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Summary

Allogeneic hematopoietic cell transplantation (allo-HCT) is increasingly being performed to treat

patients with hematologic malignancies. However, separating the beneficial graft-versus-tumor

(GVT) or graft-versus-leukemia effects from graft-versus-host disease (GVHD) has been difficult

and remains a significant challenge toward improving therapeutic efficacy and reducing toxicity of

allo-HCT. GVHD is induced by donor T cells that also mediate potent anti-tumor responses.

However, despite the largely shared effector mechanisms, extensive animal studies have

demonstrated the potential of dissociating the GVT effect from GVHD. Also in many clinical

cases, long-term remission was achieved following allo-HCT, without significant GVHD. A better

mechanistic understanding of the immunopathophysiology of GVHD and GVT effects may

potentially help to improve allo-HCT as well as maximize the benefit of GVT effects while

minimizing GVHD. In this article, we review the role of IFN-γ in regulation of alloresponses

following allo-HCT, with a focus on the mechanisms of how this cytokine may separate GVHD

from GVT effects.
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Overview of IFN-γ in immune regulation

Interferon-γ (IFN-γ), the only type II IFN, can be produced by CD4+ T-helper type 1 (Th1)

cells, activated CD8+ T cells, natural killer (NK) cells, natural killer T (NKT) cells, B cells,

and antigen-presenting cells (APCs) (1). IFN-γ exhibits pleiotropic activities on a wide

range of cell types and plays a central role in host defense by influencing both innate and

adaptive immunity. During innate immune responses, IFN-γ plays an important role in

eliminating intracellular pathogens via activation of macrophages and NK cells (2, 3). With

regard to adaptive immune responses, IFN-γ is crucial for CD4+ Th1 cell differentiation and
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CD8+ T-cell proliferation during the primary and expansion phase, and for controlling the

overexpansion of activated T cells in the contraction phase (4, 5).

IFN-γ receptor (IFN-γR) is composed of two heterodimeric chains: IFN-γR1 and IFN-γR2.

IFN-γR1 or the α ligand-binding chain is ubiquitously expressed in almost every lymphoid

and non-lymphoid cell type. IFN-γR2 or the β signal-transducing chain is highly expressed

on myeloid and B cells, and variably expressed on T cells, depending on the activation status

and subset commitment (6, 7). IFN-γ induces transcriptional activation of IFN-γ-inducible

genes predominantly via the JAK/STAT1 (Janus kinase/signal transducer and activator of

transcription 1) signaling pathway. IFN-γ-JAK-STAT1 activation may mediate proliferative

or anti-proliferative/apoptotic effects depending on the levels of IFN-γR cell surface

expression. In T cells, IFN-γ binding to IFN-γR complex on naive T cells leads to the

activation of the JAK-STAT1 signaling pathway and subsequent upregulation of the

downstream transcription factor T-bet prior to IL-12Rβ2 expression and IL-12-dependent

STAT4 activation, which are required for T-cell differentiation into the Th1 subset (8–11).

Activation of STAT1 negatively regulates STAT3 activated by IL-6, IL-17, IL-21, and

IL-23, as well as STAT6 activated by IL-4 (12). Upon activation, T-bet suppresses the

development of Th2 and Th17 cells by impairing the function of GATA-binding protein 3

(GATA3) and RAR-related orphan receptor γ (RORγt), allowing full maturation of Th1

cells (13–15). Once differentiated, Th1 effectors quickly downregulate surface expression of

IFN-γR2 as a potential mechanism to prevent apoptosis induced by strong activation of

STAT1 and continue to proliferate in the presence of high levels of IFN-γ (7, 16).

Accordingly, IFN-γR2-transgenic mice show impaired Th1 responses (6) and forced

expression of IFN-γR2 on human T cells makes them susceptible to IFN-γ-induced

apoptosis. Activated antigen-specific CD8+ T cells also show downregulation or loss of

IFN-γR2 cell surface expression (17). In contrast to IFN-γ-producing T cells, other T-cell

subsets, B cells, and myeloid cells display constitutive IFN-γR2 expression and

susceptibility to IFN-γ-STAT1-mediated apoptosis (6, 7, 18, 19).

Th1 cells may regain IFN-γR2 expression following T-cell receptor engagement in the

absence of APCs or deprivation of IL-2, restoring the susceptibility to IFN-γ-STAT1-

induced apoptosis (18, 20, 21). In addition to ligand-dependent loss of IFN-γR2 in activated

T cells, T cells that are unable to produce and respond to IFN-γ can display ligand-

independent internalization of IFN-γ R2 (7, 20). It has been implicated that anti-

inflammatory signals prompt internalization of IFN-γR2, resulting in a T-cell population

refractory to IFN-γR signaling. In contrast, exposure to inflammatory signals may induce

IFN-γR2 expression on the surface of T cells, making these cells sensitive to IFN-γR-

STAT1 signal-mediated apoptosis (22).

IFN-γ signaling plays a crucial and complex role in the regulation of immune responses.

Recent studies have indicated that the immune regulatory effect of IFN-γ can also be

mediated by its signaling in regulatory T cells (Tregs) (see discussion below). Moreover,

IFN-γ signaling in non-hematopoietic cells plays a critical role in regulating T-cell responses

in disease settings (23).
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Role of IFN-γ in GVHD

Allogeneic hematopoietic cell transplantation (allo-HCT) or bone marrow transplantation

(allo-BMT) is a potentially curative treatment for many hematologic malignancies (24, 25).

In spite of reduced leukemic relapse rates resulting from graft-versus-tumor (GVT) effects

following HLA-mismatched compared to HLA-identical transplants, the high incidence of

intractable GVHD presents an enormous obstacle to HLA-mismatched allo-HCT. GVHD is

induced mainly by donor T cells that recognize the mismatched host major

histocompatibility complex (MHC) and minor histocompatibility antigens (miHA) and is

characterized by damage in multiple organs/tissues, such as the gastrointestinal tract, liver,

skin, mucosa, and lung.

Role of IFN-γ in GVHD in irradiated allo-HCT recipients

Acute GVHD-associated gut damage has been proposed to be mediated by Th1-type

immune responses characterized by large amounts of IFN-γ and IL-2 production during T-

cell activation (26). Endotoxin or lipopolysaccharide (LPS) from Gram-negative bacteria

plays an important role in GVHD pathogenesis by stimulating inflammatory cytokine

production of innate immune cells, particularly, in allogeneic recipients with damage in the

gastrointestinal tract induced by the conditioning regimen (27). IFN-γ produced by activated

donor T cells has been shown to exacerbate gut GVHD by promoting the apoptosis of

intestinal epithelial crypt cells and acting synergistically with LPS to stimulate cytokine

production (predominantly TNF-α) from innate immune cells in the intestine (28). However,

IFN-γ was also found to mediate protection against gut GVHD in other studies (29–31) (see

discussion below).

An increasing number of reports demonstrate that IFN-γ may play a protective role in

recipients of allo-HCT. We have previously shown that IFN-γ mediates a protective effect

against acute GVHD in lethally irradiated mice receiving a single injection of exogenous

IL-12 on the day of allo-HCT (32–35). IL-12 is a potent immunostimulatory cytokine and

inducer of Th1 cell activity as well as cytotoxic T-lymphocyte and NK cell function (36).

Early reports using parent-to-non-irradiated F1 allo-HCT models showed that IL-12

stimulates the development of acute GVHD, but inhibits chronic GVHD by converting a

Th2 response to a Th1 response (37, 38). Paradoxically, a single injection of IL-12 at the

time of allo-HCT mediates marked protection against acute GVHD in lethally irradiated

recipients (32, 33). In addition to resulting in a significant delay in GVHD-associated

mortality, IL-12 treatment also reduced the extent of early weight loss and other clinical

manifestations of acute GVHD. This protective effect of IL-12 against acute GVHD was

demonstrated in different murine allo-HCT models, including multiple fully MHC plus

miHA-mismatched (e.g. B10.A-to-C57BL/6, C3H-to-C57BL/6, and BALB/c-to-C57BL/6)

and haploidentical C57BL/6 (H-2b)- or CBD2F1 (H-2kxd)-to-B6D2F1 (H-2bxd) strain

combinations (34, 35, authors’ unpublished observation). In allo-HCT recipients treated with

a single injection of IL-12, serum IFN-γ levels were markedly increased at days 2 and 3

post-HCT but became almost undetectable at day 4. In contrast, IFN-γ was undetectable in

untreated controls at days 2 and 3 and reached a high level at day 4 (predominantly

produced by alloreactive donor T cells) post-HCT (33). Furthermore, IL-12-mediated
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GVHD protection was completely eliminated following treatment with neutralizing anti-

IFN-γ mAb R4-6A2 (33). In some experiments, IL-12 even accelerated GVHD when higher

doses of R4-6A2 were administered. As R4-6A2 treatment only slightly delayed the onset of

GVHD-associated mortality in non-IL-12-treated controls, we conclude that IFN-γ is

required for IL-12-mediated GVHD protection but not for the induction of GVHD.

IFN-γ knockout (KO) mice provide a powerful tool for evaluating the role of IFN-γ in the

pathogenesis of GVHD. Using this model, two independent groups have demonstrated for

the first time that neither donor- nor host-derived IFN-γ is required for the development of

lethal acute GVHD in mice receiving MHC-mismatched allo-HCT (39, 40). Indeed, IFN-γ

can be protective for allo-HCT recipients. In a single MHC class II-mismatched murine allo-

HCT model, IFN-γ significantly inhibits the induction of GVHD by donor CD4+ T cells

(41). Co-injection of CD4+ T cells along with bone marrow cells from IFN-γ-deficient

C57BL/6 mice into lethally irradiated B6.C-H2bm12 (H2-Ab1bm12; referred to as bm12)

mice (disparate at class II) led to 100% mortality by 20 days. In contrast, bm12 mice

receiving CD4+ T cells and bone marrow cells from wild-type C57BL/6 mice survived long

term (41). IFN-γ also inhibited GVHD induced by donor CD8 T cells. Infusion of IFN-γ-

deficient allogeneic bone marrow and CD4-depleted spleen cells induced severe lethal

GVHD, while recipients of similar allo-HCT from wildtype donors developed only mild

GVHD (30, 42).

We have used IFN-γ KO BALB/c and C57BL/6 mice to determine whether the IFN-γ that

mediates the protective effect of IL-12 is donor or host derived. Treatment with IL-12

significantly prolonged the survival in both wildtype and IFN-γ KO C57BL/6 mice

receiving allo-HCT from wildtype BALB/c mice. However, similar treatment did not protect

against GVHD in wildtype C57BL/6 mice receiving allo-HCT from IFN-γ KO BALB/c

donors, demonstrating that donor-derived IFN-γ is required for the protective effect of

IL-12. Fas-mediated donor CD4+ T-cell apoptosis is one of the mechanisms involved in the

inhibition of GVHD by IL-12 (34), suggesting that IFN-γ may play an important role in

IL-12-induced Fas expression and apoptosis of host-reactive donor T cells during GVHD

induction. IL-18, another potent inducer of IFN-γ, has also been reported to inhibit GVHD

in lethally irradiated allo-HCT recipients (43, 44). Similar to the effect of IL-12 in inhibiting

GVHD, the effect of IL-18 is also IFN-γ-dependent and requires expression of Fas on donor

T cells (43).

In GVHD settings, donor CD4+ T cells differentiate into Th2 and Th17 phenotypes in the

absence of IFN-γ, IFN-γR, or T-bet, and preferentially accumulate in lung and skin at least

partially due to concomitant changes in the profile of tissue-homing chemokine receptor

expression (23, 29, 45–48). Mice receiving allogeneic T cells lacking IFN-γ or T-bet showed

accumulation of Th17 cells in the lung and the development of idiopathic pneumonia

syndrome (IPS) (29, 45). However, deletion of the IL-17 gene in IFN-γ-deficient donor T

cells did not significantly ameliorate injuries in the lung tissue (29), suggesting that the lung

GVHD in recipients of IFN-γ-deficient allo-HCT is mediated predominantly by Th2-type

alloresponses. In contrast, skin infiltration by donor T cells and the associated injuries were

significantly reduced in mice receiving allogeneic T cells lacking both IFN-γ and IL-17

compared to mice receiving allogeneic T cells lacking only IFN-γ, indicating that Th17 cells
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play an important role in the induction of skin GVHD (29). Interestingly, although lack of

IFN-γR signaling in T cells also leads to augmented Th2- and Th17-type responses, IFN-γR-

deficient T cells are significantly less effective in inducing GVHD compared to IFN-γ-

deficient and even wildtype T cells (29, 48, 49). Mice receiving IFN-γR-deficient allogeneic

T cells experience significantly less GVHD-associated lung injury compared to mice

receiving IFN-γ-deficient or wildtype allogeneic T cells (23, 29, 48). Of note, although both

IFN-γ- and IFN-γR-deficient T cells default to a Th2 phenotype (e.g. producing IL-4), the

latter produces IFN-γ (50). It has been suggested that the reduced GVHD in mice receiving

IFN-γR-deficient allo-HCT is due to impaired CXCR3 expression and trafficking of donor T

cells into GVHD target organs (49). However, IFN-γ produced by IFN-γR-deficient donor T

cells is indeed protective, as in vivo neutralization of IFN-γ by anti-IFN-γ antibodies

markedly exacerbated lung GVHD in recipients of IFN-γR-deficient allo-HCT (48). This

study also suggests that the protective effect of donor-derived IFN-γ can also be mediated by

its interaction with recipient cells. Both wildtype and IFN-γR-deficient allo-HCT

significantly increased lung GVHD in chimeras with defective IFN-γ signaling compared to

those with intact IFN-γ signaling in non-hematopoietic cells, regardless of whether or not

IFN-γ signaling is intact in the recipient hematopoietic cells (29). This indicates that IFN-γ

signaling in recipient non-hematopoietic cells, but not in hematopoietic cells, is critical for

IFN-γ-mediated inhibition of lung GVHD.

Role of IFN-γ in GVHD in non-conditioned allo-HCT recipients

In a non-irradiated C57BL/6-to-B6D2F1 allo-HCT model, the GVH response is associated

with a massive increase in IFN-γ production (51, 52). Administration of IFN-γ-deficient T

cells or neutralization of IFN-γ in this model resulted in a delay in GVHD mortality that was

associated with impaired elimination of recipient cells and chronic GVHD-like features

including lymphoproliferation, autoantibody production, and a lupus-like renal disease (53–

55). It has been shown that the Fas/FasL but not perforin pathway is required to eliminate

host hematopoietic cells (56). Complete elimination of IFN-γ by injection of neutralizing

antibody against IFN-γ in non-conditioned B6D2F1 mice receiving allo-HCT from IFN-γ-

deficient C57BL/6 donors resulted in an enhanced expansion of donor CD8+ T cells with

increased expression of the activation marker CD44. However, these T cells, due to

impaired FasL expression, exhibit a significantly reduced capacity to eliminate host

hematopoietic cells (57). Unlike FasL expression, perforin gene expression and perforin-

mediated cytotoxicity are only marginally affected in the absence of IFN-γ (57). Of note, in

the non-irradiated allo-HCT models discussed above, the recipients were transplanted with

donor lymph node and spleen cells without bone marrow cells, so that the inoculum contains

no or minimal numbers of hematopoietic stem cells (HSCs). Therefore, hematopoietic

failure due to destruction of recipient hematopoietic cells is a likely cause of early mortality

in these models and the delay in mortality by IFN-γ elimination could be due to impaired

Fas/FasL cytotoxicity. As the recipients of allo-HCT from IFN-γ-deficient donors had

greater weight loss and increased destruction of parenchymal GVHD target tissues than

those receiving allo-HCT from wildtype donors, IFN-γ is likely to be protective against

tissue GVHD in non-irradiated recipients.
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Delayed administration of allogeneic donor lymphocyte infusion (DLI) without conditioning

treatment in established mixed allogeneic hematopoietic chimeras has been shown to

eliminate recipient hematopoietic cells [referred to as lymphohematopoietic GVH response

(LGVHR)] without inducing severe GVHD (24, 58). The ability of DLI to mediate LGVHR

without severe GVHD in established mixed chimeras is largely due to the lack of

conditioning-induced tissue inflammation, an important checkpoint controlling the migration

of GVH-reactive T cells into the epithelial GVHD target tissues (59). In this model, mixed

chimeras can be prepared by injection of a mixture of T-cell-depleted donor and recipient

bone marrow cells or by non-myeloablative conditioning and allo-BMT, followed 5–8

weeks later by administration of allogeneic donor spleen cells (as DLI) without

conditioning. Allogeneic DLI from IFN-γ-deficient donors was significantly less effective

compared to that from wildtype donors in eliminating recipient hematopoietic cells in mixed

chimeras, indicating a critical role for DLI cell-produced IFN-γ in the induction of LGVHR

(31). Interestingly, the reduced LGVHR was associated with significantly increased

parenchymal tissue damage, loss of body weight, and mortality in chimeras receiving

allogeneic DLI from IFN-γ-deficient donors.

Separation of LGVHR and the GVHR targeting parenchymal tissues by IFN-γ is not a

specific phenomenon in non-conditioned allo-HCT. In a sublethally irradiated C57BL/6-to-

B6D2F1 allo-HCT model (Fig. 1), mice receiving wildtype donor splenocytes alone died

rapidly, whereas those receiving wildtype donor splenocytes plus bone marrow survived

long-term (31). Recipients in both groups showed rapid elimination of host hematopoietic

cells but minimal parenchymal tissue injury. However, mice receiving allo-HCT from IFN-

γ-deficient donors died rapidly regardless of whether or not donor marrow cells were given,

and they exhibited severe parenchymal injury but prolonged survival of host hematopoietic

cells (31). Similar results were observed in a C57BL/6→bm12 combination, in which IFN-γ

elimination significantly accelerated GVHD mortality in lethally irradiated recipients of

allogeneic donor marrow and T cells, but reduced the death rate in sublethally irradiated

mice receiving allogeneic T cells alone (41). Together, these studies suggest that IFN-γ

inhibits GVHD and the associated parenchymal tissue damage, while promoting LGVHR in

allo-HCT recipients. The role of IFN-γ in selectively eliminating recipient hematopoietic

cells (i.e. LGVHR) can explain its effect of facilitating GVT responses (see discussion

below).

Possible mechanisms for inhibition of GVHD by IFN-γ

IFN-γ is a critical cytokine in immune regulation that is involved in T-cell priming,

proliferation, contraction, effector function development, and memory generation. The wide

range of IFN-γR expression enables IFN-γ to directly regulate the function of almost every

lineage of immune cells, such as T cells, B cells, NK cells, APCs, and other myeloid

immune cell populations. Furthermore, IFN-γ may also control T-cell responses within

tissues by signaling through IFN-γ R expressed on parenchymal cells.
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IFN-γ inhibits donor T-cell expansion by promoting apoptosis and suppressing
proliferation

IFN-γ plays an important role in the maintenance of T-cell homeostasis. Although IFN-γ has

been shown to promote T-cell expansion and memory formation (60), this cytokine also

induces contraction of the effector T-cell pool. IFN-γ promotes Fas-mediated activation-

induced cell death of CD4+ T cells (20) and restrains CD4+ T-cell activation in vitro by

promoting caspase-8-dependent apoptosis through the transcriptional activation of STAT1,

one of the major transcription factors induced by IFN-γR (4). The absence of IFN-γ leads to

enhanced expansion and reduced death of antigen-specific CD8+ T cells in a Listeria

infection model (61). The proapoptotic effect of IFN-γ has been implicated in the

elimination of activated CD4+ and CD8+ T cells and contraction of the effector T-cell pool

(62–64).

IFN-γ elimination is associated with a significant increase in donor T cells in allo-HCT

settings (30, 42), underscoring the involvement of IFN-γ in controlling the expansion of

alloreactive T cells. Previous studies revealed that IL-12 and IL-18 treatment promotes Fas-

mediated apoptosis of recipient antigen-activated donor T cells via an IFN-γ-dependent

mechanism (34, 39, 43). Significantly inhibited/delayed donor CD8+ T-cell apoptosis in

recipients of allo-HCT from IFN-γ-deficient donors compared to those receiving allo-HCT

from wildtype donors provides direct evidence that IFN-γ promotes apoptosis of alloreactive

T cells in GVHD settings (30).

T-cell proliferation is governed by the ordered activation of cyclin-dependent kinases

(CDKs). One of the CDK inhibitors p27Kip1 is an important negative regulator of both T-cell

proliferation and memory T-cell generation (65–68). It has been shown that IFN-γ inhibits

cell proliferation by preventing growth factor-induced downregulation of p27Kip1 (69).

Moreover, IFN-γ has also been found to inhibit cell cycle progression of activated CD4+ T

cells by stimulating nitric oxide production by macrophages (70). These observations

indicate a role for IFN-γ in regulation of T-cell division, and raised the possibility that

blockade of IFN-γ may result in over-proliferation of donor T cells in allogeneic recipients.

Using a CD4+ cell-depleted allo-HCT model, we have shown that IFN-γ elimination

significantly accelerates the cell division of alloreactive donor CD8+ T cells (30).

IFN-γ eliminates alloreactive T cells in GVHD target tissues by interacting with recipient
non-hematopoietic cells

IFN-γ has been shown to regulate T-cell expansion, contraction, and differentiation in

response to peptide vaccination via mechanisms independent of IFN-γR signaling in T cells

(71–73). Studies using bone marrow chimeras with IFN-γR expression on only

hematopoietic or non-hematopoietic cells demonstrated that following allo-HCT, the

chimeras lacking IFN-γ signaling in lung parenchymal cells developed a significant increase

in lung GVHD compared to mice expressing normal levels of IFN-γR in the lung (23). The

programmed cell death-1 (PD-1)/programmed cell death-1 ligand 1 (PD-L1) pathway

provides critical negative regulation in the process of T-cell activation (74). Blockade of

PD-1 engagement accelerates GVHD mortality in an IFN-γ-dependent mechanism (75).

Additional studies demonstrated that inhibition of lung GVHD by IFN-γ is largely attributed
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to IFN-γ-induced upregulation of PD-L1 expression in lung tissues (29), leading to the

elimination (i.e. apoptosis) of lung-infiltrating alloreactive donor T cells (74) (Fig. 2). IFN-γ

has also been shown to upregulate PD-L1 expression on hepatic stellate (76) and endothelial

cells (77), and to ameliorate liver GVHD by inducing apoptosis of tissue-infiltrating T cells

in allo-HCT recipients (29). However, the involvement of IFN-γ in mediating gut GVHD

has been controversial. As discussed above, IFN-γ may augment gut GVHD by inducing

intestinal epithelial crypt cell apoptosis and by stimulating production of inflammatory

cytokines by innate immune cells in the intestine (28). However, an association was also

reported between the lack of donor-derived IFN-γ and increased colon GVHD (30, 31) (Fig.

2). Furthermore, IFN-γ signaling in gut tissue cells was found to induce PD-L1 expression

that protects against tissue damage by eliminating gut-infiltrating alloreactive T cells (29).

Role of IFN-γ in donor T-cell migration

Chemokine/chemokine receptor interactions and adhesion molecules play critical roles in

GVHD pathogenesis by regulating tissue migration of alloreactive donor T cells (78). IFN-γ

is critical in the induction of Th1-associated chemokines CXCL9 (MIG), CXCL10 (IP-10),

and CXCL11 (I-TAC), as well as their receptor CXCR3 expression on activated T cells (79–

81). Rapid upregulation of INF-γ induced chemokines CXCL9 and CXCL10 in the liver is

involved in the initiation of hepatic GVHD following allo-HCT (82). Recent studies using

IFN-γR- or CXCR3-deficient mice indicate that the recruitment of CXCR3+ CD4 T cells by

CXCL9, CXCL10, and CXCL11 is important in the induction of GVHD (49, 83). However,

the pattern of chemokine and chemokine receptor expression differs depending on the types

of Th cell responses, and therefore, CXCR3 or CXCR3-binding chemokines may not play a

significant role in GVHD induced by Th2 and Th17 cells. It has been shown that the

recruitment of activated Th2 and Th17 cells into GVHD target organs (e.g. lung and skin) is

mediated by the expression of CCR3, CCR4, and CCR6, and concomitant expression of the

corresponding chemokine ligands in the GVHD target tissues (29).

Role of IFN-γ in Treg function

The role of IFN-γ in the generation and function of Tregs remains largely unexplored. In an

in vitro culture system involving exposure of CD4+ T cells to allogeneic immature DCs,

IFN-γ was found to preferentially induce apoptosis in the non-Treg population and promoted

conversion of non-Tregs into Foxp3+ Tregs. This led to an enrichment of Tregs that could

inhibit allograft rejection in a donor-specific manner (84). Using a collagen-induced arthritis

(CIA) model, an accelerated onset and more severe form of CIA that is associated with a

functional defect in CD4+CD25+ Tregs has been demonstrated in mice lacking IFN-γR (85).

Similarly, in a spontaneous autoimmune encephalomyelitis (EAE) murine model, deficiency

in STAT1 significantly accelerates disease development due to a reduced number and

impaired function of CD4+CD25+ Tregs in these mice (86). These studies suggest that IFN-γ

signaling in Tregs is critical for their development and/or function. However, it has also

been reported that IFN-γ signaling has no effect on the suppressive function, but negatively

regulates the expansion of Tregs (87, 88, authors’ unpublished observation). Tregs deficient

in STAT1 (87, 88) or IFN-γR (our unpublished observation) exhibit increased expansion

both in vitro and in vivo, and no defect in the immunosuppressive capacity compared to

wildtype Tregs. Furthermore, administration of STAT1-deficient Tregs (expanded in vitro)
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suppressed GVHD in a similar manner as wildtype Tregs (87). Together, these studies

indicate that the role of IFN-γ signaling in Treg function depends on the particular disease

setting.

Regulation of Treg function by IFN-γ signaling is further complicated by the role of IFN-γ

in Treg polarization. Similar to conventional T cells, natural Tregs (nTregs) can also be

polarized into distinct effector Treg (eTreg) subsets that co-opt expression of different Th

subset-specific transcription factors (e.g. T-bet for Th1-Tregs, GATA3 for Th2-Tregs, and

RORγt for Th17-Tregs), and endowed with the properties optimized for suppression of T-

cell responses elicited under the same inflammatory conditions (89). IFN-γ, as a major Th1-

type cytokine, has been shown to promote the differentiation of T-bet+CXCR3+ eTregs that

can effectively suppress conventional Th1 cell responses (90–92). Furthermore, Tregs could

also be specialized in a site-specific manner. In mice challenged with intracellular

pathogens, IL-27-dependent Th1-type eTregs are specialized to control Th1 responses in the

primary sites of infection, whereas eTregs suppressing Th1 responses in the periphery are

dependent on IFN-γ (90). These studies not only provide a possible explanation for why the

role of IFN-γ in Treg function is different depending on the particular disease setting but

also suggest the possibility of preventing GVHD by selectively promoting Tregs that are

specialized to inhibit alloimmunity in GVHD target tissues.

In vivo studies using IFN-γ-deficient mice or neutralizing antibody against IFN-γ revealed a

close association of IFN-γ elimination with impaired development and function of Tregs.

IFN-γ-deficient mice exhibit significantly impaired generation and function of CD4+CD25+

Tregs, and blocking IFN-γ dramatically reduced the suppressive effect of alloantigen-

specific Tregs (93). IFN-γ was also found to play a critical role in conversion of

CD4+CD25− T cells to CD4+ Tregs, and the lack of this cytokine led to an increased

susceptibility to EAE (94). Moreover, IFN-γ production by alloantigen-reactive

CD4+CD25+ Tregs is critical for their ability to prevent allograft rejection or GVHD (88, 93,

95). These studies indicate that IFN-γ may potentially attenuate GVHD through its role in

regulating Treg generation and function, and that a reduction in the number and/or function

of Tregs might contribute to the exacerbation of GVHD in the absence of IFN-γ. However, it

should be noted that IFN-γ can mediate GVHD protection independent of Tregs, at least in

mice receiving CD4+ T-cell-depleted allo-HCT (30).

Role of IFN-γ in GVT effects

An important benefit of allo-HCT is that donor T cells mediate strong GVT or graft-versus-

leukemia (GVL) effects. However, these effects must be achieved without severe GVHD.

IFN-γ production is essential for tumor eradication by T cells (96). The role of IFN-γ in the

induction of GVT effects following allo-HCT was initially revealed by studies in IL-12-

treated allo-HCT recipients. Using an EL4 leukemia/lymphoma (H-2b) model, we have

shown that a single injection of IL-12 led to simultaneous protection from GVHD- and

leukemia-induced mortality in irradiated C57BL/6 mice receiving allo-HCT from A/J (H-2a)

donors (97). IFN-γ is also required for the preservation of GVT effects by IL-12, as

administration of anti-IFN-γ antibody significantly attenuated the anti-tumor activity of

allogeneic T cells in IL-12-treated allo-HCT recipients (97). In murine allo-HCT models, the
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development of acute GVHD is largely CD4+ T cell-dependent in most fully MHC plus

minor antigen-mismatched strain combinations. In these models, acute GVHD cannot be

prevented by CD8+ T-cell depletion from the donor graft or induced by injection of

substantial numbers of CD4+ T-cell-depleted donor spleen cells (97–100). However, donor

CD8+ but not CD4+ T cells are required for the induction of GVT effects against EL4, an

MHC class II-negative T-cell lymphoma (97, 98). Together, these studies indicate that IFN-γ

is required for the optimal induction of CD8+ T-cell-mediated GVL effects and inhibition of

CD4+ T-cell-induced GVHD in IL-12-treated allo-HCT recipients.

The role of IFN-γ in the induction of GVT effects was also demonstrated in IFN-γ-deficient

allo-HCT models. Using a lethal total body irradiation (TBI)-conditioned CD4+ T-cell-

depleted allo-HCT model, we showed that IFN-γ promotes GVT effects against EL4 cells

while inhibiting GVHD (42). Similar results were also obtained in a renal cell carcinoma

model, in which lethal TBI-conditioned BALB/c mice were transplanted with T-cell-

depleted marrow cells and purified CD8+ T cells from wildtype or IFN-γ-deficient C57BL/6

donors. GVT effects against carcinoma cells were achieved in mice receiving wildtype

donor cells without severe GVHD, but these effects were completely diminished in those

receiving IFN-γ-deficient donor cells (101). In this model, significantly reduced GVT effects

were also detected in mice receiving FasL-deficient donor cells, indicating a crucial role of

FasL in the optimal induction of GVT effects.

IFN-γ also enhances GVT effects that involve both CD4+ and CD8+ T cells. In a sublethally

irradiated mouse allo-HCT model (31), we have shown that donor cell-derived IFN-γ not

only inhibits GVHD but also promotes the induction of GVL effects against P815 tumor

cells (a mastocytoma cell line), which is attributed to both CD4+ and CD8+ T-cell-mediated

anti-tumor responses (102, 103). In vivo and clinical studies related to allo-HCT have shown

that delayed administration of DLI in established mixed chimeras induces GVT effects

without severe GVHD (24). A20 is a spontaneously derived B-cell lymphoma cell line

(generated from BALB/c mice) that has been widely used to assess GVT effects in mice.

A20 tumor cells express both MHC class I and class II and are susceptible to anti-tumor

alloresponses of both CD4+ and CD8+ T cells (104, 105). We have shown that

administration of IFN-γ-deficient DLI in mixed chimeras significantly increases GVHD

while markedly reducing GVT effects against A20, compared to the chimeras receiving

wildtype DLI (31). Together, these studies demonstrate that IFN-γ promotes GVT effects of

both CD4+ and CD8+ T cells, while inhibiting GVHD following allo-HCT.

IFN-γ has also been shown to enhance tumor antigen-specific GVT effects. Post-transplant

vaccination with tumor antigen-pulsed DCs achieved significant prostate tumor regression in

mice receiving DLI following hematopoietic stem cell transplantation, and this GVT activity

requires IFN-γ production by donor cells (101). In addition, recipient lymphocyte infusion

(RLI) in established mixed allogeneic chimeras demonstrated anti-tumor responses without

the risk of GVHD (24). In this model, the anti-tumor response is likely to be mediated by

tumor antigen-specific immune responses, although RLI-induced host-versus-graft response

is essential for the induction of anti-tumor effects following RLI. Interestingly, IFN-γ is also

critical for RLI-mediated anti-tumor effects (106). Together, these studies demonstrate that
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IFN-γ is required for the optimal induction of GVT effects while inhibiting GVHD in

various models involving different conditioning, transplants, and tumor cells.

Mechanisms by which IFN-γ selectively promotes GVT effects in allo-HCT

The following are possible mechanisms for IFN-γ to promote GVT effects in allo-HCT

recipients (Fig. 3).

IFN-γ promotes LGVHR

LGVHR is defined as the GVH response that selectively eliminates recipient hematopoietic

cells. Following HCT, selective elimination of recipient hematopoietic cells should be safe if

donor HSC engraftment is successful (Fig. 1). Studies emerging from animal models and

clinical scenarios have shown that conversion from mixed to full allogeneic donor

chimerism may occur with limited GVHD. This indicates that LGVHR can be selectively

preserved, while the capability to mediate tissue GVHD is suppressed (24, 58, 107, 108).

Both animal studies and clinical data have shown that such alloresponses directed against

host lymphohematopoietic cells can eliminate host leukemic cells, leading to long-term

remissions (24, 107, 108). By promoting LGVHR while inhibiting epithelial tissue injury,

IFN-γ shows paradoxical effects on alloreactive T cells (31). Elimination of IFN-γ leads to

augmentation of tissue GVHD and mortality, but paradoxically, to reduction in LGVHR and

GVT effects. Thus, IFN-γ-mediated preferential promotion of LGVHR is an important

mechanism for its ability to enhance the GVT effect while inhibiting GVHD. Thus far, the

mechanism for selective promotion or preservation of LGVHR by IFN-γ is not completely

understood. IFN-γ signaling-induced PD-L1 upregulation and the associated elimination of

alloreactive donor T cells in GVHD target tissues are likely to contribute to the confinement

of alloresponses in the lymphohematopoietic compartment.

IFN-γ may also promote LGVHR through direct signaling in hematopoietic cells. IFN-γ

production has been associated with bone marrow failure in patients with chronic

inflammation (109–113). It has been demonstrated that hematopoietic progenitor cells from

patients with aplastic anemia were able to regain the capacity of proliferation in vitro

following blockade of IFN-γ (114). Direct cytotoxicity of IFN-γ on bone marrow stem cells

was indicated by the observation that rejection of wildtype HSCs occurs in IFN-γR-

deficient, but not IFN-γ/IFN-γR double-deficient, syngeneic recipients (115). Studies using

IFN-γR-deficient mice indicate that GVHD-related bone marrow failure and lymphoid

hypoplasia is also largely dependent on IFN-γ signaling in recipient hematopoietic cells

(116, 117). A recent study demonstrated that bone marrow failure following transplantation

of allogeneic naive CD4+ T cells was associated with increased CD4+ Th1 cell development

within bone marrow and lymphoid tissues, and adoptive transfer of Th1 cells generated

during GVHD induced bone marrow failure in the secondary recipients (116). These Th1

cells express CXCR4, which was associated with their accumulation in the

lymphohematopoietic tissues. Importantly, bone marrow failure induced by alloreactive Th1

cells was a result of IFN-γ-mediated toxicity (116).
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IFN-γ enhances anti-tumor cytotoxic T lymphocyte (CTL) activity

Fas-FasL pathway has been shown to be a predominant mechanism for alloreactive T cells

to eliminate recipient hematopoietic cells (56), including leukemia cells (118). FasL also

mediates GVT effects against solid tumor cells (101). Elimination of IFN-γ causes

impairment of FasL expression on alloreactive CTLs in allo-HCT recipients (57). These

studies support the possibility that IFN-γ promotes LGVHR and GVT effects by facilitating

FasL-mediated cytotoxicity of alloreactive donor T cells.

IFN-γ signaling in tumor and non-hematopoietic tumor stromal cells

IFN-γ mediates anti-tumor effects by directly inhibiting tumor cell growth as well as by

inducing T-cell-mediated anti-tumor responses (119–121). The potent anti-tumor effects of

IFN-γ in IFN-γ R-deficient mice inoculated with syngeneic melanoma cells demonstrated a

direct in vivo cytotoxicity of IFN-γ on tumors (122, 123). In addition, IFN-γ signaling in

tumor cells sensitizes tumor cells to cytotoxic T cells by upregulating the expression of Fas

and MHC molecules (124–127). However, IFN-γ signaling in tumor cells may not always

favor an anti-tumor response. Although a large body of literature revealed an inhibitory

effect of IFN-γ on hematopoiesis in the setting of allo-HCT (109–117), this cytokine has

been shown to promote the proliferation of HSCs in the setting of infection (128, 129).

Likewise, a recent study showed that leukemia-reactive CTL-released IFN-γ may promote

leukemia stem cell (LSC) proliferation (130). It has also been suggested that IFN-γ signaling

in tumor cells may lead to a large increase in non-cognate peptide/MHC-I complexes, which

in turn reduces the potential of tumor cells to be recognized by tumor antigen-specific CD8+

CTLs (131). Recent studies in mouse and human melanoma revealed that in addition to

increasing tumor cell proliferation, IFN-γ also contributes to the tumor immunosuppressive

microenvironment by upregulating indole-amine-2,3-dioxygenase and PD-L1 expression

(132–134). It is reasonable to assume that the effects of IFN-γ on tumor cells can be

influenced by several other factors, such as tumor types, the timing and level of IFN-γ and

the presence of other inflammatory cytokines or growth factors. Therefore, further studies

are needed to determine the role of IFN-γ in tumor cell proliferation and/or tumor

immunoresistance in recipients of allo-HCT.

Many tumor cells, however, are not sensitive to the direct cytotoxic effect of IFN-γ. As

discussed earlier, IFN-γ can significantly improve GVT effects against EL4 cells, which are

insensitive to IFN-γ-mediated anti-proliferative or cytotoxic effects (42). Although IFN-γ

upregulates the expression of Fas and MHC class I on EL4 cells, upon treatment with IFN-γ,

EL4 cells show only a moderate increase in susceptibility to the cytotoxicity of allogeneic

CD8+ T cells (42). Similarly, the requirement for IFN-γ in RLI-induced anti-tumor effects

against A20 leukemia is unlikely to be mediated by direct cytotoxicity of IFN-γ on the

tumor cells (106). These results indicate that IFN-γ may promote GVT effects via

mechanisms independent of its direct interaction with the tumor cells. To address this

question, using virally transduced IFN-γR-deficient HSCs overexpressing Notch 1, we have

recently established a primary IFN-γ-unresponsive T-cell leukemia model. Using this model,

we have demonstrated that IFN-γ is capable of promoting GVT effects without directly

interacting with leukemia cells (135).
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It is generally accepted that tumor establishment and growth need support from stromal

components, including both hematopoietic cells (e.g. macrophages, granulocytes, B cells,

and T cells) and non-hematopoietic cells (e.g. fibroblasts and endothelial cells). IFN-γ has

been shown to enhance anti-tumor responses by its signaling in non-hematopoietic tumor

stromal cells. Studies using a B16-OVA melanoma model showed that tumor rejection

requires expression of IFN-γR in the host cells (136, 137). Growing evidence demonstrates

that IFN-γ mediates anti-tumor effects by inhibiting angiogenesis (124, 138, 139). Both

endothelial cells and fibroblasts express high levels of IFN-γR (140, 141). IFN-γ-mediated

apoptosis of angiogenic endothelial cells and disruption of the tumor vasculature can be

induced by its direct signaling in endothelial cells (142). Recently, it was reported that IFN-γ

produced within the tumor may suppress the expression of vascular endothelial growth

factor receptor 3 in the tumor vessel endothelial cells, thereby inhibiting tumor angiogenesis

(143). IFN-γ signaling may also inhibit angiogenesis by suppressing VEGF production by

tumor-associated stromal fibroblasts (144). More recently, it was reported that the direct

interaction between IFN-γ and stromal cells as well as IFN-γ-induced Fas expression on

tumor stroma play an important role in tumor rejection by adoptively transferred tumor-

specific T cells (145).

Role of IFN-γ in GVT effects of innate immune cells

NK cells, an important innate immune cell population (146), have the potential to mediate

GVL effects while inhibiting GVHD in recipients of allo-HCT (147, 148). IFN-γ mobilizes

NK cells and promotes their accumulation in the tumors, thereby reducing tumor metastasis

(149, 150). This effect is mediated by direct interaction of IFN-γ with NK cells and requires

CXCR3 expression by NK cells (149, 150). Experiments using murine models have shown

that CD4/CD8 double negative (DN) spleen cells, which do not mediate detectable anti-

tumor activity when injected alone, are required for the optimal induction of GVL effects,

which is dependent on donor CD8+ T cells (42). These data indicate that donor DN

splenocytes act synergistically with donor CD8+ T cells to augment anti-leukemic

alloreactivity. This phenomenon possibly reflects the anti-tumor effects of NK and/or NKT

cells. NKT cells straddle the interface of innate and adaptive immunity (146) and play a

pivotal role in tumor surveillance (151). IFN-γ may possibly enhance anti-tumor responses

by activating NKT cells (152). In addition, both activated NK and NKT cells may aid in

separation of GVT effects from GVHD via IFN-γ production. It has been shown that NK

cell-produced IFN-γ is essential to anti-tumor immunity of tumor antigen-specific T cells

(153). Our studies showed that early IFN-γ production by NK cells contributes to GVHD

protection by IL-12 (Wang H, Dey B, Sykes M, Yang YG, unpublished observation).

Macrophages, a major phagocytic cell population mediating innate immunity, exert direct

and indirect tumoricidal functions following stimulation with IFN-γ and LPS (154, 155).

CD47 serves as a ‘marker of self’ for macrophages, and its interaction with the inhibitory

receptor SIRPα (signal regulatory protein α) on macrophages prevents engulfment of

autologous hematopoietic cells (156–158). Macrophage activation is controlled by the

balance between activating and inhibitory receptor signaling. Interestingly, leukemia cells

avoid phagocytosis by upregulating CD47 (159–161). A recent study suggested that CD47-

SIRPα interaction also protects solid tumors from phagocytosis (162). These studies
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underscore the importance of phagocytic cells such as macrophages, in tumor cell rejection.

Thus, the action of IFN-γ toward augmentation of phagocytic activity of macrophages (163,

164) may contribute to IFN-γ-mediated GVT effects following allo-HCT.

Macrophages undergo classical activation (M1) upon stimulation by Toll-like receptor

ligands and IFN-γ or alternative activation (M2) while subjected to an anti-inflammatory

condition in the absence of IFN-γ (165). Tumor-associated macrophages (TAMs) exhibit an

alternatively activated macrophage (Type 2 or M2)-like phenotype and are thought to favor

tumor growth by downregulating immunity and facilitating angiogenesis (166). It has been

shown that products of Th1 (e.g. IFN-γ) and Th2 (e.g. IL-4) responses downregulate M2 and

M1 activity, respectively (167). Thus, downregulation of M2 activity by IFN-γ might be an

additional mechanism contributing to IFN-γ-mediated anti-tumor responses.

Concluding remarks

IFN-γ and its widely expressed receptor signaling regulate the function of a variety of cells,

including hematopoietic and non-hematopoietic cells, innate and adaptive immune cells, as

well as normal and malignant cells, and play a complex role in both GVHD and GVT

effects. Elimination of this cytokine in murine models markedly diminishes GVT effects but

exacerbates GVHD-associated parenchymal tissue injuries and mortality. Although the

underlying mechanisms remain partly undefined, inhibition of GVHD by IFN-γ is largely

mediated by promoting apoptosis and suppressing proliferation of alloreactive T cells, as

well as by signaling in parenchymal tissue cells that upregulate PD-L1 expression, leading

to elimination of alloreactive T cells within the GVHD target tissues. The role of IFN-γ in

Tregs is controversial. However, it is generally accepted that lack of IFN-γ leads to impaired

Treg function, thereby contributing to the exacerbation of GVHD. On the other hand,

promotion of GVT effects by IFN-γ may be due to the enhancement of LGVHR by IFN-γ,

which mediates GVT or GVL effects without severe GVHD. In addition to its direct

cytotoxic effect on hematopoietic and tumor cells, IFN-γ promotes the development of

alloreactive CTLs expressing FasL that preferentially kill hematopoietic and tumor cells.

IFN-γ may also promote GVT effects by upregulation of MHC antigen expression on cancer

cells, leading to increased sensitivity to CTLs, stimulation of anti-tumor innate immune

responses, and inhibition of tumor angiogenesis.
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Fig. 1. Interferon-γ (IFN-γ) promotes LGVHR while attenuating tissue graft-versus-host disease
(GVHD)
Sublethally irradiated mice receiving allogeneic donor spleen cells (SPC) alone from

wildtype (WT) donors succumb to hematopoietic failure with moderate tissue GVHD, while

most mice receiving a similar number of WT SPCs plus bone marrow (BM) cells survive

long-term. In contrast, administration of allogeneic SPCs from IFN-γ-deficient donors

induces severe tissue injury, leading to death prior to complete elimination of host

hematopoietic cells, and addition of donor BM cells cannot prevent death despite

significantly improved hematopoiesis.
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Fig. 2. Interferon-γ (IFN-γ) inhibits graft-versus-host disease (GVHD) through its signaling in
parenchymal tissues cells
IFN-γ signaling in non-hematopoietic cells within GVHD target tissues upregulates PD-L1

expression, leading to apoptosis of tissue-infiltrating alloreactive T cells and protection

against tissue injury. Compared to other GVHD target organs, intestine is more sensitive to

apoptosis induced by IFN-γ and IFN-γ-stimulated inflammation. However, IFN-γ

elimination has been shown to increase intestinal injury in allo-HCT recipients, suggesting

that the IFN-γ-mediated protective effect may outweigh its adverse effects. Dead cells are

indicated by a black colored nucleus.
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Fig. 3. Mechanisms of interferon-γ (IFN-γ)-mediated graft-versus-tumor effects
IFN-γ produced by activated T lymphocytes and innate immune cells in the lymphoid

system and the tumor promotes anti-tumor/leukemia responses by: (A) promoting cytotoxic

T lymphocytes (CTLs) with FasL expression that preferentially destroy tumor and leukemia

cells and (B) activating the tumoricidal activity of macrophages, natural killer and natural

killer T cells; (C) direct signaling in tumor cells that induces apoptosis and upregulates

major histocompatibility complex antigen and Fas expression leading to increased

sensitivity to CTLs and (D) inhibiting tumor angiogenesis.
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