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Abstract. Prolonged survival of concordant organ xeno
grafts as typified by hamster-to-rat heart transplants is dif
ficult to produce. Studies have revealed that T cells are not 
primarily involved in rejecting such xenografts and that 
the rat recipients produce high titres of lytic anti-hamster 
antibodies. In this study, 200 hamster-to-rat cardiac xeno
grafts performed in 30 different experiments revealed 
that cyclophosphamide (CyP) and cyclosporin A (CyA) 
could inhibit this antibody production. CyP alone was 
relatively ineffective in prolonging graft survival (the me
dian survival time was 14 days versus 3 days in untreated 
controls). Combining CyP and CyA virtually abolished 
rejection in this model. Four critically timed doses of CyP 
combined with continuous CyA resulted in recipients not 
producing anti-hamster antibodies, despite cessation of 
CyP therapy, and prolonged graft survival time (median 
survival time was more than 100 days). Cessation of Cy A 
at 60 and 100 days resulted in the rejection of the xeno
grafts and the appearance of the rat anti-hamster anti
bodies. Xenografts in recipients given only one or two 
doses of Cy P (and continuous Cy A) had a median survival 
time of7 and 12 days respectively. However xenograft re
jection in rats given only 1 or 2 doses of CyP could be 
averted by complement depletion using a 3-week course 
of cobra venom factor (CoF) starting on day 4 or day 7 
post-transplantation respectively. Discontinuation of CoF 
after 3 weeks did not result in graft rejection. These results 
showed that immunosuppressive therapies directed at in
hibiting antibody production may be of value in prevent
ing rejection of concordant xenografts. Short-term com
plement depletion could rescue xenografts from rejection 
such that rescued grafts appear to be accommodated. 
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Xenografts have been categorized as discordant or con
cordant [5]. The discordant category is that species combi
nation in which rejection of organ xenografts is hyper
acute, with vascular lesions similar to those seen in 
second-set allografts. In the concordant category, rejec
tion occurs at a tempo and with morphological charac
teristics similar to first-set allografts. In this study the 
immunologic processes involved in the rejection of con
cordant hamster-to-rat xenografts were investigated. 

Current immunosuppressive regimes used in transplan
tation are designed to inhibit the predominantly cellular 
processes which are responsible for first-set rejeCtion of al
lografts. The application of these protocols in both ex
perimental and clinical xenografting has been disappoint
ing [24, 30]. While graft prolongation has been achieved in 
combinations where donor and recipient were phylogene
tically very closely related such as wolf to dog [9, 12], goat to 
sheep [25}, hare to rabbit [8] and chimpanzee to man [29], 
results in more distantly related species though still con
cordant such as hamster to rat [33], monkey to baboon [6] 
or baboon to man [32] have been disappointing. Those 
regimes which do produce prolongation of suchxenografts 
rely on immune ablative procedures, the mechanisms of 
which cannot be fully analyzed because of their multifunc
tional nature [15, 16]. The transplantation of organs from 
hamster to rat has been extensively studied as a model of 
concordant xenograft rejection [7, 14, 16, 21, 37]. Previous 
workers have not been able to achieve long term xenograft 
survival consistently in this species combination, in spite of 
the ablation ofT cell mediated immune responses [11, 36]. 
However, the depletion of complement in rat recipients of 
hamster heart in combination with continuous cyclosporin. 
A (CyA) therapy has resulted in some long term survival 
[37]. Additionally, the kinetics of the anti-hamster anti
body response in untreated or T cell deficient recipients 
[17) in conjunction with the demonstration of binding of 
these antibodies to the rejected grafts, has suggested an im
portant role for antibody as well as complement in the re
jection of these concordant xenografts. These data indicate 
that inhibition of anti-graft antibody production might ex-
tend xenograft survival in this model. · 
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Fig.l. Lytic anti-hamster antibody in cyclophosphamide and cyclo
sporin A treated rat recipients of a hamster heart xenograft on days 5 
and 40 compared with antibody levels on day 5 in an untreated reci
pient 

This study was designed to investigate the possibility of 
suppressing pharmacologically anti-hamster antibody 
production in rat recipients of hamster heart xenografts 
using cyclophosphamide (CyP) because of its known 
ability to inhibit antibody production via selective action 
on rapidly proliferating B cell blasts [34]. We also ex
plored the feasibility of rescuing concordant xenografts 
from rejection. 

Materials and methods 

Animals. Syrian hamsters (80-110 g) were used as heart donors 
(Wright Brothers, Essex, UK) and PVG rats (220-250 g) as reci
pients (Santin and Kingman, Hull, UK). 

Cardiac transplants. Heterotopic cardiac transplants were placed 
into the neck of recipients vascularizing the xenograft on a pedicle of 
the external jugular and carotid vessels using the cuff technique as 
previously described [ 13]. 

Immunosuppressive agents. Cyclophosphamide (CyP) was freshly 
prepared in distilled water at lO mglml from 100 mg vials (Degussa 
Pharmaceuticals, Cambridge}, injected intraperitonealy and the ex
cess discarded. CyA (a gift from Dr. J.F.Borel, Sandoz Ltd, Basel, 
Switzerland) was dissolved in olive oil and administered intramuscu
larly at 20 mglkg on alternate days (i.e. 10 mglkg daily). Cobra 
venom factor (CoP) was prepared as previously described in aliquots 
of0.5 mg/ml and administered intramuscularly at a dose of0.5 mglkg 
on alternate days (i.e. 0.25 mglkg daily}. Cobra venom was prepared 
as previously described in 0.5 mg/ml aliquots and injected intramus
cularly at 0.5 mglkg on alternate days (i.e. 0.25 mglkg daily) [37]. 

Antibody titres. Lytic antibody titers were measured in the serum of 
recipient rats, using hamster red blood cells as targets and baby rab
bit serum as a source of complement. Cell lysis was assayed by 
haemoglobin release into complement fixation diluent as measured 
on a spectrophotometer [37]. 

Statistical analysis. Groups of survivors were compared using the 
Mann Whitney test [18], with significance achieved with Pvalue less 
than O.Dl. 

Results 

Untreated rats rejected hamster hearts in a median of 
3 days (group 1, Table 1). Very high titres of anti-hamster 
antibodies in excess of 112048 were detected in these ani
mals (Fig.1). Animals receiving CyP only at a dose of 
40 mg/kg on day 1 followed by 20 mg/kg twice weekly for 
4 weeks (n = 10), (group 2, Table 1) survived significantly 
longer (median survival time of 14 days) than the un
treated group (P < 0.01). In this group, five animals re
jected their xenografts while three died with beating 
hearts during therapy. The remaining two recipients com
pleted the course of treatment (28 days), but died 1 week 
later with beating xenografts. 

A series of experiments were performed to verify the 
optimum dosage of CyP (Hasan et al., manuscript sub
mitted) necessary to suppress antibody production. It 
was found that four critically timed doses of CyP (days 1, 
2, 5 and 8) was sufficient to prevent rejection by the effect 
of suppressing anti-hamster antibodies; 60% of reci
pients survived long term ( > 100 days) while the remain
ing 40% of recipients died of infection with beating 
xenografts (group 3, Table 1 ). There were no detectable 
anti-hamster antibodies in any rat recipient receiving 
CyP and CyA therapy up to 30 days after the last dose of 
CyP (Fig.1). 

Table 1. Survival of hamster heart xenografts in rats treated with cy
clophosphamide (CyP) and cyclosporin A (CyA) 

Group Therapy Survival in days N MST 

1 Untreated 3,3,3,3,3,3,3,3,4,4 10 3 

2 CyP(4wks) 3•, 4•, u·. 12. 14, 14, 18, 20, 10 14 
35•, 35• 

3 CyP(one 
dose}+CyA 7,7,7,7,7,7,8,8,9,9 10 7 

4 CyP(two 11,11,11,12,12,12,12,12, 10 12 
doses)+CyA 13,13 

5 CyP (four 
doses) +CyA 10•, 18•, 27", 61 •, c > 100 x 6) 10 > 100 

• Recipient died with beating xenograft 
MST, Median survival time 

Table 2. Survival of hamster hearts in rat recipients treated with one 
and two doses of cyclophosphamide (CyP) and continuous cyclo
sporin A (CyA) when they are rescued by a 3-week course of cobra 
venom factor (Co F) starting on day 4 and day 7 respectively 

Group Therapy Survival in days N MST 

6 CyP(onedose)+CyA+ 4•,17,18,21,38, 10 49 
CoF (on day4 for 3 weeks} (60x 5) 

7 CyP (two doses)+ CyA + 
CoF (on day 7 for 3 weeks) 38, 40, ( 60 x 8) 

• Recipient died with beating xenograft 
MST, Median survival time 

10 60 



1500 

E c 

~ 1000 
0 
"' "' ~ 
~ 
.a 
:r: 500 

0 
~ ~ \!2 

;::: 

One and two doses of CyP ( CyA ) 

/ 

"' Four doses of CyP ( CyA) 

§ ~ co :R N ~ 
<0 ~ N Li'i N ;::: ;::: ;::: .... 52 

;::: 
Serum dilution 

co 
C3 
~ 

1000 

800 
E 
c: 

Lll 
~ 

0 
"' ~ 600 
"' ~ 
.a 
:r: 

400 

200 

Fig.2. Lytic anti-hamster antibody in cyclophosphamide (one and 
two doses) and cyclosporin A treated rat recipients of a hamster 
heart xenograft at the time of rejection compared with antibody le
vels on day 12 in recipients who had four doses of cyclophosphamide 
and continuous cyclosporin A. Peak lytic anti-hamster antibody in 
untreated rat recipients on day 5 is shown for comparison 

In an attempt to eliminate the infective complications, 
the CyP dosage was reduced to one (the day before trans
plantation) or two (the day before the operation and on 
the second post-operative day) doses only, but this was not 
sufficient to suppress antibody production and the xeno
grafts survived for a median of 7 or 12 days respectively 
(groups 4 and 5, Table 1). Antibody in these animals was 
detectable at a titre of 1116 compared to a total absence in 
recipients who had four doses (Fig.2). A rescue therapy 
was attempted in which recipients given 1 or 2 doses of 
CyP as described above were treated with CoF either on 
day 4 (1 dose group) or day 7 (2 doses group) post-trans
plantation. This therapy was successful in averting the re
jection. Furthermore, when CoF was discontinued after 
3 weeks the grafts continued to survive (Table 2). 

The role of continued CyA therapy was examined in 
two experiments. A group of 10 recipients (out of 13) 
treated with four doses of CyP, and CyA at 10 mg/kg daily 
survived for 60 days. These recipients then had the CyA 
therapy discontinued. All the transplanted hearts were 
rejected with a median survival time of 11 days following 

Table 3. Survival of hamster heart xenografts in rats after discon
tinuation of cyclosporin A ( Cy A) 

Group Therapy Survival in days N MST 

1 CyP (4 doses)+ CyA 
10mg/kg 8, 9, 9, 10, 11, 11, 15, 
CyA stopped at day 60 18,20,20 10 11 

2 CyA stopped at day 100 17, 17, 17, 18, 18,21, 
21,23,23,23 10 19.5 

CyP, Cyclophosphamide; MST, median survival time 
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Fig.3. Lytic antibody in rat recipients of hamster heart xenograft 
who had cyclosporin therapy discontinued on day 60 and day 100 
post-transplantation. Antibodies were measured at the time of re
jection. As a control, antibody levels were measured in a recipient 
rat on day 40 while it was still receiving cyclosporin 

the discontinu!ltion of CyA (group 1, Table 3). A second 
group of 10 recipients, who received the same CyP and 
CyA therapy, with xenografts surviving more than 
100 days had the CyA therapy discontinued at day 100. 
All the recipients rejected the transplanted hearts with a 
median survival time of 19.5 days following the with
drawal of CyA therapy (group 2, Table 3). In these two 
groups anti-hamster antibodies could be demonstrated in 
the recipi~nts at the time of rejection (Fig. 3). 

Discussion 

The data described here demonstrated that judicious 
treatment of rat recipients of hamster heart xenografts 
with a combination ofCyP and CyA inhibited the produc
tion of anti-species antibodies and produced long-term 
xenograft survival. Furthermore it seems likely that these 
two events were causally linked. Insufficient doses of cy
clophosphamide produced some prolongation of graft · 
survival but all the grafts were rejected due probably to 
the development of antibodies although the titres were 
less than those in untreated recipients. Prevention of graft 
rejection in the face of the imminent appearance of anti
species antibodies was achieved by a short-term depletion 
of complement with CoF (3-week course). 

Others have demonstrated the importance of anti
bodies in the rejection of concordant xenografts [3, 4, 10, 
19, 23]. In addition, measures designed to decrease anti
body production in rats are able to produce an increase in 
the survival of hamster heart xenografts. These measures 
involve the use of splenectomy with or without cyclo-
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sporin A [22] or 15-deoxyspergualin alone or combined 
with splenectomy or total lymphoid irradiation [19, 28, 35) 
but they were unsuccessful in producing long-term survi
val in this concordant combination (survival ranged from 
7-40 days). The demonstration of some long-term survi
val of hamster xenografts in CyA-treated complement
depleted recipients, implicates complement in the rejec
tion of concordant xenografts [37). In addition, very high 
anti-graft antibody titers and antibody binding to trans
planted hamster hearts were shown in these animals. The 
use of one or two doses of CyP depressed this antibody 
production but was not sufficient to prevent it and rejec
tion occured. Complement depletion with CoF in such 
animals prevented this rejection. 

This offers an exciting possibility for the future, since 
concordant xenograft recipients could be monitored by 
measuring anti-species antibodies and if they appear, then 
complement depletion for a short period should prevent 
rejection. The depletion of C3 disarms both the alterna
tive and classical complement pathway. Both pathways 
have been shown to be involved in the rejection of dis
cordant xenografts [20, 27, 31]. One question addressed by 
this study was whether alternative complement activation 
was able to cause destruction of these concordant xeno
grafts. The data reported here showed that combination 
therapy with CyP and CyA completely inhibited anti
hamster antibody production, did not affect complement 
activity and yet produced significant prolongation of ham
ster heart xenograft survival. This confirmed that unlike 
the discordant models previouslystudied, [31, 20) destruc
tion in this concordant model was not caused by the alter
native pathway of complement. 

These· data also showed that the anti-xenograft anti
bodyresponse could be inhibited by a short pulse of CyP 
and continuous CyA therapy. Monotherapy with CyP re
sulted in significant prolongation of the xenografts but 
was insufficient to produce long-term survival. Combined 
CyPand CyA was capable of producing long-term survi
val in this model with total absence of rat anti-hamster 
antibodies for the duration of Cy A therapy. However, dis
continuation of CyA at 60 or 100 days post-transplanta
tion resulted in rejection of the xenografts and the emer
gence of anti-hamster antibodies. These results strongly 
suggested a major role for anti-species antibodies in the 
rejection of concordant xenografts and that the combined 
therapy of CyP and Cy A produced long-term survival by 
suppressing this antibody production. 

Data from this and other publications showing the im
portance of antibody-mediated rejection in "concordant" 
xenografts, has clouded the original distinction between 
concordant and discordant xenografts [5]. Although 
hyperacute, "antibody-driven" complement-mediated 
xenograft rejection is apparently unique to "discordant" 
combinations [26), similarities in the histological appear
ance and rejection mechanisms between discordant and 
certain concordant. xenograft combinations places the 
value of the original "first-set allograft" (concordant) and 
>~second-set allograft" (discordant) definition in some 
doubt [1]. To resolve this difficulty we would propose a 
subdivision of concordant xenografts into "difficult" and 
"easy" depending on whether antibody-mediated rejec-

tion ("difficult concordant"), or T cell mediated rejection 
("easy concordant") is of primary importance. This is of 
practical significance, since baboon to human transplants, 
which represent the most likely combination for clinical 
xenografting in the immediate future, would appear to be 
"difficult concordant" xenografts according to histologi
cal and immunological data currently available [2]. By the 
same criteria, chimpanzee to man [29] would fall in the 
"easy concordant" category. The extrapolation of results 
obtained from rodents to clinical practice is ill advised, yet 
the data reported here suggest that similar studies in pri
mates need to be undertaken to establish the possibility of 
using this clinically applicable therapy to prevent xeno
graft rejection in man and the preliminary results using the 
above therapeutic regimens are encourging. 
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