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IL-10 secretion. In vivo administration of anti–IL-4 mAb completely prevented allograft vasculopathy as well as graft
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Administration of anti–IL-10 mAb did not influence any histologic parameter of chronic rejection. Thus, in this model, IL-4–
and IL-5–mediated tissue allograft eosinophil infiltration is associated with interstitial fibrosis. IL-4, but not eosinophils, is
also required for the development of obliterative graft arteriolopathy.
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Introduction
Chronic rejection of tissue allografts is characterized by
parenchymal fibrosis associated with obliterating vas-
culopathy (1). The pathogenesis of this major complica-
tion of solid-organ transplantation is still unclear, and
probably involves both antibody-mediated and cell-
mediated processes (2–6). We recently described a model
of chronic skin allograft rejection across a single MHC
class II antigen disparity in mice injected with the 145-
2C11 anti-CD3 mAb at the time of transplantation (7).
In this setting, fibrosis and vasculopathy are not medi-
ated by antibodies, as demonstrated by the development
of chronic rejection in B cell–deficient mice (7). Further-
more, recipient T cells were unable to mount anti-donor
cytotoxic activity (7). The observation of an intense infil-
tration of eosinophils early after transplantation in both
B cell–deficient and wild-type mice suggests that these
cells might be involved in the chronic remodeling of skin
allografts. Indeed, eosinophils are known to play a cru-
cial pathogenic role in several models of tissue fibrosis
(8–15). In most eosinophilic disorders, IL-5 produced by
Th2-type CD4 T cells was found to be responsible for the
proliferation, activation, and tissue recruitment of
eosinophils (16–18). In addition, IL-4 also plays a path-
ogenic role in tissue eosinophilia: it promotes IL-5 pro-

duction as well as the homing of eosinophils within tis-
sues (19, 20). Because anti-CD3 antibodies have been
shown to preferentially inhibit Th1-type responses and
to promote the synthesis of Th2-type cytokines (21, 22),
we reasoned that IL-4 and IL-5 produced by persisting
anti-donor alloreactive T cells might play a pathogenic
role in this model of chronic rejection.

To address this question, we first analyzed cytokine
gene expression at the graft level using RT-PCR. The
local accumulation of IL-4 and IL-5 mRNA in chroni-
cally rejected grafts, together with the early and sus-
tained production of IL-5 by anti-donor T cells in mixed
leukocyte culture (MLC), prompted us to analyze the
effects of in vivo neutralization of both cytokines on the
development of chronic rejection.

Methods
Mice. C57BL/6 and BALB/c mice were obtained from Harlan
(Zeist, the Netherlands). C57BL/6.CH-2bm12 (bm12) mice were
obtained from The Jackson Laboratory (Bar Harbor, Maine,
USA). C57BL/6 IL-5 knockout mice (23) were kindly provided
by M. Kopf (Basel Institute for Immunology, Basel, Switzer-
land).

Antibodies. The hamster anti-mouse CD3 mAb 145-2C11, the
IgG1 rat anti-mouse IL-5 mAb TRFK-5, the IgG1 rat anti-
mouse IL-4 mAb 11B11, and the IgG1 rat anti-mouse IL-10
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mAb JES-5 were all produced as ascites in nude mice, as
described (24–27). The control isotype-matched IgG1 rat mAb
(LO-DNP-2, an mAb with specificity for the DNP hapten) was
kindly provided by H. Bazin (Experimental Immunology Unit,
Université Catholique de Louvain, Brussels, Belgium). The
endotoxin level of ascites was always less than 5 EU/mL, as
determined by the Coatest Limulus Amebocyte Lysate assay
(Charles River Endosafe, Charleston, South Carolina, USA).

Skin grafting. Skin grafts approximately 1 cm in diameter were
prepared from tails of female bm12 mice and grafted onto the
flanks of the C57BL/6 recipients according to an adaptation of
the method of Billingham and Medawar (28). Petroleum gauze
was placed over the graft, and sticking plaster was applied
around the trunk. The bandages were removed after 10 days,
and the grafts were monitored daily until day 30, and then
again every 2 days.

Immunosuppressive protocol and chronic skin allograft rejection.
Mice received a first intravenous injection of 25 µg of the ham-
ster anti-murine CD3 mAb 145-2C11 on the day of grafting,
followed by 3 consecutive intraperitoneal injections of 25 µg
anti-CD3 mAb on days 2, 4, and 6. As described previously,
about 80% of animals receiving this treatment retain a bm12
skin graft for more than 100 days but develop signs of chronic
rejection characterized by progressive hair loss and hardening
and shrinking of the graft (7). Mice that were not treated with

anti-CD3 mAb acutely rejected bm12 grafts within 20 days,
whereas syngeneic grafts were perfectly tolerated (7).

Cytokine mRNA analysis using RT-PCR. Skin grafts from mice
bearing either a syngeneic C57BL/6 transplant or allogeneic
bm12 grafts undergoing chronic rejection 20 days and 60 days
after transplantation were analyzed for cytokine and
chemokine mRNA. In each experimental setting, 4 skin grafts
were pooled and total RNA was extracted using the guanidini-
um thiocyanate method (Tripure; Boehringer Mannheim
GmbH, Mannheim, Germany). Lymph node cells from
C57BL/6 mice injected previously with the anti-CD3 145-2C11
mAb 2 hours before sacrifice served as positive controls for
cytokine gene expression. Preparations of cDNA and PCR for
IFN-γ, IL-4, IL-5, eotaxin, TGF-β, and the β-actin gene were per-
formed using standard procedures (29). Briefly, PCR was per-
formed in a total volume of 25 µL as follows: (a) denaturation:
4 minutes at 94°C; (b) amplification: 38 cycles for IL-5 and 35
cycles for the other cytokines, 20 seconds at 94°C, 20 seconds
at 55°C, and 30 seconds at 72°C; and (c) extension: 10 minutes
at 72°C. Twelve microliters of each sample was run on a 2%
agarose gel, stained with ethidium bromide, and viewed using
ultraviolet light. PCR primers used consisted of the following:
IFN-γ: sense primer 5′-GCTCTGAGACAATGAACGCT-3′
and antisense 5′-AAAGAGATAATCTGGCTCTGC-3′ ; 
IL-4: sense primer 5′-TCGGCATTTTGAACGAGGTC-3′
and antisense 5′-GAAAAGCCCGAAAGAGTCTC-3′ ; IL-5:
sense primer 5′-TCACCGAGCTCTGTTGACAA-3′ and anti-
sense 5′-CCACACTTCTCTTTTTGGCG-3′ ; eotaxin: sense
primer 5′-AGAGGCTGAGATCCAAGCAG-3′ and antisense 
5′-CAGATCTCTTTGCCCAACCT-3′ ; TGF-β: sense primer 
5′-ACCGCAACAACGCCATCTAT-3′ and antisense 5′-
GTAACGCCAGGAATTGTTGC-3′; and β-actin: sense primer
5′-TGGAATCCTGTGGCATCCATGAAAC-3′ and antisense
5′-AAAACGCAGCTCAGTAACAGTCCG-3′ .

Quantitative RT-PCR assay. The amounts of TGF-β, IFN-γ, IL-
4, and IL-5 mRNA present in skin allografts were determined
by quantitative PCR analysis. Coamplification with a multi-
specific internal standard (competitor) was performed as
described previously (29), using the pMus2 construction kind-
ly provided by D. Shire (Sanofi Elf Bio Recherches, Labèges-
Innopole, France). This construction is a multispecific standard
of 410 bp that consists of the 5′ and 3′ primer sequences of 19
mouse target genes. After linearization with EcoRI followed by
transcription using a T7 polymerase and a DNA treatment,
standard RNA was purified by phenol/chloroform extraction
and ethanol precipitation, and quantified at 260 nm. Seventy-
five femtograms of this standard RNA was added as competi-
tor to 500 ng of cellular RNA before reverse transcription and
coamplification with the TGF-β primers. Twelve microliters of
each sample was run on 2% agarose gel and quantified with
Multi-Analyst PC software (Bio-Rad Laboratories Inc., Her-
cules, California, USA).

Production of cytokines in MLC. Cells from lymph nodes draining
the skin allografts were used as responder cells (2.5 × 106 cells per
well) and seeded with 5 ×106 irradiated (20 Gy) bm12 spleen cells
(stimulators) in 48-well flat-bottomed plates (catalog no. 150687;
Nunc A/S, Roskilde, Denmark). Culture medium consisted of
RPMI-1640 supplemented with 20 mM HEPES, 2 mM glutamine,
1 mM nonessential amino acids, 2.5% heat-inactivated FCS, and
5 ×10 –5M 2-mercaptoethanol. Supernatants were harvested after
48–72 hours of culture for determination of IL-2, IL-4, and IFN-
γ levels using ELISA DuoSet kits (Genzyme Corp., Cambridge,
Massachusetts, USA); IL-10 was measured using the Intertest-10x
mouse IL-10 ELISA kit (Genzyme Corp.); and IL-5 was quantified
by an enzyme immunometric assay as described previously (30).
The lower limits of detection of these assays were 30 pg/mL for IL-
2, IL-4, and IFN-γ; 15 pg/mL for IL-10; and 5 pg/mL for IL-5.

In vivo neutralization of cytokines. Anti-CD3–treated mice were
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Figure 1
Cytokine gene expression within chronically rejected allografts.
Cytokine gene expression was assayed within pooled syngeneic
C57BL/6 grafts (n = 4) or bm12 allografts undergoing chronic rejection
at either day 20 (n = 4) or day 60 (n = 4) after transplantation. Lymph
node cells from C57BL/6 mice stimulated in vivo with the 2C11 anti-
CD3 mAb served as positive controls. Similar results were observed in
2 other separate experiments.

Table 1
Competitive quantitative RT-PCR assay of cytokine mRNA within chron-
ically rejected skin grafts

CytokineA Syngeneic graftsB Allogeneic graftsB

IFN-γ 47 55
IL-4 9 291
IL-5 3 10

AExpressed as femtograms of cytokine mRNA per microgram of cellular RNA. Each
experimental group represents a pool of 3 skin grafts. BSyngeneic C57BL/6 and allo-
geneic (bm12) grafts were harvested 40 days after transplantation.



injected intraperitoneally with either the anti-cytokine mAb or
the control isotype-matched IgG1 rat mAb (LO-DNP-2) using
the following schedules: anti–IL-4 mAb (11B11): 1 mg on days
6, 10, and 14 after transplantation, and then again every 7 days
(31); anti–IL-10 mAb (JES-5): 1 mg on days 6, 8, and 10 after
transplantation, and then again every 3 days (27); and anti–IL-
5 mAb (TRFK-5): 1 mg on days 6 and 10 after transplantation,
and then again every 10 days.

Histologic studies. Skin graft histology was performed on tissue
sections after paraffin embedding and staining with hematoxylin
and eosin, Masson’s dye, and orcein to identify the lamina elasti-
ca interna. Graft lesions were scored by an investigator blinded to
treatment groups. A single section of skin graft was considered for
each experimental animal. The following histologic lesions were
quantified: (a) the number of eosinophils present in 3 distinct
high-power fields (0.025 mm2) across the graft (1 in the left por-
tion of the section, 1 in the middle, and 1 in the right); (b) the ratio
between the thickness of dense collagen within the dermis and the
thickness of the whole dermis as an index of fibrosis (of note, the
expression of this parameter as a ratio is likely to validate the
analysis of the sections in case they are not perfectly perpendicu-
lar to the skin surface); and (c) the percentage of the intimal area,
defined as the area occupied by the intima/(area occupied by the
intima + area of the lumen) × 100. These measurements were
made using a computer-assisted technique: Samba 2005 com-
puter-assisted microscope (Unilog, Meylan, France) coupled to a
3CCD Sony color camera. The number of vascular lumens per sec-
tion varied between 1 and 5, with no obvious difference between
the various experimental groups. A vessel was considered suitable
for computer analysis if the lamina elastica interna was continu-
ous and of circular or oval shape. For TGF-β1 immunostaining,
5-µm sections were incubated overnight at 4°C with a 1:100 dilu-
tion of the affinity-purified rabbit polyclonal antibody directed
against mouse TGF-β1 (sc-146; Santa Cruz Biotechnology Inc.,
Santa Cruz, California, USA). Bound antibodies were revealed by
avidin-biotin-peroxidase complex (ABC) kit reagents (Vector Lab-
oratories, Burlingame, California, USA), with diaminobenzi-
dine/H2O2 as the chromogenic substrate, before counterstaining
with toluidine blue. As control, the overnight incubation was per-
formed in the presence of the blocking TGF-β1 peptide (sc-146P)
as described by the manufacturer.

Statistical analysis. Categorical variables were compared by
Fisher’s exact test, and continuous variables by nonparametric
tests. The Mann-Whitney test was used when 2 experimental
groups were compared, and the Kruskal-Wallis ANOVA test was
used when more than 2 groups were considered. All compar-
isons were made two-tailed.

Results
Cytokine gene expression in chronically rejected skin grafts. The
pattern of cytokine gene expression within syngeneic
grafts was characterized by the absence of IL-4 mRNA,

low levels of IFN-γ and IL-5 mRNA, and a sustained
expression of eotaxin mRNA. While chronically rejected
allografts contained IFN-γmRNA levels similar to those
of syngeneic grafts, they strongly expressed IL-5 mRNA
both at day 20 and day 60 after transplantation (Figure
1). Similarly, increased expression of IL-4 mRNA was
already apparent at day 20, and further increased at day
60 in chronically rejected allografts (Figure 1). A higher
expression of eotaxin mRNA was also observed in chron-
ically rejected skin allografts compared with syngeneic
skin grafts (Figure 1). Quantitative RT-PCR confirmed
that, compared with syngeneic grafts, chronically reject-
ed skins contained increased amounts of IL-4 and IL-5
mRNA but not IFN-γmRNA (Table 1).

Profile of cytokines secreted by anti-donor T cells in MLC.
Cells from lymph nodes draining chronically rejected
allografts were seeded in MLC with either donor-type
or syngeneic spleen cells, and cytokine levels in super-
natants were compared with those obtained using
lymph node cells from unmanipulated control
C57BL/6 mice (Table 2). Cells from control mice pro-
duced significant amounts of IL-2, IFN-γ, and IL-5, but
neither IL-4 nor IL-10 was detected in primary MLC
with bm12 alloantigens. At day 20, anti-donor T cells
from mice undergoing chronic rejection were deficient
for the production of both IL-2 and IFN-γ, as expected
after anti-CD3 mAb administration (21, 22). This con-
trasted with the abundant release of IL-5, which was
approximately 2-fold higher than that observed after
primary MLC with control cells (P = 0.01). This phe-
nomenon was specific for donor alloantigens, since IL-
5 was not induced in MLC prepared with third-party
BALB/c spleen cells as stimulators (data not shown). At
day 60 after transplantation, anti-donor T cells from
anti-CD3 mAb–treated mice still produced increased
levels of IL-5. In addition, at that time they also pro-
duced increased levels of IFN-γ, IL-4, and IL-10 com-
pared with control cultures (Table 2).

Effect of IL-4 neutralization on chronic allograft lesions.
The abundant IL-4 mRNA expression at the graft
level, together with its known role in the development
of tissue eosinophilia (32–37), an important feature
of chronically rejected bm12 skins, led us to investi-
gate the effects of IL-4 neutralization on chronic rejec-
tion. For this purpose, mice were treated repeatedly
with either the neutralizing anti–IL-4 mAb (11B11) or
the control-isotype matched IgG1 rat mAb (LO-DNP-
2). Mice that received the control mAb after anti-CD3
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Table 2
Pattern of cytokine production in mixed lymphocyte reactions

Responder Stimulator IL-2 IFN-γ IL-4 IL-5 IL-10
mice cells

ControlsA bm12 211 (70–566) 204 (88–874) 14 (30–62) 733 (248–3,049) 63 (36–257)
C57BL/6 <30 52 (30–151) <30 110 (49–209) 46 (15–66)

Chronic rejection bm12 69 (34–196)B 106 (14–419)C 7 (30–59) 1,614 (1,093–3,711)D 76 (45–1,517)
day 20 C57BL/6 <30 41 (30–206) <30 161 (100–484) 48 (39–54)
Chronic rejection bm12 147 (30–249) 471 (151–4,179)C 75 (30–430)B 1,815 (429–3,826)D 614 (59–3,842)B

day 60 C57BL/6 <30 35 (30–54) <30 51 (32–71) 47 (15–96)

IL-2, IFN-γ, IL-4, IL-5, and IL-10 levels (pg/mL) in mixed lymphocyte reactions against donor-type allogeneic bm12 or syngeneic C57BL/6 stimulator spleen cells are shown.
For each experimental condition, 10–17 mice were tested. Results are expressed as median, with minimum and maximum values in brackets. AUnmanipulated C57BL/6
mice. BP < 0.001, CP < 0.05, DP < 0.01 compared with control mice.



therapy developed chronic rejection of bm12 skin allo-
grafts that was indistinguishable from the rejection
occurring after the administration of the anti-CD3
mAb alone (7). There was a dense eosinophil infiltrate
already apparent at day 20 that persisted until day 40
after transplantation (Figure 2, b and d; Table 3). As
with the anti-CD3 mAb–treated mice, these skin allo-
grafts displayed a 2-fold increase in the amount of
dense collagen deposits within the dermis, as well as a
progressive, significant thickening of the arterial inti-

ma (Figure 3b, Figure 4b, and Table 3). Macroscopical-
ly, about 50% of these mice developed graft hardening
and showed a loss of hair at day 40 (Table 3). Repetitive
administration of the anti–IL-4 mAb (11B11) resulted
in the complete prevention of chronic rejection. Indeed,
bm12 allografts did not display any interstitial fibrosis
(Figure 3c and Table 3) or vasculopathy (Figure 4c and
Table 3), and the eosinophil infiltrate present in con-
trol animals was absent (Figure 2e and Table 3). Macro-
scopically, the grafts were intact.
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Figure 2
Allograft eosinophil infiltrate: effect of anti–IL-4 and anti–IL-5 mAb administration. (a) Syngeneic skin graft 40 days after transplantation. The
dermis, below the epidermal layer (E), is free of inflammatory cells. Sebaceous glands (S) and hair follicles (H) show a normal appearance
(hematoxylin and eosin, ×200). (b) bm12 skin allografts at day 40 from a mouse that received anti-CD3 and the control mAb. There is a mas-
sive infiltration of the dermis by leukocytes. Up to 35% of the infiltrating leukocytes were identified as eosinophils (refer to c). The number of
sebaceous glands and hair follicles is reduced, and those remaining are being engulfed by inflammatory cells (arrow) (hematoxylin and eosin,
×100). (c) bm12 skin allografts at day 40 from a mouse that received anti-CD3 and the control mAb. The dermis is heavily infiltrated by
eosinophils, recognizable by the red spots in the cytoplasm (arrows) (hematoxylin and eosin, ×1,000). (d) bm12 skin allografts at day 40 from
a mouse that received anti-CD3 and the control mAb. A shrinking hair follicle is being infiltrated by numerous eosinophils (arrows) (hema-
toxylin and eosin, ×400). (e) bm12 skin allografts at day 40 from a mouse that received anti-CD3 and anti–IL-4 mAb. The aspect is similar to
that of a syngeneic graft. The dermis is free of eosinophils. (f) bm12 skin allografts at day 40 from a mouse that received anti-CD3 and anti–IL-
5 mAb. There is only a small number of leukocytes present in the dermis. The structure of hair follicles (H) and sebaceous glands (S) are well
preserved (compare with b) (hematoxylin and eosin, ×200).



Effect of IL-5 neutralization on chronic allograft lesions. We
next examined the role of IL-5 and eosinophils on
chronic allograft pathology. Administration of anti–IL-
5 mAb TRFK-5 abrogated eosinophil infiltration with-
in the transplant (Figure 2f and Table 3) and prevented
the increase in dermal collagen (Figure 3d and Table 3).
The macroscopic counterpart of the absence of dermal
fibrosis was an entirely normal aspect of the bm12 skin
allografts. However, the anti–IL-5 mAb treatment did
not prevent intimal thickening of donor skin vessels
that was as severe as that in mice treated with the con-
trol mAb (Figure 4d and Table 3). Because this dissoci-
ation between interstitial fibrosis and vasculopathy was
unexpected, we performed bm12 skin grafts on IL-5
knockout mice in order to rule out any possible bias
due to the repeated injections of the rat anti–IL-5 mAb.
Again, bm12 skins grafted on IL-5 knockout mice
developed an obliterative graft vasculopathy (Figure 4e)
but did not develop fibrosis or eosinophilic infiltrates
(Table 3). Increased amounts of the fibrogenic cytokine

TGF-β1 mRNA were detected within chronically reject-
ed grafts compared with the basal amounts found in
syngeneic skin grafts (Figure 5). The increase in TGF-β
1 mRNA was prevented by anti–IL-5 administration
(Figure 5). Immunostaining for TGF-β 1 revealed that
this cytokine was produced by several cell types, includ-
ing keratinocytes and fibroblasts (not shown). Strong
staining for TGF-β1 was also observed within
eosinophils, indicating that they contribute to TGF-β
production during chronic rejection of bm12 skin allo-
grafts (Figure 6).

Effect of IL-10 neutralization on chronic allograft lesions.
Finally, we investigated the effect of IL-10 neutraliza-
tion on the histopathology of graft rejection. Mice
that received the anti–IL-10 mAb developed fibrosis,
vasculopathy, and graft eosinophil infiltrates equiva-
lent to those observed in control animals (Table 3).
Data given in Table 3 summarize the pathologic find-
ings 40 days after transplantation in the different
groups of mice.
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Table 3
Effects of IL-4, IL-5, and IL-10 neutralization on chronic skin allograft rejection

Allogeneic graftsA

Syngeneic graftsA Control mAb Anti–IL-4 mAb Anti–IL-5 mAb IL-5–deficient Anti–IL-10 mAb
(n = 14) (n = 13) (n = 8) (n = 18) mice (n = 10) (n = 10)

Number of eosinophilsB 2 (1–2) 22 (14–53)F 1 (0–3)G 2 (0–4)G 1 (0–24)G 22 (1–59)F

Dense collagen deposit (%)C 51 (38–58) 80 (70–100)F 50 (40–58)G 45 (40–55)G 51 (43–61)G 87 (70–93)F

Macroscopic lesionsD 0/15 8/13F 0/8G 1/18G 0/10G 8/10F

(Number of mice)
Intimal area (%)E 40 ± 18 79 ± 12F 41 ± 17G 78 ± 19F,H 77 ± 11F,H 65 ± 28F,H

ASyngeneic C57BL/6 and allogeneic (bm12) grafts were examined 40 days after transplantation. BEosinophil number per high-power field (0.025 mm2) given as medians,
with minimum and maximum values in brackets. CPercentage of the height of the dermis occupied by dense collagen deposits. Data are shown as medians, with minimum
and maximum values in brackets. DDefined as loss of hair and skin hardening. EPercentage of the surface lying within the lamina elastica interna that was occupied by the
intima (mean ± SD). FP < 0.01 compared with syngeneic skin grafts. GP < 0.01 compared with allogeneic grafts in mice injected with control mAb. HP < 0.01 compared
with allogeneic grafts in mice injected with the anti–IL-4 mAb.

Figure 3
Allograft interstitial fibrosis: effect of IL-4 and IL-5 blockade. (a) A syngeneic skin graft 40 days after transplantation. The collagen-dense deposits
normally present within syngeneic tail skin grafts are stained blue. (b) bm12 skin allograft at day 40 from a mouse that received anti-CD3 and
the control mAb. The thickness of the dermis is increased, mainly because of dense collagen deposits. (c and d) bm12 skin allografts at day 40
in mice that received the anti-CD3 mAb and either anti–IL-4 mAb (c) or anti–IL-5 mAb (d). In both settings (c and d), the collagen-dense deposits
and the thickness of the dermis are comparable to that observed in syngeneic skin grafts.



Discussion
The first significant finding from this study was that
the obliterative graft vasculopathy associated with
chronic rejection of MHC class II disparate murine skin
allografts was dependent on IL-4 secretion. Indeed,
neutralization of IL-4, which was abundantly detected
at the mRNA level within chronically rejected allo-
grafts, completely prevented allograft arteriolopathy.
With regard to its pathogenic role, IL-4 may stimulate
the proliferation of vascular smooth muscle cells, there-
by directly contributing to arterial luminal occlusion
(38). In addition, IL-4 is able to induce the expression
of adhesion molecules, such as VCAM-1, on numerous
cell types, including endothelial cells (34–37, 39). This
process is probably critical for triggering the alloreac-
tive response culminating in chronic rejection, as sug-
gested by the prevention of graft arteriolopathy by
treatment with anti–adhesion molecule antibodies
(40). IL-4 may also play a role in the priming of T cells
for IFN-γ production, as recently shown in vivo after
challenge with tumor antigens (41). Indeed, experi-
ments with neutralizing anti–IFN-γ mAb and IFN-

γ–deficient mice revealed that this cytokine was neces-
sary for the development of obliterative vasculopathy
in models of cardiac and aortic allografts (3, 4, 42).
While IL-4 played an obligatory role in the present
model, a recent study showed that coronary graft vas-
culopathy did develop in IL-4–deficient mice (43). This
difference might be explained by the fact that in the lat-
ter experiments, donor and recipient were disparate for
MHC class I, class II, and minor alloantigens, compared
with only a single MHC class II disparity in the strain
combination we studied.

The second chief finding was that graft interstitial
fibrosis was associated with an IL-5–dependent
eosinophil infiltrate. This phenomenon is consistent
with the ability of activated eosinophils to induce
fibrotic lesions in several chronic inflammatory diseases
(8, 9, 11, 13, 44), probably by releasing a large number
of cytotoxic mediators such as eosinophil cationic pro-
teins and activated oxygen radicals (8, 11, 45–47). Tissue
eosinophilia depends invariably on the production of
IL-5 by CD4 T cells. Indeed, experiments using either IL-
5–deficient mice or neutralizing anti–IL-5 mAb revealed
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Figure 4
Allograft vasculopathy: effect of anti–IL-4 and anti–IL-5 mAb administration.
(a) Normal appearance of a small artery in a syngeneic skin graft 60 days after
transplantation. The lamina elastica interna, stained brown (arrow), sepa-
rates the media from the intima (orcein stain, ×1,000). (b) bm12 skin allo-
graft at day 40 from a mouse that received anti-CD3 and the control mAb.
An increased cellularity of the intima, leading to a reduction of the vessel
lumen, is observed (orcein staining, ×400). (c) bm12 skin allograft at day 40
from a mouse that received anti-CD3 and the anti–IL-4 mAb. The vessel is
normal, with no intimal proliferation (orcein staining, ×400). (d and e) bm12
skin allograft at day 40 from a wild-type mouse that received anti-CD3 and
the anti–IL-5 mAb (d), or an IL-5–deficient mouse that received anti-CD3
mAb (e). An obliterative vasculopathy is observed in both settings.



the crucial role of IL-5 in the proliferation and differen-
tiation of eosinophils (16–18, 23, 48), as well as in their
recruitment and activation within tissues (49). The
observation that eosinophils and IL-5 may be present
during rejection of tissue allografts has been made by
several investigators in both experimental animals and
humans (47, 50–55). Whether their presence is merely
secondary, or whether eosinophils play a causative role
in the rejection process, has not yet been elucidated. We
investigated the role of IL-5 on the development of the
eosinophil infiltrate and chronic allograft lesions by the
administration of a neutralizing anti–IL-5 mAb in wild-
type recipients, and by studying bm12 skins grafted on
IL-5–deficient mice. The lack of IL-5 completely pre-
vented eosinophilic infiltration into skin allografts (16,
48, 56, 57). Importantly, this was accompanied by a
complete prevention of interstitial allograft dermal
fibrosis. Tissue eosinophils have been identified as a
major source of TGF-β, a cytokine involved in tissue
remodeling and fibrosis (1, 9, 58, 59). The presence of
increased amounts of TGF-β mRNA within chronically
rejected allografts, together with a reduction of TGF-β
transcripts in mice treated with anti–IL-5 mAb, is con-
sistent with a role for eosinophil-derived TGF-β in allo-
graft fibrosis. The macroscopic counterpart of the
absence of interstitial fibrosis in anti–IL-5 mAb–treated
and IL-5–deficient mice was a normal appearance of the
allogeneic skins, which were indistinguishable from syn-
geneic transplants. This finding contrasts with the graft
vasculopathy, which was still present in both anti–IL-5

mAb–treated mice and IL-5–deficient mice.
Blocking experiments revealed that in addition to its role

in the development of vasculopathy, IL-4 also played a cru-
cial role in the generation of eosinophil infiltration and
associated interstitial fibrosis. This is in keeping with sev-
eral experimental models showing that IL-4–deficient mice
are unable to mount an eosinophil infiltration within tis-
sues. IL-4 may contribute to tissue eosinophilia by multi-
ple mechanisms. First, this cytokine is involved in the
expansion of Th2-type cells and in their ability to secrete
IL-5 (32, 33, 60). Second, as already mentioned, IL-4 trig-
gers the expression of VCAM-1 on endothelial cells. This
adhesion molecule is also critical for the influx of
eosinophils within inflamed tissues (34–37). Finally, IL-4
induces the skin to produce eotaxin (61, 62), a chemokine
that in cooperation with IL-5 regulates the homing and
activation of eosinophils within tissues (49, 62–65).

In summary, IL-4 plays a pivotal role in the develop-
ment of fibrosis and vasculopathy during chronic
rejection of MHC class II disparate skin grafts. We have
shown that the fibrogenic effect of IL-4 is related to
the infiltration of the allograft by eosinophils, because
this process was secondary to an IL-5–dependent
eosinophil infiltrate. On the contrary, the role of IL-4
on graft vasculopathy is eosinophil independent,
shown by the fact that both IL-5–deficient and
anti–IL-5 mAb–treated mice developed graft vascu-
lopathy. Both cytokines might therefore be considered
as potential therapeutic targets in the course of chron-
ic allograft rejection.
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Figure 5
Effect of IL-5 neutralization on the production of TGF-β 1 mRNA in chron-
ically rejected skin allografts. Quantitative competitive RT-PCR assay for
TGF-β1 mRNA was performed 40 days after transplantation in syngeneic
skin grafts (cross-hatched bar), in mice that received anti-CD3 and control
mAb (filled bar), and in mice that received anti-CD3 and anti–IL-5 mAb
(hatched bar). Results are expressed as femtograms of TGF-β mRNA per
microgram of cellular RNA. Each experimental group represents a pool of 3
skin grafts. Similar results were obtained in another separate experiment.

Figure 6
Immunostaining for TGF-β1 expression in chronically rejected skin allografts. (a) TGF-β1 staining (brown) is present within eosinophils
(arrows) and other inflammatory cells (×1,000). (b) Immunostaining of the same sample after preincubation of the anti–TGF-β antibody with
the TGF-β–specific blocking peptide as a control procedure. Only faint background staining can still be seen (×1,000). Similar staining pat-
terns were observed in 5 other skin allografts.
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