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Making the genomic leap in HCT: application of
second-generation sequencing to clinical advances
in hematopoietic cell transplantation

Yun R Li*,1,2, John E Levine3, Hakon Hakonarson2,4,5 and Brendan J Keating*,2,4,5,6

Recent developments in second-generation sequencing (SGS) technologies provide an avenue for achieving rapid and accurate

high-throughput analysis of human and microbial genomic diversity. SGS technologies have the potential to transform existing

medical management of complex and life-threatening medical conditions by enabling clinicians to develop disease-targeted

clinical care plans for each patient. In this review, we outline how innovative SGS-based approaches can improve the care of

recipients of allogeneic hematopoietic cell transplantation (HCT), a life-saving procedure that carries a 1-year mortality risk

of over 30%. We specifically evaluate foreseeable applications of SGS-based technology in facilitating rapid, phase-sensitive

human leukocyte antigen (HLA) typing, assessment of non-HLA genomic compatibility, identifying patients at high risk for

adverse drug reactions, and post-HCT monitoring for engraftment, minimal residual disease and infection. We conclude that

innovative SGS approaches have the capacity to revolutionize the HCT recipient risk assessment process, support non-invasive

clinical monitoring and improve patient outcomes, thereby setting the stage for a new era of genomically informed

patient-centered medicine.
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INTRODUCTION

Approximately 60 000 hematopoietic cell transplantations (HCTs)
are performed annually worldwide as the definitive therapy for a
wide range of hematological malignancies and non-malignancies.1

More recently, HCT has also been shown to be efficacious in a
number of cell-based therapies for non-hematological condi-
tions.2,3 Once a therapy of last resort for universally lethal
diseases, a number of recent scientific and clinical advances, such
as the introduction of molecular and sequence-based human
leukocyte antigen (HLA) typing, have dramatically improved the
long-term success rates of HCT. Despite this progress, the
1-year mortality rate among allogeneic HCT recipients remains a
staggering 30–40%, making a potentially life-saving transplant
risk-prohibitive for patients with significant comorbidities, at
advanced ages, or for whom no appropriate HLA-matched donors
can be identified.4

The degree of HLA matching between the donor and the recipient
strongly determines the recipient’s risk for graft-versus-host disease
(GVHD), which alongside infection and disease relapse are the three
major causes of transplant-related mortality (TRM).5,6 Unlike HLA
matching, which is largely standardized across HLA laboratories at
major transplant centers, other clinical aspects of HCT management,
including pre-conditioning chemotherapy, prophylactic or therapeutic

antibiotic use and disease-relapse monitoring, vary significantly from
center to center and by clinician experiences.
Integrating histocompatibility (including HLA) matching and

other genomic markers for GVHD into cumulative risk models
specific for a given patient’s diagnosis, disease severity, and demo-
graphics offers a method for testing and establishing quantitative,
evidence-based risk prediction algorithms. In the last 5 years, a
number of prospective and retrospective analyses have reported the
evaluation of combinations of genetic and clinical data (aside from
HLA matching), in TRM/GVHD risk assessment. However, a
clinically validated risk assessment algorithm that fully utilizes the
available genomic data has not yet been developed or tested.7,8 While
it may not always be possible to improve donor–recipient matching,
as available donors are limited, quantitative, patient-specific risk
scores can be useful in the clinical care setting. Accurate assessment
and quantification of the underlying risk in relation to the frequency
of monitoring of GVHD, infection risk and relapse can have major
impact on HCT outcome and overall survival.
In the last decade, developments in the field of genomics,

particularly the recent breakthroughs in second-generation sequen-
cing (SGS)-based technologies, have stimulated the development of
individual patient-based therapeutic approaches and methods for
rapid and precise genetic testing. However, the full potential of these
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advances in directing patient care are far from realized in the field of
HCT. We present, in this review, a vision for how some of the
forefront SGS technologies and approaches can improve the assess-
ment of pre-transplant risk, individualize pharmacotherapy and
inform long-term disease relapse monitoring (Figure 1). Although
our review focuses on SGS applications to HCT, this is only one
of many evolving models of how emerging genomics tools are
empowered to deliver individualized patient therapy. As the technical
aspects of most of the SGS technologies discussed here are expansive,
we provide a brief summary and references for a wide range of SGS-
based technologies that have been well-described elsewhere (see the
technologies detailed in Table 1 and a brief overview of them in Box 1).

SGS APPLICATIONS TO HLA MATCHING

The HLA class I (A, B and C) and class II (DP, DQ and DR)
molecules, encoded within the MHC (Major Histocompatibility
Complex) on chr6p21, are codominantly expressed, cell-surface

receptors that serve dual functions. The HLAs, encoding the variable
chains of the MHC receptors, present self and foreign peptide
antigens to helper and cytotoxic T cells, and as a combination, make
up a set of ‘self-identifying’ markers that are unique to a given
individual. The clinical gold standard for identifying two individuals
with matching HLAs at the amino-acid level, also known as high-
resolution HLA matching, relies on either Sanger sequencing or other
molecular tests to compare the genotypes at each of the eight
(HLA-A, B, C, and DRB1) or ten (HLA-A, B, C, DQB1 and DRB1)
highly polymorphic loci.9 An 8/8 HLA-matched HCT refers to a
donor–recipient pair matched for HLA-A, B, C, and DRB1, whereas a
10/10 match also includes the HLA-DQB1 locus.
While Class I HLAs are highly expressed across most somatic cells,

Class II HLAs are predominantly expressed on the surface of
professional antigen-presenting immune cells. Furthermore, while
Class I antigens are composed of a polymorphic alpha chain and
an invariable beta chain (encoded by a non-MHC gene

Figure 1 Clinical applications of second-generation sequencing (SGS) technologies to HCT. (a) Diagram of typical workflow from clinical sample to

sequencing. SGS of genomic DNA derived from recipient somatic or tumor-cell DNA can be used to profile genomic risk factors of underlying disease or

identify causative driver mutations in hematological malignancies. Although the exact methods are platform specific, typical SGS-based techniques follow a

standard workflow, requiring the isolation of genomic DNA, DNA fragmentation and the ligation of paired-end adaptors. Depending on whether the whole

genome, all coding or specific coding regions are interrogated, additional sequence-specific adaptors for exonic or user-specified regions are used to capture

the prespecified target DNA fragments. Adapter-ligated fragments are next captured either in an oil-emulsion bead (454 pyrosequencing) or on a solid

platform (bridge amplification) as shown here. All SGS techniques culminate with massively parallel sequencing technology utilizing an array-like platform.

As nucleotide bases are added cyclically, light is produced and sequences are read out based on detected fluorescence intensities and wavelengths.

(b) Existing and potential SGS applications to HCT patient care using available SGS technology: As discussed in the main text, SGS-based improvements to

existing clinical care of HCT recipients can be broadly classified into three major domains: (1) accurate and rapid HLA typing, (2) pre-transplant assessment

of adverse drug response and non-HLA genomic risk factors and (3) post-HCT early and routine monitoring for minimal residual disease, engraftment of

donor cells, and life-threatening systemic infections.
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Table 1 Genomics technology and methods discussed in this review

Techniques ABBR Method Existing research and clinical utility Advances and limitations Refs (PMID)

Sanger sequencing Sequencing by synthesis using

fluorescently labeled nucleotides that

terminate DNA strand elongation;

automated using capillary

electrophoresis

Routine laboratory and clinical sequencing

today; ‘gold standard’ for sequence valida-

tion; high-resolution HLA typing and can-

didate gene sequencing

Draft sequence of the human gen-

ome; requires large quantities of

DNA input; low sensitivity, limited

resolution of heterochimerism

11237011

11181995

DNA or RNA

microarrays

Nucleic acid fragments are allows bind

allele-specific oligo probes (results are

expressed as relative fold differences

between sample and control)

High-throughput; low cost but requires

sequence of target to be known; compara-

tive analysis against controls (ie, gene

expression changes pre/post chemotherapy)

DNA: GWAS or candidate SNP

association studies

RNA: Functional readout of cell

activity by profiling the expression

of specified genes

7569999

22289488

21527803

Genome-wide

association study

GWAS Microarray-based detection of SNPs;

compares genome-wide SNP

frequencies and correlates with

known phenotypes

High-throughput, cost-efficient analysis of

SNPs and CNVs once significance, LD, and

frequency of common variants are known

International HapMap Project;

limited detection of rare and de

novo SNPs; cannot detect indels

16369550

15761122

19474294

Second-generation

sequencing

SGS Sequencing by continuous comple-

mentary strand synthesis, millions

of DNA fragments bound to platform,

amplified by PCR, then sequenced in

parallel

High-throughput; highly-sensitive com-

pared to Sanger. Used for large-scale

sequencing projects (ie. WGS, WES) or

multiplex candidate gene sequencing (CAS)

1000 Genomes Project; most

widely used technique for large-

scale sequencing

18846087

18846087

Third-generation

sequencing

TGS Single molecule sequencing without

amplification of DNA. Multiple plat-

forms (eg, nanopore, single polymerase

seq, microscopy-based monitoring)

Eliminate the need to purify, fragment or

amplify DNA; improved accuracy, through-

put, sensitivity compared with SGS; same

applications as SGS

Rapid pathogen identification

without culture. Eliminates theo-

retical drawbacks of SGS; not yet

widely available

20858600

22468954

21349208

21142692

21793740

Whole genome

sequencing

WGS SGS/TGS, sequencing of the total DNA

content of a given DNA sample; no

target enrichment. Can be of an orga-

nism, specific tissue, cell

Required for de novo assembly of unse-

quenced organisms; reassemblies of cancer

cells. Microbiome sequencing. Expensive

($3000/genome)

Best sequencing method to detect

structural variations (ie, CNVs,

translocations, duplications)

17803354

18421352

18987735

Whole exome

sequencing

WES SGS/TGS, same as WGS but ‘baits’ or

adaptors are used to enrich for the

protein-encoding regions (B1.5%) of

the genome

More widely used than WGS because of

lower cost ($1000/exome); limited to pro-

tein-coding regions

Rare variant detection; identified

mutations for hundreds of Mende-

lian disorders, limited detection of

structural variants

1968457

19915526

Capture amplicon

sequencing

CAS SGS/TGS, same as WES but adaptors

are designed to target candidate genes/

regions on dozens of samples in 1 run

by sample multiplexing

Analysis of a few ‘panel genes’; most cost-

effective for translation; available commer-

cially and used in clinical trials

Strong clinical utility for deep

coverage of a priori genes with high

portion of genetic variance

explained (eg, PGx)

22604722

21415896

21910929

Transcriptome or

RNA sequencing

RNA-seq SGS/TGS, absolute quantification of

total cellular RNA, unbiased gene

expression profilingþ variant discovery;

no prior sequence knowledge required

High-throughput, wide dynamic range, can

extend to other RNAs (ie, miRNAs, lincR-

NAs, shRNAs, rRNAs, tRNAs); study RNA-

editing, strand bias

ENCODE (Enclopedia of DNA Ele-

ments) catalogs functional genome

variation; cancer cell profiling,

detect structural variations

18611170

19015660

Epigenomics Array or sequencing analysis of non-

coding DNA to understand nucleic acid

organization, structure, regulation

Genome wide, high-throughput techniques

to understand how DNA molecules are

regulated. See below

ENCODE; assess chromatin acces-

sibility, imprinting, cell regulation

in disease (e.g., cancer)

23095436

22770212

Chromatin-immuno-

precipitation

sequencing

ChIP-Seq SGS/TGS, WGS of DNA regions that are

bound to specific chromatin regulating

proteins (ie, transcription factors)

Identify binding sites of transcription fac-

tors or other chromatin-associated proteins

11237011

11181995

Whole methylome

bisulfite Sequencing

WM-BSeq SGS/TGS, WGS that allows specific and

sensitivity detection of CpG cytosine

methylation sites

Identify variations and locate regions under

strong transcriptional regulation by differ-

ential methylation

21085693

22027613

DNAse sensitivity site

sequencing

DNAse or

Faire-Seq

SGS/TGS; WGS with specific enrich-

ment for non-coding regions; identifies

regions sensitive to DNAseI cleavage

Identify variations and locate regulatory

regions, including enhancers, silencers,

promoters, insulators, and locus control

regions

20150147

16344561

Chromosome

conformation

sequencing

3C, 5C,

Hi-C

SGS/TGS; WGS with specific enrich-

ment for non-coding regions; assess

topographical proximity of chromatin

Evaluates chromatin structure, long-range

spatial organization of chromosomes

resulting from epigenomic regulation

ENCODE; assess chromatin orga-

nization through cis and trans

interactions (ie, enhancer and pro-

moter interactions)

16369550

15761122

22215806

Genomic technologies and approaches are annotated and referenced with abbreviations that correspond with those found in the text. The methods column summarizes each technique and target
application. The existing clinical and research utility column highlights the motivations for bringing this technology to the healthcare front and outlines, where present, existing clinical or research
applications relevant to HCT. The advances and limitations column identifies notable applications and advantages of the method, along with any outstanding drawbacks to the platforms
commercially available today.
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beta-2-microglobulin), Class II antigens are heterodimers composed of
MHC-encoded alpha and beta chains, though the beta chains are
typically more variable in sequence and consequently genotyped
during clinical HLA matching. While HLA matching is critical for the
success of allogeneic HCT, the degree to which a given mismatch will
negatively predict outcome may vary depending on the antigen type,
the relative antigenicity and expression level of a given HLA allele, as
well as the underlying disease process and pre-conditioning regimen.
Definitive and quantitative studies that assess these risk prediction
models are still needed.
The ‘antigenic’ or hypervariable domains of the polymorphic chain

of each HLA are accessible and recognized by corresponding T cells;
the extreme diversity of the HLA repertoire in humans is, in part,
attributable to the recent positive selection of this region in the
human genome. Over the course of normal development, sequential
processes of positive and negative selection enable T cells to
accommodate the unique HLA repertoire of each individual, thereby
facilitating self-tolerance. However, in the context of HCT, when
donor T cells are introduced to the tissues of a ‘foreign’ recipient, any
mismatching within these polymorphic regions will likely be strongly

immunogenic, often irrespective of the specifically bound antigen.
This consequently may elicit cross-reactive donor T cells to mount an
immune response to host tissues that clinically manifests as GVHD.
Acute GVHD (aGVHD), occurring within 100 days after transplant,

can cause local inflammation to the skin, liver and gastrointestinal
tract,10 but can also result in systemic tissue damage that is life
threatening. The strongest predictor of aGVHD risk is the degree of
HLA mismatching between the donor and the recipient,5 making the
identification of an HLA-matched donor critical for the control and
prevention of aGVHD. Compared with 8/8 HLA-matched HCT
recipients, the risk of developing aGVHD is higher for one or two
HLA-mismatched recipients.5,9 Since sequence-based HLA typing for
donor selection became the standard of care at most transplant centers,
short-term TRM has dramatically declined.6 Recent reports from the
National Marrow Donor Program show that outcomes for HLA-
matched, unrelated donor HCTs (MUD-HCTs) are now comparable to
that of HLA-matched related donor HCTs (MRD-HCT), underscoring
the critical importance of HLA matching in HCT outcomes.6

However, GVHD remains a major cause of morbidity and
mortality, even after 8/8 and 10/10 MRD and MUD-HCTs, suggesting

Box 1 New genomics technology in HCT

Text (Box-1): A primer on genomic advances relevant to HCT: Since the publication of the first genome-wide association study (GWAS) in 2005, genome-wide array-

based SNP genotyping has cataloged millions of common SNPs and CNVs across the human genome. Nearly 1900 GWAS have been published in the last 8 years,

cumulatively identifying over 8000 genome-wide significant SNPs and CNVs associated with 4300 different complexes diseases and heritable traits.1 Despite this

enormous success in identifying novel genotype–phenotype associations, only a small proportion of total observed genetic hereditability for most GWAS-investigated

diseases can be explained by these reported loci. As the study design of GWAS is limited to identify common genetic variants that are thought to ‘tag’ rarer disease-

causative variants, recent focus has shifted to large-scale genetic resequencing to identify rare coding mutations near or linked with candidate regions prioritized from

GWASs.

Toward this end, second-generation sequencing (SGS) platforms have surpassed the throughput and speed of traditional Sanger sequencing by enabling the rapid

sequencing of millions of DNA molecules in parallel (Box-1).2 As with GWAS arrays, SGS begins with library preparation by fragmenting genomic DNA, which are then

ligated to universal oligonucleotide adaptors. These adapters facilitate the capture, or attachment, of the DNA fragments onto solid or bead-like platforms.3

Following capture, DNA fragments are clonally PCR amplified to generate ‘colonies’ of identical DNA fragments. Sequencing occurs by synthesis of the opposing, or

complementary, DNA strand. Light is emitted when a specific nucleotide (typically fluorescently labeled) is incorporated. Because each colony, containing identical DNA

molecules, is spatially defined on the array, light-based detectors can simultaneously detect the fluorescence at millions of array positions, producing millions of DNA

sequence reads that correspond to the bases incorporated at each position in a massively parallel manner. See Figure 1.

The sequencing of the entire genome of an organism, or whole genome sequencing (WGS), has been used to generate de novo genome assemblies of cancerous cell

genomes,4 numerous model organisms,5 the human gut microbiome6 and to identify rare disease-causing mutations.7 WGS, while comprehensive and necessary when

there is no established reference sequence of an organism, is still relatively expensive. Moreover, since the biological function of the much of the non-protein encoding

human genome has yet to be elucidated, functional annotation of many new (and existing) variants is difficult to interpret. This lead to the development of whole exome

sequencing (WES), a cost-effective alternative to WGS, where exonic sequence-specific ‘baits’ are used to capture the B1.5% of the human genome that is

protein-coding.8

The utility of WES was showcased in a seminal paper by Ng and colleagues in 2009 to identify the causative mutation underlying Miller’s syndrome,9 a rare Mendelian

disease. Since 2009, a deluge of publications using WES have cataloged thousands of rare, private and de novo mutations in both rare and common genetic disorders. WES

is likely to make a significant headway toward elucidating the cause of the B3000 out of B5000 Mendelian disorders for which the genetic etiology remains unknown.10

A major drawback to WGS and WES is the limited sequence lengths. Currently, the most widely used platform, which is based on bridge amplification, yields B100–

150 bp/reads.8 Limited read lengths make sequence assembly difficult, as the alignment of millions of 100 bp DNA fragments to produce a correctly ordered 3.5 billion

bp sequence is computationally demanding and prone to alignment errors in repetitive regions. More expensive SGS platforms can provide reads over 600 bp in length,

and emerging technologies are achieving much longer read lengths at greater fidelity relative to other SGS platforms.11

As a complement to WES, capture amplicon sequencing (CAS) allows high-throughput, deep resequencing of custom-selected genomic regions (eg, custom panels of

genes encoding drug metabolism enzymes).12,13 CAS exceeds the sensitivity of Sanger sequencing and is particularly useful for heterochimerism detection. For

example, a mutation in a single cancer cell among a population of hundreds of normal cells can be identified using CAS. Efficient indexing techniques make it possible

to use CAS to sequence the same set of genes in 50–100 samples at once. The high sample throughput capability of CAS will make this technique one of most

affordable and clinically translatable approaches.

In addition to genome sequencing, whole transcriptome or RNA sequencing (RNA-seq) can provide genome-wide gene expression profiling.8,14 Compared with RNA

microarrays, RNA-seq offers improved dynamic range and sensitivity for structural variations (eg, translocations).14,15 With the exception of an intermediate step to

convert isolated RNA into cDNA, the wet-lab protocol for RNA-seq parallels that of WGS.

Finally, SGS methods can be used to study epigenetic modifications and transcriptional regulation. The understanding of epigenetic regulation in cancer has made new

therapies available for the treatment of AML.16 Epigenomic techniques include whole methylome-bisulfate sequencing (WM-Bseq), chromatin-immunoprecipitation

sequencing (ChIP-seq), open chromatin sequencing (DNase-seq, Faire-Seq), long-range genome interaction mapping (3C, 5C, Hi-C, Chia-PET).17

Personalized genomics in HCT
YR Li et al

718

European Journal of Human Genetics



that non-HLA-A, B, C, DQB1 and DRB1 genetic differences may be
important in allorecognition. For example, HLA-DP, which is poorly
expressed on the surface of lymphocytes, was not historically
considered in matching.11 However, in a 2012 retrospective analysis
of nearly 12 000 HCTs using high-resolution HLA typing, Petersdorf
et al showed that HCT transplants with HLA-DPB1 non-permissive
mismatching, as defined by T-cell epitope cross-reactivity groups, are
significantly associated with poorer TRM in 10/10 and 9/10 MUD-
HCT.12 Similar studies on other classically ‘low-expression’ HLAs
(including HLA-C, DQ and DR51/52/53) have also recently been
shown to affect transplant outcome.13,14 These findings underscore
the value of large-scale longitudinal analysis, the use of molecular and
sequence-based HLA typing, and the increasing importance of non-
classical HLA genes in HCT outcome as most allogeneic HCTs are
now fully or near-fully HLA matched.
Under existing methods, typing additional HLA loci requires

significant increases in time, effort and costs. However, a recent
multi-center study demonstrated the efficiency and feasibility of
highly accurate SGS-based HLA typing,15 showing improved
accuracy, coverage and turn-around times of SGS at a comparable
cost to lower resolution probe-based tests.16 Another drawback of
existing methods is that most analyze only the highly variable exons
of the typed gene to minimize cost. Consequently, non-synonymous
single-nucleotide variants (nsSNVs) outside these targeted regions are
missed. SGS makes targeted sequencing of entire HLA genes feasible
with minimal increase in cost.17 In light of the recent findings that
HLA-DP and other non-classical HLA mismatches also correlate with
increased risk of TRM and GVHD, additional genetic information
captured with SGS-based HLA typing may have clinical utility,
particularly where multiple equivocally matched donors are
identified based on classical HLA typing.
Finally, reflex testing is often required to resolve typing ambiguities

that arise from Sanger sequencing, which does not yield phase
information for heterozygous sites. In contrast, SGS-based HLA
typing using tiled, paired-end primer designs accurately assess MHC
haplotype phasing, thereby reducing the frequency of typing ambi-
guities and the need to perform reflex testing. As the throughput and
read length of SGS continue to improve, soon it will be feasible to
sequence the entire MHC in a few reads in just a few hours,
eliminating time delay as a barrier to the use of HLA matching data
to inform the treatment of solid organ transplant (SOT) recipients
(eg, in pre-transplant immunosuppressive dosing).18

APPLICATION OF SGS TECHNOLOGY TO GVHD RISK

ASSESSMENT BEYOND THE HLA

As the relative number of 9/10 and 10/10 MUD-HCTs performed
have increased compared with less well-matched HCTs, it is becoming
more clear that non-HLA genetic mismatching also underpin GVHD
and overall TRM. For example, pediatric acute lymphoblastic leukemia
(ALL) patients receiving MUD-HCT have a 2.42- and 5.12-fold
increased risk of acute and chronic GVHD, respectively, compared with
recipients of HLA-identical sibling donor transplants.9 Since donors and
recipients from a MUD-HCT are HLA-matched by state, rather than by
descent, the higher observed risk of GVHD among MUD-HCT versus
MRD-HCT recipients could be attributable to non-HLA-A, B, C, and
DRB1 genetic disparities within and beyond the MHC.
In addition, Terasaki19 reported in a large retrospective analysis of

rejection data from SOT that HLA mismatch accounted for just 18%
of rejection risk, while 38% is attributable to non-HLA differences in
genetic compatibility. In fact, sources of human genomic variations
aside from the classical HLAs including non-synonymous SNPs

(nsSNPs), copy number variations (CNVs) and nucleotide
insertion/deletions (indels) in genes encoding cell-surface proteins
are known to contribute to the ‘non-HLA’ histocompatibility
repertoire.20 These include genes that encode the Killer-cell
Immunoglobulin-like Receptor family members (KIRs), MIC-A and
MIC-B antigens,21 and minor histocompatibility antigens (mHAs).
The mHAs, a group of polymorphic peptides that can be presented

by specific MHC molecules to mediate T-cell allorecognition in the
context of HLA-matched transplants, are encoded as nsSNPs or other
genetic variations across B50 (as of 2012) autosomal mHA genes.1

In addition, there are Y-chromosomally encoded mHAs (H-Y
antigens), for which mismatching has been shown to increase the
GVHD and TRM risk in recipients of female-to-male MRD-HCTs
(F-to-M), as compared with non-F-to-M recipients.22,23

That only a few dozen mHAs are known is surprising given the
sequence diversity of the human genome. Depending on ancestry and
relatedness, two humans have B3–10 million divergent variants, or
one base-pair difference per 300–1000 bases. As 3–5% of these
polymorphisms are in coding regions of the genome, many more
mHAs may exist but have remained unrecognized.24 As mHAs were
historically identified using biochemical means, state of the art
genomic or proteomic screens may reveal the existence of many
more mHAs.25

Recent efforts using high-throughput genomics, in-silico predic-
tion and candidate gene resequencing have already yielded some
successes,26 for example, in the recent discovery of histocompatibility
genes that occur as a result of functional gene expression knockout by
McCarroll et al.27 Such genes encode gene-expressed mismatch
antigens (GEMAs), which are not expressed in a significant
percentage of the human population due to the presence of two
non-complementary null mutations at a single locus (Figure 2). In the
context of transplantation, when donors and recipients are mis-
matched in the expression of a GEMA, GEMA-derived peptides are
antigenic in the GEMA(�) individual. Analogous to the role of H-Y
antigens in F-to-M HCT transplants, GEMA mismatch can thus cause
GVHD in HCT recipients if GEMA(�) donor lymphocytes are
transplanted to a recipient whose somatic cells are GEMA(þ ).
Identifying GEMAs and other genomic loci that contribute

to allogenicity may also identify donor–recipient genetic disparities
that are beneficial, such as the KIRs, which are encoded by a cluster
of highly polymorphic and copy number variable genes at
chr19q13.4.21,28 KIRs negatively regulate the activity of NK cells
when they are stimulated by their cognate ligands, the
NK-inhibitory ligands encoded within the MHC. KIR mismatching
in the context of MRD-HCTs or MUD-HCTs results in the
disinhibition of KIRs, since the donor NK cells are not suppressed
by the ligands expressed in a KIR-mismatched recipient. The
disinhibition of NK cell activity appears to improve survival among
patients receiving KIR-mismatched, HLA-matched HCTs for lympho-
and myeloproliferative diseases by boosting the graft-versus-leukemia
(GVL) effect.29,30 As the genetic inheritance of KIRs and theMHC loci
are independent meiotic events, on average 75% of MRD-HCT and
nearly all MUD-HCTs are KIR mismatched. Other GVHD-protective
genomic markers may exist with similar or disparate mechanisms,
and identifying them may benefit from creative applications of
unbiased genomic studies among large MRD/MUD-HCT cohorts.
However, such non-HLA effects, albeit clinically significant, may be
minor relative to the effect of HLA, or could be HLA-dependent.
Although the use of non-HLA factors in donor selection may not

be practical given the limited donor availability, identification of
polymorphisms in mHAs, GEMAs or immunoregulatory genes that
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are important for HCT outcome can be used to develop a multi-
factorial GVHD and TRM risk assessment model.7,26,31 Such a model
will need to differentially weigh HLA and non-HLA factors based on
their ability to predict the likelihood and severity of TRM and GVHD.
As allele-level HLA typing and non-HLA genetic data are now
cataloged for patients across large allogeneic HCT recipient
databases, multi-variate risk prediction algorithms developed using
complex and large-scale genomic data may enable the development of
risk-prediction algorithms. Definitive evaluation of clinical
implications of these findings will require careful analysis of results
from large randomized, clinical trials that test the utility of
prospective risk-stratification efforts.

APPLICATION OF PHARMACOGENOMICS (PGX) TO HCT

Dozens of GWAS and RNA expression studies published in the last
decade have identified dozens of significant associations between
the presence of genetic polymorphisms and changes in gene expres-
sion to the risk of adverse drug response (ADR), respectively. For
example, B1 in 300 individuals have complete LoFs (null mutations
on two copies) in the gene encoding thiopurine methyltransferase
(TPMT), the hepatic enzyme required for 6-Mercaptopurine (6-MP)
degradation. Administering standard 6-MP doses to ALL patients
with underlying TPMT deficiency causes life-threatening ADR.32

Currently, TPMT genotyping can be routinely ordered before
chemotherapy to identify those at risk for ADR, but also to identify
heterozygous TPMTmutation carriers, who show improved response
rates to 6-MP treatment compared with patients with two normal
copies of TPMT.33

In addition to TPMT and other-characterized examples of ADR,
studies applying large-scale SGS and GWAS screening methods have
identified a number of rarer mutations in proteins either directly or
indirectly involved in drug metabolism or enzyme synthesis that
increase the risk of ADR or significantly affect therapeutic outcomes.
Toward this end, GWAS has been particularly successful in identifying
pharmacogenetic (PGx) loci by SNP genotyping and expression
quantitative trait loci (eQTL) analysis. Notable examples include
mutations in Interleukin-15 (IL15) associated with altered disposition
of antileukemic chemotherapy (pediatric ALL), as well as those in
CYP2C9 associated with bisphosphonate-induced jaw osteonecrosis
(multiple myeloma), among others34–36 (see Table 2 for a detailed list
of known PGx loci). In part, the success of GWAS is related to the fact
that many ADR-associated mutations are relatively common in the
population, since these ‘evoked’ phenotypes are otherwise not deleter-
ious, such mutations are typically not under negative selection pressure.
By enabling clinicians to make informed, patient-specific thera-

peutic choices that favor therapeutic response while minimizing
ADRs, PGx knowledge may lead to a significant life and cost-savings.
Approximately 20% of all injuries and deaths among hospitalized
patients in the United States has been attributed to ADRs,37 incurring
an annual event-related health-care cost of over 136 Billion USD.38

Since the rate of ADRs rises exponentially among patients receiving
four or more medications,39 evaluating and minimizing ADR risk is
particularly important for HCT recipients, who are exposed to high
doses of multi-drug combinations over the course of therapy.
An excellent implementation of PGx in direct patient care is

exemplified by the electronic Medical Records and Genomics
(eMERGE) Network pilot program, which integrates the results of
capture amplicon sequencing (CAS), a form of targeted SGS, of 84
key PGx genes into patient electronic medical records (EMRs) that are
directly accessible to treating physicians. This initiative is part of an
evolving effort to improve the portability and accessibility of genomic

ll

l l

ll

ll

ll

ll

ll

ll

ll

l l

TII–

–

-

-

–

-

Figure 2 The role of gene-expressed mismatch antigens in GVHD or rejection

following transplantation. (a) Donor-recipient GEMA mismatch in

myeloablative HCT: GVHD can occur in an HCT recipient with normal GEMA

expression when he or she is transplanted with cells derived from a donor

without normal GEMA protein expression. Since GEMAs are ‘self-expressed’

antigens, GEMA-derived peptides can be presented in the context of both

class I and class II MHC receptors found on recipient cells following HCT.

Allorecognition of host MHC molecules presenting GEMA-derived peptides
subsequently triggers donor-derived T cells that are not ‘tolerized’ to GEMA-

derived peptides to attack host cells, resulting in clinical manifestations of

GVHD. In addition, because GEMAs such as UGT2B17 can be cell-surface

antigens, their antigenicity is not MHC-restricted like most autosomally

encoded minor histocompatibility antigens. Like H-Y antigens, a B-cell

mediated response to the ‘foreign’ GEMA expression can result in the

production of autoantibodies by donor-derived B cells that target the host-

cell expressed GEMA proteins on the cell surface. McCarroll et al. first

demonstrated the clinical significance of GEMA mismatch in HCT by

following up on the results from a large genome-wide association study

(GWAS)-based screen for homozygous deletion copy number variations

(hdCNVs) that appear to be tolerated and are found frequently in an

appreciable percentage of the human population. Based on the hypothesis

that hdCNVs overlapping a gene-encoding region would cause gene

expression mismatch between HCT donors and recipients, McCarroll

screened B400 HCT recipients and their HLA-matched siblings for six

candidate GEMAs. They identified that D�/Rþ status for one particular

GEMA UGT2B17 increased the risk of Grade 2þ GVHD, a finding that was
later replicated in two independent cohorts, together totaling over 1300

patients (combined OR of 2.5).18 In addition, McCarroll et al showed that

UGT2B17þ HCT recipients, who received hematopoeitic cells from

UGT2B17�/� donors were seropositive for anti-UGT2B17 antibodies.

Moreover, they were able to isolate MHC-bound UGT2B17-derived peptides

from the sera of these UGT2B17 mismatched. Given that the average

human genome has at least several thousand CNVs greater than 1 kb (which

is likely to be an underestimate due to current limitations in CNV detection

platforms19) and contains B100 loss of function (LoF) mutations (with

B20 in both copies) 20, other GEMAs are likely to exist. By coupling large-

scale RNA-seq and SGS data, a genome-wide search for other GEMAs may

reveal hundreds of other such loci across the genome. (b) Donor-recipient

GEMA mismatch in the context of reduced-intensity conditioning/non-

myeloablative HCT or solid organ transplantation: rejection of donor cells or

tissue occurs due to the absence of GEMA protein expression (eg, UGT2B17)

in the recipient. Complementary to the scenario illustrated in (a), recipient

tissues do not express GEMA proteins. Thus, potentially GEMA-reactive T- and

B-cell clones are not eliminated from the host immune repertoire. Following
transplantation, immune competent recipient T cells can attack donor stem

cells expressing GEMA and inhibit engraftment or cause acute graft rejection.
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information to facilitate individualized patient care, in the hope of
improving long-term and peri-operative ADR risk management.40

By limiting the total number of loci interrogated, CAS allows panel-
based multiplex genetic testing of selective loci at high-throughput
with improved cost efficiency. CAS is particularly suited as a clinical
tool for the assessment of a set of informative genes, such as enzymes
that act in drug metabolism. In the context of HCT, a CAS panel
developed for pre-transplant risk assessment that includes PGx and
non-MHC histocompatibility loci may be a viable option until WGS
and ES become available economically on a large scale.

SGS APPLICATIONS IN POST-TRANSPLANT MONITORING

Sensitive detection of donor–recipient cellular chimerism, minimal
residual disease (MRD), and early stages of microbial infections are
critical to post-HCT clinical care, particularly in patients with under-
lying malignancy. Existing surveillance methods aimed at early detection
of cancer cells in post-HCT chimeric hematopoietic systems rely on STR
typing with an B2–3% detection limit. Several groups have reported
the successful application of SGS technology to achieve improved
detection sensitivity for low copies of genomic DNA that are the minor
component in mixed cellular or acellular samples, including sera.
Compared with molecular and Sanger sequencing-based methods,

SGS is sensitive enough to detect mutations in single tumor cells,41,42

which is the ultimate goal of MRD detection. For example, CAS-
based profiling of total genomic DNA isolated from the peripheral
blood of breast and ovarian cancer patients has been used for routine
monitoring of patients who achieved disease remission. This non-
invasive method has been shown to detect TP53 (P53) and EGFR
mutations during early stages of cancer relapse by detecting rare
cancer-specific polymorphisms (MAFB2%) at sensitivities and

specificities 497%.43 SGS has also been used clinically to diagnose
hematopoietic malignancies and inform cancer immunotherapy.
Another study has shown that exonic mutations in a select set of
cancer genes, including TP53 and RUNX1, improved prognostic
significance in 439 patients with myelodysplastic syndrome.44

Coupling single-cell isolation methods such as flow cytometry with
CAS or WGS could enable MRD monitoring at sensitivities and
specificities beyond that achievable by existing methods.42 For
instance, Wu et al45 have shown, using SGS of variable regions of
T-cell Receptor Beta and Gamma (TCRB and TCRG) genes of patients
with T-lineage ALL, superior detection of early disease relapse
compared with established flow-based methods.
Furthermore, SGS methods have been applied to the management

of post-transplant recipients, including the non-invasive detection of
acute cellular rejection following heart transplantation. By monitoring
the levels of donor genomic DNA levels in the sera of recipients,
Synder et al46 accurately predicted if the recipient is experiencing early
stages of acute graft rejection. Others have shown that combined PCR
and SGS quantification of T-cell repertoire recovery can successfully
predict which patients are at high risk of infection or disease relapse
following HCT.47

Finally, early detection and therapy of microbial infections are
crucial determinants of HCT outcomes as 430% of HCT recipients
develop an episode of bacteremia in the first weeks following
transplant and 15% of all mortalities following unrelated allogeneic
HCT are infection related.5 Rapid and accurate detection,
identification and drug-susceptibility phenotyping methods for
isolated clinical pathogen(s) using WGS and CAS of non-human
DNA or RNA48,49 using genomic or ribosomal multi-locus sequence
typing (MLST/rMLST) already exist. In one approach, for example, a

Table 2 Pharmacogenomic (PGx) discoveries relevant to HCT patient management

Gene Specific drug implicated Clinical correlates of

polymorphism

Method of

identification

Patient cohort

studied

Reference

(PMID)

TPMT Thiopurines (azathioprine,
6-MP)

(homo) toxicity (het) lower
risk of detectable MRD

Candidate ALL 10580024

CNTNAP2, LEPR, CRHR1,
NTAN1, SLC12A3, ALPL, BGLAP,
APOB

Glucocorticoids Hypertension Candidate ALL 18496130

CYP2C8 Bisphosphonate Jaw osteonecrosis GWAS Multiple myeloma 18594024
IL15 RIC Likelihood of sustained MRD GWAS ALL 19176441
CYP3A5 Tacrolimus Toxicity, EFS Candidate ALL 22215203
ABCB1 Cyclosporine Nephrotoxicity Candidate Renal transplant 15772250
DPYD, TYMS. GSTP1. ABCC2 Fluoropirimidine and

oxaliplatin
Mucositis, neutropenia, GI
toxicity

Candidate Multiple cancers 23047504

VDR, CYP3A5 Induction therapy GI toxicity/infection Candidate ALL 17264302
CYP2C9 Cyclophosphamide Toxicity Candidate Thalasemia major 22231460
TYMS, VDR, PAI-1 Glucocorticoids Osteonecrosis Microarray Pediatric ALL 15459215
ABCC2 Methotrexate Plasma concentration Candidate ALL 17112803
SLCO1B1 Methotrexate Disposition GWAS ALL 22147369
ACP1 GC Osteonecrosis GWAS Pediatric ALL 21148812
CYP2B6 Cyclophosphamide Toxicity Candidate Leukemia 19005482
MTHFR Busulfan

Cyclophosphamide
Hyperbilirubinemia Candidate Adult HSCT 18214047

ITPA Mecaptopurine Reduced drug metabolism,
febrile neutropenia

Candidate Pediatric ALL 20021291

DHFR EFS Candidate Pediatric ALL 19861437
VDR TRM Candidate Leukemia 19005482
MTHFR Mucositis Candidate Pediatric ALL and

malignant
lymphoma

21509569

TYMS TRM Candidate ALL 11937185
MTHFR, TYMS Increased risk of relapse Candidate Pediatric ALL 15781665

Abbreviations: ALL, acute lymphoblastic leukemia; EFS, event-free survival; GC, glucocorticoids; GI, gastrointestinal; HCT, hematopoietic stem cell transplant; MRD, minimal residual disease;
TRM, transplant-related mortality.
Method of identification refers to the original technology/approach used to discover the association. Patient cohort refers to the original patient population in which this variant was first shown to
be linked to variation in drug response. Where blank, no specific drug was reported in the study.
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CAS panel of 53 bacterial genes that encode the bacterial ribosome
protein subunits uniquely catalogs 41900 bacterial genomes from
452 bacterial genera. Sequences derived from clinical isolates can then
be queried against this database for rapid strain-level identification.50

Unlike RT-PCR or array platforms, SGS detects a wide range of
pathogens in a single test, eliminating single pathogen tests. This
method is particularly helpful for the early detection and typing of
fungal infections, which remain a major cause of morbidity and
mortality in immunocompromised HCT recipients. With few excep-
tions, fungal typing requires the culture of slow-growing organisms,
making rapid diagnosis within an already narrow therapeutic time-
window challenging (eg, Mucor).51 Although SGS of clinical
microbial samples currently requires an intermediate culture and
isolation step, metagenomic approaches using third-generation
sequencing (TGS) are currently being developed. These TGS
platforms do not require amplification or culturing, and affords
single DNA molecule sequencing of samples directly acquired from
body fluids or sample sites.49,52

In addition, SGS can be coupled with PGx to improve
antimicrobial selection and dosing by detecting high-resistance
strains that require strain-specific therapy and reducing the
frequency of severe ADRs to anti-microbial agents. SGS has already
transformed clinical practices in the care of highly virulent
infections such as HIV. Over 300 000 HIV-1 strains have been
sequenced worldwide and matched with drug-susceptibility
data, providing a large electronic database that matches HIV
DNA sequences of a patient-specific infection to drug susceptibility
patterns. This resource enables physicians to prescribe
individualized HAART (highly active anti-retroviral therapy) regi-
mens for patients based on the drug resistance pattern predicted
for their virus.53 A similar strategy has also been efficacious in
using SGS to identify MRSA, influenza, or specific pathogenic
E. coli strains from related, but benign strains.54,55

FROM RESEARCH FINDINGS TO CLINICAL DELIVERABLES

Since the first draft human genome was completed, requiring
$3 billion USD over 13 years, the technological and scientific advances
that have been made in human genetics have exponentially acceler-
ated. Indeed, SGS can now accomplish the equivalent task in o30h
for the cost of a magnetic resonance imaging scan (B2–3000
USD).18,56 Although the clinical implementation of SGS technology
to routine patient care will require significant upfront costs in
equipment acquisition and personnel training, these investments
will be worthwhile. In fact, three companies have released bench-
top SGS instruments intended to reduce the cost of SGS technology
and to increase their accessibility at smaller institutions.18 These
portable technologies can sequence an entire human genome (100�
the size of that of the average E. coli) in just 15min to 3 h.57 Such a
timeframe makes the use of SGS for infection or MRD monitoring
feasible over the course of a clinic visit or on the hospital floor.
Taken together, SGS can be used to provide pre-HCT histocompat-

ibility, ADR and GVHD risk assessment. As illustrated in Figure 3, the
use of CAS or WGS as a part of post-HCT care also enables high-
sensitivity engraftment assessment, infection detection and disease
relapse monitoring. Although the expense of SGS methods is not
trivial, a single allogeneic HCT and peri-procedural care cost on
average over 200 000 USD; in comparison, the cost of WGS is fast
approaching 1% of this sum.58 The real challenge is thus not
necessarily cost, but rather in determining how to streamline SGS-
based methods for clinical applications and concretely defining how
genomic information should be appropriately used in the patient-care
setting.
In the coming years, physicians can use SGS to prospectively

acquire genomics information about a recipient and potential
donor(s), and thereby, refine donor choice, assess GVHD risk and
facilitate individualized chemotherapy. Post-HCT applications of SGS
can expedite MRD monitoring and infection diagnosis. Together, this

Infection Monitoring and Therapy

Chemotherapy and Pharmacogenomics

Donor Selection/Risk Assessment

Disease and Remission Monitoring

Figure 3 The application of genomics approaches to improve HCT outcomes. (Left) panels show existing clinical practice, (Center) panel describes recent

scientific/research contributions through genomic technology and (Right) panel proposes clinically feasible applications of genomics technology in the

coming years. The four categories correspond to the four areas in which genomics technology will likely make the most direct impact on the clinical

management of HCT recipients.
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suite of advances in HCT recipient management exemplifies the
versatility of SGS-based genomics applications in delivering persona-
lized, evidence-based patient care.
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