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Human identity testing is critical to the ﬁelds of forensics, paternity, and hematopoietic stem cell
transplantation. Most bone marrow (BM) engraftment testing currently uses microsatellites or short
tandem repeats that are resolved by capillary electrophoresis. Single-nucleotide polymorphisms (SNPs)
are theoretically a better choice among polymorphic DNA; however, ultrasensitive detection of SNPs
using next-generation sequencing is currently not possible because of its inherently high error rate. We
circumvent this problem by analyzing blocks of closely spaced SNPs, or haplotypes. As proof-ofprinciple, we chose the HLA-A locus because it is highly polymorphic and is already genotyped to select
proper donors for BM transplant recipients. We aligned common HLA-A alleles and identiﬁed a region
containing 18 closely spaced SNPs, ﬂanked by nonpolymorphic DNA for primer placement. Analysis of
cell line mixtures shows that the assay is accurate and precise, and has a lower limit of detection of
approximately 0.01%. The BM from a series of hematopoietic stem cell transplantation patients who
tested as all donor by short tandem repeat analysis demonstrated 0% to 1.5% patient DNA. Comprehensive analysis of the human genome using the 1000 Genomes database identiﬁed many additional
loci that could be used for this purpose. This assay may prove useful to identify hematopoietic stem cell
transplantation patients destined to relapse, microchimerism associated with solid organ transplantation, forensic applications, and possibly patient identiﬁcation. (J Mol Diagn 2014, 16: 495e503;
http://dx.doi.org/10.1016/j.jmoldx.2014.04.003)

Myeloablative conditioning and allogeneic stem cell transplantation have historically been limited to the treatment of
lethal hematological malignancies in children or young adults.
More recently, with the advent of highly immunosuppressive,
nonmyeloablative regimens, the clinical use of allogeneic stem
cell transplantation has expanded to include older, less ﬁt patients with hematological malignancies and patients with
nonmalignant disorders, such as sickle-cell disease.1e4 Nonmyeloablative conditioning regimens offer the additional
safeguard of recovery of autologous hematopoiesis in the event
Copyright ª 2014 American Society for Investigative Pathology
and the Association for Molecular Pathology.
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of graft rejection and may be a safer option in patients at risk for
immune-mediated rejection of the donor graft.
Chimerism testing at set intervals is an effective method
for detecting graft rejection or recurrence of the original
hematopoietic neoplasm after allogeneic hematopoietic stem
cell transplantation (HSCT) [with either bone marrow
(BM) or peripheral blood stem cells]. Decades ago, BM
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engraftment (BME) monitoring was performed using Southern blot analysis and minisatellite or variable number of tandem repeats loci.5 Today, short tandem repeat (STR) or
microsatellite loci are most commonly used for this
purpose.6e8 STRs are composed of 10 to 60 tandemly
repeated units, in which each unit is 1 to 6 bases in length.
They are widely distributed throughout the human genome
and highly variable between individuals; therefore, they allow
for excellent differentiation between individuals, including
patient and donor, even if they are closely related. Most laboratories use multiplex PCR-based kits, originally developed
for forensics analysis using Combined DNA Index System
loci.7,9,10 STR analysis most commonly involves PCR
ampliﬁcation using ﬂuorescently labeled primers, followed
by amplicon separation by capillary electrophoresis.
Other polymorphic DNAs that could be used to monitor
BME include single-nucleotide polymorphisms (SNPs).11e13
SNPs are theoretically superior to STR-based analyses
because analysis of STR loci by capillary electrophoresis is
relatively insensitive [limit of detection (LD), 1% to 5%] and
microsatellite alleles of varying length amplify with different
efﬁciencies, thus making them inherently biased. STR
ampliﬁcation can also be difﬁcult in the setting of highly
degraded DNA. However, SNPs are less attractive as targets
because of their inherently lower informativity (eg, only two
possible bases for a bi-allelic SNP versus 10 alleles for some
microsatellites), requiring many more SNPs to be tested to
identify those that distinguish donor from recipient. For
example, we previously estimated that one would need to
screen >20 to 30 individual SNPs to conﬁdently identify one
SNP where the donor is homozygous for one allele and an
unrelated recipient is homozygous for the other allele.11 Fewer
would need to be included if heterozygotes were included, but
more would have to be analyzed for related individuals.
Recently emerging next-generation sequencing (NGS)
technologies, along with their decreasing costs, are now
feasible for clinical testing. However, all NGS technologies
currently have high error rates, in the range of 0.04% to 1%
at each base,14 which precludes their use for ultrasensitive
detection of one SNP. One solution to this problem is
sequencing blocks of closely spaced SNPs (ie, haplotypes).
Haplotypes are regions of the genome, where polymorphic
areas are sufﬁciently close that they are inherited together,
including either genes (eg, HLA-A and HLA-B) within a
locus or multiple SNPs within a region of DNA.
Herein, we ﬁrst used the HLA-A locus as proof-ofprinciple to demonstrate that this approach permits high
sensitivity, precision, and accuracy. We then studied BM
samples from a cohort of patients who engrafted after HSCT
and tested as all donors by STRs, and found that low-level
patient DNA is commonly present. To identify additional
loci that could be used for this purpose, we comprehensively
analyzed the human genome and identiﬁed other regions
with highly informative haplotypes. We discuss additional
situations where routine haplotyping patient samples could
improve patient safety.
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Materials and Methods
Sample Collection and Preparation
Cell lines HCT116 (A*01:01:01 and A*02:01:01) and
DLD-1 (A*02:01:01 and A*24:02:01:01) were chosen
because of their available HLA-A haplotypes, and we
conﬁrmed them in the Immunogenetics Laboratory of the
Johns Hopkins University (Baltimore, MD), as well as their
DNA ﬁngerprint proﬁle using the AmpFlSTR Proﬁler Plus
PCR Ampliﬁcation Kit (Life Technologies, Carlsbad, CA).
Many cells were expanded to permit making cell dilutions,
because we have found that cell dilutions are generally more
accurate then DNA dilutions (data not shown). Cell-to-cell
dilutions were made, where an appropriate number of
HCT116 cells was added to 10 million DLD-1 cells for each
dilution. DNA was extracted from each cell pellet using a
DNeasy Blood and Tissue kit (Qiagen, Valencia, CA).
Extracted DNA was quantiﬁed by Quantiﬁler (Applied
Biosystems, Carlsbad, CA) and stored at 20 C.

BME Samples
Samples from 18 patients who underwent allogeneic HSCT
were obtained from the Molecular Diagnostic Laboratory at
the Johns Hopkins Hospital on an Institutional Review
Boardeapproved protocol. Samples were selected on the
basis of the disease type, the ability to distinguish patient
from donor alleles, their classiﬁcation as donor by STR
analysis, and the fact that at least 600 ng (100,000 genomes)
of DNA was available to test (Table 1). Each BM sample was
prepared for sequencing, as described below, and sequenced
on the Ion Torrent Personal Genome Machine (PGM) to
ensure approximately 100,000 reads were obtained.

HLA-A PCR Ampliﬁcation
Forward and reverse primers were ordered with Ion
Torrentespeciﬁc adaptors (A- and P1-adaptors) added at their
50 ends. Brieﬂy, the ﬁrst round PCR included 600 ng (100,000
genomes) of DNA, 200 nmol/L forward and reverse primers, in
Platinum PCR SuperMix High Fidelity (Invitrogen, Carlsbad,
CA) in a total 100-mL reaction volume. The forward primer was
as follows: 50 -CCATCTCATCCCTGCGTGTCTCCGACtcagAGGACCTGCGCTCTTGGAC-30 [A-adaptor (underlined
letters), library key (lowercase letters), and HLA-A primer
(italicized letters)]. The reverse primer was as follows:
50 -CCTCTCTATGGGCAGTCGGTGATCGTTCTCCAGGTATCTGCGGA-30 [P1-adaptor (underlined letters) and HLA-A
reverse (italicized letters)]. The expected size of the full-length
PCR product was 298 bp, including adapters. After ampliﬁcation, adaptor containing PCR product was visualized by gel
electrophoresis (Novex TBE Gels; Life Technologies) and
quantiﬁed using high-sensitivity double-stranded DNA reagents and a Qubit 2.0 ﬂuorometer version 3.10 (Invitrogen).
With the desire to paint a single molecule on each bead for
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Table 1

BMT Patient Characteristics and Patient DNA Detected

Patient no.

Disease

Patient HLA-A

Donor HLA-A

Difference*

Patients (%)

BME14
BME20
BME18
BME10
BME19
BME25
BME30
BME27
BME16
BME11
BME4
BME26
BME1
BME22
BME21
BME29
BME23
BME24

AML
MDS
AML
AML
AML
ALL
AML
AML
AML
AML
AML-M6
ALL
MM
CLL
MCL
AML
DLBCL
HD

A*02:05:01/A*03:01:01:01
A*29:02:01:01/A*26:01:01
A*03:01:01:01/A*30:01:01
A*32:01:01/A*34:02:01
A*24:02:01:01/A*68:01:01:01
A*01:01:01:01/A*03:01:01:01
A*03:01:01:01/A*24:02:01:01
A*02:01:01:01/A*24:02:01:01
A*02:XX/A*26:XX
A*30:02:01/A*74:01
A*02:01:01:01/A*29:02:01:01
A*11:01:01/A*30:01:01
A*02:01:01:01/A*23:01:01
A*02:01:01:01/A*66:01
A*68:02:01:01/A*29:02:01:01
A*11:01:01/A*26:01:01
A*02:01:01:01/A*26:01:01
A*01:01:01:01/A*29:02:01:01

A*02:05:01/A*01:01:01:01
A*01:01:01:01/A*26:01:01
A*11:01:01/A*30:01:01
A*01:01:01:01/A*34:02:01
A*32:01:01/A*68:01:01:01
A*33:01:01/A*03:01:01:01
A*03:01:01:01/A*01:01:01:01
A*02:01:01:01/A*02:01:01:01
A*02:xx/A*03:xx
A*68:02:01:01/A*74:01
A*02:01:01:01/A*68:01:01:01
A*25:01:01/A*30:01:01
A*30:xx/A*02:xx
A*01:01:01:01/A*66:01
A*30:01:01/A*29:02:01:01
A*11:01:01/A*11:01:01
A*02:01:01:01/A*02:01:01:01
A*30:02:01/A*29:02:01:01

11,6
12,6
7,5
12,3
6,7
12,11
7,6
7
6,9
8,2
6,5
6,9
4,7
11,9
8,6
6
9
13,12

0.000
0.001
0.019
0.030
0.052
0.060
0.136
0.140
0.189
0.190
0.312
0.328
0.416
0.640
0.750
0.863
1.110
1.470

*Number of SNP differences between unique alleles (bold) and between the unique patient and shared alleles.
ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; CLL, chronic lymphocytic leukemia; DLBCL, diffuse large B-cell lymphoma; HD, Hodgkin
disease; MCL, mantle cell lymphoma; MDS, myelodysplastic syndrome; MM, multiple myeloma.

emulsion PCR, samples were diluted to a 0.03 nmol/L working
concentration. During emulsion PCR, each single molecule
produces a clone of progeny molecules (estimated to be
approximately 500,000) for sequencing.

Ion Torrent PGM Library Preparation and Sequencing
Emulsion PCR using 20 to 25 mL working stock, NGS, and
mapping to hg19 were all done per the manufacturer’s protocol
(Life Technologies). Assessment of the percentage ampliconcontaining beads was performed per the manufacturer’s
protocol (Life Technologies) and measured with a Qubit 2.0
ﬂuorometer (Invitrogen). Amplicon-coated beads were analyzed
on 314 and 316 chips using the Ion PGM Sequencing 200 kit
on the Life Technologies’ Ion Torrent PGM, semiconductor
sequencer, which detects dNTP incorporation using the
hydrogen ion that is released (along with pyrophosphate) when
a dNTP is incorporated into an elongating DNA strand.15,16

Microsatellite Analysis
PCR ampliﬁcation of nine microsatellites (AmpFlSTR Proﬁler kit; Applied Biosystems) or 15 microsatellites (Identiﬁler; Applied Biosystems) was performed according to the
manufacturer’s instructions. Amplicons were resolved on a
capillary electrophoresis ABI3130xl Genetic Analyzer
(Applied Biosystems).

and remove poor quality reads. Resulting sequence ﬁles
were aligned to an hg19 reference sequence. Further analysis of Fastq ﬁles was done using Geneious Pro 5.5.7, where
perfectly matched reads were counted. Some samples were
log10 transformed and graphed (GraphPad Prism version
5.04; GraphPad Software Inc., San Diego, CA).
Analysis of molecular speciﬁcity was done with homozygous HLA-A*01:01:01:01 and HLA-A*02:01:01:01 samples
(hereafter simply A*01 and A*02, respectively). Each sample
was analyzed for the other allele, followed by the introduction
of the other allele’s base at 11 SNP positions. For example,
homozygous A*01 was analyzed for perfectly matched A*01
reads, followed by perfect A*02 reads. On this, one A*02speciﬁc base was introduced into the A*01 sequence at each of
the 11 SNP positions and analyzed. After introducing one
A*02-speciﬁc base at all of the possible positions, two A*02speciﬁc bases were introduced, repeating the process for 11
possible combinations. The process was continued all of the
way to substituting 10 A*02-speciﬁc bases. The number of
reads found, for each combination, was averaged and the
percentage of reads found was graphed.
The BM transplant samples were analyzed for the amount
of patient (patient unique allele) in the sample. After eliminating reads representing a haplotype shared by both individuals, we calculated percentage patient DNA (patient/
patient þ donor). For cases where three alleles were shared,
the equation [(2  unique patient)/(unique patient þ shared
patient  donor)] was used.

Bioinformatics/Analysis
Bioinformatics Analysis of 1000 Genomes Database
Initial processing of the data was done using the Ion Torrent
platform-speciﬁc pipeline software Torrent Suite version
3.2.1 to generate sequence reads, trim adapter sequences,
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By use of 1000 Genomes release version 3_20110521 from
build hg18 (http://www.1000genomes.org, last accessed
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Figure 1

Haplotype counting strategy. A: Shown is a theoretical locus
containing four possible SNPs, where the donor has homozygous adenine at
each of the SNPs and the patient (recipient, right) has homozygous cytosine.
B: In a post-transplant sample, 10,000 reads that perfectly match the donor
genotype, 10 reads with a cytosine (yellow) at the third SNP, and 10 reads
with a cytosine at the ﬁrst SNP (yellow) are detected. The 20 reads with a
single cytosine can be interpreted as PCR errors because they do not perfectly
match either donor or patient alleles. Accordingly, these results would be
interpreted as 100% donor. C: Another post-transplant sample contains 9900
reads that perfectly match the donor haplotype, whereas 100 reads perfectly
match the patient haplotype. Accordingly, this sample is 1% patient. D: The
distal region of HLA-A exon 3 (blue) and intron 3 (blue line) containing 18
potential SNPs (indicated with X) and two HLA-A PCR primers (yellow). The PCR
primers are tailed with adapters (orange) for the DNA sequencing primer to
bind (A-adapter) or to covalently anchor the amplicon onto the bead (P1adapter). The total length of the HLA-targeted region is 245 bp, and the
total length of the amplicon is 298 bp, including the adapters. Not shown is
the four-base library key located between the A-adaptor and the forward HLAA primer (as described in Materials and Methods).

July 3, 2014), we identiﬁed regions that were polymorphic
and ﬂanked by constant regions. We required a minimum of
nine variants with a minor allele frequency of 9% in three
of the major populations: CEU (CEPH, Utah residents with
Northern and Western European ancestry); JPTCHB (a
combined Asian population including JPT, Japanese in
Tokyo, Japan, and CHB, Han Chinese in Beijing, China);
and YRI (Yoruba in Ibadan, Nigeria) within 300 bp. Size
was chosen so that it could be ampliﬁed and sequenced in a
single read, well within the limits of current NGS technology. We required potential regions to be ﬂanked by constant
regions of at least 20 bp for primer placement.

Polymorphic regions were converted from hg18 to hg19
using University of California, Santa Cruz’s LiftOver tool
(http://genome.ucsc.edu/cgi-bin/hgLiftOver, last accessed
March 28, 2014). A custom script was written to convert
phased variants from 1000 Genomes variant call ﬁles
(both IMPUTE217 and SHAPEIT218 versions; http://www.
1000genomes.org) into IMPUTE reference panel format haplotypes at every region. A custom program was then used to
assess all possible haplotype combinations between two theoretical individuals for informativity and probability of occurrence. Particular haplotype combinations were deﬁned as
informative if at least one haplotype of individual B (patient) had
at least two SNP differences from both haplotypes of individual
A (donor). Once informative haplotype combinations were
determined, the probabilities of these combinations occurring in
two unrelated individuals were calculated (on the basis of the
1000 Genomes frequencies; http://www.1000genomes.org) and
summed. Results from the two methods of phasing the chromosomes were highly correlated (data not shown), so only the
data from SHAPEIT2 phased haplotypes are presented. Thus,
the calculated probability score reﬂects the informativity of the
region for two unrelated individuals.

Results
Overall Strategy
The overall strategy is demonstrated in Figure 1. Imagine a
region of a gene that contains four SNPs and two individuals: a donor who is homozygous for adenine at all
four SNPs (designated homozygous haplotype A) and a
patient (recipient) who is homozygous for cytosine at all
four SNPs (homozygous haplotype C) (Figure 1A). In a
sample that is pure donor (top bar, 10,000 reads), because of
the high error rates of NGS, mutations will be seen by NGS,
some of which will coincidentally occur at SNP positions
(10 reads each) (Figure 1B). Because these involve only one
of the four SNPs, these can be attributed as PCR errors and
discarded because these molecules do not match either the
donor or patient alleles. If the strategy used only one SNP,
instead of a haplotype, one would be unable to distinguish
between 10 true patient reads and 10 PCR error reads. In
contrast, if 100 molecules are detected in the post-transplant

Figure 2 Numbers of discriminating SNPs between common HLA-A alleles. Common Europeanorigin HLA-A alleles were collected and aligned,
and the number of discriminating SNPs between
them was determined. The homozygous genotypes
analyzed later in Figure 3, A*01 and A*02, differ
by 11 SNPs (double box). The genotypes from the
dilution series later in Figure 4 are A*01/A*02
into A*02/A*24, where the unique alleles vary by
seven SNPs (bold box). Other combinations vary
by fewer SNPs, such as A*68 versus A*02 (dashed
box). Included are only alleles that occur at 1%
in the population of European origin.
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combinations of HLA-A alleles are easily differentiated,
whereas others are more difﬁcult. For example, 11 SNPs
differentiate allele A*01 from A*02, so that even with a relatively high base substitution error rate (eg, 1% per base), a
sample homozygous for A*01 should not contain any
false-positive A*02 allele reads. In contrast, A*02 and HLAA*68:01:01:01 (hereafter A*68) have only one SNP difference, so a pure sample homozygous for A*02 will likely
contain reads matching A*68 because of the relatively high
error rate intrinsic to current NGS technologies.

Speciﬁcity of the Assay for SNPs

Figure 3

Molecular speciﬁcity. Samples homozygous for the A*01 allele
(A) and the A*02 allele (B) were PCR ampliﬁed and NGS sequenced. Each was
analyzed for the presence of the other allele and for hybrid molecules containing one or more SNPs of the other allele. C: Waterfall plot of the percentage
reads for each combination of the 11 SNP differences for the two samples. For
example, the 10A1 þ 1A2 bar reﬂects the mean number of erroneous reads
(9/11 Z 0.82), in the pure A*01 sample where any one of the 11 SNP positions
matches the A*02 allele (0.82/201,605, from A). Likewise, the 9A1 þ 2A2 bar
reﬂects the lack of any reads in the pure A*01 sample, where two adjacent
SNPs match the A*02 allele at any of the positions.

sample with cytosine at all four SNPs, this would indicate
the presence of true patient-speciﬁc DNA (Figure 1C).

Analysis of HLA-A Alleles
We performed alignments of common HLA-A alleles in the
European-origin population using the Major Histocompatibility Complex database, a publically accessible platform for
DNA and clinical data related to the human major histocompatibility complex (http://www.ncbi.nlm.nih.gov/gv/
mhc/main.cgi?cmdZinit, last accessed March 28, 2014).
Regions with a high density of SNPs and ﬂanked by nonpolymorphic DNA were identiﬁed. One region, HLA-A exon
3, contained 18 possible SNPs and at least 15 major alleles in
the European-origin population. We tested a series of primers
surrounding this region and selected the best pair on the basis
of ampliﬁcation efﬁciency and speciﬁcity (as described in
Materials and Methods) (Figure 1D). The number of SNP
differences in this region between the most common alleles of
the European-origin population is given (Figure 2); some
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To test the possible cross talk between molecules that vary
by 11 SNPs, we sequenced two samples, one homozygous
for A*01 and another homozygous for A*02, and analyzed
each for the other allele (Figure 3). The A*01 and A*02
samples contained approximately 200,000 perfect matching
reads. Neither pure sample contained any perfect reads of
the other haplotype. We then examined the A*01 sample
ﬁles for reads containing a single A*02 SNP at each of the
11 positions and found an average of 0.3% to 0.8% reads
that contained a single error from the perfect haplotype
(Figure 3A). When two SNPs of the opposite haplotype
were searched, no reads were obtained. Similar results were
obtained with the pure A*02 sample (Figure 3B). A doublewaterfall plot shows that when enough discriminating SNPs
between two individuals’ alleles exist, the assay is highly
speciﬁc (Figure 3C and Supplemental Tables S1 and S2).

HLA-A Dose-Response Curve, Accuracy, Precision,
and LD
To assess the accuracy and LD, we generated a dilution series
from two cell lines with known HLA-A genotypes. These
samples were chosen because the two alleles of interest (A*01
and A*02) vary from one another by 11 SNPs, and both vary
from the commonly shared allele (A*24) by seven SNPs
(Figure 2). Dilutions were made with cell mixes varying from
1 in 1 million (0.0001%) to 1 in 100 (1%) using a total of 10
million cells for each dilution. DNA was isolated and PCR was
performed using 600 ng of DNA. We chose this relatively
large amount of DNA on the basis of the desire to achieve an
LD of at least 1:10,000 (0.01%) and to exceed that target LD by
using 10 excess DNA. This relatively high DNA input reﬂects approximately 100,000 genomes (on the basis of
approximately 6 pg/haploid genome) and was chosen to prevent bottlenecking and resultant allele dropout. For example, if
DNA representing only 100 genomes were analyzed to
100,000  depth of coverage, the LD is input DNA limited,
not depth of coverage limited, and is at best 1%. A sample with
a minor allele frequency of 0.1% would likely not be detected.
Each sample was sequenced at least twice, and results were
graphed as the percentage HLA-A*01ebearing cells
(Figure 4A). Least-squares analysis generated a straight line
demonstrating excellent accuracy (R2 Z 0.93). To determine
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the number of genomes (approximately 100,000) exceeded
by an order of magnitude the desired LD. Several samples
were excluded that could not meet these criteria.
All samples tested positive for some level of patient
DNA, except for one sample. The positives ranged from
0.001% to 1.47% patient DNA (mean, 0.373) (Figure 5),
conﬁrming that the haplotype-based assay was more sensitive. We also noted that of the four samples with the highest
levels of patient DNA, three of them were from patients
with lymphoma.

The Human Genome Contains Clusters of SNPs That Can
Be Ampliﬁed to Give Information on Haplotypes

precision, we performed additional replicates at 0.1% and
0.01% dilutions (four total) (Supplemental Table S3). The
assay was highly precise at 0.1% cell mix (mean, 0.065%;
coefﬁcient of variation, 0.12%), but less so at the 0.01% cell
mix, as expected (mean, 0.012%; coefﬁcient of variation, 0.40%). Because we detected the minor HLA-A allele in
four of four replicates at 0.01%, but only one of two replicates
at 0.003%, we concluded that 0.01% is the lower LD for this
assay (Supplemental Table S3). These results compare
favorably with those of microsatellites, which are highly linear
and generally accurate, but with a much poorer LD of only
approximately 3% (Figure 4B).

SNP Haplotype Assay Detects Patient DNA in BM
Samples That Tested All Donors by STR Analysis

1.5

% Patient

Figure 4 Linearity NGS haplotyping and microsatellite analysis. Linearity of the SNP haplotyping approach. A*01/A*02 cells were serially
diluted into A*02/A*24 cells, and DNA was isolated and tested by HLA-A
NGS. A: NGS HLA-A*01 counts were expressed as a percentage, as a function
of the percentage of HLA-A*01 bearing cells. Error bars: 1 SEM. The error
bar for 0.1% bearing cells is too small to be seen. The error bar for 0.003%
is absent because only half the replicates were ampliﬁed. The NGS haplotyping data begin at 1% and are serially diluted down from there. B: Posttransplant patient samples with various percentage of patient DNA were
analyzed using the Proﬁler and Identiﬁler kits. Note the lack of the ability
to detect DNA lower than the LD of 3%.

We used variant calls from the 1000 Genomes project (http://
www.1000genomes.org) to identify regions containing at
least nine SNPs in all three populations (Europeans, Asians,
and Africans; as described in Materials and Methods) within
300 bp. We further required these regions to be ﬂanked by at
least 20 bp of nonpolymorphic DNA. The nonpolymorphic
regions provide potential primer sites, whereas the variable
regions are suitable for haplotype counting. We identiﬁed
4349 such loci across the genome (Supplemental Figure S1),
requiring that nine or more variants have minor allele frequencies >9% in all three populations (Supplemental Table
S4). One concern is that a cluster of SNPs may not be that
informative because it simply represents a high-frequency
haplotype. For example, a haplotype that exists within a
population at a 2% level and containing 20 SNPs, in
conjunction with a second haplotype with the other base at
each of the 20 positions present in 98% of the population, is a
relatively uninformative marker. In contrast, a locus with 20
SNPs with 10 different haplotypes, each of which is present
at 10% in the population, is highly informative.
By using the 4349 regions identiﬁed as SNP dense, we
analyzed the 1000 (1092) Genomes project (http://www.
1000genomes.org) phased-variant call ﬁles to calculate
overall probability that two unrelated individuals would be
different at each locus (as described in Materials and
Methods). Brieﬂy, at each locus, a ﬁle was generated that

1.0

0.5

0.0

We selected 18 patients whose donor-patient HLA genotypes varied by at least four SNPs (Table 1). The allele
unique to donor varied from that unique to patient by 4 to 13
SNPs. To further prevent false-positive results, the unique
patient allele varied from the shared allele by 2 to 12 SNPs.
We also required that 600 ng be available for testing, so that

Figure 5 Percentage of patient DNA in BM samples. Unique patient
DNA was detected in BM samples, which demonstrated all donors by conventional short tandem repeat assays, after hematopoietic stem cell
transplantation.
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Table 2

Alternate Loci for Haplotype Counting

Chromosome*

Geney

Startz

Stop

Length (bp)

No. of SNPs

No. of haplotypes

CEU

JPT

YRI

Mean

1
1
2
2
3
3
4
4
5
5
6
6
7
7
8
8
9
9
10
10
11
11
12
12
13
13
14
14
15
15
16
16
17
17
18
18
19
19
20
20
21
21

d
d
d
VIT
ST6GAL1
d
SORCS2
d
d
d
HLA-DRB1
HLA-B
d
d
d
CSMD1
d
d
d
d
CNTN5
d
d
d
FARP1
d
d
TRA
d
d
d
d
TBCD
RBFOX3
d
CLUL1
CCDC61
d
PROKR2
SIRPA
d
UMODL1

238855189
238416454
106142506
36927840
186654745
97907092
7447136
66995978
125498526
178259629
32551493
31319390
64895079
9111002
6160141
3478267
132197723
95691312
133376146
123095093
99491238
5078880
82460264
17884472
99084002
33553507
107094021
22736235
34750054
25047393
56576389
84540653
80804085
77148074
76597079
631210
46500080
57525179
5289890
1895467
20548907
43528819

238855428
238416673
106142791
36928071
186655022
97907374
7447434
66996254
125498753
178259892
32551765
31319668
64895355
9111297
6160442
3478568
132197947
95691534
133376435
123095377
99491538
5079122
82460531
17884719
99084259
33553784
107094317
22736521
34750330
25047681
56576687
84540932
80804372
77148367
76597332
631400
46500360
57525424
5290161
1895674
20549196
43529079

240
220
286
232
278
283
299
277
228
264
273
279
277
296
302
302
225
223
290
285
301
243
268
248
258
278
297
287
277
289
299
280
288
294
254
191
281
246
272
208
290
261

9
9
10
9
9
10
9
9
10
13
9
10
10
9
10
10
11
10
9
10
9
10
9
9
9
9
10
9
9
10
11
9
9
10
9
9
9
13
9
11
9
9

7
11
8
6
12
13
16
8
19
23
306
27
12
11
13
13
11
14
14
18
7
15
7
10
17
29
25
11
8
25
46
16
33
15
14
12
14
10
7
24
6
10

0.63
0.39
0.63
0.58
0.72
0.58
0.60
0.63
0.67
0.69
0.98
0.93
0.59
0.60
0.56
0.63
0.66
0.39
0.74
0.74
0.62
0.65
0.65
0.67
0.63
0.68
0.53
0.51
0.51
0.51
0.76
0.69
0.70
0.38
0.40
0.35
0.41
0.37
0.64
0.49
0.44
0.33

0.46
0.46
0.61
0.59
0.67
0.42
0.46
0.45
0.58
0.56
0.95
0.91
0.61
0.64
0.67
0.51
0.45
0.35
0.74
0.78
0.50
0.40
0.66
0.61
0.70
0.45
0.51
0.57
0.57
0.44
0.82
0.66
0.70
0.60
0.40
0.27
0.38
0.39
0.51
0.58
0.35
0.38

0.63
0.43
0.66
0.61
0.73
0.64
0.65
0.60
0.67
0.64
0.96
0.88
0.66
0.59
0.63
0.66
0.53
0.46
0.78
0.69
0.60
0.61
0.66
0.66
0.71
0.65
0.66
0.61
0.61
0.55
0.80
0.74
0.74
0.52
0.40
0.38
0.43
0.41
0.59
0.56
0.42
0.39

0.57
0.43
0.63
0.59
0.70
0.55
0.57
0.56
0.64
0.63
0.96
0.91
0.62
0.61
0.62
0.60
0.55
0.40
0.75
0.74
0.57
0.55
0.66
0.65
0.68
0.59
0.57
0.56
0.56
0.50
0.79
0.70
0.71
0.50
0.40
0.33
0.41
0.39
0.58
0.54
0.40
0.36

*Chromosome 22 is absent because of the lack of good polymorphic loci. X and Y were excluded.
y
Gene, if present.
z
Hg19 coordinates.
d, No data.

contained all of the SNPs for each of the 2184 (2  1092)
alleles. We then determined the number of distinct alleles
and the number of times each of them was represented. We
then calculated all possible combinations of alleles within
donors and recipients, and ﬁnally determined the combined
probability that two unrelated individuals would be informative (Table 2 and Supplemental Table S5). These putative
alternate loci will need to be experimentally validated in
large cohorts of patients, and experiments are in progress for
this validation.
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Discussion
Herein, we demonstrated that we can detect mixtures of
human DNA down to an LD of 0.01% (1 in 10,000) using
haplotype counting by NGS, 100-fold more sensitive than
current STR-based methods. False positives from NGS are
avoided by using haplotypes because if they vary from one
another by enough SNPs, they should demonstrate no cross
talk, even with a mutation frequency of 0.1% to 1% per
base. Although we have chosen HLA-A19,20 as a proof-of-
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concept in this assay, we report other haplotype loci from
the 1000 Genomes project21 (http://www.1000genomes.
org) that could be used for this purpose. Selection of suitable loci may be inﬂuenced by the patient’s ethnic background, number of discriminating SNPs, and ease of primer
placement. The set of haplotypes used for this purpose
ideally would be suitable for transplant analysis of all patient ethnicities. Patient DNA is consistently detected in BM
samples that test all donor by the conventional STR assay.
Detection of minimal residual disease in cases such as acute
promyelocytic leukemia and subsequent early intervention has
been associated with signiﬁcantly higher survival.22,23 The
haplotype counting-based assay may prove valuable to detect
relapse in HSCT patients earlier than the existing microsatellitebased assays. One of the other non-chromosome 6 (containing
human HLA) loci (Table 2) might be better for this purpose,
because one mechanism that leukemic cells can escape donor
anti-leukemic T cells is through the loss of the mismatched HLA
allele, estimated to occur in 29.4% to 66.7% of such patients.24,25 Another limitation of the HLA-A haplotype approach
is that some transplant donors are HLA identical, and loci other
than HLA would be required to monitor such patients.
HSCT has traditionally been used to treat malignant and
nonmalignant hematological disorders. In addition, with the
transplantation of solid organs, some amount of lymphoid tissue
may be transferred by cell migration from the donor organs,
thereby generating a chimerism in the patient.26 In contrast,
intentional induction of a microchimerism, by injecting donor
BM, is a strategy used to generate donor-speciﬁc tolerance in
extremity transplantation.27e29 The development and persistence of a donor-recipient microchimerism may be associated
with the acceptance of transplanted organs.26 Using NGS to
detect low levels of donor cells may provide an opportunity to
document such a microchimerism (or lack thereof) and possibly
manage immunosuppressive regimens to optimize engraftment.
The NGS of highly polymorphic regions may have applications outside of transplantation medicine. A microchimerism
resulting from bidirectional exchange of cells between mother
and fetus has been detected in women long after pregnancy
using Y chromosome ﬂuorescence in situ hybridization and
PCR for the SRY gene.30e32 Our assay could be applied for such
studies with the additional beneﬁt of also being able to detect
exchanged cells between a mother and a daughter. NGS haplotyping might also aid in the detection of rare tissue regenerative cells in the heart transplant setting. In sex-mismatched
heart transplant and using Y chromosome ﬂuorescence in situ
hybridization, studies have shown a cardiac chimerism caused
by migration of recipient cells to the grafted heart.33,34
The ﬁeld of forensics has relied on STR loci for identiﬁcation of suspects and human remains. In theory, testing
haplotypes could allow one to identify the presence of suspect
in a large mixture of DNAs, such as in polysuspect cases.35,36
In addition to forensic applications, tools for quality control
and sample tracking in a large inventory of human DNA
samples would be valuable. Such tools have previously been
reported using panels of SNPs,37 and the NGS-haplotyping

assay could be applied in similar situations. Similar markers
could be developed to distinguish among species.
To ensure patient identity and exclude the possibility of a
mislabeled specimen, haplotyping to uniquely deﬁne the
patient could easily be included in any NGS-based genetic
test. They could also be used for any absolutely critical test,
such as ABO typing of blood products,38 and matched to the
intended patient’s genotype encoded in an implanted
microchip immediately before transfusion. Although rare,
wrong-patient adverse events occur in hospital settings,
especially when patients share the same name or patients
have similar appearances.39 To circumvent these preventable
errors, a biological identiﬁer, such as those described herein,
could be implemented to unequivocally distinguish patients.
NGS technologies, because of their declining costs and
improved read lengths and base calling, have been making
their way into the clinical setting. Haplotype counting using
NGS described herein may become a valuable tool to
analyze DNA mixes and perform identity testing because of
its high sensitivity, precision, and accuracy.
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Note Added in Proof
A group recently published that circulating DNA of donor
origin can be used to detect rejection of the transplanted heart.40
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