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The most polymorphic part of the human genome, the MHC, encodes over 160 proteins of diverse function. Half of them,

including the HLA class I and II genes, are directly involved in immune responses. Consequently, the MHC region strongly

associates with numerous diseases and clinical therapies. Notoriously, theMHC region has been intractable to high-through-

put analysis at complete sequence resolution, and current reference haplotypes are inadequate for large-scale studies. To

address these challenges, we developed a method that specifically captures and sequences the 4.8-Mbp MHC region from

genomic DNA. For 95 MHC homozygous cell lines we assembled, de novo, a set of high-fidelity contigs and a sequence scaf-

fold, representing a mean 98% of the target region. Included are six alternative MHC reference sequences of the human

genome that we completed and refined. Characterization of the sequence and structural diversity of the MHC region shows

the approach accurately determines the sequences of the highly polymorphic HLA class I and HLA class II genes and the com-

plex structural diversity of complement factor C4A/C4B. It has also uncovered extensive and unexpected diversity in other

MHC genes; an example isMUC22, which encodes a lung mucin and exhibits more coding sequence alleles than any HLA class I
or II gene studied here. More than 60% of the coding sequence alleles analyzed were previously uncharacterized. We have

created a substantial database of robust referenceMHC haplotype sequences that will enable future population scale studies

of this complicated and clinically important region of the human genome.

[Supplemental material is available for this article.]

In studying the genetics of humandisease, themajor histocompat-
ibility complex (MHC) region is arguably the most important part
of the genome (Lechler and Warrens 2000; Chapman and Hill
2012). The MHC region on Chromosome 6 is ∼5 Mbp in length
and contains ∼165 protein-encoding genes (Horton et al. 2004).
Almost half of these proteins are directly involved in immune de-
fense against pathogens, including the highly polymorphic HLA
class I and II (Horton et al. 2004; Fairfax et al. 2014). Among the
first and best examples of personalized medicine, hundreds of
thousands of solid organ and bone marrow transplants have in-
volved HLA-matched donors and recipients (Terasaki 1969;
Petersdorf et al. 2013). Themost striking correlation of theMHC re-
gion with disease remains that ofHLA-B∗27with ankylosing spon-
dylitis, one of the first discovered (Brewerton et al. 1973;
Schlosstein et al. 1973). Since that time, hundreds of diseases
have been associated with HLA class I or II alleles, and for many
of them this remains the strongest genetic correlation (Trowsdale
and Knight 2013; Li et al. 2015). In general, the causative mecha-

nisms that underlie these disease associations are poorly under-
stood. Notable exceptions are the effects of HLA-B∗57 in slowing
the progress of HIV infections to AIDS and in causing life-threaten-
ing hypersensitivity reactions to abacavir, a drug used to treat HIV
infections (Illing et al. 2013; McLaren and Carrington 2015).

HLA molecules are cell-surface proteins that bind peptide an-
tigens, engage T cell receptors, and stimulate the T cell armof adap-
tive immunity. This, in turn, stimulates the B cell arm and
production of pathogen-specific antibodies. The highly polymor-
phic class I molecules are HLA-A, HLA-B, and HLA-C, and their
nomenclature is described in the Supplemental Information.
In addition to their role in adaptive immunity, HLA class I mole-
cules contribute to innate immunity by serving as ligands for the
killer-cell immunoglobulin-like receptors (KIR) of natural killer
(NK) cells (Moretta et al. 1996; Parham and Moffett 2013).
Contrasting with HLA class I, the highly polymorphic HLA class
II molecules, HLA-DR, HLA-DQ, and HLA-DP are dedicated to
adaptive immunity (Germain 1994). Also encoded byMHC region
genes are components of the machinery that produces peptide
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antigens and delivers them toHLA class I and II. OtherMHC region
genes encode complement components, cytokines, transcription
factors, structural and developmental proteins, olfactory receptors,
and numerous tRNAs (Horton et al. 2004). Extensive linkage dise-
quilibrium (LD) characterizes theMHC region, creating long-range
haplotypes (Price et al. 1999; Larsen et al. 2014). This feature com-
plicates the analysis of HLA-associated diseases, because polymor-
phisms in genes having no known participation in disease
causation can be disease-associated (Trowsdale and Knight 2013;
O’Donovan 2014).

The high polymorphism, sequence divergence, and structural
variation of the MHC region has made it intractable to high-
throughput and automated genome-wide analysis (Horton et al.
2004). Previous studies to characterize the regionand identify caus-
ative alleles required combinations of strategies and lengthy proce-
dures (Horton et al. 2004; Nair et al. 2006; Yang et al. 2007). To
surmount these difficulties, we developed a method to sequence
the entire MHC region from genomic DNA, and in large numbers.
We applied the method to a panel of 95MHC region homozygous
cell lines and devised a de novo-based approach to assemble their
completeMHChaplotypes.Applicationof themethod, in conjunc-
tionwith the reference haplotypes we characterized, to population
genetics and disease studies will refine genetic associations and fa-
cilitate discovery of the causative mechanisms.

Results

Enrichment method captures divergent sequences

A set of oligonucleotide probes was used to capture the ∼5-Mbp
MHC region from sheared genomic DNA libraries. The targeted re-
gion is located at Chromosome 6p21 and encompasses all genes
from GPX5 to ZBTB9 (Fig. 1A). The method for sequencing the
MHC was optimized using DNA from the COX cell line, which is
homozygous throughout the entire genomic region (Stewart
et al. 2004) and is the source of one of the two complete MHC
haplotype sequences included in the human genome reference
(COX_hap2, GenBank: NT_113891). The method yielded
99.96% coverage of the COX MHC haplotype, with a mean read-
depth of 59.4 (SD 18.4) and with 99.6% of the coverage being
>10× (Fig. 1B). A total of 25 gaps in the sequence represent 0.04%
(2414 bp) of the targeted region; they have a size range of 1–509
bpwith amedianof 49bp, and80%of themare outside thebounds
of a coding region (Supplemental Fig. S1). These measurements
show the method produced over 5 Mbp of high coverage, depth,
and fidelity of nucleotide sequence from the target cell line.

TheMHC region has the highest sequence diversity of the hu-
man genome (Sachidanandam et al. 2001). To establish a compre-
hensive set of reference haplotypes, it was therefore important to
determine if our probe set could copewith the extent of this diver-
sity. As a test, we applied our method to genomic DNA from
the subject of the chimpanzee genome project (The Chimpanzee
Sequencing and Analysis Consortium 2005) and obtained
97.66% coverage of the previously characterized target region
(Fig. 1C). This high coverage included the highly polymorphic
chimpanzee Patr- class I and II genes, which have equivalent or
greater pairwise nucleotide distance from the target sequences as
their most divergent human counterparts (Supplemental Fig. S2).
When applied to a panel of 95MHC region homozygous cells (de-
scribed in Methods and obtained from the International
Histocompatibility Working Group [IHWG]), the method ob-
tained an estimated mean 97.2% coverage of the genomic region

(Supplemental Table S1). Again, this included the highly polymor-
phic HLA class I and II genes, which have been extensively geno-
typed from these cells (Mickelson et al. 2006). That we could
confirm and extend the resolution of these genotypes (Supple-
mental Table S2) shows that the method captures the most poly-
morphic portions of the MHC region (the peaks of Fig. 1A). The
full extent of sequence diversity in the MHC region is unknown,
but together, these results suggest ourmethod achieved equivalent
success for the ‘unknown’ sequence from these cell lines as it did
for the previously sequenced controls.

Generation of high-fidelity haplotypes spanning

the MHC region

We targeted cell lines that are MHC region homozygous so that
their haplotypes could be assembled without bias or ambiguity
of phase. The assembly pipeline, a composite of established and
in-house bioinformatics programs, consists of three stages that
are fully described in the section titled “Methods.” Briefly, in the
first stage, we generated and filtered multiple contigs, and in the
second,weused read-pair information to join these contigs togeth-
er to form scaffolds. In the third stage, we determined the relative
orientation of the scaffolds and joined them where possible with
read-pairs to form ‘super-scaffolds.’ The process was designed to
be conservative in order to limit or eliminate false joins. The as-
sembly pipeline was optimized on sequence data from the COX
cell line. From the COX data, 16 ‘super scaffolds’ were derived,
with a mean length of 306.1 kbp and representing 98.97% of the
target sequence. A pairwise comparison with the original Sanger-
sequenced haplotype showed that the assembly process created a
correctly characterized and ordered final sequence (Fig. 2A).

Although the methods we used to generate scaffolds were en-
tirely de novo, the final stage of scaffold orientation was guided by
a reference sequence based on the published COX haplotype (de-
scribed inMethods). To demonstrate that our approach could cap-
ture unknown structural variation, we targeted the PGF cell line.
The haplotype sequence fromPGFwas also characterized previous-
ly, forming the human reference from build hg18 onwards, and
differs in sequence and structure from COX by ∼16,000 SNPs
and 2400 indels (Stewart et al. 2004; Horton et al. 2008). The com-
plement component 4 genes C4A and C4B are located in a region
of modular structural diversity (Yang et al. 2007). Importantly,
PGF has a longer C4A/C4B region than COX (the result of a dupli-
cation) and a different set of genes in the HLA class II region (HLA-
DRB1∗15) than COX (HLA-DRB1∗03) (respectively representing
the DR2 and DR3 haplotypes structures shown in Supplemental
Fig. S3). FromPGF, we assembled 5.04Mbp of haplotype sequence,
which includes theC4A/C4B andHLA class II regions (Fig. 2B). As a
further check for the scaffold orientation step of the assembly, we
analyzed a known complex structural rearrangement that distin-
guishes PGF from COX and occurs in the MUC22 gene, located
234 kbp telomeric of the HLA-C gene (Fig. 1). The variant consists
of a 5-kbp inversion coupled with a 4-kbp deletion (Fig. 2C). Here,
we show the variant junctions had been included in contigs made
in stage one of our assembly process. These contigs were then
incorporated into a larger de novo-assembled scaffold of 30 kbp.
Finally, this scaffold was assembled in stage three as part of a
correctly ordered super-scaffold of 120 kbp. Thus, our analysis
showed this segment of the PGF haplotype assembled correctly
when the COX haplotype was used as the reference guide. Our ap-
proach is therefore able to capture highly complex structural and
sequence diversity of the sort that characterizes the MHC region.
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A database of MHC haplotype sequences

The complete sequencing and assembly method was then applied
to the remaining MHC homozygous cell lines. Sixty of the IHWG
cell lines are homozygous through the entire target of ∼5 Mbp
(Norman et al. 2015). From these cells, we obtained a mean of
4.86 Mbp (±71.2 kbp) final sequence, consisting of ∼100 ‘super-

scaffolds’ per cell line (Fig. 3A; Supplemental Table S1). These
data therefore represent unambiguously phased MHC region hap-
lotypes with an estimated mean completion of 98.3%. These final
sequences contain short gaps (amean of 192 ± 42 gaps per full hap-
lotype) representing contigs that were identified to be adjacent but
not completely joined. Many of these gaps could be closed using
less stringent scaffold assembly or by simple manual intervention,

Figure 1. The targetMHC region is >99.96% covered by the sequence data. (A) SNP and gene density throughout the targetMHC region. Blue line: The
number of dbSNPmarkers in discrete windows of 10 kbp. Orange diamonds: Genes that are involved in immunity. Black diamonds: Other genes. Red text:
Classical HLA class I and II genes. Areas of significant structural diversity are indicated with green brackets; these are HLA-DR and C4A/C4B. Build 142 of
dbSNP was used, which has 225,302 SNP sites mapped to the target region. The full list of genes in the target region is shown in Supplemental Table
S3A. (B) Depth of sequence reads (duplicates removed) derived from the COX cell line following stringent alignment to the COX referenceMHC haplotype.
(C) Read depth after sequence reads derived from chimpanzee Clint had been mapped to the reference sequence (also derived from Clint) and PCR du-
plicates removed. Stringent alignment criteria were used to map the sequence reads back to the chimpanzee genomic segment that is equivalent to the
human MHC region (the panTro4 MHC, Chr 6: 28774516-33956232).
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but we chose to retain an approach that limits the potential for
false scaffold joining. Included in the final full-length sequences
are six haplotypes, not completed previously, that form the cur-
rent alternative reference sequences of the human genome assem-
bly (Horton et al. 2004). The most significant of these is the

haplotype from APD, which we have raised from an estimated
completion of 45% to 98% (Fig. 3B). Consistent with expectations,
the longest final sequence, of 5.2Mbp, was obtained from theDEU
cell line, which has an HLA-DRB1∗04 (DR4) haplotype. The short-
est final sequence, of 4.74 Mbp, was obtained from the SPL cell

Figure 2. In silico reference-guided scaffold orientation correctly assembles complex structural variation. (A) Results obtained from dot plot comparisons
of the original COX haplotype (hap_2: left) and our newly-sequenced and assembled COX haplotype (right) against the human referenceMHC region se-
quence (huref). This shows the haplotypes were assembled in the correct order. (B) The human referenceMHC region sequence (huref) was derived from
the PGF cell line. Here, the PGF haplotype was assembled using a modified COX haplotype sequence as a guide to orient the scaffolds obtained from the
PGF sequence data. Because PGF had been sequenced previously, we were able to compare dot plots of the original sequence against itself (left) with plots
of our newly sequenced and assembled version against the original (right). Identical results were obtained. (C) Complex structural variation observed from
comparison of the COX and PGF haplotypes. The colored segment from COX is inverted (blue/yellow) and partially deleted (red) in PGF. The assembly
process for COX (upper box) and PGF (lower box) is denoted from the top down in each case. (1) Shows the de novo generated contigs, (2) shows the
scaffolds that were built from the contigs, and (3) shows the final sequence scaffolds generated.
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line, which has an HLA-DRB1∗08 (DR8) haplotype (Supplemental
Fig. S3). Data from the 35 cell lines that are not completely MHC
homozygous were trimmed to the coordinates previously defined
(Norman et al. 2015) to give a mean of 3.02 Mbp of phased MHC
region haplotype sequence. All of the haplotype sequences have
been deposited in public databases as a resource for future studies.
Their accession numbers are listed in Supplemental Table S1.

High sequence and structural diversity of MHC region

coding sequences

The humanMHC reference sequence contains 165 expressed genes
(Supplemental Table S3). We generated unambiguous full-length
coding DNA sequence (CDS) for each of these genes. In analyzing
these data, our emphasis was on the predicted polypeptide se-
quences. This was partly because phased CDS diversity has rarely
been investigated in genome studies but mainly becauseHLA class
I and II gene polymorphism involves nonsynonymous substitu-
tions at sites that modulate protein function and are implicated
in the mechanisms that underlie the associations of HLA class I
and II with disease (de Bakker and Raychaudhuri 2012; Illing
et al. 2013; McLaren and Carrington 2015).

For 23 of theMHC region genes, the allelic variation is curated
by the Immuno Polymorphism Database (IPD) (Robinson et al.
2015). In the IHWG cell lines, we observed 304 unique CDSs of
these 23 genes (encoding 271 unique polypeptides), and they are
given in Supplemental Table S2. From the remaining 142 genes,
we characterized 11,571 CDS. For these 95 homozygous cell lines,
the CDSs represent 1.82Gbp ofDNA, comprising 800 uniqueCDS.
BLAST searches showed that 140/800 CDS matched the RefSeq al-
lele sequence and that 131 of the remaining 660CDS are present in
sequence databases. Thus, 66% of the (non-IPD) CDSs we charac-
terized have not been described previously (Supplemental Table
S3). Although a majority of variant sites are known and have
dbSNP IDs, their contribution in the context of genomic CDS
diversity has not been examined previously. The IHWG cells are
monomorphic for 32 of the expressed polypeptides (Fig. 4A;
Supplemental Table S3). Several genes, such as HLA-F, CCHCR1,
and the heat-shock protein genes HSPA1L, HSPA1A, and
HSPA1B, combine low polypeptide diversity with higher nucleo-

tide diversity in the CDS. This observa-
tion raises the possibility that low
frequency protein-coding variants of
these genes might influence disease.
Because the cell panel represents a varie-
ty of common HLA class I and II haplo-
types, many of which are associated
with diseases mediated by immune
mechanisms that are poorly understood,
we also compiled a database of the CDS
alleles for use in future studies
(Supplemental Table S4).

MUC22 has the greatest number of alleles

of any gene in the MHC region

The CDSs have from 1 to 43 alleles
(Fig. 4B). The highly polymorphic genes
localize to three main segments: one
containing theHLA-Agene,a secondcon-
taining HLA-B and -C, and a third con-
taining HLA-DRB1. These same regions

contain the major peaks of SNP diversity (Fig. 1A). Unexpectedly,
the gene with 43 alleles is not an HLA class I or II gene, but
MUC22. These alleles encode 40 allotypes of the MUC22 protein
(Supplemental Table S5). MUC22 (also known as PBMUCL1), a
transmembrane mucin expressed in the bronchi of the lungs
(Hijikata et al. 2011), is up-regulated on infection with respiratory
syncytial virus (Del Rocío Baños-Lara et al. 2015). Polymorphism
of MUC22 is associated with diffuse panbronchiolitis (Hijikata
et al. 2011) and possibly with asthma (Galanter et al. 2014). Exon
3 ofMUC22 is particularly large (∼5 kbp) and exhibits VNTR poly-
morphism (Hijikata et al. 2011). Thehuman referenceCDS consists
of 124 repeats of a 90-nt sequence, with ∼70% of the repeats being
unique (Hijikata et al. 2011).A similar levelof structural variation to
what we observed was present in a Japanese cohort, including six
MUC22 indel variants (Hijikata et al. 2011). The 1860-bp MUC22
deletion we identified in the HLA-B∗44:03 homozygous HOR cell
line is likely the same as that identified by Hijikata et al. In the
MUC22 alleles of the cell panel, we identified 10 different indel var-
iants of exon 3, ranging in length from1 to 1860 bp (Supplemental
Table S5). Twoof the 10 are frameshiftmutations leading to signifi-
cantly truncated polypeptide fragments (340 and 674 amino acids,
respectively, are deleted from the full-length referenceCDSof 1773
residues).Bothof these frameshifts are rare in thecellpanel: onebe-
ing specific to the BM09 cell line and the other to the RSH cell line.
RSH is Sub-SaharanAfrican, so this allele could bemore frequent in
Africa.Theother sixdeletionsandtheone insertionareall in-frame,
leading to putative transcripts encodingpolypeptides from1133 to
1183 residues in length.

Following MUC22 in allele number are HLA-B and NOTCH4,
each with 34 alleles. MUC22 and NOTCH4 are much larger genes
than HLA class I and II. When allele number is normalized to
gene length, HLA class I and II emerge as the most polymorphic
genes (Fig. 4C). With this normalization, MUC22 is still seen to
be a highly polymorphic gene, but NOTCH4 is not. As a measure
of difference between a gene’s protein allotypes, we plotted the
mean-pairwise difference of their amino acid sequences (Fig.
4D). For almost all genes, the values are low, the variants differing
by only one or a few amino acid substitutions. MUC22 also scored
low, because the structural variants (insertions and deletions) that
characterize this protein were considered equivalent to single

Figure 3. Characterizing 95 MHC region haplotypes. (A) Summary statistics for 60 full-length MHC
haplotypes. (B) Dot plot comparisons of the deposited APD alt_ref haplotype (left) and the final haplo-
type we generated (right) vs. the PGF haplotype of the human reference.
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amino acid substitutions. In striking contrast are the high values
exhibited by the HLA-A, -B and -C class I molecules and the
HLA-DRB1, -DQA1, -DQB1, -DPA1, and -DPB1 class II molecules.
For these highly polymorphic HLA proteins, the allotypes differ
by multiple amino acid substitutions. Apart from these antigen-
presenting molecules, the only other protein encoded in the
MHC region that has a high mean pairwise difference is another
mucin, MUC21, for which the basis of the diversity is two diver-
gent allotype groups.

Structural diversity in the MHC exemplified by the genes

encoding NOTCH4 and C4

NOTCH4, encoding Notch homolog 4, and C4A and C4B, encod-
ing the C4 complement protein, are highly polymorphic by virtue
of complex structural diversity combined with SNP diversity.

Polymorphism of NOTCH4, an impor-
tant transmembrane receptor for cell
development, correlates with several
diseases, notably schizophrenia (Wei
and Hemmings 2000). Characterizing
NOTCH4 diversity is a short tandem re-
peat (STR) polymorphism in exon 1, in-
volving 6–13 copies of a GCT sequence
(Dorak et al. 2006). These in-frame indels
vary the number of leucine residues in
the leader peptide (Supplemental Table
S5), variation that likely affects protein
expression, as do some SNP variants of
the NOTCH4 gene (Shayevitz et al.
2012). The structural variation in the 34
NOTCH4 allotypes identified here has
considerable potential for functional
diversity and differential disease associa-
tions. The results of a previous investiga-
tion of NOTCH4 STR polymorphism in
63 IHWG cell lines (Dorak et al. 2006)
are fully consistent with our analysis, in-
creasing confidence in our method (Sup-
plemental Table S5).

The C4 component of the comple-
ment system cooperates with specific an-
tibodies to neutralize pathogens (Horton
et al. 2004; Yang et al. 2007). Variable
gene content and allelic polymorphism
of C4A and C4B are associated with com-
plement deficiency and the autoimmune
disease systemic lupus erythematosus
(SLE) (Yang et al. 2007). To date, no sin-
gle typing method has encompassed
the diversity of these genes, and in
whole-genome analysis, the C4A/C4B re-
gion is poorly covered by SNP probes
(Fig. 1). Forty of the IHWG cell lines
were analyzed previously using conven-
tional methods (Wu et al. 2007). There
is good concordance between those
data and ours (Methods; Supplemental
Table S5D,E). Our method identified be-
tween one and four C4A or C4B genes
perMHC haplotype. It also discriminated
the functionally important antigenic de-

terminants of the C4A and C4B isotypes, as well as the presence
and absence of a HERV insertion that reduces gene expression
(Supplemental Table S5). In addition to these complex markers,
we identified 34 single nucleotide differences in the CDS of com-
plement C4, including 20 not described previously. We identified
53 different C4A/C4B haplotypes in the cell panel (Supplemental
Table S5). The four cell lines having the sameHLA class I and IIhap-
lotype as COX also had the COX C4A/C4B genotype. Likewise, the
four cell lines with the PGF HLA class I and II haplotype also had
the PGF C4A/C4B genotype. Contrasting with these similarities,
the cell panel included 74 different HLA-B, C4A/C4B, HLA-DRB1
haplotypes and six examples of haplotypes having identical
HLA-B and -DRB1 alleles but different C4A/C4B haplotypes. The
latter includes three of four examples of the HLA-B∗52/-
DRB1∗15:02 haplotype. Such high variability among haplotypes
considered identical by standard methods suggests that further

Figure 4. Coding DNA sequence (CDS) and polypeptide diversity of the MHC region. (A) Combined
incidence (%) of non-reference CDS alleles through the MHC region of the 95 cell lines. The values are
calculated from the homozygous segments only. (B,C ) Number of unique coding-sequences (CDS al-
leles) for each of the expressed genes in the targetMHC region detected from analysis of cell lines derived
from homozygous individuals. (B) In red are the CDS alleles that encode unique polypeptide sequences,
and in blue are additional alleles having synonymous changes. HSPA1 represents three heat-shock pro-
tein genes: HSPA1L, HSPA1A, and HSPA1B. MUC22 is the only gene to have more alleles than HLA-B.
(C ) Total number of CDS alleles corrected for the size of the transcript. Classical HLA genes are indicated
in red text. Other polymorphic genes mentioned in the main text are indicated in B; full list of the CDS
and alleles is given in Supplemental Table S3. (D) Mean pairwise difference between polypeptide se-
quences of the unique allotypes expressed by each of the genes in the MHC genomic region.
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investigation of this variability in the context of disease would be
fruitful. It would be difficult and laborious to assess all the func-
tionally important variants we describe without targeted analysis
of these genomic regions.

Discussion

We set out to characterize haplotypic sequence diversity in the
highly polymorphic and structurally complex MHC region. This
goal was achieved by exploiting a panel of 95 cell lines that were
selected for being homozygous for HLA class I and II genes (Yang
et al. 1987; Marsh et al. 1996; Mickelson et al. 2006). HLA homo-
zygous individuals are infrequently identified, usually in consan-
guineous families, and the cell lines were collected over a period
of >30 yr. Targeting these homozygous individuals reduced the
complexity of resolving haplotype phase and permitted assembly
of 95 haplotypes spanning the 4.8-MbpMHC region. These haplo-
types will form reference sequences essential for future studies that
aim to understand the numerous roles ofMHC factors in immune-
mediated disease.

For this project, we designed and implemented a bioinfor-
matics pipeline that involved nomanual input or decisionmaking
formuch of the process. Because the contigswere generated entire-
ly de novo and the haplotypes were automatically assembled with
only limited external data to map their relative order, we could
capture information on the structure and sequence of the targeted
genes. This was critical because many of theMHC region genes ex-
hibit both structural and sequence variation, as was clearly evident
from themanyCDS allele variantsweuncovered that were not pre-
viously observed. A second reason for adopting this approach was
because it increased the efficiency of the process, an important
consideration given the large number of haplotypes analyzed.
We chose short-read sequencing technology for this study because
of its high fidelity. We were thus able to generate essentially con-
tiguous sequence runs of equivalent or greater length than those
achieved with most long-read or cloning technologies.

The bioinformaticsmethodswe used to assemble theMHC re-
gion haplotypes were designed specifically for application to the
HLA class I and II homozygous individuals that have driven the ad-
vance of HLA research for the last 25 yr. They are not suitable for
the analysis of HLA heterozygous samples. We have shown, how-
ever, through family studies of heterozygous samples that the cap-
ture and sequencing method can generate accurate data fromHLA
and other highly polymorphic genes (Norman et al. 2016). For
large-scale population studies, anymanner of formal haplotype as-
sembly will be impractical, and alternative methods that rely on
population information will be required. We believe the most
promising of these involves mapping sequence reads to a popula-
tion reference graph (Dilthey et al. 2015). To this end, the data we
describe here will be valuable toward populating these graphs.

Eighty percent of the cell panel we studied is of European or-
igin.We estimate that these cells represent 60%–80%ofHLA class I
and II alleles worldwide (Norman et al. 2015). For future studies, it
will be critical to target other population groups in order to repre-
sent fully human MHC diversity. Our previous analyses of HLA
class I genes show that the method can be applied to Sub-Saharan
African and Asian populations and detects the most divergent hu-
man HLA class I allele, HLA-B∗73 (Ashouri et al. 2016; Norman
et al. 2016). To establish if the probes used in our capture method
can copewith the complete range of humanMHC diversity, we tar-
geted the chimpanzee whose genome was sequenced. Although
trans-species polymorphism of HLA class I and II alleles is appar-

ent, with longer coalescence times between specific human allele
pairs than some human-chimpanzee pairs (Lawlor et al. 1988;
Mayer et al. 1988), we demonstrate the method does capture se-
quences, such as the chimpanzee-specific Patr-AL MHC class I
gene, that are more divergent from the probes than any known
HLA allele (Supplemental Fig. S2). This specific finding, combined
with the good overall coverage of the chimpanzeeMHC haplotype
we achieved, make it likely thatmost humanMHC haplotypes will
be sequenced successfully with our method. Furthermore, the
method is flexible and further probes can be added should new re-
gions of the human MHC be discovered.

We identified high levels of polymorphism at several genes
that are not HLA class I or II genes. The most striking of these is
MUC22, which had the most alleles of any MHC region gene in
our cell panel. AllMUC22 variantswe describe have potential to in-
fluence disease, yet they have been largely invisible to whole-ge-
nome SNP analysis. These findings have significant implications
for fine-mapping of disease associations. Since the MHC region
haplotypes we studied were not selected randomly, the data are
unsuitable for formal linkage disequilibrium analyses. We note,
however, that there is clear evidence for correlation among specific
pairs of MUC22 and HLA class I alleles, forming haplotypes being
shared by unrelated individuals. In contrast, for other pairs of al-
leles there is little sign of LD. These extremes in background hap-
lotype diversity likely result from HLA class I and II alleles that
have different demographic and evolutionary histories (Ahmad
et al. 2003; Barreiro and Quintana-Murci 2010; Abi-Rached et al.
2011). For example, the five HLA-B∗08:01 haplotypes sequenced
all have the same MUC22 allele (Supplemental Table S4). In con-
trast, there are four MUC22 alleles in the five HLA-B∗51:01 haplo-
types. These differences show that the evolutionary stability of
an MHC haplotype will determine the depth and breadth of anal-
ysis required to correlate disease with functionally important ge-
netic variants.

Ourmethod for complete sequencing ofMHC haplotypes has
the capacity to analyze the large cohorts necessary for defining
population genetics and disease associations. Moreover, we dem-
onstrate that data generation and analysis for this complex geno-
mic region are robust, versatile, and consistent. The method
enables an extensive characterization of sequence and structural
variation not possible with any other single method. This sets
the stage for future studies that will take the analysis of HLA and
disease to the highest resolution. This should distinguish genetic
variation that functionally contributes to disease from genetic var-
iation that is carried with it by hitch-hiking, the latter being a con-
sequence of the linkage disequilibrium that pervades theMHC and
varies between haplotypes. The approach we describe permits
comprehensive assessment of all candidate genetic markers, in-
cluding previously uncharacterized variation. The procedure is de-
signed to be cost-effective and run on a large scale (for example, 96
individuals possible per HiSeq instrument run). With these quali-
ties, it can form the basis for significant, broad-based advancement
in understanding the strongest genetic associations with human
disease.

Methods

DNA samples

DNA was extracted from a panel of 95 EBV-transformed human B
cell lines. These cells, which derive from the 10th, 12th, and 13th
International Histocompatibility Workshops (Yang et al. 1987;
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Marsh et al. 1996; Mickelson et al. 2006),
are homozygous for some or all of the
highly polymorphic HLA class I and II
genes (Dorak et al. 2006; Mickelson
et al. 2006). The coordinates of their ho-
mozygous tracts were defined using a
high-density SNP array (Norman et al.
2015). The panel represents 90%–95%
of the European and 60%–80% of the
world population, as assessed by HLA
class I and II allele frequency (Norman
et al. 2015). Also included in the analysis
was one chimpanzee B cell line, derived
from Clint (Yerkes pedigree number
C0471), a chimpanzee of the Pan troglo-
dytes verus (Western chimpanzee) sub-
species, who was the subject of the
chimpanzee genome sequencing project
(The Chimpanzee Sequencing and
Analysis Consortium 2005). Low-passage
samples of the B cell lines were grown
from archival material, available at Stan-
ford University, or purchased from the
International Histocompatibility Work-
ing Group (http://www.ihwg.org/). In-
cluded in our panel were the eight HLA
class I and II homozygous cell lines stud-
ied by the MHC Sequencing Consortium
(PGF, COX, DBB, QBL, MANN, SSTO,
MCF, APD) and for which the MHC hap-
lotypeswere sequenced to varying extent
(Horton et al. 2004). Data from these
‘Sanger 8 reference’ cells have formed
the reference, and alternative references
for the MHC region of the human ge-
nome, since build NCBI36/hg18.

Assessment of the capture/sequence

method and construction of reference

haplotypes

Oligonucleotide probes targeting the
genomic region of (GRCh38/hg38) Chr
6:28510120-33532223 were designed
and manufactured as described in the
Supplemental Information. These coordinates encompass all eight
of the alternative reference haplotypes for theMHC region, which
were used as templates for the probe design.Of these, the two com-
pleted sequences (Stewart et al. 2004), of PGF and COX, overlap
through 4.5 Mbp and form the telomeric (COX) and centromeric
(PGF) boundaries of our ∼5-Mbp target. The enrichment process
we used will tolerate up to 18% difference in nucleotide sequence
between the probe and the target (InanlooRahatloo et al. 2014),
which is greater than the difference between any known pair
of HLA alleles (Supplemental Fig. S2). The library preparation, en-
richment process, and sequencingmethodologies are all described
in the Supplemental Information. Except where indicated other-
wise, we used 800-bp DNA fragments and 2 × 100-bp paired-end
reads.

While optimizing methods using the COX cell line, we iden-
tified and confirmed 19 sequence differences—18 SNPs and one
4-kbp insertion—from the published COX haplotype (Supplemen-
tal Information; Supplemental Fig. S4). Amodified reference haplo-
type (COX_IIb; 4,799,503 bp), containing these differences, was
used to harvest and map reads having no nucleotide mismatches

in order to generate a final set of coverage statistics for the data de-
rived from COX. We optimized the methods using COX because
this cell line is homozygous through the entire MHC region, while
PGF is only homozygous through ∼4 Mbp (Norman et al. 2015).
A second reference haplotype (superCOX_IIb; 4,947,983 bp) that
included the additional non-overlapping portion of sequence orig-
inating from PGF was generated for the main analyses.

Characterizing phased full-length MHC region haplotypes

The three stages of haplotype building, which are contig assembly,
scaffold building, and final sequence construction, are summa-
rized in Figures 5 and 6 and Supplemental Figure S5.

De novo contig assembly

To begin contig building (Fig. 5A), paired-end FASTQ fileswere first
filtered using Bowtie 1.0.0 (Langmead et al. 2009) to retain just
those read-pairs for which at least one read (100 bp) matched ex-
actly to a nucleotide sequence in one of the eight MHC haplotype

Figure 5. Pipeline for (A) generating and (B) filtering de novo contigs. Shown is an overview of the pro-
tocol for selecting reads, making de novo contigs, and filtering them in preparation for haplotype assem-
bly. Yellow boxes denote data, red boxes denote existing computer programs that were used (these are
named at the left), and blue boxes denote in-house scripts. Gray hexagons are used to show data that are
not used further in the pipeline.
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sequences (Horton et al. 2004). This value had been optimized to
limit inclusion of repeats (specifically Alu) that did not derive
from theMHC region. The filtered readswere then assembledusing
Velvet 1.1.04 (Zerbino and Birney 2008). The program was run
with default parameters except for the k-mer value. This was deter-
mined empirically, in which Velvet was run with incremental val-
ues of k from 51 to 99. The value of k that returned the greatest
length when all contigs >1 kbp were summed was used. The con-
tigs from this assembly were ‘polished’ by removing 30 bp from
each end, and contigs shorter than 101 bpwere discarded. If a con-
tig contained any poly(A) or poly(T) segments >10 bp or dinucleo-
tide repeats >20 bp, it was split at those points into smaller contigs.

We next extended the contigs using paired-end information
and a ‘greedy algorithm.’ If a contig was at least 1 kbp long, we
found all read-pairs for which one read aligns perfectly to a se-
quence within the contig and the other read had a perfect match
of 20 nt or more with one end of the contig. These overhanging
reads were collected and used to extend the contig by 1 nt.
Specifically, the immediate 3′ overhanging bases (only those
with a q score greater than or equal to 30) were collected and the
nucleotide distribution computed. If at least 3 nt were observed
and the number of the most frequently observed base was greater
than 10 times the number of observations for the next most fre-
quent base, then the contig was extended with the most frequent
base. This contig-extending process was repeated until one or both

of the scoring criteria were violated. Velvet contigs of <1 kbp, were
aligned to the eight known MHC haplotypes. Contigs with an ex-
act alignment were selected, and 1 kbp of sequence from the
known haplotype was appended to the 5′ end of the contig (rela-
tive to the extension site). These appended contigs then went
through the same extension process outlined above. Following
the extension, the 5′ sequence obtained from the known haplo-
type was removed from the contig. This process was performed
for both ends of the contig. The resulting contigs were then input
to Minimus2 (Sommer et al. 2007) to assemble overlapping con-
tigs. N50 was calculated using QUAST 2.3 (Gurevich et al. 2013).

Filtering the de novo contigs

The contigs were mapped to the human genome reference (hg19
with the alternative MHC haplotypes removed) using BWA MEM
(Li and Durbin 2009) with default parameters except with a k-
mer value of 101 (instead of default 16) and sorted into the follow-
ing bins:

1. Maps to the target MHC region with a mapping score 60;
2. No mapping to the genome, but BLASTs to MHC region (>99%

contigs that did notmap to hg19were shown to beMHC region-
specific);

3. Maps to the MHC region, but with low mapping score;
4. Maps equally to MHC region and elsewhere in hg19;
5. Does not map or BLAST to MHC region.

Bins 1–3 were used for de novo haplotype scaffold assembly (Fig.
5B). Bins 1–4 were used to estimate the region coverage. Bin 5
was not used. Because this process was used to sort the contigs,
and the final scaffold orientations were determined using the hap-
lotype sequence described below, our use of hg19 instead of
GRCh38will not affect the final haplotype sequences we obtained
(the sequence of theMHC target is identical in hg19 and GRCh38/
hg38).

De novo scaffold assembly

Scaffolds were constructed using information from read-pairs to
determine which contigs should be adjacent and then join them
together (Fig. 6). The following protocol was used: Sequence
read-pairs that map stringently outside the target MHC region
were removed using Bowtie 1.0.0. Contigs were filtered into five
bins as described above, and bins 1–3 were pooled for each cell
line for use as a mapping target. Read-pairs having both ends
that map with high stringency within a single contig from this
pool were identified and excluded using Bowtie 1.0.0. Those
read-pairs with each end mapping to a different contig were
then identified using BWA (Li and Durbin 2009), with k = 100.
We termed these read-pairs as potential linkers. To be identified
as a linker, each end of the read had to occur within 500 bp of
the end of the respective contig. For each cell line, we set a thresh-
old for a minimum number of linkers that would be required to
make a join (shown in Supplemental Table S1). The threshold
was based on empirical data derived from the COX and VAVY
cell lines, which represent the same haplotype sequenced to two
different read depths (Supplemental Fig. S5). For the VAVY cell
line, we determined that a threshold of 80 linker reads was the op-
timum threshold because this produced the fewest scaffolds with
minimal misassembly while retaining high coverage (Supplemen-
tal Fig. S5). This value corresponded to inclusion of 1260 potential
contig joins in the scaffold assembly. For the remaining cell lines,
the linkers were sorted in descending order by number of occur-
rences, and the threshold valuewas chosen to be the number of oc-
currences of the 1260th potential join. No threshold below 25 or

Figure 6. Pipeline for constructing scaffolds and the final sequence.
Shown is an overview of the protocol for selecting reads as linkers, deter-
mining contig joins to make scaffolds, and ordering and making the final
sequence. Yellow boxes denote data, red boxes denote existing computer
programs that were used (these are named at the left), and blue boxes
denote in-house scripts. Gray hexagons are used to show data that are
not used further in the pipeline.
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above 80 was allowed (with the exception of COX and the other
Sanger 8 cells that were sequenced to much higher depth; here,
the threshold was set at 150). Potential joins were not allowed to
become actual joins if more than one linker set was found that sat-
isfied both the position and threshold criteria, or if a given contig
was linked to more than one other contig in the same direction.
Gaps were filled in the resulting scaffolds using GapFiller v1.10
(Boetzer and Pirovano 2012) with default parameters except for
n = 18, d = 550, and using five iterations.

Ordering scaffolds and building the final haplotype

To produce the final haplotype sequence, the scaffolds were or-
dered with guidance from a reference haplotype and further joins
made. The scaffolds were oriented by mapping them against the
‘superCOXmix’ reference haplotype, which is a mosaic of
‘superCOX_IIb,’ and the longest known segments of C4A/C4B
andHLA class II. To construct this reference, theC4A/C4B segment
of COX was supplemented with two copies of the same segment
from PGF (thus, the mosaic reference has four copies of C4L and
one of C4S, where the longest C4A/C4B we determined in the 95
cell lines has LLLL configuration—see section entitled ‘Comple-
ment C4 polymorphism and nomenclature’ in the Supplemental
Material). The HLA class II region of COX (DRB1∗03) was replaced
with that from SSTO (DRB1∗04). DRB1∗04 is ∼300 kbp longer
than DRB1∗03 (Supplemental Fig. S3). To orient the scaffolds,
their start positions were identified using BWA (k = 64). Scaffolds
were excluded if they were <800 bp in length and the start and
end positions fell within the coordinates of a previous contig un-
less either contig had been ‘soft-clipped’ in the mapping step. The
scaffolds were then placed end-to-end in the order identified
by the mapping step, separated by (20 ×N) for downstream iden-
tification, and then subject to 15 cycles of GapFiller. The final scaf-
folds were trimmed to match the coordinates of the homozygous
tracts defined previously using high-density SNP arrays. During
optimization of the assembly process with the COX, VAVY, and
PGF cell lines, to identify if any mistakes had been made we ana-
lyzed the final sequence using Bioedit, nucleotide BLAST (Altschul
et al. 1990), and dottup (Rice et al. 2000). We also mapped se-
quence reads (from the non_hg19 set) back to the final scaffold us-
ing Bowtie 2 (Langmead and Salzberg 2012) and analyzed this
result using BreakDancer (Chen et al. 2009) to identify any struc-
tural inconsistencies. None were found.

Genotyping complement component C4

To determine the number of C4A/C4B genes present in each cell,
we randomly selected eight gene sequences from the MHC region
data set (ABCF1, ATAT1, Complement C2, DHX16, KIFC1, TRIM27,
VARS, and VPS52), trimmed them to the same length as the se-
quence of a C4BS gene (14,250 bp obtained from AL049547),
and used them all as mapping targets. We then removed any reads
that could map elsewhere in the MHC haplotype and calculated
the copy number as the mean ratio of C4A/C4B reads to each of
the eight targets, with guidance from previous results (Wu et al.
2007) to set the thresholds. We determined the ratio of C4A vs.
C4B and L vs. S (described in the Supplemental Material) using vir-
tual sequence probes and the method described for KIR (Norman
et al. 2016). Again, the threshold values were set according to ge-
notypes previously reported for 40 of the cell lines (Wu et al.
2007). The polymorphic sites and probes used to detect them are
shown in Supplemental Table S5. Genotypes for the remaining
SNP sites were obtained following alignment of sequence reads
to a C4A reference sequence (NG_011638.1).

Data access

The raw sequence reads, contigs, and scaffolds from this study
have been submitted to the EMBL-EBI European Nucleotide
Archive (ENA; http://www.ebi.ac.uk/ena). All sequencing and as-
sembled MHC haplotype data are linked to the NCBI BioProject
(https://www.ncbi.nlm.nih.gov/bioproject/) accession number
PRJEB6763. ENA accession numbers are listed in Supplemental
Table S1. All data are also available via ImmPort (https://
immport.niaid.nih.gov/) with the project accession SDY691
(EXP13735). The CDS alleles have been deposited at GenBank
(https://www.ncbi.nlm.nih.gov/nucleotide/) under accession
numbers KP774801-KP774802, KY497260-KY497428, KY500
931-KY500951, and KY500134-KY500924 and are listed in Supple-
mental Tables S2 and S3. All scripts and filters are available at
https://github.com/n0rmski/projectH and as Supplemental Scripts.
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