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The ability of IFN-� to enhance graft-
versus-leukemia (GVL) activity without
direct interaction with leukemia cells was
examined by comparing GVL effects
against IFN-� receptor-deficient (GRKO)
leukemia between wild-type (WT) and IFN-
�–deficient (GKO) allogeneic hematopoi-
etic cell transplantation (allo-HCT). We
established a primary IFN-�–unrespon-
sive T-cell leukemia model using virally-

transduced GRKO B6 mouse bone mar-
row cells overexpressing Notch1. We
first assessed GVL effects in lethally-
irradiated B6 mice receiving CD4-
depleted allo-HCT from WT or GKO
BALB/c donors. Administration of CD4�

cell-depleted allo-HCT from WT, but not
GKO, BALB/c donors mediated signifi-
cant GVL effects against GRKO leuke-
mia. Similar results were obtained in

pre-established allogeneic chimeras re-
ceiving delayed donor lymphocyte infu-
sion (DLI). Although both WT and GKO
DLI achieved significant anti-tumor re-
sponses, the former was markedly stron-
ger than the latter. These data indicate
that IFN-� is capable of promoting GVL
effects via mechanisms independent of
its interaction with leukemia cells.
(Blood. 2011;118(13):3721-3724)

Introduction

Allogeneic hematopoietic cell transplantation (allo-HCT) remains
a major therapy used in the treatment of leukemia patients.1,2

However, its broader clinical application has been limited by a high
incidence of GVHD. IFN-� has been shown to inhibit GVHD,
while mediating graft-versus-leukemia (GVL) effects.3-6 Multiple
mechanisms were found to contribute to the down-regulation of
GVHD by IFN-�, including stimulating apoptosis and inhibiting
cell division of alloreactive donor T cells,7 and preventing tissue
damage through interaction with recipient parenchymal cells.8

IFN-� is known to mediate anti-tumor effects through interac-
tion with IFN-� receptor (IFN-�R) on tumor cells. IFN-� signaling
in tumor cells inhibits tumor cell expansion by inducing
apoptosis and suppressing proliferation, and sensitizes tumor
cells to cytotoxic T cells by up-regulating the expression of Fas
and MHC molecues.9 These studies indicated that the interaction
between IFN-� and leukemia cells is likely to play an important
role in IFN-�–mediated anti-leukemia effects in allo-HCT
recipients. However, it remains unknown whether induction of
GVL effects by IFN-� depends on its signaling in leukemia
cells. It has been reported that T cells may mediate anti-tumor
effects by producing IFN-� to inhibit tumor angiogenesis.10 In
the present study, we established an IFN-�R–deficient mouse
primary leukemia model to determine whether IFN-� can
promote GVL effects in the absence of its interaction with
leukemia cells.

Methods

Lin�Sca1� bone marrow cells (BMCs) were prepared from IFN-�R KO
(GRKO) C57BL/6 (B6) mice, transduced with Notch-1 retroviruses
(MSCV-ICN/GFP),11 and injected into lethally-irradiated GRKO syngeneic
mice to establish IFN-�–unresponsive leukemia. We explored the effect of
IFN-� on GVL responses against GRKO leukemia in 3 allo-HCT models. In
the first 2 models, lethally-irradiated recipient mice received allogeneic
BMCs plus unfractionated or CD4-depleted splenocytes from either
wild-type (WT) or IFN-� KO (GKO) donors. The third model involved
delayed donor lymphocyte infusion (DLI) in pre-established mixed alloge-
neic chimeras. Detailed descriptions of all materials and methods can be
found in supplemental Methods (available on the Blood Web site; see the
Supplemental Materials link at the top of the online article). Protocols
involving animals used in this study were approved by the Massachusetts
General Hospital Subcommittee of Research Animal Care.

Results and discussion

Development and characterization of an IFN-�–unresponsive
leukemia model

Previous studies have shown that overexpression of the intracellu-
lar domain of Notch1 (ICN1) in hematopoietic stem cells results
the development of T-cell acute lymphoblastic leukemia (T-
ALL).12,13 Most GRKO mice receiving Notch1-transduced GRKO
BMCs developed leukemia and became moribund � 7-10 weeks
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after transplantation (Figure 1A-B). We then expanded the leuke-
mia cells by adoptive cell transfer into syngeneic mice, and
cryopreserved the resultant leukemia cell pool (ie, splenocytes
with � 95% of GFP� leukemia cells; Figure 1C) in liquid nitrogen
until use. Flow cytometric analysis revealed that the GRKO
leukemia cells express TCR��, NK1.1, CD3, CD4, but are stained
negative for CD8, CD19, and CD1d tetramers loaded with �-galac-
tosylceramide (Figure 1C), indicating that these are T-cell leukemia
cells with a CD1d-independent NKT-like cell phenotype. Injection
of 5 � 106 GRKO leukemia cells into naive B6 mice resulted in
leukemia in all mice. GFP� leukemia cells were found in almost all
tissues examined, including spleen, BM, thymus, blood, lymph
nodes (LN), ovary, liver, lung, and kidney (Figure 1D). GFP�

leukemia cells from different tissues were found highly variable in
CD25 expression, indicating a heterogeneity of the leukemia cells
(Figure 1D).

IFN-� promotes GVL activity through mechanisms independent
of its interaction with leukemia

We first assessed GVL effects against GRKO leukemia in lethally-
irradiated CBF1 (BALB/c � B6 F1) mice that received allo-HCT
(ie, BMCs and splenocytes) from BALB/c donors. Injection of
2 � 104 GRKO leukemia cells led to death of all syngeneic HCT
(syn-HCT) controls by 31 days (supplemental Figure 1). In
comparison with syn-HCT–treated leukemic recipients, those receiv-
ing WT allo-HCT showed significantly prolonged survival (supple-
mental Figure 1; P 	 .005). The similar survival rates observed
between WT allo-HCT recipients with or without leukemia indicate
that complete eradication of leukemia had been achieved by allo-HCT.
This was further confirmed by autopsy, in which none of the leukemic
recipients of WT allo-HCT showed evidence of tumors (supplemental

Table 1). However, the early death caused by GVHD in GKO allo-HCT
recipients prohibited assessment of the GVL potential of GKO allo-
HCT. All GKO allo-HCT recipients, regardless of whether leukemia
cells were injected, succumbed before the death of syn-HCT–treated
leukemic recipients (supplemental Figure 1).

We have previously shown that in a BALB/c-to-B6 allo-HCT
model, donor CD4� cell depletion significantly reduces GVHD
mortality, and allows for assessment of GKO donor CD8 T cell–
mediated GVL effects.14 Thus, we next assessed GVL effects in
B6 mice receiving CD4-depleted allo-HCT from WT or GKO
BALB/c donors. As shown in Figure 2A, neither WT nor GKO
CD4-depleted allo-HCT induced lethal GVHD in lethally-
irradiated B6 recipients. CD4-depleted GKO allo-HCT failed to
achieve detectable GVL effects, and all leukemic recipients of
GKO allo-HCT died with a similar kinetics as the Syn-HCT
controls (Figure 2A). In contrast, leukemic recipients of WT
CD4-depleted allo-HCT showed significantly prolonged survival
(P 	 .001 compared with those receiving GKO allo-HCT or
Syn-HCT). The data indicate that IFN-� may promote anti-tumor
effects via mechanisms independent of its direct interaction with
leukemia cells in lethally-irradiated mice receiving CD4-depleted
allo-HCT. Three leukemic recipients of WT allo-HCT were killed
when moribund on day 35 after HCT. Interestingly, GFP� leukemia
cells were readily detected in the BM, but hardly detectable in
WBCs or spleen of these mice (Figure 2B). Furthermore, these
mice had extremely low WBC and RBC counts compared with
nonleukemia recipients (Figure 2C). These results indicate that BM
tumor and the associated hematopoietic failure is a likely cause of
death in leukemic mice receiving CD4-depleted allo-HCT.

DLI is known to mediate strong anti-lymphohematopoietic
GVH reactions (LGVHR), which preferentially eliminate recipient

Figure 1. Development and characterization of GRKO leukemia. (A-B) Leukemia development in GRKO B6 mice receiving Notch1-overexpressing Lin�Sca1� GRKO
BMCs. Shown are representative spleen and liver tissues from naive and leukemia B6 mice (A) and histology (H&E) of spleen, liver and bone marrow from a representative
leukemia mouse (B). (C) B6 mice were injected with leukemia cells (ie, splenocytes from mice receiving Lin�Sca1� GRKO BMCs), killed when moribund, and GFP� leukemia
cells in the spleen were assessed by flow cytometry. Left panel indicates that the spleen consists of predominantly GFP� leukemia cells; right panel shows the expression of
various cell surface markers on gated GFP� leukemia cells. (D) Naive B6 mice (n 
 4) were injected intravenously with 5 � 106 cryopreserved GRKO leukemia cells and killed
2-3 weeks later for assessing leukemia development. Shown are percentages (mean � SD) of GFP� leukemia cells (left) and of CD25� leukemia cells (right) in the indicated
tissues.
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lymphohematopoietic cells (as shown by rapid conversion to full
donor chimerism) and leukemia cells without GVHD in pre-
established mixed chimeras.15-18 We recently showed that IFN-�
was able to enhance LGVHR and GVL effects, while inhibiting
GVHD in mixed allogeneic chimeras after delayed DLI.6 In this
study, allogeneic chimeras were prepared by injecting mixed TCD
BMCs from CBF1 and WT or GKO BALB/c mice into lethally-
irradiated CBF1 mice. Eight weeks later, mixed chimeras were
administered GRKO leukemia cells and DLI was performed by
injecting WT and GKO BALB/c splenocytes into the chimeras that
had initially received, respectively, WT or GKO BALB/c BMCs.
Although GKO DLI-treated leukemic chimeras showed improved
survival compared with non-DLI controls (P 	 .005; Figure 2D),
their survival rates were significantly lower than those adminis-
tered WT DLI (Figure 2D/Exp II; P 	 .0005). Because mixed
chimeras that received similar numbers of donor splenocytes
without leukemia cells survived long-term, the leukemia, and not
GVHD, was presumed to be the cause of death in these mice. This
was further confirmed by necropsy, in which tumors were found in

all leukemic recipients who had died before euthanasia (Figure 2E).
GKO DLI-treated chimeras also showed significantly less efficient
conversion from mixed to full donor chimerism when compared
with those who were administered WT DLI (supplemental Figure
2), a finding consistent with our previous results.6 These data
indicate that IFN-� can promote GVL effects of DLI against
IFN-�-unresponsive leukemia (ie, without direct interaction with
leukemia) in mixed allogeneic chimeras.

Although leukemia and tumor cell lines are substantially
different from primary leukemia cells, these cell lines have been
widely used to investigate GVL effects because of the lack of
suitable primary leukemia models. Notch1 plays an important role
in normal hematopoiesis,19-21 and its aberrant signaling is associ-
ated with T-cell leukemogenesis.12,13 The present study demon-
strates that leukemia cells derived from Notch1-overexpressing
BMCs may provide a more clinically-relevant primary leukemia
model for evaluating GVL effects. This approach also allows for
the generation of leukemia cells with genetic manipulations that
may facilitate future mechanistic studies. IFN-� is known to

Figure 2. IFN-� promotes GVL effects against GRKO leukemia. (A-C) Lethally-irradiated B6 mice received T cell–depleted (TCD) B6 BMCs (5 � 106) plus allogeneic TCD
BMCs (7.5 � 106) and CD4-dep splenocytes (8.5 � 106) from WT (WT allo-HCT; n 
 8) or GKO (GKO allo-HCT; n 
 8) BALB/c donors. Three groups of leukemic recipients,
including those receiving TCD B6 BMCs alone (Syn-HCT�Leukemia; n 
 5), TCD B6 BMCs plus WT BALB/c TCD BMCs and CD4-dep splenocytes (WT allo-HCT�Leukemia;
n 
 7), or TCD B6 BMCs plus GKO BALB/c TCD BMCs and CD4-dep splenocytes (GKO allo-HCT�Leukemia; n 
 7), were injected with 3 � 105 GRKO leukemia cells at the
time of HCT. (A) Survival. (B) Flow cytometric analysis of GFP� cells in WBCs, spleen and BM from representative leukemic (WT allo-HCT�Leukemia; open histogram) and
nonleukemic (WT allo-HCT; filled histogram) mice receiving WT CD4-dep allo-HCT. (C) WBC (left) and RBC (right) counts of leukemic (WT allo-HCT�Leukemia) versus
nonleukemic (WT allo-HCT) mice receiving WT CD4-dep allo-HCT. (D-E) Lethally-irradiated CBF1 mice were reconstituted with a mixture of TCD CBF1 plus WT or GKO
BALB/c mouse BMCs. Eight weeks later, these BM chimeras were administered either GRKO leukemia cells (1 � 106 or 1.5 � 106 cells per mouse for Exp I and Exp II,
respectively) alone or along with DLI. DLI was performed by injection of 3.5 � 107 (Exp I) or 4.5 � 107 (Exp II) splenocytes from WT or GKO B6 mice into the WT and GKO BM
chimeras, respectively. (D) Survival of WT mixed chimeras that received leukemia cells alone (WT MC/NonDLI�L; E) or along with WT DLI (WT MC/WT DLI�L; F), and GKO
mixed chimeras that received leukemia cells alone (GKO MC/NonDLI�L; �) or along with GKO DLI (GKO MC/GKO DLI�L; f). The survival curves of the nonleukemic
chimeras (with or without DLI), which all survived long-term (see panel E and supplemental Figure 2), are not shown in the figure for the sake of clarity. (E) Gross evidence for
tumor at autopsy. Results from Exp I and Exp II are combined.
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mediate anti-tumor effects by directly signaling through IFN-�R on
tumor cells.9,22 Although mechanisms remain unclear, the present
study shows that IFN-� can also enhance GVL effects against
GRKO leukemia, indicating that IFN-�, at least in the leukemia
model tested here, may mediate anti-leukemia effects through
mechanisms independent of its interaction with leukemia cells.
These data provide new insights into the role of IFN-� in regulating
GVHD- and GVL-associated alloreactivity of allo-HCT.
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