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Abstract

Bone marrow transplantation (BMT) is currently used for
the treatment of a variety of neoplastic diseases. However,
significant obstacles limiting the efficacy of allogeneic BMT
are the occurrence of graft-versus-host disease (GvHD) and
tumor relapse. Natural killer (NK) cells exert a variety of
immunologic and homoeostatic functions. We examined
whether adoptive transfer of activated NK cells of donor
type would prevent GvHD after allogeneic BMT in mice.
Lethally irradiated C57BL/6 (H-2) mice, were transplanted
with MHC incompatible BALB/c (H-2¢) bone marrow cells
and spleen cells and rapidly succumbed to acute GvHD. In
contrast, mice that also received activated NK cells of donor
type exhibited significant increases in survival. In determin-
ing the mechanism by which the NK cells prevented GVHD,
mice were concurrently treated with a neutralizing antibod-
ies to the immunosuppressive cytokine TGFB. Anti-TGFp
completely abrogated the protective effects of the activated
donor NK cells indicating that TGFB plays an important
role in the prevention of GVHD by NK cells. We then exam-
ined whether activated NK cells of donor type after alloge-
neic BMT would induce graft-versus-tumor (GvT) effects
without GvHD in mice bearing a murine colon adenocarci-
noma (MCA-38). 10 d after receiving the tumor, in which
the mice had demonstrable lung metastases, recipients re-
ceived an allogeneic BMT with or without activated NK
cells. Administration of activated NK cells resulted in sig-
nificant GvT effects after allogeneic BMT as evidenced by
increases in median survival and fewer lung metastasis. No
evidence of GVHD was detected compared with recipients
receiving spleen cells alone which also developed fewer lung
metastases but in which all had succumbed to GVHD.
Thus, our findings suggest that adoptive immunotherapy
using activated donor NK cells combined with allogeneic
BMT inhibits GVvHD and promotes GvT in advanced tu-
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mor-bearing mice. These results also suggest that GvT and
GvHD can be dissociable phenomena. (J. Clin. Invest. 1998.
101:1835-1842.) Key words: NK cell « graft-versus-host dis-
ease « bone marrow transplantation « immunotherapy -« cy-
tokines

Introduction

Bone marrow transplantation (BMT)! is currently used to
treat patients with various nonneoplastic and neoplastic dis-
eases including hematologic malignancies and solid tumors
that remain sensitive to high-dose myeloablative, but not con-
ventional, doses of chemotherapy (1). However, significant ob-
stacles still limit the efficacy of this procedure. These include:
the occurrence of graft-versus-host disease (GvHD) in alloge-
neic BMT, the failure of the marrow to engraft, the susceptibil-
ity of patients to opportunistic infections after the transplant,
and, when used for the treatment of cancer, the recurrence of
neoplastic disease (1-3).

GVHD is caused by an attack of donor T cells against al-
loantigens of the recipient (4). The life-threatening complica-
tion is often the profound immune suppression that accompa-
nies GVHD (4). Removal of the donor T cells in the bone
marrow graft has been performed which decreases the inci-
dence of acute GVHD (2-4). Unfortunately, T cell depletion is
also associated with increased incidences of disease relapse
and failure of the marrow to engraft (3-6).

Relapse of malignancies after BMT remains a significant
problem in BMT and further dose escalation of the condition-
ing regimen is limited by toxicities to nonhematopoietic organs
such as the lungs and digestive system (3). One method that
might augment the antitumor effects of the myeloablative
therapy of the conditioning regimen is use of adoptive immu-
notherapy to remove the residual tumor. The occurrence of a
graft versus tumor (GvT) effect after allogeneic BMT appears
capable of offering additional antitumor effects if the GvHD
that also occurs can be controlled. Unfortunately, many of the
means that are used to control GvHD (i.e., immunosuppres-
sion) also inhibit GVT. As the majority of spontaneous tumors
are typically nonimmunogeneic, the elicitation of natural killer
(NK) cell-mediated effector functions (i.e., MHC unrestricted
cytotixicity) may be helpful in inducing clinically significant
antitumor responses after BMT.

NK cells exert a variety of immunologic and homeostatic

1. Abbreviations used in this paper: BMC, bone marrow cells; BMT,
bone marrow transplantation; GVHD, graft-versus-host disease; GvT,
graft-versus-tumor; NK, natural killer; rhIL-2, human recombinant
IL-2; SC, splenocyte.
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functions both in vitro and in vivo in addition to their well-
characterized antitumor effects (7). NK cells have also been
demonstrated to be both beneficial and deleterious in murine
bone marrow transplantation studies, depending on their ge-
notype and activation status (7, 8). Upon activation, NK cells
produce a variety of regulatory cytokines including TGF3,,
IFNy, TNFa, IL-1B, granulocyte-colony stimulating factor
(G-CSF), and GM-CSF (8, 9). We have recently shown that
transfer of activated NK cells of donor type improved alloge-
neic marrow engraftment without inducing GvHD in mice
(10). Therefore we have examined the effects of recombinant
human IL-2 (rhIL-2) activated NK cells of donor-type in the
setting where allogeneic BMCs are supplemented with alloge-
neic T cells to ascertain if activated NK cells could also actively
prevent the occurrence of GVHD without compromising the
antitumor effects. The data presented here demonstrate that
rhIL-2-activated NK cells of donor type can directly inhibit
the occurrence of GVHD while still promoting GvT effects in
advanced tumor-bearing mice.

Methods

Mice. C57BL/6J (B6, H-2°), BALB/c (H-2¢), C.B.-17 scid/scid (SCID,
H-29), C3H/Hej (C3H, H-2¥) were obtained from the Animal Produc-
tion Area, National Cancer Institute-Frederick Cancer Research and
Development Center (NCI-FCRDC), Frederick, MD. Mice were used
at 8-12 wk of age and were kept under specific pathogen-free condi-
tions; SCID mice were housed in microisolater cages and all food,
water, and bedding were autoclaved before use. SCID mice received
trimethoprim/sulfamethoxazole (40 mg trimethoprim and 200 mg sul-
famethoxazole per 320 ml drinking water) in suspension in their
drinking water.

Propagation of NK cells and MCA-38 tumor cells. NK cells were
prepared from the back bones, tibias, femurs, and spleens of SCID
mice in a procedure described previously (8, 10). The cell suspension
was cultured in 5,000 TU/ml of human recombinant interleukin-2
(rhIL-2, a gift from Hoffmann-LaRoche, Nutley, NJ) for 6 d before
use. The MCA-38 cell line (a colon adenocarcinoma induced with 1,2-
dimethylhydrazine in B6 mice was passaged subcutaneously. The dis-
sociation of MCA-38 cells derived from solid tumor in the subcutane-
ous site was accomplished with 0.25% trypsin-0.2% EDTA followed
by filtration through a No. 8 nylon mesh.

In vivo bone marrow transplant model and tumor studies. On the
day of BMT (day 0), B6 mice were exposed to 1,000 cGy total body
irradiation from a ¥’Cs gamma irradiation source, and then the irra-
diated mice in some groups were injected with 2 X 107 activated NK
cells of donor type intraperitoneally (i.p.). 4 h later, the mice received
1 X 10" BALB/c bone marrow cells (BMC) intravenously (i.v.) with
or without BALB/c splenocytes (SC, 2 X 107 cells i.v.) as a source of
allogeneic T cells. Some groups received 5 X 10* IU of rhIL-2 i.p. on
day 0, 1, and 2. Some groups received 80 pg of anti-TGFB monoclonal
antibody capable of neutralizing mammalian isotypes of TGFpB
(1D11.16) or control antibody i.p. on day 0, 2, and 4 (11). In some ex-
periments mice received 1.0 or 0.1 pwg of rhTGFB i.p. (Genzyme
Corp., Boston, MA) on day 0, 1, 2, and 3. In the tumor studies, MCA-
38 tumor cells (1 X 10° cells) were injected into B6 mice intrave-
nously 10 d before BMT. On day 10 the BMT was performed as de-
scribed previously and mice were monitored for effects on survival.
On day 14 after BMT, the lungs of the mice were harvested, placed
into Bouin’s solution, and then the tumor nodules on the lung surface
were counted by microscopy. Animals required at least four of the
usual indicators of GvHD: alopecia (extensive hair loss), sclero-
derma, weight loss, splenomegaly, severe diarrhea, and bleeding or
inflammation at the eyes, nose, or mucous membranes to meet the di-
agnostic criteria of GvHD. Progressive tumor growth was usually
manifested by tumor nodules on the lungs. Moribund mice were
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killed and necropsy was performed to determine cause of death. All
experiments were performed at least 3 times with 10 mice per group
and a representative experiment being shown.

Cytotoxicity assay and proliferation assay. The tumor cells were
labeled by incubation for 1 h at 37°C with Na3'CrO, (Du Pont-NEN,
Boston, MA, sp act: 511 mCi/mg). After this incubation, the target
cells were washed, and plated into the well of a round-bottom 96-well
plate (model 25850; Corning Glass Works, Corning, NY) at a concen-
tration of 5 X 103 cells per well. Effector cells (IL-2-activated SCID
NK cells) obtained from 6 d in vitro cultured with rhIL-2 were added
to each well to achieve effector/target (E/T) cell ratios of 30:1, 10:1,
and 3:1. Four replicate wells were used in these assays. After standard
4 h incubation, the supernatant were harvested and analyzed on a
gamma counter (model 5500; Beckman Instruments, Irvine, CA).
The percentage specific lysis was calculated as followed:

CPM (exp) — CPM (spontaneous)

- x 100.
CPM (maximum) — CPM (spontaneous)

percentage specific lysis =

For proliferation-inhibiting assay, the cell growth of MCA-38 tumor
cells was cultured with NK supernatant (NK-sup, 1:4) in the presence
or absence of neutralizing antibodies for 72 h and then checked using
3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl tetrazolium bromid (MTT)
assay (Boehringer Mannheim, Mannheim, Germany) depending on
the attached protocol. Rapidly growing MCA-38 cells were har-
vested, counted, and added to 96-well microtiter plates at 5.0 X 10°
cells/well in a volume of 200 pl containing NK supernatant (final 1:4)
in the presence or absence of anti-IFNy monoclonal antibody (clone
2E6; a gift from Dr. Kenny, NCI-FCRDC, Frederick, MD) anti-
TGFB (1011), or anti-TNFa (2E2, a gift from the Biological Re-
sponse Modifiers Program Repository) at a dosage of 5 X 10° or 5 X
10* NU/ml. After 72 h the growth inhibition was measured using
MTT kit as described in the attached protocol. The percentage
growth inhibition was calculated as followed:

_ _A570 of treated cells [
A570 of untreated cell$]

percentage growth inhibition = x 100.

Pathologic examination of tissue. Tissues from the respective groups
were also taken for histopathologic analysis. Routinely liver, whole
gut, and skin specimens were placed in 10% neutral-buffered forma-
lin, imbedded in paraffin, and 6-pwm thick samples were sectioned and
stained with hematoxylin and eosin (H&E). The histologic analysis
was performed by a veterinary pathologist blinded to the treatment
regimens. Special attention was given to the liver focusing on periduc-
tal or perivascular lymphoid cell infiltrates, degeneration of hepato-
cyte and biliary epithelial cells. In the gut special attention was given
to epithelial cell degeneration, mucosal erosion or ulceration, and in-
traepithelial lymphocytes. The lesions were graded by a veterinary
pathologist without knowledge of the treatment groups.

Statistical analysis. The two-sample ¢ test was used to compare
the results. Survival data were plotted by the Kaplan-Mier method
and analyzed by the Log-Rank test. A P value < 0.05 was considered
significant.

Results

Activated NK cells allogeneic of donor type prevent GvHD af-
ter allogeneic BMT. C57BL/6 (H-2°) mice received an alloge-
neic BMT with full MHC-disparate BMC from BALB/c (H-29)
mice. The cotransfer of allogeneic SC with the BMC induced
significant weight loss and skin GvHD manifested as skin
alopecia with scleroderma. All mice succumbed to GvHD by
30 d (Fig. 1). To determine the effects of activated NK cells on
GvHD, IL-2-activated NK cells of donor type were also ad-
ministered with allogeneic BMC and SC. Mice receiving NK
cells also received IL-2 for 3 d as it has been previously demon-
strated that when NK cells are cultured in IL-2 they become
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Figure 1. Activated NK cells of donor type prevents GvHD. Recipi-
ent mice (B6, H-2") were lethally irradiated and injected with alloge-
neic (BALB/c, H-2¢) BMCs (1 X 107 cells), and SCs (2 X 107 cells) i.v.
Mice in some groups were injected with 2 X 107 cells of rhIL-2-acti-

vated NK cells of donor type (SCID, H-2¢) i.p. on day 0. Mice in some
groups were injected with 5 X 10* TU of thIL-2 i.p. on day 0, 1, and 2.
No treatment, without rhIL-2 nor NK cells; no treatment vs NK+1L-2,
P < 0.0005. A representative experiment is shown with 10 mice per

group.

dependent on it for retaining function after in vivo transfer (8).
When the mice received activated NK cells of donor type and
IL-2, survival was further prolonged in these recipients, com-
pared with mice not receiving NK cells (Fig. 1). Histopatholog-

ical study of the recipients receiving SC alone showed exten-
sive infiltration of inflammatory cells with associated cellular
necrosis, e.g., severe gut GvHD (Fig. 2, A and B). However,
mice also receiving activated NK cells showed no infiltration of
inflammatory cells with normal structure of gut being noted
at this timepoint (Fig. 2 C). In 11 separate experiments the ad-
ministration of activated NK cells significantly delayed the
onset of GvHD with an average of 20-30% being long term
(> 100 d) survivors demonstrating no evidence of GvHD (Ta-
ble I). When donor chimerism was assessed in the surviving re-
cipients, it was found to be comprised of > 95% donor cells in
all recipients indicating that stable engraftment was achieved.
When the NK cells were irradiated with 3,000 cGy before in-
jection, no effect on GVHD was observed (data not shown).
These results indicate that activated NK cell of donor-type can
inhibit or delay the occurrence of GVHD after allogeneic BMT
in mice.

Anti-TGFB monoclonal antibody abrogated the preventive
effects of activated NK cells. NK cells have been previously
shown to produce numerous cytokines including TGF3, IFNvy,
TNFa, GM-CSF and G-CSF (8). It has been also demon-
strated that activated NK cells can inhibit a mixed lymphocyte
reaction (MLR) in vitro due to the production of TGF3 (12).
We therefore wanted to determine if the mechanism of the
prevention of GVHD by activated NK cells was due to TGEB.
We administered neutralizing antibodies to TGFB in vivo.
Treatment with anti-TGFB monoclonal antibody (1D11) for
3 d significantly (P < 0.01) shortened the survival compared
with mice receiving NK cells and IL-2 (Fig. 3). Interestingly,
mice receiving the antibody alone demonstrated a significant

Figure 2. Transfer of activated NK cells of donor type does not show
the findings of GVHD histopathologically. Recipient mice (B6, H-2")
were lethally irradiated and injected with allogeneic (BALB/c, H-24)
BMCs (1 X 107 cells), and SCs (2 X 107 cells) i.v. Mice in one group
were injected with 2 X 107 cells of rthIL-2-activated NK cells of donor
type (SCID, H-2¢) i.p. on day 0, and injected with 5 X 10* IU of rhIL-2
i.p. on day 0, 1, and 2. On day 14 mice were killed and gut sections
were harvested and stained with H&E. (A and B) gut from the mice
without NK cells nor rhIL-2 exhibited necrosis of epithelial cells,
dropout of entire glands, submucosal fibrosis, and inflammatory infil-
trates consistent with gut GVHD. (C) gut from the mice with NK cells
and rhIL-2 demonstrated normal gut structures and no inflammatory
cells were detected.
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Table I. Effects of IL-2—-activated NK Cells on Long Term
Survival after Allogeneic BMT in Mice

Number of mice surviving after 100 d

Experiment BMC+SC BMC+SC+NK cells

8/10
0
6/10
2/10
3/10
0
2/10
6/10
0
1/10
2/10
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All experiments had 10 mice per group and the BMT was performed as
described in Methods.

increase in morbidity due to severe GVHD compared with re-
cipients receiving BMC and SC indicating that host production
of TGFp was also important in regulating GVHD in the recipi-
ents. The data demonstrate that the preventive effects of acti-
vated NK cells were completely abrogated by the administra-
tion of anti-TGFB monoclonal antibody. This indicated that
TGFp is at least partially responsible for the protection result-
ing from the activated NK cells. Interestingly, when we exoge-
nously administered TGFB (1.0 or 0.1 pg i.p. daily on day 0, 1,
2, and 3 after the BMT) systemically, no protective effect from
GvHD resulted and the mice succumbed similar to control re-
cipients (Fig. 4). Thus, TGFB appears to be a critical mediator
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Figure 3. Anti-TGFB monoclonal antibody abrogates the preventive
effects of activated NK cells. Recipient mice (B6, H-2") were lethally
irradiated and injected with allogeneic (BALB/c, H-2¢) BMCs (1 X
107 cells), and SCs (2 X 107 cells) i.v. Mice in some groups were in-
jected with 2 X 107 cells of rhIL-2-activated NK cells of donor type
(SCID, H-2¢%) i.p. on day 0, and injected with 5 X 10* IU of rhIL-2 i.p.
on day 0, 1, and 2. Mice in one group were injected with 80 pg of anti-
TGFB monoclonal antibody i.p. on day 0, 2, and 4. No treatment, with-
out rthIL-2 nor NK cells. NK+1L-2 vs NK+1L-2+anti-TGFB, P < 0.01.
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Figure 4. Exogenous TGF does not prevent GvHD. Recipient mice
(B6, H-2°) were lethally irradiated and injected with allogeneic
(BALB/c, H-29) BMCs (1 X 107 cells), and SCs (2 X 107 cells) i.v.
Mice in some groups were injected with 1.0 or 0.1 pg of TGFB on day
0, 1, 2, 3. No treatment, without rhIL-2 nor NK cells. No treatment vs
TGFB, not significant.

for the protective effects of NK cells after BMT. Furthermore,
adoptive immunotherapy using NK cells appear superior than
systemic administration of this cytokine in preventing GvHD.
Later administration of IL-2 and not activated NK cells pro-
motes GvHD. We found that administration of activated NK
cells with IL-2 on day 0 prevented the occurrence of GvHD.
However, when activated NK cells and IL-2 were adminis-
trated later than 3 d after BMT, the mice succumbed at earlier
time points compared to control mice from GvHD (Fig. 5). To
understand the timing of the preventative effects of NK cells,
we administered NK cells and IL-2 at different time points. As
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Figure 5. Later administration of rhIL-2 with NK cells promotes
GvHD. Recipient mice (B6, H-2°) were lethally irradiated and in-
jected with allogeneic (BALB/c, H-2¢) BMCs (1 X 107 cells), and SCs
(2 X 107 cells) i.v. Mice were injected with 2 X 107 cells of rhIL-2—-
activated NK cells of donor type (SCID, H-29) i.p. on day 0 or 3,
with 5 X 10* IU of thIL-2 i.p. on day 0, 1, 2, or on day 3, 4, 5. No treat-
ment, without rhIL-2 nor NK cells. NK+1L-2 day 0, NK cells on day 0
and IL-2 on day 0, 1,2. NK+1L-2 day 3, NK cells on day 3 and IL-2
on day 3, 4, 5. No treatment vs NK+1L-2 day 3, P < 0.005.
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Figure 6. Late administration of rhIL-2 and not NK cells, promotes
GvHD. Recipient mice (B6, H-2°) were lethally irradiated and in-
jected with allogeneic (BALB/c, H-29) BMCs (1 X 107 cells), and SCs
(2 X 107 cells) i.v. Mice in some groups were injected with 2 X 107
cells of rhIL-2-activated NK cells of donor type (SCID, H-29) i.p. on
day 3. Mice in some groups were injected with 5 X 10* IU of rhIL-2
i.p.onday 3, 4, 5. No treatment, without rhIL-2 nor NK cells. /L-2 day
3,1L-2 on day 3, 4, 5. NK day 3, NK cells on day 3. NK+1L-2 day 3,
NK cells on day 3 and IL-2 on day 3, 4, 5. No treatment vs IL-2 day 3;
P < 0.005; no treatment vs NK+1L-2 day 3, P < 0.005; no treatment vs
NK day 3, not significant.

shown in Fig. 6, administration of IL-2 on day 3, 4, 5 with or
without NK cells on day 3 shortened the survival significantly
(P < 0.005), while administration of NK cells alone on day 3
did not appear to affect the survival. These results suggest that
later administration of IL-2 may promote GvHD and that
there appears to be a critical window in which the administra-
tion of activated NK cells can prevent GVHD.

Activated NK cells promote GvT and inhibit GvHD in ad-
vanced tumor-bearing mice. To determine the influence of the
activated NK cells on both GvHD and GvT, a GvHD/GvVT
model was established giving allogeneic T cells (SC) with the
BMC to tumor-bearing B6 mice after the BMT. B6 mice were
given MCA-38 tumor cells, and 10 d later an allogeneic BMT
was performed. At the time of treatment with BMT, mice had
evidence of extensive lung metastasis. Effects on survival were
noted (Fig. 7) and 14 d after BMT mice in some groups were
examined for the extent of lung metastasis (Fig. 8). Mice re-
ceiving BMT alone demonstrated a significant increase in sur-
vival indicating that the cytoreductive therapy was effective in
reducing but not eliminating the tumor (Fig. 7). Interestingly,
mice receiving allogeneic SC and BMC had significantly less
lung metastasis than mice receiving BMC alone (Fig. 8), but
survival was not affected due to the occurrence of acute
GvHD in the recipients (Table I). Administration of activated
NK cells of donor type with SC after BMT produced the great-
est increase in survival (P < 0.05, Fig. 7) and the lowest num-
ber of lung metastasis (P < 0.05, Fig. 8), demonstrating that
the combination of activated NK cells with SC exerts signifi-
cant antitumor effects after allogeneic BMT. Importantly, his-
tological assessment indicated that activated NK cells of donor
type also prevented GvHD in tumor-bearing mice (Table II).
These results demonstrate that T cells can mediate both GvT
and GvHD effects but they cannot be dissociated, whereas ac-
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Figure 7. Activated NK cells of donor type exert antitumor effects
with allogeneic T cells. Recipient mice (B6, H-2°) were injected with
1 X 10° cells of MCA-38 tumor cells on day —10. Mice in some groups
were lethally irradiated and injected with allogeneic (BALB/c, H-2%)
BMCs (1 X 107 cells) with or without SCs (2 X 107 cells) i.v. Mice in
some groups were injected with 5 X 10*TU of rthIL-2 i.p. on day 0, 1,2
with or without activated NK cells of donor type (SCID, H-2¢) i.p. on
day 0. No treatment, without irradiation nor BMT; alloBMC, with ir-
radiation, allogeneic BMCs; alloBM C+SC+1L-2, with irradiation, al-
logeneic BMCs, allogeneic SCs, and 1L-2; alloBMC+SC+NK+1L-2,
with irradiation, allogeneic BMCs, allogeneic SCs, NK cells, and
IL-2. no treatment vs alloBMC+SC+NK+IL-2, P < 0.05; allo-
BMC+IL-2 vs alloBMC+SC+NK+IL-2, P < 0.05; alloBMC+
SC+IL-2 vs alloBMC+SC+NK+IL-2, P <0.05.

tivated NK cells exert potent antitumor effects after allogeneic
BMT replete with T cells in the donor inoculum without induc-
ing GvHD.

The mechanism underlying the antitumor effects of NK cells
may be by the production of IFNy. We found that activated
NK cells were only weakly cytotoxic against MCA-38 cell in
vitro (Fig. 9 A). To determine the potential mechanism under-
lying their in vivo antitumor effects, MCA-38 tumor cells were
cultured for 72 h with NK cell culture supernatants. Because
NK cells produce interferon, a neutralizing anti-IFNy mono-
clonal antibody was also used to ascertain if potential inhibi-
tory effects could be attributed to this cytokine. The data dem-
onstrate that incubation of the tumor cells with the NK cell
supernatants significantly inhibited the proliferation of MCA-
38 cells (P < 0.000005) (Fig. 9 B). The data also demonstrate
that the inhibition could be partially abrogated by the antibody
to IFNvy (P < 0.0005) (Fig. 9 B). Antibodies to TGFB and TNF
did not significantly abrogate inhibition in vitro (data not
shown). These data suggest that IFNy produced by NK cells
may play an important role with their antitumor effects in vivo.

Discussion

BMT offers promise for the treatment of neoplasia and has
been increasingly applied for the treatment of solid tumors.
Allogeneic BMT appears superior to autologous BMT in anti-
tumor efficacy, however, serious problems exist that currently
hinder its application. The occurrence of GVHD remains the
most significant obstacle in allogeneic BMT. A primary issue
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p <0.01

Figure 8. Activated NK cells
decrease the number of lung

p <0.01

metastasis of tumor-bearing

p <0.05 mice. Recipient mice (B6,

No. of lung metastasis

BMC + SC + IL-2

BMC +IL-2

concerns whether GVHD and GvT are dissociable phenomena,
as current treatments to control GVHD also lead to diminished
GvT effects. The results presented here indicate that the two
processes can be dissociated depending on the effector cell be-
ing examined. Allogeneic T cells induced both GvT and
GvHD in the tumor-bearing recipients with the mice ulti-
mately succumbing to GvHD. However, NK cells were capa-
ble of promoting GvT while inhibiting GvHD. GvHD has

Table I1. Activated NK Cells of Donor Type Inhibit GvHD of
Liver, Gut, and Skin on Histopathological Evaluation of
Tumor-bearing Mice

BMC+SC+
Organ/diagnosis BMC+SC+IL-2 NK+IL-2
Liver
Inflammation, subacute 3M, 2M, 3M, -, -, -,
Oval cell hyperplasia 2M, 2M, 2M,  --e-, e, e,
Vacuolation, hepatocellular )Y/ RS, V (R —
Gut
Small intestine-crypt cell hyperplasia  2M, 2M, 2M, -, -, -,
Small intestine-villous sloughing 2M, 2M, 2M, -, -, e,
Colon-proliferative colitis 2M, 3M, 3M, ==, -, -,
Large intestine-ulcer/erosion IM, IM, IM, =) = o)
Colon-inflammation, granulomatous ~ 3M, ----,2M, -, -, -,
Cecum-proliferative typhlitis 2M, 3M, 3M, -, =, -,
Skin
Inflammation, chronic active 2M, 2M, 3M, ===, -, -,
Squamous hyperplasia 2M, 2D, 2M, -, -em, —eee,
Dermal melanosis )Y (RENEE) V) [
Exudate crust SN V) 5 \Y/ (R —
Hyperkeratosis S Y/ 002\, (R ———
Ulcer/erosion S 5\Y/ 5 .Y (R —

Grading information: 1, minimal; 2, mild; 3, moderate; 4, severe; M, mul-
tifocal; D, diffuse; ----, negative. Mice were assessed 14 d after BMT.
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) H-2%) were injected with

1 X 10° cells of MCA-38 tu-
mor cells on day —10. Mice
in some groups were lethally
irradiated and injected with
syngeneic (B6) or allogeneic
(BALB/c, H-29) BMCs (1 X
107 cells) with SCs (2 X 107
cells) i.v. Mice in one group
were injected with 5 X 10* TU
of rhIL-2i.p.ondayO0, 1,2
with activated NK cells of do-
nor type (SCID, H-2%) i.p. on
day 0. On day 14, the lungs of
the recipient were harvested,
placed into Bouin’s solution,
and then the tumor nodules
on the lung surface were
counted.

BMC + SC + NK + IL-2

been shown to be caused by the specific attack of donor T cells
against alloantigens of the recipient (4). NK cells, being MHC
unrestricted, are not capable of initiating GvHD. However,
they may play a role in the ensuing pathology of GvHD initi-
ated by the donor T cells. The protective effects of NK cells
could only be obtained if they were transferred early after
BMT indicating their ability to suppress the sensitization stage
of GVvHD during which the donor T cells are first reacting to
the alloantigens on the host. Once the T cells become primed
and expand, an amplification stage appears to occur in which
the NK cells are no longer protective and may, in fact, be dele-
terious due to the inflammatory cytokines (i.e., IL-1, TNF,
etc.) that they can produce. This may reconcile the previous lit-
erature concerning the role of NK cells in GvHD in which
some groups have reported they promote GvHD (13) and
some reporting that they are capable of inhibiting it (8). LAK
cells, asialo GM17 cells, IL-2, IL-12 have all been reported to
either inhibit and promote GvHD depending on the model
used (13-16). The mechanisms underlying these effects remain
unclear as these treatments affect a variety of effector and tar-
get cell populations (i.e., T cells, monocytes, NK cells).

While IL-2 has been suggested to inhibit GVHD in some
laboratories, conflicting reports existed concerning its role in
allogeneic BMT, with reports indicating that IL-2 administra-
tion promoted GVHD after clinical use (16). While our studies
demonstrated no significant protection after administering IL-2
alone, we did use less than the original report has used and we
have seen some slight protective effects in some experiments
(data not shown). In addition, Sykes et al. have shown that the
protective effects of high dose IL-2 in their model system was
not due to NK cells (17). However, they have recently re-
ported that IL-12 also prevented GvHD (15) and this may be
by NK cell induction. Regardless of the potential similarities
and differences concerning the cytokine effects and the effects
of NK cells, the use of adoptively transferred NK cells may of-
fer additional advantages over systemic administration of cy-
tokines. The ability of exogenous cytokines, even with high
doses, to induce NK activity after systemic administration may
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Figure 9. Direct and indirect antitumor effects of NK cells against
MCA-38 cells. (A) MCA-38 tumor cells and YAC-1 (mouse NK cell
sensitive) cells were labeled with 3!Cr for 1 h. Then 5 X 103 cells/well
of labeled target cells were mixed with rhIL-2—-activated NK cells ob-
tained from SCID mice (H-2Y) to achieve effector/target cell ratios of
3:1,10:1, 30:1, and 100:1. After standard 4 h incubation, the superna-
tant were harvested and analyzed on a gamma counter. The percent-
age specific lysis was calculated as described in the Methods section.
(B) MCA-38 tumor cells (2.5 X 10* cells/ml) were cultured for 72 h at
37°C with 25% diluted supernatant of the media in which NK cells
were cultured (NK-sup.), and added MTT for the last 4 h. Some
groups were added with 5 X 10° or 5 X 10* NU/ml of anti-IFNvy
monoclonal antibody. After lysing the cells with 1% SDS, OD were
counted with ELISA reader at A.570. *P < 0.0005.

be less efficient than the adoptive transfer of these cells imme-
diately after BMT. This may be important since in both the
high dose IL-2 model and the adoptive transfer of NK cells,
the time at which treatment is initiated appears critical (18).
Another potential advantage of using transferred NK cells is
that the exacerbation of GVHD we detected when the NK cells
were administered at later time points was due to the IL-2 that
was administered and not the NK cells. Thus it may be safer to
use activated NK cells with lower amounts of IL-2 or other cy-
tokines such as IL-15 or IL-12 rather than use high dose IL-2
and risk exacerbating GVHD due to the narrow window where
protection can be achieved. This narrow window of NK cell
mediated protection may also be easily missed in an outbred
population in which various individuals may have different ki-
netics for the sensitization stage of GvHD. An alternate ap-
proach would be to administer the activated NK cells with a
T-depleted BMC graft. In this manner the activated NK cells
would facilitate the engraftment of the donor marrow and pro-
vide the GVT effects without the risk of GvHD. Ultimately, the
NK cells would be given with a T cell replete graft, as the

mechanisms underlying their protective effect become more
completely understood and optimized. For example, ours
demonstrate the administration of activated NK cells primarily
delayed GvHD with some recipients demonstrating no evi-
dence of GVHD at longer time points. More work must be
done to ascertain if the administration of NK cells, possibly
with other means to suppress GVHD (i.e., blockade of costim-
ulatory molecules can result in greater protection and subse-
quent tolerance).

TGFB has potent immunoregulatory properties ranging
from effects on the growth and differentiation of primitive
stem cells to the differentiated functions of immune effector
cells (19). It has been reported that NK cells inhibit a mixed
lymphocyte reaction (MLR) in vitro due to the production of
TGFB (12). Here, we have extended these studies by demon-
strating that treatment with anti-TGFB monoclonal antibody
completely abrogates the protective effects produced by NK
cells. It is not clear whether the NK cells are producing the
TGFB or are inducing other cells to make it. Interestingly, it
appears that the recipients receiving anti-TGFB monoclonal
antibody without NK cells succumbed earlier to GvHD than
control recipients suggesting that host-derived TGFB may also
be important in regulating the pathology of GVHD. The inabil-
ity of exogenous TGFp to protect the recipients from GvHD
may be due to systemic toxicity or that other immune mecha-
nisms may also be involved in the protection offered by the
NK cells. Alternatively, the sustained local release of cytokines
by the transferred NK cells may allow for a greater therapeutic
window over the systemic administration of cytokines with rel-
atively rapid clearance rates. Additionally, other cytokines
produced by NK cells (i.e., IFNy, TNFa, G-CSF) may also
play a role in the suppression of GvHD. Indeed, we have pre-
liminary data that use of donor cell obtained from IFNy
knock-out mice succumb earlier from GvHD than cells ob-
tained from normal controls, suggesting that IFNy may also
play an immunosuppressive role in GVHD. Attempts to deter-
mine if neutralizing antibodies to IFNy could abrogate the
protective effects of NK cells have thus far been negative (data
not shown). However, more work needs to be performed ex-
amining the role of the other immunomodulatory cytokines
produced by NK cells.

We also demonstrate here that IL-2-activated NK cells of
donor type after allogeneic BMT produce significant GvT ef-
fects in mice with an advanced tumor burden. Previous reports
using in vivo depletion of NK cells have suggested that NK
cells are responsible for potent antitumor effects (20, 21). By
adoptively transferring a pure population of activated NK cells
we demonstrate that NK cells can be therapeutically applied in
the treatment of cancer. By using a solid tumor model (a colon
adenocarcinoma, MCA-38) in which the tumor is highly inva-
sive with extensive metastasis to lung at the time of treatment,
a more applicable model mimicking a clinical scenario was ob-
tained. In this model, the activated NK cells would be used to
remove the minimal residual disease that ultimately comes
back after extensive cytoreductive conditioning regimens. It is
also of interest that the MCA-38 tumor used was only weakly
lysed by the activated NK cells. The production of cytokines
by the NK cells (i.e., IFN, TNFq, etc.) may be an alternate, and
possibly primary, mean by which the NK can exert antitumor
effect in vivo. However, these same cytokines (i.e., [FNy) may
also play a role in instances where NK cells can contribute to
the pathology of an ongoing GVHD (22). In this regard, by us-
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ing a solid tumor only weakly lysed by the NK cell, even more
potent antitumor effects could be obtained if a lymphoma was
used. NK cells have been previously demonstrated to prefer-
entially lyse allogeneic lymphoma/leukemic cell lines (23, 24).
Studies are currently underway to ascertain if the transfer of
activated NK cells results in a greater graft-versus-leukemia ef-
fect after allogeneic BMT.
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