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Background. We have employed a rat model for human acute myeloid leukemia, a promyelocytic leukemia in the BN
rat strain (BNML), to develop new protocols for immunotherapy in combination with allogeneic bone marrow trans-
plantation (alloBMT). The status of mixed chimerism in allotransplanted rats provided an opportunity for immuno-
therapy using alloreactive donor cells. In addition to T or natural killer (NK) cells, we introduced a second infusion of
bone marrow cells as prophylactic donor lymphocyte infusions (DLI) to test whether an effective graft-versus-leukemia
(GVL) response could be obtained without clinical graft-versus-host disease (GVHD).
Methods. BN rats were sublethally irradiated and transplanted with T-cell depleted bone marrow cells from either fully
major histocompatibility complex (MHC)-mismatched (PVG) donor rats or MHC-matched (PVG.1N) as controls.
Seven days after transplantation, rats were given 500 leukemic cells to mimic minimal residual disease. Additional
cellular therapy was given at day �7. The efficiency of DLI was monitored by chimerism analysis in peripheral blood.
Results. Rats receiving infusions of NK cells succumbed to leukemia. T-DLI induced complete donor T-cell chimerism
and lethal GVHD. A second alloBMT protected against leukemia. This effect was dependent on an MHC incompati-
bility between the donor and host and also on the presence of alloreactive T cells in the second bone marrow inoculum,
resulting in an increased, mixed donor T-cell chimerism.
Conclusion. A second prophylactic transplantation influenced the degree of T-cell chimerism to balance favorably
between GVL and GVHD. If applicable to humans, repeated alloBMT may provide a novel approach to leukemia
therapy.
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C linical treatment of acute myeloid leukemia (AML) re-
quires intensive induction therapy to attain remission

followed by consolidation therapy. Relapse remains a major
cause of treatment failure in AML, due to minimal residual
disease (MRD) (1), such as persistence of residual leukemic
blasts in the bone marrow surviving the induction therapy.

Allogeneic stem cells transplantation (alloSCT) repre-
sents a potentially curative option for advanced or high-risk
AML (2). The therapeutic benefit of alloSCT relates to the
graft-versus-leukemia (GVL) effect mediated by alloreactive
donor lymphocytes (3).

Transplantation between human leukocyte antigen
(HLA)-identical siblings is preferable, since a mismatch in
HLA antigens involves a further risk of both graft rejection
and graft-versus-host disease (GVHD) (4 – 6). Haploidentical
stem cell transplantation has been developed for patients
lacking an HLA-matched related donor or when HLA-
matched unrelated donors are not eligible (7).

The continued development and implementation of
reduced-intensity conditioning (RIC) protocols to diminish
transplant-related mortality (TRM) has allowed a more wide-
spread application of allogeneic transplantation (8). RIC was
designed not to eradicate the malignancy completely, but
rather to provide sufficient immunosuppression to achieve
engraftment (9, 10). Engraftment and the induction of initial
mixed chimerism (MC) serve as an excellent basis for further
adoptive cellular immunotherapy, such as donor lymphocyte
infusions (DLI) to provide GVL reactivity.

The field of cellular immunotherapy has been domi-
nated by transfer of peripheral donor-derived T cells. T-DLI
has been used after alloBMT to treat relapsed or residual dis-
ease, to convert mixed to full donor chimerism, as an add-
back to restore full immune function after T-cell depleted
(TCD) transplantation and as prophylaxis (11). T-DLI has
been used successfully for the treatment of chronic myeloid
leukemia (12), but has been much less effective for patients
with AML. The major complication after T-DLI is acute and
chronic GVHD. A few pilot studies have been performed us-
ing T-DLI in a haploidentical transplantation setting (13, 14).
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After chemotherapy and alloSCT, natural killer (NK)
cells are the first lymphoid cells to recover. NK cells express
inhibitory receptors for major histocompatibility complex
(MHC) class I molecules and activating receptors with di-
verse specificities. Inhibitory NK receptors discriminate be-
tween MHC class I positive and negative target cells (15).
Faced with MHC-mismatched hematopoietic stem-cell
transplants, donor NK cells may sense the absence of self–
MHC class I alleles and mediate alloreactions (16). Some pilot
studies have investigated the approach of NK-DLI in promot-
ing engraftment and inducing GVL effects in patients after
alloBMT from haploidentical donors (17, 18).

Based on the Brown Norway promyelocytic leukemia
(BNML) rat model, an experimental model for human AML,
we have employed a rat transplant model where we reconsti-
tute whole body irradiated rats with stem cell-enriched bone
marrow cells (BMC) from MHC-matched or mismatched
donors (19). We chose combinations of donor and recipient
strains where we could expect an optimal effect of alloreactive
NK and T cells derived from donor BMC against both resid-
ual MHC-mismatched BMC and leukemic cells. We at-
tempted to simulate the minimal residual disease (MRD)
phase of BNML by infusion of a low number of BNML cells
(20). This status is comparable to the clinical situation after
RIC: initial MC and a high incidence of MRD in most patients
(21). We have evaluated the ability of DLI with T or NK cells
to mediate beneficial GVL effects without exacerbating
GVHD in this rat model. The efficiency of DLI was monitored
by chimerism analysis. Even in a double MHC-mismatched
combination, this therapy failed either because of recurrence
of the disease (NK cells) or strong GVH reactions that ob-
scured GVL (peripheral T cells). However, since the primary
MHC-mismatched transplant used to reconstitute the rats
itself had a weak GVL effect, we anticipated that the bone
marrow (BM) contained leukemia preventing elements that
could be exploited in further cellular therapy with BMC.

MATERIALS AND METHODS

Animals, Anesthesia, Injections, and
Experimental Approval

The PVG, PVG.7B (differ only at one epitope of the
leukocyte-common antigen [LCA]), and MHC congenic rat
strains PVG.1U and PVG.1N were bred in our animal house.
Brown, nonagouti BN/RijHsd rats were from Harlan U.K.
Rowett athymic nude rats (rnu/rnu) were a kind gift from the
Animal Facility at The Norwegian Radium Hospital. They
closely resemble PVG rats as they have both the MHC and NK
cell receptor complex derived from this strain (unpublished
observations). Male BN rats, aged 8 –10 weeks and weighing
200 to 250 g, were used as recipients and 2- to 4-month-old
PVG or PVG congenic rats as donors. Rats were anesthetized
with Hypnorm (fentanyl citrate and fluanisone) and termi-
nated with CO2.

All animal experiments were approved by the Experi-
mental Animal Board under the Ministry of Agriculture of
Norway and conducted in conformity with the Norwegian
Regulations on Animal Experimentation and the European
Convention for the Protection of Vertebrate Animals used for
Experimental and other Scientific Purposes. The laboratory
animal facilities are subject to a routine health monitoring

program and were tested for infectious organisms according
to a modification of the FELASA (Federation of European
Laboratory Animal Science Associations) recommendation
(22).

Irradiation and BMC Isolation
Rats were irradiated at 8.5 Gy from a 137Cs source

(Gammacell 3000 Elan, MDS Nordion) being close to LD50 in
this rat strain, since about 50% of the rats survived this dose
without stem cell treatment. They were then injected i.v. with
30�106 BMC 1–2 h later. BMC were obtained by flushing the
tibias and femurs with 20 ml Roswell Park Memorial Institute
1640 containing 2% fetal calf serum (FCS). Cells were passed
through a nylon cell-strainer, and mononuclear cells were
purified by density gradient centrifugation on Nycoprep
1.077A (Medinor ASA, Norway). BMC cells were TCD with a
combination of Ox19 (anti-CD5) and R73 (anti-TcR �/�)
antibodies (supernatants or ascites fluid) and antimouse im-
munoglobulin G (IgG)– coated Dynabeads (Dynal Biotech
ASA, Oslo, Norway); the number of CD3� T cells (G4.18�

cells assessed by flow cytometry) was reduced more than 10-
fold, from 3.0% to 0.2% among the BMC.

The BNML Model
The BNML rat model is an experimental model for hu-

man AML and has been essential for understanding the inter-
action between hematopoietic and leukemic cells and for the
characterization of MRD (23, 24). The leukemia was passaged
by i.v. injection of BNML cells. BN rats injected i.v. with
10�106 BNML cells developed signs of leukemia and died
17–18 days after injection.

Characterization of BM Chimeras and BNML by
Flow Cytometric Analysis

Heparinized venous peripheral blood samples were
taken from rats at various time points after transplantation
(days �14, �21, �28, �35). Then 0.3 ml of blood from the
lateral tail vein was collected in 75-mm heparinized tubes
(Drummond, Hemato-Clad, Heparinized, Sigma-Aldrich)
and lysed in 0.8% ammonium chloride. Fluorescein isothiocya-
nate (FITC)–conjugated His41 (anti-CD45.2 monoclonal anti-
bodies [mAb]) (25) was used to determine the proportion of
PVG.7B donor cells after MHC-mismatched transplantation.
Cells were double-labeled with His41-FITC and a marker for T
cells, G4.18-PE (anti-rat CD3, BD Biosciences-Pharmingen, San
Diego, CA) or a marker for NK cells, phycoerythrin (PE)-
conjugated anti-rat NKR-P1A (BD Biosciences-Pharmingen).
In the MHC-matched setting (PVG.1N3BN), there is no rat
antibody-based detection system available to separate donor and
host cells.

For tracing of BNML in blood, we used mAb RM124
(20), which is mainly specific for BNML with IgM-biotin as a
secondary step and then PE-conjugated streptavidin (Jackson
ImmunoResearch Europa Ltd, UK).

Cell surface phenotype of BNML was determined with
a panel of mouse mAbs against rat leukocyte antigens. BNML
were stained with the mAbs and GaM IgG-FITC (Sigma-
Aldrich Norway A/S, Oslo, Norway), as secondary antibody,
and the rat mAbs AAS5 and AAS6 (anti-MHC-I against RT1c

and crossreacting with RT1n) (26) with GaR IgG-FITC (Jack-
son ImmunoResearch) as secondary antibody. Labeled cells
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were analyzed on a FACScalibur (BD Biosciences, San Jose,
CA) equipped with the CellQuest software (BD Biosciences).

Assessment of BNML Development and GVHD
GVHD was assessed by weight loss, skin lesions (alope-

cia, dermatitis), diarrhea, and reduced spleen weight.
The leukemic cells were identified both morphologi-

cally in cytospins and with the RM124 antibody and FACS
(20). When approaching 70 – 80% of peripheral blood lym-
phocytes (PBL), defined as the survival end point, the rats
were killed and the increase in spleen weights confirmed the
BNML diagnosis.

Statistics
The data were analyzed with SPSS (Version 13.0, Chi-

cago, Illinois). Survival was estimated with the Kaplan-Meier
method and compared with the log-rank test for all groups.
The significance level was set to 0.05.

RESULTS

Cell Surface Phenotype of BNML
A panel of mAbs against rat cell surface antigens showed

that BNML cells expressed a number of myeloid cell markers,
including CD11b/c, CD43, CD45, CD47, CD48, CD93, and
CD147, but not T, B, and NK cell markers such as CD2, CD3,
CD4, CD5, CD8, CD134, Ig-kappa (OX12), or CD161 (NKR-
P1; Fig. 1). They expressed MHC class I (OX27) but not class II
molecules (OX6). Further staining with RT1n haplotype specific
mAbs (AAS5 and AAS6) showed that BNML expressed both
classical (Ia) and nonclassical (Ib) MHC-I molecules. AAS6 re-
acts with both Ia (RT1.A) and Ib (RT1.C/E) molecules, while
AAS5 only reacts with Ib in this haplotype (26). The staining with
AAS5, although weak, was significantly higher than background
staining with isotype-matched control mAb, as shown in several
independent experiments. This is consistent with a much lower
level of expression of Ib than Ia molecules on the cell surface in
general. Since BNML expressed both classical and nonclassical
MHC-I molecules, they may be targets for both NK and T cells in
BM allotransplanted rats.

Design of the In Vivo Experiments
Recipient BN rats were sublethally irradiated and trans-

planted with TCD BMC from either MHC-matched or mis-
matched donor rats (day �7). They received an infusion of
500 BNML cells seven days later (day 0). To allow the leuke-
mic cells to establish before exposure to the transplanted im-
mune cells, additional cellular therapy was given on day �7
(Table 1). The rats lost approximately 20% of their body
weight after transplantation, but were restored according to
weight 14 days later. During the experiments, a weight loss of
5 g served as an early indicator of disease development (leu-
kemia or GVHD).

Transplantation and Immune Recovery
Several studies have reported that high numbers of

BMC are required for the transplantation over MHC barriers
(27–29). We used a standard dose of 30�106 TCD BMC for
transplantation, since lower doses often failed to reconstitute
the animals. BMC was depleted of T cells, since an undepleted
BMC transplant (30�106 BMC containing approximately

3.0% CD3� T cells) developed GVHD in recipient rats and
they died around day 30 posttransplant.

Delayed immune reconstitution (IR) limits the success
of transplantation and increases the risk for infectious complica-
tions and relapse (30). In order to test the effect of an MHC-
mismatch on the recovery after transplantation, we performed
an experiment where PVG rats were transplanted with allotype-
marked PVG.7B or MHC-mismatched PVG.1N. NK cells rap-
idly recovered in both groups and returned to normal levels
within the first month. Reconstitution of T cells was more de-
layed, but was faster for MHC-mismatched and reached higher
percentages than for matched transplants. Mean�SD of donor
T and NK cells were calculated from dot plots (Fig. 2). In MHC-
matched transplantation, there was a MC both in the NK cell
(91.7�3.1% donor cells) and T cell (34.3�6.0%) fraction at day
35 (Table 1, experiment 1; Fig. 2B). For MHC-mismatched
transplanted rats, we found a higher level of donor T-cell chi-
merism (77.7�7.8%) and the NK cells were 100% donor type
(Table 1, experiment 2; Fig. 2A).

Minimal Residual Disease
In order to mimic MRD, we determined the minimal

number of BNML cells needed to consistently induce leuke-
mia. BNML cells in 5- to 10-fold dilutions ranging from
10�106 to 100 cells were injected i.v. into groups of BN rats.
To follow the kinetics of leukemia development, we deter-
mined the number of leukemic cells both morphologically
and with the mAb RM124 against BNML in blood at timed
intervals after BNML injection. The lowest dosage of BNML
that reproducibly induced leukemia was 500 cells. The rats
exhibited a rapid and consistent rise in percentage of BNML
cells in blood after day 30 and died or were terminated be-
tween day 34 and 39 with spleen weights ranging from 2.9 to
4.0 g and 70 – 80% BNML cells in blood.

One BMC Allotransplantation Is Not Protective
Against BNML

The average time for nontransplanted rats in the con-
trol group to develop leukemia was 35 days. The outcomes of
allotransplanted rats are shown in Table 1 and Figure 3B.

Nine rats transplanted with MHC-matched BMC and
injected with 500 BNML cells, succumbed to leukemia at the
same time as control rats. Twelve rats transplanted with TCD
MHC-mismatched BMC also died at the same time, with the
exception of one long-term survivor. However, there was a
slightly delayed rise in proportion of BNML in blood in these
rats (Fig. 3A). The percentages of donor-derived T cells in the
blood at day 35 after BNML injection are shown in Table 1.
Means�SD were calculated from dot blots (Figs. 2 and 4),
where numbers in upper right and upper left quadrant corre-
spond to host and donor T cells, respectively. After MHC-
mismatched transplantation, NK cells were 100% donor
derived at any point tested. MC in the CD3� T-cell popula-
tion was estimated in six leukemic rats, at a level of
53.4�8.3% donor T cells (Table 1, experiment 5; Fig. 4A).

Failing Adoptive Immunotherapy With NK Cells
In the allotransplanted rats, we measured the effect of in-

fusion of interleukin (IL)-2 activated NK cells (LAK cells) on
BNML development. The NK cells were generated according to
a standard protocol (31) and were shown to kill both Con A-
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stimulated BN lymphocytes and BNML targets in vitro (data not
shown). Various regimens were tested, including one single in-
jection of 70�106. LAK cells on the day of BNML administra-
tion, as well as regimens with repeated injections of LAK cells at
dosages of 50�106 cells i.v. on days 0, 7, and 14. No effect on
BNML development was observed, whether the LAK cells were
MHC-matched (PVG.1N) or mismatched (PVG.7B) with the
recipient (data not shown). This indicated that IL-2 activated
alloreactive NK cells from PVG.7B, although clearly reactive
against BNML in vitro, did not by themselves protect the rats
from BNML with this therapy protocol.

Adoptive Immunotherapy With T Cells
Leads to GVHD

Six allotransplanted rats received a T-DLI. Lymph node
cells from PVG.7B rats, given i.v. in doses of 1�106 (0.6�106

CD3� cells), and 30�106 cells induced acute, brisk GVH re-
actions with dermatitis and skin lesions. The rats had to be

sacrificed on days 31 and 22 after T-cell injection, respec-
tively, with no signs of BNML development. Administration
of DLI led to conversion from mixed to full donor chimerism
(CC) in the T-cell population (Table 1, experiments 11 and
12; Fig. 4C).

A Second BMC Transplant Protects
Against BNML

In contrast to NK or T cells, a clearcut effect on survival
was observed when a second round with MHC-mismatched
BMC was given as cellular therapy after alloBMT and BNML
administration. A fully MHC-mismatched non-TCD alloBMT 7
days after BNML injection had a life-saving effect on the rats
(Fig. 3B). Of the nine rats in this group, only one rat developed
leukemia after 52 days, with a mixed T-cell chimerism of 54.4%.
The other eight rats survived beyond 100 days with a mixed T-
cell chimerism of 83.3�3.8% (estimated for six rats; Table 1,
experiment 6; Fig. 4B1). These rats had no signs of leukemia or

FIGURE 1. Phenotype of BNML as determined by FACS-analysis with a panel of mAbs against rat leukocyt differentiation
markers. Note the expression of a number of myeloid cell markers and also classical and nonclassical MHC-I (OX27, AAS6,
AAS5) but not MHC-II (OX-6) or T, B, and NK cell markers on the cell surface. (AAS5 only labels nonclassical RT1.C/E MHC-I
in BN.)
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clinical GVHD and no detectable leukemic cells in blood, lym-
phoid organs or the bone marrow (data not shown). Some of
these rats were terminated due to old age or used for further
experiments, but the ultimate survival has been close to one year.
The striking effect was dependent on an MHC disparity between
the donor and recipient, since ten BN rats receiving an allogeneic
MHC-matched BMC transplant twice from the PVG.1N strain
succumbed to leukemia (Table 1, experiment 4; Fig. 3A).

Success of AlloBM Retransplantation Depends
on T Cells in the Second Graft

T cells in the second transplant seemed to be essential for
the protective effect, as of six BN rats transplanted twice with
MHC-mismatched BMC from athymic nude rats (PVG-like,
lacking functional T cells), only one rat was protected from
BNML (Table 1, experiment 10). This was further confirmed by
other experiments where three rats received a second mis-

matched transplant from athymic nude rats and two rats were
transplanted twice with TCD-mismatched BMC (Table 1, ex-
periments 8 and 9). These rats developed leukemia and showed a
level of T-cell chimerism (54.4�7.1% and 56.4�18.6% respec-
tively) close to rats transplanted once with TCD BMC
(53.4�8.3%; Table 1, experiment 5). The antileukemic effect
was furthermore dependent on the dosage of BMC cells given in
the second transplant; all the rats depicted in Table 1, Figure 3A
and B, and Figure 4B1 were given 15–20�106 BMC cells (con-
taining 0.6�106 CD3� cells), titrated to the dose interval of cells
that gave long-lasting protection. Of these, 5–10�106 cells did
not protect and higher doses (30�106 cells or more) often in-
duced symptoms of GVHD.

To estimate the contribution to T-cell chimerism by the
second transplant, six rats were transplanted first with a mis-
matched-TCD transplant (PVG) and 14 days later with a second
allotype-marked mismatched undepleted transplant (PVG.7B).

TABLE 1. Summary of all experiments involving irradiated and allotransplanted rats

Protocol

Experiment Number of recipients

Irradiation�
30�106 BMC

donor type
day �7

500 BNML
day 0

Cellular
immunotherapy

donor type
day �7

Percentage donor
T-cell chimerism

day �35
(mean�SD) Outcome

1 3 (PVG) Match TCD
(PVG.7B)

No 43.3�6.0 Terminated

2 3 (PVG.1N) Mismatch TCD
(PVG.7B)

No 77.7�7.8 Terminated

3 9 (BN) Match
(PVG.1N)

Yes 93leukemia

4 10 (BN) Match
(PVG.1N)

Yes Match
(PVG.1N)
15–20�106 BMC

103leukemia

5 12 (BN) Mismatch TCD
(PVG.7B)

Yes 53.4�8.3 113leukemia

13alive

6 9 (BN) Mismatch TCD
(PVG.7B)

Yes Mismatch
(PVG.7B)
15–20�106 BMC

83.3�3.8 83alive
13leukemia54.4

7 6 (BN) Mismatch TCD
(PVG)

Yes Mismatch
(PVG.7B)
15–20�106 BMC

3.3�11.1 Terminated

8 2 (BN) Mismatch TCD
(PVG.7B)

Yes Mismatch TCD
(PVG.7B)
15–20�106 BMC

56.4�18.6 23leukemia

9 3 (BN) Mismatch TCD
(PVG.7B)

Yes Mismatch
(nude)a

30�106 BMC

54.4�7.1 33leukemia

10 6 (BN) Mismatch
(nude)a

Yes Mismatch
(nude)a

30�106 BMC

53leukemia
13alive

11 3 (BN) Mismatch TCD
(PVG.7B)

Yes 1�106 lymph
node cells/T cells

33GVHD

12 3 (BN) Mismatch TCD
(PVG.7B)

�30�106 lymph
node cells/T cells

100, 100 33GVHD

13 5 long-term survivors Yes 33leukemia

23dead

1�106 lymph node cells �0.6�106 CD3� T cells.
a Nude BM lack functional T cells.
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The number of T cells derived from the second injection was
only 3.3�1.1% (Table 1, experiment 7; Fig. 4B2), but this small
proportion of cells enhanced the degree of donor T-cell chimer-
ism from 53.4�8.3% to 83.3�3.8% (Table 1, experiment 6).
The contribution of NK cells from the second infusion was
6.6�1.7%.

T-cell chimerism was determined for four long-term
surviving rats to a level of 87.6�5.2%. This chimerism status
remained stable for up to 1 year after transplantation.

No Long-Term Protection Against a New
Challenge With BNML

Finally, we tested the resistance of long-term survivors
against rechallenge with BNML. Five BN rats that had received
MHC-mismatched BMT and BNML 4–10 months previously
were again given 500 BNML cells (Table 1, experiment 13). One rat
died with bone marrow aplasia on day 21 without leukemic cells in
blood, threeratswereterminatedondays29–54withsplenomegaly
and BNML in blood, while one rat was terminated on day
62 due to weight loss but with no signs of leukemia. The
doubly MHC-mismatched alloBMT rats surviving the first
encounter with BNML therefore had not developed long-
lasting protective memory to BNML.

DISCUSSION
Here we have applied a rat alloBMT model for studying

the effect of allogeneic BMT, with or without additional ther-
apy with DLI from various sources, on the resistance against a
promyelocytic leukemia (BNML). We employed a transplan-
tation protocol that enabled a state of mixed chimerism to
develop among the peripheral T cells. We chose BM donor
strains that were either fully MHC-matched (PVG.1N) or
mismatched (PVG) with the recipient BN rats. As expected,

an MHC mismatch was required for investigating further an-
tileukemia effects of alloBMT. BN rats transplanted twice
with BMC from the MHC-matched, but otherwise allogeneic,
PVG.1N strain, were not protected from BNML. Further-
more, to avoid serious GVH reactions resulting from an
MHC-mismatched transplant, the initial BMC had to be de-
pleted of T cells; such transplanted rats were minimally pro-
tected against leukemia.

The mixed chimerism in rats transplanted with TCD
MHC-mismatched BMC served as a platform to study effects
of further cellular therapy on leukemia development. We as-
sessed peripheral T cells, NK cells, or BMC as a source of DLI.
Because administration of peripheral T cells led to brisk lethal
GVH reactions, even in numbers that were equivalent to T-
cell numbers in the second BMT, they were not feasible ther-
apeutic cells in our fully MHC-mismatched model.

Clinically, a second BMT is offered as salvage therapy
for patients who relapse postBMT. Rationale for using pro-
phylactic DLI in this study was to treat BNML disease while
the leukemic cell load was still low. A non-T-cell-depleted
BMC as DLI protected against leukemia without provoking a
GVH response, indicating that T cells of the BM were prime
contributors to the protection against leukemia. This was veri-
fied in experiments where rats had a second MHC-mismatched
BMT from athymic nude rats, lacking functional T cells, or
transplanted twice with BMC from TCD MHC-mismatched
rats; all rats in both groups developed leukemia. The status of
chimerism after MHC-mismatched transplantation was a par-
ticular relevant marker for outcome. After the first transplanta-
tion, the proportion of donor T-cells was approximately 50%. A
level of50%was associatedwith developmentof leukemia.Thesec-
ond prophylactic infusion of T cell containing BMC had a curative
antileukemic effect, which coincided with increased level of donor

FIGURE 2. Representative dot-
blot diagrams of blood leukocytes
from experiments 1 and 2 in Table
1. The data shown the frequencies
of donor and host-derived leuko-
cytes in irradiated PVG.1N and
PVG rats transplanted once with
PVG.7B BMC on day 35 after trans-
plantation. Donor cells were iden-
tified with mAb His-41 that binds
to CD45.2 present on PVG.7B leu-
kocytes, T cells with the mAb
G4.18 against CD3, and NK cells
with the mAb 3.2.3 against CD161.
The percentage of cells in each
quadrant is indicated. Percentage
of donor-derived T or NK cells is
calculated from the numbers given
in the upper right quadrant (donor)
divided by the sum of the numbers
in the upper right�upper left quad-
rant (donor�host). Mean�SD of all
the experiments in each group are
given in Table 1 and in the text. Note
the increased degree of donor chi-
merism in the MHC-mismatched
chimera (Fig. 2A).

© 2008 Lippincott Williams & Wilkins 107Nestvold et al.



0

20

40

60

80

100

27 32 37 42 47

Time (days after injection of BNML)

%
 le

uk
em

ic
 c

el
ls

 a
m

on
g 

bl
oo

d 
gr

an
ul

oc
yt

es
 

normal control
PVG.1N BM 
PVG.1N BM x 2
PVG.7B BM
PVG.7B BM x 2
rnu BM x 2

100,0080,0060,0040,0020,000,00

Time (days after injection of BNML)

1,0

0,8

0,6

0,4

0,2

0,0

Su
rv

iv
al

rnu BMx2-censored

PVG.7B BMx2-
censored

PVG.7B BM-
censored

rnu BMx2
PVG.7B BMx2
PVG.7B BM
PVG.1N BMx2
PVG.1N BM
normal control

A

B
FIGURE 3. Prolonged survival of BNML-exposed BN rats transplanted twice with BMC from MHC-mismatched (PVG.7B)
donors. Rats were irradiated and given the first alloBMT on day �7, given 500 BNML on day 0 and additional BMC therapy on
day �7. Details of the transplantation protocol are given in Table 1. (A) Leukemia development in alloBMT BN rats from the
different strain combinations. Results from representative rats in each group are presented. Percentage of BNML among blood
granulocytes was determined with mAb RM124 that reacts strongly with BNML. Note the lack of BNML development of selected
rats transplanted twice with PVG.7B BMC but also the slightly delayed leukemia development in rats transplanted once with
MHC-mismatched PVG.7B or twice with PVG rnu/rnu BMC compared to normal control rats. (B) Only a double MHC-mismatched
transplantation had a significant effect on survival. Note the failing effect on survival of all other therapies (rats transplanted once
or twice with MHC-matched PVG.1N, rats transplanted twice with PVG rnu BMC, or rats given single MHC-mismatched BMT from
PVG.7B) compared to rats transplanted twice with MHC-mismatched BMC. The differences between the survival of rats trans-
planted once (12 rats) and twice (9 rats) with MHC-mismatched BMC was highly significant (P�0.001).
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T-cell chimerism, to approximately 80%. One possible interpreta-
tion of this finding was that the second MHC-mismatched trans-
plant had induced a donor antihost response that led to a more
complete eradication of host hematopoietic cells.

We found a correlation between persistence of recipient T
cells, such as MC and the absence of clinical signs of GVHD. The
number of CD3�T cells (0.6�106) was approximately the same
in the second BM inoculum as in the lowest dose of peripheral T
cells in the T-DLI. Administration of T-DLI led to conversion of
MC in the T-cell population to full donor chimerism and in-
volved acute GVHD in all rats. Our data correspond to previous

findings reporting that full donor T-cell chimerism after trans-
plantation is strongly associated with GVHD (32). Based on
these results, we hypothesized that BMC contain unique T-cell
subsets that are responsible for the GVL effect without inducing
GVHD.

Among candidates for cells mediating immunomodu-
latory effects, studies of T-regulatory cells (Tregs) have iden-
tified several populations of cells with different actions. It has
been demonstrated that CD4�CD25� Tregs inhibit GVHD
in animal models (33), but in humans, data on the suppres-
sive capacity of Tregs on GVHD are conflicting (34, 35).

FIGURE 4. Representative dot-blot diagrams of blood leukocytes from experiments 5, 6, 7, and 11 in Table 1. Degree of
donor T and NK cell chimerism of BN rats (A) transplanted once with BMC from PVG.7B (experiment 5). Rats receiving
further cellular therapy with either (B1) a second BMT from PVG.7B (experiment 6) or (C) peripheral T cells from PVG.7B
(experiment 11). Note the switch to 100% donor T-cell chimerism in the latter group. (B2) Contribution of the second BMT
to the donor T and NK cell chimerism observed in BMC animals transplanted twice, the first time with PVG and the second
with PVG.7B BMC (experiment 7).
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Other Tregs, such as CD8 Tregs (36) and NKTregs (37, 38),
have been reported to be involved in various models of trans-
plantation tolerance.

Alloreactive NK cells may play a central role in protec-
tion against leukemia in allotransplantation, indicated by
studies in humans (39). Original studies of F1 hybrid resis-
tance patterns in rats to parental BMT and BNML gave rise to
this idea (40). Although we could not dismiss a role of
NK-DLI in protection against BNML, the experiments did
not support a primary role of NK cells either: 1) therapy of the
PVG3BN chimeras with repeated injections of IL-2 acti-
vated alloreactive NK cells from PVG rats had no ameliorat-
ing effect on BNML development; or 2) BN rats that had been
reconstituted twice with BMC from athymic nude rats (PVG-
like) rather than normal PVG rats, were minimally protected
from BNML. Athymic nude rats lack alloreactive T cells, but
do have NK cells that are strongly alloreactive against MHC-
mismatched target cells (41, 42). Therefore, if NK cells con-
tributed to the leukemia resistance observed here, this was
dependent on other mechanisms.

Long-term surviving rats were not protected from a
new exposure to BNML, but showed a delayed development
of the disease. This was probably due to induction of toler-
ance, as evidenced by the stable MC in these rats (43).

Great effort has been undertaken in separating GVHD
and GVL reactions by further defining those cells that are
responsible for GVHD and GVL, respectively. In our study,
we have used an additional injection of bone marrow cells to
improve the development of T-cell chimerism to prevent
GVHD without affecting GVL. This was obtained by TCD of
a high dose of BMC in the first transplantation followed by a
second T cell containing BMC injection, resulting in an in-
creased but not complete donor cell chimerism. The pheno-
type of host and donor T cells that contribute to this balance
between GVL and GVHD and the mechanism behind our
findings is an issue for further investigations. If applicable to
humans, repeated alloBMT from donors other than HLA-
identical siblings, with a careful control of the T cell content
of the first and second transplant, may provide a novel ap-
proach to leukemia therapy.
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