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Introduction
Allogeneic bone marrow transplantation (BMT) is
widely performed for the treatment of hematological
malignancies. It can provide antitumor activity both
with intensive chemoradiotherapy and through the
graft-versus-leukemia (GVL) effect associated with the
transfer of donor T and natural killer (NK) cells,
which recognize histocompatibility antigens on host
leukemia cells and eradicate them (1–3). However, for
leukemia, the major obstacles to a successful outcome
after allogeneic BMT are still leukemia relapse and
graft-versus-host disease (GVHD). GVL and GVHD
are closely linked (2–4), and leukemia relapse rates
after allogeneic BMT have been shown to be inversely
correlated to the severity of GVHD (5). Prevention of
GVHD is currently achieved by either T-cell depletion
(TCD) of donor bone marrow (BM) or the use of non-
specific immunosuppressive drugs. However, because
they inhibit donor T cells, these approaches are asso-
ciated with an increased risk of leukemic relapse after
BMT (5, 6). During acute GVHD, cytokine dysregula-

tion occurs as a consequence of synergistic interac-
tions between cells of both myeloid and lymphoid 
lineages (7). T cells in the donor inoculum encounter
alloantigen, and in the presence of IL-12, they secrete
the Th1 cytokines IFN-γ and IL-2 (8). IFN-γ primes
monocytes and macrophages to secrete cytopathic
quantities of inflammatory cytokines (e.g., TNF-α
and IL-1) after stimulation by LPS (9). This cytokine
cascade contributes significantly to mediation of
GVHD target-organ damage (7), whereas donor cyto-
toxic T lymphocytes (CTLs) and NK cells are the prin-
cipal mediators of the GVL effect (2, 3). Therefore,
inhibition of the inflammatory component of GVHD,
and preservation of T-cell responses to host antigens,
could represent a novel strategy for separation of
GVHD and GVL after BMT.

IL-11 is a member of the IL-6 cytokine family. Initial-
ly characterized as a hematopoietic cytokine, IL-11 has
now been shown to have activity in other tissues,
including those of the immune system, gastrointesti-
nal tract, liver, and nervous system, as well as in bone
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and adipose tissue (10). IL-11 has been shown to
enhance thrombopoiesis after myelosuppressive ther-
apy (11, 12) and to protect against gastrointestinal
injury (13). It also possesses potent anti-inflammatory
properties (14, 15). We recently demonstrated that IL-
11 strongly inhibits GVHD in a well-characterized
mouse model of GVHD directed against MHC and
minor antigens (16). Short-term administration of IL-
11 not only promotes recipient survival, but provides
long-term protection of GVHD target organs, especial-
ly the small intestine. The mechanisms of this effect
include (a) protection of the small bowel from early
GVHD toxicity; (b) suppression of systemic inflamma-
tory cytokines such as TNF-α; and (c) polarization of
donor T cells toward type-2 cytokine response. Thus,
IL-11 modulates the cytokine cascade of GVHD at mul-
tiple steps. Side effects of IL-11 administration include
headache, edema, tachycardia, anorexia, and dyspnea,
but these are generally mild (12), making IL-11 an
attractive potential adjuvant to GVHD prophylaxis.

Our initial studies demonstrated that IL-11 treat-
ment preserves CTL function after BMT (16); we there-
fore hypothesized that IL-11 could maintain the GVL
effect conferred by allogeneic T cells. We have now
examined the effects of IL-11 on the GVL effect using
2 different experimental BMT models. Our results
indicate that IL-11 treatment retains the GVL activity
of allogeneic T cells and promotes leukemia-free sur-
vival after BMT. Further investigations confirm that IL-
11 selectively inhibits perforin-independent CD4-medi-
ated GVHD, while retaining a perforin-dependent GVL
effect mediated by both CD4+ and CD8+ cells.

Methods
Mice. Female C57BL/6 (B6, H-2b, CD45.2+), B6D2F1
(H-2b/d, CD45.2+) (17), C3FeB6F1 (H-2b/k, CD45.2+),
and perforin-knockout C57BL/6 (H-2b, pfp–/–) mice were
purchased from The Jackson Laboratory (Bar Harbor,
Maine, USA). Female Ly-5 congenic B6.Ly-5a (H-2b,
CD45.1+) mice were obtained from Frederick Cancer
Research Facility (Frederick, Maryland, USA). The age
of mice used as BMT recipients ranged between 14 and
18 weeks. Mice were housed in sterilized microisolator
cages. They received normal chow and autoclaved
hyperchlorinated drinking water for the first 3 weeks
after BMT, and filtered water thereafter.

BMT. Mice were transplanted according to a stan-
dard protocol described previously (16). Briefly, on
day 0, mice received 15 Gy total body irradiation (TBI;
137Cs source), split into 2 doses that were separated by
3 hours to minimize gastrointestinal toxicity. A lower
dose (11 Gy) of TBI was also used in some GVL exper-
iments, in order to diminish GVHD mortality and to
evaluate larger numbers of surviving animals in GVL
experiments. After TBI, 5 × 106 BM and 1 × 106 to 2 ×
106 nylon wool–purified splenic donor T cells were
resuspended in 0.25 mL of Leibovitz’s L-15 media
(GIBCO BRL, Gaithersburg, Maryland, USA) and
were injected intravenously into recipients. In some
experiments, allogeneic BM was depleted of T cells by
incubating cells with anti–Thy-1.2 mAb’s at 4°C for
30 minutes, followed by incubation with low-toxicity
rabbit complement for 40 minutes at 37°C. Depletion
of CD4+ and CD8+ T cells was performed using the
MiniMACS system (Miltenyi Biotec, Bergisch Glad-
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Figure 1
Characteristics of leukemic cell lines. (a) P210 and P815 cells were stained with H-2Kk and H-2Dd, respectively, to determine MHC I expres-
sion (A, D), and with I-Ak and I-Ad (B, E), respectively, to determine MHC II expression. Expression of membrane-bound Fas on cell surfaces
was also determined (C, F, G). Each graph shows staining with the indicated antibody (filled histograms) compared with the isotype control
(dotted histograms). (b) Apoptosis induced by cross-linking with anti-Fas antibodies. Cells were incubated in 96-well plates coated with anti-
Fas antibodies at 37°C in 5% atmospheric CO2 for 20 hours. Apoptotic cells were analyzed by flow cytometry after staining with hypotonic
propidium iodide solution, and are presented as apoptotic percentage of total cells.



bach, Germany) after nylon-wool purification of
spleen T cells. In each experiment, cell depletion was
analyzed by flow cytometry (see below) to verify that
less than 0.5% of the cells of the depleted phenotype
remained. Survival was monitored daily; recipient
body weight and GVHD clinical score were measured
weekly as described previously (18). Donor-cell
engraftment was determined by examining the per-
centage of CD45.1+ cells in peripheral blood at day 60
after transplantation.

IL-11 treatment. Recombinant human IL-11 (kindly
supplied by Genetics Institute Inc., Cambridge, Massa-
chusetts, USA) was diluted in 0.1% BSA in PBS before
injection. The protein had a specific activity of 1.6 × 106

to 2.1 × 106 U/mg, as determined by T10 proliferation
assay (19). Mice were injected subcutaneously with IL-

11 (250 µg/kg per dose) twice daily, from 2 days before
BMT to 7 days after BMT. Recombinant human IL-11
is approximately 10 times less active in mice than in
humans (J.C. Keith, Jr., personal communication). A
dose of 500 µg/kg per day in mice is therefore equiva-
lent to 50 µg/kg per day in humans, the standard dose
administered clinically (12). Mice from the control
groups received injection of diluent only.

FACS analysis. FITC-conjugated mAb’s to mouse
CD45.1, CD45.2, CD4, H-2Kk, and H-2Kb were pur-
chased from PharMingen (San Diego, California, USA),
as were phycoerythrin-conjugated (PE-conjugated)
CD8, NK1.1, and CD95, and biotinylated I-Ab, I-Ad, and
I-Ak mAb’s. Biotinylated mAb’s were used with FITC-
or PE-streptavidin (PharMingen). FITC-conjugated
anti-mouse H-2Dd mAb was purchased from Cedarlane
Laboratories Ltd. (Hornby, Ontario, Canada). Cells
were incubated first with 2.4G2 (rat anti-mouse FcγR
mAb) for 15 minutes at 4°C in order to block nonspe-
cific FcγR binding of labeled antibodies, and then with
the relevant mAb for 30 minutes at 4°C. Cells were
washed twice with 0.2% BSA in PBS, and fixed with 1%
paraformaldehyde in PBS. Finally, 2-color flow cytom-
etry was performed on a FACScan cytometer (Becton
Dickinson Immunocytometry Systems, San Jose, Cali-
fornia, USA). Irrelevant IgG2a or IgG2b mAb was used
as a negative control. Ten thousand live events were
acquired for analysis.

Leukemia induction. P815 (H-2d, CD45.2+) is a masto-
cytoma derived from a DBA/2 mouse. 32Dp210 (P210)
is an H-2k, CD45.2+ myeloid leukemia derived from 32D
cells of C3H/Hej mouse origin, transformed by p210
bcr/abl oncogene (20). P815 and P210 cells were inject-
ed intravenously into B6D2F1 recipients and C3FeB6F1
recipients, respectively, on day 0 of BMT. Survival was
monitored daily, and the cause of each death after BMT
was determined (by postmortem examination) to be
either GVHD or leukemia. The most striking leukemia-
specific abnormality induced by P210 was marked
hepatosplenomegaly (spleen more than 400 mg and
liver more than 1,700 mg). No hepatosplenomegaly was
found in animals that had not received P210. In con-
trast to the diffuse infiltration of P210 cells, P815 cells
tend to form macroscopic nodules, preferentially in liver
and spleen. In some animals, lower-limb paralysis devel-
oped; histopathological analysis revealed infiltration of
P815 cells around the spinal cord. The specificity of
lower-limb paralysis for leukemic death was quite high,
as paralysis was never seen in animals not given P815
cells. A P815-induced leukemic death was therefore
defined by the occurrence of either macroscopic tumor
nodules in liver and/or spleen, or hindleg paralysis.
GVHD death was defined by the absence of leukemia
and the presence of clinical signs of GVHD, assessed by
a clinical scoring system described previously (18). In
some experiments, sentinel carcasses were placed in 10%
formalin in PBS, and pathological examination was per-
formed after staining with hematoxylin and eosin.

Animals surviving beyond day 60 of BMT were sacri-
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Figure 2
IL-11 promotes overall survival after BMT by reducing the mortality of
GVHD while retaining GVL activity. (a) Survival in control-treated (thick
dotted line; n = 25) and IL-11–treated (solid line; n = 22) animals after
allogeneic BMT and allogeneic TCD BMT (thin dotted line; n = 16).
B6D2F1 mice were transplanted with 5 × 106 BM and 1 × 106 splenic T
cells from allogeneic B6 donors after 15 Gy TBI. P815 cells (2,000 per
mouse) were also given intravenously on day 0. *P < 0.001 vs. control-
treated allogeneic animals. (b) Survival in control-treated (thick dotted
line; n = 16) and IL-11–treated (solid line; n = 16) animals after allo-
geneic BMT and allogeneic TCD BMT (thin dotted line; n = 12).
C3FeB6F1 mice were transplanted with 5 × 106 BM and2 × 106 splenic
T cells from B6 donors after 15 Gy TBI. Five hundred P210 cells were
given intravenously on day 0. *P < 0.01 vs. control-treated allogeneic
animals. In both experiments, all recipients of allogeneic BM and T cells
died from GVHD; all recipients of TCD BM died from leukemia.



ficed, and the liver and spleen were harvested for histo-
logical evaluation. Peripheral blood was obtained for
FACS analysis to determine leukemia-free survival,
which was defined by the absence of clinical manifesta-
tions of leukemia and by the absence of leukemia cells in
the peripheral blood (less than 0.5% H-2Dd+/H-2Kb– or
CD45.2+/CD45.1– cells in P815 experiments, and less
than 0.5% H-2Kk+/H-2Kb– or CD45.2+/CD45.1– cells in
P210 experiments). In experiments mixing B6 Ly-5a
splenocytes with either P815 or P210 cells, the minimal
detectable level of leukemic contamination was 0.5%.

Apoptosis assay. We coated 96-well plates overnight at
4°C with anti-Fas antibodies (Jo2; 1 mg/mL), and cells
(106/mL) were incubated for 20 hours at 37°C in an
atmosphere of 5% CO2. Apoptotic cells were analyzed
by flow cytometry after staining with hypotonic pro-
pidium iodide solution as described. Briefly, 2 × 105

cells were incubated for 10 minutes at 4°C with 200 µL
of hypotonic buffer containing 0.1% sodium citrate,
0.1% Triton X-100 (Sigma Chemical Co., St. Louis, Mis-
souri, USA), and 50 mg/mL propidium iodide. The cell
suspension was then analyzed by flow cytometry, and
the subdiploid peak was measured to determine the
percentage of apoptotic cells.

51Cr release assays. Splenocytes were removed from
B6D2F1 recipients 14 days after BMT, and 3 spleens
were combined from each group. These cells were then
layered over Ficoll-Paque (Amersham Pharmacia
Biotech, Piscataway, New Jersey, USA) and centrifuged
at 800 g for 20 minutes. Cells were then collected from
the interface and washed twice before suspension in
supplemented 10% heat-inactivated FCS in RPMI. The
percentage of CD8+ cells in this fraction was deter-
mined by FACS analysis, and counts were normalized

for CD8+ T-cell numbers. Variation in the percentage of
CD8+ cells in the spleens of animals treated with IL-11
and control was less than 10%, without appreciable dif-
ferences in CD4+/CD8+ ratios. P815 (H-2d), EL4 (H-2b),
Fas-sensitive target LK35.2 (H-2d/k) (21), and NK-sensi-
tive target cell YAC-1 (H-2a) were used as targets.
Tumor targets (2 × 106 cells) were labeled with 100 µCi
of 51Cr for 2 hours. After being washed 3 times, labeled
targets were plated with 1 × 104 cells per well in U-bot-
tom 96-well plates (Corning-Costar Corp., Cambridge,
Massachusetts, USA). Splenocytes (prepared as
described) were added to quadruplicate wells at varying
effector/target ratios, and incubated for 4 or 7 hours.
51Cr activity in supernatants was determined in an
auto-gamma counter (Packard Instrument Company,
Meriden, Connecticut, USA). Maximal and back-
ground release were determined by the addition of 2%
Triton X-100 or media alone to targets, respectively.
The percentage of specific lysis was calculated as fol-
lows: 100 × (sample count – background count)/(max-
imal count – background count).

Statistical analysis. Survival curves were plotted using
Kaplan-Meier estimates. The Mantel-Cox log rank test
was used to analyze survival data. Statistical signifi-
cance was set at P < 0.05.

Results
Characteristics of P815 and P210 leukemia cell lines. After
TCD BMT, P815 and P210 cells proliferate in liver,
spleen, BM, and peripheral blood. FACS analysis demon-
strated that both cell lines express significant amounts
of MHC class I (but few class II) molecules on their sur-
faces (Figure 1a). Both leukemias are resistant to lysis
mediated by cross-linking with anti-Fas antibodies in
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Figure 3
IL-11 inhibits CD4-mediated GVHD while preserving
both CD4- and CD8-mediated GVL effects. (a) Survival
in control-treated recipients of TCD BM alone (thin dot-
ted line; n = 5), CD4-depleted T cells (thick dotted line; n
= 8), and CD8-depleted T cells (broken dotted line; n =
8); and in IL-11–treated recipients of CD8-depleted T cells
(solid line; n = 8) after BMT. Lethally irradiated (15 Gy)
B6D2F1 mice were transplanted with 5 × 106 TCD BM,
alone or with 1 × 106 CD4- or CD8-depleted T cells from
B6 donors. *P < 0.0001 vs. control-treated recipients of
CD4-depleted T cells or IL-11–treated animals receiving
CD8-depleted T cells. (b, c, and d) Leukemic mortality.
B6D2F1 mice were transplanted as described above after
11 Gy TBI. Five thousand P815 cells were injected intra-
venously on day 0. GVHD deaths were not counted. (b)
Leukemic mortality in animals treated with control (thick
dotted line; n = 20) and IL-11 (solid line; n = 20) after
allogeneic BMT, and in animals treated with control (thin
dotted line; n = 12) and IL-11 (broken dotted line; n = 8)
after allogeneic TCD BMT. (c) Leukemic mortality in ani-
mals treated with control (thick dotted line; n = 20) and
IL-11 (solid line; n = 24) after CD4-depleted BMT. (d)
Leukemic mortality in animals treated with control (thick
dotted line; n = 8) and IL-11 (solid line; n = 8) after CD8-
depleted BMT.



vitro (Figure 1b), despite their expression of membrane-
bound Fas (Figure 1a). By contrast, LK35.2 cells are
exquisitely sensitive to lysis induced by the ligation of Fas
with anti-Fas antibodies (Figure 1b). IL-11 did not
enhance the growth of either P815 or P210 cells in vitro
(data not shown).

IL-11 promotes leukemia-free survival after BMT by reducing
GVHD and retaining the GVL effect. In preliminary experi-
ments, we determined that 2,000 P815 and 500 P210
leukemic cells were 100% lethal when given to B6D2F1
and C3FeB6F1 recipients of TCD BMT, respectively
(data not shown). These doses were therefore used in
allogeneic BMT to mimic minimal residual disease and
to study the effect of IL-11 administration on GVL
effects. B6D2F1 recipients received BMT and either IL-
11 or control treatment as described above. Two thou-
sand P815 cells were added to the BM inoculum on day
0. As shown in Figure 2a, all recipients of TCD BM died
from leukemia by day 23 after BMT, without evidence of
GVHD. In control-treated allogeneic BMT recipients,
GVHD was severe, with mortality beginning on day 5;
only 32% of animals survived at day 60. By contrast, 82%
of IL-11–treated allogeneic animals survived this period
(P < 0.001). In each case, allogeneic recipients effectively
rejected their leukemia, and mortality was due solely to
GVHD (all surviving animals were sacrificed at day 60,
and no evidence of leukemia was found postmortem). In
addition, FACS analysis of peripheral blood showed
complete donor-cell engraftment (99.5 ± 0.2% in IL-
11–treated animals; 98.6 ± 0.8% in control-treated ani-
mals) without any detectable P815 cells (H-2d+/H-2b–).
Surviving allogeneic BMT control animals developed
significantly more severe clinical GVHD than did IL-
11–treated animals (clinical score at day 60 was 4.4 ± 0.5
vs. 2.6 ± 0.4, respectively; P < 0.05). These results indicate

that IL-11 promotes leukemia-free survival after BMT by
inhibiting GVHD and maintaining GVL activity.

Similar results were obtained in a different experi-
mental BMT model using C3FeB6F1 recipient mice and
B6 donors. In this model, the transplanted cells were
P210 (H-2k) leukemic cells bearing MHC antigens of the
recipients (H-2b/k) but not the donors (H-2b). All the
recipients of TCD BM died of leukemia by day 32 after
BMT, with a median survival time of 25 days (Figure
2b). Severe GVHD developed in allogeneic animals.
However, survival at day 60 after BMT in the IL-11
group was significantly greater than in the control
group (44% vs. 12%, respectively; P < 0.01). No deaths
from leukemia were seen in either group, again con-
firming that IL-11 promotes leukemia-free survival
after allogeneic BMT.

IL-11 inhibits CD4-mediated GVHD after BMT. We next
examined the role of T-cell subsets in mediating GVHD
in our system. To evaluate the requirement for CD4+ and
CD8+ T cells in producing GVHD, we selectively deplet-
ed CD4+ or CD8+ T cells from B6 spleen T cells, using the
MiniMACS system described in Methods. FACS analysis
showed that depletion of each subset was always greater
than 99.5%. Lethally irradiated (15 Gy) B6D2F1 recipi-
ents were then transplanted with 1 × 106 CD4-depleted
or CD8-depleted T cells, with 5 × 106 TCD BM. In each
set of experiments a subgroup of mice also received IL-
11 (Figure 3a). Depletion of CD4+ T cells from the
donor-cell inoculum effectively eliminated GVHD mor-
tality, whereas depletion of CD8+ T cells did not (P <
0.0001). Administration of IL-11 prevented GVHD mor-
tality mediated by CD4+ T cells compared with no IL-11
treatment (P < 0.0001). These results demonstrate that
acute GVHD in this model is dependent on allogeneic
CD4+ T cells, consistent with earlier experiments (22).
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Figure 4
IL-11 treatment preserves CTL function after BMT. Splenocytes harvested from allogeneic animals on day 14 of BMT were pooled (n = 3)
and used immediately in a 51Cr release assay. (a) CTL activity against P815 in control-treated (open circles) and IL-11–treated (filled circles)
recipients of wild-type donor T cells, and in control-treated (open squares) and IL-11–treated (filled squares) recipients of pfp–/– donor T cells
after 7 hours in culture. (b) CTL activity against LK35.2 in control-treated (open circles) and IL-11–treated (filled circles) recipients of wild-
type donor T cells, and in control-treated (open squares) and IL-11–treated (filled squares) recipients of pfp–/– donor T cells after 7 hours in
culture. (c) CTL against YAC-1 in control-treated (open circles) and IL-11–treated (filled circles) recipients of wild-type donor T cells, and in
control-treated (open squares) and IL-11–treated (filled squares) recipients of pfp–/– donor T cells after 4 hours in culture.



GVL depends on both CD4+ and CD8+ T cells and is not
affected by IL-11 treatment. We next investigated the abil-
ity of CD4+ and CD8+ T cells to mediate the GVL effect
in this model. In these experiments, conditioning of 11
Gy was used, which reduced the intensity of GVHD and
allowed the evaluation of larger numbers of surviving
animals. The P815 dose was concomitantly increased
to 5,000 cells per animal to increase the stringency of
the leukemia challenge. B6D2F1 recipients received 5 ×
106 TCD BM, alone or with 1 × 106 unselected T cells,
CD4-depleted T cells, or CD8-depleted T cells from B6
donors (after 11 Gy TBI). As expected, mortality from
acute GVHD was low under these conditions (even uns-
elected donor T cells were successfully transplanted);
GVHD deaths in this group were observed in 4 of 20
control animals and 3 of 20 IL-11–treated recipients.
All recipients of TCD BM alone died of leukemia with-
in 3 weeks of BMT (Figure 3b). Of note, IL-11 treat-
ment did not affect in vivo tumor growth in the
absence of T cells; the rate of leukemia death in recipi-
ents of TCD BM was the same in both the IL-11 and
control treatment groups. When GVL was induced by
unselected T cells, leukemic mortality in control- and
IL-11–treated recipients was similar at day 60 of BMT
(32% vs. 50%, P = 0.26; Figure 3b). Depletion of either
CD4 or CD8 delayed, but did not decrease, leukemic
death; the median survival time of recipients of TCD
BM alone, CD4-depleted T cells, and CD8-depleted T
cells was 14, 23, and 21 days, respectively (P < 0.001; Fig-
ure 3, b–d). These results show that both CD4+ and
CD8+ T cells are required for optimal GVL activity in
this system. The rate of leukemic mortality in recipi-
ents of either CD4- or CD8-depleted T cells was similar
in groups with and without IL-11 treatment, demon-
strating that IL-11 administration did not diminish the
magnitude of the GVL effect of either T-cell subset. 

Interestingly, leukemic death was associated with
hepatosplenomegaly in recipients of CD8-depleted, but
not CD4-depleted, T cells (P < 0.01; Table 1). Therefore,
the recipients of CD4+ cells died with higher leukemic
burdens than did recipients of CD8+ cells, suggesting

that CD8+ T cells are more potent effectors of GVL
than are CD4+ cells, but they require CD4 help to exert
their maximal GVL effect. Hepatosplenomegaly was
not observed in IL-11–treated recipients of CD4-
depleted T cells, again demonstrating that the ability
of CD8+ T cells to suppress leukemia in the absence of
CD4+ T cells was not diminished by IL-11 treatment.

IL-11 preserves CTL function mediated by both perforin and
Fas after BMT. To investigate the molecular mechanisms
of GVL in this model, we first examined the cytolytic
activity of donor splenocytes with respect to host tar-
gets. Splenocytes were harvested from B6D2F1 recipi-
ents on day 14 after BMT. Strong CTL activity was
demonstrated in splenocytes from recipients of wild-
type B6 (H-2b) donor cells in culture with host-type
P815 (H-2d) targets (Figure 4a). No lysis was observed
in this assay when perforin-deficient (pfp–/–) mice (H-2b)
were used as donors, or when donor type EL4 (H-2b)
cells were used as targets (data not shown), confirming
perforin-dependent, allospecific killing. 

The Fas/FasL system is a second important effector
pathway of CTL function, so we examined the effect of
IL-11 on Fas-mediated cytotoxicity after allogeneic
BMT using LK35.2 targets, which express high levels of
Fas on their surfaces (Figure 1). Consistent with Fas-
restricted killing, pfp–/– effectors significantly lysed
LK35.2 but not Fas-resistant P815 or YAC-1 cells (Fig-
ure 4b). IL-11 treatment did not reduce either the per-
forin- or Fas-dependent cytolytic activity of donor T
cells against host targets (Figure 4, a and b). IL-11 also
did not reduce cytolytic activity against NK-sensitive
YAC-1 targets; such activity was almost completely per-
forin dependent (Figure 4c).

IL-11 inhibits GVHD in a perforin-independent fashion but
retains the perforin-dependent GVL effect. We next examined
effector mechanisms of T cell–mediated GVHD and
GVL using perforin-deficient donor mice. B6D2F1
recipients were transplanted with 5 × 106 BM and 1 ×
106 T cells from wild-type B6 or pfp–/– donors after 15 Gy
TBI. Survival of recipients of T cells from wild-type B6
and pfp–/– donors was 50% and 63%, respectively (P =
0.86; Figure 5a). Administration of IL-11 inhibited the
GVHD mortality induced by pfp–/– T cells (P < 0.001; Fig-
ure 5a). We next investigated the role of perforin in the
GVL effect in this system. All TCD BMT recipients from
wild-type B6 donors died from leukemia by day 17 after
BMT, whereas no BMT recipients of T cells from wild-
type B6 donors died, regardless of whether IL-11 was
administered (Figure 5b). By contrast, GVL was marked-
ly reduced when pfp–/– mice were used as donors; all
recipients of these donor cells died from leukemia (P <
0.001), with or without IL-11 treatment. Leukemic mor-
tality in recipients of pfp–/– cells was delayed approxi-
mately 5 days compared with that in recipients of TCD
BM, suggesting a weak GVL effect that was independ-
ent of perforin. Taken together, these results demon-
strate that perforin-mediated cytotoxicity does not play
a significant role in GVHD mortality in this model, but
it is critical for the eradication of P815 cells, which is not
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Table 1
IL-11 effects on leukemic burden

Donor T-cell IL-11 Weight (mg)
depletion treatment Spleen Liver

B6 – ±A 78 ± 39B 1,255 ± 458B

Thy-1.2 ±A 341 ± 139 1,986 ± 506
CD4 – 68 ± 41B 1,023 ± 140B

CD4 + 71 ± 18B 1,044 ± 91B

CD8 - 280 ± 49 1,602 ± 140
CD8 + 290 ± 178 1,834 ± 312

pfp–/– - - 254 ± 62 3,148 ± 699
- + 328 ± 117 3,093 ± 680

B6D2F1 mice were transplanted with 5 × 106 TCD BM, alone or with 1 × 106

whole T cells, CD4-depleted T cells, or CD8-depleted T cells from B6 or pfp–/–

donors after 11 Gy TBI. Five thousand P815 cells were injected intravenously
on day 0. Spleen and liver were weighed postmortem. ACombined data with
and without IL-11. BP < 0.01 compared with TCD (Thy-1.2) animals.



impaired by IL-11 treatment. Of note, leukemic death
in the recipients of pfp–/– T cells was associated with
marked hepatosplenomegaly (Table 1) and was similar
to that seen in recipients of CD8-depleted T cells.

Discussion
In recent years, much attention has been focused on
the role of cytokine cascades in GVHD pathophysiolo-
gy (7, 23). We recently reported that IL-11 achieves
GVHD suppression at 3 steps within the cytokine cas-
cade of acute GVHD (16). IL-11 minimizes GVHD
damage to the small bowel during radiation condi-
tioning, which prevents translocation of LPS from the
intestinal lumen into the systemic circulation. IL-11
also prevents TBI-induced increases in secretion of
TNF-α and IL-12 by host macrophages. As a conse-
quence, during donor T-cell activation, IL-11 induces
polarization of donor T cells toward type-2 cytokine
response. Thus, the protective effects of IL-11 from
GVHD are primarily mediated by the reduction of the
inflammatory toxicities of GVHD. Our initial studies
also demonstrated that CTL activity was preserved
after IL-11 treatment (16). We hypothesized that the
ability of IL-11 to suppress the inflammatory toxicities
of GVHD while preserving CTL function could permit
the separation of the GVL effect from GVHD. This
study supports that hypothesis in 2 different experi-
mental models of BMT for leukemia. Both models
show that IL-11 promotes leukemia-free survival after
allogeneic BMT by reducing GVHD while maintaining
GVL activity. In addition, we show that the molecular
pathways of cytolysis in CTLs that are mediated by per-
forin and FasL are not affected by IL-11 treatment in
vivo, and that the GVL effect depends primarily on the
perforin pathway.

Severe, acute GVHD in this donor/recipient strain
combination is primarily dependent on donor CD4+ T
cells; depletion of CD4+ T cells from the donor inocu-
lum markedly inhibited GVHD mortality. This obser-
vation confirmed earlier studies in which CD4+ T cells
were found to play a critical role in inducing GVHD
across full MHC barriers in several different murine
strain combinations (22, 24–27). CD4+ T cells con-
tribute to GVHD through their cytolytic activity (28,
29) and cytokine production, which helps to amplify
CD8+ CTL generation and prime macrophages to pro-
duce inflammatory cytokines (7). Of note, acute GVHD
mortality in this system (B6 donor to B6D2F1 recipi-
ent) is inhibited by a lower TBI dose, which in turn
reduces macrophage secretion of TNF-α (30). IL-11
prevents this effect of TBI (16), consistent with the
importance of inflammatory cytokine dysregulation in
mediating GVHD that is initiated by CD4+ T cells.

In our model, both CD4+ and CD8+ T-cell populations
were required for a GVL effect. The P815 cells used in
these experiments were MHC I positive but MHC II neg-
ative; we interpret the dependence on CD4+ and CD8+

subsets to mean that CD4+ T cells are necessary for the
expansion and activation of CD8+ effectors that direct-

ly lyse P815 cells. Alone, CD4+ T cells conferred minimal
GVL activity (all animals died of leukemia), but death
was delayed approximately 10 days by the addition of
CD4+ T cells to the BM (Figure 3). This modest CD4-
mediated GVL effect against MHC II–negative, Fas-
resistant P815 suggests that inflammatory cytokines
(TNF-α, IFN-γ, IL-1) secreted during GVHD, or novel
members of the TNF family (TRAIL) (31–33), may
retard — but not eliminate — leukemia. Interestingly, the
CD4-mediated effect was not altered by IL-11 treat-
ment, despite the marked suppression by IL-11 of CD4-
mediated GVHD. This dichotomy suggests that IL-11
may modulate the cytokine production of CD4+ T cells
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Figure 5
IL-11 inhibits GVHD in a perforin-independent fashion, but retains
the perforin-dependent GVL effect. (a) Lethally irradiated (15 Gy)
B6D2F1 mice were transplanted with 5 × 106 BM and 1 × 106 splenic
T cells from wild-type B6 (wt) or pfp–/– donors. Survival in control-treat-
ed (thin dotted line; n = 8) and IL-11–treated (broken dotted line; n =
8) recipients of T cells from pfp–/– donors, and in control-treated recip-
ients of T cells from wild-type donors (solid line; n = 6) after BMT. (b)
B6D2F1 mice were transplanted as described above after 11 Gy TBI.
Two thousand P815 cells were injected intravenously on day 0.
Leukemic mortality after BMT in control- or IL-11–treated recipients
of T cells from wild-type donors (solid line; n = 16), in control-treat-
ed (thick dotted line; n = 8) and IL-11–treated (broken dotted line; n
= 8) recipients of pfp–/– T cells, and in control-treated animals receiv-
ing TCD BMT (thin dotted line; n = 4). *P < 0.01 vs. recipients of
either TCD BM or T cells from wild-type B6 donors.



without impairing other functions, similar to the effect
of IL-11 on CD8+ T cells.

Other cytokines have been shown to reduce GVHD
while retaining GVL. Administration of both IL-2 and
IL-12 can selectively inhibit CD4+ T cells, and thereby
inhibit GVHD, in a fully MHC- and minor anti-
gen–mismatched BMT model (A/J donor to B10
recipient), while partially preserving a GVL effect that
is mediated by CD8+ T cells (26, 27). IL-2 can also pre-
serve a GVL effect when it is dependent on both CD4+

and CD8+ cells, as in our model (34).
In recent years, it has become clear that the cytolytic

activity of T cells is primarily mediated through at least
2 distinct pathways: perforin/granzyme and Fas/FasL.
CD8+ CTLs, NK cells, and lymphokine-activated killer
(LAK) cells primarily depend on the perforin/granzyme
pathway to kill their targets, whereas CD4+ CTLs use
Fas and other mechanisms, including inflammatory
cytokines such as TNF-α and IFN-γ, and novel members
of the TNF family (TRAIL) (31, 33, 35–41). In this study,
the role of cell-mediated cytotoxicity in GVHD and GVL
was analyzed through the use of pfp–/– donor mice,
which lack the capacity to lyse cells via perforin,
although Fas/FasL-mediated cytotoxicity is unimpaired
(36, 39). Our data show that GVHD mortality was not
mediated by perforin (Figure 5a), which is consistent
with the lack of a major role for perforin in other CD4-
mediated GVHD models (29, 42). Our data do not agree
with those of Blazar et al. (43), who used a nonlethal
dose of TBI (6 Gy). The lower TBI dose reduces inflam-
matory cytokine secretion from macrophages (30), a sit-
uation in which the induction of GVHD may require
additional cytolytic pathways. The gastrointestinal tract
seems particularly susceptible to the toxicity of inflam-
matory cytokines generated during GVHD (44); IL-11
reduces this susceptibility by maintaining epithelial cel-
lular structure, and indirectly by suppressing the pro-
duction of inflammatory cytokines (16).

Although perforin was not a critical mediator of
GVHD in this model, it was an important mediator of
GVL against P815. This is consistent with the expression
of MHC class I (but not class II) on P815 cells (Figure 1a),
because CD8+ CTLs primarily depend on the per-
forin/granzyme pathway to kill their MHC I+ targets (36,
38, 39); P815 cells are not sensitive to Fas-mediated
killing in vitro, as shown in Figure 1b. These results con-
firm a recent report demonstrating perforin-independ-
ent GVHD and perforin-dependent GVL using this same
experimental BMT-leukemia model (45). Fas resistance
seems to be one mechanism by which tumors can escape
from immune surveillance (46, 47), and tumors that
express Fas on their surface are not always susceptible to
Fas-dependent lysis (48, 49). Studies in pfp–/– mice have
demonstrated that perforin was critical for tumor elim-
ination, and the Fas system played little part (47). IL-11
retained the perforin-mediated GVL effect against P815
and, interestingly, did not perturb Fas/FasL-mediated
CTL activity (Figure 4b). The small but significant delay
in leukemic mortality in recipients of pfp–/– T cells com-

pared with TCD recipients (P < 0.01) is likely due to other
cytolytic mechanisms (Figure 5b). This remaining GVL
activity mediated by nonperforin mechanisms was also
unaffected by IL-11 treatment (Figure 5b).

In summary, IL-11 administration markedly inhibit-
ed CD4-dependent GVHD, but retained a GVL effect
through unaltered CTL function mediated primarily
by perforin. Thus, separation of GVL from GVHD by
IL-11 in this model is explained by the selective inhibi-
tion of inflammatory cytokines and by preservation of
T cell–mediated effector mechanisms of tumor lysis.
Current immunosuppressive drugs such as cyclosporin
A and prednisone offer significant but incomplete pro-
tection against GVHD — particularly in the setting of
multiple donor-host histocompatibility antigen dis-
parities that pertain to unrelated donor BMT — and
can negatively impact the GVL effect through their
suppression of T cells. Brief administration of IL-11
may represent a novel strategy for separation of GVHD
and GVL, and may serve as an effective adjunct to clin-
ical regimens of GVHD prophylaxis.
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