 1 mM each primer, 0.25 mM of each deoxy-
nucleotide (dNTP), 2.5 mM MgCl2, 5 ml 103 PCR buffer, and 0.5 U
platinum Taq polymerase (Invitrogen). The PCR conditions were as fol-
lows: primer set A: 95˚C for 30 s, 30 cycles of 94˚C for 10 s, 55˚C for 60 s,
72˚C for 90 s, and a final extension at 72˚C for 5 min; primer sets B and C:
95˚C for 60 s, 30 cycles of 95˚C for 30 s, 63˚C for 30 s, 72˚C for 90 s, and
a final extension at 72˚C for 5 min; and primer set D: 95˚C for 30 s, 30
cycles of 94˚C for 10 s, 60˚C for 60 s, 72˚C for 90 s, and a final extension
at 72˚C for 5 min. PCR amplification was verified using gel electropho-
resis, and PCR products were purified using the GeneJET gel extraction kit
(Thermo Scientific). Subsequently, the PCR products were cloned and
sequenced as previously described (18). The data were analyzed using the
programs Lasergene Seqman Pro version 11.2.1 (DNASTAR, Madison,
WI) and Macvector version 12.7.5 (MacVector, Cambridge, U.K.). An
allele was defined unambiguously if it was confirmed in at least two in-
dependent PCRs. The sequences were deposited in the European Molec-
ular Biology Laboratory database (http://www.ebi.ac.uk) and given ac-
cession numbers HE801276 to HE801302, HG970960 to HG970962. All
sequences were officially named and deposited in the Immuno Polymor-
phism Database–Major Histocompatibility Complex Non-Human Primate
(IPD-MHC NHP) database (19).

Sequencing of orangutan MHC class I using the 454-Roche
platform

RNA and subsequently cDNA were synthesized as described earlier and
used as starting material for the PCR amplification of MHC class I genes
with generic primers, generating a product of 564 bp covering part of exon
2, all of exon 3, and part of exon 4. The PCRmixture (20 ml total) contained
2 ml cDNA, 0.25 mM of each primer (primer set E; Supplemental Fig. 1),
0.2 mM of each dNTP, 0.6 ml DMSO, 4 ml 53 Phusion buffer HF, and 0.1
ml Phusion Hot Start High Fidelity DNA Polymerase (Thermo Scientific).
The cycling parameters consisted of an initial denaturation step of 1 min at
98˚C, followed by 10 cycles at 98˚C 15 s, 68˚C 10 s, 66˚C 10 s, 64˚C 30 s,
and 72˚C 1 min, with a final extension of 40 s at 72˚C. The PCR was
followed by an exonuclease step (25 ml total) containing the PCR mixture
(20 ml), 0.5 ml Exonuclease I and 1 ml 53 Phusion buffer HF. The mixture
was incubated for 30 min at 37˚C, followed by 15 min at 80˚C. Subse-
quently, a second PCR was performed on the mixture containing the 454-
Roche multiplex identifier–encoded primers. This PCR (30 ml total) con-
tained the exonuclease step mixture (25 ml), 0.066 mM of each dNTP, 0.17
mM of each primer (454-Primer-A and 454-Primer-B; see Supplemental

Fig. 1 for specific primers used to differentiate between each animal), 1 ml
53 Phusion buffer HF, and 0.1 ml Phusion Hot Start High Fidelity DNA
Polymerase. Cycling parameters for the PCR consisted of an initial de-
naturation step of 1 min at 98˚C, followed by 20 cycles at 98˚C 10 s, 68˚C
20 s, and 72˚C 30 s, with a final extension of 40 s at 72˚C. PCR ampli-
fication was verified using gel electrophoresis, and PCR products were
purified as described earlier. DNA concentrations were measured with the
Quant-it kit (Invitrogen) on the Qubit 2.0 Fluorometer (Invitrogen). The
emulsion PCR and 454 sequencing run were performed following the
manufacturer’s recommendation (Sequencing Method Manual, GS Junior
Titanium Series, May 2010, Roche). The Web-based Galaxy platform was
used to manage and analyze the pyrosequencing data (http://usegalaxy.
org). A stringent (1%/1%) and a less stringent (0.1%/0.1%) filtering
method were compared. The implementation of both methods was based
on the expectation that the correct sequences (non-PCR and nonsequencing
artifacts) were read more frequently within a collection of in-duplicate
sequenced samples. PCR errors were reduced by performing the experi-
ment in duplicate, and a sequence was qualified as being correct if it
appeared in both duplicates, and/or a sequence appeared to be identical to a
sequence identified with the Sanger method. Correction for homopolymer
errors was achieved by collapsing them all to one base. Sequencing in both
directions, forward and reverse, was performed to minimize systematic
errors (e.g., reading a wrong base after a homopolymer of Gs). When
counting the number of sequences and taking into account the earlier
conditions, the correct sequences were distinguished from the incorrect
ones. In addition, sequence errors were controlled by obtaining the same
sequences in several individuals, by identifying the sequences obtained
with the Sanger method, and/or by confirming sequences present in the
IPD-MHC NHP database. In the filtering methods, the first percentage is
the cutoff point above which a sequence is present (where repetitions of
nucleotides within a sequence are concatenated). The second percentage is
the cutoff point above which the original sequence is present within the
specific pool of concatenated sequences. Macvector version 12.7.5 (Mac-
Vector, Cambridge, U.K.) was used to compare the reads/sequences re-
trieved after stringent and less stringent filtering with the orangutan MHC
class I alleles using the Sanger method to identify new sequences and
confirm those that had been previously detected.

In the forward primer (Popy454cl1-ex2-Forward) at position 30 a wobble
(Y) representing the nucleotide bases C or T was introduced, as the orangutan
MHC class I alleles display polymorphism at this position. C- and T-positive
alleles could display different transcription levels (Supplemental Fig. 2),
suggesting that the introduction of this wobble did not influence the PCR
amplification. Newly detected sequences (exons 2–3) using the 454-Roche
platform were deposited in the European Molecular Biology Laboratory
database (http://www.ebi.ac.uk) and given accession numbers HG970954 to
HG970959 and LN885087. These sequences were also officially named and
deposited in the IPD-MHC NHP database (19).

Genomic sequencing of partial MHC class I genes to identify
their presence or absence

For genomic DNA, the PCR (50 ml total) contained 100 ng DNA, 0.5 mM
of each relevant primer (primer set F; Supplemental Fig. 1), 0.2 mM of
each dNTP, 1.5 mM MgCl2, 5 ml 103 PCR buffer, and 1 U platinum Taq
polymerase (Invitrogen). The cycling parameters consisted of an initial
denaturation step of 1 min at 94˚C, followed by 30 cycles at 94˚C 30 s, 64˚C
30 s, 72˚C 50 s, with a final extension of 10 min at 72˚C. The PCR products
(349 bp, covering part of exon 2, complete intron 2, and part of exon 3) were
purified as described earlier, and cloned and sequenced as described previ-
ously (18). The data were analyzed using the programs Lasergene Seqman
Pro version 11.2.1 and MacVector version 12.7.5. Three independent PCRs
were performed for each animal to confirm the presence or absence of the
different orangutan MHC class I alleles.

Analysis of cell-surface expression of MHC class I allotypes

Cell-surface expression of MHC class I allotypes on the orangutan EBV-
transformed B cell lines was investigated by flow cytometry using a
panel of human HLA class I–specific mAbs. The amino acid sequences of
the orangutan MHC class I allotypes were examined for the presence of
epitopes previously defined from the patterns of reactivity of anti-HLA
mAb with HLA class I. mAbs that reacted with these putative trans species
epitopes were selected for analysis. The HLA specificities of the mAbs had
been previously determined by complement-dependent cytotoxicity assays
against large panels of HLA-typed human PBMCs and confirmed in
binding assays using beads coated with single HLA allotypes (20–22). For
flow cytometry, the amount of mAb that gives saturation or near saturation
was determined (Supplemental Fig. 2). One hundred thousand orangutan
or human cells were placed in wells of a 96-well plate or in tubes. Before

The Journal of Immunology 751
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adding the mAb, excess culture media was removed by two washes with
FACS-buffer (PBS + 0.5% BSA made filter sterile). An amount of 25 ml
mAb-containing hybridoma supernatant for WK1D12 (12.9 mg/ml),
SN607D8 (16.5 mg/ml), and SN66E3 (20.1 mg/ml), 100 ml for VDK8F7
(142 mg/ml) and WK4C11 (24.2 mg/ml), and 200 ml for HDG11G12 (4.8
mg/ml) was added and incubated on ice in the dark for 1 h. After one wash
with FACS buffer, cells incubated with mAb in FACS tubes were trans-
ferred to a 96-well plate. Following two additional washes with FACS
buffer, cells were stained with either F(ab9)2 goat anti-human IgG/PE (Jackson
Immunoresearch) or with F(ab9)2 rabbit anti human IgM/FITC (Dako),
depending on the isotype of the mAb being tested, for 30 min in the dark on
ice. Cells were washed twice and then fixed with 2% paraformaldehyde.
Conjugate-only controls were incorporated in the test, and the total MHC class
I expression of the EBV-transformed B cell lines was assessed with the
fluorochrome-labeled Ab HLA-ABC/RPE (clone W6/32; Dako). FACS anal-
yses were performed on the LSR II (BD Biosciences), and data analyses were
performed with FlowJo software Version 9.7.2 (Tree Star).

Calculations and statistics

Neighbor-joining trees were constructed with the MEGA program version
4.0.2 (23), whereas pairwise distances were calculated using the maximum
composite likelihood method, and bootstrap values were calculated based
on 1000 replicates.

The percentage of transcription of eachMHC class I allelewas calculated
by dividing the number of reads per allele/amplicon/individual by the total
number of reads analyzed per amplicon/individual 3 100%.

The relative expression of an MHC allotype is defined as:

�
gMFImAb 2 gMFIconjugate-only  control

��
gMFIW6=32

where gMFI denotes geometric mean fluorescence intensity, and mAb,
conjugate-only control, and W6/32 refer to the relevant incubations. The
mean of expression in three independent determinations with SD was
plotted with Prism 6 Version 6.0d. The threshold value, above which all
values are considered positive relative expression, is defined as the mean of
expression determined for the orangutans for SN607D8 in the case of IgG
and SN66E3 in the case of IgM 6 3 SD. Data relating to SN607D8 and
SN66E3 Abs were taken as controls because their target epitopes are not
present on orangutan MHC class I molecules.

Results
MHC class I gene variation in orangutans

B cell lines derived from six unrelated orangutans were used as a
source of cDNA. From these samples, full-length mature MHC
class I transcripts were independently amplified, cloned, and se-
quenced using the Sanger method. Intensive sequencing of the
samples, using four different primer sets to retrieve as many dif-
ferent transcripts as possible, resulted in the identification of 30
diverse full-lengthMHC class I alleles, derived from various genes
(Fig. 1). Nonetheless, results of the analysis also suggested that
certain alleles, in particular MHC-C, are poorly transcribed.
Therefore, we wished to investigate the transcription/expression
profile of the orangutan MHC class I genes in more detail.
Sequences identified by means of the Sanger method were the

model for the design of generic MHC-A, -B, and -C primers tar-

geting conserved regions in exons 2 and 4. cDNA from five of the
cell lines was available and subjected to two independent rounds
of amplification. Because of the incorporation of different multi-
plex identifiers, the two different amplicons could be distinguished
(Supplemental Fig. 1). Pyrosequencing of the 10 amplicons gave a
total number of 50,496 reads, with an average of 10,099 reads per
individual (range 8,863–11,983; Supplemental Fig. 2).
A stringent filtering of the reads was first performed, and ∼200

reads per individual were analyzed. This approach allowed the
identification of 25 different MHC class I alleles (Fig. 1, yellow
background). Although most of these alleles had been identified
previously by the Sanger method, four of the sequences (Fig.1,
underlined alleles on a yellow background) were newly identified,
and using the Sanger sequencing method, we confirmed their exon
2 and 3 sequences. However, certain full-length MHC class I al-
leles that had been identified using the Sanger method were not
obtained upon stringent filtering: notably, all MHC-B*03, some
-B*08, and all MHC-C alleles (Fig.1, nonunderlined alleles on a
blue background).
Hence, a less stringent filtering was applied to the reads, to

search for as yet unidentified MHC class I sequences. This ap-
proach resulted in the analysis of ∼2800 reads per individual, and
all but one of the MHC class I alleles identified using the Sanger
method were obtained with this analysis. In addition, three previously
unreported alleles, Poab-B*03:03 and -B*08:04 and Popy-B*03:07,
were detected (Fig. 1, underlined alleles on a blue background), and
for these alleles we also confirmed their exon 2 and 3 sequences by
means of the Sanger method. Neither stringent nor less stringent
filtering yielded sequences representing the Poab-B*03:01 allele
identified in orangutan PPY1 using the Sanger method.
An average of 10% of the reads, both in the stringent and less

stringent filtering, could not unambiguously be assigned to an allele
(Supplemental Fig. 2). An independent analysis of genomic DNA
derived from the cell lines demonstrated that all the MHC class I
alleles detected by cDNA had corresponding genes, and indicated
that the genomes of PPY1 and Jago did not contain an MHC-C
gene.
The Sanger and pyrosequencing methods resulted in the de-

tection of a total number of 35 alleles that had not been previously
reported to the IPD-MHC NHP database: 20 for Poab and 15 for
Popy. Phylogenetic analysis, combining the 35 sequences with
previously reported orangutan MHC class I sequences (8–10,
24–26), showed that for the MHC-A, -B, and -C genes, lineages
are shared between the orangutan species. Moreover, unreported
lineages in both species could be defined for the MHC-A and -B
genes (Fig. 2), illustrating that these genes are highly polymorphic
in orangutans. In sharp contrast, the MHC-C gene shows a low
level of polymorphism, because of the 35 identified alleles, 10 are
MHC-A alleles, 24 are MHC-B alleles, and only 1 is an MHC-C

FIGURE 1. MHC class I alleles present in six unrelated orangutans. All alleles, except those underlined, comprise full-length sequences detected using

the Sanger method. The allele names on a yellow background are the alleles detected by pyrosequencing with stringent filtering. The alleles on a blue

background are the alleles detected by pyrosequencing with less stringent filtering. Underlined are alleles represented by exon 2 and 3 sequences that were

confirmed using the Sanger method. For orangutan Elmar, only Sanger sequencing was performed, and the data are presented on a gray background. On a

white background is the allele detected only by Sanger sequencing. The “h” indicates that the individual is likely homozygous for this particular allele. The

sequences of Popy-A*05:01 and -C*02:03 were published previously (9, 19).
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allele. In every orangutan, one or two MHC-A alleles were iden-
tified, consistent with the presence of one A gene on an MHC
haplotype (Fig. 1). For MHC-B, four to six alleles per individual
were identified, which indicates the presence of two to three dif-
ferent B genes in the orangutan MHC. However, at this stage we
cannot exclude the possibility that MHC haplotypes in orangutans
show more complex variations with regard to gene copy number
variation. In four subjects, PPY1, Guchi, Jago, and Elmar, two
different alleles of the MHC-B*08 lineage were detected (Fig. 1),
indicating that in these subjects both haplotypes possess an MHC-

B*08 allele, and the likelihood that this lineage is encoded by a
separate gene. Jinjing and Katja appear to be homozygous for the
B*08 allele. Again, because the studied orangutans are unrelated
(27), and pedigree analysis could not be performed, it is difficult to
make any firm statement regarding the haplotype distribution of
the otherMHC-B genes/alleles. In the case ofMHC-C, three of the
orangutans have one allele, and for the others, no MHC-C allele
was identified. This transcriptional analysis is consistent with
previous genomic and cDNA studies, demonstrating that the C
gene is absent from ∼50% of orangutan MHC haplotypes (8, 9).

FIGURE 2. Phylogenetic comparison of Poab and Popy MHC class I full-length cDNA sequences. (A), (B), and (C) indicate the MHC-A, -B, and -C

phylogenetic clusters in the tree, respectively. Particular human (HLA), bonobo (Papa), chimpanzee (Patr), gorilla (Gogo), and previously published

orangutan MHC class I sequences were included (19). Alleles newly identified in this study are indicated with boldface. Pink ovals indicate new alleles

clustering into previously unreported lineages. Relevant bootstrap values (.70) are indicated. The alleles with underlined names were assigned by only

exon 2 and 3 sequences. This, however, did not affect the results of the phylogenetic comparison.

The Journal of Immunology 753
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Moreover, both forms of haplotype, those possessing and those
lacking an MHC-C gene, are present in the Sumatran (Poab) and
Bornean (Popy) species of orangutan (Fig. 1).

Orangutan MHC class I genes display differential levels of
transcription

From the distribution of reads from each amplicon, the percentage
transcription was calculated for the various MHC class I alleles
detected in each orangutan B cell line (Supplemental Fig. 2). The
analysis was independently performed for the reads obtained using
stringent and less stringent filtering, and for each allele there was
concordance among the four assessments. Despite variation in the
total number of reads obtained, the relative representation of the
different MHC class I transcripts was remarkably similar. The less
stringent filtering gathered 14-fold more reads and a better rep-
resentation of the MHC class I variability present in the orangu-
tans, and was therefore used to plot histograms (Fig. 3).

The extent to which theMHC class I genes are transcribed varies
over a wide and continuous range from 0 to ∼50% of the total
MHC class I transcription. The analysis illustrated that theMHC-A
gene is transcribed highly (26.1–49.2%), MHC-B shows differ-
ential transcription ranging from 0 to 22.5%, and MHC-C, if
present, is only weakly transcribed (0.9–1.3%; Fig. 3).
The individual MHC-A alleles in the four heterozygous animals

are transcribed at similarly high levels. In the orangutans hetero-
zygous for the MHC-B*08 gene, the individual alleles also make a
similar transcriptional contribution, although the level of tran-
scription is much lower than for the A alleles. Taking all five
orangutans into consideration, the relative contribution of the
MHC-B*08 genes is 1.8–7.8% compared with 49.2–78.2% for
MHC-A. From all alleles identified, the MHC-B*03 alleles are
transcribed at a very low level (0–0.9%). This result was obtained
for all five orangutans examined and is consistent withMHC-B*03
being an independent gene. Because the haplotype distribution of

FIGURE 3. Comparison of the transcription ofMHC class I alleles detected in five orangutan cell lines. For each of the five orangutan B cell lines (PPY1,

Jinjing, Guchi, Jago, and Katja) the relative transcription of each MHC class I allele is given as a percentage of the total. The values are the averages of two

determinations (Supplemental Fig. 2). The analysis was performed on the data obtained with the less stringent filtering. ^No reads were obtained for this

allele in the pyrosequencing; as a result, the transcription percentage is equal to zero.
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the other B alleles cannot be determined, it is challenging to de-
scribe their relative contribution to the total transcription level. An
upper limit can be estimated, however, by summing the twoMHC-B
alleles with the highest transcription in each cell line. These sums
give values from 18.3 to 35.3%. The earlier analysis demonstrates
how the orangutan MHC-B genes exhibit more complex tran-
scription profiles than MHC-A and -C genes.
Previously, for the three alleles, Popy-B*03:02, -B*06:01, and

-B*07:01, the second nucleotide on the start codon was shown to
be deleted, and translation initiation for these alleles is most likely
provided by the ATG present on the fourth codon, which lies
downstream (9). Equivalents of Popy-B*03:02 and -B*06:01 are
present in our panel. All our orangutans transcribe a B*03-lineage
allele, and most likely use the ATG present on the fourth codon.
Transcription profiles for theMHC-B*03 alleles show that they are
less well transcribed than other MHC-B alleles. In contrast, Poab-
B*06:01, present in Guchi, is also likely to use the ATG present on
the fourth codon and shows the highest transcription of allMHC-B
alleles present in Guchi. This suggests that differential start codon
usage does not explain why particular orangutan MHC-B alleles
are less well transcribed.

Certain human anti–HLA class I mAbs recognize orangutan
MHC class I molecules

The amino acid sequences of the a1 and a2 domains of orangutan
MHC class I allotypes were examined for the presence of motifs
that are known to be epitopes of a panel of human anti-HLA class
I mAbs (Supplemental Fig. 3). Particular motifs are present in the
orangutan MHC class I allotypes (Supplemental Fig. 3), and to
monitor the cell-surface expression of specific orangutan MHC
class I molecules, we selected and analyzed 20 mAbs for their
binding to the orangutan cell lines by flow cytometry. Six of the
Abs tested, three IgG (WK1D12, HDG11G12, and SN607D8) and
three IgM (VDK8F7, WK4C11, and SN66E3), gave informative
reactions. The human JY cell line, expressing HLA-A*02:01,
-B*07:02, and -C*07:02, was used as a control. Consistent with
previous data, high amounts of HLA-A*02:01 and -B*07:02 al-
lotypes were detected on the JY cell line with mAbs SN607D8/
SN66E3 and WK1D12, respectively, and a low but distinct
amount of the HLA-C*07:02 gene product was detected with
WK4C11 (Fig. 4, Supplemental Fig. 4) (28). The results for JY
with mAbs SN607D8 and SN66E3, respectively, an IgG and an
IgM Ab binding to HLA-A*02:01, suggested that the IgG gave an
approximately four times stronger reaction.

Differential cell-surface expression of orangutan MHC class I
molecules

The specificity and diversity of the binding reactions of the six
mAbs demonstrated the cell-surface expression of certain orang-
utan MHC class I allotypes (Fig. 4, Supplemental Fig. 4). Ab
WK1D12 (IgG) binds to the cell lines of Jinjing and Guchi, but
not to the other orangutan cell lines (Fig. 4, Supplemental Fig. 4).
WK1D12 recognizes an epitope containing glutamate 163 and
tryptophan 167, which is present in Poab-A*03:01 and -A*09:01
(Fig. 4). Ab HDG11G12 (IgG) binds to the PPY1, Guchi, and
Katja cell lines (Fig. 4, Supplemental Fig. 4), consistent with leucine
163 and tryptophan 167 in combination with arginine 62, glutamine
65, and isoleucine 66. This epitope characterizes the MHC-B*04
lineage. Four of the five residues of this epitope are present in Poab-
B*10:01 (Fig. 4). This allele is transcribed by PPY1 as well and
might also account for HDG11G12 binding to PPY1.
Binding of Ab SN607D8 (IgG) to the highly expressed HLA-

A*02:01 on the JY cell line gave an average relative expression of
3.02 (Fig. 4). In comparison, the binding of WK1D12 (average

relative expression ranging from 1.06 to 1.19) indicates that Poab-
A*03:01 and Poab-A*09:01 have high cell-surface expression
indexes. HDG11G12 (average relative expression ranging from 0.24
to 1.05) reflects an intermediate to high cell-surface expression in-
dex for the orangutan MHC-B*04 allotypes. The seemingly higher
expression by PPY1 cells can be explained by the binding of
HDG11G12 to Poab-B*04:01:02 and Poab-B*10:01 (Fig. 4).
Ab VDK8F7 (IgM) recognizes the combination of leucine 82

and arginine 83. This motif is present in orangutan MHC-B*03 and
two -B*08 allotypes (Fig. 4). Ab VDK8F7 binds to Guchi, Jago,
and Katja cell lines (Fig. 4, Supplemental Fig. 4), which transcribe
MHC-B*03 and -B*08 allotypes having the indicated motif.
VDK8F7 does not bind to PPY1 and Jinjing, which transcribe only
MHC-B*03 allotypes with the indicated motif. Therefore, VDK8F7
most likely demonstrates the expression of MHC-B*08 allotypes in
Guchi, Jago, and Katja cell lines.
AbWK4C11 (IgM) recognizes the C1-epitope, comprising valine

76, serine 77, arginine 79, and asparagine 80. In humans, this epitope
is present on particular HLA-C and some HLA-B allotypes. In
orangutans, the epitope exists on MHC-B*08 allotypes present in all
five orangutans studied, as well as on MHC-C allotypes present in
Jinjing, Guchi, and Katja (Fig. 4). WK4C11 binds to Katja, but not
to the other orangutan cell lines (Fig. 4, Supplemental Fig. 4).
Because WK4C11 does not bind to Jago cells, which have the same
MHC-B*08:02 allotype as Katja but lack MHC-C, the target for the
binding of WK4C11 to Katja is probably the C1 epitope of Popy-
C*02:03. The specificity of WK4C11 for C1 was defined by its
binding to human HLA class I determinants. The mAb does not
recognize the C1-epitopes carried by orangutan MHC-B*08 allo-
types. Because mAb VDK8F7 demonstrates that orangutan B*08
allotypes are expressed on the cell surface, lack of binding of
WK4C11 to B*08 allotypes may be explained by the presence of
additional polymorphisms neighboring the C1 epitope in orangutans
(Supplemental Fig. 3).
Binding of Ab SN66E3 (IgM) to the highly expressed HLA-

A*02:01 on JY cells gave an average relative expression of 0.72
(Fig. 4). The average relative expression indexes detected with
VDK8F7 and WK4C11 ranges from 0.02 to 0.12 and 0.02, re-
spectively (Fig. 4), and is ,3–17% of that seen for SN66E3 on JY
cells. Thus, the cell-surface expression of Popy-C*02:03 is low
and for MHC-B*08 ranges from low to intermediate.
The cell-surface expression data and the transcriptional data

correlate with each other. Allotypes with low to intermediate cell-
surface expression (average relative expression ranging from 0.02
to 0.12) display a low transcription level (ranging from 0 to 6.7%).
In contrast, allotypes with an intermediate to high cell-surface
expression (average relative expression ranging from 0.24 to
1.19) have intermediate to high transcription levels (ranging from
13.4 to 34.2%).

Discussion
The MHC class I transcription repertoire was determined for six
orangutan B cell lines using Sanger and NGS methodologies.
Thirty-five novel alleles were defined, 10 forMHC-A, 24 forMHC-
B, and one for MHC-C. Pyrosequencing allowed us to define
transcription levels of the MHC class I alleles in five cell lines.
This revealed distinct profiles: a high transcription level for the
MHC-A gene, differential transcription levels for the multiple
MHC-B genes, and weak transcription of the MHC-C gene, which
is only present in three of the cell lines. In addition, the cell-
surface expression of orangutan MHC class I proteins was
assessed. The six mAbs that gave informative data revealed an
intermediate to high expression of the orangutan MHC-A*03,
-A*09, -B*04, and -B*10 allotypes. For the MHC-B*08 allotypes,
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FIGURE 4. Expression of MHC class I allotypes by five orangutan cell lines defined by six human mAbs. Top panel presents the six human mAbs and

gives the key residues in the human MHC class I sequences that determine the six epitopes and the distribution of those residues in orangutan MHC class I

sequences. Identity to the amino acids in the target epitope is indicated by dashes, whereas amino acid replacements are given using the conventional one-

letter code. Colored boxes (orange, blue, and yellow) indicate the MHC class I allotypes that have identical or nearly identical amino acids at the epitope-

defining positions. Bottom panels, The relative expression of a MHC class I allotype, as defined by flow cytometry of mAb bound by the five orangutan cell

lines, is plotted as the mean with the SD of three experiments. Dotted line represents the threshold value, the point above which all values indicate positive

relative expression. The human cell line JY is taken as a control.
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a low to intermediate cell-surface expression was observed, and in
only one of the three orangutans positive for MHC-C was cell-
surface expression detected for this allotype, and it was low.
As in the human MHC, the data corroborate the presence of one

active copy of an MHC-A gene per haplotype in orangutans.
Orangutans may have haplotypes with at least two or three ap-
parently functional MHC-B genes, because each individual tran-
scribes between four and six different MHC-B alleles. However,
because of the lack of pedigree information, the haplotype dis-
tribution of the MHC-B genes could not be firmly established, and
we cannot exclude the possibility that more complex profiles exist.
Our data do imply that both the MHC-B*03 and the -B*08 alleles
are encoded by an independent gene. Thus, in comparison with
humans, chimpanzees, and gorillas, the orangutan shows a dis-
tinctive feature in that its MHC-B region has been subject to
moderate expansion. Expansion of the MHC-B region is also ob-
served in rhesus macaques, an Old World monkey species, and
their individual genes are transcribed to different degrees (13, 15,
17). The present data show similar findings in orangutans, where
the MHC-B gene and gene products were found transcribed and
expressed at levels ranging from low to high. After the expansion
of the orangutan MHC-B region, the transcription/expression level
of some of its genes/gene products may subsequently have been
reduced. The mechanisms that control such events have yet to be
explored.
Evolutionary analyses illustrate that gene duplication can result

in the emergence and deletion of genes, or in their subsequent
degeneration into pseudogenes (2, 29). Such phenomena may have
determined the fate of the MHC-C gene in orangutans. Orangutan
haplotypes can lack a MHC-C gene, resulting in some individuals
lacking MHC-C. When present, the MHC-C gene is characterized
by low levels of polymorphism at the population level and a low
level of transcription, and the gene product may not reach the cell
surface.
In humans, HLA-C epitopes are well-known ligands for lineage

III KIR members. These KIRs specifically recognize the C1 or C2
epitope encoded by HLA-C as well as by HLA-B*46 and HLA-
B*73 gene products (30). In orangutans, the lineage III KIRs are
expanded (31). We demonstrate that in orangutans, the C1 epitope
is present on MHC-C and MHC-B*08 allotypes. All orangutans
we examined have at least one MHC-B*08 variant, and the
VDK8F7 mAb showed that MHC-B*08 allotypes are present on
the cell surface (Fig. 4). Thus, MHC-B*08 allotypes are potential
ligands for KIRs on NK cells.
Various HLA-B and some HLA-A alleles encode the Bw4 motif

(77N, 78L, 79R, 80I, 81A, 82L, 83R), a ligand for lineage II KIRs.
This KIR lineage is also present in orangutans (24). In orangutans,
all MHC-B*03 and some -B*08 allotypes carry a Bw4-like motif
(Supplemental Fig. 3). With VDK8F7, the cell-surface expression
of MHC-B*08 allotypes was demonstrated, but it still needs to be
determined whether the Bw4-like motif in orangutans indeed is a
ligand for orangutan lineage II KIRs.
HLA-C is the only classical MHC class I gene expressed on the

surface of human EVT cells. During placentation, interaction
between HLA-C and the KIRs present on uterine NK cells is vital
(32). Deep trophoblast invasion as observed in humans is found
for chimpanzees and gorillas, and this may be attributed to the
coevolution of MHC-C and their cognate receptors (33, 34). In
Old World monkeys and gibbons, both of which lack an equivalent
of the HLA-C gene, trophoblast invasion is much shallower. For
orangutans, the extent of the trophoblast invasion is not known
(34). Although it is virtually impossible to obtain EVT cells/
tissue, it would be of interest to study the MHC class I tran-
scription levels on this type of cell in the orangutan. Nonetheless,

in the case of MHC-C, one should bear in mind that a substantial
proportion of orangutans (∼25%) completely lack the gene.
In summary, we have shown that the differentMHC class I genes

in orangutans differ in transcription profiles, as is reflected by the
levels of cell-surface expression. Although certain orangutans lack
an MHC-C gene, all studied orangutans in this study do transcribe
an allele of the C1 epitope-encoding MHC-B*08 gene, which may
function as a ligand for KIRs. Therefore, the duplicated form of
this MHC-B gene may compensate for the absence or very poor
expression of the -C gene in orangutans.
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