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Induction of CD41 T Cell Alloantigen-Specific
Hyporesponsiveness by IL-10 and TGF-b1

Jay C. Zeller,* Angela Panoskaltsis-Mortari,* William J. Murphy, † Francis W. Ruscetti,†

Satwant Narula,‡ Maria G. Roncarolo,§ and Bruce R. Blazar2*

Induction and maintenance of Ag-specific tolerance are pivotal for immune homeostasis, prevention of autoimmune disorders, and
the goal of transplantation. Recent studies suggest that certain cytokines, notably IL-10 and TGF-b, may play a role in down-
regulating immune functions. To further examine the role of cytokines in Ag-specific hyporesponsiveness, murine CD41 T cells
were exposed ex vivo to alloantigen-bearing stimulators in the presence of exogenous IL-10 and/or TGF-b. Primary but not
secondary alloantigen proliferative responses were inhibited by IL-10 alone. However, the combined addition of IL-101 TGF-b
markedly induced alloantigen hyporesponsiveness in both primary and secondary MLR cultures. Alloantigen-specific hypore-
sponsiveness was observed also under conditions in which nominal Ag responses were intact. In adoptive transfer experiments,
IL-10 1 TGF-b-treated CD41 T cells, but not T cells treated with either cytokine alone, were markedly impaired in inducing
graft-vs-host disease alloresponses to MHC class II disparate recipients. These data provide the first formal evidence that IL-10
and TGF-b have at least an additive effect in inducing alloantigen-specific tolerance, and that in vitro cytokines can be exploited
to suppress CD41 T cell-mediated Ag-specific responses in vivo.The Journal of Immunology,1999, 163: 3684–3691.

A prerequisite for the induction and maintenance of a
normal physiological state is the ability of the immune
system to distinguish between beneficial and harmful

responses to self and foreign Ags. The mechanisms by which Ag-
specific tolerance is achieved have been the subject of intense
investigation. Much of the efforts have been focused upon how
the binding of T cell coreceptor determinants to costimulatory li-
gands (e.g., B7 or CD40) present on APC regulates the response to
MHC-peptide complexes. Blockade of these surface-binding
events using fusion proteins or mAb as well as disruption of the
intracellular signaling cascades associated with ligation of these
TCR determinants can lead to Ag-specific T cell tolerance. Cyto-
kines are known to modify immune responses. Sufficient quantities
of IL-2 will preclude tolerance induction. Anti-inflammatory cy-
tokines such as IL-10 have been implicated in the tolerization pro-
cess. In vitro, IL-10 inhibits APC-dependent T cell proliferation by
down-regulating MHC class II and B7 ligand expression on APC
and by directly inhibiting IL-2 production in T cells (1, 2). In vivo,
high endogenous production of the anti-inflammatory cytokine
IL-10 has been found to be associated with skin, cardiac, and islet
cell allograft acceptance (3–5) and the induction of neonatal
and adult tolerance to either foreign Ags (6–8) or chronic expo-
sure to endogenous Ags. However, IL-10 also has immune stim-

ulatory properties on activated T cells that can, under some cir-
cumstances, act as an immune stimulant for T cell-mediated
responses in vivo (9).

The anti-inflammatory members belonging to the TGF-b family
inhibit macrophage activation and Th1 inflammatory responses
that occur during experimental allergic encephalomyelitis (10).
The in vivo injection of TGF-b protein or DNA plasmid delays
cardiac allograft rejection in rodents (11). TGF-b-deficient mice
develop progressive inflammation with manifestations of autoim-
munity that is dependent upon the regulation of CD41 T cells by
MHC class II/peptide complexes (12). Ag-specific T cell clones
generated by exposure of CD41 T cells to Ag in the presence of
IL-10 have been shown to suppress the proliferation of naive
CD41 T cells to Ag partially by the secretion of TGF-b and IL-10
(13). In the present study, we show that the anti-inflammatory
cytokines IL-101 TGF-b have an additive effect on inducing
CD41 T cell Ag-specific hyporesponsiveness. Ag hyporesponsive-
ness was observed in vivo by the adoptive transfer of tolerized
CD41 T cells. Collectively, these data indicate that IL-10 and
TGF-b may play an important role in tolerance induction and sug-
gest a new strategy for inducing Ag-specific tolerance via the reg-
ulation of IL-10 and TGF-b function.

Materials and Methods
Mice

C.H2bm12 (termed bm12) mice were purchased from The Jackson Labora-
tory (Bar Harbor, ME). C57BL/6 (H-2b) (termed B6) and BALB/c (H-2d)
mice were purchased from the National Institutes of Health (Bethesda,
MD). D011.10 transgenic mice backcrossed.10 generations onto a
BALB/c background were generated as described (14) and provided by Dr.
Marc Jenkins (University of Minnesota, Minneapolis, MN). Donors and
recipients were 8–10 wk of age at the time of bone marrow transplantation.
All mice were housed in a specific pathogen-free facility in microisolator
cages.

Cytokines

Human rIL-10 (Schering-Plough Research Institute, Kenilworth, NJ) (sp.
act., 3.13 107 U/mg), active in mice because of species cross-reactivity,
was added at initiation of MLR culture at a concentration of 100 and 1000
U/ml. IL-10 produced inEscherichia coli, isolated from inclusion bodies,
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was greater than 95% pure (as determined by gel electrophoresis), and
contained less than 0.5 endotoxin U/mg of protein. Human rTGF-b2 (Gen-
zyme, Framingham, MA) (sp. act., 53 107 U/mg), active in mice because
of species cross-reactivity, was added at the initiation of MLR culture
at concentrations ranging from 0.1 to 1 ng/ml. TGF-b2 was produced in
E. coli.

In vitro MLR cultures

To purify CD41 T cells, axillary, mesenteric, and inguinal lymph nodes
were mashed, and single cell suspensions were passed through a wire mesh
and collected into PBS containing 2% FBS. Cell preparations were de-
pleted of NK cells (hybridoma PK136, rat IgG2a, provided by Dr. Gloria
Koo, Rahway, NJ) and CD81 T cells (hybridoma 2.43, rat IgG2b, provided
by Dr. David Sachs, Charlestown, MA) by coating with mAb, followed by
passage through a goat anti-mouse and goat anti-rat Ig-coated column (Bio-
tex, Edmonton, Canada). The final composition of T cells was determined
by flow-cytometric analysis to be$94% CD41 T cells. Responder CD41

T cells were mixed with irradiated (30 Gray), anti-Thy-1.2 mAb (hybrid-
oma 30H-12, rat IgG2b, provided by Dr. David Sachs), and anti-NK1.1
plus baby rabbit complement (Nieffenegger, Woodland, CA)-depleted
splenic stimulators. Three types of cultures were established. In the first,
bm12 CD41 T cells were mixed with B6 splenic stimulators. In the second,
B6 CD41 T cells were mixed with bm12 splenic stimulators. In the third,
nontransgenic BALB/c CD41 T cells were mixed with D011.10 BALB/c
TCR transgenic CD41 T cells at a ratio of 3:1 and then mixed with B6
splenic stimulator cells. Responder and stimulator cells were suspended at
a final concentration of 0.53 106/ml in 24-well plates (Costar, Acton, MA)
containing DMEM (BioWhittaker, Walkersville, MD) with 10% FBS (Hy-
Clone, Logan, UT), 50 mM 2-ME (Sigma, St. Louis, MO), 10 mM HEPES
buffer, 1 mM sodium pyruvate (Life Technologies, Grand Island, NY), and
amino acid supplements (1.5 mML-glutamine,L-arginine,L-asparagine)
(Sigma) and antibiotics (penicillin, 100 U/ml; streptomycin, 100 mg/ml)
(Sigma). Plates were incubated at 37°C and 10% CO2 for 8 or 10 days. On
day 5, the culture was split 1:1 with fresh media, and human rIL-7 (R&D
Systems, Minneapolis, MN) was added at a concentration of 0.1 ng/ml. to
increase cell recovery at the end of culture. To monitor primary prolifer-
ation, 96-well round-bottom plates (Costar) were set up to contain 105

responders and 105 stimulator cells per well in the presence or absence of
exogenous rhIL-2 (50 IU/ml) (Amgen, Thousand Oaks, CA).

To monitor secondary MLR proliferation, 33 104 responders and 105

irradiated (30 Gray) non-T cell-depleted stimulators were plated in the
presence or absence of IL-2 (50 IU/ml). Neither IL-10 nor TGF-b was
added to the secondary cultures. To assess chicken egg OVA responses in
secondary MLR cultures, MLR-cultured cells adjusted to contain 2.53 104

KJ1-261 CD41 T cells per well were mixed with 105 BALB/c splenic
feeder cells in 96-well microtiter plates. OVA peptide 323–339
(ISQAVHAAHAEINEAGR) was added at a final concentration of 5mg/
ml. Microtiter wells were pulsed with tritiated thymidine (1mCi) for 16–18
h before harvesting and counted in the absence of scintillation fluid on a
beta plate reader. Three to six wells were analyzed for each data point.

Flow cytometry

T cells from bulk MLR cultures were assessed for evidence of activation
via the coexpression of CD4 and activation Ags, including IL-2Ra-chain
(CD25). The anti-clonotypic mAb KJ1-26 was used to distinguish D011.10
TCR transgenic from BALB/c nontransgenic CD41 T cells. KJ1-26 rec-
ognizes a CD41 T cell population specific for chicken OVA peptide 323–
339 bound to IAd. All studies were performed with two- or three-color flow
cytometry using FITC- or PE-conjugated CD4, CD25, CD62L, and control
mAbs of the appropriate isotypes (PharMingen, San Diego, CA). Irrelevant
mAb control values were subtracted from values obtained with relevant
mAbs. Cultured cells were also analyzed for the incorporation of 7-AAD3

(7-amino actinomycin D) (Sigma, St. Louis, MO), which binds to intra-
cellular DNA. Cells with intact membranes exclude 7-AAD (7-AAD2),
while those undergoing early apoptosis bind 7-AAD (7-AAD1). All results
were obtained using a FACScalibur (Becton Dickinson). Forward and side
scatter settings were gated to exclude debris. A total of 10,000–20,000
cells was analyzed for each determination.

Quantitation of cytokine levels by ELISA

Murine cytokine levels (IL-2, IL-4, IL-10, IL-12, IL-13, IFN-g, and acid-
free and total TGF-b) in the supernatant of MLR cultures were quantitated
by ELISA (R&D Systems). Sensitivity of the assays was between 1 and 10

pg/ml for each assay. A standard curve using recombinant protein was
generated with each assay.

GVH induction

B6 or bm12 recipients were sublethally irradiated by exposing mice to 6
Gray total body irradiation from a137Cesium source at a dose rate of 85
cGy/min on day 0. Day 10 MLR-cultured cells were injected i.v. at the
doses indicated. Five to eight mice per group per experiment were studied.
Peripheral blood was obtained by retroorbital venipuncture for measure-
ment of day 14 and 28 hematocrit values as an indicator of the bone mar-
row-destructive effects of infused T cells.

GVHD assessment by tissue scoring

Recipients of adoptively transferred CD41 T cells were monitored for the
occurrence of GVHD symptomatology, including ruffled fur, diarrhea,
hunched posture, and lethargy (15), and by twice weekly quantitation of
body weights. Liver, lung, colon, and spleen were removed, embedded in
O.C.T. compound, and snap frozen in liquid nitrogen. Cryosections were
then stained by hematoxylin and eosin and examined in coded fashion
using our documented GVHD semiquantitative scoring system (0.5–4
grades), as described previously (16) with each grade followed by its his-
tological features.

Statistical analyses

Survival data were analyzed by lifetable methods, and actuarial survival
rates are shown.p values,0.05 were considered significant. Group com-
parisons were made by logrank test statistics. For all other data, group
comparisons were made by Student’st test.

Results
CD41 T cells exposed ex vivo to alloantigen in the presence of
IL-10 have markedly suppressed primary, and transiently
inhibited secondary, MLR responses

To determine whether exogenous IL-10 addition at the initiation of
an MLR culture would induce alloantigen hyporesponsiveness,
highly purified CD41 T cells were incubated for 10 days with
irradiated, T cell-depleted MHC class II disparate splenic stimu-
lators in bulk cultures in the presence or absence of IL-10. bm12
responders and B6 stimulators differ at three amino acids due to
mutations in the IA region. Because the addition of 100 U/ml
IL-10 significantly suppressed the primary MLR in only four of
seven experiments and did not suppress the secondary MLR (three
of three experiments), experiments were performed in which 1000
U/ml of exogenous IL-10 was added to primary MLR cultures. In
one experiment directly comparing the two concentrations of IL-
10, the higher dose was significantly more suppressive than the
lower dose (6% vs 24% of control response, respectively), and
neither dose was significantly suppressive in secondary MLR.
Therefore, we chose the higher IL-10 concentration of 1000 U/ml
for all future experiments. At a concentration of 1000 U/ml IL-10,
proliferation in primary MLR cultures was consistently suppressed
(Fig. 1A). Mean cell recoveries of control and IL-10-treated cul-
tures were 103% (range: 60–155%) and 41% (range: 13–84%),
respectively, in six experiments. After addition of exogenous IL-2,
proliferative responses of control and IL-10-treated cells in pri-
mary MLR were comparable (Fig. 1B). In secondary MLR, pro-
liferative hyporesponsiveness of IL-10-treated cells to alloantigen-
bearing stimulators was only transiently observed (e.g., Fig. 1C).

CD41 T cells exposed ex vivo to alloantigen in the presence of
TGF-b have markedly suppressed primary and transiently
inhibited secondary MLR responses

To compare the immunosuppressive effects of IL-10 and TGF-b
on allogeneic responses, studies were performed to determine
whether exogenous TGF-b would inhibit primary MLR and induce
hyporesponsiveness in secondary MLR. TGF-b added at a con-
centration of 0.1 ng/ml inhibited primary MLR proliferative re-
sponses by.50% on days 4 to 7 (data not shown). TGF-b added

3 Abbreviations used in this paper: 7-AAD, 7-amino actinomycin D; GVH, graft-vs-
host; GVHD, GVH disease.
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at a concentration of 0.3 ng/ml provided a greater inhibitory effect
than TGF-b at 0.1 ng/ml (not shown). The greatest inhibition,
which was comparable with that observed with IL-10, was ob-
tained in cultures with 1 ng/ml of TGF-b, in which the suppression
of the proliferation was reproducibly.80% by day 5 of primary
MLR culture (Fig. 1A). Secondary MLR hyporesponsiveness was

profound and consistently observed when TGF-b was added to the
primary MLR culture at 1 ng/ml (Fig. 1C). Exogenous IL-2 only
partially restored the proliferation in primary MLR (Fig. 1B),
whereas addition of IL-2 to secondary MLR of TGF-b-treated
cells resulted in proliferative responses comparable with those of
control (data not shown).

The effects of combined IL-101 TGF-b in inducing CD41 T
cell hyporesponsiveness in primary and secondary MLR cultures

CD41 T cells from IL-10-treated human primary MLR cultures
have a consistent and profound degree of proliferative hyporespon-
siveness when restimulated with alloantigen in the absence of ex-
ogenous IL-10 (13). In these cultures, TGF-b has been shown to be
secreted (13). In contrast, the analysis of supernatants from IL-10
(1000 U/ml)-treated cultures revealed that biologically active
TGF-b was nondetectable (data not shown). Therefore, a series of
experiments was performed to determine whether TGF-b en-
hanced the suppressive effects of IL-10. IL-101 TGF-b treatment
resulted in significant suppression of MLR responses in each of 18
experiments (range5 93–99% suppression) when compared with
control cultures (e.g., Fig. 1A). Mean cell recoveries of IL-101
TGF-b-treated cultures in these experiments were reduced by 84%
as compared with control cultures. The addition of exogenous IL-2
partially prevented (17 experiments) or fully prevented (1 exper-
iment) IL-10 1 TGF-b-mediated suppression of allogeneic re-
sponses in primary MLR cultures (mean5 47% of control re-
sponses) (e.g., Fig. 1B). Because this treatment would affect the
alloantigen-bearing stimulators in the primary MLR culture, it is
possible that the addition of exogenous IL-2 would have been
more potent in restoring proliferation of T cell responses in cul-
tures devoid of stimulator cells. In secondary MLR, cells treated
with IL-10 1 TGF-b showed profound hyporesponsiveness in
each experiment analyzed (mean5 84% suppressed vs control)
(e.g., Fig. 1C). IL-2 added to the IL-101 TGF-b-treated cells
resulted in a significant restoration (mean5 155% restoration vs
controls) of the proliferative capacity in secondary MLRs.

In experiments directly comparing TGF-b to IL-10 1 TGF-b
treatment, the addition of both cytokines resulted in a significantly
greater degree of suppression of primary MLR responses (mean
values5 86% vs 97%, respectively) (Fig. 1A), and 46% lower
mean cell recoveries were observed in IL-101 TGF-b-treated
cultures compared with TGF-b only. In secondary MLR, cells
treated with IL-101 TGF-b had a comparable (six experiments)
or significantly lower (two experiments) proliferation than with
TGF-b treatment alone.

We have been able to determine that the optimal degree of in-
hibition of proliferation in both primary and secondary MLR cul-
tures required the presence of IL-101 TGF-b (Fig. 1). In these
experiments, flow cytometry was performed at the end of culture
to determine how treatment affected the expression of activation
Ags (Fig. 2). All four groups had high levels of CD25 expression
(mean values of 51%, 38%, 61%, and 40%, respectively). Down-
regulation of L-selectin in control (mean of 54%) was higher than
in the IL-10-, TGF-b-, and IL-101 TGF-b-treated groups (mean
of 75%, 77%, and 80%, respectively), while up-regulation of
CD44 expression was higher in control (mean of 82%) than in the
IL-10-, TGF-b-, and IL-10 1 TGF-b-treated groups (mean of
66%, 68%, and 66%, respectively) (data not shown), suggesting
that each of the treatments inhibited the extent of T cell activation.
The frequency of 7-AAD1 T cells, an indicator of early apoptosis,
was similar in all groups with mean values of# 4%.

Analysis of cytokine levels in supernatants taken from primary
MLR showed a consistent and more marked inhibition of IL-2
production throughout the duration of culture under conditions in

FIGURE 1. IL-10 1 TGF-b induce alloantigen hyporesponsiveness in
primary and secondary MLR cultures. Primary MLR cultures (A and B)
consisted of B6 CD41 lymph node T cell responders and bm12 splenic
stimulators in the presence or absence of exogenous cytokines (1000 U/ml
IL-10 and/or 1 ng/ml TGF-b). To examine the impact of cytokines during
primary MLR culture, secondary MLR cultures were established in the
absence of exogenous cytokines (C). Exogenous IL-2 (50 U/ml) was added
at the initiation of primary MLR culture (B). On they-axis are mean cpm6
1 SD of the mean. On thex-axis are days in culture. A representative
experiment is shown. Findings involving all four experimental conditions
were entirely reproduced in five additional experiments.
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which both cytokines are present (Table I). The Th1 cytokine,
IFN-g, was present at low levels in MLR with IL-10, but it was
undetectable in TGF-b-containing cultures and in cultures with
both cytokines. Evaluation of murine Th2 cytokines (IL-4, IL-10,
IL-13) revealed that only IL-13 was produced in significant con-
centrations in the control culture. A reproducible inhibition of
IL-13 production was observed in cultures treated with both cyto-
kines (e.g., Table I). The reduction in IL-12 production in cultures
containing IL-10 is consistent with the data of Murphy, O’Garra,
and coworkers (17, 18) and the known inhibitory effects of IL-10
on monocytes and macrophages (19), which are a source of IL-12
(reviewed in Ref. 20). Because IL-12 is critical to the development

of Th1 cells (17–21), the inhibitory effects of IL-10 on IL-12 pro-
duction may be responsible for the observed inhibition of Th1 cell
generation in IL-10-containing MLR cultures. Thus, both Th1 and
Th2 cytokine production is inhibited by IL-101 TGF-b treatment.

CD41 T cell responses to nominal Ag are not affected by ex
vivo tolerization to alloantigen

A culture system was established in which T cell responses to an
Ag not present during the tolerization process could be accurately
quantified. To optimize quantification, the responses of D011.10
TCR transgenic CD41 T cells were physically tracked via flow-
cytometric analysis using an anti-clonotypic mAb. These T cells

FIGURE 2. Flow-cytometric analysis of day 10 MLR-cultured cells shows a phenotype of partial activation. Three-color flow cytometry was performed
to determine the proportion of CD41 T cells that coexpressed CD25 or L-selectin and 7-AAD (a marker of early apoptosis). The percentage of CD41 T
cells coexpressing the indicated determinant is listed in the upper right-hand quadrant. Primary MLR cultures from Fig. 1A were analyzed on day 10 for
evidence of T cell activation. Flow cytometry was performed to determine forward (FSC) and side (SSC) scatter contours as a measurement of activation
according to size and granularity characteristics. Overlay histograms are shown with the dotted line representing T cells from control cultures andthe bold
line, CD41 T cells from the treated cultures.
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express the appropriate TCR required for a response to the nominal
Ag OVA. CD41 T cell cultures contained 25% D011.10 TCR
transgenic T cells and 75% nontransgenic CD41 T cells of the
same genetic (BALB/c) background. As anticipated, the addition
of TGF-b and IL-101 TGF-b to the primary MLR culture inhib-
ited alloresponses (Fig. 3A). To determine whether inhibition of
alloantigen responses was specific, secondary cultures were estab-
lished to monitor alloantigen and nominal Ag responses. The cul-
ture was adjusted such that the control and cytokine-treated cul-
tures contained the same number of nontransgenic CD41 T cells
per well for measuring alloresponses and the same number of
transgenic CD41 T cells for measuring OVA responses. At the end
of culture, cell recovery was 123% in the control group, 31% in the
TGF-b-treated group, and 20% in the IL-101 TGF-b-treated
group. TGF-b and IL-10 1 TGF-b treatment led to secondary
alloantigen hyporesponsiveness (Fig. 3B), but did not impair re-
sponses to optimal concentrations of OVA peptide in secondary
culture (Fig. 3C).

Ex vivo tolerized CD41 T cells have a significantly reduced
ability to cause GVHD lethality

To determine whether ex vivo tolerized T cells were impaired in
inducing GVHD, experiments were performed in which 105 con-
trol or an equal number of IL-10-, TGF-b-, or IL-10 1 TGF-b-
treated CD41 T cells were infused into sublethally irradiated re-
cipients bearing the same alloantigen used as stimulator cells in
MLR cultures. At this cell dose, pooled data from three replicate
experiments (n 5 15 mice per group) show that the infusion of
control cultured, IL-10-, and TGF-b-treated T cells was lethal to
100%, 100%, and 85% of recipients, respectively (Fig. 4). In con-
trast, when IL-101 TGF-b-treated T cells were injected, 75% of
the recipient mice survived. Mean weight values in the group that
received IL-101 TGF-b-treated cells remained constant over the
duration of the evaluation period, whereas mean weight values in
the group that received TGF-b-treated cells began to decline at day
15 posttransfer, although not as rapidly as the groups that received
either control or IL-10-treated cells (Fig. 5). Long-term (2 mo
posttransfer) survivors (n 5 5) that received IL-101 TGF-b-
treated T cells were not entirely GVH free by histological criteria.
Using a GVHD scoring system ranging from 0.5 (mildest) to 4
(most severe), we observed that these survivors had mean GVH
scores of the liver (mean 0.4), spleen (mean 1.0), lung (mean 1.3),
and colon (mean 1.8). Day 14 mean hematocrit values, an indicator

of GVHD-induced bone marrow destruction, were not significantly
different between the control, IL-10-, and TGF-b only-treated
groups (18%, 16%, and 21%, respectively) (Table II). In contrast,
mice in the IL-101 TGF-b-treated group had mean day 14 he-
matocrit values of 28%, which were significantly higher (p #
0.01) than the other three groups. These results conclusively dem-
onstrate that both IL-10 and TGF-b are at least additive in inhib-
iting GVH lethality in vivo.

Discussion
To induce Ag-specific tolerance ex vivo, we exposed CD41 T cells
to alloantigen-bearing stimulators in the presence of exogenous
IL-10 and/or TGF-b. We demonstrate that IL101 TGF-b work in
concert to induce Ag-specific T cell hyporesponsiveness in vitro in
primary and secondary MLR and in vivo by significantly reducing
T cell lethality in a murine model of GVHD. Alloantigen-specific
hyporesponsiveness was observed. Hyporesponsiveness was par-
tially reversed by exogenous IL-2. Responses to nominal Ags (that
were not present in the primary culture) were intact, as measured
in secondary culture. In adoptive transfer experiments, IL-101
TGF-b-treated CD41 T cells, but not T cells treated with either
cytokine alone, were markedly impaired in inducing GVHD re-
sponses to MHC class II disparate recipients. These data provide
the first formal evidence that IL-10 and TGF-b have an additive
effect in inducing alloantigen-specific tolerance and that cytokines
can be exploited to suppress CD41 T cell-mediated Ag-specific
responses in vivo.

IL-10 has been shown to possess immunoregulatory properties,
both stimulatory and suppressive, in human and murine models of
autoimmune disease. Bacchetta et al. have shown that CD41 host-
reactive T cell clones isolated from a SCID patient transplanted
with HLA-mismatched stem cells are hyporesponsive in vitro and
do not cause GVHD in vivo (7). Ag-specific stimulation of these
clones in vitro resulted in the production of unusually high levels
of IL-10 and very low amounts of IL-2. The proliferative responses
of these clones were restored in the presence of neutralizing con-
centrations of an anti-IL-10 mAb, suggesting that high levels of
endogenous IL-10 suppress the activity of these cells. Buer et al.
(22) have demonstrated that MHC class II-restricted T cells spe-
cific for influenza hemagglutinin became anergic in mice that ex-
pressed hemagglutinin, and that anergy was associated with IL-10
production. These findings provided indirect evidence that T cells

Table I. ELISA analysis of cytokine levels in supernatants from primary MLR culturea

Day Group IL-2 IL-4 IL-10 IFN-g IL-13 IL-12p40

2 Control 66.4 1.1 0 0 0 22.2
IL-10 18.2 0 0 0 0 0
TGF-b 19.5 7.5 0 0.5 0 31.7
IL-10 1 TGF-b 4.2 5.2 5.3 0 0.2 4.3

6 Control 448.4 13.3 3.6 47.3 0.6 16.6
IL-10 56.6 1.9 6.8 11.9 0 1.9
TGF-b 13.8 1.1 1.6 0 0 14.5
IL-10 1 TGF-b 0 0.8 0.3 0 0 6.0

8 Control 368.8 10.0 0 132.8 21.8 14.5
IL-10 31.3 3.8 0 14.3 5.2 1.3
TGF-b 4.2 7.8 0 0 0 12.4
IL-10 1 TGF-b 0 6.3 0 0 0 2.5

10 Control 141.2 10.0 0 203.9 31.0 18.1
IL-10 9.5 6.0 0 17.0 4.6 4.8
TGF-b 0 4.5 0 0 1.1 20.2
IL-10 1 TGF-b 0 8.2 4.4 0 0 8.7

a Primary MLR cultures were established using highly purified lymph node CD41 T cells from B6 mice as responders and irradiated, T cell-depleted bm12 splenic stimulators.
Values are in pg/ml, and sensitivity is 1–10 pg/ml. Results of one of two experiments that included four independent groups are shown.
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anergized in vivo become regulatory T cells that may influence
neighboring immune responses through the localized release of
IL-10. IL-10 has previously been shown to affect many aspects of
the immune response, including inhibiting Ag-specific activation
and proliferation of human CD41 T cells resulting in a long-term
Ag-specific anergic state (23). IL-10 treatment of human CD41

MLR cultures results in the generation of a subset of CD41 T cells
termed T-regulator type 1 that inhibit Ag-specific immune re-
sponses in part via TGF-b and IL-10 production. In human culture
systems, TGF-b has been shown to be secreted by IL-10-treated

FIGURE 3. IL-10 1 TGF-b treatment in BALB/c anti-B6 primary
MLR cultures inhibits B6 alloantigen responses without affecting nominal
Ag responses. Nontransgenic BALB/c CD41 T cells were combined with
D011.10 (BALB/c) CD41 TCR transgenic T cells at a ratio of 3:1, and then
added to C57BL/6 splenic stimulator cells in the presence or absence of
IL-10 1 TGF-b (A). For secondary MLR responses, an equal number of
nontransgenic BALB/c CD41 T cells from control or IL-101 TGF-b-
treated cultures were plated with B6 splenic stimulators (B). For OVA
responses, an equal number of D011.10 TCR transgenic CD41 T cells from
control TGF-b or IL-10 1 TGF-b-treated cultures were plated with irra-
diated BALB/c splenocytes as feeder cells (C). OVA peptide (5mg/ml) or
no peptide (data not shown) was added to each well. On they-axis are mean
cpm 6 1 SD of the mean. On thex-axis are days in culture. Mean cpm
values for wells containing no peptide were,1000 at all time points in
both groups. A representative experiment is shown. Findings were repro-
duced in a second experiment.

FIGURE 4. B6 anti-bm12 day 10 MLR cells cultured in the presence of
IL-10 and TGF-b cause a significant reduction in GVHD lethality in sub-
lethally irradiated bm12 recipients. Control, IL-10-, TGF-b-, and IL-101
TGF-b-treated CD41 T cells were injected into bm12 recipients. The
CD41 T cell dose for recipients of control cells (n 5 15) and treated cells
(n 5 15) was 105. Data are pooled from three replicate experiments. On the
x-axis are days posttransfer. On they-axis is the proportion of recipients
surviving posttransfer. Recipients of IL-101 TGF-b treatment had a sig-
nificantly higher survival rate as compared with recipients of a comparable
number of control, IL-10-, or TGF-b-cultured cells at the cell dose tested.
Control vs IL-10 treated,p 5 0.08; control vs TGF-b treated,p 5 0.0001;
control vs IL-101 TGF-b treated,p 5 0.000006; TGF-b treated vs IL-10
1 TGF-b treated,p 5 0.002.

FIGURE 5. bm12 recipients of B6 anti-bm12 day 10 MLR cells cul-
tured in the presence of IL-10 and TGF-b have consistently higher mean
weight values. Mean weight curves are plotted for one of three represen-
tative experiments. Data for five mice per group are shown.
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CD41 T cells (13). Our laboratory has previously shown that the
exogenous administration of high doses of IL-10 to murine recip-
ients of MHC-disparate grafts accelerates GHVD lethality (9). Par-
adoxically, low doses of IL-10 protected mice against GVHD le-
thality. In a mouse model of acute pancreatitis and diabetes, Pakala
et al. (24) have demonstrated that Th2 cells mediate islet destruc-
tion by local IL-10 production, but not IL-4. These findings indi-
cated that under certain conditions, Th2 T cells producing locally
high levels of IL-10 may cause acute pathology and disease rather
than a protective condition. Consistent with in vitro studies indi-
cating that IL-10 can augment CD81 CTL activity (25), Strom and
coworkers (26) have shown that the in vivo administration of an
IL-10 fusion protein enhanced CD81 T cell infiltration and gran-
zyme B gene expression in the pancreas of recipients of allogeneic
islet grafts, suggesting that IL-10 can augment CTL alloreactivity.
These findings indicated that under certain conditions, Th2 T cells
producing locally high levels of IL-10 may cause acute pathology
and disease rather than a protective condition. Therefore, in vivo
regulation of immune responses by IL-10 may be concentration
dependent or may be determined by the subset of T cells that
produce IL-10.

TGF-b has been shown to exhibit dose-dependent effects, with
low concentrations and high concentrations exerting distinct phys-
iologic effects (27–29). Mice deficient in TGF-b develop a lethal
multiorgan inflammatory immune infiltrate at 3 wk of age (12, 30,
31) with increased expression of the inflammatory cytokines
IFN-g and TNF-a (12) and the inflammatory mediator nitric oxide
(32). Conversely, high levels of TGF-b expression in recipients of
transplanted organ allografts have been associated with the devel-
opment of chronic rejection (33–35). In vivo neutralization of
TGF-b in Leishmania amazonensis-infected BALB/c mice re-
sulted in susceptibility to the organism, demonstrating that endog-
enous TGF-b suppressed Th1 cellular immune responses (36). Let-
terio et al. (37) have shown that the progressive inflammatory
process found in TGF-b-deficient mice is associated with several
autoimmune conditions, including circulating Abs to nuclear Ags,
immune complex deposition, and increased expression of both
MHC class I and class II. Fukaura et al. (38) found that oral ad-
ministration of myelin basic protein and proteolipid protein re-
sulted in a marked increase in the relative frequencies of both
myelin basic protein and proteolipid protein-specific TGF-b1-se-
creting T cells. Their results demonstrate the possibility of induc-
ing a distinct lineage of TGF-b1-secreting Th3 T cells that mi-
grates to target organs and suppresses inflammation in the local
microenvironment. Powrie et al. (39) have identified a subpopu-
lation of peripheral CD41 T cells that secreted TGF-b, thus con-
tributing to a natural immune regulatory mechanism that prevented
the development of pathogenic Th1 responses in the gut of mice.
This immunoregulatory T cell population appeared to be distinct

from Th2 cells. By treating infected mice with rTGF-b, Omer and
Riley (40) described a direct role for TGF-b in inducing protective
immune responses in the resolution of malaria in BALB/c mice.
TGF-b induced protective immune responses that led to slower
parasite growth early in infection, which down-regulated patho-
genic responses late in infection.

In our study, IL-10 and TGF-b were necessary, but alone not
sufficient to induce Ag-specific T cell hyporesponsiveness and to
prevent GHVD in vivo. In an attempt to unify T cell anergy in-
duced by TCR occupancy in the absence of costimulation with
anergy induced by IL-10, Schwartz (41) has proposed a model in
which IL-10 facilitates anergy by blocking the delivery of B7/
CD28 costimulation. The small amount of proliferation observed
in our IL-101 TGF-b-treated T cell cultures suggests that there is
a minor threshold level of costimulation for IL-2 production.
Therefore, as noted by Schwartz for IL-10 treatment of human T
cells, anergy in our IL-101 TGF-b-treated cultures may result
from the augmentation in the production of Nil-2a or the inhibitor
of p21ras activation in T cells. Alternatively, IL-101 TGF-b treat-
ment could block the down-regulation of these components by
signal transduction through the IL-2R. Whether the effects of
IL-10 1 TGF-b are due to the more potent inhibition of a common
downstream signal transduction pathway by each protein or to the
combined inhibition of two distinct signaling pathways that lead to
a more profound inhibition is not known.

Interestingly, we have shown that alloantigen-specific hypore-
sponsiveness can be achieved without losing the capacity of the
cells to respond to other Ags. Using OVA-responsive TCR trans-
genic T cells in an MLR culture containing wild-type CD41 T
cells and IL-101 TGF-b, but not OVA Ag, we quantified the
proliferation of OVA-responsive TCR transgenic cells to an opti-
mal concentration of OVA peptide in secondary culture and dem-
onstrated that it was not inhibited. Prevention of CD41 T cell
responses to alloantigens by ex vivo IL-101 TGF-b treatment,
therefore, was Ag specific and not due to the global immune sup-
pression of both Ag-specific and bystander cells. However, we
cannot exclude, from these studies, the possibility that IL-101
TGF-b treatment may be detrimental to either responses to other
types of Ags not present during the initial culture or responses to
lower concentrations of OVA that provide less vigorous TCR sig-
nal transduction.

Our data are the first to demonstrate direct evidence that IL-10
and TGF-b work in concert to regulate Ag-specific immune re-
sponses that are biologically relevant in vivo. Whatever the mo-
lecular mechanism, an ex vivo Ag-specific tolerization strategy
would have an advantage over ex vivo tolerization approaches that
rigorously deplete T cells or in vivo approaches that globally im-
munosuppress the recipient (42). Indeed, these latter currently
available approaches are associated with extended periods of im-
mune suppression and consequent high mortality in an allogeneic
bone marrow transplantation setting. In addition, the finding that
nominal Ag responses remain intact after ex vivo tolerization in-
duced by IL-101 TGF-b treatment suggests that the antiviral or
antileukemia responses of alloantigen nonresponsive cells may be
preserved. Because CD81 T cells can play an important role in
antiviral or antileukemia responses, future studies should be un-
dertaken to determine whether IL-101 TGF-b treatment would be
similarly beneficial on selectively inhibiting CD81 T cell re-
sponses to alloantigen of sufficient magnitude to inhibit GVHD
lethality. The possible clinical translation of these basic observa-
tions in patients undergoing allogeneic bone marrow transplanta-
tion warrants further investigation.

Table II. Sublethally irradiated bm12 recipients of B6 anti-bm12 day
10 MLR cells cultured in the presence of IL-10 and TGF-b display
significantly higher mean hematocrit valuesa

Group
Number
Analyzed

Hct (%) (mean6
1 SD)

Hct (%)
(range)

Control 12 186 4 13–26
IL-10 13 166 4 6–20
TGF-b 15 216 6 12–31
IL-10 1 TGF-b 15 286 8* 14–45

a Recipients (n 5 15) were infused with 105 CD41 day 10 MLR T cells that were
untreated or treated with IL-10, TGF-b, or IL-10 1 TGF-b. On day 14 postinfusion,
hematocrit (Hct) levels were determined in all surviving mice.

p, p # 0.01 vs control cultured, IL-10, and TGF-b-treated groups.
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