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Summary

Interleukin (IL) 18 is a potent pro-inflammatory Thl cytokine that exerts plei-
otropic effector functions in both innate and acquired immune responses.
Increased IL-18 production during acute rejection has been reported in experi-
mental heart transplantation models and in kidney transplant recipients. IL-18-
binding protein (IL-18BP) binds IL-18 with high affinity and neutralizes its
biologic activity. We have analyzed the efficacy of an adenoviral vector expres-
sing an IL-18BP-Ig fusion protein in a rat model of heart transplantation. IL-
18BP-Ig gene transfer into Fisher (F344) rat donor hearts resulted in prolonged
graft in Lewis recipients (15.8 + 1.4 days vs. 10.3 £2.5 and
10.1 £ 2.1 days with control virus and buffer solution alone, respectively;
P < 0.001). Immunohistochemical analysis revealed decreased intra-graft infil-
trates of monocytes/macrophages, CD4", CD8o" and T-cell receptor af" cells
after IL-18BP-Ig versus mock gene transfer (P < 0.05). Real-time reverse tran-
scriptase polymerase chain reaction analysis showed decreased cytokine tran-
scripts for the RANTES chemokine and transforming growth factor-§ after
IL-18BP-Ig gene transfer (P < 0.05). IL-18BP-Ig gene transfer attenuates
inflammatory cell infiltrates and prolongs cardiac allograft survival in rats.
These results suggest a contributory role for IL-18 in acute rejection. Further
studies aiming at defining the therapeutic potential of IL-18BP are warranted.

survival

antigen stimulation [2]. It exerts pleiotropic effector
functions that involve regulation of Thl cell, Th2 cell,

Interleukin (IL) 18, a member of the IL-1 family, was
first described as an interferon (IFN) y-inducing factor
which circulated during endotoxaemia in mice precondi-
tioned with an infection of Propionibacterium acnes [1].
Subsequently, it has become clear that IL-18 possesses
other biologic properties beyond IFN-y induction. IL-18
is up-regulated in macrophages by IFN-y secreted
by T lymphocytes and natural killer (NK) cells after

B cell, dendritic cell, and macrophage activities, as well as
of iNOS production and expression of vascular adhesion
molecules [3-5]. Mice deficient in the IL-18 gene exhibit
defective Thl responses and NK cell activity [6]. IL-18
mediates ischemia-reperfusion injury via up-regulation of
IFN-y and intercellular adhesion molecule (ICAM)-1 in
human monocytes [7,8]. Moreover, IL-18 participates in
a number of immune responses including anti-tumor
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cytotoxicity [9], graft- versus-host disease after allogeneic
bone marrow transplantation [10], auto-immunity [5],
and allograft rejection (see below). The IL-18 receptor is
a member of the IL-1 receptor family that is up-regulated
by IL-12 on T cells, Thl cells, and B cells [11].

A natural inhibitor of IL-18, IL-18-binding protein
(IL-18BP), has been identified a few years ago [12].
IL-18BP lacks a trans-membrane domain and has a
single immunoglobulin (Ig) domain [3]. It is constitu-
tively expressed and secreted, binds IL-18 with high
affinity, and prevents its access to the IL-18 receptor.
Therefore, IL-18BP can be viewed as a functional equiv-
alent of endogenous IL-1 inhibitors, such as IL-1 recep-
tor antagonist (IL-1Ra) and soluble IL-1 receptor
molecules, for the IL-18 system. IL-18BP neutralizes
IL-18 >95% at a molar excess of two [13]. It does not
exhibit species specificity, as human IL-18BP inhibits
murine IL-18, and vice versa [13]. Rat IL-18BP is highly
homologous with murine IL-18BP [14]. Transgenic mice
that over-express human IL-18BP (isoform a) produce
lower serum levels of IFN-y and macrophage-inflamma-
tory protein 2 following administration of endotoxin, as
compared with nontransgenic littermates [15]. These
mice are protected in a model of hepatotoxicity induced
by concanavalin A [15]. These results indicate that high
endogenous levels of IL-18BP effectively neutralize IL-18
and are protective in response to different inflammatory
stimuli.

Pro-inflammatory cytokines are up-regulated after
ischemia-reperfusion injury and acute graft rejection in
human heart transplant recipients [16,17]. Increased cir-
culating IL-18 concentrations and increased IL-18 immu-
noreactivity in kidney biopsies have been associated with
acute kidney allograft rejection in humans [18-20]. In a
rat model of liver transplantation with donor-specific
blood transfusion, reduced IL-18 production was associ-
ated with prolonged allograft survival [21]. In a mouse
model of heart transplantation, serum IL-18 rose signifi-
cantly in allogeneic versus syngeneic recipients by day 6,
at a time point where rejection was detectable histologi-
cally [22]. By reverse transcriptase polymerase chain reac-
tion (RT-PCR), allografts contained an increased signal
for IL-18 and IFN-y beginning at day 6 and peaking at
day 10, when rejection was clinically manifested. Collec-
tively, these findings indicate that IL-18 production is
increased during allograft rejection.

We hypothesized that inhibiting IL-18-mediated
inflammatory events by overexpressing IL-18BP in graft
tissues would attenuate acute graft rejection. To address
this question, we constructed an adenoviral vector expres-
sing an IL-18BP-Ig fusion protein. We studied the survi-
val of cardiac allografts transduced with the IL-18BP-Ig
gene in a rat model of heart transplantation.

© 2007 The Authors
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Methods

Construction of the AdIL-18BP-Ig vector

The cDNA sequence coding for IL-18BP was cloned by RT-
PCR from lipopolysaccharide (LPS)-stimulated mouse kid-
ney mRNA (mouse and rat IL-18BP sequences have 90%
identities; positives: 92%; mouse and rat IL-18 have 90%
identities; positives: 96%. As mentioned above, inhibition
of IL-18 by IL-18BP has been shown not to be species-spe-
cific [13]). After confirmation by bi-directional sequencing,
the cDNA was sub-cloned in frame with a Xbal fragment
encoding the constant and hinge region (Fc-y fragment) of
mlIgG1l. The resulting cDNA sequence encoding IL-18BP-Ig
was placed under the transcriptional control of a human
cytomegalovirus promoter into pC5 plasmid (which was
designed for generation of recombinant adenoviruses by
direct DNA ligation [23]), yielding pC5-IL-18BP-Ig. The
Swal and Pacl-restricted pC5-IL-18BP-Ig cDNA fragment
was ligated with Pacl-restricted DNA from AdP-EGFP (an
El-deleted recombinant adenovirus that contains a unique
Pacl site [23]), and the ligation product was lipofected
onto HEK (human embryonic kidney)-293 cells to generate
the recombinant adenovirus AdIL-18BP-Ig. Concentrated
virus stock solutions were prepared by two CsCl2 ultra-
centrifugation gradients and stored in storage buffer
(10 mmol/l Tris—-HCI, pH 7.4, 1 mmol/l MgCl2, 10% gly-
cerol). An El-deleted adenoviral vector containing no
transgene (AdNull) was used as a control vector, while vec-
tors containing green fluorescence protein (AdGFP) or
LacZ (AdLacZ) reporter genes were used to assess gene
transfer efficiency in preliminary experiments. Transducing
titers of virus stock solutions ranged from 6 x 10" to
2 x 10" plaque forming units (PFU)/ml by plaque titra-
tion assay (virus particles/PFU ratios ~4-10). Western
blotting analysis of HeLa cells pre-incubated with AdIL-
18BP-Ig was performed by using goat anti-mouse IgG
(Fc-y fragment-specific) mAb (Jackson ImmunoResearch).

Gene transfer and heart transplantation

Surgical procedures were carried out in accordance to the
‘Principles of Laboratory animal care’ (NIH publication
no. 86-23, revised 1985) and institutional guidelines for
animal experimentation at our institution. Male Fischer
rats (F344; 8-12 weeks old) were used as heart donors
and male Lewis (LEW) rats as recipients (both strains
were purchased from IFFA CREDO, L’Arbresle, France).
Ex vivo gene transfer into the donor heart was performed
by intra-coronary instillation of vector containing solu-
tion precooled at 10 °C. First, 0.5 ml phosphate-buffered
saline (PBS w/o Ca**/Mg"™"; pH 7.4) were instilled over
1 min. The syringe was then changed and 0.6 ml virus
containing solution (=10'© PFU) were instilled over
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2-3 min after clamping of the pulmonary artery outflow,
followed by a 10-min exposure of the donor heart to
room temperature, and subsequent incubation on ice
until engraftment and re-establishment of blood supply.
Heterotopic cardiac grafts were placed in the abdominal
position of rats anesthetized by isoflurane inhalation.
Graft survival was monitored by daily abdominal palpa-
tion. Rejection, defined as total cessation of heart beating,
was confirmed by direct graft examination.

IL-18 ELISA

Interleukin-18 concentrations were determined in tissue
extracts from cardiac allografts harvested 6 and 10 days
after IL-18BP-Ig gene transfer or administration of con-
trol virus (n = 3/group and time point) using a commer-
cially available rat IL-18 ELISA kit (BioSource, Camarillo,
CA, USA). IL-18 concentrations were normalized to total
proteins, as determined by the Bradford method using a
commercially available kit (BioRad, Hercules, CA, USA).

Immunohistology

Immunohistology was performed on cryostat sections of
hearts harvested on day 6 post-transplantation. This time
point was chosen because it is characterized by substantial
leukocyte infiltration (histologic rejection) but little tissue
destruction. Rats were sacrificed by lethal pentobarbital
injection, perfused with ice-cold PBS, and cardiac grafts
were snap-frozen in OCT-compound. Four series of 8-pum
cross-sections per heart were cut at 500-pum steps perpen-
dicular to the long axis from the middle portion of the LV
to its basis. IL-18BP-Ig protein expression was visualized by
immunostaining using goat anti-mouse 1gG (Fcy fragment-
specific) mAb, followed by biotin-conjugated anti-goat IgG
(Jackson ImmunoResearch Lab, West Grove, PA, USA),
StreptABComplex/HRP, and Nickel-DAB/H,0, (Dako,
Glostrup, Denmark). Inflammatory cells infiltrating the
graft were stained using the following primary mouse
mAbs: anti-ED1-like (1C7; PharMingen, San Diego, CA,
USA) that recognizes monocytes/macrophages, anti-
TCRaf (R73; PharMingen) that recognizes T lymphocytes
bearing T-cell receptor (TCR) off molecules, anti-CD8u
(OX-8; PharMingen) that recognizes CD8" T cells, anti-
CD4 (W3/25; Accurate Chemicals, Westbury, NY, USA)
that recognizes CD4" T lymphocytes and macrophages;
and irrelevant mouse Ab (MOPC-31C; PharMingen) as a
control. Detection steps were biotin-conjugated rabbit
F(ab’)2 anti-mouse Ig (Jackson ImmunoResearch), fol-
lowed by StreptABComplex/HRP and DAB/H202 (Dako).
Images were acquired by a Hyper-HAD-Axioscop micro-
scope, Axiocam-MRcD system (Zeiss, Oberkochen, Ger-
many). Morphometric analysis was performed in 8
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representative microscopic fields (100x) per cardiac section
using the N1H-Image-1.62 program, as described [24]. Pos-
itive-staining surface areas for each mAb was normalized to
corresponding total myocardial cross-section areas.

Quantitative RT-PCR

Quantitative RT-PCR analysis was performed on cardiac al-
lografts excised 6 days after transplantation and perfused
with PBS, pH 7.4. Hearts were cut in two parts and apical
portions were analyzed by RT-PCR, while basal portions
were analyzed by immunohistochemistry. Myocardial tissue
was placed in ice-cold PBS, cut into thin slices, and sub-
merged into RNAlater Stabilization Reagent (Qiagen, Hil-
den, Germany). Total RNA was extracted using the Qiagen
RNeasy midi kit. DNase-treated RNA was used to generate
cDNA, using the reverse transcriptase Omniscript (Qiagen),
random hexamer (Promega, Madison, WI, USA) and RNase
inhibitor (Roche, Basel, Switzerland). cDNA equivalent to
100 ng of total RNA was used for each PCR reaction. Tran-
script levels for cytokines were measured by quantitative
real-time PCR (Rotor-Gene 2000, Corbett Research, Cam-
bridge, UK) using the SYBR-green dye. Hypoxanthine phos-
phoribosyltransferase (HPRT) was used as an endogenous
control to correct for potential variation in RNA loading or
efficiency of the amplification reaction. Primer sequences
for IFN-y, IL-1B, TNF-o, TGF-B, RANTES chemokine,
and HPRT have been reported previously [24]. The thresh-
old cycle (CT) was defined as the fractional cycle number
at which the reported fluorescence reached a defined
level. Target gene normalized to HPRT was expressed as
ACT (=CT of target gene minus CT of HPRT) [24].

Statistical analysis

Graft survival is shown as mean survival time (+SD) and
as Kaplan-Meier cumulative survival curves. Statistical
significance of differences in graft survival between
AdIL-18BP-Ig, AdNull, and PBS was analyzed using prod-
uct-limit (Kaplan—Meier) survival estimates by Log Rank
statistics (JMP program, version 5; SAS Institute, Cary,
NC, USA). Immunohistologic and RT-PCR data are
shown as individual and median values. Statistical signifi-
cance of differences in intragraft leukocyte infiltrates and
cytokine transcripts between IL-18BP-Ig and mock gene
transfer was analyzed by Mann—Whitney U-test. A
P-value <0.05 was considered to be statistically significant.

Results

IL-18 is up-regulated in rejecting cardiac allografts
Interleukin-18 concentrations in tissue extracts were
determined by ELISA. In native F344 hearts, IL-18 was
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barely detectable (<0.8 ng/g total protein). In cardiac allo-
grafts receiving control adenovirus, IL-18 concentrations
6 and 10 after transplantation, were 4.8 (median value;
range: 4.4-5.6) and 19.8 (4.4-35.1) pg/g total protein
respectively. In cardiac allografts receiving AdIL-18BP-Ig,
IL-18 was undetectable at day 6 and amounted to 1.3
(0.6-2.1) pg/g protein 10 days after transplantation.

IL-18BP-Ig gene transfer prolongs graft survival

To establish the method of adenovirus-mediated ex vivo
gene transfer into the donor heart, we performed prelimin-
ary studies using an adenoviral vector containing the LacZ
reporter gene in rat cardiac isografts (LEW/LEW; n = 11)
as well as allografts (F344/LEW; n = 8). As expected, gene
transfer efficiency was higher using a virus dose of 10'°
PFU/heart compared with 10° PFU, as assessed by X-gal
histochemical staining (Fig. 1a). The number of B-galac-
tosidase-expressing cells in cardiac isografts, as determined
immunohistochemically using a polyclonal rabbit anti-
B-galactosidase antibody, decreased by approximately
2.5-fold between day 5 and day 40 after gene transfer and
transplantation, but was still substantial at 40 days [25].
IL-18BP-Ig transgene expression in vitro was demonstrated

Figure 1 (a) Low-magnification view of
a X-gal-stained left ventricular (LV) sec-
tion of a rat cardiac allograft that receiv-
ed the AdLacZ reporter vector. Blue
staining denotes transgenic B-galactosi-

Gene transfer of IL-18-binding protein in heart transplantation

by Western blot analysis of HeLa cells pre-incubated with
AdIL-18BP-Ig. IL-18BP-Ig gene transfer was then evaluated
in the allogeneic F344/LEW rat heart transplantation
model. IL-18BP-Ig expression in cardiac allografts was
shown immunohistochemically (Fig. 1b). Allograft survival
in hearts receiving AdNull (n = 8) was similar to those
receiving virus dilution buffer alone (PBS; #n =9):
10.3 £ 2.5 days and 10.1 * 2.1 days, respectively (Fig. 1d).
Survival of grafts receiving AdIL-18BP-Ig (n = 7) was pro-
longed to 15.8 £ 1.4 days (P < 0.001 versus either control
group). Control isografts (LEW/LEW) survived for more
than 150 days.

IL-18BP-Ig gene transfer attenuates intragraft
inflammatory cell infiltrates

Immunohistochemical analysis (Fig. 2) revealed signifi-
cant decreases in cell infiltrates for EDI1-like’, CD4",
CD8", or TCRaB™" cells in the grafts transduced with the
IL-18BP-Ig gene compared with mock gene transfer (by
7.1, 4.6, 3.2, and 4.5-fold, respectively; P < 0.05 for each
cell marker). These results indicate that intra-graft IL-
18BP-Ig expression mitigates cellular immune rejection of
cardiac allografts.

TSRS,

'flr

dase expression. Its distribution was pat- (d)125.
chy yet widespread (thrombotic material —o— Ad-Null (n=8)
in the LV cavity and cryosectioning arte- 1004 ——PBS (n=9)
facts are visible). (b) High-magnification § —— Ad-IL18BPIg (n=7)
view of an IL-18BP-Ig-immunostained g 75+ (P <0.001)
(dark spots) cardiac allograft that receiv- s
ed AdIL-18BP-Ig. (c) IL-18BP-Ig immuno- § 50+
staining in a control allograft (AdNull). E
(d) Survival curves of cardiac allografts 254
receiving AdIL-18BP-Ig, AdNull, or virus
dilution buffer alone (PBS). Graft survival 0 —t T J

0 10 20 30

was significantly prolonged after
AdIL-18BP-Ig gene transfer (P < 0.001).
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Cytokine transcripts in the graft

Real-time RT-PCR analysis at day 6 revealed signifi-
cantly reduced cytokine transcripts for RANTES and
TGF-B (P < 0.05 for each cytokine), but not for IFN-v,
TNF-0, and IL-1B, after IL-18BP-Ig versus mock gene
transfer (Fig. 3). These results suggest that intra-graft
expression of IL-18BP-Ig had a modest impact on
endogenous cytokine expression in rejecting cardiac allo-
grafts.

Discussion

Blocking of a pro-inflammatory cytokine’s activity is a
rational approach to the immunosuppressive therapy of
graft rejection. In agreement with prior data [22], we
observed IL-18 up-regulation after allogeneic heart trans-
plantation. Intra-graft expression of an Ig-fusion protein
with IL-18BP, the natural inhibitor of IL-18 biologic
activity, mitigated infiltration of cardiac allografts by leu-
kocytes in a rat model. As a result, graft survival was
modestly yet significantly prolonged after IL-18BP-Ig gene
transfer. The protective effect may be explained by neut-

values.

ralization of IL-18 released by infiltrating macrophages in
response to IFN-y secreted from T cells and NK cells after
antigenic stimulation.

Histologic analysis revealed significant reductions of
graft infiltrates with monocytes-macrophages, CD4" cells,
CD8" T lymphocytes, and TCRaf" lymphocytes after IL-
18BP-Ig gene transfer. Concomitantly, intra-graft cytokine
transcripts for the RANTES chemokine and TGF-$ were
decreased. A positive correlation between RANTES
expression in endomyocardial biopsies and infiltration of
macrophages and CD45RO" ‘memory’ T lymphocytes in
heart transplant recipients has been reported [26]. We
previously observed increased expression of IL-8 and
monocyte chemoattractant proteins (MCP) 1 and 3 in
endomyocardial biopsies from heart transplant recipients
early after transplantation, whereby IL-8 transcripts co-
localized with infiltrating leukocytes, as assessed by in situ
hybridization [27]. IL-18 has been shown to stimulate the
production of IL-8 from NK cells, MCP 1, and other
CXC and CC chemokines [28]. Therefore, inhibition to
IL-18-mediated up-regulation of chemokines, as evi-
denced for RANTES, may be a general mechanism by
which IL-18BP-Ig mitigates cellular immune responses. In
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addition, IL-18 has been shown to mediate adhesion of T
cells to extracellular matrix components [29].

Cytokine transcripts for IFN-y were not significantly
affected by IL-18BP-Ig gene transfer. Although this find-
ing remains unclear, it is worth noting that IL-18BP, sim-
ilar to neutralizing antibodies to IL-18, prevents IFN-y
production induced by LPS, unlike that induced by the T
cell mitogen concanavalin A, or alloantigen [10,12].
Indeed, in a mouse model of graft-versus-host disease fol-
lowing allogeneic bone marrow transplantation, neutral-
ization of IL-18 by IL-18BP did not inhibit IFN-y
production during the acute phase of the disease [10]. It
was postulated that IL-18-induced and TCR-induced pro-
duction of IFN-y may be involved in the ‘innate’ and
‘acquired’ T cell activation pathways, respectively [10]. As
noted above, the mechanism of action of IL-18 can be
independent of its ability to induce IFN-y [30]. Examples
of IL-18-related mechanisms include up-regulation of
chemokines [28] and vascular adhesion molecules [8],
enhanced Fas ligand-mediated cytotoxicity in T helper
cells [31], and neutrophil activation [32]. IL-18 has also
been implicated as a contributor to ischemia-reperfusion
injury [7,8]. In perfused human atrial myocardium,
30 min of ischemia followed by 45 min of reoxygenation
resulted in a 4.5-fold increase in myocardial IL-18 levels
(versus a 1.3-fold increase in IL-18BP levels) [30]. Addi-
tion of IL18-BP to the perfusate improved contractile
function after ischemia-reperfusion from 35% of control
to 76%. These data suggest a protective role for IL18-BP
in myocardial ischemia-reperfusion injury, an important
component of early graft damage.

Although IL-18BP-Ig gene transfer delayed acute graft
rejection, it eventually failed to prevent it. This observa-
tion is in line with previous data using other cytokine
antagonists, such as IL-1Ra, which likewise prolonged
graft survival for just a few days [33]. These results most

© 2007 The Authors

likely reflect the redundancy of individual cytokines in
the activation of molecular cascades of inflammation.
Further studies are warranted to investigate the mecha-
nisms underlying the potential usefulness of IL-18BP-Ig
as an adjuvant treatment in organ transplantation.
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