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Allogeneic bone marrow transplantation is a curative treatment for leukemia and lymphoma, but graft-vs-host disease (GVHD)
remains a major complication. Using a GVHD protective nonmyeloablative conditioning regimen of total lymphoid irradiation and
antithymocyte serum (TLI/ATS) in mice that has been recently adapted to clinical studies, we show that regulatory host NKT cells
prevent the expansion and tissue inflammation induced by donor T cells, but allow retention of the killing activity of donor T cells
against the BCL1 B cell lymphoma. Whereas wild-type hosts given transplants from wild-type donors were protected against
progressive tumor growth and lethal GVHD, NKT cell-deficient CD1d�/� and J�-18�/� host mice given wild-type transplants
cleared the tumor cells but died of GVHD. In contrast, wild-type hosts given transplants from CD8�/� or perforin�/� donors had
progressive tumor growth without GVHD. Injection of host-type NKT cells into J�-18�/� host mice conditioned with TLI/ATS
markedly reduced the early expansion and colon injury induced by donor T cells. In conclusion, after TLI/ATS host conditioning
and allogeneic bone marrow transplantation, host NKT cells can separate the proinflammatory and tumor cytolytic functions of
donor T cells. The Journal of Immunology, 2007, 178: 6242–6251.

G raft-vs-host disease (GVHD)3 remains a major compli-
cation of human hemopoietic cell transplantation in the
treatment of leukemia and lymphoma (1). Although non-

myeloablative conditioning has markedly reduced the early toxic-
ity after transplantation as compared with myeloablative condi-
tioning, the incidence of the more severe manifestations of GVHD
(grade II-IV) remains at �20–50% of patients with HLA-matched
related donors and considerably higher in patients with HLA-
matched unrelated donors (1–4). T cell depletion of the transplants
can markedly reduce the incidence of GVHD, but this is associated
with immunodeficiency and loss of graft antitumor activity (5–7).

In a recent clinical study using a nonmyeloablative conditioning
regimen of total lymphoid irradiation (TLI) and antithymocyte
globulin (ATG) followed by HLA-matched, G-CSF-mobilized
PBMC transplantation for the treatment of leukemia and lym-
phoma, the incidence of grade II-IV acute GVHD was �5% (8).
Potent graft antitumor activity was retained as judged by conver-
sion from partial to complete clinical remissions in patients with
lymphoma (8). These results indicated that the TLI and antithy-
mocyte Ab regimen protected recipients against GVHD while re-

taining antitumor activity. Preclinical studies of a TLI and anti-
thymocyte serum (ATS) regimen in mice showed that the
protection against GVHD was dependent upon regulatory host
NKT cells (9, 10). Donor NKT cells in the bone marrow also
protect against GVHD after transplantation (11).

Regulatory CD4�CD25� T cells of donor origin can separate
the graft antitumor from GVHD functions of donor T cells in mice
given bone marrow transplants (12, 13). Whether regulatory NKT
cells of host origin that prevent GVHD (9, 10, 14) will allow donor
T cells to mediate antitumor activity remains unclear. We assessed
whether posttransplant antitumor activity against a lethal BALB/
c-derived B cell lymphoma (BCL1) is retained after TLI and ATS
conditioning of BALB/c hosts given C57BL/6 bone marrow trans-
plants. We show that wild-type hosts were protected from both
GVHD and progressive BCL1 lymphoma growth using TLI/
ATS as the preparative regimen. In NKT cell-deficient J�-
18�/� and CD1d�/� BALB/c hosts, we demonstrate that the
donor T cells mediated both severe GVHD and graft antitumor
activity. Using bone marrow transplants from wild-type,
CD8�/�, or perforin�/� C57BL/6 donors, we show that graft
antitumor activity requires donor CD8� T cells as well as the
perforin cytolytic molecule.

Materials and Methods
Mice

Wild-type male BALB/c (H-2d) mice, 8–10 wk old, were obtained from
The Jackson Laboratory and the Department of Comparative Medicine
(Stanford University, Stanford, CA) and allowed to reach a minimum
weight of 27 g/animal before initiation of host conditioning. CD1d�/�

mice (15) were backcrossed �10 generations on the BALB/c background.
CD1d�/� mice and J�18�/� BALB/c mice (16) were bred in the Depart-
ment of Comparative Medicine (Stanford University) as per existing pro-
tocols. Ten-week-old wild-type C57BL/6 (H-2b), CD8�/� C57BL/6, and
perforin�/� C57BL/6 male donor mice were also obtained from The Jack-
son Laboratory. The Stanford University Committee on Animal Welfare
(Administration Panel of Laboratory Animal Care) approved all mouse
protocols used in this study.
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Monitoring of GVHD and survival

Survival and the signs of GVHD such as hair loss, hunched back, swollen
face, and diarrhea were monitored daily and body weight was measured
weekly. Mean body weights of surviving mice in each group were deter-
mined at day 100. Survival times include the day of euthanasia of any
moribund tumor-bearing mice according to Stanford Animal Welfare pro-
tocol guidelines.

Irradiation

TLI was delivered to the lymph nodes, thymus, and spleen with shielding
of the skull, lungs, limbs, pelvis, and tail as previously described (9). TLI
began on day �24 before transplantation and 17 doses of 240 cGy each
were administered. Total body irradiation was delivered as a single dose
(800 cGy) to control BALB/c recipients 24 h before cell infusions. Irradi-
ation was performed with a Philips x-ray unit (200 kV, 10 mA; Philips
Electronic Instruments) at a rate of 84 cGy/minute with a 0.5-mm Cu filter.
Mice were kept on antibiotic water (25 �g/ml neomycin/0.3 U/ml poly-
myxin B; Sigma-Aldrich) beginning 2 days before initiation of irradiation
and continuing for the first 28 days after transplant.

Rabbit ATS

Rabbit ATS was purchased from Accurate Laboratories and adsorbed with
BALB/c RBC before use. Host BALB/c mice were injected i.p. with 0.05
ml of ATS in 0.5 ml of sterile normal saline on days �12, �10, and �8
before bone marrow transplantation.

Cell preparation

Splenocytes were isolated in RPMI 1640 (Invitrogen Life Technologies)
with 2% BSA. Femoral and tibial bones were taken from donor C57BL/6

mice and the residual muscle was carefully removed. Bone marrow sus-
pensions were prepared by flushing the bones with RPMI 1640 with 2%
BSA. Cell suspensions were filtered through nylon mesh, washed once, and
resuspended in sterile PBS before infusion.

BCL1 tumor cell passage and injection

BCL1 is a BALB/c-derived B cell leukemia/lymphoma with an IgM�
surface Ig phenotype. This tumor was maintained by serial passage in
untreated 8-wk-old male BALB/c mice as described previously (17–19).
A total of 5 � 102 BCL1 cells from spleen of tumor-bearing BALB/c
mice were injected i.v. into BALB/c hosts 6 h before bone marrow
transplantation.

Abs and FACS

Blood samples were hemolyzed with ammonium chloride potassium car-
bonate (ACK) buffer. Splenocytes were hemolyzed with ACK buffer in
sterile RPMI 1640 with 2% BSA. Cells were washed twice with 0.05%
sodium azide staining buffer and incubated on ice for 20 min with satu-
rating concentrations of mAb mixtures as described previously (11, 13).
All mouse cells were incubated with CD16/32 (2.4G2; BD Biosciences)
before Ab staining to block FcR-� II/IIIRs. The following conjugated
mAbs were used: allophycocyanin-anti-TCR�� clone H57-597, PE anti-
Ly6C (Gr-1) clone RB6-8C5, PE anti-CD11b (Mac-1�) clone M1/70,
biotin-anti-CD8 clone 53-6.7, PE-anti-B220 clone RA3-6B2, and FITC
anti-H-2Kb clone AF6-88.5 (BD Biosciences), and streptavidin-Texas Red
(Molecular Probes). FITC-anti-BCL1 Id was a gift from Dr. R. Levy (Stan-
ford University). Propidium iodide was added before cytometric analysis to
exclude dead cells. A modified dual-laser FACSVantage (BD Biosciences)
in the Shared FACS Facility (Center for Molecular and Genetic Medicine,

FIGURE 1. TLI/ATS-conditioned hosts are pro-
tected against GVHD and tumor progression. A,
Wild-type BALB/c host survival after 800 cGy TBI
(n � 10) or TBI � ATS (n � 15) vs TLI/ATS (n �
15) followed by transplantation of 50 � 106 whole
bone marrow (BM) and 60 � 106 splenocytes (SPL)
from WT C57BL/6 donors. Control hosts were
given 800 cGy TBI followed by 50 � 106 whole
BM alone (n � 8). B, Mean body weight (	SE) of
groups shown in A at serial time points after trans-
plantation. (�), Analysis was stopped when only
two hosts remained in the group. C, Mean (	SD)
histopathologic GVHD scores of colon, skin, and
liver from three groups of hosts from A. (�), Statis-
tically significant differences (p � 0.05) between
two groups; n � 5 for all groups. D, Donor PBMC
chimerism of WT TLI/ATS-conditioned hosts receiv-
ing donor BM and splenocytes is shown relative to
control TBI/ATS-conditioned hosts receiving WT BM
alone. Trilineage chimerism is shown from one repre-
sentative animal in each group, assessed at day 28 fol-
lowing transplantation. Gated TCR��� T cells,
B220� B cells, and Gran/Mac-1� granulocytes and
macrophages were analyzed for the percentage of do-
nor type (H-2Kb�) cells (enclosed in boxes) among the
gated subsets of PBMC. E, Survival of untreated (n �
9) or TLI/ATS-conditioned (n � 10) WT BALB/c
hosts given an i.v. infusion of 5 � 102 BCL1 tumor
cells without BM transplantation. F, Survival of WT
BALB/c hosts receiving TBI/ATS (n � 20) vs TLI/
ATS (n � 20) conditioning followed by injection of
BCL1 tumor cells with BM and splenocytes from WT
C57BL/6 donors vs control hosts conditioned with
TLI/ATS and injected with BCL1 tumor cells and
50 � 106 WT C57BL/6 whole BM alone (n � 15).
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Stanford University), using FlowJo software (Tree Star), was used for data
analysis. Background staining for donor-type cells in normal control
BALB/c mice was �0.5%.

Purification and adoptive transfer of NKT cells

Splenocyte suspensions were preincubated with CD1d dimer-mouse IgG
fusion protein (BD Biosciences) loaded overnight at 37°C with the glyco-
lipid �-galactosyl ceramide (�-GalCer), as well as with PE-conjugated
CD1d tetramer reagent loaded with the glycolipid PBS-57 (obtained from
the National Institutes of Health Tetramer Facility; www.niaid.nih.gov/
reposit/tetramer/index.html) for 60 min on ice, and washed once with
RPMI 1640/1% BSA. Samples were then enriched for CD1d dimer-posi-
tive cells with anti-mouse IgG1 magnetic beads using the MidiMACS sys-
tem (Miltenyi Biotec). Column-enriched NKT cells were counterstained
with allophycocyanin-conjugated anti-TCR�� mAb and PE-conjugated
CD1d tetramer reagent and FACS sorted on a modified dual-laser
FACSVantage. A total of 5 � 105 sorted NKT cells were adoptively
transferred into J�18�/� BALB/c hosts treated with the TLI/ATS reg-
imen. Sorted NKT cells (purity �95% by flow cytometry) were infused
in sterile PBS via lateral tail vein on day 0 following TLI/ATS, 6 h
before bone marrow and splenocyte transplantation.

Donor T cell accumulation

For day 6 donor T cell accumulation analyses, single-cell suspensions of
lymphocytes from mesenteric lymph nodes and spleen of individual host
mice were filtered through fine nitex membrane to remove aggregates.
Mononuclear cells from the colon were isolated as described previously
(20). Cells were stained with FITC-conjugated anti-H-2Kb, allophycocya-
nin-conjugated anti-TCR��, PE-conjugated anti-CD8, biotin-conjugated
anti-CD4 mAb, and Texas Red-conjugated streptavidin.

Histopathology

Specimens from the spleen, skin, and colon of hosts were obtained at the
time of death or at time of sacrifice of hosts after transplantation, fixed in
10% formalin, and embedded in paraffin blocks. Four- to 5-�m sections
were stained with H&E using standard protocols. Microscopic images were
obtained using an Eclipse E1000M microscope (Nikon) with a SPOT RT
digital camera and acquisition software (Diagnostic Instruments) with final
magnification (objective, �20/0.45 numerical aperture) provided with each
figure. Image processing was performed with Photoshop CS (Abode Sys-
tems), with standard adjustments of brightness, contrast, and color balance
to the entire image.

Pathologic scoring for GVHD severity

At the time of histopathologic analysis of H&E-stained sections, the de-
scending colon, skin, and liver were assigned a score assessing severity of
GVHD as per previously published criteria (21). The mean GVHD score
represents the mean 	 SD among five animals per group.

Immunofluorescence staining of tissues

Tissues were embedded in OCT compound (Sakura Finetek), frozen in
liquid nitrogen, and stored at �80°C. Tissues were cut into 4-�m-thick
sections, fixed in acetone at �20°C for 10 min, and air-dried. Slides were
incubated in 1% PBS for 5 min at room temperature, followed by staining
with rat anti-mouse CD8 Ab (e-Bioscience) for 45 min at room tempera-
ture. Slides were rinsed three times with 1% PBS containing 0.1% Tween
20 (Aldrich) and incubated for 45 min with secondary Oregon green anti-
rat Ig (Invitrogen Life Technologies) plus normal mouse serum (Jackson
ImmunoResearch Laboratories) in the dark. Slides were rinsed three times
with 1% PBS containing 0.1% Tween 20, mounted with 4�,6�-diamidino-
2-phenylindole (DAPI), and examined with an Olympus BX51 fluorescent
microscope, using the CytoVision 3.0 system (Applied Imaging). Three
samples were analyzed in each group. Controls performed on each tissue
specimen were stained with secondary Oregon green anti-rat Ig Ab plus
normal mouse serum, and mounted with DAPI.

Serum cytokine analysis

At day 6 following transplantation, hosts were bled and serum frozen at
�80°C. Samples were later thawed to room temperature and analyzed us-
ing a Th1/Th2 Mouse Cytometric Bead Array (BD Biosciences) according
to the manufacturer’s specifications. Cytokine bead staining was analyzed
on a FACScan analyzer and data were compiled with BD Biosciences CBA
software. A total of five samples were analyzed in each group, in two
separate experiments. Statistical analysis for significance was performed
using the two-tailed Student t test.

Statistical analysis

Kaplan-Meier survival curves were generated using Prism (GraphPad Soft-
ware). Statistical differences in animal survival were analyzed by the log-rank

FIGURE 2. TLI/ATS-conditioned hosts eliminate BCL1 Id-positive
cells and are protected from GVHD. A, Microscopic examination of H&E-
stained sections of colon and skin at autopsy in BALB/c hosts treated with
800 cGy TBI and ATS followed by BM, splenocyte, and BCL1 tumor
transfer. Evidence of crypt abscess (arrow) inflammatory infiltrate (�) and
loss of normal crypt architecture in the colon is shown with separation of
crypts by inflammation and lifting off of crypts from the basement mem-
brane. Disruption of the dermal-epidermal junction with intense lympho-
cytic infiltrates (�) and increased apoptosis in the basal epidermis (arrow)
are shown in skin sections. Hosts from groups given the same cell infusion
after TLI/ATS conditioning revealed none of the changes in the colon upon
autopsy at day 120. Skin specimens from the latter hosts showed scattered
epidermal apoptosis (arrow), increased dermal collagen deposition (�), and
minimal epidermal hyperplasia. Normal skin and colon sections from un-
treated mice are shown for comparison. Colon and skin specimens are
shown at �200 and �400, respectively. B, Patterns of anti-BCL1 Id im-
munofluorescent staining in peripheral blood (day 28) and spleen (au-
topsy). Hosts surviving 120 days were autopsied at that time. Gray histo-
grams represent positive control animals receiving TLI/ATS and BCL1

infusion without marrow transplantation. Controls showed 20–30% and
30–70% BCL1 tumor Id-positive cells in the PBMC and spleen at autopsy,
respectively. Black histograms represent experimental hosts. In 20 hosts,
three patterns could be discerned: upper panels, 6 hosts (30%) displayed
�1% BCL1 Id positive cells in the peripheral blood at day 28, and �1% in
the spleen at autopsy. Splenic red pulp (RP) and white pulp (WP) archi-
tecture was intact without histopathologic evidence of tumor clusters in the
spleen at day 120 (right panel). In 10 of 20 hosts, �1% of Id-positive cells
were present at day 28 and at autopsy (data not shown). Lower panels, In
a third pattern, 20% (n � 4) of hosts demonstrated BCL1 Id-positive cells
in peripheral blood at day 28 and clinical progression of tumor. There was
high intensity staining of BCL1 Id-positive cells in the spleen at autopsy,
and diffuse infiltration of the spleen by tumor with loss of red and white
pulp architecture (right lower panel). Spleen sections were stained with
H&E and examined at �200 magnification. Control staining of normal
BALB/c blood and spleen showed �1% BCL1 Id-positive cells.
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test. Differences in mean donor type T cell recovery in tissues of hosts and in
serum cytokine levels between transplanted groups were analyzed using the
two-tailed Student t test. For all tests, p � 0.05 was considered significant.

Results
MHC-mismatched mice conditioned with TLI/ATS are protected
against lethal acute GVHD

Adult BALB/c male mice given a single dose of total body irradiation
(TBI) (800 cGy) and an i.v. injection of 50 � 106 bone marrow cells
from C57BL/6 donors survived at least 100 days without clinical
signs of GVHD (Fig. 1A). Addition of 60 � 106 C57BL/6 splenocytes
to the bone marrow cell infusion resulted in the death of all BALB/c
hosts by 20 days, with typical features of GVHD, including diarrhea,
weight loss, hunched back, and hair loss (Fig. 1A) ( p � 0.001; log-
rank test). Addition of three i.p. injections of rabbit ATS, a potent T
cell-depletive reagent, on days �12, �10, and �8 before TBI
(800cGy) failed to protect BALB/c hosts from GVHD induced by
C57BL/6 bone marrow and splenocytes, and all died by day 20 (Fig.
1A). Control BALB/c hosts given TBI (800 cGy) without donor cell
transplants all died by day 10 (data not shown).

Wild-type BALB/c hosts given TLI in 17 doses of 240 cGy each
(total dose 4080 cGy) during a 24-day period accompanied by
three i.p. doses of ATS (days �12, �10, and �8), followed by the
infusion of 50 � 106 C57BL/6 bone marrow cells plus 60 � 106

splenocytes all survived for at least 100 days without clinical signs
of GVHD (Fig. 1A). The survival of TLI/ATS-conditioned hosts
given bone marrow and splenocytes was significantly increased as
compared with the TBI/ATS-conditioned hosts as judged by the
log-rank test ( p � 0.001). Fig. 1B shows the mean serial body
weights of the groups in Fig. 1A. The hosts given TBI and bone
marrow cells alone or TLI/ATS, bone marrow cells, and spleno-
cytes all recovered their mean body weights by 28 days after trans-
plantation and remained stable thereafter. In contrast, the hosts
given TBI or TBI/ATS, bone marrow cells, and splenocytes
showed no recovery of their mean body weights before they all
died by day 15. The mean histopathologic GVHD scores of the
colon, skin, and liver of the groups given TBI/ATS and bone mar-
row cells alone, TBI/ATS with bone marrow cells and splenocytes,
or TLI/ATS with bone marrow cells and splenocytes are shown in
Fig. 1C. The mean GVHD scores of the group given TBI/ATS
with bone marrow and splenocytes was significantly increased
( p � 0.01) as compared with group given TLI/ATS with bone
marrow and splenocytes in all three tissues examined. The TLI/
ATS regimen was nonmyeloablative, as hosts given TLI/ATS
without transplants survived at least 100 days (data not shown).
In addition, hosts given TLI/ATS followed by infusion of 50 � 106

C57BL/6 bone marrow cells alone also survived 100 days without
clinical or histopathologic evidence of GVHD (data not shown).

Trilineage chimerism in GVHD-protected hosts

All TBI- and TBI/ATS- treated hosts given bone marrow cells
(50 � 106) from C57BL/6 (H-2b) donors had at least 96% donor

chimerism of peripheral blood T cells (TCR���), B cells
(B220�), granulocytes and macrophages (Gran/Mac-1�) by day
28 following transplant (Fig. 1D) that remained stable through day
120. TBI- and TBI/ATS-treated hosts receiving C57BL/6 bone
marrow plus splenocytes uniformly died of acute GVHD before
day 28 and therefore donor chimerism could not be assessed in
this group. Of TLI/ATS-treated BALB/c hosts given bone marrow
and splenocytes from C57BL/6 donors, 15% (n � 3) developed stable
mixed chimerism with �80% donor-type cells, and 85% (n � 17)
developed high-level donor chimerism with �80% donor-type cells
by day 28 as shown in the example in Fig. 1D. Chimerism in the latter
mice remained stable through day 120.

TLI/ATS-conditioned hosts are protected against the BCL1

lymphoma

TLI/ATS-treated hosts given an i.v. injection of 5 � 102 BCL1

lymphoma cells without bone marrow transplantation died by day
50, and survival was similar to untreated hosts given 5 � 102

BCL1 lymphoma cells ( p � 0.81) (Fig. 1E). Transplantation of
50 � 106 C57BL/6 bone marrow cells together with 5 � 102 BCL1

lymphoma cells into TLI/ATS-conditioned BALB/c hosts resulted
in death of 50% of hosts by day 70, and 100% of hosts by day 120
(Fig. 1F), due to tumor progression (see below). Addition of 60 �
106 C57BL/6 splenocytes to 50 � 106 C57BL/6 bone marrow cells
transplanted into hosts with the BCL1 lymphoma resulted in death
of 20% of hosts, and the remaining 80% of hosts survived without
clinical evidence of tumor progression or GVHD (Fig. 1F). Sur-
vival of hosts given marrow plus splenocytes was significantly
improved ( p � 0.01; log rank test) as compared with hosts given
bone marrow cells alone. In contrast, all hosts given TBI (800
cGy) with ATS followed by injection of C57BL/6 bone marrow,
splenocytes, and BCL1 lymphoma died uniformly by day 28 with
clinical signs of acute GVHD (Fig. 1F). Survival of the latter
group was significantly decreased ( p � 0.001) as compared with
the group given TLI/ATS conditioning.

The TBI/ATS group showed severe changes of GVHD on mi-
croscopic examination of colonic tissues obtained at autopsy, in-
cluding loss of goblet cells, presence of inflammatory infiltrates
surrounding crypts, and crypt atrophy associated with apoptosis of
crypt cells as compared with the normal colon (Fig. 2A). Charac-
teristic changes of GVHD were also observed in skin sections
including thickening of the epidermis, dermal cell infiltrates, and
subepidermal abscesses as compared with the normal skin (Fig.
2A). In contrast, colon specimens obtained from TLI/ATS-condi-
tioned hosts after 120 days showed intact crypts with maintenance
of goblet cells and little evidence of inflammatory infiltrate (Fig.
2A). Skin sections showed increased dermal collagen deposition
consistent with chronic skin GVHD, mild epidermal hyperplasia,
and rare scattered epidermal cell apoptosis (Fig. 2A).

To assay hosts in the above groups for progression or eradica-
tion of the BCL1 tumor, PBMC were analyzed for expression of

Table I. Survival and BCL1 tumor detection in BALB/c hosts conditioned with TLI/ATS and transplanted
with C57BL/6 spleen and bone marrow cells

Host Donor Graft
Fraction with Detectable

Tumor Day 28a
Fraction with Detectable

Tumor at Autopsya
Fraction Surviving

Day 120

WT WT SPL � BM 10/20 4/20 16/20
CD1d�/� WT SPL � BM 3/14 0/14 0/14
WT CD8�/� SPL � BM 10/10 10/10 0/10
WT Prf�/� SPL � BM 10/10 10/10 0/10
WT WT BM only 14/15 15/15 0/15

a More than 1% BCL1 idiotype-bright staining cells in peripheral blood (day 28) or spleen (autopsy). SPL, splenocytes; BM,
bone marrow cells.
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the BCL1 tumor Id at days 28 and 120 after transplantation. In
addition, spleen cells were stained for surface BCL1 Id expression
after sacrifice of survivors at day 120. Positive control staining of
TLI/ATS-treated BALB/c mice given BCL1 tumor cells without
transplants showed that �20–30% of PBMC and 30–70% of
spleen cells stained brightly for BCL1 tumor Id at autopsy (Fig.
2B). At day 28 after transplantation, 10 of 20 TLI/ATS-condi-
tioned hosts receiving marrow, splenocytes, and BCL1 tumor cells
showed �1% (limit of detection) of Id-positive cells in peripheral
blood, and the rest showed up to 9% of Id-positive cells (Table I).
At day 120 after transplantation, 16 of 20 hosts had �1% of bright-
staining Id-positive cells in both peripheral blood and spleen (Fig.
2B, upper panels). None of the 16 hosts had microscopic evidence
of splenic tumor cells or disruption of splenic architecture (Fig. 2B,
upper panels). Thus, 6 of 20 hosts with detectable tumor cells at
day 28 went on to clear the tumor by day 120 (Table I). There was
no microscopic evidence of tumor clusters or disruption of archi-
tecture in the liver or colonic submucosal lymphoid tissue (data not
shown). Four of the 20 TLI/ATS-treated hosts died and had his-
topathologic evidence of diffuse tumor infiltration of the spleen
with disruption of splenic architecture (Fig. 2B, lower panels).

TLI/ATS-conditioned hosts without progression of the BCL1

lymphoma showed stable high level (�80%) or complete (�95%)
peripheral blood T cell donor chimerism (mean 91 	 9%) at day
28 after transplantation, and three of the four hosts that succumbed
to tumor progression demonstrated �70% peripheral blood donor
T cell chimerism at day 28 (mean 42 	 13%).

NKT cell-deficient hosts conditioned with TLI/ATS are protected
against tumor growth but develop lethal GVHD

Our previous studies showed that protection against GVHD in
TLI/ATS-conditioned hosts was dependent on the presence of host
NKT cells, because NKT cell-deficient CD1d�/� hosts given TLI/
ATS developed lethal GVHD and wild-type hosts did not (12). To
further investigate the impact of NKT cell deficiency on GVHD
and tumor protection in TLI/ATS-conditioned hosts, wild-type,
and NKT cell-deficient CD1d�/� and J�-18�/� BALB/c hosts
were given TLI/ATS followed by BCL1 tumor cells, and bone
marrow and splenocytes from wild-type C57BL/6 donors. The
NKT cell-deficient J�-18�/� and CD1d�/� hosts developed uni-
form clinical signs of GVHD, and all died by days 30 and 60,
respectively (Fig. 3A). Survival was significantly decreased ( p �
0.01) as compared with wild-type hosts. Less than 1% of bright
Id-staining cells were found in the spleen at autopsy in 14 of 14
CD1d�/� hosts analyzed (Fig. 3C, lower panel). Bright BCL1 Id
staining cells were �1% of mononuclear cells in the peripheral
blood in 3 of 14 CD1d�/� hosts at day 28 (Table I).

The latter results indicate that 3 of 14 CD1d�/� hosts cleared
BCL1 tumor cells after day 28. The CD1d�/� and J�-18�/� hosts
had histopathologic studies of the spleen, colon, and skin at au-
topsy (Fig. 3, B and C). None had evidence of splenic tumor or loss
of red and white pulp architecture, and all showed an intense neu-
trophilic infiltrate of the spleen (Fig. 3C). Whereas wild-type hosts

FIGURE 3. NKT cell-deficient CD1d�/� and Ja18�/� hosts are pro-
tected from tumor growth but develop lethal GVHD. A, Survival of WT
(n � 20) vs NKT cell-deficient CD1d�/� (n � 15) and J�18�/� (n � 10)
hosts conditioned with TLI/ATS and injected with 5 � 102 BCL1 tumor
cells, 50 � 106 whole BM and 60 � 106 splenocytes from WT C57BL/6
donors. B, Representative histopathologic examination of colon and skin in
CD1d�/� hosts reveals severe crypt apoptosis (arrows), inflammatory in-
filtrates (�), and crypt atrophy with loss of goblet cells in the colon. The
skin showed disruption of the dermal-epidermal junction by an intense
chronic inflammatory infiltrate (�) accompanied by increased apoptosis in
the basal epidermis in the skin (arrow). Histopathologic examination of
colon and skin in J�18�/� hosts reveals similar severe crypt apoptosis
(arrows), inflammatory infiltrate (�), and crypt atrophy with loss of goblet
cells in the colon as well as disruption of the dermal-epidermal junction
with intense inflammatory infiltrate (�) and increased apoptosis (arrow) in
the basal epidermis of the skin, WT BALB/c hosts given the same trans-
plants after TLI/ATS conditioning revealed minimal to no characteristic
changes of GVHD in the colon or skin. Sections are stained with H&E and
analyzed at �200 magnification (colon) and �400 magnification (skin).

One representative animal is shown from each group. C, Spleen histopatho-
logic section and splenic BCL1 Id staining on day of autopsy of CD1d�/�

hosts and J�18�/� hosts. Fourteen CD1d�/� hosts and 10 J�18�/� hosts
showed no evidence of tumor Id (black filled histogram) relative to positive
control WT BALB/c hosts given TLI/ATS and BCL1 tumor alone (gray
histograms). Similarly, none of the CD1d�/� hosts or J�18�/� hosts
showed microscopic evidence of BCL1 tumor at autopsy. Instead, a neu-
trophilic infiltrate with many band forms was observed. Spleen sections are
stained with H&E and analyzed at �200 or �1000 magnification.

6246 NKT CELLS CAN SEPARATE GVHD FROM GVT ACTIVITY



examined at 120 days had little or no evidence of GVHD in the
colon and skin (Fig. 3B), CD1d�/� and J�-18�/� hosts had severe
submucosal inflammatory infiltrates, marked colonic crypt apopto-
sis, and crypt atrophy at autopsy. The skin of these CD1d�/� and
J�-18�/� hosts showed intense dermal infiltrates, epidermal apo-
ptosis, and epidermal thickening (Fig. 3B).

Transplants from CD8-deficient and perforin-deficient donors
fail to protect against progressive tumor growth

Transplantation of C57BL/6 bone marrow cells without donor pe-
ripheral T cells into BALB/c hosts conditioned with sublethal or
lethal TBI has been reported to eliminate the BCL1 tumor and
antitumor activity was dependent on CD8� T cells in the donor
marrow that expressed the cytolytic molecule, perforin (13, 19). In
the current study, wild-type BALB/c hosts were given the TLI/
ATS regimen followed by BCL1 tumor cells, and bone marrow and
splenocytes from CD8�/�, perforin�/�, or wild-type C57BL/6 do-
nors. None of these hosts developed clinical signs of GVHD, but
those given transplants from CD8�/� or perforin�/� donors died
with progressive splenomegaly and pallor by day 35 (Fig. 4A). In
contrast, 80% of hosts given transplants from wild-type donors
survived at least 120 days. The difference in survival between
hosts given CD8�/� transplants and those given wild-type trans-
plants was statistically significant ( p � 0.01), as was the difference
in survival of hosts given perforin�/� transplants as compared
with wild-type transplants ( p � 0.01). Assessment of splenic
BCL1 tumor Id staining showed high levels of bright Id-positive
cells at autopsy in hosts given transplants from CD8�/� and per-
forin�/� donors, (Fig. 4C, lower panel). Id-positive cells were
easily detected in the blood at day 28 and their levels in the blood
markedly increased at autopsy (data not shown). Hosts given
CD8�/� or perforin�/� transplants demonstrated a diffuse tumor
infiltrate in the spleen with loss of splenic architecture at autopsy
(Fig. 4C, upper panel). Histopathologic analysis of the colonic
mucosa in both groups of hosts showed a normal appearance with
no crypt loss, inflammation, or increased crypt apoptosis (Fig. 4B).
Skin sections showed mild epidermal hyperplasia and increased
dermal collagen deposition consistent with mild chronic skin
GVHD (Fig. 4B).

Host-type NKT cells markedly reduce the early rapid expansion
of donor T cells in the lymphoid tissues and colon

We have previously shown that C57BL/6 donor T cells accumulate
in the spleen, lymph nodes, and colon of BALB/c hosts condi-
tioned with 800 cGy TBI by day 6 after bone marrow and spleen
cell transplantation, in association with the onset of acute colitis
and diarrhea (20). In the current study, we compared the accumu-
lation of donor T cells in BALB/c hosts conditioned with either
TBI/ATS or TLI/ATS at day 6 after transplantation of wild-type

FIGURE 4. TLI/ATS-conditioned WT BALB/c hosts given transplants
from CD8-deficient (CD8�/�) or perforin-deficient (Prf�/�) donors fail to
clear tumor cells. A, Survival of WT BALB/c hosts conditioned with TLI/
ATS and given injections of 5 � 102 BCL1 tumor cells with BM and
splenocytes from CD8�/� (n � 10), Prf�/� (n � 10), or WT (n � 20)

donors. B, Microscopic examination of colon and skin from WT hosts
given CD8�/� (left panels) and Prf�/� (right panels) transplants demon-
strated no microscopic changes of acute GVHD in the colon. Skin sections
showed dermal collagen deposition (�) and epidermal hyperplasia (arrows).
One representative animal is shown per group. Sections shown were
stained with H&E and viewed under �200 magnification (colon) and
�400 magnification (skin), respectively. C, Splenic BCL1 Id staining and
histopathology in representative WT hosts receiving CD8�/� and Prf�/�

donor transplants. All hosts had diffuse tumor infiltration of the spleen with
disruption of splenic architecture (spleen, �200, upper panels). Monomor-
phic infiltrates of atypical tumor cells were observed (spleen, �1000, mid-
dle panels). Id staining of the spleens revealed considerable BCL1 tumor
Id-positive cells (black histograms, compared with positive control gray
histograms from spleens of WT BALB/c hosts given TLI/ATS and BCL1).
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C57BL/6 marrow cells (50 � 106) and spleen cells (60 � 106)
without tumor cell injections. Fig. 5A shows the analysis of for-
ward scatter vs TCR�� staining of the spleen, mesenteric lymph
nodes (MLN), and colon of the hosts after gating on H-2Kb� cells.
The most dramatic differences were observed in the MLN and
colon, because T cells accounted for 86–93% of mononuclear cells
in TBI/ATS-treated hosts but only 1–5% in TLI/ATS-treated hosts
(Fig. 5A). To assess the affect of host NKT cells on the donor T cell
accumulation, TLI/ATS-conditioned CD1d�/� and J�-18�/�

hosts were compared with the wild-type hosts. The NKT cell-de-
ficient hosts showed a marked increase (at least 8-fold) in the per-
centage of donor T cells in the spleen, MLN, and colon as com-
pared to wild-type hosts (Fig. 5A). Injection of 0.5 � 106 sorted
NKT cells from untreated wild-type BALB/c mice into the J�-
18�/� hosts 6 h before the allogeneic transplant resulted in a
marked reduction in the percentage of donor T cells in the lym-
phoid tissues and colon (Fig. 5A). The results indicate that con-
version from mixed to full chimerism in the lymphoid tissues is
slowed by the host NKT cells after TLI/ATS even though full
chimerism is achieved by day 28 (Fig. 1D).

The mean 	 SE absolute number of total (H-2Kb�) donor T
cells, CD4� donor T cells, and CD8� donor T cells was also
determined in the host tissues at day 6. Comparison of the total T
cells showed a 10- to 50- fold decrease in TLI/ATS-conditioned
wild-type hosts as compared with the TBI/ATS-conditioned hosts
(Fig. 5B). Differences in the MLN and colon were highly signifi-
cant ( p � 0.01) between the two groups. In contrast, the differ-
ences in the absolute numbers of total donor T cells were not
significant when CD1d�/� or J�-18�/� TLI/ATS-treated hosts
were compared with the TBI/ATS-treated hosts ( p � 0.05). Dif-
ferences in the absolute number of donor T cells between
CD1d�/� or J�-18�/� TLI/ATS-treated hosts and wild-type TLI/
ATS-treated hosts were significant ( p � 0.05) in both MLN and
colon. Injection of sorted NKT cells into the J�-18�/� TLI/ATS-
treated hosts before transplantation significantly reduced the donor
T cells in the colon ( p � 0.01), but not in the spleen or MLN.
When the absolute number of CD4� and CD8� donor T cells was
analyzed separately in the different groups of hosts (Fig. 5, C and
D), the addition of NKT cells was found to have a more profound
impact ( p � 0.001) in reducing the accumulation of CD8� T cells

FIGURE 5. Host NKT cells inhibit accumulation of donor T cells in host lymphoid tissues and colon. A, Forward scatter vs TCR��� after gating on
H-2Kb� in the spleen, mesenteric lymph nodes (MLN), and colon at day 6 following C57BL/6 BM and spleen cell transplantation in WT BALB/c hosts
treated with TLI/ATS or TBI/ATS. Percentage of T cells is shown enclosed in boxes. Identical analyses are given for TLI/ATS-treated NKT cell-deficient
CD1d�/� hosts and J�18�/� hosts (middle panels) and TLI/ATS-treated J�18�/� hosts that were given 0.5 � 106 purified WT BALB/c NKT cells
(WT NKT) along with donor cells (lower panel). B, Comparison of mean absolute number of H-2Kb�TCR��� cells in spleen, MLN, and colon.
C, Comparison of mean absolute number of H-2Kb�TCR��� CD4� cells in spleen, MLN, and colon. D, Comparison of mean absolute number of
H-2Kb�TCR���CD8� cells in spleen, MLN, and colon. There were five to six hosts per group. Bars show means and brackets show SEs of two
separate experiments.
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in J�-18�/� hosts as compared with the change in CD4� T cells
( p � 0.004) in the colon.

Fig. 6A shows that although the CD8� donor T cells represented
the large majority of the gated donor T cells in all three tissues in
TBI/ATS-treated hosts at day 6, the CD8� donor T cells were at
background levels in TLI/ATS-treated hosts. Interestingly, there
was a slow accumulation of CD8� donor T cells in all three tissues
such that they became the major subset in wild-type TLI/ATS-
treated hosts at day 28 (Fig. 6A). The deficiency of NKT cells in
J�-18�/� hosts treated with TLI/ATS resulted in a marked in-
crease in the percentage of CD8� donor T cells at day 6, and
addition of wild-type NKT cells resulted in a marked decrease
(Fig. 6A).

The rapid early rise in the absolute number of CD8� donor T
cells in the colon and MLN of TBI/ATS-conditioned wild-type
hosts, as well as in CD1d�/� and J�-18�/� TLI/ATS-conditioned
hosts is shown in Fig. 6B. All of these hosts died within 28 days
following bone marrow and splenocyte transplantation (Fig. 1A).
In contrast, the slow accumulation of CD8� donor T cells in wild-

type TLI/ATS-conditioned hosts by day 28 (Fig. 6B) was associ-
ated with the absence of clinical signs of GVHD and survival for
at least 100 days (Fig. 1A).

CD8� T cell accumulation in the colon and the production of
key inflammatory cytokines are reduced In TLI/ATS Vs
TBI/ATS-conditioned hosts

Immunofluorescent staining and analysis of the distribution of
CD8� T cells in the colon in TBI/ATS-conditioned hosts at day 6
showed that CD8� T cells were observed infiltrating the areas
between and below crypts with disruption of crypt architecture
(Fig. 6Ci). In wild-type TLI/ATS-conditioned hosts at day 6, the
CD8� T cells were rare in the mucosa, with preservation of the
colonic architecture (Fig. 6Cii). At day 28, CD8� T cells remained
rare in the mucosa, despite the increase in the absolute numbers of
CD8� T cells in the colons of TLI/ATS-treated hosts (data not
shown). The mean concentrations of the serum cytokines TNF-�
and IFN-� were reduced in TLI/ATS-conditioned and -trans-
planted wild-type hosts at day 6 relative to TBI/ATS-conditioned

FIGURE 6. Host NKT cells inhibit early accumulation of donor CD8� T cells in host lymphoid tissues and colon, and TLI/ATS conditioned hosts show
decreased serum levels of inflammatory cytokines after allogeneic transplantation. A, Representative analyses of gated donor H-2Kb�TCR��� cells,
showing CD4 vs CD8 in spleen, MLN, and colon at day 6 following BM transplantation in WT hosts treated with TLI/ATS, WT hosts treated with
TBI/ATS, CD1d�/� hosts treated with TLI/ATS, J�18�/� hosts treated with TLI/ATS, and J�18�/� hosts treated with TLI/ATS and injected with sorted
WT NKT cells before transplantation. B, Comparison of mean absolute numbers of H-2Kb�TCR���CD8� T cells in colon and MLN of host groups
represented in A. There were five to six hosts per group. Brackets represent SEs. C, Immunofluorescent staining of colon from TBI/ATS-treated vs
TLI/ATS-treated hosts after transfer of 50 � 106 BM and 60 � 106 splenocytes from WT C57BL/6 donors. i, Colon (�40 final magnification) from a
representative TBI/ATS-treated WT BALB/c host at day 6. DAPI stain shows nuclear detail of both host mucosal and donor cells (blue). Infiltrating CD8�

lymphocytes (green) are seen (�40 final magnification), with a high power insert (�400) demonstrating clusters of CD8� lymphocytes (blue nuclear stain
combined with green surface stain). The serosa is indicated by the bold white arrow (3), and lumen is labeled with an asterisk (�). ii, Colon (�40) at day
6 in a TLI/ATS-treated host with a paucity of CD8� lymphocytes (green). Final magnifications include �10 ocular and �4 or �40 objectives. D,
Comparison of mean serum levels of TNF-� and IFN-� at day 6 in WT BALB/c hosts given TBI/ATS vs TLI/ATS conditioning followed by transplantation
of 50 � 106 BM and 60 � 106 splenocytes from WT C57BL/6 donors. Bars represent the means of five animals per group, and brackets show SEs.
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hosts (Fig. 6D). The difference in TNF-� was not statistically sig-
nificant ( p � 0.06), whereas that of IFN-� was statistically sig-
nificant ( p � 0.02).

Discussion
Our data demonstrate that BALB/c mice given nonmyeloablative
conditioning with TLI and ATS followed by MHC-mismatched
bone marrow and splenocyte transplants from C57BL/6 donors are
protected not only against GVHD, but also against the progressive
growth of the BCL1 tumor. Some modifications of the donor cell
transplant were made from our previous studies (9, 10); high doses
of splenocytes (60 � 106) and bone marrow cells (50 � 106) were
infused to maximize donor chimerism and graft antitumor activity.
Using this regimen, almost all wild-type BALB/c hosts condi-
tioned with TLI and ATS became �80% donor-type chimeras in
all cell lineages tested (T cells, B cells, monocytes, and granulo-
cytes) in the peripheral blood when assayed at day 28 after trans-
plantation. The dose of infused donor T cells per kilogram of host
body weight (�600 � 106/kg) is �2-fold higher than that infused
with G-CSF-mobilized PBMC transplants in humans conditioned
with TLI/ATG for treatment of leukemia and lymphoma (8). These
patients had a very low incidence of acute GVHD (�5%). Re-
tained graft antitumor activity was documented in those who
entered the study with lymphomas in partial remission and sub-
sequently achieved complete remission (8).

TLI/ATS conditioning protected BALB/c hosts from acute le-
thal GVHD as compared with conditioning with a single dose of
TBI or TBI and ATS. Protection was dependent upon residual host
invariant NKT cells, because all J�18�/� BALB/c hosts that lack
the invariant V�14J�18 TCR�-chain that recognizes CD1d suc-
cumbed to acute GVHD after TLI/ATS conditioning. The latter
subset of NKT cells (type I) is distinguished from the type II subset
that recognizes CD1d but does not express the invariant TCR (22).
The type II NKT cells have been shown to impair tumor surveil-
lance by inhibiting CD8� T cell tumor killing function (23, 24).
Our previous studies showed that almost all residual NKT cells in
the spleen after TLI or TLI/ATS conditioning are type I, and
�80% of these are CD4� NKT cells that show a marked Th2
cytokine bias as judged by their vigorous secretion of IL-4 (9). The
remaining 20% of the residual host splenic NKT cells after TLI/
ATS conditioning are CD4�CD8�, and this subset of cells has
recently been shown to facilitate in vivo tumor killing in murine
sarcoma and melanoma clearance models (25). The latter host
NKT cell subset may indeed contribute to the observed in vivo
antitumor activity after TLI/ATS conditioning and transplant.

Although the presence of host regulatory NKT cells is required
to prevent GVHD in the TLI/ATS-conditioned hosts, other regu-
latory T cells such as CD4�CD25�Foxp3� cells of host or donor
origin may be required as well. In fact, our recent studies show that
acute GVHD protection afforded by TLI/ATS conditioning is lost
when donor cells are depleted of CD4�CD25� regulatory T cells
before transplantation (A. Pillai, et al., manuscript in preparation).
In addition, changes in the function of host APCs may play a
critical role in preventing GVHD and facilitating the elimination of
tumor cells (26). In our ongoing studies of GVHD protection in the
TLI/ATS system, we are investigating the role of different purified
populations of regulatory T cells cotransferred alone or in combi-
nation with GVHD inducing T cells into myeloablated hosts with
and without tumor cells.

Graft antitumor activity was clearly demonstrated in our study
by the survival of hosts given TLI/ATS followed by allogeneic
bone marrow and splenocyte transplantation, compared with the
uniform tumor progression in wild-type hosts given the TLI/ATS-
conditioning regimen and BCL1 lymphoma without transplants.

Progressive tumor growth was also seen after the transplantation of
donor bone marrow cells without splenocytes, or after the trans-
plantation of bone marrow and spleen cells from CD8�/� or per-
forin�/� donors. The results indicate that donor peripheral CD8�

T cells expressing the perforin cytolytic molecule were required
for killing and clearance of the BCL1 tumor cells. It is possible that
other pathways of CD8� T cell cytolysis of tumor cells including
Fas ligand and granzyme molecules may contribute to BCL1 tumor
clearance as well. Donor CD8� T cells have been shown to elim-
inate BCL1 tumor cells in TBI-conditioned hosts (13, 19) and in
hosts conditioned with TLI and cyclophosphamide (3). In the latter
report, tumor cells were injected before transplant conditioning of
the host. Neither radiation nor chemotherapy contributed to tumor
cell killing in the present report, because tumor cells were infused
after host conditioning.

We demonstrate that regulatory NKT cells inhibit GVHD and
allow donor CD8� T cell-mediated protection against progressive
growth of BCL1 tumor cells. The NKT cells may have attenuated
graft antitumor activity in some hosts, because 20% (4 of 20) of
wild-type hosts conditioned with TLI/ATS and given donor mar-
row and spleen cells had progressive growth of the tumor at au-
topsy. By contrast, none of the NKT cell-deficient CD1d�/� hosts
(0 of 14) given the same regimen demonstrated progressive tumor
growth at autopsy, but all died of GVHD. The kinetics of graft
antitumor activity may be slowed by the NKT cells due to the
slowed expansion of donor CD8� T cells during the first month
after transplantation. However, it is notable that 80% of wild-type
hosts had no detectable tumor cells in microscopic sections of the
spleen at day 120 after transplantation.

Donor regulatory CD4�CD25� T cells can also inhibit GVHD
while retaining graft antitumor activity (12). However, host regu-
latory CD4�CD25� T cells are not effective inhibitors of GVHD
in MHC-mismatched transplant systems such as those used in the
current study (13, 27). In this regard, CD4�CD25� T cells differ
in suppressive activity from the NKT cells, because both donor and
host NKT cells have been shown to inhibit GVHD in MHC-mis-
matched systems (9, 11). The suppressive activity of host NKT cells
has been reported to be enhanced by activation with the NKT cell-
specific ligand, �-GalCer (14, 28). Enhancement of the GVHD sup-
pressive activity and facilitation of the tumor killing activity of CD8
T cells by donor NKT cells has been reported after treatment of the
donors with the fusion protein progenipoietin-1, a potent chimeric
cytokine that stimulates both G-CSF and Flt-3L receptors (29).

In conclusion, the TLI and ATS-conditioning regimen prevented
GVHD and retained protection against progressive tumor growth
in 80% of recipients given MHC-mismatched bone marrow trans-
plants. Prevention of lethal GVHD was dependent upon the pres-
ence of host NKT cells, and graft antitumor activity was dependent
upon donor CD8� T cells and their production of perforin. The
results help elucidate the mechanisms of GVHD protection and
retention of graft antitumor activity in clinical trials using TLI/
ATG conditioning (8).
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