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INTRODUCTION

Chronic rejection has now emerged as the
leading cause of late allograft failure following

' The major mani-

solid organ transplantation
festation in chronic rejection is an obliterative
arteriosclerosis characterized by diffuse, concentric
fibrointimal thickening in large and medium sized
arteries and arterioles often extending throughout
the entire length of the vessel wall rather than
focal distribution”®

chronic rejection is uncertain, a number of allo-

. Although the pathogenesis of

antigendependent and independent factors have
been implicated”'”. The leading hypothesis is
that it arises from chronic immune stimulation
involving donor-derived endothelium leading to
vascular and inflammatory cell activation'?.

The Lew to F344 rat heterotopic abdominal
cardiac transplantation model has been favored
because of its reproducibility, in this model about
80% of the cardiac allografts survive longer than
three weeks and 25% survive indefinitely”. The
vascular changes, patterns of cell migration and
cytokine production have been well characterized
in this model and reflect many of the changes
that have been observed in human chronic car-

diac allograft rejection® ™ '®

. One of the most
striking features is the persistence of T cells

within the allograft. It is clear that T cells play

a central role in the acute allograft rejection and
prevention of T cell activation has been shown to
induce transplant tolerance in many animals
models” ™. The F344 to LEW rat renal allograft
model is a well established model for the study
of experimental chronic allograft rejection. Acti-
vation of T cells to proliferate and secrete cy-
tokines requires two distinct signals. The first
signal is provided by the engagement of the TCR
with the MHC molecule complexed with peptide
on APC surface, and the second costimulatory
signal is provided by engagement of specific T
cell surface receptors with their ligands on APC.
Among the multiple costimulatory pathways iden-
tified, interaction of CD28 on T cells with either
of two ligands, B7-1 or B7-2 on APC is the
most important costimulatory pathway for the
response to alloantigensm'w). The most effective
way of blocking CD28 interaction with B7-1/
B7-2 has proven to be by the recombinant fusion
protein CTLA4Ig. This protein consists of the
extracellular domain of CTLA4, a T cell core-
ceptor for B7-1/B7-2 fused with human IgGl
heavy chain'®. This molecule has a 20 fold hi-
gher affinity for B7-1/B7-2 than does CD28%.
CTLAA4Ig has been reported to prevent acute
rejectionzu, induce donor-specific tolerance® ™,
and we have recently shown that a single injec-
tion of CTLAd4Ig on day 2 posttransplant pre-

vents development of graft arteriosclerosis, in the
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Lewis to F344 chronic cardiac allograft rejection
model”. As acute rejection has been shown to be
an important contributory factor in the develop-
ment of chronic rejection and tolerance induction
in an acute rejection model has been shown to
prevent the development of chronic rejection, it
can be argued that prevention of chronic rejection
is merely due to prevention of acute rejectionm.
Whether inhibiting T cell activation late post-
transplantation, after initial acute rejection, will
interrupt progression of chronic rejection has not
been addressed. We used the same Lew to F344
heart or F344 to Lew renal transplant model to
evaluate this question.

METHOD

1. Lewis to F344 rat cardiac model of
chronic rejection

Adult male Lewis (RT1l) and F344 (RT1l) rats
were obtained from Harlan Sprague Dawley (Indi-
anapolis, IN). They were housed under conven-
tional conditions and fed a standard diet (Rodent
Laboatory Chow, No. 5001, Ralston Purina Com-
pany, St. Louis, MO) and water ad libitum. Rat
cardiac transplantation was performed by a hetero-
topic abdominal approach”. The allogeneic combi-
nation of Lewis rats as donors and F344 rats as
recipients was used to induce chronic rejction.
Although the Lewis to F344 strain combination is
compatible for the Ag-B locus (major histocom-
patibility complex RT1), there are multiple mis-
matches at the H loci®. LEW or F344 rats were
used in the isogenic combination to produce con-
trol hearts exposed to the same surgical proce-
dure. Allografts were followed by daily palpation.
Allografts surviving at least four weeks were
removed at the time of rejection or, if continuing
to function, 120 days after transplantation. Rejec-
tion was defined as the complete cesstion of pal-
pable heart beat.

CTLA4Ig and control human Ig were generously

provided by Bristol-Myers- Squibb (Seattle, WA).
All animals received a low dose cyclosporine A
(Sandoz, Ltd., Basel, Switzerland) protocol (5 mg/
kg/day s.c.) for 30 days starting on day of
transplant.

Four experimental groups of animals were stu-
died. Group 1 received CTLA4lg 0.5mg intraperi-
toneally twice a week from day 30 to 120 (n=6).
Group 2 received same dose of CTLA4Ig from
day 60 to 120 (n=5). Group 3 received same dose
of control Ig from day 30 to 120 (n=10). Group 4
received no subsequent therapy after day 30 of
isograft transplantation (n=3:F344 to F344, n=5:
Lewis to Lewis).

For reverse transcription PCR analysis, sur-
viving cardiac allografts were harvested after day
120. Serial midventricular sections were frozen in
liquid nitrogen for subsequent RNA extraction.
For morphometric analysis of arteriosclerotic le-
sion development, we harvested a group of grafts
also at the time of rejection or, if continuing to
function, after day 120 from the long term sur-

viving grafts.

2. F344 to Lewis rat renal model of
chronic rejection

Inbred male LEW rats were transplanted with
kidneys from F344. Kidneys were transplanted
orthotopically to the left renal vessels and the
left ureter of the host by end to end anastomo-
sis. The right kidney was removed 10 days later.

The control group (n=13) of LEW rats re-
ceived F344 kidneys and a short course of CsA
(5 mg/kg/dx10 d, subcutaneously) and no further
treatment. The treated group (n=12) received the
same CsA protocol, as well as a single intra-
peritoneal injection of CTLA4Ig (05 mg, intra-
peritoneally) at 8 wk postoperatively. Urine was
collected every 2-4 wk from the time of
transplantation. Protein excretion was determined
by measuring precipitation after interaction with

3% sulfosalicylic acid. Turbidity was assessed by
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absorbance at a wave length of 595 nm using a
Coleman JuniorII spectrophotometer.

3. Morphometric analysis

Allografts were serially sectioned into approxi-
mately 2-mm slices and fixed in 10% formalde-
hyde. Sagittal sections of cardiac allografts stai-
ned with Verhoeff's elastin. Slides were then ex-
amined by light microscopy and allografts scored
for the degree of arterial intimal thickening pre-
sent and were compared by using the 0-5 grad-
ing system described by Adms et al?. In brief, a
score of O indicated a normal vessel, 3 implied
20-50% luminal occlusion, and a score of 5 implied
>80% luminal occlusion. A total of vessels were
analyzed with an average of scored per graft.
Mean scores were pooled for allografts in each
group and subjected to MANOVA. All arteries
seen were examined and scored.

4. Measurement of gene transcript levels

To evaluate the effects of CTLA4Ig treatment
on lymphocyte and macrophage activation, we
measured gene transcript levels for factors we
have previously shown to be upregulatedz’. At
the time of harvest, allograft ventricular sections
were snap-frozen in liquid nitrogen for subse-
quent RNA extractions. Total cellular RNA was
extracted from ventricular sections by using
RNeasy Total RNA kits® (QUIAGEN, Germany)
as directed by the manufacturer. The quality of
the RNA was confirmed on formaldehyde-agarose
gels. The 4 cDNAs (experimental set) analyzed
were prepared from day 120 cardiac allografts
(1) CTLAJdIg
(2) CTLAAdIg
(3) control Ig
(4) isograft group (n=8). We used

treated in various subgroups with
starting after day 30 group (n=6)
starting after day 60 group (n=5)
group (n=10)
a published reverse-transcription PCR technique de-
veloped to measure MCP-1 transcript levelsm, mo-
dified as follows for use with IFN-7, iNOS, TGF-

B, B7-1 and the ‘housekeeping’ gene glyceal-

dehyde-3-phosphate dehydrogenase (G3PDH)?. Qli-
gonucleotide primers were obtained from Clonetech
or synthesized by Genosys Biotechnologies. For
each primer combination, conditions were optimized
to generate a single specific band We used the
PTC-100™ Programmable Thermal Controller and
the “hot start” technique to increase specificity.
Reaction conditions included 1.25 ml ¢cDNA, 1 mM
(each) 5’ and 3' primers, 10 mM Tris-HCL, 50 mM
KCL, 15 mM MgCl;, 0001% (wt/vol)gelatin, 800
mM dNTPs, and 0.625units AmpliTag DNA poly-
merase in a total volume of 25ml. *P-dCTP
(150,000 cpm) was included for quantitative PCR
studies. The thermal cycling parameters were
denaturation at 94C for 15 sec, annealing between
50 and 58°C for 20 sec, and extension for 60 sec
(with a final extension of 7 min at the end of all
cycles). Primer sequences, annealing temperature,
and number of cycles were
IFN-7 5 ATC TGG AGG AAC TGG CAA AAG
GAC G
3 CCT TAG GCT AGA TTC TGG TGA
CAG C (60T, 32 cycles)
MCP-1 5 ATG CAG GTC TCT GTC ACG
3 CTA GTT CTC TGT CAT ACT (20T,
28 cycles)
5 TGC CAG GGT CAC AAC TTT ACA
GG
3 GGT CGA TGT CAC ATG CAG CTT
GTC (60, 35 cycles)
TGF-8 5 TGA ACC AAG GAG ACG GAA TAC
AGG
3 TAC TGT GTG TCC AGG CTC CAA
ATG (57C, 26 cycles)
G3PDH 5" TGA AGG TCG GTG TCA ACG GAT
TTG GC
3" CAT GTA GGC CAT GAG GTC CAC
CAC (58, 22 cycles)
B7-1 5 GGC ATT GCT GTC CTG TGA TTA C
3" ACT CAG TTA TGT TGG GGG TAG
G (56, 28 cycles)
PCR products (10 #1) were analyzed on 1% aga-

iNOS
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rose gels. #p_4CTP incorporated into PCR product
bands was measured from dried gels on a Mo-
lecular Dynamics Phosphor Imager as described el-
PCR amplification with the G3PDH
housekeeping gene was performed to assess
variations in total RNA or cDNA loading bet-
ween samples. Corrected values were derived by

sewhere™.

dividing the measured #p value for the transcript
of interest by the mean G3PDH value for the
sample. were then
included

(for which reverse

Relative transcript levels
determined from c¢DNA panels that
negative control samples
transcriptase had been omitted during cDNA
synthesis or water had been used instead of
cDNA). PCR analysis was performed all samples
in a study panel to identify relative differences,
and each analysis was performed at least three
times. The mean value for the corrected levels
was obtained by pooling measurements from all
animals in a subgroup. Results were subjected to
Kruskal-Wallis non-parametric ANOVA without
replication. If the ANOVA was significant, in-
dividual comparisons were made by the Welch
alternate t test, as standard deviations could be
assumed to be equal.

RESULTS
1. Cardiac allografts survival

None of the animals treated with CTLA4Ig
after day 30 or 60 posttransplant rejected their al-
lografts and the heart beat as assessed by daily
palpation was similar to isograft controls. Survi-
val rates of these animals longer than day 120
after transplantation was 84.0% In the group of
animals treated with control Ig after day 30 pos-
ttransplant, the survival rate longer than day 120
after transplantation was 45.5% . All isografts

survived longer than 120 days (Fig.1).
2. Renal allografts survival and function

36 animals were transplanted, 6 of which died

by day 16 before the animals were randomly as-
signed to receive no further treatment (n=18) or
CTLA4Ig at 8 wk after transplant (n=12). One
animal in the control group died at 20 wk and
another developed severe hematuria and was ex-
cluded from the analysis. A total of 11 LEW into
LEW isografts was also set up. Proteinuria has
been reported to be one of the best surrogates
for chronic kidney dysfunction. As the interrup-
tion group did not receive CTLAdIg until 8 wk
after transplantation, the protein excretion for
all animals was graphed together as treatment
up to this time was identical (Fig. 2). After
this time point, the proteinuria was plotted
separately. In allograft recipients treated with
CsA alone, animals usually start to show an
increase in their 24-h protein excretion after
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Fig. 2. Effect of CD258-B7 blocakade at 8 weeks
on protein excretion

-5 399 -



8-12 wk after transplantation. Animals treated
with CsA plus CTLA4lg at 8 wk after trans-
plant did not develop progressive proteinuria
throughout the follow up period of 24 wk (14.3
*+41 mg/24 h versus 41.0+12.0 mg/24 h at 24
wk, p=0.043). Control isograft proteinuria was
9.88+0.68 mg/24 h at the same time point.

3. Inflammatory cell activation patterns

Given the differences in expression of cytoki-
nes and growth factors found in our previous
studies we looked at the relative gene transcript
levels in the 120 day cardiac allografts, reverse
transcriptase PCR assays optimized for IFN-7,
TGF-8, iNOS, MCP-1 and B7-1. All of these
factors were reduced in both CTLAA4Ig treated
groups compared with the control Ig treated
animals. The difference only attained significance
with B7-1 and iNOS. In keeping with the pre-

vious studies MCP-1 was not significantly dif-
ferent, and this is not suprising given the low
expression of MCP-1 in the control animals. Al-
though significance could not be proven with
IFN- 7, this was likely due to the relatively high
variance in the control and CTLA4Ig 8 week
groups, as the expression of IFN-7 in control Ig
treated group was 10 fold higher than that of the
CTLAA4Ig 4 week treated group (Fig. 3).

The expression of B7-1 was significantly di-
fferent in both the CTLA4lg at 4 weeks and
F344 isografts groups when compared with the
control Ig group. As this is the only one of the
two known ligands for CTLA4Ig that is signifi-
cantly expressed at this time point it would app-
ear that even late blockade of CD28-B7 has an
effect on B7-1 expressionw).

CTLAIg (4wk) MCP-1
CTLAAIg (8wk) ~
Control Ig (4wk) -
F3441SO
I T T T T
0 025 05 075 1 125
CTLAdIg (4wk) B7-1 3 TGF-beta
CTLA4Ig (8wk) — :
Controt Ig (4wk) — N——
F3441S0
T T T L T T T T
0 025 05 075 1 1250 1 2 3 4 5
CTLAA4Ig (4wk) INOS IFN-gamma
CTLA4Ig (8wk) —
Control Tg (4wk) — _—
F341S0
I T I LI 1 !
0 0.5 1 1.5 20 0.5 1 15

Fig. 3. Intragraft cytokine and adhesion moleule gene transcript levels.
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4. Morphometric analysis

In control Ig treated recipients, intimal thicke-

1. Vessel Morphometry at 120 day

iseased v
Vessel score Di essel

(%)
mean+S.D. mean £S.D.
Control Ig 1.68+0.81 55.93%26.06
CTLAdIlg 4wk  0.39+0.30° 16.32+13.21°
CTLAdIg 8wk 057035 25.35+12.76
Isograft 0.14+0.14 278+ 481

'p<0.05 in comparison with control Ig

CONTROL 1g

o

CTLA4Ig@ 8wks

ning score and the percentage of number of affe-
cted vessels were 168%081, 5593%26.06%,
which were significantly higher than isograft 0.14
+0.14, 2.78+4.81%. Control Ig group was also
significantly higher than CTLAdIg starting on
day 30 group 0.39%0.30, 16.32+13.21% and day 60
group 057+035, 2535+1276% (Table 1). Thus,
blocking T cell costimulation by CTLAdlg late
after acute graft injury is effective in pre-
venting chronic graft loss. Lewis to F344
cardiac allografts older than day 120 showed
more advanced and frequent arteriosclerotic

CTLA4Ig®@® 4wks

ISOGRAFT

Fig. 4. Intimal thickening in representative arteries from LEW heart grdfts
(>120 days old).
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lesions after control lg treatment compared
with the group that received CTLAdlg or
isografts. Fig. 4 depicts representative vessels from
the control Ig treated group with moderately
severe luminal obstruction due to intimal thic-
kening, from the CTLAdIg starting on day 30 after
transplantation group with minimal intimal thic-
kening, from the CTLAJdIg starting on day 60
after transplantation group with mild intimal
thickening and from the isograft group without
intimal thickening.

DISCUSSION

As the risks of infection have diminished and
early rejection has become better controlled, ch-
ronic rejection has now emerged as the dominant
reason for late allograft failure in organ trans-
plantationsn.

We? and others'™ have shown previously that
CD28-B7 blockade by CTLA4Ig prevents acute
rejection, induces donor-specific tolerance and
prevents development of chronic rejection. It can
be argued that prevention of chronic rejection is
merely due to prevention of acute rejection. The
question is whether inhibiting T cell activation
late posttransplantation can interrup progression
of chronic rejection.

The vessels in allografts of control Ig group
demonstrated significant coronary intimal lesions.
Arteriosclerotic lesion develop in stages. The ear-
liest change (before day 30) noted involved focal
disruption of the arterial internal elastic lamina
and minimal intimal thickening along the per
imeter of the arterial lesion. In allografts under-
going early severe rejection, arterial lesions con-
sisted of intimal and perivascluar mononuclear
cells with occasional vacuolation and sparing of
the media. Other arterial lesions demonstrated
significant vasculitis, with massive mononuclear
cell infiltration in all layers of the vascular wall.
In the intermediate stage (between days 30 and

90), a actin-positive smooth muscle cells appear
interposed among the inflammatory cells in the
neointima. In the late stage (after day 90), when
neointimal expansion is most striking, smooth
muscle cells predominate and the number of mo-
nonuclear inflammatory cells diminishes.

Our data show that blocking of CD28-B7 T
cell costimulation late after acute graft injury by
administering CTLAd4Ig twice a week contin-
uously from day 30 or day 60 after transplan-
tation increased cardiac allograft survival, de-
creased graft mononuclear cell infiltration, an
significantly reduced gene transcript for key T
cell and macrophage activation markers in the
Lew to F344 rat model of chronic rejection.

Of interest, are our observations that a vessel
of allograft from animals treated with CTLAdIg
60 days after transplantation, has an intermediate
degree of luminal obstruction between a vessel of
isograft and allografts from animals treated CTL-
Adlg 30 days after transplantation. This observa-
tion shows that the severity of chronic rejection
correlates with duration of T cell recruitment and
activation. In this study we demonstrate a higher
level of transcript levels for four cytokines-INF-
7, MCP-1, iNOS, TGF-8 in allografts of reci-
pients treated with control Ig than CTLA4Ig.

Our finding that gene transcript levels increase
in cardiac allografts for the potent macrophage-
activating factor IFN- 7, and the early competen-
ce gene MCP-1 suggests that similar transcripti-
onal pathways for macrophage activation are in-
volved in chronic cardiac rejection in vivo. An
increase in cytokine expression confirms the pre-
sence of activated lymphocytes and macrophages.
It also provides support for the idea that sus-
tained cytokine release may be an important im-
munoregulatory step in the development of chro-
nic rejection. One of the known consequences of
CD28-B7 signaling is the regulation of cytokine
production by T cells®®® *®  Little is known,
however, about the effects of the CD28-B7 cos-
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timulatory pathway on macrophage activation. In
this report we demonstrate that blocking CD28-
B7 T cell costimulation late posttransplantation
also disrupts increases in gene transcript levels
associated with macrophage activation (iINOS).
For those factors whose expression levels were
reduced, this might have been caused by a direct
inhibition of macrophage through the B7 axis or,
more likely, by an indirect effect related to a
decrease in levels of T cell cytokines (such as
IFN- 7 ) required for induction of macrophage ex-
pression. We reported previously that early bloc-
kade of CD28-B7 disrupts increases in gene tra-
nscript levels associated with macrophage acti-
vation as well as T cells. From our data, Block-
ing T cell costimulation late after acute graft in-
jury is effective in interruption of increase of
gene transcript levels associated with macrophage
activation as well as T cells.

These studies show that CTLA4Ig blockade of
CD28-B7 costimulatory T cell activation pathway
late after acute graft injury is effective in pre-
venting chronic graft loss, indicating that con-
tinuous T cell recruitment and activation play an
important role in progression of chronic rejection.
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