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Chronic cardiac allograft rejection is the major bar-
rier to long term graft survival. There is currently no
effective treatment for chronic rejection except re-
transplantation. Though neointimal development, fi-
brosis, and progressive deterioration of graft function
are hallmarks of chronic rejection, the immunologic
mechanisms driving this process are poorly under-
stood. These experiments tested a functional role for
IL-6 in chronic rejection by utilizing serial echocardio-
graphy to assess the progression of chronic rejection
in vascularized mouse cardiac allografts. Cardiac allo-
grafts in mice transiently depleted of CD4+ cells that
develop chronic rejection were compared with those
receiving anti-CD40L therapy that do not develop
chronic rejection. Echocardiography revealed the de-
velopment of hypertrophy in grafts undergoing chronic
rejection. Histologic analysis confirmed hypertrophy
that coincided with graft fibrosis and elevated intra-
graft expression of IL-6. To elucidate the role of IL-6 in
chronic rejection, cardiac allograft recipients depleted
of CD4+ cells were treated with neutralizing anti-IL-
6 mAb. IL-6 neutralization ameliorated cardiomyocyte
hypertrophy, graft fibrosis, and prevented deterioration
of graft contractility associated with chronic rejection.
These observations reveal a new paradigm in which
IL-6 drives development of pathologic hypertrophy and
fibrosis in chronic cardiac allograft rejection and sug-
gest that IL-6 could be a therapeutic target to prevent
this disease.
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Introduction

Cardiac transplantation remains the preferred treatment for
end-stage cardiac diseases refractory to medical therapy
(1,2). While advances in immunosuppressive drugs have
greatly decreased the incidence of acute graft rejection,
chronic rejection (CR) remains a barrier to long-term graft
survival (3). CR in cardiac allografts manifests as interstitial
fibrosis, vascular occlusion and progressive deterioration
of graft function (4). Although multiple factors are associ-
ated with the onset and progression of CR, the etiology of
this disease is poorly understood and there is currently no
effective therapy (2).

Immune responses against the graft that ultimately result
in CR can be studied in the mouse vascularized heterotopic
cardiac transplant model (5–7). In this model, cardiac allo-
graft function has historically been assessed by palpation of
the abdominal graft, and it is widely accepted that progres-
sive weakening of palpable heart contractions correlates
with both progressive impairment of allograft function and
CR. However, the anatomical, functional and immunologic
changes associated with CR are not well defined in this
model.

IL-6 is a pleiotropic cytokine produced by multiple cell types
in response to immunologic challenge, stress and infection
(8,9). In addition to its known effects on the differentia-
tion and survival of immune cell lineages, IL-6 promotes
inflammation by inducing leukocyte recruitment to many
cell types, including cardiac myocytes (10). Furthermore,
elevated levels of IL-6 have been associated with patho-
logical cardiac hypertrophy (11–15). Although several re-
ports have correlated elevated levels of IL-6 in serum with
cardiac dysfunction (16–19) and increased myocardial IL-6
with donor heart dysfunction (20), the effects of IL-6 on the
progression of CR following transplantation have not been
reported.

This study demonstrates the effectiveness of serial nonin-
vasive two-dimensional (2D) echocardiography in detecting
the progression of CR and its correlation with the biologi-
cal and immunologic changes associated with chronic graft
failure. These echocardiographic, histologic and molecular
insights suggest that IL-6 plays a critical role in the cardiac
hypertrophy and fibrosis associated with CR and that IL-6
may serve as a novel therapeutic target for preventing CR.
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Materials and Methods

Mice

WT female C57BL/6 (H-2b) and BALB/c (H-2d) mice were purchased from
Charles River Laboratories (Raleigh, NC). The animals were kept under
microisolator conditions. The use of mice for these studies was reviewed
and approved by the University of Michigan’s Committee on the Use and
Care of Animals.

Vascularized cardiac transplantation

Heterotopic cardiac transplantation was performed as described (5). In brief,
the aorta and pulmonary artery of the donor heart were anastomozed end-
to-side to the recipient’s abdominal aorta and inferior vena cava, respec-
tively. Upon perfusion with the recipient’s blood, the transplanted heart
resumes contraction. Graft function is monitored by abdominal palpation.

In vivo mAb therapy

Anti-CD4 (hybridoma GK1.5, obtained from American Type Culture Collec-
tion, Manassas, VA), anti-CD40L (hybridoma MR1, kindly provided by Dr.
Randy Noelle, Dartmouth College) and anti-IL-6 (hybridoma MP5–20F3, ob-
tained from American Type Culture Collection with permission of DNAX)
mAbs were purified and resuspended in PBS by Bio X Cell (West Lebanon,
NH). Allograft recipients were transiently depleted of CD4+ cells by i.p.
injection of 1 mg of anti-CD4 mAb on days −1, 0 and 7 posttransplant (6).
For inductive anti-CD40L therapy, allograft recipients were injected i.p. with
1 mg of anti-CD40L on days 0, 1 and 2 posttransplant (6). Anti-IL-6 mAb or
control rat IgG was administered by i.p. injection of 1 mg on days −1, 1 and
3 and weekly thereafter (21).

2D echocardiography

Serial noninvasive echocardiography was performed with a 30 MHz ultra-
sound probe (Vevo 770, VisualSonics Inc., Toronto, Canada). Mice were
anesthetized using inhaled isofluorane. Anatomical and functional changes
were assessed in the left ventricle (LV) of heterotopic cardiac grafts by
obtaining short-axis views (at the midpapillary level) of the grafts as re-
ported by Scherrer-Crosbie et al. (22). Briefly, echocardiographic images
were recorded in real time from both axial and longitudinal axes and saved
for subsequent analysis. Measurements of posterior wall thickness (PWT)
were performed in diastole and measurements for calculating fractional
shortening (FS) were taken in both systole and diastole. This echocardio-
graphy technique was validated by measuring PWT of acutely rejecting
BALB/c allografts in C57BL/6 recipients, and in syngeneic C57BL/6 con-
trols as described (22). Echocardiography was performed on allografts in
recipients transiently depleted of CD4+ cells (which develop CR), allograft
recipients given anti-CD40L mAb therapy (which do not develop CR) and
syngeneic C57BL/6 graft controls. Serial echocardiography was performed
to evaluate PWT, FS and left ventricle ejection fraction (LVEF). Measure-
ments were obtained on day 7 and then weekly from day 21 to day 49
posttransplant.

Morphometric analysis of cardiac allograft fibrosis

and hypertrophy

Graft fibrosis was quantified by morphometric analysis of Masson’s
trichrome stained sections using iPLab software (Scanalytics Inc., Fairfax,
VA). Mean fibrotic area was calculated from 10 to 12 areas per heart sec-
tion analyzed at 200× magnification. To quantify cardiomyocyte area as a
measure of hypertrophy, digital outlines were drawn around at least 80
cardiomyocytes from views of H&E stained grafts at 200× magnification.
Areas within outlines were quantified using SCION IMAGE Beta 4.0.2 soft-
ware (Scion Corporation, Frederick, MD) to measure cardiomyocyte cell size
(23). A minimum of five individual hearts were analyzed per group for both
analysis techniques.

Quantitative real-time polymerase chain reaction (PCR)

Graft RNA was isolated by homogenizing tissues in TRIzol reagent (Invit-
rogen, Carlsbad, CA) as per manufacturer’s protocol. Five lg of total RNA
were reverse transcribed using Oligo dT, dNTPs, MMLV-RT (Invitrogen),
RNAsin (Promega, Madison, WI) in PCR Buffer (Roche, Indianapolis, IN).
The cDNA was purified by a 1:1 extraction with phenol/chloroform/isoamyl
(25:24:1) and precipitated in one volume 7.5M NH4OAc and two volumes
absolute ethanol. Levels of IL-6, atrial natriuretic peptide (ANP), and colla-
gen aI message were determined by quantitative real-time PCR using SYBR
master mix (Takara, Otsu, Shiga, Japan) in a Rotor-Gene 3000 thermocycler
(Corbett Life Science, San Francisco, CA). Relative expression levels were
normalized to GAPDH expression using the Rotor–Gene Comparative Con-
centration utility.

Primer sequences were as follows:
ANP (Nppa) forward 5′ GGAGGTCAACCCACCTCTG 3′

ANP (Nppa) reverse 5′ GCTCCAATCCTGTCAATCCTAC 3′

collagen aI (Col1a1) forward 5′ TCCCTACTCAGCCGTCTGTGCC 3′

collagen aI (Col1a1) reverse 5′ AGCCCTCGCTTCCGTACTCG 3′

GAPDH (Gapdh) forward 5′ CTGGTGCTGAGTATGTCGTG 3′

GAPDH (Gapdh) reverse 5′ CAGTCTTCTGAGTGGCAGTG 3′

IL-6 (Il6) forward 5′ CGTGGAAATGAGAAAAGAGTTGT 3′

IL-6 (Il6) reverse 5′ TCCAGTTTGGTAGCATCCATC 3′

Flow cytometry

Splenocytes were labeled with FITC-conjugated anti-CD3, PE-conjugated
anti-CD4 and CY-conjugated anti-CD8 obtained from PharMingen (San Jose,
CA). Cell analyses were performed on a Becton Dickinson FACScan (San
Jose, CA) using forward versus side scatter to gate on cells.

Statistical analysis

Statistical significance was calculated using an unpaired t-test with Welch’s
correction. p-values of ≤0.05 were considered statistically significant.

Results

Experimental system

In the mouse vascularized cardiac allograft model, allo-
grafts in recipients receiving anti-CD40L mAb do not un-
dergo CR (6). In contrast, allografts in recipients transiently
depleted of CD4+ cells develop CR as CD4+ cells begin to
repopulate the periphery between 3 and 4 weeks follow-
ing initial depletion (6,24,25). Hence, we compared events
that occurred in these two settings to identify critical ele-
ments associated with the progression of CR. Specifically,
we assessed anatomical and functional echocardiographic
parameters, cardiac hypertrophy, intragraft IL-6 expression
and graft fibrosis in CR.

Fibrosis in allografts undergoing CR

Fibrosis was most prominent among grafts transiently de-
pleted of CD4+ cells that develop CR as assessed by
morphometric trichrome analysis (p < 0.0001, Figure 1).
Similarly, intragraft collagen aI transcript levels were great-
est in CR grafts (data not shown). It should be noted that
no significant changes were found in either graft fibrosis
(Figure 1B) or collagen aI transcript levels (data not shown)
between day 30 and day 50 posttransplant in grafts under-
going CR, indicating that a full fibrotic response is present
by day 30 in this model.
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Figure 1: Fibrosis is increased in cardiac allografts undergoing CR. (A) Representative Masson’s trichrome stains, in which fibrotic
tissue stains blue, of heterotopic cardiac grafts at day 30 post transplant (200x magnification). Cardiac allografts from recipients transiently
depleted of CD4+ cells (Anti-CD4) or allograft recipients receiving anti-CD40L mAb therapy (Anti-CD40L) are shown along with syngeneic
control grafts. (B) Morphometric analysis of trichrome staining at day 30 and 50 post transplant in groups from (A). Bars represent the
combined mean + S.E.M. of fibrotic (blue) area of 10–12 frames of view per heart taken from no fewer than 6 different cardiac grafts per
group.

Echocardiographic assessment

of the progression of CR

Serial echocardiography was performed to determine the
anatomical and functional changes associated with the pro-
gression of CR. This echocardiographic technique was val-
idated by assessment of unmodified syngeneic and allo-
geneic grafts as previously described (22). Increases in
PWT in acutely rejecting allogeneic grafts as well as di-
minished thickening in control syngeneic grafts matched
previously reported results (22) in both trend and magni-
tude (data not shown). It should be noted that LV intracavity
thrombosis was observed in all groups. Following the first
week posttransplant, intracardiac thrombus retraction (to-
ward the apex) occurred, allowing lucid visualization of all
LV parameters as endocardial contour definition was clearly
demarcated.

Echocardiography was used to monitor allografts in recip-
ients transiently depleted of CD4+ cells, which undergo
CR. Although it is true that heterotopic cardiac grafts

contract against a reduced load, identical surgical proce-
dure between groups assures similar loading conditions
required for comparative assessments of graft hypertro-
phy and fibrosis. Allografts undergoing CR were compared
to allografts in recipients receiving anti-CD40L therapy
(that do not undergo CR) and also to syngeneic grafts
(Figure 2). PWT was greatest in grafts undergoing CR
from day 7 through day 49 posttransplant, peaking at
approximately day 35 (Figure 2A). The increase in PWT
among CR grafts correlated with an increased FS and LVEF
(Figure 2). These parameters remained stable in allograft
recipients treated with anti-CD40L mAb, as well as in syn-
geneic grafts. Increases in PWT and cardiac functional pa-
rameters (FS and LVEF) by day 35 posttransplant in the
anti-CD4 treated group suggested an association of car-
diac hypertrophy with CR. Following the peaks in PWT, FS
and LVEF at day 35 posttransplant, deterioration of graft
contractility occurred by day 42 (Figure 2B, C). Together,
the changes in graft contractile parameters between days
30 and 50 posttransplant (Figure 2B, C) and the consistency
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Figure 2: Echocardiographic analysis suggests hypertrophy in grafts undergoing CR. Serial echocardiography was used to monitor
anatomical and functional parameters of cardiac allografts in recipients that were transiently depleted of CD4+ cells (Anti-CD4, squares),
in allograft recipients receiving anti-CD40L mAb therapy (Anti-CD40L, triangles), or syngeneic graft recipients (circles). Echocardiographic
parameters included posterior wall thickness (PWT) (A), fractional shortening (FS) (B), and left ventricle ejection fraction (LVEF) (C). Three
transplants per experimental group were followed throughout the duration of the experiment. Individual points represent mean and bars
represent ± S.E.M. at the given time points. ∗Day 35: Anti-CD4 vs. Anti-CD40L, p = 0.004 and Anti-CD4 vs. Syngeneic, p = 0.017. ‡ Day
49: Anti-CD4 vs. Anti-CD40L, p = 0.0126 and Anti-CD4 vs. Syngeneic, p = 0.0146.

of graft fibrotic area over the same time period (Figure 1B)
indicated that day 30 represents a critical time point in this
CR model.

Cardiomyocyte hypertrophy and elevated IL-6

expression in grafts undergoing CR

Echocardiography revealed an anatomical increase in PWT
as well as functional increases in FS and LVEF, factors con-
sistent with a hyperdynamic state, as is seen with LV hy-
pertrophy. Cardiac hypertrophy has been defined as an in-
crease in heart mass reflective of increased cell size rather
than cell number (26). To verify the presence of hypertro-
phy, cardiomyocyte areas were evaluated histologically at
day 30 posttransplant (Figure 3A, B). Histologic analysis re-
vealed that cardiomyocyte size was greatest in CR grafts
when compared to allografts in recipients receiving anti-
CD40L or syngeneic grafts (p < 0.0001). Further, because
increased levels of ANP expression have been correlated
with cardiac hypertrophy (12,27), intragraft expression of
ANP was determined with quantitative real-time PCR. In-
tragraft ANP expression correlated with cardiomyocyte size
in CR grafts, allograft recipients receiving anti-CD40L mAb,
and syngeneic grafts (Figure 3C).

Since cardiac hypertrophy coincided with increased fibro-
sis in CR allografts, we hypothesized that there might be

a common immunologic mediator of both processes. IL-6
has been linked to cardiac hypertrophy (28) and collagen
production (29). Therefore, IL-6 expression was assessed
in allografts undergoing CR, as well as in control grafts.
IL-6 message levels were highest in CR grafts at all time
points (Figure 4). While intragraft IL-6 message levels pro-
gressively decreased after day 7 among allografts treated
with anti-CD40L and syngeneic grafts, CR grafts exhibited
a significant resurgence of IL-6 expression (p = 0.0141) on
day 30 posttransplant (Figure 4). Thus, a correlation was
observed between CD4+ cell return (24,25), intragraft IL-
6 expression, cardiomyocyte hypertrophy, and graft fibro-
sis. This prompted our investigation into the role of IL-6 in
the initiation of hypertrophy and fibrosis associated with
cardiac CR.

Neutralizing IL-6 reduces cardiac hypertrophy and

fibrosis and normalizes echocardiographic parameters

To better understand the role of IL-6 in promoting hyper-
trophy and fibrosis in CR, allograft recipients transiently
depleted of CD4+ cells were treated with neutralizing anti-
IL-6 mAb or control rat IgG. In recipients treated with anti-
IL-6 mAb, cardiomyocyte area (p < 0.0008) and intragraft
ANP transcript levels (p = 0.0002) were significantly re-
duced compared to recipients treated with control rat IgG
(Figure 5). Decreases in these parameters implicate IL-6
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Figure 3: Histologic confirmation of cardiac hypertrophy in CR grafts. (A) H&E stains of day 30 post transplant cardiac allografts
taken from recipients transiently depleted of CD4+ cells (Anti-CD4) or recipients receiving anti-CD40L mAb therapy (Anti-CD40L) as
well as syngeneic control graft recipients. Arrows highlight representative cardiac myocytes. (B) Cardiomyocyte areas were quantified
using morphometric analysis. Bars represent mean + S.E.M. of area measurements taken from at least 80 cardiomyocytes per heart
from 5 different hearts per group. (C) Intragraft message levels of atrial natriuretic peptide (ANP), a marker of cardiac hypertrophy, were
measured with quantitative real time PCR in cardiac grafts from recipients in (B) at day 30 post transplant. Bars represent mean + S.E.M.
of 3–5 grafts per group.

as an inducer of cardiac hypertrophy and demonstrate that
its neutralization can ameliorate cardiac hypertrophy asso-
ciated with CR. Furthermore, IL-6 neutralization reduced
graft fibrotic tissue area (p < 0.0001, Figure 6A, B) and
intragraft expression of collagen aI (p = 0.0019, Figure 6C)
compared to control grafts. These observations indicate
that IL-6 promotes graft fibrosis associated with cardiac
CR and that IL-6 neutralization can significantly decrease
interstitial fibrosis associated with the disease.

Since neutralizing IL-6 ameliorated both hypertrophy and
fibrosis as determined by histologic and gene expres-
sion analyses, we assessed the effects of anti-IL-6 on
anatomical and functional parameters of chronically reject-
ing hearts. Echocardiography revealed that neutralizing IL-6
prevented the increase in PWT and normalized FS and LVEF
parameters in grafts that would otherwise undergo CR
(Figure 7). Thus, hypertrophy, fibrosis and subsequent de-
terioration of graft contractility were ameliorated in grafts
whose recipients were treated with anti-IL-6 mAb. These
are the first data to demonstrate that IL-6 may provide a
therapeutic target for preventing CR.

IL-6 neutralization does not inhibit CD4+ cell

repopulation of the periphery

In this model of CR, CD4+ cells begin to repopulate the
periphery between 3 and 4 weeks posttransplant (24,25).
To ascertain the effect of IL-6 neutralization on CD4+ cell
repopulation, flow cytometry was performed on spleno-
cytes taken from animals receiving anti-IL-6 mAb or control
rat IgG. Both treatment groups had similar percentages of
CD4+ cells on day 30 or day 50 posttransplant (Figure 8),
indicating that neutralizing IL-6 does not prevent CD4+ cell
repopulation of the periphery.

Discussion

CR is characterized by the formation of patchy interstitial
fibrosis and occlusion of vasculature structures accompa-
nied by progressive graft dysfunction (3,4). Currently, there
is no therapeutic that specifically targets CR. Although sev-
eral factors have been implicated with CR, the etiology and
changes associated with the progression of the disease
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Figure 4: Increased intragraft IL-6 expression in grafts under-

going CR. IL-6 message levels in cardiac allografts taken from
recipients transiently depleted of CD4+ cells (Anti-CD4), recipi-
ents receiving anti-CD40L mAb therapy (Anti-CD40L), or from syn-
geneic graft recipients were determined at given time points using
quantitative real time PCR. Bars represent mean + S.E.M. of 3–6
grafts per group which were harvested at the given time points.
∗Day 30 Anti-CD4 vs. Anti-CD40L, p = 0.0141 and Anti-CD4 vs.
Syngeneic, p = 0.0083. ‡ Day 49: Anti-CD4 vs. Anti-CD40L, p =
0.0150 and Anti-CD4 vs. Syngeneic, p = 0.0102.

are not fully understood. To better define these changes
we monitored the progress of CR using echocardiography.

Echocardiography has been demonstrated to be effective
for monitoring acute rejection (22) and long-term accep-
tance (30) of heterotopic mouse cardiac grafts. We used
echocardiography to successfully monitor the progression

of CR in mice. Further, we have identified critical elements
of the disease process, notably that the fibrosis of CR is as-
sociated with cardiac hypertrophy and that both processes
are driven by IL-6.

Grafts undergoing CR had increased PWT, a reproducible
measure of cardiac rejection in mice (22). Such increases
in PWT could be caused by immunologic and inflamma-
tory processes associated with CR such as edema, graft-
infiltrating cells, cell proliferation and collagen deposition
(3,4). However, echocardiographic functional analyses (FS
and LVEF) revealed increased graft contraction coincident
with increased PWT by day 35 posttransplant in CR grafts
(Figure 2). Together, these parameters suggested the pres-
ence of cardiomyocyte hypertrophy (31) in grafts under-
going CR. Manifestations of hypertrophy were followed
by significant deterioration of graft contractility by day 42
posttransplant. Such declines in cardiac contractility mirror
events observed in human heart failure (32). These ob-
servations implied that day 30 posttransplant represents a
critical time point of CR in this mouse model as it exhibits
near terminal amounts of interstitial fibrosis (Figure 1) and
increases in functional parameters indicative of hypertro-
phy (Figure 2).

Hypertrophy in CR grafts was confirmed by increased
cardiomyocyte area (Figure 3B) and elevated levels of
ANP (Figure 3C), a marker whose upregulation has been
linked to cardiac hypertrophy in multiple models (12,27).
Although cardiomyocyte hypertrophy has been reported in
other models of cardiac failure (33–35), our data suggest a

Figure 5: Neutralizing IL-6 reduces

cardiomyocyte hypertrophy. (A) Rep-
resentative views of H&E stained sec-
tions of day 30 post transplant car-
diac allografts taken from recipients
that were transiently depleted of CD4+
cells which also received either control
rat IgG (Anti-CD4 + Rat IgG) or neu-
tralizing IL-6 mAb (Anti-CD4 + Anti-IL-
6). Arrows highlight representative car-
diomyocytes. (B) Cardiomyocyte area
quantitation of groups described in (A).
Bars represent mean + S.E.M. of area
measurements taken from >80 car-
diomyocytes per heart in each of 5
different grafts per group. (C) Intra-
graft atrial natriuretic peptide (ANP)
message levels in grafts described in
(A) were determined using quantitative
real time PCR. Bars represent mean +
S.E.M. of tissue harvested from at least
5 different transplants per group.
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Figure 6: Neutralizing IL-6 reduces

cardiac fibrosis. (A) Representative
views of Masson’s trichrome staining
of day 30 post transplant cardiac allo-
grafts taken from recipients transiently
depleted of CD4+ cells which also re-
ceived either control rat IgG antibod-
ies (Anti-CD4 + Rat IgG) or neutraliz-
ing IL-6 mAb (Anti-CD4 + Anti-IL-6). (B)

Morphometric analysis of graft fibrosis
in groups described in (A). Bars rep-
resent the combined mean + S.E.M.
of fibrotic (blue) area from at least 10
different frames of view from each of
at least 6 different cardiac grafts. (C)

Intragraft collagen aI message levels
in cardiac allografts taken from recipi-
ents described in (B) were determined
using quantitative real time PCR. Bars
represent mean + S.E.M. of tissue har-
vested from at least 6 different trans-
plants per group.

concomitance of cardiac hypertrophy with CR. Since it is
widely accepted that immunologic factors contribute to
CR, we considered that an immunologic factor might be
promoting hypertrophy (28). Indeed, it has been demon-
strated that increased IL-6 signaling is sufficient to induce
cardiac hypertrophy and ventricular wall thickening in vivo

(36). It should be noted that while sufficient to induce car-
diac hypertrophy, IL-6 is dispensable for adaptive physio-
logic hypertrophy responses to exercise training (37,38).
Thus, while unnecessary for physiologic hypertrophy, IL-6
has been implicated in pathological cardiac hypertrophy in
humans (11,39) and animals (12–15).

Figure 7: Neutralizing IL-6 amelio-

rates contractile parameter aber-

rations associated with CR. Serial
echocardiography was used to moni-
tor anatomical and functional parame-
ters in cardiac allograft recipients that
were transiently depleted of CD4+
cells which also received neutralizing
IL-6 mAb (Anti-CD4 + Anti-IL-6, circles).
Results are plotted against 3 recipi-
ents that were transiently depleted of
CD4+ cells (Anti-CD4, squares) from
Figure 2. Echocardiographic parame-
ters included posterior wall thickness
(PWT) (A), fractional shortening (FS)
(B), and left ventricle ejection frac-
tion (LVEF) (C). For the anti-IL-6 mAb
treated group, 5 transplants were fol-
lowed throughout the duration of the
experiment. Individual points represent
mean and bars represent ± S.E.M. of
grafts analyzed at the given time point.
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Figure 8: Neutralizing IL-6 does not prevent CD4+ cell repop-

ulation in cardiac allograft recipients. Flow cytometric analysis
was performed on splenocytes harvested from naı̈ve mice or allo-
graft recipients that were transiently depleted of CD4+ cells which
also received either control rat IgG antibodies (Anti-CD4 + Rat IgG)
or neutralizing IL-6 mAb (Anti-CD4 + Anti-IL-6). Splenocytes were
harvested from cardiac allograft recipients on day 30 (triangles)
or day 50 (circles) post transplant. Lines represent group mean,
n.s. = not significant.

Elevated intragraft IL-6 transcript levels at day 30 posttrans-
plant coincided with graft hypertrophy and fibrosis in grafts
undergoing CR (Figures 1,3 and 4). To our knowledge this
is the first report correlating hypertrophy and elevated in-
tragraft IL-6 expression with CR. It is of note that significant
elevation of IL-6 expression in allografts undergoing CR at
days 30 and 50 posttransplant occurs after a suggested
(but not significant vs. Anti-CD40L) increase at day 7
(Figure 4). The importance of this early peak in the bi-
modal expression of IL-6 is unclear, though it is not likely
due to ischemic/reperfusion injury in that syngeneic con-
trol grafts did not exhibit a comparable early elevation of
IL-6. One possibility is that the early elevation of IL-6 ex-
pression in allograft recipients treated with anti-CD4 mAb
may be associated with the process of depleting CD4+
cells.

IL-6 has previously been suggested as a therapeutic target
for hypertrophy (40), therefore, we neutralized IL-6 to as-
sess its role in the hypertrophy associated with CR. Neu-
tralizing IL-6 reduced cardiomyocyte area (Figure 5) and
prevented the increases in PWT, FS and LVEF indicative
of cardiac hypertrophy that were observed in CR grafts
(Figure 7). These results implicate IL-6 as an inducer of
hypertrophy in CR. Further, targeting IL-6 may ameliorate
hypertrophy while stabilizing functional parameters in car-
diac allografts undergoing CR.

It has been demonstrated in vitro that hypertrophic stim-
uli induce cardiac myocyte production of factors known to
promote fibrosis, including connective tissue growth factor
(CTGF) (41) and TGFb (42). We have previously reported a
strong correlation between intragraft expression of TGFb

and CTGF with CR (6). This raises the interesting possibil-
ity that IL-6 can induce similar profibrotic gene expression
in vivo. It should be noted that in addition to potential en-
hancement of TGFb production through the induction of
hypertrophy, IL-6 may also directly augment TGFb signal-
ing by regulating turnover and compartmentalization of its
receptor (43). Furthermore, it has recently been reported
that the C-terminal domain of CTGF can induce cardiomy-
ocyte hypertrophy (44). Together these data suggest that
IL-6 may induce other factors able to promote both hyper-
trophy and fibrosis in CR.

Neutralizing IL-6 not only decreased cardiomyocyte hyper-
trophy but also lessened fibrosis of the graft. This finding
is consistent with previous in vitro studies in which IL-6
increased collagen transcript levels in cocultures of cardiac
fibroblasts and cardiac myocytes (29) and treatment with
IL-6 neutralizing mAb decreased cardiac fibroblast prolifer-
ation (45). Further, IL-6 may induce factors that facilitate
fibroblast survival (46). Thus, decreased survival, prolifera-
tion, and collagen aI transcript levels in cardiac fibroblasts
may explain the anti-fibrotic effects of neutralizing IL-6 in
our study.

Beyond its roles in hypertrophy and fibrosis, IL-6 is also
a potent modulator of immune responses in multiple cell
types of both the innate and adaptive systems, reviewed in
(8,9,47). Hence, it is possible that IL-6 neutralization ame-
liorates CR in this model through immunomodulatory ef-
fects. IL-6 neutralization could prolong graft survival by im-
pairing the transition of graft-reactive immunity from innate
responses to adaptive responses, perhaps through disrup-
tion of the neutrophil to monocyte recruitment progression
(47). Additionally, lymphocyte homing to the graft may be
impaired, as IL-6 can induce the expression of monocyte
chemotactic protein 1 (MCP-1, CCL2) in fibroblasts (48) as
well as promote T cell migration on fibronectin substrate
(49). In addition to promoting recruitment, IL-6 can res-
cue T cells from apoptosis (50). It is therefore conceivable
that neutralizing IL-6 could further enhance graft survival
through both failure to recruit and increased apoptosis of
graft-reactive T cells.

It is now known that the presence or absence of IL-6
may determine T cell responses to TGFb, as TGFb and
IL-6 result in Th17 effector cells while TGFb without IL-6
can generate FoxP3+ regulatory cells (51). The possibility
that this axis of effector/regulatory T cell responses may
be a key factor in CR is supported by historic observa-
tions of IL-6, TGFb and T cell receptor b constant region
expression in rejecting human cardiac allografts (52). Fur-
thermore, a role for IL-17 in the pathology of CR seems
more likely in light of observations that IL-17 alone stim-
ulates increased collagen production in primary mouse
cardiac fibroblasts (53). This is consistent with a report
that Th17 responses to collagen type V correlate with the
development of bronchiolitis obliterans syndrome in lung
transplant patients (54) and that IL-17 has recently been
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associated with the development of transplant associated
vasculopathy (55).

We have demonstrated that neutralizing IL-6 does not in-
hibit CD4+ cell repopulation in this system (Figure 8).
Therefore, we asked whether neutralizing IL-6 had other ef-
fects on CD4+ or CD8+ cell function. To this end, ELISPOT
assays (21) were performed on splenocytes recovered on
day 30 posttransplant from allograft recipients that were
initially depleted of CD4+ cells and treated with either
anti-IL-6 mAb or rat IgG. ELISPOT assays for donor-reactive
IFN-c , IL-4 and IL-17 producing cells were performed on
whole splenocytes, splenocytes depleted of CD4+ cells,
and splenocytes depleted of CD8+ cells. Similarly, low
frequencies (<50 spots/million cells) of donor-reactive cy-
tokine producing cells were present in the spleens of rat
IgG or anti-IL-6 treated recipients, indicating that IL-6 neu-
tralization did not alter the immune response at the level
of Th subset function. Hence, both CD4+ and CD8+ Th1,
Th2 and Th17 remained hyporesponsive in the spleens of
allograft recipients following transient depletion of CD4+
cells.

Finally, as IL-6 can augment antigen-specific antibody re-
sponses in mice (56), we assessed serum levels of donor-
reactive IgM or IgG. No significant difference was observed
between anti-IL-6 treated recipients or controls (data not
shown). It should be noted that these observations do not
rule out other immunomodulatory effects of IL-6 neutral-
ization in this setting. Indeed, anti-IL-6 mAb might alter
lymphocyte trafficking to the graft (10,48,49), lymphocyte
survival (50), activation and differentiation (51), as well as
the immunologic events initiating fibrosis.

In conclusion, we report the use of echocardiography for
monitoring the in vivo changes occurring in CR, which
helped identify a previously unrecognized immunologic
axis in the development of chronic cardiac allograft re-
jection. These echocardiographic, histologic and molecular
findings suggest a critical role of IL-6 in the cardiac hy-
pertrophy and fibrosis associated with CR. Together, these
observations indicate that IL-6 neutralization may represent
the first therapeutic approach to ameliorate hypertrophy
and fibrosis associated with CR while stabilizing anatom-
ical and functional parameters of the graft. The potential
clinical relevance of our study is highlighted by a recent
report in which echocardiography defined cardiac allograft
hypertrophy as a prognostic marker for the development of
allograft vasculopathy and increased patient mortality (57).
As pointed out in an accompanying editorial (58), cardiac
allograft hypertrophy and its association with graft vascu-
lopathy may provide a surrogate marker for patient survival
in clinical trials of cardiac transplantation. Further, identi-
fying the underlying mechanisms of the disease process
should allow for the design of specific therapies aimed at
halting the progression of cardiac allograft hypertrophy and
CR.
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