Proinflammatory consequences of transgenic
Fas ligand expression in the heart
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Expression of Fas ligand (FasL) renders certain tissues immune privileged, but its expression in other
tissues can result in severe neutrophil infiltration and tissue destruction. The consequences of
enforced FasL expression in striated muscle is particularly controversial. To create a stable reproducible
pattern of cardiomyocyte-specific FasL expression, transgenic (Tg) mice were generated that express
murine FasL specifically in the heart, where it is not normally expressed. Tg animals are healthy and
indistinguishable from nontransgenic littermates. FasL expression in the heart does result in mild
leukocyte infiltration, but despite coexpression of Fas and FasL in Tg hearts, neither myocardial tis-
sue apoptosis nor necrosis accompanies the leukocyte infiltration. Instead of tissue destruction, FasL
Tg hearts develop mild interstitial fibrosis, functional changes, and cardiac hypertrophy, with corre-
sponding molecular changes in gene expression. Induced expression of the cytokines TNF-q, IL-13,
IL-6, and TGF- accompanies these proinflammatory changes. The histologic, functional, and molec-
ular proinflammatory consequences of cardiac FasL expression are transgene-dose dependent. Thus,
coexpression of Fas and FasL in the heart results in leukocyte infiltration and hypertrophy, but with-
out the severe tissue destruction observed in other examples of FasL-directed proinflammation. The
data suggest that the FasL expression level and other tissue-specific microenvironmental factors can
modulate the proinflammatory consequences of FasL.

J. Clin. Invest. 105:1199-1208 (2000).

Introduction

Fas ligand (FasL, or CD9SL) is a cell-surface molecule
belonging to the TNF/nerve growth factor superfamily.
FasL induces apoptotic cell death by binding to its mem-
brane receptor Fas (also known as APO-1 or CD95) (1).
Fas is ubiquitously expressed in various tissues, where-
as FasL is expressed primarily in activated lymphocytes
and in immune-privileged tissues such as the eye and
testis. Interactions between Fas and FasL are integral to
several immune processes, including regulation of lym-
phocyte homeostasis, T cell-mediated cytotoxicity, and
immune privilege (1). Although interactions between
Fas and FasL are vital to normal immune function, exag-
gerated or defective activity of the system can lead to sig-
nificant pathology (2). Mice with mutations in Fas ([pr
or Ipr¢) (3) or FasL (gld) (4) exhibit autoimmune/lym-
phoproliferative disorders due to disrupted T-cell home-
ostasis. Exaggerated FasL-based cytotoxicity can lead to
avariety of autoimmune disorders, including fulminant
hepatitis (5), graft-versus-host disease (6), diabetes (7-9),
and Hashimoto’s thyroiditis (10).

One of the most intriguing immune regulatory func-
tions of FasL is its role in protecting certain tissues
against immune-mediated injury, a phenomenon
known as immune privilege (11-14). FasL expression in
the eye (12) and testis (11) renders these tissues im-
mune privileged, making them resistant to inflamma-
tory injury and permissive to allograft survival. Like-
wise, FasL expression on some tumors confers tumor
immunity (13-15). Constitutive FasL expression in
these nonlymphoid tissues confers immune privilege
by inducing apoptosis of Fas-expressing, infiltrating
inflammatory cells.

Naturally occurring FasL-directed immune privilege
has prompted investigation of the potential use of
engineered FasL expression as an immunosuppressive
agent for transplantation and other immune-mediat-
ed pathologic conditions. The resultant data conflict,
fueling controversy over the consequences of enforced
FasL expression in tissues where it is not normally
expressed. Lau and colleagues (16) reported that FasL-
transfected murine myoblasts protected pancreatic 3-
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Figure 1

Murine FasL transgene construct and mRNA transcript analysis. (a)
Murine FasL cDNA was isolated by RT-PCR, sequenced, ligated to
the a-MyHC promoter, and used to produce Tg animals (30). (b)
Representative RNase protection assay showing that cardiac FaslL
expression corresponds to transgene copy number. (c) Total RNA
was isolated from ventricles of NTg and Tg mice 8-12 weeks old with
the transgene copy numbers indicated (n = 6 for each line). FasL and
Fas transcripts were determined by multiplex RNase protection. Sig-
nal intensities were quantified on a Phosphorlmager and standard-
ized by comparison to GAPDH signals. FasL expression is unde-
tectable in NTg hearts, whereas steady-state FasL transcript levels
correspond to the transgene copy number of each Tg line. Constitu-
tive expression of Fas mRNA is detectable in NTg and Tg hearts. Fas
and FasL transcripts are coexpressed in Tg hearts.

islet cells from transplant rejection when they were
cotransplanted into the kidney capsule of allogeneic
mice. Cotransplantation with nontransfected, FasL-
deficient myoblasts resulted in prompt rejection of
both myoblasts and islet cells. FasL-mediated immuno-
suppression has also been used successfully in animal
models of arthritis (17), vascular injury (18), and renal
(19) and hepatic (20) allograft transplantation. There
is, however, increasing evidence that enforced expres-
sion of FasL can cause unwanted proinflammatory
consequences, either by autologous apoptosis (9, 21) or
by targeting the tissue for neutrophil infiltration and
destruction (21-24). Induced expression of FasL in
tumor cells (21, 22), islet cells (23), and even myoblasts
(24) can cause severe neutrophil infiltration and tissue
destruction. FasL-mediated neutrophil infiltration

requires functional Fas on host cells (presumably host
neutrophils) (23, 24). Although the mechanisms result-
ingin these conflicting observations remain obscure, a
variety of explanations have been proposed. Some
investigators have suggested that Fas and FasL cannot
be coexpressed in certain tissues (21, 24). It is possible
that the consequences of enforced FasL expression are
controlled by FasL expression levels (25), downstream
cytokines (2, 7), tissue microenvironment factors (26),
or the differential effects of membrane-bound and sol-
uble forms of FasL (27, 28). Evaluation of the dose
response of FasL expression has been complicated by
difficulties in measuring and controlling expression
levels of functional FasL in stable cell lines.

The effect of engineered FasL expression in striated
muscle is particularly controversial (16, 24). To explore
this process in detail, we created a stable, reproducible
pattern of muscle cell-specific FasL expression. Using
the a-myosin heavy-chain promoter (d-MyHC pro-
moter) (29), we generated several lines of transgenic
(Tg) mice that express FasL specifically in the heart,
where it is normally absent. Analysis of these mice indi-
cates that FasL expression in the heart is proinflam-
matory, resulting in mild leukocyte infiltration, inter-
stitial fibrosis, and concentric hypertrophy. Strikingly,
although both FasL and Fas are coexpressed in the
hearts of these animals, FasL Tg hearts do not exhibit
signs of cardiomyocyte apoptosis or necrosis, which
differs markedly from the intense tissue destruction
observed with enforced FasL expression in pancreatic
islets, tumor cells, and myocytes. Furthermore, the
molecular, histologic, and functional consequences of
cardiac FasL expression are transgene-dose dependent,
suggesting that the proinflammatory activity of FasL
may depend on the extent of FasL tissue expression.
These observations support the hypothesis that cellu-
lar and tissue-specific microenvironmental factors can
modulate proinflammatory consequences of FasL.

Methods

Construction of Tg mice and copy number determination.
Murine FasL cDNA was synthesized by RT-PCR using
spleen RNA isolated from FVB/N mice as a starting
template. The PCR product was sequenced and then
ligated to the 0-MyHC promoter (5,443 bp; GenBank
accession no. U71441); the resultant construct (Figure
la) was used to generate Tg mice (30). PCR screening
identified founder animals, and four stable Tg lines
(lines 21, 44, 61, and 70) were generated by breeding the
founder mice with nontransgenic (NTg) animals. Sub-
sequent offspring were screened by PCR. Transgene
copy number was determined by Southern analysis
using genomic DNA isolated from tail clips. DNA blots
were analyzed using a random-primed full-length FasL
c¢DNA as probe.

Determination of mRNA transcript expression. Total RNA
was isolated from the ventricles of 8- to 12-week-old Tg
and NTg mice. FasL, Fas, and cytokine mRINA expres-
sion was determined by multiplex RNase protection
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Table 1
Morphometric analysis

BW Whole Ht RA LA RV Lv Lungs Liver Spleen

(8) (mg) (mg) (mg) (mg) (mg) (mg) (mg) (mg)
NTg 21124 100 £ 11 59+1.6 3.3+£0.7 16.3 £4.1 743 +4.38 139£10 1,383 +122 99 +8
Line 70 23.4+09 107 £ 11 46+0.9 53+23 23.1+5.0 77.4+12.9 132+5 1,333 +£111 91+3
Line 21 21.5£2.0 121 £ 104 7.94+2.54 6.4+ 1.94 21.5+£3.9 85.4+5.04 133+6  1,150£133 119+£19
Line 61 23.2+3.5 135+244  101+£3.74 75+28° 252+6.5 92.3+11.77 11519 1,167+ 44 106+ 6

AP <0.01, Tg vs. NTg control. BW, body weight; Ht, heart; RA, right atrium; LA, left atrium; RV, right ventricle; LV, left ventricle.

according to the manufacturer’s instructions (Ribo-
Quant Multi-Probe RNase Protection Assay Systems;
PharMingen, San Diego, California, USA). Transcript
levels were measured in 6 NTg hearts and 6 hearts
from each Tg line. Hybridization signals were quanti-
fied on a PhosphorImager (Molecular Dynamics, Sun-
nyvale, California, USA). All steady-state transcript lev-
els were normalized to GAPDH signal intensity to
correct for loading.

Because cardiac hypertrophic changes and heart fail-
ure normally result in reactivation of the cardiac fetal
genetic program, RNA blots were hybridized to tran-
script-specific probes for atrial natriuretic factor (ANF),
a- and B-MyHC, cardiac and skeletal actin, Serca 2a,
and phospholamban (PLB) (30). Measurements were
made in 8- to 12-week-old animals, 6 NTg and 6 from
each Tg line. To control for loading, all steady-state
transcript levels were normalized to GAPDH signal
intensity after correcting for background. A Phosphor-
Imager was used to quantify hybridization signals.

Fas, FasL, and TGF-B1 protein expression analysis. Fas and
FasL protein expression was determined by Western
analysis. Cardiac total protein lysates (50 pig) from NTg
and Tg hearts (from mice 8-12 weeks old) were sepa-
rated by SDS-PAGE and transferred to a nitrocellulose
membrane (Protran; Schleicher & Schuell Inc., Keene,
New Hampshire, USA). Protein samples from Fas-pos-
itive L1210 cells and FasL-positive K562 cells served as
positive controls for Fas and FasL Western analyses,
respectively. The protein blots were blocked for 3 hours
at room temperature and then labeled with Fas- and
FasL-specific antibodies overnight at 4°C in 5% block-
ing solution (M-20 and Q-20; Santa Cruz Biotechnol-
ogy Inc., Santa Cruz, California, USA). Bound primary
antibody was detected by a rabbit Chemiluminescence
Western Blotting Kit (Boehringer Mannheim Bio-
chemicals Inc., Indianapolis, Indiana, USA). Parallel
electrophoresis gels stained with Coomassie blue
demonstrated consistent loading.

Myocardial TGF-B1 protein expression was measured in
protein lysates from 8- to 12-week-old NTg and Tg hearts
using a commercial ELISA kit (R&D Systems Inc., Min-
neapolis, Minnesota, USA). A standard curve was gener-
ated from concentration standards supplied with the kit.

Morphometric analysis. Hearts, lungs, liver, and spleen
from 8- to 12-week-old NTg and Tg animals were
weighed after dissecting away connective tissue. Atrial

and ventricular cardiac chambers were separated and
weighed. Five animals from each Tg line and 12 NTg
animals were analyzed.

Cardiomyocyte isolation and volume analysis. The volume
of individual cardiomyocytes from 8- to 12-week-old Tg
and NTg hearts was measured using a Z2 Coulter Chan-
nelyzer (Coulter Electronics Ltd., Miami, Florida, USA)
(31). Mice were anticoagulated with heparin (5,000
U/kg intraperitoneal) 30 minutes before anesthesia with
metofane. Hearts were quickly removed and the aortas
cannulated and connected to a Langendorff retrograde
perfusion apparatus. The hearts were perfused with Jok-
lik’s Minimum Essential Medium (Sigma Biochemicals,
St. Louis, Missouri, USA) with 34.5 mM NaHCOs;, 1
mM MgSO,, 20 mM 2 3-butanedione monoxime, and
0.2 mM EGTA at pH 7.2 for 5 minutes. The perfusion
medium was then changed to a similar medium con-
taining 0.1% BSA and 150 U/mL type II collagenase
(Worthington Biochemical Corp., Freehold, New Jersey,
USA) instead of EGTA, for 8 minutes. The heart was
removed from the perfusion apparatus, the atria were
dissected off, and the remaining tissues were divided
into right and left ventricles. The tissue was then
minced, passed through 250-Um nylon mesh, and fixed
in 2.5% glutaraldehyde. Adequacy of digestion with
retention of normal cellular architecture was verified in
all samples by light microscopic analysis. Using a 200-
Mm aperture calibrated with 42-pum-diameter micros-
pheres (Coulter Electronics Ltd.), cell volume was meas-
ured in a sample of 2,500-5,500 cells. Measurements
from individual animals were repeated to assure accu-
racy. The distribution of cell volumes was assessed using
AccuComp software (Coulter Electronics Ltd.), and in
all cases demonstrated a slightly skewed gaussian dis-
tribution. The mode was used as the best measure of
central tendency. A shape factor of 1.43 was used to cor-
rect for the nonspherical shape of cardiomyocytes (31).

Table 2
Isolated cardiomyocyte cell volumes

Cardiomyocyte cell volume (um3)

RV

30,181 + 2,035
32,631 +3,108

Lv

NTg
Line 61

AP <0.05, Tg vs. NTg control.
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Figure 2

Fas and FasL protein are coexpressed in Tg hearts. Coomassie-stained
gels (SDS-PAGE) and immunoblots showing increased levels of FasL
(a) and Fas (b) protein in Tg hearts. Equivalent quantities of total car-
diac protein lysates from NTg and Tg hearts from mice 8-12 weeks
old were loaded and separated by electrophoresis. This was followed
by either Coomassie brilliant blue dye staining or transfer to nitrocel-
lulose for Western blot analysis. Protein lysates prepared from FasL-
transfected K562 cells or Fas-transfected L1210 cells were loaded as
positive controls. The immunoblot regions corresponding to the M,
of FasL ([B8 kDa) and Fas ([46 kDa) were labeled with anti-FasL or
anti-Fas antibodies. Bound antibody was detected with labeled sec-
ondary antibody, and the signal was quantitated by Fluorimager
(Amersham Pharmacia Biotech, Piscataway, New Jersey, USA) analy-
sis. NTg hearts showed no FasL protein expression, whereas Tg hearts
demonstrated protein expression corresponding to transgene copy
number. Fas protein is expressed at low levels in NTg myocardium,
and at increased levels in FasL-expressing Tg hearts.

The modes from 3 Tg hearts (line 61) and 3 NTg hearts
were averaged and compared.

Immunocytochemistry. Cardiomyocytes from hearts of
mice 8-12 weeks old were isolated as described above
for cell-volume measurements, except that they were

fixed in 4% paraformaldehyde rather than in glu-
taraldehyde. Cells were dried on glass slides and treat-
ed with 1% Triton X-100 for 30 minutes, and blocked
in 0.5% BSA for 1 hour. Cells were labeled with anti-
FasL antibody (N-20; Santa Cruz Biotechnology Inc.)
for 1 hour at room temperature. They were then labeled
with FITC-conjugated donkey anti-rabbit IgG secon-
dary antibody (Jackson ImmunoResearch Laboratories,
West Grove, Pennsylvania, USA) and propidium iodide
for 1 hour at room temperature. Labeled cells were
visualized by confocal microscopy (CLSM2010; Mole-
cular Dynamics).

Histopathology and immunobistochemistry. Tg and NTg
animals (8-12 weeks old) were anesthetized and the
hearts were perfused with relaxation buffer (25 mM
KCl and 5% dextrose in PBS) with heparin to wash out
blood. The hearts were removed, fixed in 10% formalin,
and embedded in paraffin. Paraffin-embedded myocar-
dial sections (5 Um) stained with hematoxylin and
eosin or Gomori’s one-step trichrome stain were exam-
ined by light microscopy. To demonstrate neutrophils
within the myocardium of Tg hearts, paraffin-embed-
ded myocardial sections (5 pm) from NTg and line 61
mice were treated with Leder stain (fuchsin acid, sodi-
um nitrite, and naphthol-ASD chloroacetate esterase
in PBS), which identifies chloroacetate esterase within
neutrophils, and examined by light microscopy.

TUNEL staining and DNA ladder analysis. Evidence of
apoptosis or necrosis was assessed by detection of
nuclear DNA fragmentation in paraffin-fixed myocar-
dial sections by terminal deoxynucleotidyl trans-
ferase-mediated dUTP nick end-labeling (CardioTACS
Blue TUNEL staining; Trevigen Inc., Gaithersburg,
Maryland, USA) according to the manufacturer’s
instructions. TUNEL-stained myocardial sections were
examined by light microscopy. The presence of apop-
totic cells in NTg and Tg hearts was also assessed by
genomic DNA agarose gel electrophoresis. Using a mor-
tar and pestle under liquid nitrogen, myocardial tissue
from Tg and NTg hearts from mice 8-12 weeks old was
finely ground and then digested overnight in homoge-
nization buffer (10 mM Tris, 100 mM NaCl, 25 mM
EDTA, 0.5% SDS, 1 mg/mL proteinase K; pH 8.0). Pro-
tein was precipitated with 2.4 M NaCl and removed by
centrifugation at 10,000 g for 30 minutes. Supernatants
were extracted with phenol and chloroform. DNA was
precipitated with isopropanol, treated with RNase A for
30 minutes at 37°C, and precipitated again with iso-
propanol. Isolated DNA (10 pg) was size separated in
1.4% agarose gels and visualized with ethidium bro-
mide. Genomic DNA isolated from staurosporine-treat-
ed apoptotic neonatal rat cardiomyocytes served as pos-
itive control for apoptosis and DNA laddering.

Transmission electron microscopy. Hearts from NTg and
Tg mice 8-12 weeks old were fixed by perfusion with a
glutaraldehyde-containing cardioplegic solution. The
heart was dissected into six sections: left and right atri-
al flaps, left and right ventricular free wall, septum, and
apex. These specimens were postfixed in osmium tetrox-
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Figure 3

Immunocytochemistry of NTg and Tg isolated cardiomyocytes. (a)
Isolated cardiomyocyte from an NTg mouse with minimal background
fluorescence. Nuclei appear in red (propidium iodide staining). (b)
Dual-nucleated cardiomyocyte from Tg heart (line 61, high expres-
sion) demonstrating abundant membrane-bound FasL protein.

ide and dehydrated, and then embedded in Poly/Bed
812 embedding media (Polysciences Inc., Warrington,
Pennsylvania, USA). Random blocks were sectioned,
counterstained, and examined using a Zeiss Omega 912
transmission electron microscope at an accelerating
voltage of 100 kV.

Functional analysis of Tg and NTg bearts. To determine
whether cardiac FasL expression alters contractile func-
tion, we assessed physiologically relevant parameters of
cardiovascular function in 12-week-old sex-matched
NTgand Tg hearts using the isolated work-performing
heart preparation (30). Cardiac minute work was var-
ied from 250 to 750 mmHg X mL/min by increasing
cardiac venous return. Function was assessed in hearts
with both low (line 70) and high levels (line 61) of FasL
expression (see Table 3).

Statistical analysis. Comparisons between NTg hearts
and the four FasL Tg heart lines were tested by ANOVA.
Differences between specific groups were assessed by
unpaired ¢ test with Bonferroni correction. A P value of
less than 0.05 was considered statistically significant.

Results

FasL expression in Tg hearts is dependent on transgene copy
number. Using the a-MyHC/FasL transgene construct
(Figure 1la), four Tg lines of animals that exhibited

Table 3
Working heart ventricular function analysis

germ line transmission were generated. The Tg lines
demonstrated a range of transgene copy numbers by
Southern analysis (15, 10, 4, and 2 copies in lines 61,
21,70, and 44, respectively).

To determine levels of FasL expression in Tg hearts,
FasL transcripts were assessed by RNase protection (Fig-
ure 1, b and ¢), and protein expression was determined
by Western analysis (Figure 2a). FasL mRNA and protein
expression is undetectable in NTg hearts, whereas
steady-state FasL transcript and protein expression cor-
respond to the transgene copy number of each Tg line.
Protein lysates from FasL-transfected K562 cells served
as positive controls for Western blots. It has been sug-
gested that coexpression of FasL with Fas may lead to
neutrophil infiltration and tissue destruction in myo-
blasts (25) and B-islet cells (7, 8, 23, 24). Fas mRNA and
protein are expressed at low levels in NTg myocardium,
and at increased levels in Tg hearts (Figures 1b and 2b),
thus demonstrating coexpression of Fas and FasL in Tg
hearts. Immunostaining of isolated cardiomyocytes (Fig-
ure 3) shows that FasL is undetectable on NTg car-
diomyocytes, whereas Tg cardiomyocytes show the dif-
fuse immunoreactivity of membrane-bound FasL.

Cardiac FasL expression is proinflammatory without
accompanying cardiomyocyte destruction. All lines of FasL
Tg mice appear overtly healthy and show no signs of
distress during normal activity. Postmortem examina-
tion of all organs revealed pathologic changes in the
heart only. Analysis of Tg hearts with low-level FasL
expression (lines 44 and 70) revealed no obvious mor-
phologic or histologic changes. The Tg hearts express-
ing higher levels of FasL (lines 21 and 61) appear
globoid, with mild concentric hypertrophy involving
atria and ventricles (an example from line 61 is shown
in Figure 4). Histologic analyses of these hearts
demonstrated diffuse concentric hypertrophy and
mild interstitial changes consisting of leukocyte infil-
tration, interstitial hypercellularity, and fibrosis (Fig-
ure 4, b, d, and f). The interstitial hypercellularity con-
sists of fibroblasts, macrophages, and leukocytes.
Leder-stained myocardial sections from 8 to 12-week-
oldline 61 Tg hearts demonstrate that the infiltrating
leukocytes are predominantly neutrophils (Figure 4h).

Despite leukocyte infiltration, the reticular architec-
ture of the heart is preserved, and cardiomyocytes
appear intact with no signs of myocardial tissue injury
or cardiomyocyte dropout. Evidence of apoptotic or
necrotic cell destruction was assessed in myocardial sec-

NTg Line 70 % Change Line 61 % Change
Working heart (n=13) (n=16) (n=7)
Heart rate (beats/min) 355+2 358+7 NS 386+ 4 +98
+dP/dt (mmHg/msec) 6,523 £ 140 6,575+ 178 NS 7,027 + 143 +8A
-dP/dt (mmHg/msec) 4,636 + 100 4,445+ 110 NS 3,158 + 55 -328
AP <0.05,8P>0.001, Tgvs. NTg, unpaired Student’s t test; NS, not significant.
The Journal of Clinical Investigation | May2000 | Volume105 | Number9 1203



tions by detection of nuclear DNA fragmentation using
TUNEL staining. Detailed examination of myocardial
sections revealed no sign of cardiomyocyte necrosis or
apoptosis in either NTg or FasL Tg hearts. The only
TUNEL-positive cells observed in Tg hearts were occa-
sional interstitial leukocytes (Figure 5b). Diffuse
TUNEL staining is clearly visible in the stained sections
from DNase-treated NTg myocardium (Figure Sa,
inset). These results were confirmed by the absence of
DNA ladders on agarose gel electrophoresis of DNA iso-
lated from FasL Tg hearts with low (line 70) and high
levels (line 61) of FasL expression (Figure 5c).

Ultrastructural analysis of line 61 hearts (Figure 6)
consistently showed marked interstitial changes with
type I collagen deposition and leukocyte infiltration
(predominately neutrophils). The sarcomeric organi-
zation of Tg myocardium was unaffected, however, and
there were no ultrastructural signs of tissue destruc-
tion, cardiomyocyte apoptosis, or necrosis. Only infil-
trating leukocytes demonstrated morphologic changes
characteristic of apoptosis, with clumped chromatin
and cytoplasmic shrinkage. Apoptotic leukocytes
engulfed by phagocytes were seen.

Other investigators have proposed that proinflamma-
tory consequences of FasL in other tissues may be medi-
ated or modulated by various cytokines (2, 21, 26). To

determine whether cytokine expression is induced in
FasL Tg hearts, mRNA transcripts for potential candidate
cytokines (TNF-a, IL-1[3, IL-6, and TGF-3) were assessed
by multiplex RNase protection. FasL Tg hearts demon-
strated increases in transcript levels of all cytokines ana-
lyzed in a transgene dose-dependent manner (Figure 7a).
Because TGF-B1 has been shown to modulate the proin-
flammatory effects of FasL (26), myocardial TGF-B1 pro-
tein concentration was assayed by ELISA. TGF-31 protein
levels were increased in Tg hearts compared with NTg
hearts, and were comparable to increases measured in
TGF-B1 mRNA expression (Figure 7b).

Myocardial FasL expression results in transgene
dose-dependent hypertrophy with characteristic molec-
ular changes in gene expression. The histologic and
ultrastructural analysis of FasL Tg hearts implied that
coexpression of Fas and FasL in the heart resulted in
mild hypertrophy, rather than myocardial tissue destruc-
tion. To further investigate the apparent hypertrophic
phenotype, morphometric analysis of 8- to 12-week-old
NTg and Tg hearts was performed. Results demonstrat-
ed increased whole-heart and chamber weights in lines
21and 61 (P <0.01 for both absolute and indexed cham-
ber weights), but no morphometric changes in lines 44
and 70 (Table 1). There were no differences in lung, liver,
or spleen weights among NTg and Tg animals.

Figure 4

Histopathologic changes in FasL Tg hearts. Transverse (a, b), atrial (¢, d), and ventricular (e, f) sections from representative 12-week-old
NTg and FasL line 61 Tg animals, stained with hematoxylin and eosin. Tg hearts with low-level FasL expression (lines 44 and 70) are normal
(not shown). Shown is a representative line 61 heart (high-level FasL expression) demonstrating atrial and ventricular concentric hypertro-
phy (b, d), and interstitial hypercellularity with fibrosis and mild leukocyte infiltration (d, f). There is no evidence of cardiomyocyte necro-
sis, apoptosis, or dropout, but occasional interstitial leukocytes demonstrate dense fragmented nuclei consistent with apoptosis. The infil-
trating leukocytes are predominantly neutrophils, as demonstrated by ventricular sections from NTg (g) and line 61 FasL Tg hearts (h) treated
with Leder stain, which specifically detects chloroacetate esterase in neutrophils. The inset ing displays Leder-stained inflamed human appen-
dix used as a positive control.

1204 The Journal of Clinical Investigation | May2000 | Volume105 | Number9



Figure 5

Cardiomyocyte apoptosis was not detected in 12-week-old FasL Tg
hearts by TUNEL or DNA ladder analysis. Paraffin sections of NTg (a)
and line 61 FasL Tg (b) ventricle were stained for apoptotic cells through
the labeling of nuclear DNA fragments. The inset in a displays DNase-
treated NTg myocardium as a positive control for the TUNEL stain.
TUNEL analysis demonstrates no apoptotic or necrotic cardiomyocytes
in either NTg or Tg myocardium. Small numbers of TUNEL-positive
leukocyte nuclei (arrows) are seen in the interstitium of Tg hearts. The
scattered leukocytes, predominantly neutrophils and lymphocytes, are
presumably apoptotic. DNA laddering was not detected in NTg, line 70,
orline 61 FasL Tg hearts (c). Staurosporine-treated rat cardiomyocytes
served as positive control for DNA ladder analysis.

Tg and NTg cardiomyocyte cell volumes were meas-
ured with a Coulter Channelyzer (31). The Tg right
ventricular cardiomyocyte cell volumes (line 61) tend-
ed to be greater than those in NTg hearts but did not
reach statistical significance, whereas Tg left ventric-
ular myocytes were approximately 20% larger than
those from NTg hearts (P = 0.04; Table 2). These data
indicate that the cardiac enlargement observed in
FasL-expressing hearts is, at least in part, due to true
cardiomyocyte hypertrophy.

To determine whether the hypertrophic changes cor-
respond to molecular changes in gene expression, NTg
and FasL Tg hearts were analyzed for mRNA changes
characteristic of hypertrophy. Because cardiac hyper-
trophy can result in reactivation of the cardiac fetal
genetic program and downregulation of PLB and Serca
2a, mRNA transcript levels for ANF, a- and -MyHC,

cardiac and skeletal actin, Serca 2a, and PLB were
assessed. FasL Tg hearts showed transgene dose-
dependent changes in gene expression (Figure 8).
Hearts from lines 21 and 61 consistently showed
changes in gene expression characteristic of hypertro-
phy (increases in ANF, B-MyHC, and skeletal actin;
decreases in 0-MyHC and cardiac actin). The increases
in ANF were particularly significant. Although hearts
with lower FasL expression show no phenotypic
changes (lines 44 and 70), they do demonstrate
decreased expression of PLB and Serca 2a transcripts.
Thus, FasL-mediated hypertrophy is accompanied by
characteristic molecular changes in gene expression in
a transgene dose-dependent manner.

The proinflammatory effects of cardiac FasL expression
have mild functional consequences. To determine whether
the phenotypic changes associated with cardiac FasL
expression alter myocardial function, working heart
analyses compared systolic and diastolic functional
parameters in 12-week-old NTg and Tg hearts with
low and high levels of FasL expression (Table 3). FasL
Tg hearts with low-level FasL expression (line 70),
which demonstrate no histologic changes and mini-
mal molecular changes, showed no significant dif-
ferences in functional parameters. In contrast, line 61
hearts demonstrated a 35% decrease in maximal rate
of relaxation (-dP/dt), and slight increases in maxi-

Figure 6

Ultrastructural analysis revealed interstitial changes in line 21 and line
61 FasL Tg hearts, whereas hearts from line 44 and line 70 animals
were normal. Multiple animals derived from each line were studied;
shown are representative transmission electron microscopy sections
from 12-week-old NTg (a) and line 61 Tg (b) left ventricle (x8,800).
Normal ultrastructural features of NTg myocardium (a) include thin-
walled capillary lumen (CL), minimal interstitial collagen deposition,
and well-organized cardiomyocyte sarcomas. By contrast, line 61 Tg
myocardium (b) demonstrates marked interstitial changes with type
| collagen deposition (4) and leukocyte infiltration (predominantly
lymphocytes and neutrophils [PMN]). Many interstitial leukocytes
demonstrate morphologic changes characteristic of apoptosis, with
clumped chromatin and cytoplasmic shrinkage (arrows). Apoptotic
leukocytes are frequently shown engulfed by phagocytes. The sar-
comeric organization of FasL Tg myocardium is unaffected, with no
indication of cardiomyocyte apoptosis or necrosis.

The Journal of Clinical Investigation |

May2000 | Volume105 | Number9 1205



a 407 | Onrg A
Lina 70
30 D na
BLline 51

mANA expression
{arbitrary units)

204 A
a
A
A
cci j . ﬂ ﬂ
o 1
A
0= T . r

TNF-« IL-1B  IL-6  TGF-f1 TGF-B2TGF-p3
b 0.37
A
O
E 0.24 A
= A
£
E 0.1
(O]
[ -
0+ . . , ;
NTg Line Line Line Line
70 44 21 61

Figure 7

FasL Tg hearts demonstrate transgene dose-dependent changes in
cytokine expression. (a) Transcript expression levels for TNF-a, IL-1(3,
IL-6, and TGF-P3 were determined by multiplex RNase protection
assay in NTg and FasL Tg hearts from mice 8-12 weeks old. Shown
are data from six NTg and six Tg hearts from lines 70 and 61. Com-
pared with NTg controls, FasL Tg hearts demonstrate increased
expression for all cytokines displayed (P < 0.05). (b) Cytokine
expression in FasL Tg hearts corresponds to transgene copy number.
Myocardial TGF-B1 concentration in NTg and Tg hearts was evalu-
ated by ELISA. TGF-P1 levels were increased in Tg hearts (AP < 0.05).

mal rate of contractility (+dP/d¢) and heart rate rela-
tive to NTg hearts. Alterations in diastolic function
could result from increased chamber stiffness (due to
interstitial fibrosis). Alternatively, altered calcium
handling caused by downregulation of Serca 2a and
PLB could have functional effects; it is intriguing
that decreases in measured -dP/dt parallel the
decreases observed in Serca 2a and PLB transcripts
(Figure 8, Table 3).

Discussion

Interactions between Fas and FasL are remarkably
complex (2). Whereas FasL expression confers
immune privilege to some tissues, it can also lead to
neutrophil infiltration and tissue destruction. The
model described above indicates that cardiomyocyte-
specific FasL expression is proinflammatory, result-
ing in mild leukocyte infiltration. However, in sharp
contrast to other examples of FasL-mediated inflam-
mation (21-24), the leukocytic infiltrate was not
accompanied by myocardial tissue necrosis or apop-
tosis. Instead of tissue destruction, FasL Tg hearts
develop mild interstitial fibrosis and cardiomyocyte
hypertrophy, with corresponding molecular changes

in cardiac gene expression. The magnitude of these
changes is dependent upon FasL expression, which in
turn corresponds to transgene copy number.

Proinflammatory changes in FasL Tg animals are
limited to the heart. Postmortem analysis of FasL Tg
animals demonstrated no pathologic changes in other
organs, including thymus, spleen, liver, and lymph
nodes. Furthermore, subgroup FACSY analysis of
lymphocytes isolated from lymph nodes, spleen, and
thymus revealed no overt differences between NTg
and Tg animals (data not shown). Takeuchi et al. have
also generated FasL Tg mice using a similar transgene
construct, but detailed histologic and molecular
analyses of hearts from their animals were not pre-
sented. In addition, FasL mRNA transcripts were
determined by RT-PCR, and protein expression was
presented for a single line of mice without a positive
control, making it impossible to compare the data
sets (32). It is unclear why they observed transgene
expression in the kidneys of their Tg animals, because
the a-MyHC promoter drives expression specifically
in the heart (no transgene expression was detected in
the kidneys of our animals).

Our results bear on the controversy over enforced
FasL expression. Enforced FasL expression appears to
be immune protective in hepatic (20), renal (19), Ser-
toli cell (11), and myoblast (16) transplantation, and
in animal models of arthritis (17) and vascular injury
(18). Paradoxically, induced expression of FasL in
tumor cells (21, 22), islet cells (23), and myoblasts (24)
can cause severe neutrophil infiltration and tissue
destruction. It has been suggested that coexpression of

1004 MLine 61
AMNF i

8 UlLine 21

10- ul CLine 70

mRMNA expression
{narmalized to NTg control)

Figure 8

Analysis for cardiac gene expression involved in hypertrophic/failure
responses in NTg and FasL Tg hearts. Expression levels for each of the
Tg lines are displayed as mRNA expression relative to NTg expression
(baseline = 1.0), with values above and below 1.0 representing increased
and decreased expression, respectively (log scale). Six NTg and six Tg
hearts from mice 8-12 weeks old were analyzed; all hybridization sig-
nals were normalized for loading with GAPDH. FasL Tg lines 21 and 61
(which had the highest copy numbers) demonstrated the changes in
cardiac gene expression that are characteristic of hypertrophy (AP <
0.05), with marked ANF induction and actin/MyHC isoform switches
(fetal gene program reactivation). All Tg hearts demonstrated down-
regulation of PLB and Serca 2a in a transgene dose-dependent manner.
c-ACT, cardiac actin; s-ACT, skeletal actin.
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Fas and FasL on myocytes may target them for
destruction by neutrophils (25); however, the absence
of cardiomyocyte apoptosis or necrosis in our FasL Tg
hearts indicates that Fas and FasL can be coexpressed
in the heart without overt tissue destruction. FasL-
directed inflammation without tissue destruction has
not previously been reported, but our data support the
hypothesis that proinflammatory consequences of
FasL may be modulated by cellular or microenviron-
mental factors (26), including FasL expression levels.
Recent evidence indicates that the proinflammatory
effects of FasL can be modulated by TGF-31 (26). At
concentration levels comparable to those measured in
Tg hearts, TGF-B1 inhibited in vitro FasL-mediated
neutrophil cytotoxicity. Cardiac-specific tissue factors
such as TGF-B1 may prevent neutrophil-mediated tis-
sue destruction in FasL Tg hearts.

Proinflammatory effects of FasL in the heart are pro-
portional to the magnitude of FasL expression. This is
pertinent because FasL expression levels were probably
different in many of the conflicting studies touching
on enforced FasL expression. In particular, varying
FasL expression levels may have complicated interpre-
tation of results from studies using cultured myoblasts
(16, 25), because the opposing studies used different
expression vectors to induce FasL expression. Consis-
tent with our data, the results of Li and colleagues (20)
indicated that effects of FasL can be dose dependent.
Using a FasL-expressing viral plasmid to induce FasL
expression in rat livers, they found that high plasmid
doses caused fulminant hepatitis, whereas rat livers
transfected with a lower plasmid dose were resistant to
allograft rejection. This suggests that immune-protec-
tive and proinflammatory consequences of FasL may
not be mutually exclusive.

A mechanistic explanation for FasL-directed proin-
flammation remains to be clarified. Because neu-
trophil infiltration accompanies other examples of
enforced FasL expression, it seems likely that this is
mediated directly by membrane-bound or soluble
FasL. Soluble FasL, generated through metallopro-
teinase cleavage, is chemotactic for leukocytes and
monocytes (27, 28). Because all types of leukocytes can
express Fas, interaction between Fas-expressing leuko-
cytes and FasL on cardiomyocytes could induce apop-
tosis of infiltrating leukocytes.

The hypertrophy and interstitial changes observed in
FasL-expressing hearts is also obscure. These changes
could result from the actions of downstream cytokines
released from infiltrating leukocytes, or could be medi-
ated by FasL directly. A variety of cytokines have been
implicated in FasL-initiated inflammatory changes,
both proinflammatory (IL-1,IL-6,IL-8, and TNF-a ) (2,
23-25, 33) and anti-inflammatory (TGF-1) (26). FasL
Tg hearts were found to have transgene dose-dependent
increases in TNF-a, IL-1[3, and IL-6, all of which can
induce cardiac hypertrophy (34-36). Furthermore, there
is compelling evidence that such cytokines are integral
to various adaptive responses of the heart (35,37, 38). In

this light, it is intriguing that Tg mice expressing TNF-
o specifically in the heart demonstrate a phenotype sim-
ilar to that of FasL Tg mice (39, 40). Alternatively, the
hypertrophy and interstitial changes of FasL Tg hearts
may instead be mediated directly by FasL. Although
direct action by FasL upon cardiac myocytes or nonmy-
ocytes has not been observed previously, FasL is a mem-
ber of the TNF superfamily and shares significant struc-
tural and functional similarities with various cytokines.
Furthermore, Fas ligation in various cell types has been
shown to activate the JNK/MAP kinase (41, 42) and PKC
(43) signal-transduction pathways, which both partici-
pate in cardiac hypertrophic processes.

In conclusion, the data presented here confirm that
FasL expression in the heart is proinflammatory, but in
contrast to other examples of FasL-mediated inflam-
mation, the consequences appear to be mild, resulting
in hypertrophy and interstitial changes rather than tis-
sue destruction. These observations suggest that FasL
expression levels and other tissue-specific microenvi-
ronmental factors can modulate the proinflammatory
actions of FasL.
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