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A critical role for interleukin 4 in
activating alloreactive CD4 T cells

Jessamyn Bagley, Tokihiko Sawada*,Yin Wu and John lacomini

To generate antigen-specific responses, T cells and antigen presenting cells (APCs) must physically
associate with each other and elaborate soluble factors that drive the full differentiation of each cell
type. Immediately after T cell activation, CD4 T cells can produce both interferon y (IFN-y) and
interleukin 4 (IL-4) before polarization into distinct T helper subsets. Inhibition of IL-4 during mixed
allogeneic lymphocyte culture resulted in a defect in the ability of APCs to generate sufficient
costimulatory signals for activation of alloreactive T cells. In vivo, a deficiency in IL-4 production
inhibited the activation of alloreactive IL-2-, IL-4- and IFN-y-producing CD4 T cells in mice
challenged with allogeneic skin grafts, resulting in prolonged skin graft survival. Thus, production of
IL-4 by CD4T cells helps activate alloreactive T cells by affecting APC function.

T cellsrecognize allogeneic major histocompatibility (MHC) antigensvia
two distinct pathways of antigen presentation. The direct pathway
involves the recognition of intact allogeneic MHC molecules on the sur-
face of donor cells by host T cells, whereas the indirect pathway involves
the recognition of donor MHC—derived peptides that are processed by
host antigen presenting cells (APCs) and presented as peptidesto T cells.
In cases where host and donor are matched for MHC class|l, CD4 T cdlls
can aso recognize donor MHC-derived peptides in the context of donor
MHC class |1, asecond form of indirect recognition. CD4 T cellsthat rec-
ognize alogeneic antigens through the indirect pathway play amajor role
in alograft rejection?. However, the requirements for activating these CD4
T cell responses remain undefined.

In addition to MHC-restricted peptide recognition viathe T cell recep-
tor (TCR), T cells must receive additional costimulatory signals provided
by APCsto become fully activated effector cells. Interaction of CD28 on
T cells with B7.1 (CD80) or B7.2 (CD86) on APCs provides sufficient
cogtimulatory signals to T cdlls to induce cytokine production and cell
proliferation®. APCs such as B cells and dendritic cells express low B7.1
and B7.2 in their resting state, and expression can be up-regulated by
many inflammatory stimuli including adjuvants, lipopolysaccharide, IL-2,
IL-4 and signaling through the cytoplasmic tail of MHC class 1145, B7.1
and B7.2 cogtimulate T cells, and the overexpression of these ligands
increases the ability of APCs to activate T cells’. Disrupting the interac-
tion of CD28 with B7.1 and B7.2 leads to donor-specific tolerance in

Figure 1. (a) Neutralization of IL-4 in mixed allogeneic cultures inhibits
activation of cytokine-producing CD4T cells. CD8-depleted B10.AKM spleno-
cytes were cultured with T cell-depleted B10.MBR splenocytes in the presence of
100 pg/ml of either 11B11 (open bars) or control normal rat IgG (filled bars). After
5 days, the frequency of IFN-y- or IL-4—producing cells was determined by ELISPOT
assays. Results shown are an average of two independent representative experi-
ments. (b) Absence of IL-4 in mixed allogeneic culture inhibits activation of
cytokine-producing CD4 T cells. CD8-depleted C57BL/6 splenocytes were cul-
tured with T cell-depleted B10.D2-H27 splenocytes in the presence of 100 pg/ml of
either 11B11 (open bars) or control normal rat IgG (filled bars). CD8-depleted
IL-4-- splenocytes (hatched bars) were cultured with T cell-depleted B10.D2-H27
splenocytes. After 3 days, the frequency of IFN-y-, IL-2— or IL-4—producing cells was
determined by ELISPOT assays.

severd animal alograft models®’, demonstrating the importance of this
interaction to transplant rejection.

It has been suggested that immediately after T cellsare stimulated, CD4
T cells can produce both interferon y (IFN-y) and interleukin 4 (IL-4)°.
Additiond antigenic stimulation polarizesCD4 T cellsinto either T helper
type-1 (Tx1) cellsthat produce IL-2, tumor necrosisfactor a (TNF-a) and
IFN-y, or T2 cdls that produce IL-4, IL-5 and IL-10%. To determine the
function of IL-4 production we examined the possible role of IL-4 pro-
duction during T cell activation. Our data suggest that IL-4 is critical for
the up-regulation of costimulatory molecules on APCs, which in turn
allowsfor activation and expansion of aloreactive CD4 T cdlls. Thus, pro-
duction of IL-4 after antigen encounter ensures efficient costimulation of
antigen reactive T cdlls.

Results

IL-4 in alloreactive CD4T cell activation

To determine the function of IL-4 in T cell activation, the MHC class
I—disparate congenic B10.AKM (H-2K¥, 1¥, D9) and B10.MBR (H-2K®, I¥,
Dd) mice were used to examine the role of 1L-4 in activating alloreactive
CDA T cdlsin vitro using mixed allogeneic cultures and in vivo by skin
graft rejection. CD8 T cell-depleted splenocytes from B10.AKM mice
primed in vivo by grafting with B10.MBR skin were stimulated in vitro
with T cell-depleted B10.MBR splenocytes in the presence of either the
IL-4—neutralizing antibody 11B11 or normal rat IgG. After 5 daysthe fre-
quency of IL-4— and IFN-y—producing cells in the cultures was deter-
mined by enzyme-linked immunospot (ELISPOT) assays (Fig. 1a). The
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Figure 2. (a) Neutralization of IL-4 in mixed allogeneic culture does not lead
to T cell anergy. CD8-depleted B10.AKM splenocytes were stimulated with T
cell-depleted B10.MBR splenocytes in the presence of 100 pg/ml of either 11B11
(open bars) or control normal rat 1gG (filled bars) for 3 days. The cells were then col-
lected and CD4 T cells purified by magnetic cell sorting. The T cell preparations were
then stimulated with fresh T cell-depleted splenocytes from B10.MBR mice in ELISPOT
assays. One representative experiment of three is shown. (b) Neutralization of
IL-4 inhibits the ability of APC to stimulate alloreactive T cells. CD8-deplet-
ed B10.AKM splenocytes were stimulated with T cell-depleted B10.MBR splenocytes
in the presence of 100 pg/ml of either 11B11 (open bars) or control normal rat IgG
(filled bars) for 5 days.The cells were then collected and T cells depleted to purify APC.
The T cell-depleted APC preparations were then used to stimulate fresh CD8
T cell-depleted splenocytes from primed B10.AKM mice in ELISPOT assays. One
representative experiment of three is shown.

frequency of IL-4—producing cellswas significantly lower in 11B11-treat-
ed cultures (10+10 per 10° splenocytes) than in normal rat 1gG—treated
controls (28070 per 10° splenocytes, P<0.01), consistent with the obser-
vation that IL-4 supports differentiation of T..2 cells®. The frequency of
IFN-y—producing cells was aso significantly decreased in 11B11-trested
cultures (3020 per 10° splenocytes) when compared with controls
(230+110 per 10° splenocytes, P<0.01). Similar results were observed
after 3 and 4 days of stimulation with T cell-depleted B10.MBR spleno-
cytes (not shown). Detection of cytokine-producing cells required the
presence of aloantigen during the stimulation phase of the assay and, in
control studies, T cell-depletion of stimulated cells led to a significant
decrease in the frequency of cytokine producing cells (not shown).

To examine whether the inhibition of alloreactive T cell activation after
IL-4 neutralization was strain specific, we aso examined the response of
primed CD8 T cell-depleted splenocytes from C57BL/6 (H-2°) miceto T
cell-depleted splenocytes from MHC class |-mismatched B10.D2-H27
mice in the presence of 11B11 or normdl rat 1gG. C57BL/6J and B10.D2-
H27 are not congenic strains, and are mismatched a H-2D and H-2L as
well as multiple minor antigens. Thus, both the precursor frequency of
aloreactive T cdls and the speed of skin dlograft rejection in this strain
combination should be greater than in the congenic B10.AKM and
B10.MBR strains that are mismatched a only the H-2K locus. The fre-
quency of C57BL/6 dloreactive IL-4— (25+5 versus 240+75 per 10°
splenocytes, P<0.01), IFN-y— (25+35 versus 515+30 per 10° splenocytes,
P<0.01) and IL-2— (90+20 versus 35075 per 10° splenocytes, P<0.02)
producing cells was significantly reduced in 11B11-treated cultures when
compared with control cultures containing normal rat 1gG (Fig. 1b), sug-
gesting that the requirement for IL-4 in activating dloreactive T cellsisnot
strain specific.

To examine whether the effect of IL-4 neutralization was due to a non-
specific inhibitory effect of the neutralizing antibody 11B11, we next
examined the response of CD8 T cell-depleted splenocytes from primed
C57BL/6 IL-4 knockout mice™ when stimulated with MHC class | mis-
matched B10.D2-H27 T cell-depleted splenocytes. The frequency of
aloreactive CD4 T cdls from |L-4—deficient mice that produced IFN-y
(140+45 versus 515+30, P<0.02) and IL-2 (180+30 versus 350£75,
P<0.02) were significantly reduced when compared with the frequency
observed for C57BL/6 controls (Fig. 1b). The frequency of alloreactive
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IFN-y— IL-2— and IL-4—producing cells observed using T cells from
IL-4—deficient mice was statistically the same as the frequency observed
in cultures containing C57BL/6 T cells and 11B11 (P>0.08 in al cases).
Collectively, these data suggest that IL-4 is involved in activation of
aloreactive CDA T célls.

IL-4 and APC-stimulation of alloreactive CD4T cells
To further examine the role of IL-4 in the activation of alloreactive CD4
T cells, CD8 T cell-depleted splenocytes from primed B10.AKM mice
were stimulated in vitro with T cell-depleted splenocytes from B10.MBR
mice for 5 daysin the presence of either 11B11 or normd rat 1gG. CD4 T
cells were then purified from the cultures by magnetic cell sorting, and
cytokine ELISPOT assays were done after stimulation with freshly isolat-
ed T cell-depleted B10.MBR splenocytes. CD4 T cells collected from
11B11-treated cultures were readily able to produce IFN-y (40041 per
10° splenocytes), 1L-2 (350150 per 10° splenocytes) and | L-4 (440+70 per
10° splenocytes) when stimulated for 24 h with T cell-depleted allogene-
ic stimulators (Fig. 2a), indicating that IL-4 neutralization did not result in
T cell anergy or death. There was no statistically significant differencein
thefrequency of cytokine-producing CD4 T cells collected from 11B11 or
normd rat IgG-treated cultures (Fig. 2a).

To determine whether the effect of I1L-4 neutralizationon T cell activa
tion was due to changes in APC function, we examined the ability of
APCs collected from similar cultures to stimulate freshly isolated CD4 T
cellsfrom primed B10.AKM mice. When analyzed by flow cytometry, no
significant difference in the number of CD45R* (B220) B cellsor CD11c*
dendritic cells was observed in 11B11-treated cultures when compared
with normd rat 1gG—treated cultures (not shown). APCs collected from
normd rat |gG—treated cultures could stimulate both alloreactive IFN-y—
(270+120 per 10° splenocytes) and IL-4—producing CD4 T cells (190+70
per 10° splenocytes) (Fig. 2b). In contrast, APCs collected from 11B11-
treated cultures could not stimulate alloreactive IFN-y— (40£60 per 10°

T depleted

Sonicated

B220*
Figure 3. Neutralization
of IL-4 in vitro prevents
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splenocytes, P<0.01) and IL-4—producing CD4 T cells
(20+30 per 10° splenocytes, P<0.01). Thus, neutraliza-
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Table 1. Cytokine gene expression in allogenic and syngeneic skin grafts
from Thx-CD8- B10.AKM and untreated B10.AKM mice

tion of IL-4 caused defectsin the ability of APCsto stim-
ulate alloreactive CD4 T cells.
To determine the role of IL-4 in APC function, CD8

T cell-depleted splenocytes from primed B10.AKM  Cytokine Bl
mice were stimulated in vitro with T cell-depleted TNF-a  6/8?
splenocytes from MHC class |-disparate BIO.MBR  IL-2 5/8
mice in the presence of 11B11, and cells were then IL-10 8/8
examined for B7.1 and B7.2 expression by flow cytom-  IFNy 6/8
etry. B7.1 and B7.2 were up-regulated on the surface of  IL-4 5/8

B cells and dendritic cellsin mixed lymphocyte cultures
containing CD4 T cells from primed B10.AKM mice
and T cell-depleted B10.MBR splenocyte stimulators.
In contrast, neutralization of IL-4 in culture with 11B11 prevented up-
regulation of B7.1 and B7.2 on both B cells and dendritic cells, consis-
tent with the observation that 1L-4 affects expression of B7.1 and B7.2
onAPCs® (Fig. 3). Theeffect of 11B11 on B7.1 and B7.2 expression was
concentration-dependent, and required alogeneic stimulators (not
shown). Addition of rat 1gG to control cultures had no effect on B7.1 and
B7.2 up-regulation (not shown). The effect of IL-4 neutralization was
apparent on both syngeneic B10.AKM and alogeneic B10.MBR APCs
(not shown). Addition of exogenous IL-4 to 11B11-trested cultures
restored B7.1 and B7.2 up-regulation in culture, suggesting that the
inhibitory effects of 11B11 on B7.1 and B7.2 surface expression were
specific to the action of 1L-4.

Because dloreactive CD4 T cells can recognize processed alloantigen
presented by MHC class |1 on self-APCs, we & so examined the effect of
IL-4 neutralization on B7.1 and B7.2 expression after stimulation of CD8
T cell-depleted splenocytes from primed B10.AKM mice with sonicated
B10.MBR splenocytes. Neutrdization of IL-4 with 11B11 in these cul-
tures prevented the up-regulation of B7.1 and B7.2 to asimilar degree as
that observed using intact B10.MBR stimulators (Fig. 3).

IL-4 expression in allografts undergoing rejection
To determine whether IL-4 has a role in activating aloreactive CD4 T
cdls in vivo, we first examined cytokine gene expression in alogeneic
skin grafts undergoing CD4 T cell-mediated rejection. To this end,
thymectomized and CD8 T cell-depleted (Thx-CD8 mice) or untreated
B10.AKM mice were grafted with both B10.MBR and syngeneic tail
skin. Grafts were collected for RNA isolation 12 days later and intragraft
expression of cytokine genes was analyzed by reverse transcriptase-poly-
merase chain reaction (RT-PCR). IL-2—, IL-10—, TNF-0— and IFN-y-tran-
scripts were expressed in both alogeneic and syngeneic grafts collected
from both Thx-CD8 and normal B10.AKM mice, suggesting that expres-
sion of these cytokines was not specific to alograft rejection.

Although IL-4 transcripts were detected in 62% of rejected B10.MBR
allografts, we were unable to detect expression of IL-4 in syngeneic
B10.AKM grafts collected from the same mice (Table 1, n=8,
P=0.02). IL-4 transcripts were aso detected in 50% of alo-

geneic B10.MBR grafts collected from normal B10.AKM mice a 1001
but not in the syngeneic grafts (Table 1, n=4, P>0.05). £
Expression of I1L-4 in rejecting grafts was still apparent at later ‘—;
timepoints in both Thx-CD8 and norma B10.AKM mice (not ;

5 507
Figure 4. Neutralization or absence of IL-4 in vivo results in pro- ;
longed skin allograft survival. (a) Survival of B10.MBR skin grafts on [
Thx-CD8 B10.AKM mice treated with 11B11 (m, n=18) or control nor- (O]

Thx-CD8 B10.AKM Untreated B10.AKM

Skin graft Skin graft
0.MBR B10.AKM B10.MBR B10.AKM
75%"° 8/8 100% 3/4 75% 4/4 100%
62% 5/8 62% 3/4 75% 3/4 75%
100% 8/8 100% 4/4 100% 4/4 100%
75% 6/8 62% 2/4 50% 3/4 75%
62% 0/8 0% 2/4 50% 0/4 0%

aNumber of grafts expressing cytokine mRNA. "Percentage of grafts expressing cytokine mRNA.

shown). Thus, IL-4 is produced during the specific rejection response and
not simply produced as a result of nonspecific inflammation.

IL-4 in CD4T cell-mediated allograft rejection

We next examined whether neutralization of IL-4in vivo could affect dlo-
graft surviva. Thx-CD8 B10.AKM mice were injected intraperitoneally
with either 11B11 or normal rat 1gG 1 day before skin grafting and then
every other day until the graftswererejected. Surviva of class |-disparate
grafts from B10.MBR congenic mice on B10.AKM mice treated with
11B11 (Fig. 4a) was significantly prolonged—median survival time
(MST)=30 days—when compared to survival of B10.MBR graftson mice
treated with norma rat 1gG (MST=17 days, P=0.001). Surviva of
B10.D2-H27 skin grafts was aso significantly prolonged on Thx-CD8
C57BL/6 1L-4 knockout mice (MST=19 days) when compared with sur-
viva on Thx-CD8 C57BL/6 controls (MST=11 days, P=0.0001)
(Fig. 4b), suggesting that the effect of 11B11 treatment was neither strain-
specific nor the result of a nonspecific inhibitory effect of 11B11. After
rejection of the B10.MBR skin grafts, the percentage of peripheral blood
CDAT cdlsin Thx-CD8 B10.AKM micetreated with saline (8.0£0.42%)
or normal rat 1gG (7.2£0.43%) was increased when compared with the
percentage observed in the blood of Thx-CD8 mice that never received a
skin graft (3.4+0.19%, P<0.001) (Fig. 5a). These data suggest that CD4 T
cells undergo significant expansion in response to aloantigen.

In contrast, the percentage of CD4 T cells in 11B11-treated Thx-CD8
B10.AKM mice that rgjected a B10.MBR skin graft was significantly
lower (4.4+0.45%, P=0.004) than the percentage of CD4 T cellsin mice
receiving normal rat 1gG, and did not differ significantly from the per-
centage of CD4 T cells in the blood of naive Thx-CD8 mice (P=0.09).
Similarly, after rgjection of the B10.D2-H27 skin grafts, the percentage
of CD4 T cells in the blood of Thx-CD8 C57BL/6 mice (15.7+1.7%)
was increased when compared to the percentage observed before skin
grafting (12.5+1.2%, P=0.02) (Fig. 5b). In contrast, after rejection of the
B10.D2-H27 skin grafts, the percentage of CD4 T cells in the blood of
Thx-CD8 C57BL/6 IL-4 knockout mice was unchanged (P=0.8) when
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mal rat IgG (, n=11). One representative experiment of three is shown.
(b) Survival of B10.D2-H27 skin grafts on Thx-CD8" IL-47- mice (m, n=7)
or C57BL/6 mice (¢, n=9).
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a b cells producing IFN-y was 1.1+0.07 in 11B11-treated
100 N . 25 .. mice and 4.0+0.96 (P<0.01) in normal rat |gG-treated
L s —t— e 20 . . mice. Similarly, four weeks after rejection of B10.D2-
2 : : 15 e —I H27 skin grafts the ratio of cytokine-producing T cells
~ 50 - —— — . g - capable of responding to alogeneic versus syngeneic
é 25 - ] 10 . - - : splenocytes was significantly reduced in Thx-CD8&
‘ 5 C57BL/6 IL-4 knockout mice when compared with Thx-
00 Untreated  HBSS IgG 11B11 Pre—grai‘tl F‘ost—graftI Pre-graftI Post-graft ' CD8 C_:57l_3L/ 6 Cont_rOIS (Figure 6b) Thus' & Sugg‘ﬂ_ed
C57BL/6 L4+ by our in vitro experiments, neutralization of IL-4 impairs

formation of alloreactive CD4 T célls.

Figure 5. (a) Neutralization of IL-4 in vivo prevents expansion of CD4 T cells. Blood was col-

lected from Thx-CD8" B10.AKM mice 35 days after skin grafting, and stained with saturating concentra-

Discussion

tions of anti-mouse CD4. Shown is the percentage of CD4T cells in the blood of control Thx-CD8" mice

that were not treated, that is they did not receive a skin graft or antibody treatment (¢, n=9), Thx-CD8
mice treated with HBSS and grafted with B10.MBR skin (4, n=4), Thx-CD8 mice treated with normal
rat 19G and grafted with B10.MBR skin (®,n=9), and Thx-CD8" mice treated with 11B11 and grafted with
B10.MBR skin (m, n=11).Values for individual mice are plotted. The horizontal lines show the mean val-
ues for each group. (b) Absence of IL-4 in vivo prevents expansion of CD4 T cells. The percent-
age of CD4T cells in the blood of control Thx-CD8 C57BL/6 mice before receiving a skin graft (0, n=9),
Thx-CD8 C57BL/6 mice grafted with B10.D2-H27 skin (®, n=9), Thx-CD8: IL-4”- mice before receiving
a skin graft (0 n=7),and Thx-CD8" IL-4-- mice grafted with B10.D2-H2" skin (m,n=7) is shown.Values for

individual mice are plotted. The horizontal lines show the mean values for each group.

compared to the percentage before skin grafting. There was no statisti-
caly significant difference in the number of total leukocytes per ml of
blood between any groups (not shown). Together, these data suggest that
IL-4 isdirectly involved in CD4 T cell-mediated allograft rejection, and
that neutralization of IL-4 in vivo prevents expansion of CD4 T cells.

To determine whether the overall decrease in the percentage of CD4 T
cells in 11B11-treated mice reflected a specific decrease in aloreactive
cells, Thx-CD8 B10.AKM mice were alowed to reject B10.MBR grafts
while receiving 11B11 or normal rat 1gG. Four weeks after graft rejec-
tion, the mice were killed and cytokine ELISPOT assays were done to
determine the frequency of 1L-2—, IFN-y—or IL-4— producing aloreac-
tive T cells after stimulation for 24 h in vitro with either T cell-depleted
syngeneic splenocytes or T cell-depleted allogeneic B10.MBR spleno-
cytes. The frequency of cytokine-producing cells was expressed as the
ratio of cytokine producing cells detected after stimulation with allo-
geneic versus syngeneic splenocytes to normalize for potential differ-
encesin the cell composition of the spleens of the 11B11- and normal rat
|gG—treated mice.

As expected, theratio of IL-4—producing T cells capable of responding
to dlogeneic versus syngeneic splenocytes was significantly reduced
(1.3+0.15) in 11B11-treated mice when compared to those in normal rat
IgG—treated controls (3.0+0.7, P<0.01) (Fig. 6a). The ratio of cdlls pro-
ducing IL-2 or IFN-y was also reduced in 11B11-treated mice. The ratio
of IL-2—producing cells was 1.2+0.07 in 11B11-treated mice compared
with 2.6+0.7 (P=0.01) in normal rat |gG—treated controls, and the ratio of

Figure 6. (a) Neutralization of IL-4 in vivo inhibits the activation of allore-
active CDA4T cells. Thx-CD8 B10.AKM mice were grafted with B10.MBR skin and
treated with either 11B11 (open bars) or normal rat IgG (filled bars). Five weeks
after skin graft rejection, spleens were collected and ELISPOT assays done on spleno-
cytes to measure IL-4, IFN-y and IL-2 production after stimulation with either T
cell-depleted B10.MBR or B10.AKM splenocytes. Control mice (hatched bars) were
thymectomized and CD8T cell-depleted as described, but did not receive B10.MBR
skin grafts. Results are expressed as the ratio of alloreactive to autoreactive cells. A
ratio of 1 indicates no difference over background observed using syngeneic stimu-
lators.Values shown represent the average of six mice in each group. (b) Absence
of IL-4 in vivo inhibits the activation of alloreactive CD4 T cells. Thx-CD8&
IL-4-- (open bars, n=7) or Thx-CD8" C57BL/6 (filled bars, n=5) mice were grafted
with B10.D2-H2". Four weeks after skin graft rejection, spleens were collected and
ELISPOT assays done on splenocytes to measure IL-4, IFN-y and IL-2 production
after stimulation with either T cell-depleted C57BL/6 splenocytes or B10.D2-H2"
splenocytes.Values shown represent an average of two independent experiments.
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Our data suggest that I1L-4 plays acritica role in activat-
ing aloreactive CD4 T cells. Neutrdization of IL-4 in
vitro led to a defect in the ability of APCs to stimulate
cytokine-producing CD4 T cells. Although T cells col-
lected from cultures in which IL-4 had been neutralized
responded to fresh APCs in the presence of IL-4, APCs
collected from these cultures were unable to stimulate
fresh aloreactive CD4 T cells. Our anaysis of APCs col-
lected from these cultures showed that the up-regulation
of at least two key costimulatory molecules, B7.1 and B7.2, was inhibit-
ed after IL-4 neutraization. In vivo, in the absence of 1L-4, the ability to
activate aloreactive CD4 cells was inhibited, resulting in prolonged skin
alograft survival. Although IL-4 knockout mice can reject allografts' and
generate Tyl responses under appropriate conditions, we suggest that
rejection in these cases may be mediated by CD8 T cells that can reject
skin grafts in the absence of CD4 T cells®®. Although neutralization of
IL-4 does not result in permanent graft survival in the models we tested,
APC maturation can be induced by many stimuli other than I1L-4. We sug-
gest that stimuli, such as the shedding of necrotic or apoptotic cells from
the graft, are likely to occur in vivo and could overcome the requirement
for IL-4¢%7, Nevertheless the ahility to prolong graft survival, a rigorous
test of T cell function, by inhibiting IL-4 shows that this cytokine plays a
major role in mediating a rejection response.

Although arole for IL-4 in activating I1L-2— or |FN-y—producing CD4
T cells may seem contrary to the current findingsin IL-4 knockout mice,
IL-4 knockout mice do not generate normal CD4 T cell responses under
al conditions'®*, Experiments in IL-4 knockout mice have suggested
that IL-4 may be required for the generation of tumor-specific T,1 cells®.
Elimination of IL-4—producing cells after stimulation in vitro prevents
production of IFN-y—producing T,,1 cells and T2 cells®. Together, these
data support the hypothesis that I1L-4 is critically involved in priming of
Tyl and T2 responses.

Our results suggest that inhibition of IL-4 leaves T cells in a state of
clona ignorance, consistent with the observation that preventing the
interaction with B7 moleculesleaves T cells unactivated but functiona 2.
In some systems, it has been suggested that peripheral T cell toleranceto
alografts may be IL-4—dependent®. Because the induction of T cell
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anergy requires costimulation through B7 molecules?, our findings sug-
gest that 1L-4—mediated up-regulation of B7.1 and B7.2 may play arole
in promoting T cell anergy in some systems through its action on APCs.
Becausein our model aloreactive CD4 T cells must recognize processed
allogeneic peptides rather than intact cell surface allogeneic MHC class
I, antigen recognition in this system is similar to that observed in normal
T cell responses to protein antigens. The requirement for IL-4in CD4 T
cell responses to nontransplantation antigensis not yet known. Based on
our data, we suggest that 1L-4 hel ps ensure productive T cell-APC inter-
action in some systems.

Methods

Mice. 6 to 12-week-old female B10.AKM/SnJ, B10.MBR/Sx, C57BL/6J, C57BL/6J-1L-4™en
(IL-4 knockouts) and male or female B10.D2-H27 mice were purchased from The Jackson
Laboratory (Bar Harbor, ME) and maintained under microisolator conditions on autoclaved
feed and water. C57BL/6J-IL-4™ mice were backcrossed to C57BL/6 mice for 12 genera
tions. All animal procedures were approved by theinstitutional review board at Massachusetts
Generd Hospital.

Mixed allogeneic culture. To increase the frequency of aloreactive T cells, B10.AKM mice
were primed by grafting with B10.MBR skin. Two weeks after graft rejection, the mice were
killed. Splenocytes were then collected and depleted of CD8 T cells using the monoclonal
antibody to CD8, 243 (rat 1gG2b)*, and goat anti-rat microbeads (Miltenyi Biotech.,
Sunnyvale, CA) in conjunction with the MACS magnetic cell sorting system according to the
manufacturer’s specifications (Miltenyi Biotech., Auburn, CA). Splenocytes were collected
from naive B10.MBR mice and T cell-depleted using 2.43 and the monoclona antibody to
CD4, GK1.5 (rat 1gG2b)%, in conjunction with MACS cell sorting as above. Similarly,
C57BL/6 and IL-4 knockout mice were primed by grafting with B10.D2-H27 skin. All mag-
netically purified splenocytes were checked for complete depletion by FACS using antibodies
not blocked by those used for depletion (53-5.8 anti-CD8, RM4-5 anti-CD4, Pharmingen).
CD8 T cell-depleted B10.AKM and T cell-depleted B10.MBR splenocytes were plated at a
1:1 ratio, at a concentration of 3x10° cellsml in DMEM media containing 15% fetal calf
serum and either 100 pg/ml 11B11 (rat anti-mouse 1L-4)* or 100 pug/ml normal rat 1gG
(Jackson ImmunoResearch, West Grove, PA). All normal rat 1gG preparations were adsorbed
on B10.AKM mouse thymocytes to remove antibodies reactive against unknown mouse epi-
topes. Purified CD4 T cells were prepared by collecting splenocytes from mixed allogeneic
cultures containing CD8-depleted B10.AKM and T-depleted B10.MBR splenocytes after 3
days as described above. CD4 T cells were purified using GK1.5 in conjunction with mag-
netic cell sorting according to the manufacturers specifications (Miltenyi Biotech.). Similarly,
APCs were prepared by collecting splenocytes from mixed allogeneic cultures containing
CD8-depleted B10.AKM and T-depleted B10.MBR splenocytes after 3 days as described
above. Splenocytes were then further T cell-depleted by using GK 1.5 and 2.43 in conjunction
with magnetic cell sorting according to the manufacturers specifications (Miltenyi Biotech.).

ELISPOT. ELISPOT assays were done with Millipore HA plates (Millipore, Bedford, MA)
according to the manufacturer’s specifications. Monoclona antibodies BVD-1D11 (anti—L-
4), JES6-1A12 (anti—IL-2) and R4-6A2 (anti—IFN-y) (Caltag Laboratories, Burlingame, CA)
were used at concentrations of 10 pg/ml to coat plates. 5x10° T cell-depleted allogeneic or
syngeneic stimulator cells were added to each well. Responder cells were assayed at 10°, 10°
and 10° cells per well. Cytokine production was detected after 24 h using concentrations of 10
ug/mi of biotinylated monoclonal antibodies BVD-24G2 (anti— L-4), JES6-5H4 (anti—IL-2)
and XMG1.2 (anti—IFN-y).

Flow cytometry. B10.AKM mice were primed by allografting as described above and killed
5 weeks after the grafts were rejected. Splenocyteswere collected from primed B10.AKM and
naive B10.MBR mice. 3x10° CD8 T cell-depleted B10.AKM splenocytes were then placed
in culture with either 3x10° T cell-depleted B10.MBR cells or an equivaent number of soni-
cated B10.MBR splenocytes. B10.MBR splenocytes were sonicated for 5 mins using aW-380
ultrasonic processor (Heat Systems, Farmingdale, NY). No viable cells were observed by
Trypan blue exclusion. Cells were cultured in DMEM media containing 15% fetal calf serum
or media containing either 100 pg/ml 11B11 or 100 pg/ml normadl rat 1gG with or without 5
ng/ml exogenous IL-4. The culture media, including the antibodies indicated, was replaced
every 2 days. After 5-7 days in culture at 37 °C, 5% CO, the cells were collected and exam-
ined for B7.1 and B7.2 expression by flow cytometry using anti-CD80 (RMMP-1) and anti-
CD86 (RMMP-2) purchased from Caltag Laboratories. All cell surface staining and flow
cytometry was performed as described previoudy*.

In vivo neutralization of IL-4. B10.AKM mice were thymectomized at 4 to 6 weeks of age.
Two weeks after thymectomy, the mice were injected intraperitoneally with 100 ug of purified
2.43 (anti-CD8) or 100 pl of 2.43 ascities fluid at days 7 and 14 after thymectomy to produce
Thx-CD8 mice®. Before skin grafting, T cell depletion was confirmed by flow cytometry. One
day before skin grafting, mice were injected intraperitonealy with 100 pg purified 11B11 or
100 pg of purified normal rat serum 1gG. The following day, tail skin grafts from 4 to 8-week-
old B10.MBR mice were placed on the flank of control and experimental mice. Skin grafting
and thymectomy were performed as described™. 11B11 or control rat 1gG was administered
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every other day until the grafts were rejected. C57BL/6 and C57BL/6J-IL-4™" mice were
thymectomized and CD8-depleted as described, and grafted with tail skin from 4 to 6-week-old
B10.D2-H2" mice. Grafts were monitored every day until rejection

Intragraft cytokine PCR. Skin grafts were collected 12 days after grafting and total RNA was
isolated as described?”. 1 pug of RNA was then used to generate cDNA using an oligo dT primer
and the SuperScript pre-amplification system (GIBCO BRL, Gaithersburg, MD) according to
the manufacturer’s specifications. PCR primers specific for each cytokine were obtained from
Clontech (Palo Alto, CA). All cytokine primers were designed either to not amplify genomic
DNA or allow amplification of cDNA and genomic DNA to be distinguished based on the size
of the PCR product obtained. Amplification of B-actin or glyceraldehyde 3-phosphate dehy-
drogenase transcripts was used to control for the quality and amount of cDNA amplifiedin each
experiment.

Statistics. All statistical calculations were performed using GraphPad Prism 2.01 software
(GraphPad Software Inc., San Diego). Comparison of proportions was performed by the
Fisher exact test. The Kaplan and Meier method with a 95% confidence interval was used for
the calculation of surviva curves. Comparison of survival curveswas performed using the log
rank test. Comparisons of CD4 T cell levels before and after graft rejection were performed
using a paired t-test. All other statistics were calculated using a two-tailed Student’s t-test.
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