ORIGINAL ARTICLE

Transplant International ISSN 0934-0874

Quantitative mRNA expression analysis of co-stimulatory
molecules in sequential biopsies from heart allografts

Fatma Akdere,” Oliver Bock,! Ulrich Lehmann,’ Ebru Serinséz,' Axel Haverich,? Hans Kreipe'

and Michael Mengel’

1 Institute of Pathology, Medizinische Hochschule Hannover, Germany
2 Department for Cardiovascular Surgery, Medizinische Hochschule Hannover, Germany

Keywords
costimulatory molecules, heart
transplantation, mRNA expression.

Correspondence

Dr med. Michael Mengel, Institut fuer
Pathologie, Medizinische Hochschule
Hannover, Carl-Neuberg-Strasse 1, 30625

Hannover, Germany. Tel.: +49 511 532 4487,

fax: +49 511 532 5799; e-mail:
mengel.michael@mh-hannover.de

Received: 14 May 2005
Revision requested: 1 June 2005

Accepted: 6 July 2005

doi:10.1111/].1432-2277.2005.00199.x

Summary

Allograft-specific T-cell activation requires two signals, ‘signal one’ via the
T-cell receptor and ‘signal two’ via costimulatory pathways. Animal models
provide promising data that blockade of costimulatory signals can lead to
T-cell anergy and tolerance. We analyzed 72 formalin-fixed and paraffin-
embedded sequential heart allograft biopsies from 22 patients by quantitative
real-time reverse transcriptase-polymerase chain reaction for the mRNA expres-
sion of the costimulatory molecules CD28, CD80, CD86, CD40, and CD154.
mRNA expression levels were correlated to histological grade and time-point of
rejection. mRNA expression of costimulatory molecules predominantly
expressed by antigen-presenting cells (CD80, CD86, CD40), correlated with his-
tological grade of cell-mediated acute rejection. Costimulatory molecules were
up-regulated not only during rejection episodes early after transplantation, but
also at late occurring rejection. The present results suggest a simultaneous and
long-term therapeutical blockade of more than one costimulatory pathway for
the prevention of repetitive T-cell mediated acute rejection episodes after heart

transplantation.

Introduction

T cells play a pivotal role in allograft rejection. Specificity
of the T-cell response to an antigen is determined by the
T-cell receptor. However, the antigen-specific signal medi-
ated by the T-cell receptor (‘signal one’) is generally
insufficient to generate an optimal T-cell response [1].
Full activation requires a costimulatory signal (‘signal
two’), provided during the interaction with antigen-pre-
senting cells (APCs) [2].

The CD80, CD86, and CD154 (CD40 ligand) are key
molecules of the costimulatory pathways responsible for
T-cell activation [1]. CD80 and CD86 (also known as
B7.1 and B7.2) are expressed on many cell types including
APCs and endothelial cells, and bind to the T-cell costim-
ulatory receptors CD28 (stimulation) and CD152 (down-
regulation). CD154 1is expressed after activation by
lymphocytes (T and B cells) as well as activated platelets
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or endothelial cells and binds to the APC-based molecule
CDA0.

The concept of costimulation as a potential therapeu-
tic target is entertained by the finding that blockade of
either the CD40/CD154 and/or the CD28/B7 pathway
can lead to T-cell anergy [2—6]. In various animal mod-
els of organ transplantation, in rodents as well as pri-
mates, costimulatory blockade at least delayed and in
some cases even prevented allograft rejection [7-12].
Furthermore, induction of long-term tolerance might be
possible via costimulatory blockade as a part of induc-
tion and maintenance immunosuppressive protocols after
solid organ transplantation [2,4,8,9,13-16]. For heart al-
lografts promising data concerning tolerance induction
via costimulatory blockade are available from animal
models and phase I and II clinical trials are already un-
derway for this new therapeutical concept after renal
transplantation [1,8,14,17-20].
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However, data concerning the expression of costimula-
tory molecules in human cardiac allograft tissue in the
time course after transplantation are sparse. Nevertheless,
data about the local expression of costimulatory mole-
cules in the transplanted heart under conventional
immunosuppressive regiments might be part of the
rationale for including new costimulatory blockers like
CTLA-4Ig in the therapeutic spectrum. In the present
study, we quantitatively analyzed the mRNA expression
of the costimulatory molecules CD28, CD80, CD86,
CD40, and CD154 in sequential cardiac allograft biopsies.
Results were correlated to histological grade of rejection
and time point of biopsy. Aims of the study were first to
evaluate whether expression of costimulatory molecules
quantitatively correlates with morphology, and if so,
whether this is in the early phase after transplantation,
i.e. the time frame of T-cell priming or also with a later
detection of morphological signs of T-cell activity in the
allograft.

Material and methods

Tissue specimens

A total of 72 formalin-fixed and paraffin-embedded endo-
myocardial allograft biopsies from 22 patients (five female
and 17 male, 19-66 years of age) were analyzed. From 18
patients three sequential allograft biopsies were available,
from three patients four, and from one patient six. Biop-
sies were taken in median 339 days after transplantation
(range: 5-4381 days). Seventeen biopsies were taken
within the first 3 months after transplantation (early
biopsies), 22 biopsies within 4-12 months after transplan-
tation (intermediate biopsies), and 33 biopsies later than
12 months after transplantation (late biopsies). Histo-
pathological review of biopsies was carried out on serial
sections according to the ISHLT grading system [21,22].
Twenty-one biopsies were of grade 0 without any signs of
rejection, 38 of grade 1A, four of grade 1B, five of grade
2, and four of grade 3A. As histological diagnosis of at
least grade 1B enforces for the included cases therapeutic
intervention (depending on the echocardiography findings
three times 500 mg or 1 g i.v. steroids), the 13 biopsies of
1B, 2, and 3A were grouped together for further analysis.
All included patients were on a triple immunosuppression
comprising cyclosporine A or tacrolimus plus steroids
and Azathioprine or mycophenolate mofetil. Ten explanted
native hearts without any signs of inflammation on histo-
logical review served as non-transplant control tissue for
the expression analysis. According to the guidelines of the
local ethics committee of the Medizinische Hochschule
Hannover, all specimens included in the study were inves-
tigated anonymously without the knowledge of patients’
personal data.
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RNA extraction and cDNA synthesis

Total RNA was extracted from whole tissue sections of
formalin-fixed and paraffin-embedded specimens follow-
ing a previously described protocol [23]. For cDNA syn-
thesis, RNA (0.5 pug) pretreated with 1U Rnase-free
DNase I for 30 min at 37 °C (RQI, Promega, Madison,
WI, USA ) was transcribed into the complementary DNA
using 500 ng random hexamers (Amersham Pharmacia,
Freiburg, Germany) and 200 U of Superscript II Rnase-
Reverse Transcriptase (Invitrogen, Karlsruhe, Germany)
in a volume of 20 pl following the manufacturer’s proto-
col. Negative controls were performed by adding water
instead of Reverse Transcriptase.

Real-time RT-PCR

Real-time reverse transcriptase-polymerase chain reaction
(RT-PCR) was performed on an ABI PRISM 7700
Sequence Detector (Applied Biosystems, Foster City, CA,
USA). PCR primers and TagMan™ probes to amplify
co-stimulatory molecules, and the housekeeping gene
B-actin, designed using the Primer Express software ver-
sion 1.0 (Applied Biosystems, Foster City, CA, USA), were
as follows: B-actin forward primer 5-AGTACT
CCGTGTGGATCGGC-3’, reverse primer 5 -GCTGAT
CCACATCTGCTGGA-3", TagMan probe 5-TCCATCC
TGGCCTCGCTGTCCA-3’, CD28 forward primer
5"-CCTGGCCCAAAACATGCT-3’, reverse primer 5-GAA
GATGCAAGGTGGTGAGATTG-3’, TagMan  probe
5’-AAGAAGGTGGAAGGCTTGGAGGATCTGA-3’, CD80
forward primer 5-GCCTGACCTACTGCTTTGCC-3,
reverse primer 5-GGGCGTACACTTTCCCTTCTC-3’,
TagMan probe 5-CAAGATGCAGAGAGAGAAGGAGGA
ATGAGAGA-3’, CD86 forward primer 5-GCGGCCTCG
CAACTCTTATA-3’, reverse primer 5-TCTCTTTTCTT
GGTCTGTTCACTCTC-3’, TagMan probe 5-ATGTGGA
ACCAACACAATGGAGAGGGA-3’, CD40 forward primer
5’-AAGAAGCCAACCAATAAGGCC-3", reverse primer
5-CGTCGGGAAAATTGATCTCC-3’, TagMan probe
5’-CCCACCCCAAGCAGGAACCCC-3’, CD154 forward
primer 5-CCAGGTGCTTCGGTGTTTG-3’, reverse pri-
mer 5-GACGTGAAGCCAGTGCCAT-3, TagMan probe
5’-CAATGTGACTGATCCAAGCCAAGTGAGC-3".

The probes were purchased labeled with 6-carboxy-flu-
orescein (FAM) as the reporter dye and 6-carboxy-tetra-
methyl-rhodamine (TAMRA) as the fluorescent quencher.
TagMan™ probes were 3’ phosphorylated in order to
prevent elongation during PCR.

The real-time RT-PCR amplification was performed
using a 96-well tray and optical caps (Applied Biosystems,
Foster City, CA, USA) with a final reaction mixture of
30 pl containing both primers (250 nm), probe (150 nm),
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0.75 units of Platinum Taq Polymerase (Invitrogen, Karls-
ruhe, Germany), 200 pm each of dATP, dCTP, dTTP, and
dGTP in 1x Platinum Taq reaction buffer and 4 pl cDNA.
The reaction mixture was preheated at 95 °C for 5 min,
followed by 45 cycles at 95 °C for 15s and 60 °C for
1 min.

Real-time RT-PCR data evaluation

After linearity of PCR amplification over a broad range of
dilution series and almost equal efficiency for all primer/
probe systems could be shown, relative quantification of
all analyzed mRNAs including B-actin mRNA as the
housekeeping gene was performed in two independent
runs. Relative expression levels were calculated using the
AA Cr-method as described in detail elsewhere [24].
Cases where no expression of the analyzed genes was
detected within 40 cycles of the PCR were regarded as
negative and excluded from further calculation of the AA
Cr-method. From the 10 non-transplant hearts for each
investigated costimulatory molecule the mean expression
level was calculated and served as reference for the calcu-
lation of the relative expression in the allograft biopsies.

Statistical analysis

The SPSS software package (Version 12.0, SPSS Inc., Chi-
cago, IL, USA) was used for statistical analysis. Expression
levels of the analyzed markers are given as median x-fold
expression compared with the mean expression in the
control tissue from the non-transplant hearts. Depending
on the ISHLT grade of cellular rejection and time-point
of biopsy, expression levels were analyzed for statistically
significant differences between non-rejecting specimens
(ISHLT grade 0), rejection without therapeutic interven-
tion (ISHLT grade 1A), and rejection with therapeutic
intervention (ISHLT grade 1B, 2, 3A) by an ANova test
with a post hoc Bonferoni adjustment for multiple com-
parisons and a 95% confidence interval. P-values of <0.05
were regarded as significant.

Results

Expression of costimulatory molecules and histological
grade of rejection

Quantitative mRNA expression analysis of the costimula-
tory molecules CD86, and CD40 showed a significant cor-
relation to the histological grade of acute cellular
rejection. Compared with non-transplanted hearts CD86
revealed a 6.9-fold up-regulation in biopsies without mor-
phological signs of rejection, a 17.5-fold increased expres-
sion in grade 1A biopsies, and a 30.2-fold increased
expression in biopsies with even more severe rejection

Costimulatory molecules in heart allografts

Table 1. Expression of costimulatory molecules and histological grade
of rejection.

Grade 1B,
Grade 0f SD Grade 1At SD 2, 3AT SD
CD28% 1.1 1.3 1.2 0.8 0.7 0.8
CD80f 9.0 263 208 324 544 1385
CD861% 6.9 7.4 17.5% 251 30.2** 34.1
CD40: 2.8 1.5 35% 32 6.8%** 6.8
CD1541 2.0 3.5 3.2 2.7 3.5 2.9

*P < 0.0001; **P =0.047; ***P = 0.005.

FISHLT classification.

1Given as the median x-fold expression compared with non-transplant
controls.

SD = standard deviation.

episodes (grade 0:>grade 1A, P < 0.0001; grade 1A:>grade
1A, P = 0.047; Table 1). Overall, lower expression levels,
but nevertheless significantly different, were found for
CD40, with a 2.8-fold up-regulation in non-rejecting
biopsies, a 3.5-fold increased expression in grade 1A, and
a 6.8-fold increased expression in >grade 1A biopsies
(grade 0:>grade 1A, P < 0.0001; grade 1A:>grade 1A,
P < 0.005).

The CD80 revealed a median ninefold increased expres-
sion in allograft biopsies lacking signs of rejection com-
pared with non-transplanted control tissue. Biopsies with
a grade 1A rejection had a median 20.8-fold up-regula-
tion of CD80 and those biopsies with higher rejection
grades, enforcing treatment, displayed highest expression
levels with a median 54.4-fold increase of mRNA expres-
sion for CD80. Forty-one of the investigated biopsies
revealed no detectable mRNA expression for CD80. The
observed differences for CD80 mRNA expression between
the remaining biopsies did not reach statistical signifi-
cance. No significant differences were also found among
the low expression levels of the costimulatory molecules
predominantly expressed by T-cells, ie. CD28 and
CD154.

Expression of costimulatory molecules and time-point
of biopsy

mRNA expression analysis of the investigated costimula-
tory molecules separately for three different time frames
after transplantation (early, <3 months; intermediate,
4-12 months; late, >12 months), also revealed no statisti-
cally significant differences for CD28 and CD154. CD154
showed a considerable (fivefold) up-regulation in biop-
sies taken more than 12 months after transplantation
with mild signs of cellular rejection (ISHLT1A)
(Table 2). For CD80, CD86, and CD40, highest expres-
sion levels were found in early biopsies with signs of
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Table 2. Expression of costimulatory molecules and time point of
biopsy.

All Grade 1B,

biopsies  Grade Of  Grade 1At 2, 3Af
CD28% <3 mo 0.7 1.0 0.9 0.5
CD28% 3-12 mo 0.9 1.0 1.0 0.9
CD28% >12 mo 1.3 1.2 1.4 na
CD80% <3 mo 54.4 -8 16.6 56.1
CD80% 3-12 mo 214 -8 16.4 27.8
CD80% >12 mo 20.1 9.0 38.2 na
CD86% <3 mo 293 6.1 21.6 47.8
CD86% 3-12 mo 14.6 6.3 17.0 23.4
CD86% >12 mo 9.5 6.9 16.5* na
CD40% <3 mo 5.6 2.2 2.8 7.8%*
CD40% 3-12 mo 3.6 3.2 3.0 5.7
CD40% >12 mo 3.4 2.8 4.4 na
CD154% <3 mo 2.3 3.4 1.2 3.8
CD154% 3-12 mo 3.1 2.9 2.4 3.5
CD154% >12 mo 3.0 1.8 5.0 na

*P = 0.052; **P = 0.006.

FISHLT classification.

1Given as the median x-fold expression compared with non-transplant
controls.

§No mRNA expression could be detected in these biopsies.

mo = months after transplantation; na = no biopsies available.

high grade rejection (CD40 P = 0.006). A considerable
increase in the mRNA expression of both costimulatory
pathways could also be observed in biopsies taken more
than 12 months after transplantation from allografts with
mild cellular rejection. In biopsies with ISHLT grade 1A
rejection for CD80 and CD40 highest median mRNA
expression levels were found in biopsies taken more than
12 months after transplantation. The latest occurring
more severe rejection (ISHLT grade 1B) was observed
305 days after transplantation and revealed a 27.7-fold
up-regulation of CD80 and a 5.3-fold up-regulation of
CD40. For CD86 grade 1A biopsies taken >12 months
after transplantation revealed 16.5-fold up-regulation
(P = 0.052) compared with the non-transplanted con-
trols. The biopsy obtained latest after transplantation
(approximately 6 years post-TX) with histological signs
of ISHLT grade 1A rejection still revealed a 14.9-fold
up-regulation for CD86.

Discussion

T-cell costimulatory blockade directed at the CD28:B7
and/or CD154:CD40 pathways appears to be a promising
new therapeutic concept after solid organ transplantation.
In animal models, inhibition of the costimulatory ‘signal
two’ during T-cell activation creates not only an immu-
nosuppressive effect, but frequently induces, at least in
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part, tolerance [1,2,7]. Furthermore, blockade of the
CD28:B7 pathway significantly attenuated chronic trans-
plant vasculopathy in a rat model for heart transplanta-
tion [25,26].

In the present study, we were able to show a significant
correlation between the costimulatory molecules CD86
and CD40 and the histological grade of acute cellular
rejection in sequential human heart allograft biopsies. As
these molecules are up-regulated (CD86 predominantly in
APCs, CD40 also in endothelial cells and fibroblasts [1])
after induction, our results indicate that morphological
signs of cellular rejection are accompanied by molecular
signs of T-cell activation within the allograft. T-cell
expressed costimulatory ligands CD28 and CDI154
revealed no significant up-regulation during acute rejec-
tion episodes. A possible explanation of this finding is
that the constitutive expression of costimulatory mole-
cules on T-cells is sufficient, and therefore constant even
in the setting of repetitive costimulatory T-cell activation
[1]. However, we were able to demonstrate a considerable
up-regulation, especially of CD86, and to a lesser extent
of CD80 and CD40 during rejection episodes in all inves-
tigated time-points after heart transplantation. Further-
more, as we calculated the relative mRNA expression
levels in comparison with explanted native hearts with
chronic failure, the expression increase might be quantita-
tively even greater, because it has recently been shown
that the CD40:CD154 pathway can already be up-regula-
ted in chronic heart failure [27]. However, from the find-
ings of the present study, one can conclude that, in
repetitive rejection episodes even with an onset beyond
the initial phase after transplantation and T-cell priming,
costimulation is required for specific T-cell activation
within the allograft. This conclusion is supported by
results from a rat model of heart transplantation demon-
strating that blocking T-cell costimulation late post-trans-
plantation, after initial allograft injury, interrupts the
development of chronic cardiac rejection [26]. In the
same model, the progression of an already established
chronic rejection could be prevented by a late CD28:B7
blockade with CTLA4Ig suppressing costimulatory signals
of both CD80 and CD86. These data, and similar findings
from animal models of chronic renal allograft rejection
[28], suggest that ongoing T-cell recognition of alloanti-
gen and activation is an important component of the
chronic rejection process [26]. Taken together, chronic
rejection might be the result of continuous immune sti-
mulation rather than an irreversible process arising from
an initial injury. Therefore, not only an induction therapy
with costimulatory blockers like CTLA4Ig suppressing the
initial T-cell priming, but also a chronic blockade of co-
stimulatory pathways in the sense of a maintenance ther-
apy seems to be a meaningful approach to prevent
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ongoing acute and finally chronic immunological allograft
damage [16,20].

Initial data from rodent models created tremendous
hope that perioperative costimulatory blockade can
induce long-term tolerance [1,5]. However, recent data
indicate that initial blockade of the CD28:B7 and/or
CD154:CD40 pathways may not reproducibly induce dur-
able tolerance in primates [1,14]. Nevertheless, a combi-
nation induction therapy with monoclonal antibodies
specific for CD80, CD86, and CD154 in nonhuman pri-
mate renal transplantation revealed a synergistic effect
between these agents and led to a significant improved
rejection-free survival and delayed alloantibody produc-
tion in these animals, but failed to induce durable toler-
ance [14]. However, our finding of an up-regulation of
molecules from both the CD28:B7 and CD40:CD154
pathways during cellular rejection further supports a
synergistic therapeutic approach, i.e. a simultaneous
blockade of more than one costimulatory pathway in
heart allografts. CD80 and CD86 expression is up-regula-
ted by cellular activation. CD86 undergoes rapid induc-
tion, while CD80 is up-regulated more slowly and
expressed at lower levels [1]. In the present study no
CD80 mRNA expression was detectable in 17 of 21 biop-
sies lacking signs of cellular rejection and in only 24 of 51
biopsies with rejection (data not shown). CD86 is regar-
ded to be more important for induction of the immune
response and blockade of CD86 prevents acute rejection,
while ongoing signaling through CD80 more likely contri-
butes to chronic rejection [26]. We found a considerable
up-regulation of CD80 in biopsies showing mild rejection
signs and taken late after transplantation. Therefore, these
observations are in accord with our findings and further
support the concept of a differential function of CD80
and CD86 in allograft rejection. In addition, CD40:CD154
interaction provides costimulatory signals primarily to
APCs, augmenting the ability of APCs to present antigen
which leads finally to enhanced T-cell activation [1]. Sim-
ultaneously, CD40 engagement up-regulates expression of
CD80 and CD86, underlining the need for blockade of
these costimulatory pathways as well. Furthermore, block-
ade of just one costimulatory pathway will be bypassed by
another, still leading to sufficient T-cell activation [29—
31].

In summary, in human heart allografts we found a sig-
nificant up-regulation of CD86 and CD40 as parts of
both the CD28:B7 and the CD154:CD40 pathways during
acute rejection episodes at various time-points after trans-
plantation. The presented data support the therapeutic
concept of a synergistic and long-term costimulatory
blockade for the prevention of ongoing T-cell activation
as a potential pathogenetic factor in chronic allograft
rejection. Further studies are required to establish effect-
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ive therapy protocols implementing costimulatory block-
ade into conventional immunosuppression.
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