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Background and Objectives. Chimerism studies after
allogeneic transplantation are usually performed
using cytogenetic analysis, PCR-VNTR or PCR-STR.
Here, we report an alternative method for following
the chimerism status after an HLA-mismatched stem
cell transplantation (SCT), detecting the presence of
non-shared HLA alleles by reference-strand mediat-
ed conformation analysis (RSCA). 

Design and Methods. We tested this new approach
on allogeneic related haploidentical SCT, unrelated
cord blood transplantation, and HLA-mismatched
unrelated donor SCT. The quantification of the
chimerism was performed by laser detection of flu-
orescent-labeled primers on an automated DNA
sequencer. 

Results. In all cases this technique was able to detect
mixed chimeras. The technique detected above 5%
of residual cells when the analysis was based on
HLA-class I and above 3% for HLA-class II. This sen-
sitivity is similar to that of the PCR-VNTR analysis. 

Interpretation and Conclusions. This method avoids
the need to search for an informative locus (which is
essential for PCR-VNTR or -STR). Moreover, we did
not find the phenomenon of preferential amplifica-
tion that is observed with most VNTR, thus avoiding
the need for construction of standard curves to
quantify mixed chimeras. We conclude that the
detection of the non-shared HLA alleles by RSCA is
a useful approach for chimerism follow-up after HLA-
mismatched SCT.
©2000 Ferrata Storti Foundation
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Chimerism status follow-up after allogeneic
stem cell transplantation (SCT) is essential to
detect residual host hematopoiesis which

could be responsible for relapse. The chimerism
study is usually performed using cytogenetic analysis,
fluorescent in situ hybridization (FISH) or polymerase
chain reaction (PCR)-based analysis of polymorphic
DNA regions such as variable number of tandem
repeats (VNTR) and short tandem repeats (STR). A
quantitative approach is desirable, because it now
seems clear that progressive emergence of host
hematopoiesis is predictive of relapse.1-3

One problem in quantifying chimerism by PCR-
VNTR is the phenomenon of preferential amplifica-
tion: in a heterozygous sample for a polymorphism
of variable length, it is possible that the shorter allele
may amplify more efficiently than the longer allele.4

Because of this preferential amplification it is often
not possible to correlate the obtained donor / host
proportion to the real percentage of the donor in the
analyzed sample. For this reason, it is essential to
prepare amplification reconstruction standard
curves in order to determine the percentage of
chimerism when using PCR-VNTRs.

HLA is the most polymorphic human genetic sys-
tem. Only 30% of patients who can benefit from allo-
geneic SCT have an HLA-matched sibling donor. For
those patients lacking an HLA-identical related
donor, there are alternative sources of allogeneic
stem cells, such as unrelated volunteer donors, hap-
loidentical-related donors or cord blood units. How-
ever, HLA mismatches, detected or not by the rou-
tine HLA-typing methods, are frequently involved in
these transplants.5 These HLA mismatches are use-
ful in following the chimerism status after SCT,
avoiding the search for an informative locus, which
is essential when performing PCR-VNTR or PCR-STR
analysis. HLA typing methods used to follow
chimerism status after transplantation include PCR-
SSP and PCR-SSOP,6,7 but these methods are expen-
sive, time-consuming and only allow a non-quanti-
tative approach to mixed chimera analysis.

Reference strand mediated conformation analysis
(RSCA) is a recently described technique, useful for
mutation detection, as well as for HLA-typing and
patient/donor HLA matching for stem cell trans-
plantation.8-10
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Here, we report the usefulness of RSCA in the
detection of non-shared HLA alleles not only for
qualitative, but also for quantitative analysis of mixed
chimerism after HLA-mismatched SCT.

Design and Methods

Patient and donor samples
RSCA-based chimerism studies were performed on

six patients receiving an allogeneic HLA-mismatched
graft. One patient was the recipient of a haploiden-
tical related-donor SCT, three received cord blood
transplants (all of them included in an experimental
protocol of double cord blood transplantation),
another one received an HLA-class II mismatched
related donor SCT, and the last one received an allo-
geneic HLA-DQB1-mismatched unrelated SCT. The
donors' samples were obtained prior to the stem cell
collection. The cord blood DNA samples were sent by
the supplier cord blood bank. Table 1 summarizes
the type of transplantation for every patient, as well
as the mismatched HLA locus.

DNA extraction 
High-molecular weight genomic DNA was obtained

from peripheral blood or bone marrow samples using
the Camgen™ Mammalian Genomic DNA extraction
kit (Cambridge Molecular Technologies Ltd., Cam-
bridge, UK), according to the manufacturer’s proto-
col. When the peripheral white blood cell count was
lower than 1×109/L, DNA was extracted using silica
membranes (QIAamp Blood and Tissue Test Kit; Qia-
gen, Hilden, Germany).

HLA locus-specific PCR amplification
To perform HLA-class I locus-specific PCR, we used

the primers and PCR cycling conditions described by
Cereb et al.11 The amplification was performed in a
100 µL total volume, containing 1 µg of genomic
DNA, 10 x PCR reaction buffer (7.5 mM Tris-HCl pH
8.8, 0.2 mM (NH4)2SO4, and 0.001% Tween), 1.5
mM MgCl2, 0.2 mM dNTP, 25 pmol of each primer
and 1 U Taq polymerase. 

To perform HLA-DQB1 locus-specific amplifica-
tion, we used the primers and PCR conditions
described at the International HLA Workshop.12 The
PCR products were resolved by 1.5 % agarose gel elec-
trophoresis.

RSCA analysis 
RSCA is a technique that allows the study of poly-

morphic genetic systems. The technique is based on
three steps: 1) locus-specific PCR, 2) hybridization
with a fluorescent-labeled reference (FLR) and, 3)
polyacrylamide gel electrophoresis in a DNA auto-
mated sequencer. 

The DNA sample analyzed is amplified for the
desired locus, using specific primers. For HLA loci,
we amplify the most polymorphic regions (exons 2
and 3 for HLA-class I loci, including intron 2, and
exon 2 for HLA-class II loci). In this way, the ampli-
fied fragment has the same size for every sample,
regardless of the HLA alleles present in the sample.

The concept of FLR is basic for this technique: the
FLR is the PCR product obtained when amplifying a
known homozygous sample for the studied locus.
This PCR is performed with the same locus-specific
primers and PCR conditions as for the studied sam-
ples. The only difference is that, in the case of the
FLR, the forward primer is labeled with a fluorophor
(Cy5), which confers fluorescent properties to this
PCR product.

The alleles used as FLRs were B* 1801 and B* 4402
for the HLA-B locus, and DQB1* 0201 and DQB1*
0501 for the HLA-DQB1 locus. DNA was obtained
from International Histocompatibility Workshop B-
lymphoblastoid cell lines (SPO-010: HLA-B*4402
and COX: HLA-DQB1*0201) or from previously
HLA-typed individuals.

Hybridization of the PCR from the samples with FLR
was performed at a 3:1 ratio. The mixture was sub-
jected to a three-step program (95ºC, 55ºC and
15ºC). The second step facilitates the random
hybridization between sense and antisense strands.
This hybridization generates the formation of homo-
duplexes and heteroduplexes (see Figure 1). Only the
combinations containing the sense strand of the FLR
have fluorescent properties: the homoduplex and one
for each allele present in the PCR product of the sam-
ple.

The size of the amplified PCR product and the
degree of complementarity between the sense and
the antisense strands determine the migration of
double-stranded DNA in a non-denaturing polyacry-
lamide gel. When performing locus-specific amplifi-
cation the size of the PCR product is constant, so the
number of sequence mismatches between the FLR
and the alleles present in the analyzed sample, as well
as the position of such mismatches will confer a
unique mobility pattern for each allele, allowing its
identification. 

Two microliters of the hybridization product and
6x Ficoll loading buffer were loaded in a 6 % non-
denaturing Long Ranger gel (FMC Bioproducts,
Rockland, Maine, USA). Electrophoresis was per-
formed with 1 x TBE running buffer, on an ALFex-
press II automated sequencer (Amersham Pharmacia
Biotech, Uppsala, Sweden), at 30 W constant pow-
er. The running time for an 8-cm long gel was 120
minutes for HLA-class I. This electrophoresis was
faster for HLA-DQB1 (80 minutes). Fluorescent
peaks were detected by the laser system and analyzed
using the ALFwin Fragment Analyser v. 1.00 software
(Amersham Pharmacia Biotech, Uppsala, Sweden). 

Non-shared HLA alleles as a chimerism marker

Table 1. Patients’ characteristics.

UPN Diagnosis Type of SCT HLA locus studied

1 ALL Haploidentical related donor HLA-B
2 CML Double cord blood transplantation HLA-DQB1
3 CML Double cord blood transplantation HLA-DQB1
4 ALL Double cord blood transplantation HLA-B and HLA-DQB1
5 RAEB-t Unrelated HLA mismatched donor HLA-DQB1
6 ALL Related HLA-DQB1 mismatched donor HLA-DQB1

Abbreviatons: UPN: unique patient number, SCT: stem cell transplantation,
ALL: acute lymphoblastic leukemia, CML: chronic myeloid leukemia, RAEB-t:
refractory anemia with excess of blasts in transformation.
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PCR-VNTR amplification
The VNTR loci used for routine chimerism analysis

in our laboratory are D1S80, D17S30, D4S95 and
Apo-B. The amplification primers for each locus have
been previously described.13-16 The forward primer is
Cy5-labeled, in order to obtain a fluorescent PCR
product that can be analyzed on the ALFexpress II
automated DNA sequencer. This approach allows
the quantification of mixed chimeras, based on the
fluorescent intensity of the peaks.

Quantification of mixed chimerism
The calculation of the degree of mixed chimerism

based on the area of the fluorescent peaks has been
previously published for PCR-STR and PCR-VNTR.17,18

We determined the ratio of donor and recipient by
calculation of the proportion of the peak areas cor-
responding to donor signals as compared to the sum
of peak areas of the donor and recipient signals for
each locus. When donor and recipient were het-
erozygous, but shared one allele, only the area of the
non-shared alleles was considered for the analysis.
The same calculation system was used for the cell
dilution assays. 

Dilution assays
To explore the sensitivity of the RSCA technique in

the detection and the quantification of low percent-
ages of chimerism we performed cell dilution assays
between unrelated individuals. We did not perform
DNA dilutions to avoid mistakes due to the mea-
surement of DNA concentration. We mixed selected
numbers of cells from each individual to obtain dilu-
tions from 90% to 0.5%. All of them had at least one

HLA disparity. We also selected an informative PCR-
VNTR locus for these mixtures, in order to compare
the sensitivity and accuracy of both techniques. 

Results

Chimerism follow-up after SCT
Six patients undergoing HLA-mismatched allogene-

ic SCT were studied. Table 2 shows the chimerism
data and the clinical follow-up of these patients.
Chimerism status was determined by both RSCA and
PCR-VNTR in all cases. There was a concordance
between the RSCA results and the PCR-VNTR data. 

With this technique, the reappearance (or persis-
tence) of the HLA alleles belonging to the receptor
indicated mixed chimerism. The RSCA chimerism
evolution after haploidentical related donor trans-
plant for patient #1 is shown in Figure 2.

The existence of a clinical trial of double cord blood
transplantation (simultaneous transplant of a non-
manipulated cord blood unit and a CD34 positive-
selected and in vitro expanded unit) allowed us to test
the ability of RSCA to detect mixed chimerism when
more than two individuals are involved. We tested 3
patients included in this protocol, and in all three cas-
es we were able to detect mixed chimeras in the first

Homozygous cell line Heterozygous sample

HLA-A*0101 HLA-A*0301
HLA-A*2402

Hybridization

Electrophoresis in 
polyacrylamide gel

Heteroduplexes

Homoduplexes

Cy5
RSCA

TIME

Laser detection on
automated DNA
    sequencer

Figure 1.  Schematic representation of the RSCA technique.
A homozygous cell line (or individual) for HLA-A*0101 is
used as a fluorescent-labeled reference (FLR). After locus-
specific PCR, this FLR is hybridized with the HLA-A PCR
product of the unknown sample. Only the homoduplex and
the heteroduplexes corresponding to the union of the sense
FLR strand and the antisense strand of each allele present
in the sample are labeled with Cy5, generating a fluorescent
peak after electrophoresis on polyacrylamide gel and laser
detection. As each heteroduplex migrates according to the
number of mismatches between the FLR and the corre-
sponding allele, as well as to the position of such mis-
matches, each allele has a unique mobility pattern, allow-
ing its identification.

Table 2. Evaluation of chimerism in patients receiving allo-
geneic HLA-mismatched SCT.

UPN Marker Days Source % % Comments
after SCT Donor Host

1 HLA-B +15 PB 100 0 Engraftment
+20 PB 95 5 Neutropenia
+26 BM 60 40 Neutropenia

2 HLA-DQB1 +6 PB 23 70 + 7 expanded CB
+6 BM 20 60 + 20 expanded CB
+14 PB 100 0
+14 BM 92 8
+21 PB 100 0 Engraftment
+21 BM 100 0 Engraftment
+35 PB 100 0
+35 BM 100 0
+46 PB 100 0
+78 PB 100 0
+99 PB 47 53 Clinical relapse
+99 BM 20 80 Clinical relapse

3 HLA-DQB1 +7 PB 13 4 + 83 expanded CB
+7 BM 4 78 + 18 expanded CB
+14 PB 100 0
+14 BM 64 36
+19 PB 100 0

4 HLA-B & +7 PB 62 38
HLA-DQB1 +7 BM 44 56

+13 PB 100 0
+13 BM 92 8
+19 PB 100 0 Engraftment
+19 BM 100 0 Engraftment
+31 PB 100 0

5 HLA-DQB1 +19 PB 100 0 Engraftment

6 HLA-DQB1 +16 PB 100 0 Engraftment

Abbreviatons: UPN: unique patient number, PB: peripheral blood, BM: bone
marrow, CB: cord blood.



days after transplantation, demonstrating the pro-
gressive evolution to a full-donor chimerism (belong-
ing to the non-manipulated cord blood unit). Figure
3 shows the evolution of the chimerism pattern
obtained by HLA-DQB1 RSCA analysis of patient #2. 

The goal of this study was not to collect a high
number of cases of HLA-mismatched SCT, but to
demonstrate the feasibility of this technique and to
determine the sensitivity of RSCA, as well as the accu-
racy of chimerism quantification. For this reason, we
simulated different clinical situations of mixed
chimerism with cell dilution assays.

Cell dilution experiments
We examined dilution steps covering the range

between 0 and 100% of mixed cells from unrelated
individuals. 

A minor cell population corresponding to 5% was
reproducibly detected after independent experiments
for HLA-class I (Figure 4). If the mismatch involved
HLA-class II, the technique was able to detect up to
3% of residual cells. We believe that this better sensi-
tivity of HLA-class II is caused by the shorter size of
the amplified fragment.

The reproducibility of the results was confirmed by
three consecutive experiments for each informative
locus. The median standard deviation from mean
was 2.09% (range: 0.35-4.95) for HLA-class I, and
1.97% (range: 0.40-3.55) for HLA-DQB1. The medi-
an deviation of the calculated values from the theo-
retical values was 1.71% for HLA-class I (range: 0.35-
3.89) and 3.59% (range: 0.16 - 6.98) for HLA-DQB1.

To obtain information about the accuracy of the
RSCA method, an informative PCR-VNTR locus was
selected for each dilution experiment. We compared
the quantification data obtained by RSCA with those
obtained by PCR-VNTR. A linear correlation was
found between the proportion of mixed cells and the
data obtained for HLA-A (r2: 0.991), HLA-B (r2:
0.993) and HLA-DQB1 (r2: 0.987). The lower coef-
ficient of correlation obtained for HLA-DQB1 may
be explained by the coamplification of the HLA-
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B49

Patient

Haploidentical Donor

Patient: PB day +15

Patient: PB day +20

Patient: BM day +26

Figure 2. Analysis of HLA-B mobility pattern after allogene-
ic haploidentical related donor transplantation. Patient and
donor share HLA-B44, but are different for the other allele
(B61 for the patient and B49 for the donor). After engraft-
ment (day +15), full chimerism is observed. On day +20, the
analysis of peripheral blood shows the reappearance of the
B61 allele (arrow), developing mixed chimerism. The last
lane shows an increasing peak of the recipient allele in the
bone marrow on day +26. FLR was HLA-B*1801. The
homoduplex peak is not shown in the figure. Abbreviations:
PB: peripheral blood. BM: bone marrow.

PATIENT (PRE-TRANSPLANT)

NON-MANIPULATED CORD BLOOD UNIT

EXPANDED CORD BLOOD UNIT

PATIENT (BM) DAY +14

PATIENT (BM) DAY +21

PATIENT (BM) DAY +30

PATIENT (BM) DAY +7

DQB1*0301

DQB1*0602

DQB1*0302

DQB1*0301

DQB1*0602

DQB1*0602

DQB1*0602

DQB1*0302
DQB1*0301

DQB1*0602

Figure 3. Analysis of HLA-DQB1 after double cord blood
transplantation. HLA typing of the patient: HLA-
DQB1*0301, 0501; non-manipulated cord blood: HLA-
DQB1*0501, 0602; expanded cord blood: HLA-
DQB1*0302, 0501. On day +7 after infusion, we were able
to detect all three non-shared HLA-DQB1 alleles in bone
marrow aspirate, corresponding to mixed chimerism
between the patient and both cord blood units. On day +14,
the allele corresponding to the expanded cord blood unit
has disappeared, and the allele corresponding to the patient
(DQB1*0301) had lower fluorescent intensity. The analysis
of bone marrow on day +21 and +30 shows only the allele
corresponding to the non-manipulated cord blood unit (full
donor chimerism). FLR used: HLA-DQB1*0501. The homod-
uplex peak is not shown in the figure. Abbreviations: BM:
bone marrow.
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Figure 4. Electropherogram showing the RSCA pattern for
HLA-B in one cell dilution assay: the area of each peak is
correlated with the amount of cells corresponding to each
individual. The lanes show the actual cell mixtures. The FLR
used was B*4402.



DQB2 gene with the available primers. These coeffi-
cients were higher than D17S30 (r2: 0.866) or D4S95
(r2: 0.891). Figure 5 shows the comparison of the
standard curves obtained with HLA or VNTRs. The
absence of preferential amplification when using the
RSCA method makes it unnecessary to construct a
standard curve for quantifying the chimerism for each
patient/donor pair. Figure 6 shows the electro-
pherogram obtained when comparing HLA-B and

D17S30 in a cell dilution assay, and how the prefer-
ential amplification only takes place with PCR-
VNTRs.

Discussion
The follow-up of chimerism after allogeneic SCT is

essential for the management of the patient and for
identifying an increasing recipient chimerism pattern
which can be predictive of relapse. At present DNA-
based technologies are the methods of choice for
chimerism analysis, mainly due to their sensitivity in
detecting a minor clone of recipient cells after trans-
plantation.19

The detection of HLA mismatches to monitor
chimerism status has been previously described.
However, conventional HLA techniques such as PCR-
SSP or PCR-SSOP do not offer the possibility of a
quantitative analysis. Our approach, a PCR-based
method, allows the quantification of the ratio of
patient/donor hematopoiesis in mixed chimerism, by
calculation of the area of the fluorescent peaks.
Analysis of peripheral blood samples from patients
before engraftment, with fewer than 1×109/L white
blood cells, can be performed easily.

The feasibility of the RSCA technique in the quan-
tification of chimeras by detection of the non-shared
HLA alleles has been evaluated in clinical situations
and cell dilution experiments. The sensitivity of the
approach for quantitative analysis is similar to that
described for PCR-VNTR or -STR (which detect up to
5% of residual cells).17,18 RSCA can detect and quan-
tify up to 5% of minority cells using HLA class-I and
up to 3% when using HLA class-II. This difference in
sensitivity may be attributable to the different size of
the PCR products (shorter for HLA class-II). Although
we were not able to detect the non-shared alleles
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Figure 5. Cell dilution assay for quantification of mixed
chimerism. 
A. The graph shows the correlation between actual cell mix-
ture and the calculated ratio of peak areas for informative
loci HLA-B and D17S30 in one assay. The discontinuous
line represents the expected value for the cell mixture. The
percentage of donor cells obtained by calculation of the
relationship between the area of the peaks corresponding
to the donor and the area of the peaks corresponding to the
donor and the recipient is closer to the expected value when
using RSCA. This is due to the preferential amplification of
short alleles of D17S30. This preferential amplification
requires the construction of standard curves to quantify
mixed chimeras by PCR-VNTR, whereas the observed per-
centage may be assumed to be the real percentage when
using detection of HLA by RSCA. The coefficient of linear
correlation was 0.993 for HLA-B and 0.866 for D17S30. 

B. Standard curve obtained with informative loci D4S95 and
HLA-DQB1 in a second cell dilution assay. The HLA-DQB1
curve is not influenced by the preferential amplification
observed with the D4S95 locus. The coefficient of linear
correlation was 0.987 for HLA-DQB1 and 0.891 for D4S95.
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Figure 6. Comparison between PCR-VNTR and HLA-RSCA for
quantitation of mixed chimerism. Electropherogram of one
cell dilution assay analyzed by PCR-VNTR (D17S30) or HLA
detection by RSCA (HLA-B). The D17S30 analysis shows a
phenomenon of preferential amplification. The difference
becomes obvious in the 50% dilution (lane 2), because the
area of allele 1 is much larger than the area of allele 2. In
contrast, the HLA-B analysis does not show this preferential
amplification: the proportion of the peak areas corresponds
to that expected (about 50%). This makes it easier to quan-
tify mixed chimeras with the HLA-RSCA method. 
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below this level, it seems that a residual host-derived
cell population after SCT would be not predictive of
relapse, unless an increasing amount of these cells
were observed. Our approach can detect this early
progressive increase of mixed chimerism, allowing the
identification of patients with high risk of relapse.

An advantage of the RSCA-based method is that,
knowing the HLA alleles involved prior to SCT, there
is no need to search for an informative locus, which
is essential for PCR-VNTR or PCR-STR. This may be
important when only a small amount of recipient
DNA is available before transplantation.

Another advantage is that individual standard
curves are not required for the quantification of
chimerism. These standard curves are essential for
quantification by the PCR-VNTR approach. This
advantage is due to the lack of preferential HLA allele
amplification when RSCA is used, because the ampli-
fied PCR product has the same size irrespective of the
alleles present in the sample. 

Moreover, as RSCA is based on a locus-specific
PCR, only one set of primers (one forward and one
reverse primer) is required for each HLA locus, inde-
pendently of the alleles expressed by the patient and
the donor. This is important, because the methods
that have been used to monitor chimerism by detec-
tion of non-shared HLA alleles (PCR-SSP or PCR-
SSOP) are expensive and time-consuming.

The choice of the FLR may seem to be a problem
because the mobility pattern of each HLA allele
depends on which FLR is used. In this way, two dif-
ferent alleles may have a similar pattern when using
a single FLR, but their mobility can be dramatically
different with a second FLR.8 As the pattern with two
different FLRs has been previously published for each
HLA-class I locus,9 these data can be used in order to
select the FLR that offers the best separation for the
alleles involved in each individual case. 

A limitation of RSCA is the difficulty of performing
HLA-DRB1 chimerism monitoring because the avail-
able primers amplify all the DRB chains that are pre-
sent in the sample (DRB1 as well as DRB3, DRB4 or
DRB5), making the electropherogram difficult to ana-
lyze. When HLA-DRB1 was present, we explored the
HLA-DQB1 locus, because of the high linkage dis-
equilibrium between these two loci, to detect extra
mismatches not detected by the routine typing meth-
ods. The growth of panels in national unrelated
donor registries and cord blood banks, as well as the
use of haploidentical related donors could increase
the number of patients receiving an alternative donor
stem cell transplant. As most of these transplants are
HLA-mismatched at the molecular level, for these
patients, the follow-up of chimerism status using
RSCA for the detection of non-shared HLA alleles is
an alternative option to the classic methods.
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