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The induction of operational tolerance
is not prevented by simultaneous
administration of cyclosporin Al

Abstract In this study, the effect of
combining anti-CD4 monoclonal
antibody (mAb) and cyclosporin
(CyA) therapy at the time of trans-
plantation was examined. A mouse
cardiac allograft model was used.
Anti-CD4 mAb administered peri-
operatively induces long-term sur-
vival. The addition of a short course
of CyA given subcutaneously in a
regimen of either a high-dose treat-
ment or a standard dose treatment
to the anti-CD4 mAb treatment
protocol did not have a detrimental
cffect on graft survival. Despite
having no significant effect on graft
survival, the addition of CyA to the
treatment protocol did result in a
significant decrease in the level of
IL-2 present in the hearts 7 days af-
ter transplantation. The decrease in

IL-2 production was directly related
to the presence of CyA in vivo.
When CyA treatment was continued
throughout the period during which
unresponsiveness to the graft is in-
duced by anti-CD4 mAb therapy,
50 % of the grafted hearts were re-
jected once the CyA was discontin-
ued. In conclusion, the combined
use of anti-CD4 mAb therapy and
CyA did not have a negative effect
on graft survival in this model when
the two agents were used concur-
rently at the time of transplantation.
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Introduction

Monoclonal antibodies specific for leukocyte cell sur-
face molecules have been shown to have beneficial ef-
fects on graft survival [5, 7, 10, 13]. Anti-CD4 mono-
clonal antibodies (mAb) have been shown to be potent
immunosuppressive agents in a variety of model sys-
tems. In addition, they may have the ability to induce
specific unresponsiveness to the graft in some situations.
In the majority of experimental studies anti-CD4 mAbs
have been used as the sole immunosuppressive agent.
This is unlikely to be the case when these agents are
introduced into clinical transplantation. If anti-
CD4 mAbs are to be used widely in clinical transplanta-
tion, they will most probably be used as additional ther-
apy. Therefore they will be administered in combination

with conventional immunosuppressive agents, such as
cyclosporin (CyA). Anti-CD4 and CyA suppress the re-
jection response, but have different mechanisms of ac-
tion [8, 21]. It is therefore very important to investigate
the outcome of combining anti-CD4 mAbs with conven-
tional immunosuppressive agents to evaluate whether
there are any positive and/or negative effects on the im-
munosuppressive properties of either agent. In this
study, we have used a mouse heart transplantation mod-
el to investigate the effect of the combined concurrent
treatment with anti-CD4 mAb and CyA at the time of
transplantation.
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Materials and methods
Mice

C3H/He (H-2¥) and C57BL/10 (H-2°) were obtained from Chiyoda
Kaihatsu (Japan) and housed under clean conditions at the Insti-
tute of Laboratory Animals, Yamaguchi University, School of
Medicine. Mice between 8 and 12 weeks old were used for all ex-
periments. This experiment was reviewed by the Committee of
the Ethics on Animal Experiments of the Yamaguchi University
School of Medicine and was carried out under the control of the
Guidelines for Animal Experiments of the Yamaguchi University
School of Medicine, Law No.105 and Notification (No.6) of the
government. All animals have received humane care in compli-
ance with the Principles of laboratory animal care (NIH Publica-
tion No.86-23, revised 1985).

Heart transplantation

Heterotopic heart transplantation was performed in the abdominal
cavity [6]. C3H/He mice received C57BL/6 hearts. Graft survival
was monitored by daily palpation of the graft and electrocardio-
grams as required [24].

Anti-CD4 monoclonal antibody

YTA3.1.2 (Rat anti mouse CD4 monoclonal antibody, IgG2b) [19]
was kindly provided by Professor H. Waldmann (Oxford).
YTA3.1.2 was taken from the ascites and purified as described pre-
viously [16]. Fifty micrograms of YTA3.1.2 was administered intra-
venously (i.v.) the day before and the day of transplantation [16].

Administration of cyclosporin

To evaluate the effect of the combined treatment of anti-
CD4 mAb and CyA, CyA was administered in two treatment regi-
mens: (1) a high-dose regimen — 100 mg/kg per day of CyA was ad-
ministered subcutaneously (sc) on days 0, 4, and 6 after transplan-
tation [14] and (2) a standard dose regimen — 15 mg/kg per day of
CyA was administered sc for 7 days after transplantation.

Anti-CD4 mAb alone has been shown to induce specific unre-
sponsiveness to donor alloantigens present on the transplanted
heart by 50 days after transplantation [9]. In the third part of this
study we therefore continued to administer CyA (10 mg/kg per
day, sc) throughout this induction period.

Measurement of cytokine expression in the transplanted hearts

The grafted hearts were harvested, and homogenized with 600 ul of
phosphate-buffered saline (PBS). The samples were then centri-
fuged at 10000 g for 10 min at 4°C, and the supernatant was used
for the cytokine measurement. IL-2 levels were measured with
the Inter Test-2X™ Mouse IL-2 ELISA Kit (Code no.212201;
Genzyme, USA) [11]. The protein content of each sample was de-
termined with the Coomassie Brilliant Blue G-250 method and
the Tonein-TP assay (Otuka Pharmaceutica, Japan) [20]. IL-2 lev-
els in the grafted hearts are reported as IL-2/mg protein.

Statistical analysis

Allograft survival among groups within an experiment was com-
pared by the Kruskal-Wallis test, and two groups were compared
to each other with the Mann-Whitney U-test. The IL-2 levels pre-
sent in the grafted hearts were also compared with the Mann-Whit-
ney U-test.

Results
Graft survival (Fig. 1)

High-dose CyA treatment regimen

Untreated C3H/He mice rejected C57BL/6 hearts with-
in 8 days after transplantation (7 =5). Administration
of a depleting anti-CD4 mAb, YTA3.1.2, the day before
and the day of transplantation prolonged graft survival;
median graft survival time (MST 72 days, range 32 days
to > 100 days, n = 6; P = 0.006). Treatment with a high-
dose of CyA (100 mg/kg) on days 0, 4, 6 after transplan-
tation also prolonged graft survival, but was much less
effective than anti-CD4 mAb in this model (MST
16 days, n=5; P =0.009). The combined treatment of
YTA3.1.2 and high-dose CyA did not destroy the ability
of the anti-CD4 mAb therapy to prolong graft survival,
but interestingly, the concurrent therapy did not have
any beneficial effect either (MST 77 days, range
14 days to > 100 days, n = 6).

Standard dose CyA treatment regimen

Treatment with CyA (15 mg/kg per day sc) for 7 days af-
ter transplantation also had a small effect on graft sur-
vival compared to untreated controls (MST 15 days,
n=6; P=0.006). The combined treatment with
YTA3.1.2 and CyA at this dosage did not inhibit the
ability of anti-CD4 mAb therapy to prolong graft sur-
vival (MST 76 days, range 18 days to > 100 days, n = 6).

Cytokine levels in the transplanted hearts

IL-2 levels present in the transplanted hearts were mea-
sured for each treatment protocol 7 days after trans-
plantation (Fig.2a). In untreated mice with beating
hearts 7 days after transplantation, 9.51 +1.07 pg IL-2/
mg protein was detected within the transplanted heart
(n = 5). Interestingly, the amount of IL-2 present in the
transplanted hearts of mice receiving anti-CD4 mAb
therapy was not significantly different from that found
in hearts being rejected at this point in time: 9.42
2.63 pg IL-2/mg protein (n =5). CyA therapy alone re-
duced the amount of IL-2 detectable within the hearts
to 7.29 £ 0.83 pg IL-2/mg protein (n=35) even though
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Fig.1 Graft survival of the combined treatment of anti-CD4 mAb
and a short course of CyA. CS7BL/6 hearts were transplanted
into the abdominal cavity of the C3H/He mice. All C57BL/6 hearts
were rejected within 8 days after transplantation without treat-
ment (--7--, MST =7 days, n =35). Anti-CD4 mAb (YTA3.1.2)
treatment prolonged the graft survival (—&—, MST =72 days,
n = 6). Standard dose CyA treatment (15 mg/kg per day for 7 days
after transplantation; ---[J---, MST =15 days, n=6) or high-
dose CyA treatment (100 mg/kg per day, days 0, 4 and 6; ---O---,
MST =16 days, n=35) prolonged the graft survival slightly.
The combined treatment of anti-CD4 mAb and either high-dose
(---@---, MST =77 days, n = 6) or standard dose CyA(---H---,
MST = 76 days, n = 6) did not significantly prolong the graft sur-
vival compared with anti-CD4 mAb treatment alone

median graft survival in this group was only 16 days.
Combined treatment with both YTA3.1.2 and high-
dose CyA reduced the amount of IL-2 detectable within
the heart significantly compared to either treatment
alone: 5.09 + 0.48 pg IL-2/mg protein (n = 5).

To determine if the reduction in IL-2 levels in the
presence of CyA was maintained after therapy was dis-
continued, IL-2 levels were examined 21 days after
transplantation in the mice treated with YTA3.1.2 alone
or combined YTA3.1.2 and high-dose CyA (Fig.2b).
The IL-2 levels present in the group receiving anti-
CD4 mAb therapy alone or the combined treatment
were not significantly different: 4.28+1.36 and
4.59 + 2.61 pg IL-2/mg protein, respectively.

Continuous administration of CyA during the induction
of unresponsiveness

Previously, we reported that perioperative treatment
with YTA3.1.2 can induce specific unresponsiveness to
the donor alloantigens by 50 days after transplantation
[9]. We therefore examined whether continuous admin-
istration of CyA (10 mg/kg per day, sc) during this in-

duction period would adversely affect the development
of unresponsiveness when treatment was combined
with anti-CD4 mAb. During CyA treatment, all grafted
hearts continued to function in both groups. In recipi-
ents receiving CyA therapy alone, the transplanted
hearts ceased to be rejected within 12 days after CyA
treatment (MST = 60 days, n = 5). When YTA3.1.2 and
long-term CyA therapy were combined, graft survival
was unexpectedly not prolonged in all recipients; three
out of six grafts were rejected when CyA therapy was
stopped (MST = 90 days, n = 6; Fig. 3).

Discussion

Anti-CD4 mAbs are currently being clinically evaluated
to determine their efficacy in the prevention of allograft
rejection. In experimental studies, anti-CD4 mAbs have
been shown to be potent immunosuppressive agents in a
number of models [5, 7, 8, 13]. They have been shown to
possess the ability to induce antigen-specific unrespon-
siveness to alloantigens in vivo when used as the sole im-
munosuppressive agent [9, 16, 19]. This latter property
would offer many advantages if it could be reproduced
in the clinical environment. However, at present it is
not clear whether the immunosuppressive properties of
anti-CD4 mAbs are affected by the presence of the im-
munosuppressive drugs currently used in clinical trans-
plantation. As it is unlikely that anti-CDD4 mAbs will be
used as the only form of immunosuppressive therapy in
the clinical situation, we investigated whether the addi-
tion of CyA, either as a short course or long-term ther-
apy, would affect the immunosuppressive properties of
anti-CD4 used at the time of transplantation.

The mechanisms responsible for suppression of im-
mune responses by either anti-CD4 mAb therapy or
CyA are likely to be distinct. Anti-CD4 mAbs are
thought to act by blocking the effective delivery of sig-
nals to the T cell at the time of antigen recognition by
preventing the interaction between the CD4 molecule
and major histocompatibility complex (MHC) class II-
peptide complex on the antigen-presenting cell [8]. In
contrast, CyA interferes with induction of cytokine genes
[22]. CyA binds to its cytoplasmic receptor, cyclophi-
lin, and this CyA-cyclophilin complex leads to binding
and inactivation of calcineurin B, a major cellular phos-
phatase [2], resulting in a reduction in the availability of
the transcription factor NF [22]. CyA inhibition of T-
cell signal transduction renders the helper T cell unable
to initiate an immune response by either the production
of lymphokines or by proliferation [2]. In contrast, the in-
duction of specific unresponsiveness by anti-CD4 mAbs
is thought to be due to their ability to activate Th2 cells
[1,23]. Taken together, these findings suggest that the ad-
dition of CyA to protocols using anti-CD4 mAbs may
prevent their ability to induce tolerance.
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Fig.2a IL-2 levels present in the transplanted hearts 7 days after
transplantation. IL-2 levels in the hearts of untreated (r =5) and
anti-CD4 mAb-treated recipients (YTA; n=35) were 9.51£1.07
and 9.42 + 2.63 pg/mg protein, respectively. There was no signifi-
cant difference between the two groups. IL-2 levels in the high-
dose CyA group (CyA; n=5;7.29 £ 0.83 pg/mg protein) were re-
duced significantly compared with the untreated control. The com-
bined treatment of anti-CD4 mAb and high-dose CyA (YTA +
CyA; n =5;5.09 + 0.48) reduced IL-2 levels significantly compared
with either treatment alone. b IL-2 levels present in the trans-
planted hearts in anti-CD4 mAb treatment (YTA) and the com-
bined treatment of anti-CD4 mAb and high-dose CyA (YTA +
CyA) 7 and 21 days after transplantation. IL-2 levels in the heart
grafts of mice treated with anti-CD4 mAb and high-dose CyA was
significantly suppressed compared with that in the hearts of mice
receiving anti-CD4 mAb treatment alone 7 days after transplanta-
tion (£ = (0.0068). However, by 21 days after transplantation, there
was no significant difference in IL-2 levels between the YTA group
and the YTA + CyA group
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Fig.3 Graft survival after combined treatment with "lanti—
CD4 mAb and a prolonged course of CyA. Anti-CD4 mAb
(YTA3.1.2) was given i.v. on the day before and the day of trans-
plantation. A total of 10 mg/kg per day of CyA was given, subcuta-
neously, daily for 50 days after transplantation. In the CyA treat-
ment group (—O—), all hearts were rejected 12 days after CyA ad-
ministration ended (MST = 60 days, n = 5). In the combined treat-
ment group, YTA3.1.2 and CyA (10 mg/kg per day for 50 days af-
ter transplantation) (—@—), three out of six grafts were rejected
during the first 100 days after transplantation (MST = 90 days,
n="06)

The findings from our study show that CyA did not
inhibit the immunosuppressive effects of anti-
CD4 mAbD therapy when given as a short course at the
time of transplantation. As expected, the addition of
CyA to the protocol inhibited the production of IL-2
by graft infiltrating cells within the transplanted
hearts. However, the levels of IL-2 in the grafted hearts
were similar in both groups after CyA had been cleared
from the systemic circulation. CyA levels in the blood
were measured 7 days after the final administration in
both the high-dose and the standard dose treatments.
CyA was at background level in both treatment groups
(data not shown). The effect of the addition of CyA on
the production of other cytokines by graft infiltrating
cells is currently under investigation.

Previous results obtained in this mouse model have
indicated that, following the perioperative administra-
tion of YTA 3.1.2 operational tolerance does not de-
velop until about 30 days post-transplant [17]. There-
fore, we investigated the long-term interaction between
CyA and anti-CD4 mAb. When CyA was administered
continuously for 50 days after transplantation, to cover
the time needed for the induction of the unresponsive
state, there was an adverse effect on long-term graft sur-
vival with 50 % of the three out of six mice rejecting their
grafts once CyA was discontinued. Since graft survival in
this combined protocol at 100 days was almost identical
to that obtained with anti-CD4 mAb only (Fig.1), we
conclude that anti-CD4 mAb and CyA, in this model at
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least, have no additive effect. The reasons for this lack of
effect are not known at present. However, one possibil-
ity is that, although they have different modes of action,
CyA and anti-CD4 mAb probably have overlapping ef-
fects on the T cells most closely involved in allorecogni-
tion and graft rejection. Anti-CD4 mAb alone clearly
leads to tolerance in at least 50 % of the recipients
(Fig.1). Although CyA would target most if not all, of
the alloreactive T cells in the recipients, if these are al-
ready tolerant as a result of the antibody treatment,
then CyA might not be able to exert any additional ef-
fect. Since tolerance induced by anti-CD4 mAbD therapy
appears to be an active process involving CD4 T-cell reg-
-ulation [3, 4, 18], it is possible that CyA could have a neg-
ative effect on the action of anti-CD4 mAb. Our data,
however, indicate that this is not the case.

There are conflicting results from other studies
where biological agents that target T-cell and antigen-
presenting cell function have been used together with
CyA. For example, several studies have examined the
effect of combining CyA with other agents such as
mabs, e. g. anti-IL2R [25-27], or soluble recombinant li-
gands, e.g., CTLA4-Ig [2]. However, other experimen-
tal studies have shown that CyA can inhibit the benefi-
cial effects of biological agents such as CTLA4-Ig and
anti-CD40 ligand when the three agents are used simul-
taneously [12]. Indeed, cessation of CyA therapy result-
ed in skin graft rejection in this model; a phenomenon in

keeping with the data obtained in this study (Fig.3).
Data from clinical renal transplantation where CyA
has been used in combination with the monoclonal anti-
body OKT3 adicates a sequential, rather than simulta-
neous, administration of the biological agent and CyA
may be advantageous [15]. Much more information is
required before a clear understanding of how biological
immunosuppressive agents and CyA can or should be
combined. At the time of the present study, we note
that the effects of prolonged CyA therapy combined
with anti-CD4 mAb treatment have not been examined
previously. Combined treatment with anti-CD4 mAb
and a short course of CyA at the time of transplantation
did not result in an additive immunosuppressive effect.
More importantly, however, CyA did not prevent toler-
ance induction by anti-CD4 mAb when used either at
the time of transplant or continuously for 50 days post-
transplant. Our data indicate that the effects of anti-
CD4 mADb and CyA are independent of each other.
They also suggest that the potential benefit of anti-
CD4 mAbD therapy will not be lost if these reagents are
incorporated into conventional clinical immunosup-
pressive protocol.
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