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Abstract
Recipients of allogeneic bone marrow transplants (BMT) or stem cell transplants (SCT) require clinical monitoring
to allow for early diagnosis of such post-transplant adverse effects as rejection, graft vs. host disease (GVHD), or
a malignancy relapse. Triaging of the transplant recipients in clinical settings is achieved by monitoring the Minimal
Residual Disease (MRD) and measuring the amount of mixed chimerism in peripheral blood lymphocytes (PBL). While
MRD monitoring involves detection of the malignancy-specific markers, measuring the extent of mixed chimerism can
be achieved via general PCR-based methods. We have developed a SNP genotyping method to detect low levels of
mixed chimerism in PBL and genomic DNA. Sensitivity is achieved by measuring a cumulative skew in genotyping
data across a cohort of 92 independent SNP markers. This method showed a sensitivity of 0.98 and a specificity of
0.90 for 10%, 5%, and 2% mixed chimerism samples. The overall specificity of the method is 0.98 and the accuracy
is 0.95. The results show 100% concordance with the STR data for a set of clinical samples. The advantage of
this method compared to already established methodologies is that it does not require disease-specific markers and
can be multiplexed. The method and the analysis software can also be used with other genotyping and sequencing
technologies.
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Introduction
Patients diagnosed with blood and bone marrow malignancies
typically receive allogeneic bone marrow transplant (BMT) or stem
cell transplant (SCT) treatment following chemotherapy. Due to a high
rate of relapse post-allogeneic transplant [1], it is important to monitor
the status of post-transplant patients to allow for early diagnosis of
such adverse effects as transplant rejection, graft vs. host disease
(GVHD), or a malignancy relapse. Clinical follow up of the allograft
recipients requires long-term monitoring of either the malignancyspecific markers or the residual hematopoiesis of the recipient cells
(mixed chimerism, MC). Minimal residual disease (MRD [1,2])
monitoring involves detection and quantification of the malignancyspecific markers, while measuring the extent of mixed chimerism [3]
requires measuring the fraction of recipient cells in peripheral blood
samples. MRD approaches require monitoring the malignant clone
via molecular (PCR-based) or immunophenotypic methods [4]. For
example, the gene-specific markers for acute lymphoblastic leukemia
(ALL) include TCR and Ig-gene rearrangements and BCR/ABL gene
fusion products [4], while mutations in the NPM1 gene can be used as
the markers in CML [5].
Mixed chimerism (MC) is defined as presence of an additional
genotype in the peripheral blood cells of the allograft recipient. This is
attributed to the hematopoiesis of the recipient’s native CD34+ derived
cells despite the cytoreductive treatment prior to the allograft transplant.
Several studies have shown strong positive correlation between the
extent of mixed chimerism and the likelihood of patient hematologic
relapse [4,6-9]. The magnitude of mixed chimerism is frequently
measured using PCR-based methods [10,11] as a ratio of the recipient
genotype signal to that of the donor. Some of the methods employed
to estimate the degree of mixed chimerism include variable number
tandem repeat (VNTR) PCR [3,12], short tandem repeat (STR) PCR
[13,14], amelogenin marker PCR [15], single nucleotide polymorphism
(SNP) marker PCR [16] and cell sorting analysis (FACS) [17].
The main difference between MRD and MC molecular detection
methods is that MRD methods require disease-specific molecular
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probes while the MC methods identify mixed chimerism using
universal non allele-specific genotyping PCR-techniques such as STRs,
VNTRs and SNPs. For example the mutations in the NPM1 gene can be
interrogated via quantitative or nested PCR to monitor patient samples
with “normal karyotype AML” via MRD. However, simultaneous
presence of the internal tandem duplication mutations in FLT3 indicates
higher rates of chemotherapy failure and allograft hematologic relapse
[5]. MRD detection molecular targets are disease-, subgroup-, and often
patient-specific, which complicate creating a universal methodology.
MRD does offer higher sensitivity than MC methods, ranging around
1e-3-to-1e-4 (1 molecule in 10,000) [17-21]. MC methods, on the other
hand, use genotyping techniques that can be applied to various blood
cancers in a manner that is independent of the mutation makeup and
the karyotype of the malignancy. The early MC detection methods
based on STRs and VNTRs claimed around 3-5% mixed chimerism
sensitivity [3,13,14]. Recent SNP-based methods coupled with qPCR
[16,22] report quantification of the target template as low as 0.1%. For
reviews of MRD and MC detection methods see [4,5,23].
We have developed a high-throughput SNP-based mixed chimerism
detection method that is highly multiplexed and does not involve
allele-specific PCR. The 92 SNP ChimericID Panel was developed for
the MALDI-TOF-based MassARRAY® System with iPLEX® technology
by Agena Bioscience™ [24-27] for the purpose of mixed chimerism
detection in PBLs and genomic DNA. The panel consists of 92
independent SNPs with minor allele frequency (MAF) of 0.45-to-0.55.
Mixed chimerism detection is achieved by detecting a cumulative skew
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in genotyping data across a cohort of 92 markers. Detection of as low
as 2% mixed chimerism was achieved with a sensitivity of 0.98 and a
specificity of 0.90. The advantage of the method compared to already
established methodologies is that it does not require disease-specific
markers and can be multiplexed to process samples in parallel (4, 12,
or 48 samples per 24, 96, or 384 microtiter plate format, respectively).
The method and the analysis software can also be used with other
genotyping and sequencing technologies and applied to general tasks of
sample mixture identification.
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The panel design and the serial dilution experiments were carried
out with DNA from Coriell HapMap CEU population 96-samples plate
(Coriell HAPMAPPT01) and an in-house biobank of genomic DNA
from four self-declared ethnic populations (Caucasian, Asian, African
American, and Hispanic). Concentration and mixture composition
of the samples was verified with a NanoDrop spectrophotometer
(ThermoScientific). The panel was also tested using clinical PBL samples
from a cohort of bone marrow transplant recipients (Hackensack UMC,
NJ).

Panel design
Panel SNP candidates were selected using the International
HapMap Project [28] data retrieval utility (BioMart). We selected
a cohort of SNPs with average MAF within the range of 0.45 to 0.55
across the following major HapMap populations: ASW, CEU, CHB,
GIH, JPT, MEX. The cohort was reduced to 228 SNPs to include only
A/T and C/T transitions. This decision was made to take advantage of
the strengths of the MassARRAY System and iPLEX chemistry, rather
than the biological significance of the allele transitions. The SNAP
utility from Broad Institute (http://www.broadinstitute.org/mpg/snap/)
was used to verify the absence of linkage disequilibrium among the
panel SNP markers from the SNP data available from the International
HapMap Project [29]. We used the Agena Bioscience Assay Design
Suite 1.0 (Agena Bioscience ADS 1.0) to design the multiplexed iPLEX
assays. The final panel contains 92 assays in 8 multiplexes (Table 1).
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Table 1: ChimericID panel SNP markers.

Biochemistry and data acquisition
10-20 ng of the total DNA per multiplex (80-160 ng of DNA per
sample) was used for locus-specific PCR amplification (45 cycles) with
the PCR Accessory and Enzyme Set (Agena Bioscience) in both 96or 384-well format. Following PCR amplification of the panel marker
targets, the unincorporated dNTPs were dephosphorylated with SAP
(Agena Bioscience) and the assay probes were extended into SNP sites
by single-nucleotide extension with acyclo-NTP termination (iPLEX
Pro Reagent Kit, 200 cycles of the extend reaction, Agena Bioscience).
The contents of the PCR/extend reactions were desalted with strong
cation-exchange resin and transferred onto a SpectroChip® Array
(SpectroCHIP Array and Resin Kit, Agena Bioscience) for MALDI-TOF
analysis. Data were acquired with the MassARRAY Analyzer 4 (Agena
Bioscience) in genotyping plus area mode. The signal processing, peak
annotation, and genotype calling were done with TyperAnalyzer 4.0
(Agena Bioscience).

MassARRAY iPLEX data
The iPLEX extension products are detected with MALDI-TOF
MassARRAY Analyzer. Figure 1 shows examples of the iPLEX data;
Figure 1A is a multiplexed spectrum and Figure 1B and 1C show
homozygous and heterozygous SNP data. SNP allele frequencies and
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Figure 1: Examples of MassARRAY iPLEX data. Figure A shows a multiplexed
(10 assays) MALDI-TOF spectrum of ChimericID Panel data. Figures B and C
shown the assays that are homozygous (B) and heterozygous (C). In B and C
the SNP-related peaks are highlighted with blue and red dashed lines.

the ensuing genotypes are derived from intensities of the ion peaks for
that SNP. The numeric genotype for each SNP is expressed as follows:
Int
+ Int
( Int
) , where Intlow mass is the peak intensity of the low mass allele
and Inthigh mass is the peak intensity of the high mass allele for the assays
with two allele products. Numeric genotype values range from 0 to 1.
The MAF is derived as the following ratio: ( Int Int+ Int ) , where Intmajor is
the peak intensity of the major allele and int minor is the peak intensity
of the minor allele for the assays with two allele products.
low mass

low mass

high mass

minor

major

minor

Chimerism detection algorithm
Chimerism is detected by measuring allele imbalance (assay skew)
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in a subset of panel assays that are informative (SNPs that have different
genotypes in donor and recipient). Mixed chimerism is determined
by comparing the MAF and the assay skew of the unknown samples
to the data from known non-chimeric samples (universal approach).
Historical MAF baseline data are used for the comparisons and the
z-score is calculated for each panel SNP marker (absolute z-score value
is calculated using the mean and the standard deviation of the baseline
data). The per-assay z-score represents the distance of that sample’s
assay from non-chimeric baseline. The top n (50 by default) z-scores
are averaged and interpreted as the overall sample z-score. In addition
to z-scores that represent a confidence measure that the sample is
chimeric, the sample MAF of the informative type I assays is averaged
and reported as the percentage of mixed chimerism. The informative
type I assays are the SNP markers that are homozygous for different
genotypes for both the donor and the recipient.

Software
The analysis software was developed using Perl and R languages
and was integrated with Agena Bioscience’s TyperAnalyzer 4.0 as an
executable plugin.

Results
Mixed chimerism is highly prognostic of hematologic relapse.
Of the molecular methods that measure MC the majority involve
microsatellite analysis of STRs and VNTRs, with only a few SNP-based
methods [16,22]. The ChimericID Panel contains 92 SNP markers that
are listed in Table 1. The markers, selected as described in Methods from
International HapMap Project data [28], are bi-allelic, independent and
not in linkage across six major HapMap populations.

ChimericID information content
In seeking to establish the information content of the panel for
the purposes of discriminating any two unique samples, we estimate
the discriminating power of the panel in the following fashion. Each
bi-allelic panel SNP has the following three classes of outcomes: AA
(homozygous dominant), Aa (heterozygous) and aa (homozygous
recessive). For the search space T , x AA, x Aa , xaa are the number of
observations of each class with the fractional probability of belonging
to a particular class of pi = χ i / T . Given that the total number of
pairwise comparisons between the samples of a search space T is T(T1)/2, the probability of a match between any two unique samples is
∑x ( x − 1) or P = ∑ p − 1 / T . Approximating the T to be large: P =
∑ pi 2 where
1−1 / T
T (T − 1)
pi are probabilities of AA, Aa, and aa. Therefore the probability of a
random match between any two samples using a single SNP marker is:
i

i

i

P=

ChimericID informative assays
The principle of mixed chimerism detection with the ChimericID
Panel is based on detecting small levels of allele imbalance (assay skew)
in a subset of informative assays. For a hypothetical mixed chimerism
scenario where the recipient R receives the allograft from the donor D,
the informative SNPs are the markers with different genotypes in D and
R. We refer to the SNPs where the D and the R are both homozygous
(and have different genotypes) as informative type I and the SNPs where
either the D or the R is homozygous and the other is heterozygous as
informative type II. Assuming that the panel SNPs are independent, for
any two unrelated individuals the probability of the informative type I
scenario is 0.25 and that of the informative type II scenario is 0.375 per
panel SNP. We used binomial distribution to calculate that for a 100
SNP panel there will be at least 12 to 39 informative type I SNPs and
23 to 51 informative type II SNPs at a 0.99 confidence level. The most
likely number of informative type I SNPs is 24 and of informative type
II SNPs is 38. Therefore, for the 92 SNP panel we expect somewhere
between 35 and 90 informative SNPs, with 57 being the most likely
outcome. Figure 3 shows the ChimericID Panel informative SNP data
collected using unrelated HapMap samples (CEU population) combined
in 1:1 ratio (50% mixed chimerism). We have observed an average of 55
informative markers in 48 mixed HapMap samples (compared to the 57
predicted). A high correlation between the theoretically derived and the
experimentally determined number of informative SNPs confirms that the
panel SNPs are not in linkage, with a MAF of approximately 0.5.

Sample mixtures
Samples with mixed chimerism are detected and quantified by
comparing the numeric genotype of the SNP from an unknown
sample to the numeric genotype of the same SNP from non-chimeric
“baseline” samples. Historical baseline data that include all available
genotypes for each SNP are used in calculating per-assay z-scores for
each unknown sample. The top n highest z-scores are averaged and
reported as the sample z-score. The average MAF is also calculated
from the assays used in z-score calculations. Figure 4 shows the permarker data for three synthetic chimeric samples, the 10%, 5%, and 2%
mixed chimerism samples. The red trace shows the per-marker z-scores
of samples with mixed chimerism (10%, 5%, and 2% in Figure 4A-4C)
while the blue and green traces show the z-score of the samples used

2

∑p

i

2

= p AA 2 + p Aa 2 + paa 2 ,

while the probability of a random match between any two samples
using a cohort of 92 SNPs is:

P=

92

∏P
j =1

j

Figure 2 shows the relationship between the number of SNP
markers in the panel and the various outcomes of random matches
(probability, expected value, and cumulative probability). For a 92 SNP
panel the probability of a random match between any two samples is
6.5 × 10-40 (Figure 2 blue trace), while the expected value (e-value, the
number of the actual random matches) considering the current size of
the world population (order of 3 × 109) is 1.9 × 10-31 (Figure 2 red trace).
The probability of a random match for all possible pairwise interactions
among the world population is 5.7 × 10-22.
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Figure 2: Relationship between the number of SNPs in the panel and the
probability of a random positive match between any two unique samples,
expressed as a p-value (blue trace), the expected number of false positives
for the population of an entire planet (red trace), and the probability of a
random positive match considering all pairwise comparisons for the world
population (green trace).
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normal baseline, which results in large “spikes” of the z-scores calculated
using the baseline data. The magnitude of z-score deviations for the
informative assays decreases as the percent chimerism decreases (Figure
4A-4C). The top n (50 by default) SNPs are used when determining the
average z-score for each sample. The per-sample average z-scores are
summarized in the following Table 2.
The z-scores for the Sample A + B for 2%, 5%, and 10% levels of
mixed chimerism are significantly higher than those for non-chimeric
samples (Sample A and Sample B).

Population study
The panel was further tested using samples from various ethnic
populations. The samples were combined to create mixed chimerism
of 10%, 5%, and 2%. The following table lists the composition of the
sample sets used in development and benchmarking of the ChimericID
Panel (Table 3).

Figure 3: Distribution of the number of informative SNPs for 44 chimeric (50%
chimerism) HapMap CEU samples.

‘

Figure 5 shows performance of the method for the samples listed.
Data points in Figure 5A show overall z-scores (see Methods for
definition) for all samples of different amounts of mixed chimerism
(color scheme). The average z-scores increase with the increasing
amount of mixed chimerism. This allows differentiating chimeric
samples from normal samples based on the average z-score. Figure 5B
shows the receiver operating characteristic (ROC) plot of the panel
performance. The optimal separation between the non-chimeric
samples (purple data points) and chimeric samples is achieved at a
z-score of 0.86. The cutoff yields an overall TPR of 0.98 and an FPR of
0.063. The total area under the curve of the panel ROC plot is 0.976.
Below is the confusion matrix that lists the classification outcomes
(Table 4).
Chimeric+ and Chimeric- represent the actual sample categories
of either chimeric or non-chimeric samples and Software+ and
Software- indicate the software classification outcome as chimeric or
non-chimeric. The method has a sensitivity of 0.98 and a specificity of
2%

5%

10%

Sample A, major component

0.02

0.09

0.08

Sample A+B

0.88

3.28

5.17

Sample B, minor component

0.17

0.01

0.00

Table 2: Average z-scores per-sample.

Figure 4: Per marker z-score (y-axis) of non-chimeric samples (Sample
A-blue trace, Sample B-green trace) and chimeric samples (red trace),
and three levels of mixed chimerism: 10% (A), 5% (B), and 2% (C). Panel
markers are shown on the x-axis.

to create the chimeric mix. It is evident that the informative assays in
mixed chimerism samples have a significantly higher skew from the
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Figure 5: (A) Average z-score of chimeric samples of different percentages
(90-10-blue, 95-5-red, 98-2-green, non-chimeric – purple). (B) The ROC
curve of the overall panel performance (TRP – true positive rate y-axis,
FPR – false positive rate x-axis). Red horizontal line indicates TPR of 0.98
and the vertical line shows the corresponding FPR (0.063).
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Chimeric (10%, 5%, 2%)

Normal

HapMap CEU cohort

48 (16,16,16)

32

Ethnic pop (AF, AS, HI)

144 (48,48,48)

96

HapMap CEU related

108 (36,36,36)

64

Table 3: Population study.
Chimeric+

Chimeric-

Software+

TP (295)

FP (20)

Software-

FN (5)

TN (172)

Table 4: List of classification outcomes.

0.90 for the 10%, 5%, and 2% mixed chimerism samples. The overall
specificity of the method is 0.98 and the accuracy is 0.95. The HapMap
CEU related cohort represents mixed samples derived from parent-child
trios. In theory, the expected number of informative assays will reduce
by a factor of 2 in parent-child trio samples. The reduced number of
SNPs will result in a “weakened” signal from related chimeric samples.
However, even for the HapMap CEU related cohort the sensitivity and
specificity values are 0.95 and 0.90 respectively.

Panel content and performance
We have demonstrated in Figure 3 that the number of informative
SNPs ranges from 28 to 72 for a chimeric sample. The impact of
reducing the number of panel assays and, therefore, the number of
informative markers is shown in Figure 6. Reducing the panel content
to 2 multiplexes (23 assays, Figure 6A) or 4 multiplexes (47 assays,
Figure 6B) results in reduced classification performance compared
to the full complement of panel markers (92 assays, Figure 6C). The
effect of reduced panel content on method performance is due to the
decreasing number of informative SNPs in a mixture of two samples.
As mentioned previously a mixture of any two samples would have
a stochastic set of SNPs that are informative. Since chimerism is
determined by considering the top “outlier” SNPs and averaging the
pre-assay z-scores and the minor allele contributions, reduction in the
total number of SNPs decreases the number of informative SNPs, and
subsequently, the observed per-sample z-score and the minor allele
frequency.

Clinical samples
Data for 12 clinical samples were collected and tested at the
Hackensack University Medical Center according to the standard
iPLEX protocol and the results were analyzed using ChimericID Panel
software. Table 5 lists the analysis outcomes for the samples. The two
sets of samples, ID101 and ID102, represent two donor-recipient sets.
Columns 2 and 3 describe the samples. Each sample set (ID101 and
ID102) contains donor and recipient pre-transplantation samples
(expected non-chimeric) and several post-transplantation samples that
represent different cell populations (PBL, CD3, and CD15 enrichments)
collected at various times after the bone marrow transplantation.
Having non-chimeric pure donor and recipient samples for each
instance of transplantation allows for a simplified analysis approach,
the Known-Trio approach. The Universal approach (discussed in the
Methods section and used extensively up to this point) does not make
assumptions as to which markers are informative and uses a set of the
most “significant” outlier markers to determine the per-sample z-score
and the MAF. The Known-Trio approach is a simplified approach
where the informative markers are determined from the pure donor
and recipient samples and the MAF and the chimerism percentage
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are calculated directly from these markers. The blue column in Table
5 shows the Known-Trio approach results, the green columns show
the Universal approach results, and the orange column shows the
consensus ChimericID classification status (YES for chimeric). The last
two columns in red show the results of the independent analysis of the
samples with orthogonal technology (STR interrogation with qPCR).
It is evident that the ChimericID Universal approach results (green
columns) confirm non-chimeric status of the pure donor and recipient
samples (z-score of less than 1 and the percentage of chimerism
under 1%). The ChimericID mixed-chimerism results for the rest of
the samples correlate very strongly with both methods of calculating
mixed-chimerism (Universal and Known-Trio) as well as with the STR
PCR method. The clinical status as determined by the ChimericID
Panel is identical to that of the STR PCR approach.
The ID101 set contains samples collected at 6 and 8 weeks posttransplant. The results in the 8-week set of samples show that PBLs
have lower mixed chimerism compared to the CD3-enriched fraction.
This is probably due to the fact that PBL samples contain many
different cell types that respond differently to the post-transplantation
immunosuppressant treatment. For example, the CD15 fraction in both
sample sets contains very low levels of mixed chimerism compared
to the PBL and CD3 fractions. This could be due to the fact that the
patients were receiving granulocyte-macrophage colony-stimulating
factor (GM-CSF) post transplantation, which increased production of
the donor-contributed cells.

Discussion and Conclusion
Close monitoring of allogeneic transplant recipients is required
for early detection of hematologic relapse. Early studies of MC were
conducted using STR analysis supplemented with gender profiling
[3,13,14], followed by electrophoresis-based sequencing. Further work
showed that combining leukocyte CD34+ subset enrichment via FACS
followed by STR analysis improved the method’s sensitivity to be on par
with MRD detection [17]. One of the first SNP-based mixed chimerism
detection methods, published in 2003, involved monitoring of 14 SNPs
via pyrosequencing. The authors reported an average of 1 informative
SNP for a chimeric sample in their study and a sensitivity level of 5%
mixed chimerism. More sensitive qPCR-based and Taqman RT-PCR
SNP methods were able to take advantage of allele-specific amplification
and achieve a 0.1% detection limit [16,22]. The allele-specific PCR
enrichment methods require knowledge of the donor and the recipient
genotypes for the SNP markers and are usually handicapped by low
sample throughput and high cost due to the limited multiplexing
capabilities.
Here we described a SNP-based mixed chimerism detection
panel. We implemented the panel on Agnea Bioscience’s MALDI-TOF
MassARRAY System using iPLEX methodology. The targeted nature
of the iPLEX method offers unprecedented specificity when analyzing
SNPs due to the two-stage selection. The first stage is the locus-specific
PCR amplification of the assay targets. Therefore, unlike universal PCR
methods often employed in WGS experiments, the ChimericID Panel
library contains only 92 targets. The second stage of the selection is the
specificity of the assay probe that anneals upstream of the SNP site and
extends a single nucleotide into the SNP site. Finally, the sensitivity of
the MALDI-TOF mass spectrometer that uses ionized assay products
for detection without secondary reporters such as fluorophores or light
quenchers contributes to the high specificity and sensitivity of iPLEX
chemistry on the MassARRAY System.
Early detection of residual hematopoiesis of the recipient CD34 cells
require detection of mixed chimerism of 5% or lower. The sensitivity of
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Figure 6: Relationship between panel content and performance. (A) 2 multiplexes (23 assays), (B) 4 multiplexes (47 assays), (C) Full panel of 8 multiplexes (92
assays).

Sample Information

Sample

Description

ID101_D

Donor, Pre
transplant

ID101_R

Outcome

Sample Type

Known-Trio
Approach (%)

Universal Approach
Zscore

%

ChimericaID Status

Hacken Sack
UMC (%)

Clinical
Status

Pure

-

0.92

0.09

NO

NO

Recipient, Pre
transplant

Pure

-

1.03

0.5

NO

NO

ID101_Post8_PBL

Recipient, Post
transplant PBL

Possible
chimerism

2.9%

12.72

2.66

YES

8

YES

ID101_Post8_CD3

Recipient, Post
transplant T cell
receptor

Possible
chimerism

19.3%

89.12

16.25

YES

33

YES

ID101_Post8_CD15

Recipient,
Post transplant
neutrophil

Possible
chimerism

0.06%

0.74

0.19

NO

0

NO

ID101_Post6_PBL

Recipient, Post
transplant PBL

Possible
chimerism

3.8%

56.41

3.5

YES

6

YES

ID101_Post6_CD15

Recipient,
Post transplant
neutrophil

Possible
chimerism

0.88%

0.88

0.13

NO

0

NO

ID102_D

Donor, Pre
transplant

Pure

-

0.86

0.29

NO

NO

ID102_R

Recipient, Pre
transplant

Pure

-

0.97

0.25

NO

NO

ID102_Post13_PBL

Recipient, Post
transplant PBL

Possible
chimerism

3.15%

6.84

2.99

YES

3

YES

ID102_Post14_PBL

Recipient, Post
transplant PBL

Possible
chimerism

16.96%

80.97

16.4

YES

14

YES

ID102_Post15_PBL

Recipient, Post
transplant PBL

Possible
chimerism

9.22%

40.66

9.4

YES

16

YES

Table 5: ChimericID clinical samples.

an individual iPLEX assay for minor allele detection is 5% or better [29].
This is due to the limited dynamic range of the mass spectrometer, where
the minor low intensity peak will not be detected if the ratio between the
major and the minor assay products exceeds 50X. Therefore, considering
that the minimum minor allele frequency that can be detected by a single
informative iPLEX assay is only 5%, in order to achieve higher sensitivity
we have implemented a method where the weak minor allele signal is
amplified with many informative SNPs and the final mixed chimerism
percentage is the average of the assays that are outliers compared to their

J Blood Disord Transfus
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performance for normal non-chimeric samples.
We have tested the panel using several sample populations. The
samples include non-chimeric samples, chimeric samples constructed
with a HapMap Caucasian population (HAPMAPPT01, Coriel)
with unrelated and related samples (parent-child trios), the ethnic
populations, and clinical PBL samples from patients that have received
an allograft. The method has a sensitivity of 0.98 and a specificity of 0.90
for 10%, 5%, and 2% mixed chimerism samples. We also showed that
the performance of the method decreases with a decreasing number
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of assays (Figure 6); reducing the number of assays from 92 to 47 or
23 decreased the specificity and increased the false positive rate (FPR)
from 0.063 to 0.208 and 1.0, respectively (all had a true positive rate
of 0.98). Decreasing performance is due to the diminishing number
of informative assays that contribute to the final MC significance and
MAF.
Finally, we have tested the panel using clinical samples (Table 5). We
have implemented an additional analysis option for cases where both
the donor and the recipient pre-transplant samples are available. While
the original Universal approach used the per-assay z-score distance to
enrich for unconfirmed informative assays, the new approach (KnownTrio) learns informative assays directly from the donor and the
recipient samples and calculates MAF and mixed-chimerism directly
from those assays. Results from both analysis methods have a high
degree of correlation. The results also correlate with the STR qPCR
methodology used by the Hackensack UMC. The amount of mixed
chimerism varies depending on the blood cell fraction type (PLB, CD3,
or CD15). Peripheral blood lymphocytes are a mixture of different
cell types that respond differently to post-transplant treatment and
immunosuppressant regime, and so we expect a lower effective amount
of mixed chimerism presented in PBLs.
The advantage of the SNP-based iPLEX method compared to
already established methodologies is that it has higher sensitivity
than STR-based methods, it does not require disease-specific markers
or allele-specific PCR, and it can be multiplexed to increase sample
throughput. The panel and the analysis software can also be used with
other genotyping or sequencing technologies.
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