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Abstract

Ischemia/reperfusion injury associated with organ retrieval
and storage influences the development of chronic graft
dysfunction, the major clinical problem in solid organ
transplantation. The potential role of mononuclear cells
(T cells and monocyte/macrophages) in this type of injury is
unknown. Inbred male Lewis rats were uninephrectomized
and the left kidney perfused in situ with 10 ml of iced Uni-
versity of Wisconsin solution. Immunohistological studies
showed mononuclear cell infiltration of the ischemic organs
associated with the upregulation of MHC class II antigen
expression. Reverse transcriptase-PCR indicated that T cell
associated cytokines and monocyte/macrophage activation
markers/products are upregulated early after the ischemic
insult. B7 expression occurred within 24 h and peaked at 3 d.
Plasma creatinine levels rose transiently with complete re-
covery of renal function by 5 d. Animals began to develop
progressive proteinuria after 8-12 wk, indicative of the
long-term functional consequences of early ischemia/reper-
fusion injury. Blockade of T cell CD28-B7 costimulation
with CTLA4Ig resulted in significant inhibition of T cell
and macrophage infiltration and activation in situ. Treated
animals did not exhibit transient renal dysfunction, nor de-
veloped proteinuria over time. This is the first demonstration
that blocking T cell costimulatory activation in the absence
of alloantigen can prevent the early and late consequences
of ischemia/reperfusion injury. (J. Clin. Invest. 1997. 100:
1199-1203.) Key words: rat « kidney « CD28-B7 « T cell

Introduction

Ischemia/reperfusion injury associated with retrieval, storage,
and transplantation of solid organs from cadavers adversely af-
fects early graft function and may be a major factor limiting
long-term graft survival (1, 2). In the case of renal allografts,
this may be due, in part, to difficulties in recognizing and treat-
ing acute rejection in patients with delayed graft function re-
quiring dialysis (acute rejection being the major clinical risk
factor for development of chronic rejection) (3). It has also
been noted in experimental models that the ischemic insult
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may increase the immunogenicity of the organ by upregulating
MHC class II antigens (4).

Although T lymphocytes and macrophages have been well-
demonstrated to infiltrate kidney tissue within a few days of
ischemia/reperfusion injury (5), the effects and function of
these cell populations in the injury process remain unknown.

Two distinct signals are required for full T cell activation
(6). The first signal is delivered by the T cell receptor (TCR)
after engagement with the MHC—peptide complex expressed
on the surface of antigen presenting cells (APCs). The second
costimulatory signal is provided by cell surface receptors after
binding to their ligands, particularly important is CD28 on T
cells binding to its ligands, CD80(B7-1), and CD86(B7-2) on
APCs. Signaling through the TCR alone, which leads to a state
of specific T cell anergy, may be produced by blocking the sec-
ond signal (7). Binding of CD28 by CD80 and/or CD86 may be
blocked by CTLA4Ig,! a recombinant fusion protein that has
the extracellular domain of human CTLA4 (a homologue of
CD28) fused to an IgG1 heavy chain (8). CTLA4Ig inhibits T
cell activation in vitro and in vivo (9), prevents acute (10-13)
and chronic (14, 15) allograft rejection, and induces tolerance
in some experimental transplantation models (12, 16). Here
we report on the role of CD28-B7 T cell costimulatory activa-
tion in a rat model of experimental renal ischemia/reperfusion
injury.

Methods

Experimental design and operative technique. Inbred male Lewis (LEW)
rats of 250-300 g (Harlan Sprague Dawley Inc., Indianapolis, IN)
were used. A cold ischemia/reperfusion injury model of renal injury
has been described recently (5). Briefly, the right kidney of normal
LEW rats was removed and the left kidney was isolated. The aorta
was occluded proximal and distal to the left renal artery, and the left
renal vein clamped with a vascular clip near its junction with the infe-
rior vena cava. The aorta was catheterized with a silicone tube (Sili-
cone Medical Grade Tubing, 0.02 inch inside diameter, 0.037 inch
outside diameter; Baxter Scientific Products, Edison, NJ) and a drain-
age vent made in the renal vein proximal to the vascular clip. The iso-
lated kidney was then perfused slowly (2-3 min) with 10 ml of iced
perfusion solution consisting of 83.33% by volume of University of
Wisconsin solution (K,HPO,, 3.38 mg/ml; KH,PO,, 8.16 mg/ml; KCL,
1.23 mg/ml; NaHCO;, 0.45 mg/ml), 8.33% by volume of Albumin
U.S.P. (Albutein; Alpha Therapeutic Corporation, Los Angeles, CA)
and 8.33% by volume of 50% Dextrose Injection (Abbott Laborato-
ries, North Chicago, IL). The vascular pedicle was then clamped at
the level of the hilum for a total ischemic time of 45 min. During that
time, the involved vessels were repaired with 7-0 monofilament su-
ture (Proline; Ethicon Inc., Somerville, NJ) and the other clamps re-
leased.

1. Abbreviations used in this paper: CTLA4lg, CTLA4 fused to an
IgG1 heavy chain; RANTES, regulated upon activation, normal T
cell expressed and secreted; RT-PCR, reverse transcriptase-PCR.
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Treatment protocols. CTLA4Ig and control human fusion protein
L6 were a generous gift of Dr. Peter Linsley (Bristol-Myers Squibb,
Seattle, WA). The experimental group was given CTLA4Ig for one
week (0.5 mg i.v. on the day of operation and 0.1 mg daily for 7 d).
The controls received a similar protocol of control fusion protein.
Uninjured kidneys in untreated uninephrectomized rats were used as
further controls.

Functional measurements. Blood samples (0.5 ml) for creatinine
determination were obtained from the tail vein at 0, 1, 2, 3, and 5 d af-
ter reperfusion. Creatinine was measured by a modified Jaffe’s reac-
tion on a Hitachi 911 autoanalyzer (Hitachi, Indianapolis, IN). Urine
samples (24 h) were collected at 4, 8, 16, and 24 wk after reperfusion.
Protein excretion was determined by precipitation with 3% sulfosali-
cylic acid (Fisher Scientific Co., Fairlawn, NJ). Turbidity was assessed
by absorbance at a wavelength of 595 nm using Beckman DU-64
spectrophotometer (17).

Immunohistology. Representative portions of the kidneys were
snap-frozen in liquid nitrogen at 1, 3, 5, and 7 d after operation. Sec-
tions (4 pm) were fixed in acetone for 10 min, air-dried, and stained
individually with mouse anti-rat antibodies. The specimens were
stained with ED-1 for monocytes/macrophages W3/25 for CD4" cells,
0OX-8 for CD8* cells and OX-3 for MHC class II (Bioproducts for
Science Inc., Indianapolis, IN). The sections were then interacted
with rabbit anti-mouse IgG by the alkaline phosphatase, antialkaline
phosphatase method and counterstained with hematoxylin (18).
Stained cells were then counted on an ocular grid and marker positive
cells expressed as mean=SD of cells per field of view (cells per FV,
400X, > 30 fields counted per specimen).

Reverse transcriptase-PCR (RT-PCR). The expression of mRNA
was examined by competitive RT-PCR (19). Total RNA of kidney
specimens was extracted by the guanidine isothiocyanate method
(20). Total RNA (2.5 pg) was used for first strand cDNA synthesis
employing 1.2 g of oligo dT}, ;s and the superscript reverse tran-
scriptase method according to supplier-recommended conditions
(GIBCO BRL, Gaithersburg, MD). The specific primers (CD80, IL-2,
IL-2R, IFNv, IL-6, TGFB, TNFa, regulated upon activation, normal
T cell expressed and secreted (RANTES), MCP-1, NOSi, and B-actin)
were used as described (21, 22). 2-fold to 10-fold serial dilutions of
known quantities of PCR MIMICS were added to the PCR reaction
containing constant amounts of sample target cDNA. PCR products
(5 pl) were run on 1.5% agarose gel and stained with an ethidium
bromide, then gene-specific bands were visualized with ultraviolet
light. The quantities of MIMICS and target cDNA were compared
using a PC SCANJET with analysis by Adobe Photoshop software
(Adobe Inc., Mountain View, CA). Tissues were tested for each cy-
tokine mRNA transcript as well as for the control B-actin mRNA
transcript. Transcript levels for each PCR product were determined
by scanner analysis of photographs of the DNA-stained agarose gels
evaluated by the band intensity in computer image analysis. The re-
sults are expressed as arithmetric means (XSEM). Statistical compar-
isons between groups were performed by Student’s ¢ test. The differ-
ence was considered significant when P < 0.05.
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Figure 2. Kinetics of cell infiltration into ischemic kidney. ED-17*
macrophages peaked between days 3 and 5, CD4* and CD8" T lym-
phocytes at day 5, MHC class II cells peaked on days 5-7 in cold isch-
emia with control Ig (). Cell infiltration patterns were suppressed
significantly by CTLA4Ig (M). Uninephrectomized controls (O)
showed minimal cell infiltration. *P < 0.05, **P < 0.01 compared to
control Ig treatment.

Results

Expression of the costimulatory molecule B7 during ishemia/
reperfusion injury. First, we examined the expression of B7
costimulatory molecules in organs subjected to ischemia/reper-
fusion injury by RT-PCR. Expression of the costimulatory
molecule B7 was upregulated in ischemic kidneys within the
first few hours after injury and peaked at 24-72 h. Administra-
tion of CTLA4Ig almost completely inhibited upregulation of
B7 expression in the ischemic organ as compared to control Ig
(Fig. 1).

CTLA4Ig inhibits mononuclear cell infiltration and activa-
tion in situ. Mononuclear cell population and subpopulation
infiltrating the renal parenchyma, as determined by immuno-
histology using specific monoclonal antibodies, were studied in
control uninephrectomized rats and in Ig- and CTLA4Ig-
treated animals 3, 5, and 7 d after the ischemia/reperfusion in-
jury (Fig. 2). Infiltration by ED-1" macrophages, CD4" T cells,
and MHC class II* cells was inhibited significantly at all time
points by CTLA4Ig as compared to control groups.

Next, we studied the effect of CTLA4Ig treatment on
mRNA expression of cytokines and growth factors in situ.
Competitive RT-PCR analysis of kidneys that underwent isch-
emia/reperfusion injury showed significant expression of the T
cell activation markers (Fig. 3 A). Time course expression re-
cently described IL-2, IL-2R, and IFNy (5). RANTES, a mac-
rophage chemoattractant derived from T cells and other cell
populations, remained upregulated by 2 wk. The macrophage
associated products, TNFo and IL-6, were significantly ex-
pressed by day 3 (Fig. 3 B). NOSi increased gradually by 2 wk.
Transcript levels of the chemoattractant MCP-1 were highly
expressed by day 7, and expression of the fibrogenic growth
factor TGFB was increased significantly by day 5 (Fig. 3 C).
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Figure 3. Comparison of gene expression in cold ischemia kidney.
(A) Thl associated cytokines, (B) M associated cytokines, and (C)
chemoattractant and growth factors. The peak expression of each cy-
tokine/cytokine receptor (day 3: IL-2, IL-2R, TNFq, IL-6; day 5:
TGFR; day 7: IFNy, MCP-1; day 14: RANTES, NOSi) was assessed
to evaluate the suppressive effect of CTLA41Ig (black bars) compared
with control Ig (white bars). Uninephrectomized control (gray bars)
showed little expression. *P < 0.05, **P < 0.01 compared to control
Ig treatment.

Administration of CTLA4Ig resulted in significant and almost
complete inhibition of expression of all mononuclear cell acti-
vation markers and products tested as compared to control Ig
(Fig. 3).

CTLA4lIg prevents ischemia/reperfusion induced acute re-
nal dysfunction. We studied the effect of inhibiting T cell co-
stimulatory activation on renal function after ischemia/reper-
fusion injury. Levels of serum creatinine were monitored for
5 d after cold ischemia/reperfusion injury in control Ig- and
CTLAA4Ig-treated animals, and in uninephrectomized controls
(Fig. 1). Rats whose kidneys had experienced cold ischemia
showed transient dysfunction (peak serum creatinine = 2.6+
0.4 mg/dl on day 2) with complete recovery by day 5, as com-
pared with uninephrectomized control animals. Treatment
with CTLA4Ig completely protected against this transient re-
nal dysfunction; no increase in serum creatinine was noted, as
compared to control Ig-treated animals.

CTLA4Ig prevents late renal dysfunction associated with
ischemia/reperfusion injury. It has been suggested that early
injury resulting from ischemia/reperfusion may lead to devel-
opment of late progressive organ dysfunction, although defini-
tive proof is lacking. We monitored protein excretion, a sensi-
tive measure of renal dysfunction that can be detected even
before significant decrease in glomerular filtration rate or rise
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Figure 4. Plasma creatinine levels of animals with cold ischemic kid-
neys. Transient renal dysfunction was identified after cold ischemia
alone and after treatment with control Ig ((J). The CTLA4Ig (M)
treated group showed no renal dysfunction, compared to the unine-
phrectomized control group (O). *P < 0.05, **P < 0.01 compared to
control Ig treatment.

in serum creatinine can be measured, for up to 24 wk in ani-
mals which underwent ischemia/reperfusion injury. These ani-
mals developed progressive proteinuria (24 h protein excre-
tion = 252*3.8 mg/dl at 24 wk) that was not observed in
uninephrectomized controls. Interestingly, animals treated
with CTLA4Ig did not develop progressive proteinuria
through the whole follow-up period (24 h protein excretion =
9.1+0.8 mg/dl) (Fig. 5), indicating that inhibiting B7 costimula-
tory activation early during ischemia/reperfusion injury pre-
vents the late sequellae of chronic organ dysfunction.

Discussion

In this study we have examined the role of the CD28-B7 co-
stimulatory pathway in the pathogenesis of experimental renal
ischemia/reperfusion injury. Our results clearly demonstrate
that blocking CD28-B7 T cell costimulation by the fusion pro-
tein CTLAA4Ig significantly and almost completely prevents
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early transient, as well as late, organ dysfunction. Our observa-
tions underscore the important role of the B7 costimulatory
pathway in ischemia/reperfusion injury. The observations of
early expression of B7 costimulatory molecules in ischemic or-
gans are particularly interesting since this is the first demon-
stration of upregulation of costimulatory molecule expression
in a nonimmune, inflammatory response in the absence of al-
loantigen. Our RT-PCR data do not indicate whether B7 is ex-
pressed on infiltrating mononuclear cells, on endothelial cells,
or both. The early upregulation of expression within the first
24 h before any significant infiltration may suggest that the B7
expression is predominantly on endothelial cells, although
RT-PCR may be sensitive enough to detect B7 expression by a
small number of early infiltrating mononuclear cells even be-
fore they can be visualized by immunohistology. Studies to dis-
sect the temporal, as well as local, expression of CD80 versus
CD86 in our model are important to understand better the
role of these molecules in ischemia/reperfusion injury. Studies
by Kelly et al. showed that blocking intercellular adhesion
molecule-1 (ICAM-1) protects the kidney from ischemic injury
(23). Turcovski-Corrales et al. (24) indicated that CD28-B7 in-
teractions promote T cell adhesion mediated by interaction of
ICAM-1:LFA-1 and LFA-3:CD2. This CD28-B7 induced ad-
hesion required specific T cell signaling via protein kinase C.
Taken together with results of these two studies, our data sug-
gest that blocking B7 costimulatory molecules may result in in-
hibition of adhesion of mononuclear cells to renal endothe-
lium resulting in decreased infiltration into the organ and
prevention of subsequent injury.

Clinical evidence from cadaver transplantation indicates
the important contribution of ischemic injury to early graft
dysfunction and acute rejection as well as to long term graft
outcome (1, 2). In addition, mounting evidence from experi-
mental animals indicates that chronic allograft dysfunction is
mediated by both alloantigen-dependent as well as alloanti-
gen-independent mechanisms, with graft ischemia/reperfusion
being an important alloantigen-independent factor (25). The
mechanisms of how graft ischemia contributes to early, as well
as late, graft dysfunction remain unclear, although it has been
suggested the ischemic injury increases the immunogenicity of
the graft (4), mainly because of upregulation of class I MHC
antigens. As MHC class II alone is insufficient to cause full T
cell activation (26), additional upregulation of the costimula-
tory molecules B7 is essential in regulating this increased im-
munogenicity. Our data also show that ischemic organs are in-
filtrated early by activated CD4" T cells and monocytes/
macrophages which secrete cytokines, chemoattractants, and
growth factors. Cytokines, such as IFNy and TNFa, are potent
inducers of MHC class II antigen expression (27). RANTES
may facilitate T cell and macrophage accumulation by direct
chemotactic effects or by regulating the expression of mac-
rophage products (28). The macrophage derived cytokine IL-6
and NOSI are reported to relate to development of chronic
graft dysfunction (29, 30), while TGFB is considered to have a
role in late fibrosis of the kidney (31, 32). These molecules may
be relevant to the development of late graft dysfunction mani-
fested by progressive proteinuria. Blocking B7 by CTLA4Ig
results in profound inhibition of mononuclear cell infiltration
and activation in situ, thus attenuating the early and late func-
tional effects of ischemia/reperfusion injury. Our observations
have relevant clinical applicability since strategies targeted at
costimulatory blockade may prevent early and long-term con-
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sequences of early ischemia/reperfusion injury seen in cadav-
eric organ transplantation.
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