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ABSTRACT Adoptive immunotherapy with donor lym-
phocyte infusions (DLI) is an effective treatment for relapsed
chronic myeloid leukemia (CML) after allogeneic stem cell
transplantation. To identify the effector and target cell pop-
ulations responsible for the elimination of the leukemic cells
in vivo we developed an assay to measure the frequency of T
lymphocyte precursor cells capable of suppressing leukemic
progenitor cells. Target cells in this assay were CML cells that
were cultured in the presence of stem cell factor, interleukin
3, granulocyte–macrophage colony-stimulating factor, gran-
ulocyte colony-stimulating factor, and erythropoietin.
[3H]thymidine incorporation at day 7 represented the prolif-
eration of the progeny of the CD341 CML progenitor cells, and
not of the more mature CD342 CML cells. Effector cells were
mononuclear cells, which were used in a limiting dilution
analysis to measure the frequencies of CML progenitor cell-
inhibitory lymphocyte precursors (PCILp) in peripheral
blood of seven patients before and after DLI for relapsed
CML. In the six patients who entered complete remission, a 5-
to 100-fold increase of PCILp was found during the clinical
response. In the patient with resistant relapse the frequency
of PCILp was <10 per ml before and after DLI. Leukemia-
reactive helper T lymphocyte precursor frequencies remained
unchanged after DLI. A significant increase in cytotoxic T
lymphocyte precursor frequency against more mature leuke-
mic cells was found in only two responding patients. These
results indicate that T cells specifically directed against
CD341 CML progenitor cells mediate the antileukemic effect
of DLI.

Allogeneic stem cell transplantation (SCT) is potentially cur-
ative in patients with chronic myeloid leukemia (CML) not
only by the cytoreductive effects of irradiation and chemo-
therapy, but also by a graft-versus-leukemia effect (1). Clinical
evidence for this effect by the immunocompetent cells in the
stem cell graft is supported by a lower risk of relapse in patients
with graft-versus-host disease (GvHD) after transplantation
(2), and an increased risk of relapse in patients treated with a
syngeneic transplant (3) or a T cell-depleted transplant (4–6).
Moreover, the transfusion of lymphocytes from the original
stem cell donor in patients with a cytogenetic or hematological
relapse of CML after SCT results in a complete remission in
70–80% of the patients (7–12). The response rate is lower in
patients with relapsed CML in accelerated phase or blast crisis
(10, 12). DLI is accompanied by GvHD and bone marrow
aplasia in 90% and 35–50% of the patients, respectively (10,
12).

The frequency of allo-reactive T cells in an HLA-identical
donor that may react with patient leukocytes or leukemic cells
is low (13–15). The development of acute GvHD and bone
marrow aplasia during the responsive phase after DLI was
associated with increased patient-reactive helper T lympho-
cyte precursor (HTLp) frequencies, as determined in a limiting
dilution assay using cocultures of peripheral blood MNC after
DLI and patient leukemic cells in the presence of interleukin
(IL)-2 (16). These HTLp frequencies were found by measuring
IL-2 production in response to restimulation with patient-
derived nonleukemic B-lymphoblastoid cell lines (EBV-LCL),
suggesting the recognition of a patient-specific polymorphic
major histocompatibility (MHC) antigen. An increase in pa-
tient EBV-LCL reactive cytotoxic T lymphocyte precursor
(CTLp) frequency after DLI was found in one responding
patient. A 2-fold increase in the CTLp frequency against
leukemic cells and an increase in natural killer cell activity was
found in two patients with relapsed CML responding to DLI,
suggesting MHC-restricted as well as non-MHC-restricted
reactivity (17). Whether these relatively minor increases in
HTLp and CTLp frequencies could explain the antileukemic
response after DLI remained unclear.

Previously, we have generated cytotoxic T cell lines, and
CD81 and CD41 T cell clones reactive with leukemic cells by
stimulating donor T cells with patient leukemic cells (18–21).
In some cases, we found T cell responses against CML
progenitor cells in the absence of cytotoxicity against more
mature leukemic cells (20). Because complete remissions after
DLI appear to be long lasting, we hypothesized the involve-
ment of leukemia-reactive T cells directed against the CML
progenitor cells. To analyze whether such T cell responses play
a role in the antileukemic effect after DLI, we developed an
assay to measure inhibition of the proliferation of CML
progenitor cells by cultured T cells. We report the clinical,
hematological, and immunological parameters in seven con-
secutive patients treated with interferon (IFN)-a 2b and low
doses of donor mononuclear cells (MNC) for relapsed CML
after SCT. The HTLp, the CTLp, and the CML progenitor
cell-inhibitory lymphocyte precursor (PCILp) frequencies in
peripheral blood harvested before and at various time points
after DLI were determined to identify the mechanism under-
lying the antileukemic responses.
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MATERIALS AND METHODS

Patients. Patients with a relapse of CML after allogeneic
HLA-identical SCT were eligible for this study. A cytogenetic
relapse of CML was defined by an increasing percentage of
Philadelphia chromosome positive (Ph1) metaphases in con-
secutive karyotype analyses of the bone marrow. A hemato-
logical relapse after SCT was classified as chronic phase,
accelerated phase, or blast crisis according to criteria described
previously (22).

A cytogenetic remission was defined as all of 30 bone
marrow metaphases analyzed were normal, a molecular re-
mission as the absence of bcr-abl mRNA transcripts in blood
and bone marrow cells as measured by reversed transcriptase–
PCR.

Patients with a relapse of CML after SCT were treated with
IFNa 3 3 106 units s.c. 5 days a week for at least 4 weeks before
the first DLI. IFNa was discontinued in the case of a complete
remission, acute GvHD $ grade II (23), or pancytopenia.
MNC were harvested from the original bone marrow donor by
leukapheresis, and 107 MNCykg of body weight of the patient
were infused. In two patients, 6 weeks after the initial dose, a
second dose consisting of 3 3 107 MNCykg was administrated.

GvHD $ grade II (23) was treated with methylprednisolone
andyor cyclosporin A. Bone marrow aplasia was defined as a
hypocellular bone marrow, dependency on platelet transfu-
sions, the absence of reticulocytes, and granulocytes , 0.1 3
109yliter for a period of at least 2 weeks. A T cell-depleted SCT
was given in case of bone marrow aplasia. Ex vivo T cell
depletion of the bone marrow graft was performed by incu-
bation of the cells with the mAb Campath-1G (IgG2b),
followed by three washing procedures to remove free antibody.

Clinical Evaluation. Blood cell and differential counts were
determined at least every other week. Bone marrow aspirates
were taken before treatment 6, 10, 16, and 26 weeks after DLI,
or when clinically indicated. Before the start of IFNa, before
DLI (time 0), and 2, 4, 6, 8, 10, 13, 16, 20, 26, and 52 weeks after
DLI, peripheral blood was obtained from the patient and
centrifugated over Ficoll Isopaque. MNC were harvested from
the interphase and polymorphonuclear cells (PMN) from the
pellet. In both fractions the presence of bcr-abl mRNA tran-
scripts was determined by reverse transcriptase–PCR (24).
Chimerism was studied by using a set of allele-specific oligo-
nucleotides, f lanking the human polymorphisms of factor IX
(25), AFP (26), NGFb (26), IL4RP2 (27), and PYNZ 22 (28).
In all cases a patient- andyor donor-specific allele (29) was
identified.

Phenotype analysis of MNC was performed by flowcyto-
metry using mAbs against CD2, CD3, CD4, CD8, CD14,
CD19, CD33, CD34, CD45, CD56, or T cell receptor gd. No
lymphocyte subpopulation analysis or immunological studies
were performed in patients during treatment with cyclosporin
A or more than 1 mg of methylprednisoloneykg per day.

Combined Determination of HTLp and CTLp Frequencies.
All cultures to determine the precursor cell frequencies from
each donor-patient pair in patient peripheral blood samples at
various intervals before and after DLI were performed within
the same experiment to avoid inter-test variability. All leuke-
mic MNC (CML-MNC) used as stimulator or target cells were
shown to be exclusively Ph1. Thawed cells were washed twice
and resuspended in complete medium, consisting of RPMI
medium 1640 with 10% heat inactivated prescreened (HIV-,
HBsAg- and allo-antibody negative) human serum. Using a
pipetting robot (Biomek, Beckman) serial 2-fold dilutions of
responder MNC from 40,000 cellsywell down to 625 cellsywell
were cultured in 24 replicates per concentration of two 96-well
microtiter plates. Each well was stimulated with 20,000 irra-
diated (25 Gy) patient CML-MNC. The last 24 wells contained
CML-MNC only and were used as a reference. After 3 days of
culture the supernatant was harvested from each well, and

HTLp frequencies were analyzed by measuring IL-2 produc-
tion in each well as described previously (30). To the remaining
cells complete medium with 120 unitsyml of IL-2 (Roussel
Uclaf, Paris, France) was added. At day 7, all wells were
restimulated with 10,000 irradiated CML-MNC. Twice a week
half of the medium was refreshed. After 21 days of culture, half
of the cells from each well was tested in a 4-hr Europium
release assay as described previously (31), using CML-MNC
from the patient as target cells. Wells were scored positive if
the counts in that well exceeded the mean plus 3 SD of the
reference wells. The other half of the cells were analyzed in the
CML-PCILp assay.

CML Progenitor Cell Proliferation Assay. Thawed, viable
CML-MNC were divided into a CD341 and a CD342 fraction
by using CD34-specific immunomagnetic beads. These frac-
tions as well as unseparated CML-MNC were cultured in
progenitor cell culture medium, consisting of Iscove’s modified
Dulbecco’s medium (IMDM) with 15% prescreened human
serum and 50 ngyml of stem cell factor (Amgen Biologicals),
25 ngyml of IL-3 (Sandoz Pharmaceutical), 100 ngyml of
granulocyte–macrophage colony-stimulating factor (Sandoz),
100 ngyml of granulocyte colony-stimulating factor (Amgen),
2 unitsyml of erythropoietin (Cilag AG, Zug, Switzerland),
0.47 gyliter of human transferrin, and 5 3 1025 mmolyliter of
b-mercaptoethanol. Proliferation was measured in six repli-
cates per concentration of serial 2-fold dilutions of unsepa-
rated, or CD342 CML-MNC (from 20,000 cellsywell down to
1,250 cellsywell), or CD341 CML-MNC (from 4,000 cellsywell
down to 125 cellsywell). After 7 days of culture, 1 mCi of
[3H]thymidine-deoxyribose was added to each well and after 6
hr of culture [3H]thymidine incorporation was measured. The
relative contribution of the CD341 and CD342 fraction to the
[3H]thymidine incorporation in the unseparated CML-MNC
was calculated by using the percentage of CD341 cells in the
unseparated cell suspensions.

CML PCILp Assay. As described to determine the CTLp
frequencies, after 21 days of culture all wells were split, and
half of the cells from each well or T cell clones were irradiated
at a dose (10 Gy) that was shown to completely abrogate T cell
proliferation but not to affect cytolytic activity (data not
shown) and cocultured with 20,000 patient CML-MNC per
well in progenitor cell culture medium. At least 24 wells
containing only CML-MNC were used as a reference. After 7
days of culture the [3H]thymidine incorporation was measured.
Inhibition of CML progenitor cell proliferation was calculated
by using the reference wells. An individual well was scored
positive if the [3H]thymidine incorporation in that well was less
than the mean minus 3 SD of the reference wells. The
percentage growth inhibition in a well was determined by [1 2
(experimental cpmymean cpm reference wells)] 3 100%.

To illustrate MHC-restricted recognition in this assay,
blocking studies were performed. Effector cells were prein-
cubated with saturating concentrations of mAbs against CD4
or CD8 (RIV6 and FK18, respectively), or target CML-MNC
were preincubated with mAbs against pan-HLA class I
(W6.32) or pan-HLA class II (PdV 5.2) as described previously
(19, 20).

Evaluation of the Data and Statistical Analysis. We as-
sumed single-hit kinetics and used the zero term of the Poisson
equation, which predicts that when 37% of the tested wells are
negative there is an average of one precursor cell per well. The
HTLp, CTLp, and PCILp frequencies were calculated by using
a statistical computer program (32). Correlation coefficients
(r) were calculated by using the Pearson correlation coeffi-
cient.

RESULTS

Clinical Outcome. Seven patients with a relapse of CML
after SCT were treated with IFNa and MNC from the original,
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sex-matched, HLA-identical sibling donor (n 5 4) or matched
unrelated donor (n 5 3) (Table 1). A molecular remission was
obtained in six patients; five responded to a single transfusion
of 107 MNCykg, and one (EU) to a cumulative dosage of 4 3
107 MNCykg. The interval from DLI to molecular remission
varied from 6 to 20 weeks.

Patient ES died 4 weeks after a second dose of donor MNC
because of a therapy-resistant relapse. Patient KK had a
second blast crisis 7 months after achieving complete remis-
sion with IFNa and DLI. Treatment with IFNa and two doses
of donor MNC did not result in a second remission and 4
months later he died. Patient EU died 21 months after the DLI
because of GvHD. The other patients are alive and well in
continuous complete remission with a follow-up of 1–3 years
GvHD . grade I after DLI was observed in all responding
patients, except patient WH and KK. Patients HG and EU had
a period of bone marrow aplasia, necessitating a T cell-
depleted SCT, resulting in complete hematological recovery.

At relapse, before DLI, during the responsive phase, and
after a complete remission was confirmed, the lymphocyte
subsets in peripheral blood from all patients were determined.
No significant differences were found in the relative percent-
age and absolute numbers of NK cells, CD41, CD81, or gd T
lymphocytes in each individual patient (data not shown).

Chimerism After DLI. To analyze whether CML-MNC or
more mature leukemic PMN were targets for the donor
lymphocytes, patientydonor chimerism was determined in
these fractions at various time points after DLI. As shown in
Table 2, in three patients (EU, HG, and RV) a decrease in
patient (leukemic) MNC preceded the decrease of leukemic
PMN. Full donor chimerism in the MNC was present 2–6
weeks before this decrease was confirmed in PMN fraction.
Fig. 1 represents the chimerism data from patient EU. Serial

differential counts and FACS analysis by using anti-CD34 and
anti-CD33 antibodies in patients EU and HG after DLI
showed that first immature myeloid cells, followed by mono-
cytes, and mature PMN disappeared consecutively before a
period of bone marrow aplasia (data not shown).

Leukemia-Reactive HTLp and CTLp Frequencies. The leu-
kemia-reactive HTLp frequencies in sibling donor peripheral
blood were 0–1 per 106 MNC, and in matched unrelated
donors 0 (donor HG), 22 (donor KK), and 48 (donor ES) per
106 MNC, respectively. The HTLp per ml of peripheral blood
varied between 0 and 2 in patients with a relapse of CML,
between 0 and 8 after IFNa, and between 0 and 12 after DLI.
No correlation between clinical response and HTLp frequency
was found. The leukemia-reactive CTLp frequencies in sibling
donor peripheral blood varied between 0 and 14 per 106 MNC,
and in the matched unrelated donors between 3 and 47 (donor
KK) per 106 MNC. The number of CTLp per ml of peripheral
blood at relapse, at the DLI, during clinical response, and after
a molecular remission was confirmed is given in Table 3. In
patient KK the number of CTLp rose from 12 before DLI to
502 per ml 2 weeks after DLI, and 79 per ml 6 months after
DLI. During the second relapse the number of CTLp had
dropped to 4 per ml. A moderate rise in CTLp frequency after
DLI was found in one other patient (RB). No clear correlation
was found between the clinical signs of GvHD and the number
of circulating CTLp cells.

FIG. 1. Chimerism in the peripheral blood MNC and PMN in
patient EU 0–19 weeks after DLI. Alpha-fetoprotein (AFP) polymor-
phism was used to identify donor (D)-specific cells (black bars); factor
IX to identify patient (P)-specific cells. Complete donor chimerism in
the MNC was found 14 weeks after the DLI, whereas it was present in
the PMN 2 weeks later.

Table 1. Patient characteristics and clinical outcome after DLI

Patient Donor type
SCT 3 DLI,

months Phase of CML at DLI

GvHD after
DLI DLI 3 CR,

weeksGrade Organ

ES MUD 18 Blast crisis 0 Died
KK MUD 9 Blast crisis I S 6*
HG MUD 31 Accelerated III L 20
EU Sibling 46 Accelerated IV L,S 20
RB Sibling 14 Hematological IV L,S 16
RV Sibling 12 Hematological II L 8
WH Sibling 26 Cytogenetic 0 10

MUD, matched unrelated donor; L, liver; S, skin; CR, complete remission.
*Relapse after 7 months.

Table 2. Patientydonor chimerism in MNC and PMN after DLI

Patient Cells

Weeks after donor leukocyte infusion

0 6 8 10 13 16

KK MNC M* D D D D D
PMN M D D D D D

HG MNC M M D D D D
PMN P M M M —† D

EU MNC P P M M D D
PMN P P P P M D

RB MNC M M nt D D D
PMN M M nt D D D

RV MNC M D D D nt D
PMN M M D D nt D

WH MNC M M nt D D D
PMN M M nt D D D

nt, Not tested.
*The results of chimerism analysis are given as P 5 patient, M 5

mixed, or D 5 donor.
†Aplasia.
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CML Progenitor Cell Proliferation Inhibition. In a pilot
study, CTL lines were generated by stimulating HLA-identical
donor MNC with irradiated CML-MNC, and CD41 CTL
clones were generated by limiting dilution. Fig. 2 shows the
percentage-specific lysis of CML-MNC in a 51Cr release assay
and the percentage growth inhibition of CML progenitor cell
proliferation by the three CD41 CTL clones. Clone A was
cytotoxic in both assays, exhibiting .20% specific lysis of
leukemic cells in the 51Cr release assay and significant (.50%)
proliferation inhibition of CML progenitor cells. Clone B was
not cytotoxic in both assays. However, clone C gave significant
proliferation inhibition of CML progenitor cells, but low
cytotoxicity in the 51Cr release assay.

To show that the CD341 CML progenitor cells were re-
sponsible for the [3H]thymidine incorporation in the progen-
itor cell proliferation assay, thawed viable leukemic cells were
divided in an unseparated, a CD341, and a CD342 fraction by
using immunomagnetic beads. The mean percentage of
CD341 cells was 7% in unseparated, thawed CML-MNC.
Separation with immunomagnetic beads resulted in an enrich-
ment of the CD341 fraction up to 90%, whereas the mean
percentage of CD341 cells was less than 0.5% in the CD342

fraction. The mean [3H]thymidine incorporation of serial
dilutions of unseparated CML cells, CD341 CML cells, and
CD342 CML cells of each patient after 7 days of culture were
used to calculate the relative contribution of the CD341 cells
to the [3H]thymidine incorporation in the unseparated CML
cells. As shown in Fig. 3, after 7 days of culture the prolifer-
ation of the CD341 fraction was responsible for more than
90% of the proliferation in the unseparated CML cells.
Blocking studies were performed by using a CD4 and CD8
positive clone. Fig. 4 shows that the inhibition of proliferation

of CML progenitor cells can be blocked by antibodies against
CD4 or CD8 and HLA class II or class I, respectively,
illustrating HLA-restricted recognition.

FIG. 2. Percentage specific lysis of patient leukemic cells in a 51Cr
release assay (dotted bars) and percentage proliferation inhibition of
CML progenitor cells from 104 CML-MNC by three different CTL
clones at effectorytarget ratios of 10:1, 3:1, and 1:1. The results are
given as the mean of two experiments.

FIG. 3. The proliferation of different numbers of unseparated
CML-MNC, CD341 CML progenitor cells, and CD342 CML-MNC
after 7 days of culture in progenitor cell culture medium. Proliferation
was measured by [3H]thymidine incorporation (cpm) during 6 hr.
Shown is the proliferation of the unseparated fraction (shaded bars),
the proliferation of the CD341 fraction (filled bars), and the CD342

fraction (empty bars). The percentage of CD341 cells was 1.9%, 6.2%,
and 14.0% in patients HG, EU, and TO, respectively. In each tested
concentration from each patient, the numbers of separated CD341

and CD342 cells tested were equivalent to the numbers of these cells
in the unseparated cell fraction. All experiments were done in 6-fold.

FIG. 4. MHC restricted recognition of target cells in the CML
progenitor cell proliferation inhibition assay. A class II-restricted
MHC antigen-specific CD41 clone and a class I-restricted CD81 clone
were irradiated (10 Gy) and analyzed against CML-MNC at effectory
target ratios of 4:1 and 1:1, respectively. Effector T cells or target
CML-MNC were preincubated with control medium or antibodies
against CD4, CD8, class I, or class II.

Table 3. Maximal number of CTLp in peripheral blood at relapse
(start IFNa), at DLI, during the clinical response, and after a
molecular remission was confirmed

Patient Relapse DLI Response Remission

ES nt 0 5 (NR) —
KK 8* 12 502 4†

HG 9 17 22 29‡

EU 5 5 5‡ 12
RB 4 7 35 14
RV nt 5 14 4
WH 0 2 0 0

NR, no response; nt, not tested.
*The results are given as number of CTLp per ml of peripheral blood.
†Relapse.
‡GvHD.
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Leukemia-Reactive PCILp Frequencies. The percentage of
growth inhibition in the PCILp assay was calculated by using
the [3H]thymidine incorporation of the experimental wells and
the reference wells. The statistical cut-off point was .50%
growth inhibition in comparison with the reference wells in all
patientydonor combinations. The PCILp frequency in the
matched unrelated donors was 14 (donor ES), 23 (donor KK),
and 20 (donor HG) per 106 MNC. In sibling donors the PCILp
frequency was 0 (donor WH), 13 (donor RB), 17 (donor RV),
and 40 (donor EU) per 106 MNC. No clear correlation was
found between the HTLp, CTLp, and PCILp frequencies in
these donors, respectively, nor between the individual positive
wells in the different assays. Phenotypic analysis of represen-
tative wells showed that both wells with predominantly CD41

or with CD81 cells were capable of specific inhibition of the
CML progenitor cells (data not shown).

As shown in Fig. 5, a correlation was found between the
number of PCILp and the clinical response. The number of
PCILp per ml of patient peripheral blood at relapse, at the
DLI, during the clinical response, and at the time of molecular
remission is given in Table 4. In all tested patients a 5-
to .100-fold increase in the number of circulat-
ing PCILp was found after DLI. After a complete remission
was confirmed, the number of PCILp declined to ,10yml in
all patients except EU and HG, who had persistent extensive
and mild chronic GvHD, respectively.

DISCUSSION

The antileukemic effect of DLI as a treatment for patients with
a relapse of CML after SCT frequently is associated with
GvHD or bone marrow aplasia, although an antileukemic
effect also can be found in the absence of GvHD (11). To
analyze the possible effector and target cells in DLI we
monitored the disappearance of the leukemic cells and immu-
nological parameters in seven consecutive patients treated for
relapsed CML after SCT with IFNa and low doses of donor
MNC. One patient with a cytogenetic relapse of CML had a
complete molecular remission without GvHD. In contrast to
the results described by Mackinnon et al. (11), four patients
who responded to 107 donor MNCykg had GvHD, but two of
those patients had a matched unrelated donor.

The analysis of chimerism in the MNC and granulocytes in
two patients with a hematologic relapse showed almost com-
plete patient leukemic hematopoiesis before DLI. After DLI
the leukemic cells disappeared from the MNC fraction before
the more mature PMN converted to complete donor chimer-
ism. These findings indicated that antigens on the progenitor
cells and not on the mature cells were the potential target for
donor lymphocytes.

Bunjes et al. (16) reported elevated HTLp frequencies
during the responsive phase in five patients who achieved a
molecular remission after high doses of DLI (16). In contrast
to our HTLp analysis, the responder cells were cultured in
IL-2, and IL-2 production was measured after 14 days in
response to restimulation with patient-derived nonleukemic
B-lymphoblastoid cell lines (EBV-LCL). High HTLp frequen-
cies in four responding patients suggested the recognition of a
patient-specific polymorphic MHC antigen by donor T cells. In
our combined assay for leukemia-reactive HTLp and CTLp
frequencies, we found no significant increase in HTLp fre-
quency during clinical responses. Conflicting data about the
patient-specific CTLp frequencies after DLI (16, 17) may be
explained by differences in the stimulation protocols and days
of culture. After 21 days of culture, we found no significant
increase in the leukemia-reactive CTLp frequency in four
responding patients, a moderate increase in one patient, and
a strong increase in one patient with a myeloid blast crisis.

As we previously published (1, 20) and confirmed in this
study, leukemia-reactive T cells capable of suppressing CML

FIG. 5. Frequencies of CML-PCILp and CTLp per ml of blood before or after DLI in patients EU, HG, and KK. Patient KK with a relapsed
myeloid blast crisis entered complete remission 6 weeks after the first DLI. After 7 months a second relapse was treated unsuccessfully with IFNa
and additional DLI. P indicates treatment with methylprednisolon. CR, complete remission.

Table 4. Maximal number of PCILp at relapse (start IFNa),
before DLI, during the clinical response, and after a molecular
remission was confirmed

Patient Relapse DLI Response Remission

ES nt 8 8 (NR) —
KK 7* 9 98 5†

HG 4 6 26 108‡

EU 10 0 93‡ 36
RB 0 0 163‡ 5
RV nt 16 51‡ 87‡

WH 0 0 29 0

NR, no response; nt, not tested.
*The results are given as number of PCILp per ml of peripheral blood.
†Relapse.
‡GvHD.
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progenitor cells in a growth inhibition assay can be found in the
absence of cytotoxicity against more mature leukemic cells in
a 51Cr release assay. In this assay recognition by T cells of both
leukemia-specific antigens and MHC antigens expressed on
progenitor cells is detected. To analyze whether frequencies of
T cell precursors directed against CML progenitor cells cor-
related with a clinical response after DLI, a modification of the
growth inhibition assay was developed, allowing us to test CML
progenitor cell growth inhibition in large numbers of wells.
First, we showed that the [3H]thymidine incorporation by
unseparated CML cells after 7 days of culture in medium
containing stem cell factor, IL-3, granulocyte–macrophage
colony-stimulating factor, granulocyte colony-stimulating fac-
tor, and erythropoietin was caused by the proliferation of
CD341 progenitor CML cells. In a pilot study we showed that
CTL clones, whether or not they were cytotoxic against patient
CML cells in a 51Cr release assay, could give significant
inhibition of CML progenitor cells in this assay. Blocking
studies illustrated MHC restricted recognition of the CML
progenitor cells by the effector cells. Thus, by measuring the
inhibition of proliferation of cultured CML cells in this assay,
the functional activity of effector cells recognizing CD341

CML progenitor cells can be tested.
The frequencies of PCILp correlated with the clinical

response in the patients with a relapse of CML after SCT. In
the responding patients a 5- to 100-fold increase in circulating
PCILp was found; the highest numbers of circulating PCILp
coincided with the disappearance of circulating malignant cells
and the occurrence of GvHD. After obtaining complete
molecular remission, PCILp frequencies diminished gradually.
In patient KK with a myeloid blast crisis after SCT, a rapid
molecular remission within 6 weeks coincided with elevated
numbers of circulating PCILp and with high numbers of CTLp.
This finding may explain the relative short interval between
DLI and complete remission as has been reported in respond-
ing patients with relapsed acute myeloid leukemia (12).

In conclusion, by using this PCILp assay measuring the
frequency of T cell precursors in peripheral blood that are
capable of suppressing the growth of CD341 CML progenitor
cells, we demonstrated that during the responsive phase after
DLI for relapsed CML after allogeneic SCT, T cell responses
against CML progenitor cells probably mediate the antileu-
kemic effect.
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