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Summary. Allogeneic bone marrow transplantation 
(BMT) has been increasingly used for the treatment of 
both neoplastic and non-neoplastic disorders. However, 
serious obstacles currently limit the efficacy and thus 
more extensive use of BMT. These obstacles include : 
graft-versus-host disease (GVHD), relapse from the 
original tumor, and susceptibility of patients to 
opportunistic infections due to the immunosuppressive 
effects of the conditioning regimen .Overcoming these 
obstacles is complicated by dual outcome of existing 
regimens; attempts to reduce GVI-ID by depleting T cells 
from the graft, result in increased rates of tumor relapse 
and failure of engraftment. On the other hand, efforts to 
increase graft-versus-tumor (GVT) effects of the 
transplant also promote GVI-ID. In this review, the use of 
natural killer (NK) cells to overcome some of these 
obstacles of allogeneic BMT is evaluated. Adoptive 
immunotherapy using NK cells after allogeneic BMT 
has several potential advantages. First, NK cells can 
promote hematopoiesis and therefore engraftment by 
production of hematopoietic growth factors. Second, NK 
cells have been shown to prevent the incidence and 
severity of GVHD. This has been shown to be at leas t 
partially due to TGF-I3, an immunosuppressive cytokine. 
Third, NK cells have been shown to augment numerous 
anti-tumor effects in animals after BMT suggesting a 
vital role of NK cells in mediating GVT effects. Finally, 

K cells have been demonstrated to affect B cell 
recovery and function in mice. Therefore, understanding 
the mechanisms of beneficial effects of NK cells after 
BMT may lead to significant increases in the efficacy of 
this procedure. 
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Introduction 

Bone marrow transplantation (BMT) is currently 
used for patients with various malignant and non
malignant diseases including: severe anemias, acute and 
chronic leukemias, myelomas, and lymphomas, and its 
application is now extended to the treatment for some 
so lid tumors such as breast cancer (Storb, 1995 ; 
Lebkowski et al., 1997; Ringden, 1997). However, 
serious problems currently limit the efficacy of BMT. 
Two primary sources of stem cells for transplantation are 
autologous, in which the host's own bone marrow or 
peripheral blood is used, and allogeneic, in which the 
host receives stem cells from another person. There are 
advantages and disadvantages associated with both 
autologous and allogeneic BMT. In autologous BM'I~ the 
level of engraftment is high, and the risk of graft-versus
hos t disease (G VHD) is low due to a lack of 
histocompatibility barriers. Ilowever, when autologous 
BMT is used for the treatment of cancer, the relapse 
rates from the original tumor is significantly higher 
compared to allogeneic BMT (Storb, 1995). In contrast, 
allogeneic BMT has the advantage of lower rate of 
tumor relapse due to a graft-versus-tumor (GVT) effect 
presumably mediated by immunocompetent donor T 
cells. However, GVHD caused by the same 
contaminating T cells in the graft and is a significant 
cause of morbidity (Ferrara and Deeg, 1991) . T cell 
depletion from the graft reduces the incidence and 
severity of GVHD but also results in the higher rate of 
marrow graft failure, tumor relapse , and an increased 
occurrence of Epstein-Barr Virus (EBV) induced 
lymphomas (Storb, 1995). In addition, the conditioning 
regimen (i.e. total body irradiation and/ or chemo
therapy) required for both autologous and allogeneic 
BMT to reduce the tumor burden and remove host cells 
capable of resisting the graft, leaves patients with severe 
immunosuppression and a susceptibility to opportunistic 
infections (Walter and Bowden, 1995). In spite of these 
drawbacks, the shortage of histocompatibility antigen 
(HLJ\) matched s iblings among the patients who require 
BMT results in the increased use of marrow graft with 
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partial HLA matches or that from HLA-matched, 
unrelated donors. Therefore, it is essential to develop 
means to improve the efficacy of BMT. In the following 
sections, the issues relevant to GYHD and GYT effect 
and various efforts to improve the efficacy of BMT will 
be presented . 

Pathology of GVHD 

GYHD occurs in a patient undergoing allogeneic 
BMT due to contaminating donor T cells in the marrow 
graft attacking normal tissues of the host. To study the 
pathology a nd the mechanisms of GYHD, various 
experimental models are utilized. In particular, mouse 
model s have been useful in understanding the 
progression of GYHD due to the availability of inbred 
strains with known genotypes. In mouse models, acute 
GYHD is induced by deliberately infusing MHC 

/ . 

mismatched donor splenic T cells with the graft, and the 
severity of GYHD is measured by examining the major 
target organs. The extent of weight loss, skin lesions, and 
necrosis of gut and the liver (Table 1, Fig. 1) (Asai et aI., 
1998) resemble the manifestations of GYHD in clinical 
cases. Patients with acute GYHD experiences rash and 
eventually lesions in the skin and thus are at a high risk 
of infections (Gillman and Murphy, 1997). In the liver, 
venoocclusive disease occurs and results in susceptibility 
to viral hepatitis (Crawford, 1997). A significant necrosis 
of the epithelial cells and crypt abscesses in the gut are 
also associated with acute GYHD and leaves patients 
susceptible to bacterial and viral gastroenteritis as well as 
severe fluid loss (Mowat, 1997). In mice, weight loss is a 
common parameter assessed to monitor progression of 
the disease. In addition, pneumonitis may occur in the 
lung (Madtes and Crawford, 1997). Ultimately, in both 
mice and man, severe acute GYHD is often fatal due to 

Table 1. Pathology of acute GVHD induced by lethal TBI 
and MHC class I disparity in mice. 

ORGAN 

Gut 

PATHOLOGY 

Crypt cell hyperplasia in small intestine 
Villous sloughing in small intestine 
Ulcer/erosion in large intestine 
Granulomatous inflammation in colon 
Proliferative colitis in colon 
Proliferative typhlitis in cecum 

Liver Subacute inflammation 
Oval cell hyperplasia 
Hepatocellular vacuolation 

Skin Chronic active inflammation 
Squamous hyperplasia 
Dermal melanosis 
Exudate crust 
Hyperkeratosis 
Ulcer/erosion 

Fig . 1. A representative histological evaluation of mice 
receiving fully MHC·mismatched allogeneic BMT. The liver 
(A) and gut (8) from mice with acute GVHD were fixed in 
10% formalin, embedded in paraffin. sectioned, and stained 
with hematoxylin and eosin. A. x 33; B. x 25 
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the damage in multiple organ systems. 
It has been indicated that cytokines produced by 

both donor and recipient cells playa critical role in and 
contribute to the severity of GVHD. Total body 
irradiation (TBI), a conditioning regimen used for BMT, 
itself causes tremendous release of inflammatory 
cytokines that exacerbate GVHD. This can result in 
amplifying the activation and expansion of donor T cells 
that are sensitized to the host cells. For example, in 
mice, higher doses of TBI correlate with the increase in 
severity of and mortality due to GVHD (Hill et aI., 
1997). Furthermore, higher doses of TBI increase the 
level of inflammatory cytokines, TNF-a and IL-1, in the 
serum as early as 1 week after BMT and prime 
macrophages to respond to endogenous LPS resulting in 
increased production of inflammatory cytokines (Hill et 
al., 1997). 

Since GVHD is cell-mediated process, the 
hypothesis that THl-type cytokines such as IL-2 and 
IFN-y, which activate T cells, are deleterious, and TH2-
type cytokines (IL-4 and IL-lO) are protective has been 
generally accepted (Krenger and Ferrara, 1996). 
However, several recent reports show conflicting results. 
While neutralization of IL-12 has been shown to protect 
animals from the disease suggesting that IL-12 has 
deleterious effects (Williamson et al., 1997), Sykes et al. 
demonstrated that high doses of IL-2 or IL-12 can be 
protective (Sykes et aI., 1990, 1995a,b; Abraham et al., 
1992). Similarly, there are reports indicating both 
deleterious and protective roles of IFN-y (Brok et al., 
1993 , 1997; Krenger et aI. , 1996) as well as TH2 
cytokines in GVHD (Blazar et al., 1995; Krenger et al., 
1995, 1996a,b; Ushiyama et aI., 1995). Additionally, 
when IFN-y knockout (KO) mice are used as donors in 
allogeneic BMT, the recipient mice succumb to death 
much faster than the control mice from acute GVHD, 
suggesting that IFN-y can be protective in acute GVHD 
(Murphy et aI., 1998). Conversely, mice receiving 
allogeneic IL-4 KO cells survive longer than the control 
group suggesting that IL-4 may be deleterious in GVHD 
pathology (Murphy et al. , 1998). It has been suggested 
that IFN-y can be radioprotective (Gardner, 1998). 
Considering that the doses of TBI influence the level of 
inflammatory cytokines produced by the host cells, the 
roles of TH1 and TH2 cytokines play in onset and the 
severity of GVHD may depend on the extent of 
conditioning administered to the recipients. Indeed, 
preliminary results from experiments in which IFN-y KO 
donor cells are given to sublethally irradiated hosts 
indicate that they protect from GVHD suggesting that 
the extent of conditioning markedly changes the role of a 
particular cytokine in the pathology of GVHD 
(manuscript in preparation). 

Adoptive immunotherapy following BMT 

One obvious goal in cancer therapies is to develop 
means to optimize GVT effects without exacerbating 
GVHD after BMT. One such approach has been 

systemic administration of cytokines such as IL-2, GM
CSF, and G-CSF. For instance, G-CSF and GM-CSF, 
both hematopoietic growth factors , have been used after 
autologous and allogeneic BMT to enhance engraftment 
of hematopoietic cells and resistance to opportunistic 
infections (De Witte et al., 1992; Saarinen et al., 1996). 
IL-2 has bee n given after autologous BMT to promote 
the immune reconstitution and to decrease the rate of 
tumor relapse . However, the reports on the efficacy of 
IL-2 treatment are conflicting (Favrot et aI., 1989; Blaise 
et aI., 1990; Higuchi et aI., 1991; Attal et aI., 1995; 
Raspadori et al., 1995; Robinson et al., 1996). Although 
systemic administration of these cytokines can be 
helpful , it has been hampered by inefficient 
pharmacokinetics (Ruef and Coleman, 1991; Petros et 
aI., 1992; Robak, ] 995; Morstyn et aI., 1996) and 
subsequent toxicity at optimally effective doses. 

Rec e ntly , a strategy involving tumor-antigen 
vaccines and BMT has been attempted. In these studies, 
immunization of donor mice with tumor specific antigen 
before BMT and the tumor bearing hosts after BMT 
resulted in longer survival of the animals (Kwak et al., 
1991, 1996; Hornung et aI., 1995). Another avenue 
employed has been adoptive transfer of donor 
mononuclear cells following the transplant. Walter and 
colleagues have shown that transfusion of donor T cell 
clones specific for CMV promotes cellular immunity 
against CMV in patients after allogeneic BMT (Walter 
and Bowden, 1995). In addition, it has been 
demonstrated that infusion of buffy coat cells of donor 
origin decreases relapse rates (Collins et al., 1995; Porter 
and Antin, 1995; Tsuzuki et al., 1995; Bertz et aI., 1998). 
Unfortunately, the decrease in tumor relapse in some of 
these studies is strongly associated with the increase in 
GVHD (Collins et al., 1995 ; Porter and Antin, 1995; 
Tsuzuki et aI., 1995; Bertz et aI., 1998). However, 
delayed lymphocytic infusions (DLI), administered well 
after the transplant has resulted in significant GVT with 
less GVHD. Another study has also shown that infusion 
of donor-derived polyclonal T-cell clones specific for 
EBV proteins enhance anti-tumor responses against 
EBV-induced or EBV-related lymphoma in patients who 
received T-cell depleted BMC (Rooney et aI., 1998). 
Adoptive transfer of T cell clones specific for the 
defined minor H antigens could selectively increase T 
cell responses against leukemia (Warren et aI., 1998). 
The accumulating results from adoptive immunotherapy 
using donor mononuclear cells after allogeneic BMT 
show that it is of critical importance to delineate and 
dissociate the mechanisms of GVHD versus GVT to 
develop effective means to overcome the obstacles 
associated with allogeneic BMT. In this regard, 
understanding the biology and potential role(s) of natural 
killer cells can bring some insights in order to exploit 
their use in immunotherapy (Murphy and Longo, 1997). 

Natural killer cells 

Natural killer (NK) cells were originally described 
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as lymphoid cells capable of lysing transformed or 
virally-infected cells without prior sensitization in vitro 
(Trinchieri, 1989). NK cells do not require previous 
exposure to antigens in context of MHC, as in the case 
with T cells, to carry out the effector functions, and thus 
their cytotoxic ability is defined as non-MHC restricted. 
However, as it will be discussed later, MHC class I 
expression on target cells plays an important role in NK 
cell cytotoxicity (George et aI., 1997; Hoglund et aI., 
1997). NK cells do not rearrange either TCR alB or y/b 
genes or immunoglobulin genes (Trinchieri, 1989; 
Lanier et aI. , 1992). Human NK cells are characterized 
by the expression of CD56 (NCAM) and CD16 
(FcyRIII) (Trinchieri, 1989). Similarly, mouse NK cells 
are also characterized by the pan expression of NK 1.1 
(Koo and Peppard, 1984) and DX5 (Ortaldo et al. , 1998) 
as well as asialo GM1 (Yang et al., 1985) and Fc;yRIII 
(Perussia et al., 1989). These markers are not truly NK
specific in that a small subpopulation of CD4+ T cells 
also express NK 1.1 (Arase et aI. , 1993). However, NK 
cells can be defined as a distinct population that 
expresses certain markers (i. e. NK1.1 and FcyR) and 
lacks others (i.e. CD3). As both human and murine NK 
cells express intermediate affinity IL-2 receptor, they can 
be activated by IL-2 in vivo and in vitro. In addition, a 
number of cytokines such as IFN-a/B and IL-12 can 
activate NK cells to proliferate and augment cytotoxicity 
(Chehimi et aI., 1993). IL-15 has been described and 
shown to activate mature NK cells although its activity 
may be more important for the development of immature 
NK cells (Carson et aI., 1994; Puzanov et aI., 1997). 
Activated NK cells are potent producers of IFN-y, which 
plays a critical role in some viral as well as bacterial 
infections (Biron and Gazzinelli, 1995 ; Biron , ] 998). 
Additionally, there are accumulating data indicating that 
NK cells produce numerous other cytokines such as 
GM-CSF, G-CSF, TNF-a, TGF-B, IL-], and IL- 8 
(Trinchieri , 1989). 

One of the major effector functions of NK cells is 
direct cytotoxicity against various cell types. It has been 
shown that NK cells utilize cytolytic granules, including 
perforin and granzymes, which are released upon 
ligation of receptors (Trapani and Smyth , 1993). NK 
cells can also kill targets via Fas/ FasL interaction 
(Oshimi et al. , 1996). 

One of the first descriptions of NK effector functions 
came from the observation of their ability to reject bone 
marrow allografts in lethally irradiated mice (Cudkowicz 
and Bennett, 1971a). Moreover, NK cells were shown to 
mediate a unique process called "hybrid resistance" in 
which F1 hybrid recipients reject parental bone marrow 
graft while accepting solid tissue (Cudkowicz and 
Bennett, 197] b; Bennett , 1987). Thus , it has been 
proposed that NK cells may playa role in homeostasis of 
hematopoiesis. However, the mechanisms involved in 
hybrid resistance and the rejection of bone marrow 
allografts are yet to be delineated. While it is possible 
that NK cells may see some other determinants in 
addition to MHC class I ligand on hematopoietic cells 

and mediate cytotoxicity against BMC via perforin 
and/or FasL, it has been shown that NK cells do not kill 
BMC in vitro (Aguila and Weissman, 1996). 
Furthermore, perforin knockout mice and gld mice that 
are defective in FasL (Baker et al., 1995) expression and 
yet can mediate BMC rejection indicating that other 
mechanisms such as production of appropriate cytokines 
may be involved in regulating hematopoiesis. 
Additionally, it appears that the environmental 
conditions in which the experimental mice are housed 
may be an important factor contributing to the rejection 
of the graft (Bennett et al., 1998). 

Understanding the role of NK cells in hematopoiesis 
has become more complicated by now a growing list of 
receptors whose expression defines NK cell subsets. In 
mice, these receptors are C-lectin type molecules and 
members of Ly-49 family (Ryan and Seaman, 1997); in 
human NK cells, there exist killer immunoglobulin-like 
receptors (KIR) which belong to immunoglobulin 
superfamily (Reyburn et aI., 1997). These receptors have 
different specificities for MHC class I molecules, and 
some of their cytoplasmic portion include tyrosine based 
motifs, immunoreceptor tyrosine-based inhibitory motif 
(ITIM), which deliver an inhibitory signal when the 
receptors bind their ligands (Ryan and Seaman, 1997; 
Reyburn et aI., 1997). Existence of the subsets of NK 
cells characterized by expression of various inhibitory 
receptors can provide some insights with regard to the 
mechanism of the rejection of bone marrow allografts by 
NK cells. Bone marrow cells which lack the expression 
of MHC class I molecules specific for certain Ly-49 
receptors expressed on NK cell subsets results in the 
absence of a negative signal and thus rejection of the 
graft occurs. Furthermore, there appears to be a 
regulatory mechanism among the subsets of NK cells 
such that the presence or absence of certain subsets can 
influence the functions of other subsets (Raziuddin et aI. , 
1996, 1998). In addition, there are increasing number of 
studies demonstrating that negative signals generated via 
binding of MHC class I molecules by inhibitory 
receptors down-regulate cytotoxicity mediated by NK 
cell subsets expressing the receptors in vitro (George et 
aI. , 1997). Recently, it has been reported that negative 
signals received through Ly-49 receptors also inhibit 
cytokine production by NK cells in vitro (Ortaldo et al. , 
1997). Interestingly, in mice, at least two of the Ly-49 
receptors, Ly-49D and Ly-49H, have been shown to lack 
!TIM in their cytoplasmic domains (Smith et al., 1998). 
Instead, they associate non-covalently with another 
transmembrane protein, DAP12, which contains ITAM, 
and thus cross-linking of these receptors results in 
generation of activating signals (Smith et aI., 1998; 
George et al. , 1999). Recently, such activation receptors 
were identified in human NK cells with NKG2C being 
shown to bind DAP12 and result in activating signals 
(Lanier et aI., 1998). Therefore , it appears that the 
intricate balance between the signals generated through 
these receptors playa critical part in NK cell functions. 
As NK cells do not appear to reject solid tissue allografts 
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yet mediate anti-tumor effects, it is possible that they 
may be of potential use as an immunotherapy in cancer. 

The role of NK cells in GVHD and GVT after BMT 

The efforts to dissect the role of NK cells in GVHD 
has been hampered by the difficulty in obtaining pure 
population of NK cells without contaminating T cells. 
Previous ly, it has been shown that depletion of cells 
expressing the glycoprotein asialo GM1 (ASGM1), 
which includes NK cells, by treatment of mice with anti
ASGM1 antibody res ulted in reduced GVHD in 
incidence and severity (Charley et aI., 1983). It also has 
been re port ed that ASGMl+ cells, as well as NK 
activity, as assessed by cytotoxicity, can be detected 
from the lesions during acute GVHD (Ghayur et aI., 
1987, 1988). However, activated T cells and 
macrophages also express ASGM1 and thus the absence 
of these cell types in reducing the severity of GVHD 
cannot be excluded. More recently, there has been a 
report that depletion of NK1.1 + cells from donor BMC 
s ignificantly reduced the incidence of GVHD and 
increased the survival of mice receiving the allograft 
(Ellison et aI., 1998). However, the effect of depletion of 
NK1.1 + cells could only be seen when donor mice were 
pretreated with an agent that induced interferon alpha
beta, and thus it is difficult to interpret the data in 
relation to clinical scenarios. 

The role of NK cells in GVHD may also depend on 
the particular time-point in which they are assessed. NK 
cells produce inflammatory cytokines such as TNF-u 
and IL-1 that can worsen ongoing GVHD. In addition, 
NK cells can produce IFN-y at high levels, which can 
increase the expression of MHC alloantigens on the host. 
On the other hand, it has been shown that NK cells can 
also produce cytokines that are inhibitory to immune 

1. Induction 2. ExpansIon 

TH2 

e 
t TGF-~ 

functions. For instance, NK cells have been 
demons tra ted to inhibit generation of cytotoxic T 
lymphocyte (CTL) precursors in mixed lymphocyte 
culture via TGF-I3 (Yamamoto et aI., 1994). Similarly, it 
has been shown that activated NK cells can suppress 
GVHD in mice following allogeneic BMT (Asai et aI., 
1998). In this study, lethally irradiated C57BL/6 (H2b) 
mice received allogeneic BMC (BALB/c, H2d) along 
with IL-2 activated NK cells from C. B-17 severe 
combined immunodeficient (SCID) (H2d) mice. scm 
mice do not rearrange TCRu/I3 or immunoglobulin genes 
and thus lack B and T cell functions, but are an excellent 
source of NK cells. The results demonstrated that IL-2 
activated NK cells did not induce GVHD after 
allogeneic BMT. Moreover, donor-typ e NK cells 
inhibited GVHD in mice that received allogeneic 
splenocytes with BMC to induce acute GVHD (Asai et 
aI., 1998). Further studies addressing the mechanism of 
inhibition of GVHD by IL-2 activated donor type NK 
cells indicated that the protection from GVHD was due 
to TGF-I3, as mice concurrently treated with anti-TGF-I3 
monoclonal antibody succumbed to GVHD (Asai et aI., 
1998). It should be noted that the protective effects of 
IL-2 activated NK cells were critically dependent on the 
timing of the adoptive transfer. Administering IL-2 
activated NK cells to recipient mice later than three days 
after allogeneic BMT worsened GVHD (Murphy and 
Longo, 1997). It is possible that IL-2 treatment at a later 
time point following allogeneic BMT may activate 
donor T cells that are already responding to host 
antigens, and/or it may be due to the inflammatory 
cytokines produced by the IL-2 activated NK cells 
affecting the target tissues. 

This critical element of timing offers some insights 
into the role of NK cells in GVHD. It appears that IL-2 
activated donor type NK cells can prevent induction of 

4. Effec:tor Stage 

Fig. 2. Dual effects of IL-2 activated NK cells in GVHD. At the induction phase of GVHD, where donor T cells are sensitized by host cells, IL-2 activated 
NK cells can protect the host by production of immunosuppressive cytokines such as TGF-13 to inhibit the expansion of the sensitized donor T cells. 
However, if IL-2 activated NK cells are introduced after the induction phase, IFN-y produced by NK cells can enhance the production of other THI 
cytokines, which augment donor T cell responses (expansion and recruitment). Therefore, together with enhanced donor T cell responses and other 
inflammatory cytokines, NK cells can exacerbate GVHD via the mechanisms such as perforin, fasL, and TNF (effector stage) . 
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GYHD at least in partvia induction of TGF-f3 at the 
initiation of GYHD when donor T cells are sensitized by 
host cellular antigens. However, once the alloreactive T 
cells begin to respond and inflammatory cytokines are 
produced, NK cells no longer can protect the host from 
GYHD and contribute to the pathology of GYHD (Fig. 
2). Therefo re , the possible application of adoptive 
transfer of IL-2 activated donor NK cells as an approach 
to reduce GYHD in clinical settings should be reviewed 
carefully. It may be necessary to transfer activated NK 
cells with a T cell depleted marrow graft. NK cells 
should still provide protection from GYHD that may 
result from residual T cells and ma y enhance 
engraftment and immune recovery. 

Because of the ability of NK cells to lyse various 
transformed cell lines in vitro, it has been hypothesized 
that the major role of NK cells is in immunosurveillance 
to remove spontaneously arising tumor cells. Although 
there is no direct evidence of immunosurveillance by 
NK cells, there is a correlation between NK activity and 
longer period of remission and increased duration of 
survival in some human studies (Schantz et aI., 1987). In 
addition, reduction in NK activity is correlated with 
tumor relapse (Pross et aI., 1984). Anti-tumor effects of 
NK cells have been reported especially in mice with 
metastatic tumors (Trinchieri, 1989). It has been reported 
that GYT effects can be mediated by ASGM1+ cells, 
which include NK cells, after allogeneic BMT without 
the evidence of GYHD (Okunewick et aI., 1995). 
Furthermore, it has been demonstrated that adoptive 
transfer of IL-2 activated donor NK cells along with 
allogeneic BMT can significantly increase the survival 
of mice with advanced colon carcinoma (Asai et ai., 
1998). Therefore, IL-2 activated donor type NK cells 
appear to exert protective effects on both GYHD and 
GYT, and more importantly, this model provides a 
means to dissociate the mechanisms of GYHD from 
GYT. 

NK cells and immune reconstitution after BMT 

Although NK cells have been mainly described for 
cytotoxic effector function, reports indicating the 

Table 2. Mitogenic responses of splenocytes at day 21 post-allogeneic 
BMTS. 

TREATMENT 

PBS 
IL-2 
ALAKc±IL-2 

LPS (25 J.lglml) 

3.762±1.435b 

5.027±1.814 
16.611 ±2.185d 

ConA (5 J.lg/ml) 

3.742±1.519 
7.156±781 

33.013± 7.5088 

a: lethally irradiated C57BL/6 mice were given 1 xl 07 BALB/c BMC; 
b: proliferative responses were determined by uptake of 3[H]-Thymidine 
in 4 day cultures, the values represent geometric means of responses of 
splenocytes from 3 separate mice ± SEM in cpm; c: donor ALAK cells 
were prepared by activating T and B cell-depleted BALB/c splenocytes 
and BMC with IL-2 for 6-7 days; d: using Welch 's approximation test, 
p=O.OOl compared to IL-2 treated group; e: using Welch's approximation 
test , p=0.009 compared to IL-2 treated group. 

regulatory role of NK cells during immune responses 
have also been accumulating. For example, activation of 
NK cells in vivo with either polyinocynic-polycytidylic 
acid [poly (I:C)] or certain tumor cells can increase 
antigen specific IgG2a without affecting other antibody 
isotypes during T-dependent (TD) and T-independent 
(TI) antibody responses (Wilder et aI., 1996; Koh and 
Yuan, 1997). This increase in IgG2a depends on the 
presence of NK cells as depletion of NK cells abrogates 
the response. Since IFN-y is a major inducer of 
switching the immunoglobulin isotype to IgG2a 
(Snapper and Paul, 1987), IFN-y produced by activated 
NK cells appears to play an essential role in regulation 
of antibody responses. 

In light of the fact that activated NK cells produce 
cytokines that can not only modulate immune responses 
(i. e. IFN-y) but also promote hematopoietic recovery 
after allogeneic BMT (i.e. GM-CSF and G-CSF), 
adoptive transfer of IL-2 activated donor NK cells have 
been used to examine their role in immun e 
reconstitution. Previous studies indicate that adoptive 
transfer of IL-2 activated donor NK cells promote 
hematopoietic engraftment as demonstrated by increases 
in hematopoietic colony formation by BMC and 
splenocytes in vitro after allogeneic BMT in mice 
(Murphy et aI., 1992a,b). It also increases the rate of B 
cell development and the degree of donor chimerism in 
bone marrow (Murphy et aI., 1992). In order to delineate 
the effects of NK cells on immune reconstitution and 
function, lethally irradiated C57BL/6 (H2b) mice were 
given IL-2 activated adherent lymphokine activated 
killer (ALAK) cells. The ALAK cells were prepared 
from Band T cell-depleted BALB/c (H2d) splenocytes 
and BMC and thus >90% NK cells. One day after the 
adoptive transfer of donor-type ALAK cells, mice 
received allogeneic donor BMC. In addition, systemic 
administration of IL -2 was performed for three 
consecutive days beginning on the day of ALAK cell 
transfer. At various days post-BMT, splenocytes from 
these mice were stimulated with the mitogens LPS or 
Concanavalin A. The res ults indicated that the 
proliferative responses of splenocytes from mice given 
donor ALAK cells with BMT were significantly higher 
compared to those from control mice (Table 2). The 

Table 3. Total serum Ig production post-allogeneic BMTS. 

TREATMENT IgG1 (j.Jg/ml)b IgG2a (j.Jg/ml) 

Day 9 Day 14 Day9 Day 14 

PBS 82.8±30.l7 53.2±10.99 3.85±2.83 4.30±1.74 
IL-2 87.9±22.98 62.9±1 5.03 2.83±2.05 8.34±6.32 
ALAKc+IL-2 94.6±22.98 62.9±13.l8 11.74±2.48d 10.95±2.94 

a: lethally irradiated C56BL/6 mice were given 4x106 BALB/c BMC; 
b: total serum immunoglobulin levels were determined by ELISA; 
c: donor ALAK cells were prepared by activating T and B cell-depleted 
BALB/c splenocytes and BMC with IL-2 for 6-7 days. d: the level of 
serum IgG2a in ALAK treated group (p<O.OOl) compared to PBS and IL-
2 control groups. The p values were obtained using student t-test . 
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analysis of total serum immunoglobulin (Ig) leve ls 
s howed that adoptive transfer of donor ALAK cells 
resulted in increased level of serum IgG2a without 
affecting other isotypes compared to those in control 
group at day 9 followed by comparable levels of IgG2a 
at day 14 and 2 1 post-BMT (Table 3). These results 
suggest that the increase in serum IgG2a may be due to 
the effect of ALAI< cells on donor plasma cells present 
in bone marrow. Although a further functional analysis 
of donor ALAK cell transfer on s pecific immun e 
responses in vivo is needed, the results are encouraging 
that NK cells may have beneficial effects on immune 
recovery after allogeneic BMT. 

It has been demons trated that NK cells play an 
important role in early resistance to viral, bacterial, and 
fungal infections (Biron and GazzineJli , 1995). In many 
of the studies, IFN-y produced by NK cells at early time 
points during the infection is essential in amplifying the 
immune response through induction of IL-12 (Biron and 
Orange, 1995; Biron, 1998). Adoptive transfer of donor 
ALAK cells, therefore, may augment the host immune 
response to the opportunistic infections by promoting the 
recovery immune cells and production of cytokines that 
are protective. With regard to enhancement of immune 
response, it would be important to examine the role of 
NK cell subsets as they are characterized by expression 
of inhibitory and/or activation receptors. It would be of 
interest if adoptive transfer of certain subsets of ALAK 
cells , bearing different Ly-49 receptors can promote 
immune responses to a greater extent than whole 
populations of NK cells. 

Conclusions 

In order to enhance the efficacy of allogeneic BMT 
for the treatment of cancer, it is essential to augment 
GYT effects without increasing GYHD, and various 
efforts have been made to achieve this objective. These 
efforts include the use of sy s temic cytokine 
administration , tumor antigen-vaccine therapy, and 
adoptive cellular immunotherapy of donor mononuclear 
ce ll s . Additionally, experimental animal model s of 
adoptive transfer of activated donor NK cells have been 
explored. These studies show that activated donor NK 
cells prevent GYHD and enhance GYT effects as well as 
engraftment of donor BMC and immune recov e ry. 
Further investigations of the optimal conditions for the 
use of activated donor NK cells may provide an effective 
means to enhance the efficacy of allogeneic BMT. 

Acknowledgements. The content of this publication does not necessarily 

reflect the views or policies of the Department of Health and Human 

Services. nor does mention of trade names. commercial products, or 

organizations imply endorsement by the U.S. Government. Animal care 

was provided in accordance with the procedures outlined in the "Guide 
for the Care and Use of Laboratory Animals" (NIH Publication No. 86-

23. 1985) This project has been funded in whole or in part with Federal 

funds from the National Cancer Institute, National Institutes of Health 

under Contract No. N01 -CO-56000. 

References 

Abraham V.S ., Sachs D.H. and Sykes M. (1992) . Mechanism of 

protection from graft-versus-host disease mortality by IL- 2. III. Early 

reductions in donor T cell subsets and expansion of a CD3+CD4-

CD8- cell population. J. Immuno!. 148, 3746-3752. 

Aguila H.L. and Weissman I.L. (1996). Hematopoietic stem cells are not 

direct cytotoxic targets of natural killer cells. Blood 87, 1225-1231 . 

Arase H., Arase N., Nakagawa K., Good R.A. and Onoe K. (1993). 

NK1.1 + CD4+ CD8- thymocytes with specific Iymphokine secretion . 

Eur. J. Immunol. 23, 307-310. 

Asai 0 ., Longo D. L. , Tian Z.G ., Hornung R.L., Taub D.D., Ruscetti FW. 

and Murphy W.J. (1998) . Suppression of graft-versus-host disease 

and amplification of graft- versus-tumor effects by activated natural 

killer cells after allogeneic bone marrow transplantation. J. Clin. 
Invest. 101 , 1835-1842. 

Attal M. , Blaise D., Marit G., Payen C., Michallet M. , Vern ant J.P., 

Sauvage C ., Troussard X ., Nedellec G . and Pica J . (1995) . 

Consolidation treatment of adult acute lymphoblastic leukemia: a 

prospective , randomized trial comparing allogeneic versus 

autologous bone marrow transplantation and testing the impact of 

recomb inant interleukin -2 after autologous bone marrow 

transplantation. BGMT Group. Blood 86, 1619-1628. 

Baker M.B., Podack E.R. and Levy R.B. (1995) . Perforin- and Fas

mediated cytotoxic pathways are not required for allogeneic 

resistance to bone marrow grafts in mice. BioI. Blood Marrow 

Transplant. 1, 69-73. 

Bennett M. (1987) . Biology and genetics of hybrid resistance. Adv 

Immuno!. 41 , 333-445. 

Bennett M., Taylor P.A., Austin M. , Baker M.B., Schook L.B., Rutherford 

M., Kumar V., Podack E.R., Mohler K.M., Levy R.B. and Blazar B.R. 

(1998) . Cytokine and cytotoxic pathways of NK cell rejection of class 

I-deficient bone marrow grafts: influence of mouse colony 

environment. Int Immuno!. 10, 785-790. 

Bertz H., Kunzman R. , Bunjes D. and Finke J. (1998) . Successful 

adoptive immunotherapy for relapse of AML 9 years after T-cell

depleted BMT. Br. J. Haemato!. 103, 563-564. 

Biron C.A. (1998) . Role of early cytokines, including alpha and beta 

interferons (IFN-alpha/beta), in innate and adaptive immune 

responses to viral infections. Semin. Immuno!. 10, 383-390. 

Biron CA and Gazzinell i R.T. (1995). Effects of IL-12 on immune 

responses to microbial infections : a key mediator in regulating 

disease outcome. Curro Opin. Immuno\. 7, 485-496. 

Biron C.A . and Orange J .S. (1995) . 1L12 in acute viral infectious 

disease. Res. Immuno!. 146, 590-600. 
Blaise D., Olive D. , Stoppa A.M., Viens P., Pourreau C. , Lopez M. , Attal 

M., Jasmin C. , Manges G. and Mawas C. (1990) . Hematologic and 

immunologic effects of the systemic administration of recombinant 

interleukin-2 after autologous bone marrow transplantation. Blood 

76, 1092-1097. 

Blazar B.R., Taylor PA , Smith S. and Vallera D.A. (1995) . Interleukin-

10 administration decreases survival in murine recipients of major 

histocompatibil ity complex disparate donor bone marrow grafts. 

Blood 85, 842-851. 
Brok H.P. , Heidt P.J. , van der Meide P.H., Zurcher C. and Vossen J.M. 

(1993) . Interferon-gamma prevents graft-versus-host disease after 

allogeneic bone marrow transplantation in mice. J. Immuno!. 151 , 

6451-6459. 

Brok H.P., Vossen J .M. and Heidt P.J. (1997) . Interferon-gamma-



1208 

NK cells and adoptive immunotherapy 

mediated prevention of graft-versus-host disease: development of 

immune competent and alio-tolerant T celis in chimeric mice, Bone 

Marrow Transplant. 19, 601-606, 

Carson W.E. , Giri J.G. , Lindemann M.J., Linett M.L., Ahdieh M., Paxton 

R. , Anderson D. , Eisenmann J., Grabstein K. and Caligiuri M.A. 

(1994) . Interleukin (IL) 15 is a novel cytokine that activates human 

natural killer celis via components of the IL-2 receptor. J. Exp. Med. 

180,1395-1403. 

Charley M.R. , Mikhael A., Bennett M. , Giliiam J.N. and Sontheimer R.D. 

(1983) . Prevention of lethal , minor-determinate graft-host disease in 

mice by the in vivo administration of anti-asialo GM 1. J Immunol. 

131 , 2101 -2103. 

Chehimi J ., Valiante N.M. , D'Andrea A., Rengaraju M., Rosado Z., 

Kobayashi M., Perussia B., Wolf S.F., Starr S.E. and Trinchieri G. 

(1993) . Enhancing effect of natural kilier cell stimulatory factor 

(NKSF/interleukin-12) on celi -mediated cytotoxicity against tumor

derived and virus-infected cells. Eur. J. Immunol. 23, 1826-1830. 

Collins R.H. Jr. , Pineiro L.A., Nemunaitis J.J., Jain V.K. , Waxman D., 

Miller W.V. and Fay J.w. (1995) . Transfusion of donor buffy coat 

cells in the treatment of persistent or recurrent malignancy after 

allogeneic bone marrow transplantation. Transfusion 35, 891 -898. 

Crawford J.M. (1997). Graft-versus-host disease of the liver, In: Graft

vs.-host disease. 2nd ed . Ferrara J.L.M and Burakoff S,J. (eds) . 

Marcel Dekker, Inc. New York. pp 315-336. 

Cudkowicz G. and Bennett M. (1971a). Peculiar immunobiology of bone 

marrow allografts. I. Graft rejection by irradiated responder mice. J. 
Exp. Med. 134,83-102. 

Cudkowicz G. and Bennett M. (1971b). Peculiar immunobiology of bone 

marrow allografts. II. Rejection of parental grafts by resistant F 1 

hybrid mice. J. Exp. Med. 134, 1513-1528, 

De Witte T., Gratwohl A., Van Der Lely N., Bacigalupo A , Stern AC., 

Speck B., Schattenberg A. , Nissen C., Gluckman E. and Fibbe W.E. 

(1992). Recombinant human granulocyte-macrophage colony

stimulating factor accelerates neutrophil and monocyte recovery 

after allogeneic T-cell - depleted bone marrow transplantation . Blood 

79,1359-1365. 

Ellison CA, HayGlass K.T. , Fischer J.M., Rector E.S., MacDo.nald G.C. 

and Gartner J.G. (1998) . Depletion of natural killer cells from the 

graft reduces interferon-gamma levels and lipopolysaccharide

induced tumor necrosis factor-alpha release in F1 hybrid mice with 

acute graft-versus-host disease. Transplantation 66, 284-294. 

Favrot M.C" Floret D., Negrier S., Cochat P., BouHet E. , Zhou D.C., 

Franks C.R. , Bijman T., Brunat-Mentigny M. and Philip I. (1989) . 

Systemic interleukin-2 therapy in children with progress ive 

neuroblastoma after high dose chemotherapy and bone marrow 

transplantation. Bone Marrow Transplant. 4, 499-503. 

Ferrara J.L. and Deeg H.J. (1991) . Graft-versus-host disease [see 

comments]. N. Engl. J. Med. 324, 667-674. 

Gardner RV (1998) . Interferon-gamma (IFN-gamma) as a potential 

radio- and chemo-protectant. Am. J. Hematol. 58, 218-223. 

George T. , Yu Y.Y. , Liu J., Davenport C. , Lemieux S., Stoneman E., 

Mathew P.A., Kumar V. and Bennett M. (1997). Allorecognition by 

murine natural killer celis : lysis of T-Iymphoblasts and rejection of 

bone-marrow grafts. Immunol. Rev. 155, 29-40. 

George T.C ., Mason L.H ., Ortaldo J.R. , Kumar V. and Bennett M. 

(1999) . Positive recognition of MHC class I molecules by the Ly49D 

receptor of murine NK cells . J. Immunol. 162,2035-2043. 

Ghayur T., Seemayer T.A. and Lapp W.S. (1987) . Kinetics of natural 

killer cell cytotoxicity during the graft-versus-host reaction . 

Relationship between natural killer cell activity, T and B cell activity, 
and development of histopathological alterations, Transplantation 

44, 254-260. 

Ghayur T., See mayer T.A. and Lapp W.S. (1988). Prevention of murine 

graft-versus-host disease by inducing and eliminating ASGM 1 + cells 

of donor origin. Transplantation 45, 586-590. 
Gillman A and Murphy G.F. (1997). Celiular pathology of cutaneous 

graft-versus-host disease. In: Graft-vs.-host disease. 2nd ed. Ferrara 

J.L.M. and Burakoff S.J . (eds) . Marcel Dekker, Inc. New York. pp 

291-314. 
Higuchi C.M. , Thompson JA, Petersen F.B., Buckner C.D. and Fefer A 

(1991) . Toxicity and immunomodulatory effects of interleukin-2 after 

autologous bone marrow transplantation for hematologiC 

malignancies. Blood 77, 2561-2568. 

Hill G.R. , Crawford J.M., Cooke K.R ., Brinson Y.S., Pan L. and Ferrara 

J .L. (1997). Total body irradiation and acute graft-versus-host 

disease: the role of gastrOintestinal damage and inflammatory 

cytokines. Blood 90, 3204-3213. 

Hoglund P., Sundback J., Olsson-Alheim M.Y., Johansson M., Salcedo 

M., Ohlen C., Ljunggren H.G., Sentman C.L. and Karre K. (1997) . 

Host MHC class I gene control of NK-cell specificity in the mouse. 

Immunol. Rev. 155, 11-28. 

Hornung R.L., Longo D.L., Bowersox O.C. and Kwak L.W. (1995). 

Tumor antigen-specific immunization of bone marrow transplantation 

donors as adoptive therapy against established tumor. J . Natl. 

Cancer Ins!. 87, 1289-1296. 

Koh C.Y. and Yuan D. (1997). The effect of NK cell activation by tumor 

cells on antigen-specific antibody responses. J. Immunol. 159, 4745-

4752. 

Koo G.C. and Peppard J.R. (1984). Establishment of monoclonal anti

Nk-1.1 antibody. Hybridoma 3, 301-303. 

Krenger W. and Ferrara J.L. (1996). Graft·versus-host disease and the 

Th1/Th2 paradigm. Immunol. Res. 15,50-73. 

Krenger W., Snyder K.M ., Byon J.C., Falzarano G. and Ferrara J.L. 

(1995). Polarized type 2 alloreactive CD4+ and CD8+ donor T cells 

fail to induce experimental acute graft-versus-host disease. J 

Immunol. 155, 585-593. 

Krenger W., Falzarano G. , Delmonte J. Jr., Snyder K.M ., Byon J.C. and 

Ferrara J.L. (1996a). Interferon-gamma suppresses T-c ell 

proliferation to mitogen via the nitriC ox ide pathway during 

experimental acute graft-versus-host disease. Blood 88, 1113·1121 . 

Krenger W. , Cooke K.R., Crawford J.M., Sonis S.T. , Simmons R., Pan 

L. , Delmonte J., Jr., Karandikar M. and Ferrara J .L. (1996b). 

Transplantation of polarized type 2 donor T celis reduces mortality 

caused by experimental graft-versus-host disease. Transplantation 

62,1278-1285. 

Kwak L.W., Campbell M.J., Zelenetz AD. and Levy R. (1991 ). Transfer 

of specific immunity to B-cell lymphoma with syngeneic bone 

marrow in mice: a strategy for using autologous marrow as an anti

tumor therapy. Blood 78, 2768-2772. 

Kwak L.w., Pennington R. and Longo D.L. (1996) . Active immunization 

of murine allogeneic bone marrow transplant donors with B-cell 

tumor-derived idiotype: a strategy for enhancing the specific 

antitumor eHect of marrow grafts. Blood 87, 3053-3060. 

Lanier L.L., Spits H. and Phillips J .H. (1992). The developmental 

relationship between NK celis and T celis. Immunol. Today. 13, 392-

395. 

Lanier L.L., Corliss B., Wu J. and Phillips J.H. (1998). Association of 

DAP12 with activating CD94/NKG2C NK celi receptors. Immunity 8, 



1209 

NK cells and adoptive immunotherapy 

693-701. 
Lebkowski J.S., Philip R. and Okarma T.B. (1997). Breast cancer: cell 

and gene therapy. Cancer Invest. 15, 568-576. 
Madtes O.K. and Crawford SW. (1997). Lung injuries associated with 

graft-versus-host reactions. In : Graft-vs .-host disease. 2nd ed . 
Ferrara J.L.M and Burakoff S.J. (eds). Marcel Dekker, Inc. New 
York. pp 425-446. 

Morstyn G., Foote M. and Lieschke G.J. (1996) . Hematopoietic growth 
factors in cancer chemotherapy. Cancer Chemother. BioI. Response 
Modif. 16, 295-314. 

Mowat A. (1997). Intestinal graft-versus-host disease. In: Graft-vs.-host 
diseas. 2nd ed. Ferrara J.L .M and Burakoff S.J. (eds) . Marcel 
Dekker, Inc. New York. pp 337-384. 

Murphy W.J. and Longo D.L. (1997) . The potential role of NK cells in the 

separation of graft - versus-tumor effects from graft-versus-host 
disease after allogeneic bone marrow transplantation . Immunol. 
Rev. 157, 167-176. 

Murphy W.J., Bennett M., Kumar V. and Longo D.L. (1992a) . Donor
type activated natural killer cells promote marrow engraftment and B 
cell development during allogeneic bone marrow transplantation. J. 
Immunol. 148, 2953-2960. 

Murphy w'J., Keller J.R. , Harrison C.L. , Young HA and Longo D.L. 
(1992b) . Interleukin-2-activated natural killer cells can support 
hematopoiesis in vitro and promote marrow engraftment in vivo. 

Blood 80, 670-677. 
Murphy W.J. , Welniak L.A., Taub D.O. , Wiltrout R.H., Taylor P.A. , 

Vallera D.A. , Kopf M. , Young H., Longo D.L. and Blazar B.R. (1998) . 
Differential effects of the absence of interferon-gamma and IL-4 in 
acute graft-versus-host disease after allogeneic bone marrow 
transplantation in mice. J. Clin. Invest. 102, 1742-1748. 

Okunewick J.P. , Kociban D.L. , Machen L.L. and Buffo M.J. (t 995) . 
Evidence for a possible role of Asialo-GMI-positive cells in the graft

versus-leukemia repression of a murine type-C retroviral leukemia. 
Bone Marrow Transplant. 16, 451-456. 

Ortaldo J.R., Mason L.H., Gregorio T.A., Stoll J. and Winkler-Pickett 
R.T. (1997) . The Ly-49 family: regulation of cy10kine production in 
murine NK cells. J. Leukoc. BioI. 62, 381-388. 

Ortaldo J.R., Winkler-Pickett R., Mason AT. and Mason L.H. (1998). 
The Ly-49 family: regulation of cy1otoxicity and cy10kine production 
in murine CD3+ cells. J. Immunol. 160, 1158-1165. 

Oshimi Y., Oda S., Honda Y., Nagata S. and Miyazaki S. (1996). 
Involvement of Fas ligand and Fas-mediated pathway in the 
cytotoxicity of human natural killer cells . J. Immunol. 157, 2909-

2915. 
Perussia B., Tutt M.M., Oiu W,O. , Kuziel W.A., Tucker PW., Trinchieri 

G., Bennett M. , Ravetch J.V. and Kumar V. (1989). Murine natural 
killer cells express functional Fc gamma receptor II encoded by the 
Fc gamma R alpha gene. J. Exp. Med. 170, 73-86. 

Petros W.P ., Rabinowitz J., Stuart AR .. Gilbert C.J., Kanakura Y., 
Griffin J.D. and Peters W.P. (1992). Disposition of recombinant 
human granulocy1e-macrophage colony-stimulating factor in patients 

receiving high-dose chemotherapy and autologous bone marrow 
support. Blood 80, 1135-1140. 

Porter D.L. and Antin J.H. (1995). Adoptive immunotherapy for relapsed 
leukemia following allogeneic bone marrow transplantation. Leuk. 

Lymphoma 17, 191-197. 
Pross H.F., Sterns E. and MacGiliis D.R. (1984) . Natural killer cell 

activity in women at "high risk' for breast cancer, with and without 

benign breast syndrome. Int. J. Cancer 34 , 303-308. 

Puzanov I.J ., Williams N.S., Schatzle J., Sivakumar P.V. , Bennett M. 
and Kumar V. (1997). Ontogeny of NK cells and the bone marrow 
microenvironment: where does IU5 fit in? Res. Immunol. 148, 195-
201 . 

Raspadori D., Lauria F., Ventura MA, Tazzari P.L., Ferrini S., Miggiano 
M.C., Rondelli D. and Tura S. (1995) . Low doses of rlL2 after 
autologous bone marrow transplantation induce a ' prolonged " 
immunostimulation of NK compartment in high-grade non- Hodgkin's 
lymphomas. Ann . Hematol. 71 , 175-179. 

Raziuddin A., Longo D.L., Mason L., Ortaldo J.R. and Murphy W.J. 
(1996). Ly-49 G2+ NK cells are responsible for mediating the 
rejection of H-2b bone marrow allografts in mice. Int. Immunol. 8, 
1833-1839. 

Raziuddin A., Longo D.L., Mason L., Ortaldo J.R., Bennett M. and 

Murphy W.J. (1998). Differential effects of the rejection of bone 
marrow allografts by the depletion of activating versus inhibiting Ly-
49 natural killer cell subsets. J. Immunol. 160, 87-94. 

Reyburn H., Mandelboim 0., Vales-Gomez M. , Sheu E.G., Pazmany L. , 
Davis D.M. and Strominger J.L. (1997). Human NK cells: their 
ligands, receptors and functions. Immunol. Rev. 155, 119-125. 

Ringden O. (1997) . Allogeneic bone marrow transplantation for 
hematological malignancies - controversies and recent advances 
[see comments]. Acta Oncol. 36, 549-564. 

Robak T. (1995). Biological properties and therapeutic use of interleukin 
2 (IL-2). Postepy Hig. Med. Dosw. 49, 367-393. 

Robinson N. , Sanders J.E., Benyunes M.C. , Beach K., Lindgren C., 
Thompson J.A., Appelbaum F.R. and Fefer A (1996) . Phase I trial 
of interleukin-2 after unmodified HLA-matched sibling bone marrow 
transplantation for children with acute leukemia. Blood 87, 1249-
1254. 

Rooney C.M., Smith CA, Ng C.Y., Loftin S.K. , Sixbey J.W., Gan Y. , 
Srivastava O.K. , Bowman L.C., Krance R.A., Brenner M.K. and 
Heslop H.E. (1998) . Infusion of cy1otoxic T cells for the prevention 
and treatment of Epstein-Barr virus-induced lymphoma in allogeneic 
transplant recipients. Blood 92, 1549-1555. 

Ruef C. and Coleman D.L. (1991). GM-CSF and G-CSF: cy10kines in 
clinical application. Schweiz Med. Wochenschr.121, 397-412. 

Ryan J.C. and Seaman W.E. (1997) . Divergent functions of lectin-like 
receptors on NK cells. Immunol. Rev. 155, 79-89. 

Saarinen U.M., Hovi L. , Juvonen E. , Riikonen P., Mottonen M. and 
Makipernaa A. (1996). GranuIOCy1e-colony-stimulating factor after 
allogeneic and autologous bone marrow transplantation in children. 
Med. Pediatr. Oncol. 26, 380-386. 

Schantz S.P., Brown B.W., Lira E., Taylor D.L. and Beddingfield N. 
(1987). Evidence for the role of natural immunity in the control of 
metastatic spread of head and neck cancer. Cancer Immunol. 
Immunother. 25, 141 -148. 

Smith K.M., Wu J., Bakker AB., Phillips J.H. and Lanier L.L. (1998) . Ly-
490 and Ly-49H associate with mouse DAP12 and form activating 
receptors. J.lmmunol. 161 , 7-10. 

Snapper C.M. and Paul W.E. (1987) . Interferon-gamma and B cell 
stimulatory factor-l reCiprocally regulate Ig isotype production . 
Science 236,944-947. 

Storb R. (1995). Bone marrow transplantation. Transplant. Proc. 27, 
2649-2652. 

Sykes M., Romick M.L. and Sachs D.H. (1990) . Interleukin 2 prevents 

graft-versus-host disease while preserving the graft-versus-Ieukemia 
effect of allogeneic T cells. Proc. Natl. Acad. Sci. USA 87, 5633-
5637. 



1210 

NK cells and adoptive immunotherapy 

Sykes M. , Szot G.L. , Nguyen P.L. and Pearson D.A. (1995a). 
Interleukin-12 inhibits murine graft-versus-host disease. Blood 86, 
2429-2438. 

Sykes M., Pearson DA and Szot G.L. (1995b). IL-2-induced GVHD 
protection is not inhibited by cyclosporine and is maximal when IL-2 

is given over a 25 h period beginning on the day following bone 
marrow transplantation . Bone Marrow Transplant. 15, 395-399. 

Trapani J.A. and Smyth M.J. (1993) . Killing by cytotoxic T cells and 
natural killer cells: multiple granule serine proteases as initiators of 
DNA fragmentation. Immunol. Cell BioI. 71 , 201-208. 

Trinchieri G. (1989) . Biology of natural killer cells . Adv. Immunol. 47, 

187-376. 
Tsuzuki M., Maruyama F., KOjima H. , Ezaki K. and Hirano M. (1995). 

Donor buffy coat infusions for a patient with myelodysplasti c 
syndrome who relapsed following allogene ic bone marrow 
transplantation. Bone Marrow Transplant. 16, 487-489. 

Ushiyama C., Hirano T., Miyajima H., Okumura K., Ovary Z. and 
Hashimoto H. (1995). Anti-IL-4 antibody prevents graft-versus-host 

disease in mice after bone marrow transplantation. The IgE allotype 
is an important marker of graft-versus-host disease. J. Immunol. 
154, 2687-2696. 

Walter EA and Bowden A.A. (1995). Infection in the bone marrow 
transplant recipient. Infect. Dis. Clin. North Am. 9, 823-847. 

Warren E.H., Gavin M., Greenberg p.o. and Riddell S.R. (1998). Minor 

histocompatibility antigens as targets for T-cell therapy after bone 
marrow transplantation . Curr. Opin. Hematol. 5, 429-433. 

Wilder J.A., Koh C.Y. and Yuan D. (1996). The role of NK cells during in 
vivo antigen-specific antibody responses. J. Immunol. 156, 146-1 52. 

Williamson E., Garside P., Bradley J.A. , More I.A. and Mowat A.M . 

(1997) . Neutralizing IL-12 during induction of murine acute graft
versus-host disease polarizes the cytokine profile toward a Th2-type 
alloimmune response and confers long term protection from 

disease. J. Immunol. 159, 1208-1215. 
Yamamoto H., Hirayama M., Genyea C. and Kaplan J. (1994). TGF

beta med iates natural suppressor activity of IL -2-ac ti vated 
lymphocytes. J. Immunol. 152, 3842-3847. 

Yang H., Yogeeswaran G., Bukowski J.F. and Welsh R.M. (1985) . 
Expression of asialo GM1 and other antigens and glycolipids on 

natural killer cells and spleen leukocytes in virus-infected mice. Nat. 

Immun. Cell Growth Regul. 4, 21 -39. 

Accepted May 12, 2000 




