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that indel-qPCR is a more sensitive technique for the de-
tection of hematopoietic chimerism compared to STR-
PCR and works efficiently for samples with low amounts 
of DNA.

Introduction

Allogeneic hematopoietic stem cell transplantation (HSCT) fol-

lowing chemo- and/or radiotherapy is an established treatment op-

tion for many hematopoietic disorders. One goal of HSCT is to re-

constitute normal hematopoiesis after myeloablative or non-mye-

loablative conditioning of the patient. Consequently, achievement 

of complete donor-derived hematopoiesis is one of the hallmarks 

of successful HSCT in hematopoietic malignancies. Moreover, sev-

eral studies indicate that remaining or re-emerging recipient cells 

after ablation and transplantation are associated with a higher risk 

of disease relapse [1–7]. Therefore, the accurate and sensitive 

quantification of hematopoietic chimerism is a critical aspect of 

post-transplantation monitoring, since the results strongly influ-

ence the therapeutic approach such as donor lymphocyte infu-

sions, additional chemotherapy, or re-transplantation [8].

To date several methods have been described to measure the 

relative contribution of donor and recipient cells to post-trans-

plantation hematopoiesis. The most informative assays for chi-

merism quantification distinguish highly variable length polymor-

phisms of short-tandem repeats (STR or microsatellites) by poly-

merase chain reaction (PCR) [1, 9, 10]. Due to the high informa-

tivity and the feasibility of application, STR analysis is currently 

the standard molecular diagnostic tool for chimerism quantifica-
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Summary
Background: Sensitive and accurate methods to detect 
hematopoietic chimerism after hematopoietic stem cell 
transplantation (HSCT) are essential to evaluate engraft-
ment and to monitor response to therapeutic procedures 
such as donor lymphocyte infusion. Continuous long-
term follow up, however, requires large amounts of pre-
HSCT samples limiting the application of many widely 
used techniques for sensitive chimerism monitoring. 
Methods: DNAs from 42 normal healthy donors and 16 
HSCT donor/recipient pairs were employed to validate 
the use of allele-specific insertion/deletion (indel) quanti-
tative real-time polymerase chain reaction (qPCR) to 
quantify chimerism in samples with low amounts of 
DNA. Consequently, indel-qPCR analyses of samples 
from 16 HSCT patients were compared to short-tandem 
repeat (STR) specific PCR analyses. Results: Typing with 
reduced amounts of input DNA (15 vs. 60 ng) allowed for 
the reliable distinction of positive (mean threshold cycle 
(ct) 28.05) and negative (ct >36) signals. The high inform-
ativity of primer/probe sets, with 12 out of 19 markers 
exceeding 20% informativity, was confirmed in our co-
hort (n = 74). Importantly, a fourfold reduction of input 
DNA compared to published protocols did not alter PCR 
efficiencies and allowed for a more sensitive detection of 
chimerism in 7 of 16 HSCT patients compared to results 
obtained by STR-PCR. Conclusions: Our data suggest 
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tion after HSCT. One drawback of STR-PCR, however, is the rela-

tively low sensitivity of 1–6% of cells of the minor genotype 

[11–15]. 

Several studies proposed real-time quantitative PCR (qPCR) 

based methods to detect short insertions/deletions (indel) or single 

nucleoide polymorphisms for chimerism quantification [5, 16–19]. 

These methods allow for the detection and quantification of he-

matopoietic chimerism with sensitivities of or below 0.1% of the 

minor genotype. Alizadeh et al. [16] have proposed a set of 19 indel 

markers at 11 chromosomal loci for chimerism quantification by 

qPCR. The authors predicted that this selection of markers is suffi-

ciently informative to analyze >90% of donor/recipient pairs. The 

sensitivity of indel-qPCR was at least one order of magnitude 

higher than previously published STR-PCR assays, allowing for the 

detection of recipient chimerism as low as 0.1%.

In contrast to STR-PCR-based methods, however, indel-qPCR 

is currently not widely utilized, probably due to the novelty of the 

method and the still restricted availability of commercial indel-

qPCR assays. Therefore, some aspects of chimerism analysis by in-

del-qPCRs have yet to be validated in routine clinical application. 

One such aspect is a high amount of input DNA required for anal-

ysis compared to STR-PCR. This presents a challenge for long-

term post-transplantation follow-up, because of the requirement of 

the same negative pre-transplant control sample for every analysis. 

Moreover, the applicability of these novel methods, especially in 

cases where DNA yield might be a limiting factor(e.g. in samples 

from cytopenic patients), has never been assessed. In order to ad-

dress this concern, we validated the sensitivity and accuracy of in-

del-qPCR on spiked DNA preparations and performed a retrospec-

tive analysis of chimerism in samples with low DNA quantities 

from patients who underwent allogeneic HSCT for malignant 

diseases.

Patients and Methods

Patients and Normal Healthy Donors

Indel informativity and PCR efficiencies of primer/probe sets were estab-

lished by analyzing 42 unrelated healthy blood donors and 16 HSCT donor/re-

cipient pairs. The patient DNA samples for this study were selected from pa-

tients who had undergone allogeneic HSCT after myeloablative conditioning 

between 2005 and 2009 at the University Hospital Erlangen (Erlangen, Ger-

many) by two criteria. First, a sufficient number of suitable pre- and post-HSCT 

samples had to be available. Second, at least one post-HSCT sample was re-

quired to exhibit mixed chimerism by STR-PCR analysis or another indication 

of a potential disease relapse. The final selection of 16 HSCT patients had been 

treated for acute lymphoblastic leukemia (ALL, n = 4), acute myeloid leukemia 

(AML, n = 5), multiple myeloma (MM, n = 4), and non-Hodgkin’s lymphoma 

(NHL, n = 3). 14 transplants were from matched unrelated donors and two 

were from HLA-identical siblings.

Sample Preparation and DNA Extraction

The mononuclear cell (MNC) fraction of peripheral blood samples or bone 

marrow aspirates from patients was prepared by Ficoll density gradient centrif-

ugation. Subsequently, genomic DNA was isolated from the MNCs with the 

EZ1 DNA blood 350μl Kit on a Geno-M6 automated DNA extractor (Qiagen, 

Hilden, Germany). DNA from normal healthy donors was prepared from pe-

ripheral blood or bone marrow aspirates by the QIAamp DNA Blood Midi Kit 

(Qiagen) according to the manufacturer’s instructions. The concentration and 

purity of the DNA samples was determined by UV photometry.

STR-PCR

STR-PCR from patient DNA samples was carried out by utilizing the 

AmpFℓSTR Profiler Plus ID PCR Amplification Kit (Applied Biosystems, Life 

Technologies, Foster City, CA, USA) according to the manufacturer’s instruc-

tions. The multiplex PCR to measure multiple alleles in one reaction were car-

ried out on a TProfessional Thermocycler (Biometra, Göttingen, Germany). 

Subsequently, STR fragment lengths were determined by running the PCR 

products on an ABI PRISM 3130 Genetic analyzer and analyzed by the Gene-

Scan Analysis software (Applied Biosystems, Life Technologies).

Real-Time qPCR

Real-time qPCRs were set up with the TaqMan Gene Expression Mastermix 

Kit (Applied Biosystems, Life Technologies). For indel typing and chimerism 

analysis, reactions were prepared essentially as described in the literature [16]. 

TaqMan probes were ordered with a 5’ 6-carboxyfluorescein (FAM), and a 3’ 
6-carboxy-tetramethyl-rhodamine (TAMRA) fluorophore label and standard 

PCR cycling conditions were used (2 min at 50 ° C, 10 min at 95 ° C followed by 

40 amplification cycles (95 ° C for 45 s, 60 ° C for 60 s)). In contrast to the pub-

lished protocol, the amount of DNA per reaction was reduced to 5 ng for indel 

typing and 20 ng for chimerism analysis. The reactions were scaled down to 

final volumes of 10 μl and 20 μl for indel typing and chimerism analysis, respec-

tively. A no-template control reaction for each primer/probe set was performed 

in parallel to exclude possible contaminations. All real-time qPCR reactions 

were carried out in duplicate and run on a StepOne Real-Time PCR System 

(Applied Biosystems, Life Technologies). Subsequently, the reactions were ana-

lyzed with the StepOne Software (Applied Biosystems, Life Technologies). Du-

plicate reactions were repeated if the threshold cycle (ct) of duplicate reactions 

differed by more than 0.5 cycles.

Standard Curves

We determined the PCR efficiency of each indel-specific primer/probe set 

by performing standard curves. To this end, indel-marker-positive DNA from 

normal healthy donors was serially diluted twofold in marker-negative DNA 14 

times to obtain a defined amount of total mixed DNA. The resulting DNA mix-

ture with ratios of marker-positive to negative DNA from 1: 0 to 1: 8,000 was 

then subjected to real-time qPCR. We performed at least two standard curves 

for each primer/probe set with 15 ng and 60 ng of total DNA per PCR reaction. 

Finally, PCR efficiency was calculated from the slope of the standard curves by 

the StepOne Software. Standard curves for primer/probe set 5a were not per-

formed because no DNA sample negative for marker 5a was present in our 

cohort.

Chimerism Analysis

Chimerism analysis by STR-PCR was performed by determining the peak 

area of donor- and recipient-specific STR alleles in post-HSCT samples with the 

GeneScan Analysis software. The peak areas were then used to calculate the 

level of donor and recipient chimerism according to published methods [20].

For chimerism analysis by indel-qPCR, indel typing reactions were per-

formed with pre-HSCT samples of donors and recipients to determine informa-

tive markers. Subsequently, suitable markers were selected which were present 

in the recipient and absent in the donor. This setting allowed for the detection 

of low levels of chimerism. For chimerism analysis, at least two appropriate 

markers were chosen, if available. The ratio of recipient chimerism was then 

determined by the ΔΔct method according to the published protocol, using the 

GAPDH primer/probe set to normalize for the actual DNA amount [16]. In 

brief, indel-qPCR was carried out with pre-HSCT samples and subsequent pa-

tient samples. Subsequently, the ΔΔct ((ctmarker_post – ctGAPDH_post) –(ctmarker_pre 

– ctGAPDH_pre)) between pre- and post- HSCT samples was calculated. The per-

centages of recipient chimerism in the post-HSCT samples were calculated by 

the following formula, using the specific primer/probe efficiencies: % recipient 

chimerism = (1 + efficiency)–ΔΔct × 100%. Finally, the mean of all selected 

markers was calculated.
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Results

Validation of Indel-Specific Real-Time qPCR

We established an indel-qPCR system for the monitoring of 

mixed chimerism in patients after HSCT as proposed by Alizadeh et 

al. [16]. First, we determined the informativity of the 19 indel mark-

ers used by analyzing the presence or absence of these markers in 42 

normal healthy persons and 16 HSCT donor/recipient pairs. Be-

cause only a limited amount of DNA was available from some 

donor/recipient pairs, we performed the typing reaction with re-

duced amounts of DNA compared to the initially published by Ali-

zadeh et al. [16] (5 ng instead of 100 ng). The mean ct value for 

positive signals in the typing reaction was 28.05 (table 1). Therefore, 

the reduced quantity of DNA still allowed for an unambiguous dis-

tinction between positive and negative (ct > 36) signals. Based on 

the results of all typing reactions, we calculated the theoretical in-

formativity of each marker, defined as 50% of the probability of the 

presence a marker-positive and a marker-negative individual in any 

random pair chosen from our test population. The calculated in-

formativity ranged from 0% for marker 5a to the theoretical maxi-

mum of 25% for marker 6, with a median informativity of 21.1%. 

Of note, 12 markers with informativities of at least 20% were pre-

sent in our cohort from Southern Germany. The mean number of 

suitable markers which were present in the recipient and absent in 

the donor of the 16 HSCT pairs was 3.8 (range 1–6, not shown). 

These results are consistent with the results in the French patient 

cohort of Alizadeh et al. and strongly indicate the suitability of the 

marker selection for chimerism detection in different groups of pa-

tients and potentially even in related HSCT donor/recipient pairs. 

Indeed, we detected two or four informative indel markers in the 

two sibling pairs analyzed in our test population (table 2).

Next, we performed standard curves to calculate the PCR effi-

ciency of each primer/probe set. The efficiencies were comparable 

between different markers and varied from 0.74 to 1.04 (table 1). In 

addition, we were able to confirm the linearity of the standard 

curves up to ct values of 36. Consequently, ct values greater than 36 

were treated as ‘not determined’ for subsequent analyses.

Suitability of theIndel-Specific Real-Time qPCR for Samples with 

Low DNA Quantities

The available DNA quantities of the samples from our HSCT 

patient cohort showed considerable variation (1.8–285 μg total 

DNA per ml blood, not shown). The sample DNA concentrations 

ranged from 3 to 475 ng/μl (median concentration 58 ng/μl; 

table 2). Consequently, the amount of DNA available for analysis 

was limited in many samples. Published indel-qPCR protocols, 

however, require 100–500 ng of input DNA per reaction [16, 21, 

22], precluding the analysis of several samples. Therefore, we 

wanted to assess the suitability of indel-qPCR for chimerism analy-

sis with reduced amounts of input DNA. To this end, we per-

formed additional standard curves with 15 ng of total DNA. Nota-

bly, we observed little variation of primer/probe efficiency com-

pared to standard curve reactions performed with 60 ng of total 

DNA (table  1). Furthermore, 15 ng of marker-positive DNA re-

sulted in a mean ct value of 25.79 (23.94–27.67; table  1). Conse-

quently, 15 ng total DNA for each indel-qPCR reaction would be 

sufficient to detect hematopoietic chimerism of less than 1%, de-

pending on the efficiencies of the primer/probe set used. These re-

sults suggested a higher sensitivity of the indel-qPCR compared to 

the widely used STR-PCR for chimerism analysis even in samples 

with low DNA content.

Comparison of Chimerism Quantification by STR-PCR and 

Indel-qPCR

Previously, hematopoietic chimerism of 16 HSCT patients had 

been quantified by STR-PCR of DNA isolated from the MNC frac-

tion of bone marrow aspirates or peripheral blood. Sample collec-

tion started approximately 30 days after transplantation. Further 

bone marrow and/or blood samples for STR-PCR were collected 

subsequently at several time points. 14 of the patients in our cohort 

suffered from hematological relapse after HSCT. In these cases, re-

lapse was diagnosed by cytological analysis and/or the reappear-

ance of disease-specific molecular markers in addition to the STR-

PCR chimerism analysis (table 2). 

In this sample set, we assessed if the superior sensitivity of in-

del-qPCR would allow for earlier detection of hematopoietic chi-

merism after HSCT compared to STR-PCR by re-testing the sam-

ples with indel-qPCR. 

Table 1. Markers forindel-qPCR

indel  

marker

Ct typ. rxna,  

mean ± SD

Informativityb,  

%

PCR efficiencyc

15 ng 60 ng

S 01a 28.22 ± 1.49 22.6 0.96 1.00

S 01b 28.45 ± 1.31 14.2 0.93 0.99

S 02 28.76 ± 1.60 24.9 0.78 0.92

S 03 28.22 ± 1.62 19.4 0.97 0.96

S 04a 28.78 ± 1.35 20.0 0.74 0.89

S 04b 28.65 ± 0.97 20.0 0.92 0.97

S 05a 28.00 ± 1.51  0.0 n.d. n.d.

S 05b 28.23 ± 1.36 24.4 0.93 0.97

S 06 27.63 ± 1.25 25.0 0.90 0.96

S 07a 27.98 ± 1.15 21.1 1.01 0.88

S 07b 29.24 ± 1.35 24.8 0.93 0.98

S 08a 27.90 ± 1.27 18.1 0.93 0.91

S 08b 28.22 ± 1.42 18.4 0.96 1.04

S 09a 27.06 ± 1.11  5.0 0.80 0.80

S 09b 29.08 ± 1.05 23.7 0.96 0.97

S 10a 27.89 ± 1.05 21.6 0.94 0.97

S 10b 26.97 ± 1.13 21.1 0.80 0.88

S 11a 27.73 ± 1.02 24.9 0.91 0.91

S 11b 27.53 ± 1.16 15.0 0.87 0.88

indel = Micro insertion/deletion polymorphism; typ. rxn = typing reaction;  

SD =standard deviation; n.d. = not determined.
aMean Ct value of all positive typing reactions performed with 5 ng template 

DNA (± SD). 
bTheoretical informativity of the marker among the 74 individuals analyzed. 
cPCR efficiencies deduced from standard curves performed with the indicated 

amounts of total DNA. 
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We compared the results of the indel-qPCR analysis to the re-

sults previously obtained by STR-PCR (see supplemental figures 1 

and 2 (available at www.karger.com/?DOI=370255) for a graphical 

comparison of the 2 different methods). Chimerism analysis by in-

del-qPCR provided results, which were at least equivalently sensi-

tive to previous data and fitted well to the clinical data of the pa-

tients (fig. 1). Of note, in most cases indel-qPCR analysis resulted 

in a slightly higher proportion of recipient hematopoiesis com-

pared to STR-PCR (mean 4.0%, see also fig. 1 and 2). Most impor-

tantly, we unambiguously detected low-level hematopoietic chi-

merism in 6 of the 14 relapse patients at time points at which it was 

still undetected by STR-PCR (table 2, fig. 2). Another relapse pa-

tient (patient 16) also showed re-emergence of recipient hema-

topoiesis at an earlier time point in the indel-qPCR analysis. How-

ever, the ct values of the indel-qPCR were close to the detection 

limit and only 2 out of 4 markers analyzed provided positive results 

(not shown). Even so, subsequent samples unambiguously con-

firmed re-emergence of chimerism in this patient (fig. 2). The me-

dian period between the detection of chimerism by indel-qPCR 

and STR-PCR in the 7 cases of early chimerism detection was 95 

days (range 27–176 days).

Of note, the diagnoses of the patients with earlier detection of 

chimerism by indel-qPCR were AML (n = 1), ALL (n = 2), MM (n = 

3), and NHL (n = 1) (table 2, fig. 2). This indicates that indel-qPCR 

can be used for the quantification of chimerism after allogeneic 

HSCT in various hematopoietic malignancies. Taken together, these 

results confirmed the enhanced sensitivity of indel-qPCR compared 

to STR-PCR, even in samples with a limited amount of DNA.

Discussion

The aim of this study was to assess the sensitivity and accuracy 

of indel-qPCR chimerism monitoring following hematopoietic 

stem cell transplantation especially in cases where only a limited 

amount of DNA is available. Several lines of evidence highlight the 

importance of post-transplantation chimerism monitoring of pa-

tients who underwent HSCT. First, residual recipient hematopoie-

sis after myeloablative conditioning followed by HSCT correlates 

with graft failure and persisting disease [1, 23, 24]. Second, achieve-

ment of complete donor-derived hematopoiesis early after HSCT is 

associated with increased incidence of graft-versus-host disease [8, 

23, 25, 26]. Last, some studies corroborated a higher risk for dis-

ease relapse in patients with mixed recipient chimerism after HSCT 

[4, 5, 27]. This finding, however, is controversial because some 

studies failed to demonstrate a correlation between mixed chimer-

ism after HSCT and a higher risk for relapse [26, 28, 29]. Neverthe-

less, several groups established that increasing mixed chimerism is 

clearly associated with higher frequency of disease relapse in differ-

ent hematopoietic malignancies [1–3, 5–7]. Taken together, these 

data illustrate that the routine assessment of chimerism is a useful 

approach to evaluate post-transplantation prognosis. Importantly, 

Table 2. Patient and sample characteristics*

Patient Diagnosis Number of  

samplesa

DNA,  

ng/μlb
First indication of recipient  

chimerism, days post HSCT

Evidence for relapsec Comment

STR-PCR indel-qPCR

 1 AML  6  3–475 1,273 1,273 thrombocyte count , blasts (BM/PB)

 2 AML 11  9–176 208/569 208/569 DEK-CAN fusion , blasts(BM/PB) 2× RL

 3 AML  8 10–172 853/1,105 231/1,008 thrombocyte count , blasts (BM) 2× RL

 4 ALL 11 12–128 126/716 126/716 blasts (BM/PB) 2× RL, †

 5 AML 10  6–64 32/314 32/314 blasts (BM/PB)

 6 AML  2  5–61 97 97 blasts (BM) †

 7 MM  5 29–108 – 423 clonal IgG 

 8 MM  3 19–46 – 111 serum κ-chains †

 9 ALL  3  3–250 105 105 blasts (PB) †

10 MM  4 15–50 185 185 clonal IgG , plasma cell expansion (BM) †

11 NHL  5 10–189 29 29 residual lymphoma stable MC

12 ALL  3 35–220 230 54 BCR-ABL+ after HSCT

13 MM  5 18–238 243 148 clonal IgG , plasma cell expansion (BM) HID

14 NHL  6 20–105 41 41 incompl. donor hematopoiesis HID, stable MC

15 ALL  4 35–259 86 36 blasts (BM)

16 NHL  3 23–242 62 35 blasts (PB)

AML = Acute myeloid leukemia; ALL = acute lymphoblastic leukemia; BM = bone marrow; HID = HLA-identical sibling donor; MC, mixed chimerism;  

MM = multiple myeloma; NHL= non-Hodgkin’s lymphoma; PB = peripheral blood; STR = short-tandem-repeat; indel = micro insertion/deletion.  

polymorphism, † = deceased.

*Cases where indel-qPCR provided an earlier detection of recipient chimerism are highlighted in italics. 
aNumber of post HSCT samples available for retrospective analysis by indel-qPCR. 
bDNA concentration range of the samples, 100μl of each sample were available in most cases. 
cMolecular and cytological evidence for relapse. 
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chimerism status may provide the rationale for post-transplanta-

tion therapy like modulation of immunosuppression or donor 

lymphocyte infusions [8]. Indeed, Bader et al. showed that the 3 

year event-free survival was increased from 0 to 37% and from 0 to 

36% after immunotherapy of patients with increasing recipient chi-

merism in pediatric ALL [30] and AML [31], respectively.

Recently, efforts to increase the sensitivity of chimerism detec-

tion have been undertaken. One strategy relies on the analysis of 

chimerism by STR-PCR in specific subsets of hematopoietic cells, 

resulting in high subset-specific sensitivity [32–34]. These analyses 

can be focused on cell subsets relevant for relapse or therapy effi-

cacy. The cell-fractioning procedures, however, are time-consum-

ing, require large amounts of cells, and may exhibit high variability 

in terms of yield, limiting the use of these methods for routine chi-

merism monitoring [34]. Another strategy concentrates on the im-

provement of the sensitivity of the detection technique. Conse-

quently, indel-specific real-time qPCR methods have recently been 

developed which combine high informativity and high sensitivity 

Fig. 1. Follow-up of 

hematopoietic chimer-

ism by STR-PCR and 

indel-qPCR in HSCT 

patients. The percent-

age of recipient chimer-

ism determined by in-

del-qPCR and STR-

PCR in samples taken 

after HSCT is shown for 

three representative pa-

tients with a long record 

of available samples  

(2, 4, and 5). The re- 

appearance of blast cells 

in bone-marrow and/or 

peripheral blood sam-

ples (cytological re-

lapse) and time-points 

of therapeutic interven-

tions are indicated in 

the graph and the time 

scale, respectively. AML 

= Acute myeloid leuke-

mia; ALL = acute 

lymphoblastic leukemia; 

MM = multiple mye-

loma; NHL = non-

Hodgkin’s lymphoma; 

STR = short-tandem- 

repeat; indel = micro 

insertion/deletion poly-

morphism; RL = re-

lapse; HSCT = hemato-

poietic stem cell trans-

plantation. 
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[16, 21, 35]. Therefore, they seem to be suited for sensitive post-

HSCT chimerism. Importantly, indel-qPCR does not depend on 

the presence of disease-specific markers. Therefore, this technique 

can provide a means to perform minimal residual disease  moni-

toring in patients which cannot be analyzed by conventional mini-

mal residual disease diagnostics because they lack specific 

markers.

In this study, we were able to retrospectively analyze 16 pre-se-

lected donor/recipient pairs by an indel-qPCR as described by Ali-

zadeh et al. [16]. With 12 of the 16 markers exceeding informativi-

ties of 20% in our German test cohort, our results confirm the con-

clusion by Alizadeh et al. that the proposed marker set is highly 

informative. These findings argue for the suitability of the selection 

of markers for chimerism analysis of a large proportion of HSCT 

patients. This is an important feature for routine diagnostics to en-

sure the broad applicability in clinical practice.

A potential shortcoming of indel-qPCR, however, is the re-

quirement for high amounts of input DNA. Published protocols 

suggested 100–500 ng DNA per reaction to provide sensitivities of 

or below 0.1% [16, 21, 22]. Notably, chimerism monitoring by 

 indel-qPCR requires pre-transplantation DNA samples of both 

donor and recipient for the calibration of each subsequent meas-

urement. Consequently, the amount of DNA required for long-

term follow-up after HSCT represents a limiting factor for the 

Fig. 2. Comparison of the detection of emerging 

recipient chimerism by STR-PCR and indel-qPCR. 

The fraction of recipient chimerism in samples 

taken after HSCT is depicted for all 7 cases of ear-

lier detection of re-emerging recipient hematopoie-

sis by indel-qPCR compared to STR-PCR. The un-

derlying disease of each patient and the time-point 

of cytological or molecular relapse relapse (if availa-

ble) is given for each patient. The percentage for 

samples with recipient chimerism <1% is specified 

above the respective bar graphs. AML = Acute my-

eloid leukemia; ALL = acute lymphoblastic leuke-

mia; DLI = donor lymphocyte infusion; MM = 

multiple myeloma; n.d. = not detectable, NHL = 

non-Hodgkin’s lymphoma; STR = short-tandem-

repeat; indel = micro insertion/deletion; BM = bone 

marrow; PB = peripheral blood; cytol = cytological; 

mol = molecular; RL = relapse; HSCT = hematopoi-

etic stem cell transplantation.
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analysis according to published protocols. Although methods of 

DNA preparation and sample collection can be optimized for 

higher DNA quantities, samples may still provide only a low DNA 

yield due to several reasons. For example, disease-associated low 

blood cell counts may result in low DNA yield of peripheral blood 

and even bone marrow samples. This may occur in cytopenic pa-

tients as well as in HSCT patients suffering from certain non-ma-

lignant disorders like severe combined immunodeficiency or se-

vere aplastic anemia. Moreover, cell fractioning procedures to de-

termine lineage-specific chimerism may also provide only few cells 

for DNA extraction [32–34]. Our results indicate, however, that 

chimerism analysis by indel-qPCR is more sensitive compared to a 

commercial STR-PCR, even when using greatly reduced amounts 

of input DNA. This increase in sensitivity may reduce the need to 

fractionate hematopoietic cell subsets for standard high-sensitivity 

chimerism analysis. Additionally, indel-qPCR is not dependent on 

the expression of surface markers (e.g. CD34 in AMLs) routinely 

used for cell separation. Therefore, high-sensitivity chimerism 

quantification by indel-qPCR is more broadly applicable than by 

cell fractionation. Importantly, gaining or losing expression of sur-

face markers (including CD34) on AML cells is not uncommon, 

especially in disease relapse [36]. Therefore, chimerism analysis, 

ideally, should not depend on the presence of certain markers. 

Nevertheless, indel-qPCR cannot fully replace lineage-specific chi-

merism quantification. Certain clinical questions, like the differen-

tiation between lymphocytic and myeloid engraftment in AML or 

ALL patients after HSCT, can only be addressed by cell fractiona-

tion and analysis of subpopulations.

On average, we detected emerging recipient chimerism by our 

modified indel-qPCR protocol 95 days earlier in 7 out of 14 relapse 

patients than diagnosed by STR-PCR. Importantly, we observed no 

case in our study where detection of recipient by STR-PCR pre-

ceded the detection by indel-qPCR. These results suggest that en-

hanced sensitivity of chimerism analysis by indel-qPCR may result 

in earlier diagnosis of relapse. This increases the window for thera-

peutic interventions such as donor lymphocyte infusion. Neverthe-

less, additional prospective studies with defined and continuous 

sampling schemes and a larger patient cohort are needed to vali-

date the data presented here.

Taken together, our results corroborate the high overall inform-

ativity of the indel markers employed in this study, arguing for the 

applicability of indel-qPCR to analyze the majority of donor/re-

cipient pairs. Furthermore, our results provide evidence that indel-

qPCR provides a higher sensitivity for the quantitative assessment 

of post-transplantation chimerism in samples with low DNA con-

tents compared to STR-PCR. This gain in sensitivity can result in 

an earlier indication of disease relapse or graft failure and therefore 

provide better treatment options for the patient.
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