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Use of Highly Polymorphic DNA Probes for Genotypic Analysis
Following Bone Marrow Transplantation

By Robert G. Knowlton, Valerie A. Brown, Jeffrey C. Braman, David Barker, James W. Schumm,
Christine Murray, Tak Takvorian, Jerome Ritz, and Helen Donis-Keller

The use of DNA markers known as restriction fragment
length polymorphisms is a sensitive and informative
method of distinguishing patient and allogeneic donor cells
after bone marrow transplantation. To apply the test, it is
necessary in each case to find DNA probes that display
patient-specific and donor-specific bands in Southern
transfer hybridization. We have isolated a set of 12 cloned
DNAs from highly polymorphic loci by which siblings can
usually be distinguished. With just four of these probes, we
can expect to distinguish the genotypes of the recipient
and a sibling donor in more than 99% of cases (except

ONE marrow transplantation is becoming the therapy
of choice for a number of hematopoietic disorders and
malignancies.'”? Because of the complex interactions among
the host tissues, the donor immune system and the residual
host immune system, analysis of the respective contributions
of donor and recipient cells to the lympho-hematopoietic
system is critical to interpretation of the events following
transplantation.

The use of DNA sequence polymorphisms is an informa-
tive and versatile method of distinguishing patient and donor
cells.*® Phenotypically neutral sequence variations in the
population can be identified as restriction fragment length
polymorphisms (RFLPs), usually observed in Southern
transfer hybridizations with cloned DNA probes.” Among
different individuals, the restriction fragments homologous
to a cloned DNA probe can occasionally differ in length,
either because of mutations in restriction enzyme cleavage
site or variation in the length of DNA between restriction
sites as a result of insertions or deletions. Stably inherited as
a part of an individual’s genome and propagated to all cells,
these DNA polymorphisms constitute a reliable set of mark-
ers for cells originating from a particular individual. Unlike
other transplantation markers (eg, red blood cell antigens,
immunoglobulin isotypes, karyotypes),'®'®* RFLP analysis is
applicable to all hematopoietic cells except fully differen-
tiated erythrocytes, in aggregate or in sorted cell fractions.*®

The applicability of genotypic analysis to particular cases
depends on discovery of informative DNA polymorphisms,
ie, distinguishable alleles in the marrow donor and recipient.
The likelihood that a particular probe will reveal distinct
alleles in recipient and donor depends on the number of
alleles and their distribution in the population. Most RFLPs
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between identical twins). The availability of many highly
polymorphic probes also allows selection of an optimal
probe for each case, one that can detect both the patient
and donor-specific bands in a single hybridization with
maximum resolution and sensitivity. We have applied
these probes to the analysis of cells from peripheral blood
and bone marrow after transplantation and demonstrated
their usefulness in confirming engraftment of donor cells or
graft rejection, and in detecting mixed lympho-hemato-
poietic chimerism.

© 1986 by Grune & Stratton, Inc.

are two allele variants of a single restriction site and there-
fore rarely informative in comparisons of patient and donor
genotypes. One useful probe is the plasmid pDP34,' which
hybridizes to distinct bands from the X and Y chromosomes
and can always be used to detect the male genotypic pattern
in sex mismatch cases. Analysis of cellular origin in most
transplantation cases has depended primarily on the cloned
DNA probe pAW101,% which identifies a locus with multi-
ple RFLP alleles. However, because the donor and recipient
of a transplant are siblings or very closely related, testing a
single genetic marker, even a highly polymorphic DNA
sequence, cannot guarantee that the two cell types can be
distinguished. For no matter how many alleles exist in the
population, each parent carries at most two different alleles,
and two siblings have a 1/4 chance of inheriting the same
two alleles of a polymorphic locus from their parents, and an
additional 1/2 probability of sharing one parental homo-
logue. This means that siblings will be indistinguishable by
any single genetic marker in at least 25% of the cases. Probes
for more than one highly polymorphic locus are therefore
necessary to ensure detection of distinguishable patient and
donor alleles. In this paper we describe a set of probes for
highly polymorphic loci in the human genome that virtually
guarantees the feasibility of determining the origin of
nucleated cells in bone marrow transplants, even between
closely related individuals.

The utility of these probes in analysis of transplant cases is
demonstrated in this preliminary application to a set of
leukemia patients who received bone marrow transplants
from related allogeneic donors. Using genotypic analysis we
have been able to distinguish patients with stable engraft-
ment of donor cells exclusively, patients with chimeric cell
populations associated with leukemic recurrence, and
patients who appear to develop a stable chimeric condition.

MATERIALS AND METHODS

Patients. Cells were obtained prior to bone marrow transplanta-
tion from 10 patients and their related allogeneic donors. Each of
those patients underwent marrow transplantation as treatment for
hematologic malignancy. Eight patients received marrow from
HLA-compatible siblings and two patients received marrow from
partially incompatible related donors. In six instances patients and
donors were of the same sex, but in four cases there was a sex
mismatch. Transplantation and subsequent sampling of blood and
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POLYMORPHIC DNA PROBES

bone marrow were approved by the Institutional Review Boards of
the Dana-Farber Cancer Institute and Brigham and Women’s
Hospital and were performed with the informed consent of the
patients.

Cell samples. Peripheral blood and bone marrow samples from
patients and donors were collected in preservative-free heparin and
mononuclear cells isolated by Ficoll/Hypaque density sedimenta-
tion. In some instances, peripheral blood mononuclear cells were
cultured in vitro following stimulation with either phytohemagglu-
tinin (PHA) or allogeneic B-cell line (Laz 388). After this initial
stimulation, cells were cultured in lymphocyte conditioned medium
(LCM) containing IL-2. All cell samples were cryopreserved in 10%
DMSO using standard techniques and stored in the vapor phase of
liquid nitrogen.

Cellular DNA preparation. High molecular weight DNA was
prepared from isolated nuclei obtained by centrifugation following
solubilization of the cell suspension in Triton X-100. The nuclear
pellet was resuspended in 1% SDS and treated with Proteinase K
(Boehringer/Mannheim), 10 ug/mL, for 16 hours at 42 °C. After
extraction with phenol and chloroform/isoamyl alcohol (24:1),
DNA was precipitated with isopropanol (1.5 vol), redissolved in TE
(10 mmol/L Tris-HCI, pH 7.5, 1 mmol/L EDTA), and precipitated
with ethanol. DNA was redissolved in TE at a concentration of 250
ug/mL. Recovery of DNA from frozen cell samples was generally 5
micrograms per 10° cells.

Analysis of genomic restriction fragments. DNA samples at
175 ug/mL were digested to completion with restriction endonu-
cleases (5 U/ug) from New England Biolabs, Beverly, Mass, in
conditions recommended by the supplier. The extent of digestion was
monitored in identical reaction mixtures containing both 1 ug of
human DNA and 1 ug bacteriophage lambda DNA, stained with
ethidium bromide after agarose gel electrophoresis; complete diges-
tion was assumed if the lambda DNA band pattern represented a
limit digest. Digested DNA samples were size fractionated by
electrophoresis in 0.8% agarose gels, transferred to nylon mem-
branes (Zeta-Bind, AMF Cuno, Meriden, Conn) in 25 mmol/L
sodium phosphate, pH 6.5, according to Barker et al.?' After
prehybridizing the filters for 2 to 24 hours at 42 °C in 5 x SSC, 40
mmol/L phosphate, pH 7, 5 x Denhardt’s solution, 100 ug/mL
denatured salmon DNA, 10% dextran sulfate, and 50% formamide,
32P.]abeled probe was added (10° dpm/mL) to hybridize for 20 hours
at 42 °C. After hybridization, filters were washed for 30 minutes at
20 °C with 2 x SSC, 0.1% SDS, and 60 minutes at 65 °C in 0.1 x
SSC, 0.5% SDS. Autoradiography was carried out for one to five
days at —70 °C with Kodak XAR-5 film and intensifying screens
(DuPont Cronex Lightning-Plus).

Probes from polymorphic loci. These polymorphic DNA probes
were isolated and characterized at Collaborative Research, Inc, for
application to genetic linkage mapping.”**® Human genomic clones
in bacteriophage Charon 4A were isolated from the library of Lawn
et al.? Randomly chosen, single-copy phage clones were screened in
Southern blot hybridizations to restriction digests from five individu-
als for restriction fragment length polymorphisms.” Twelve genomic
clones with multiple allelic variations suitable for genotypic analysis
of bone marrow transplants were selected for this study.

Recombinant bacteriophage DNA was prepared from plate
lysates by the methods of Davis et al*® and radioactively labeled by
nick translation®® with *?P deoxynucleotide triphosphate (New
England Nuclear, Boston) to a specific activity of 1 to 5 x 10°
dpm/ug.

All work with recombinant bacteriophage was carried out under
P1 conditions of containment in accordance with National Institutes
of Health Guidelines for Research Involving Recombinant DNA
Molecules.
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RESULTS

Characterization of highly polymorphic DNA probes.
We have obtained from a human genomic library a set of
DNA clones that hybridize to sequences with extraordinary
polymorphic variation.> Hybridization patterns of these
probes to digests of DNA from a series of unrelated people
show a spectrum of variable bands, with few individuals
sharing the same pattern (Fig 1). The probes are randomly
cloned single-copy sequences ranging in length from 11 to 17
kilobases inserted in the bacteriophage Charon 4A vector.
Because the cloned DNA segments are large, the probes
generally hybridize to several contiguous restriction frag-
ments in the genomic digests. Each probe hybridizes to
restriction fragments derived from a single chromosomal
locus, as seen from the Mendelian inheritance pattern of the
RFLPs in human pedigrees (data not shown).

For most of the probes described here, the same restriction
fragment length variation among individuals can be detected
with several different restriction enzymes, suggesting that
the polymorphisms result from DNA sequence rearrange-
ments at these loci rather than simple mutation of restriction
sites. At some loci (detected with LAM4-159, LAM4-427,
LAM-123, and LAM4-1214, for example), several different
restriction fragments vary in length independently, with the
result that each of the two alleles carried by an individual
consists of multiple fragments potentially different from
those of another individual. Fig 2 displays the allelic sets of
Pstl restriction fragments from the locus hybridizing to
LAM4-159 as observed in chromosomes of 18 unrelated
persons. Each locus consists of variable segments hybridized
by the left side of the probe and by the right side of the probe,
separated by fragments of constant size in the center. Each of
the eight known variants of the left-side Pstl fragment is
associated with more than one of the eight observed right-
side variants in different chromosomes, generating at least
16 allelic combinations already observed at this locus.

Not only does each of these loci exist in a large number of
allelic forms, but the alleles are also dispersed in the popula-
tion such that the probability that two parents will share the
same alleles is low. This probability is typically expressed as
the polymorphism information content, or PIC,’ which is
calculated from the allele frequencies and is a measure of the
probability that the parental chromosome contributions can
be determined in the offspring. Table 1 lists the estimated
PIC values for each of our polymorphic probes; most are at
least as informative as pAW101 (PIC = 0.85), and more
informative than all but a few of the known polymorphic
markers in the human genome.>”’ From the number of alleles
observed at each locus and their frequencies in the popula-
tion, we can also calculate the likelihood that each probe will
be informative in the special case of comparing genotypes of
two siblings (Table 1). For the probes with the highest PIC
values, the predicted probability of distinguishing siblings
approaches the theoretical maximum of 75%.

Because the occurrence of distinguishable alleles at one
locus is independent of the alleles at another locus, the
application of the test can be extended to virtually all patient
donor pairs by selecting from a set of highly polymorphic
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probes. In comparing sibling donor and recipient genotypes,
this premise is valid if the polymorphic loci are not geneti-
cally linked, ie, if they are on different chromosomes or are
separated with a recombination frequency approaching 50%.
(A patient and donor who have inherited the same marker
from a parent are also likely to have inherited the same DNA
sequences in the surrounding region of that chromosome.)
We have traced the inheritance of alleles of each of the
polymorphic probes listed in Table | in several large, multi-
generational families and compared their inheritance pat-
terns for indication of genetic linkage. None of the probes is
closely linked to any other with measured recombination
frequency less than 25% (unpublished results). Application
of each RFLP probe to a patient-donor pair therefore
represents an independent test for genetic heterogeneity. The
probability of genetic identity at all loci tested is therefore
the product of the probability of identical alleles with the
individual probes (Table 1). With all of the 12 probes used in
this study, the probability that two siblings would be identi-
cal is only 1.3 x 107 In fact, we can be quite confident of
distinguishing siblings with only four of the most polymor-
phic probes (LAM4-427, 1214, 355, and 159). Genotypic

Lama~-1214-Bglll

Fig 1. Restriction fragment patterns at highly
polymorphic loci. DNA from 6 unrelated individuals
was digested with restriction enzymes shown and
hybridized to each cloned DNA probe as described in
Materials and Methods. Migration of restriction frag-
ment markers of known molecular weight is shown at
right of each autoradiogram.

comparisons at just these loci would be informative in more
than 99% of the cases.

Identification of informative probes in transplant
cases. Genotypic analysis of cellular DNA in bone marrow
transplantation proceeds in two stages. First, DNA samples
of donor and recipient origin are tested with probes from
highly polymorphic loci to determine for each locus whether
the two genotypes are distinguishable in Southern transfer-
hybridization. It is necessary to find both donor and patient-
specific bands in the hybridization patterns, so that contribu-
tions of both genomes can be distinguished in a mixture of
the two. The ideal probe would hybridize to both donor-
specific and patient-specific bands in the same restriction
digest, so that both genotypes could be detected in the same
sample and hybridization.

Probes that fulfill these criteria for informative and effi-
cient genotypic analysis were selected from the panel to
apply to ten bone marrow transplant cases. First, the geno-
types of the ten transplant recipients and their respective
donors were compared by Southern blot hybridization pat-
terns of the 12 probes listed in Table 1. Restriction fragment
patterns, such as those shown in the autoradiograms in Fig 3,
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Fig 2. Variable fragment lengths at locus defined by LAM4-
159. Four contiguous Pstl fragments are detected with the phage
clone LAM4-159, two frag of length (6 kb and 2 kb)
fianked by two fragments of varying length in different alleles. The
length variation in fragment | (Var.l) is apparently independent of
the variation in fragment Il (Var.ll), so that the number of different
combinations is large. The ples of LAM4-159 allel h
are 12 different fr ions observed among 36 chro-
mosomes of 18 unrelated individuals.

r

were scored for the presence of patient-specific and donor-
specific bands. As expected, each patient and donor genotype
could be distinguished by restriction fragments at several of
the probed loci (Table 2). Because of the highly polymorphic
character of the genetic loci tested, each probe was informa-
tive for several patient-donor pairs. In general, the probes
with the highest PIC values were the most successful at
distinguishing between patient and donor genotypes. Having
identified several informative probes in each transplant case,
we chose one probe that was expected to provide the most
sensitive and reliable measurement of proportions of each
genotype in posttransplant samples. Sensitivity is maximal
when bands to be detected show strong hybridization signals,
are well separated from other bands, and background hybrid-
ization is low. Furthermore, some probes hybridize to more
than one patient-specific or donor-specific band in a single
digest, providing opportunities for repeated measurement of
the proportions of the two DNAs in the same sample (eg, Fig
3A, patient-donor pair #6).

Analysis of cell populations after transplantation. Cell
samples taken after bone marrow transplantation were ana-
lyzed with the polymorphic probes chosen for each patient-
donor pair. Hybridization patterns of posttransplant DNA
samples were compared with the patterns of pure donor and
recipient DNA in adjacent lanes (Figs 4 and 5). The fraction
of the total cell population represented by either donor cells

381

or patient cells was estimated from the respective band
intensities in the autoradiogram. Adjacent control lanes
contained admixtures of known proportions of patient and
donor DNA and served as standards for making quantitative
estimates of these DNAs in posttransplant samples. Direct
comparison of patient and donor bands in the same hybridi-
zation is critical to quantitative measurement of the propor-
tions of the two genotypes, because the intensity of bands can
vary substantially depending on the efficiency of transfer of
the DNA to the filter, the specific activity of the radioactive
probe, and the stringency of hybridization and washing. In
particular, it is important to establish the sensitivity of the
assay when the autoradiogram shows only the donor geno-
typic pattern in order to determine the maximum level of
cells of patient origin that could have escaped detection. In
these hybridizations with the recombinant bacteriophage
DNAs as probes, we could detect cellular DNA that was
present as 5% to 10% of the total. Elimination of the lambda
vector sequences from the same probes can improve the
sensitivity to approximately 1% (results not shown).

Results demonstrating successful engraftment of donor
cells in patient #1 are shown in Fig 4A. DNA was prepared
from peripheral blood taken at 16 to 20 months after
transplant, as well as from bone marrow aspirate collected 17
months posttransplant. After restriction enzyme digestion
and transfer hybridization with probe LAM4-1214, the
restriction fragment patterns of these DNA samples were
compared with the pretransplant patient and donor patterns.
The presence of the 25 kb, 9.3 kb, and 6 kb bands of donor
genotype and the absence of 7.5 kb and 5.6 kb bands
characteristic of patient genotype confirms the successful

Table 1. Polymorphic DNA Probes and Their Expected
Information Value*®

Probability
Siblings
Probe Enzyme PIC Distinguishable

LAM4-427 Rsal 0.95 0.72
LAM4-1214 Bglll 0.94 0.72
LAM4-355 Bglll 0.90 0.70
LAM4-159 Pstl 0.90 0.70
LAM4-966 Rsal 0.88 0.69
LAM4-123 Rsal 0.81 0.65
LAM4-744 Rsal 0.80 0.65
LAM4-1020 Taql 0.80 0.65
LAM4-1065 Rsal 0.75 0.62
LAM4-1209 Taq! 0.75 0.62
LAM4-171 Mspl 0.70 0.60
LAM4-962 Mspl 0.70 0.60

*PIC is the polymorphism information content, the probability of
informative segregation of alleles in a given family at the marker locus.'®
The probability that two siblings will be identical at the locus defined by
each probe is also calculated from the allele frequencies in the popula-
tion:

Probability
of sibling identity =

1 1S 1S & 1 18
—+= fl+= fiff~—+ =) _ff
4 2 Z. 2 .Z. ,Z, "4 2 .Z.
where f, and f; are the frequencies in the population of alleles i and j, and n
is the total number of alleles. The probability that the probe will
distinguish two siblings is then one minus the probability that they have
the same two alleles.
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Identification of patient and donor-specific bands in DNA hybridization before transplantation. Pretransplant genomic DNA

samples (2 ug) from 10 patient/donor pairs were digested with Rsal and hybridized with RFLP probes LAM4-427 and LAMA4-123. Patient

ted in all 10

and donor-specific fragments can be d.

engraftment. The minimum proportion of recipient cells that
could have been detected is approximately 5% in this assay,
as seen in the control samples in adjacent lanes. The conclu-
sion that stem cell ablation was complete and donor-cell
engraftment was successful is particularly strengthened by
this genotypic assay since all the cell populations sampled,
both peripheral blood and bone marrow, are free of detect-
able patient cells.

The opposite result was found in the case of patient #3, the
recipient of a partial HLA mismatched marrow transplant.
Phenotypic and functional analysis of peripheral blood mo-
nonuclear cells in this patient suggested that immunologic
rejection of donor cells had occurred. This conclusion was
supported by the RFLP analysis with LAM4-1214 (Fig 4B)
which showed that all (>90%) of the nucleated cells recov-
ered from peripheral blood drawn at 14 days after transplant
and cultured in vitro were of host genotype.

One example of lympho-hematopoietic chimerism is
shown in Fig SA. Patient #2 is a stable transplant recipient
whose chimeric condition was detected by red cell antigen
typing and karyotype analysis. Retrospective analysis of
peripheral blood DNA with RFLP probe LAM4-427 demon-

with more than one of the 12 probes tested.

strates the progressive repopulation with cells of recipient
origin. Peripheral blood cells were exclusively of donor type
until 4 months after transplantation, when cells of recipient
genotype were first detected at the 10% level. In subsequent
months, the proportion of host cells in peripheral blood and in
bone marrow has increased to approximately 50%. Despite
partial reconstitution with recipient cells, there has been no
evidence of recurrence of leukemic cells.

Another example of patient/donor chimerism is shown in
Fig 5B (patient #9). By RFLP analysis with probe LAM4-
123, exclusive engraftment with donor cells was seen 2
months after transplant. At S months posttransplant, periph-
eral blood cells were 20% of patient origin by RFLP analysis.
Leukemic relapse was clinically evident 6 months after
transplant, and by this time, the proportion of patient cells as
measured by RFLP analysis had risen to 75% in both
peripheral blood and bone marrow.

DISCUSSION

Determination of the origin of cells in the lympho-hemato-
poietic system will be useful for interpreting the course of

Table 2. DNA from 10 Patient-Donor Pairs Was Tested by Hybridization With Each of the 12 Probes Listed in Table 1 and Scored for the
Presence of Patient-Specific (P) and Donor-Specific (D) Bands

Patient/Donor Pair

Number of Cases
Probe 1 2 3 4 5 6 7 8 9 10 Informative
LAM4-427 — PD — PD — PD PD PD D D 7
LAM4-1214 PD P PD PD — PD PD D — PD 8
LAM4-355 PD D P D — PD PD — — — 6
LAM4-159 PD P PD — PD — — — — — 4
LAM4-966 — PD D P PD P PD — PD — 7
LAM4-123 D PD PD — PD PD P — PD D 7
LAM4-744 — — P P PD PD P — PD P 7
LAM4-1020 —_ PD D — PD —_ D — D P 6
LAM4-1209 — — PD — PD —_ — - PD - 3
LAM4-1065 _— —_ PD PD PD D P PD —_ P 7
LAM4-171 - —_ P — P - - P — D 4
LAM4-962 D D — P P — — PD PD — 6
Total 5 7 9 6 9 7 7 5 5 7
PD, both patient and donor-informative bands observed in the same DNA hybridization; —, no informative bands. Symbols in boldface indicate the

DNA probe chosen for posttransplant analysis of each case.
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Fig 4. Monitoring engraftment with patient and donor-
specific restriction fragments. (A) Successful engraftment in
patient #1 is demonstrated in DNA hybridization analysis with
probe Lam4-1214 by the persi of d -specific fragments
(25 kb, 9.3 kb, and 6.0 kb) and the absence of the patient-specific
fragment (7.5 kb and 5.6 kb) up to 20 months following transplan-
tation. Faint bands at 10.5 kb and 15 to 20 kb reflect cross-
hybridization of the probe with other loci and are not used in
diagnosis. P and D indicate pretransplant patient and donor DNA's.
T1 to T4 are posttransplant patient DNA samples: T1, peripheral
blood (PB) 16 months post-BMT; T2 (2 lanes), PHA-stimulated
cultured PB and anti-T12-treated”® cultured PB, both 17 months
post-BMT; T3, bone marrow aspirate, 17 months post-BMT; T4,
PB 20 months post-BMT. (B) Failure of engraftment in patient #3.
Lane T contains DNA from cultured peripheral blood cells drawn
14 days after transplant. Admixtures of DNA from donor and
pretransplant patient blood samples are included as internal
standards; eg, 10P/90D indicates 10% patient DNA and 90% donor
DNA in the sample. All lanes contain 4 ug of DNA.

events following bone marrow transplantation. The use of
DNA polymorphisms for this purpose has been demon-
strated to be an informative and sensitive method in several
applications. For instance, patient-specific RFLP patterns
have been used to confirm the host origin of recurrent
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leukemic cells after transplantation,® and in rare cases, to
identify tumors of donor origin.*’ Ginsburg et al® have
detected lympho-hematopoietic chimerism in transplant
patients treated for aplastic anemia, SCIDS, and leukemia,
and demonstrated different proportions of patient and donor
cells in different cell types of a single individual. The results
so far have shown the power of RFLP analysis to assay cell
populations for the fractions of patient and donor cells with
high sensitivity, and also to test cell populations inaccessible
with more conventional assays. The results we present here
provide further demonstration of the utility of genotypic
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Fig5. Lympho-h ietic chimerism. (A) Engraftment of
donor marrow in patient #2 is followed by reappearance of cells of
patient origin. P and D, pretransplant patient and donor DNAs,
respectively; T1, cultured PB, 3 months post-BMT; T2 to T5, PB at
4, 7,9, and 12 months post-BMT: T6, bone marrow at 12 months
post-BMT. (B) Reappearance of cells of recipient origin in patient
#9 after engraftment of donor cells. T1, cultured PB drawn 2
months post-BMT; T2, PB at 56 months post-BMT; T3, PB (left) and
bone marrow (right) at 6 months post-BMT. All lanes contain 4 ug
of DNA. Proportions of cells of patient and donor genotype in
samples showing mixed ism are esti d by parison
with mixtures of known composition in adjacent lanes.
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analysis to detect mixed chimerism in peripheral blood. In
addition, we have applied the test to cells in bone marrow
aspirates and found that the proportion of patient and donor
cells in peripheral blood reflects the composition of bone
marrow cells in several cases. This capability of analyzing
any nucleated cell population makes the RFLP test a versa-
tile research tool.

We have increased the usefulness of DNA genotype
testing by collecting a set of highly polymorphic probes and
making the routine testing of virtually all bone marrow
transplant patients feasible. The limitation to RFLP analysis
with probes currently used has been the uncertainty of
finding adequate patient and donor-specific alleles with any
given probe. Because screening probes against pretransplant
samples of recipient and donor DNA to find distinguishing
bands is the most laborious part of the procedure, probes
likely to reveal different alleles are required to make the
search practical. Furthermore, because siblings frequently
coinherit the same alleles, more than one highly polymorphic
probe must be available to screen for informative alleles.
Even the highly polymorphic probe, pAW101,% with more
than eight possible alleles is expected to be uninformative in
one third of cases with sibling donors (see Table 1). However,
if several highly polymorphic probes are tested, informative
markers can be found for virtually all patient-donor pairs
except identical twins. We have described here the applica-
tion of 12 highly polymorphic probes with PIC values
ranging from 0.7 to 0.95. Each of the 12 probes was found to
be informative in at least three and as many as eight of the
ten transplant cases examined, a success rate consistent with
the number and frequency of alleles at each of the loci. The
net result is that detection of both recipient and donor cells
was possible in each case with any of several probes available.
We are therefore confident of our ability to find informative
alleles for all patients and allogeneic donors. Routine analy-
sis employing only a subset of these probes would be practical
and informative in almost all cases.

The advantages of highly polymorphic probes for bone
marrow transplant analysis go beyond the probability of
discovering informative alleles. Another consequence of the
extraordinary variability of these genetic markers is that
both patient and donor-specific bands are often displayed
with a single probe in a single DNA restriction digest. In this
situation, not only is the procedure simplified, but quantita-
tive estimates of proportions of the two cell types are far
more reliable. The patient and donor-specific band intensi-
ties can be compared directly in the same hybridized sample,
without introducing errors due to experimental variation in
DNA concentration, gel transfer, or probe hybridization. Of
those probes informative for both genotypes, it is generally
possible to choose one that displays hybridization patterns
suitable for resolution and detection of trace amounts of
patient or donor DNA in a mixture of the two. In the optimal
pattern, the patient and donor-specific bands are strongly
hybridizing and well-resolved by agarose gel electrophoresis.
One drawback to the commonly used probe pAW 101 is that
the allelic EcoRI fragments that must be distinguished are as
long as 25 kilobases, at the limit of resolution of agarose
gels.

We can also choose several probes to facilitate the routine
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application of the test by reducing the number of different
restriction enzyme digests and gel transfers. As can be seen
in Table 1, the polymorphic alleles of the majority of these
probes are displayed with only a few different restriction
enzymes. By digesting pretransplant samples of recipient and
donor DNA with only two enzymes, Rsal and Bglll, we can
test up to seven of our most highly polymorphic probes and be
confident of identifying a probe useful for diagnosis. If for
any reason the patient DNA sample is limited in quantity
(eg, from an infant or leukopenic patient), the same samples
digested with Rsal or BgllI could be tested against all seven
of these probes by multiple uses of the hybridization filter.
Performance of the test requires less than 10ug of DNA per
sample, which can generally be obtained from 1 mL of
blood.

Examination of the data we have obtained by RFLP
analysis of posttransplant samples supports the contention
that the test is more sensitive and more reliable than other
available methods. In each case in which mixed chimerism
developed, the reappearance of patient cells was detected
through patient-specific alleles in DNA samples taken at
least as early as the first signs of chimerism by karyotype
analysis or red blood cell antigens, and in some instances, in
advance of other indications. Furthermore, the relative
hybridization signals of patient and donor bands give a
quantitative measurement of the proportions of the two
genotypes. Progressive shifts in the proportion of patient and
donor cells were clearly demonstrated in the DNA hybridiza-
tions.

We expect that the routine performance of genetic typing
of lymphoid and hematopoietic cells will contribute substan-
tially to our understanding of cellular interactions following
bone marrow transplantation. In particular, the determina-
tion of host or donor origin of cell populations should be
pertinent to evaluating graft rejection, graft-versus-host dis-
ease, and recurrence of leukemia. The test can also provide
the clinician an accurate measure of the completeness of
donor engraftment. We have shown that by using a set of
highly polymorphic probes we can efficiently perform the
diagnosis in virtually all allogeneic transplant cases, so that
routine application of the test is feasible.
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