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ABSTRACT
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Xenotransplantation, i.e. transplantation between different species, could be a
possible solution to the present shortage of organ donors. The immunological
response to a xenograft is strong and difficult to suppress. It is driven both by the
humoral and cellular part of the immune system. The aim of this thesis was to
characterise and modulate this response in a concordant mouse-to-rat model, using
both vascularised and non-vascularised grafts.

Exposure of mouse cells or tissue to the circulation of a rat, either through
transplantation or transfusions, easily evoked an immune response, consisting of
IgM antibodies. A response that was aimed both at antigens present on mouse
mononuclear cells and on erythrocytes. A non-immunosuppressed rat rejected a
mouse heart graft within three days. The combined use of cyclosporine A (CyA) and
deoxyspergualin (DSG) as immunosuppression prevented the rejection of
vascularised heart transplants as well as of non-vascularised pancreatic islet grafts.
This acceptance was sustained for the heart transplant also after the termination of
DSG treatment, but not for the pancreatic islet graft. Furthermore, a second heart
graft was accepted when transplanted under monotherapy with CyA 56-154 days
after the first transplantation. This finding was interpreted as a humoral
unresponsiveness, which could not be reproduced when the primary heart was
substituted with a cellular graft, consisting of pancreatic islets or heart cells, or by
blood transfusions. However, the rejection of a mouse heart after blood transfusions
occurred in the absence of antibodies directed against mouse erythrocytes, in
contrast to the observations in non-transfused animals. This indicates that a partial
humoral tolerance restricted to the response against erythrocytes can be induced.
This mechanism may offer a possibility to induce total humoral tolerance against a
xenograft if the appropriate antigens are administered in conjunction with CyA and
DSG.
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If A equals success, then the
formula is A = X + Y + Z,
X is work, Y is play and Z is
keep your mouth shut

Albert Einstein
(1879-1955)
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This thesis is based on the following papers, which will be referred to in
the text by their Roman numerals:

I Successful retransplantation of mouse-to-rat cardiac xenografts under
immunosuppressive monotherapy with cyclosporine.
Johnsson C, Andersson A, Bersztel A, Karlsson-Parra A,
Gannedahl G, Tufveson G.
Transplantation 1997;5:652-656

II A morphological sequential study of mouse-to-rat cardiac xenografts.
Bersztel A, Tufveson G, Gannedahl G, Johnsson C.
Scand J Immunol 1998;5:485-490

III Concordant xenotransplantation--non-vascularized pancreatic islets
are more difficult to regraft than the vascularized heart.
Bersztel A, Andersson A, Björkland A, Tufveson G, Johnsson C.
Xenotransplantation 2000;2:118-128

IV Pretransplant xenogeneic blood transfusions reduce the humoral
response in a mouse-to-rat heart transplantation model.
Bersztel A, Andersson A, Björkland A, Johnsson C, Tufveson G.
Scand J Immunol 2003;57;246-253

V Antibody response to xenogeneic transfusions – a study in the mouse-
to-rat system.
Bersztel A, Lorant T, Björkland A, Tufveson G.
Manuscript

Reprints were made with the permission of Lippincott Williams & Wilkins and
Blackwell Publishing.
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ABBREVIATIONS
AEC 3-Amino-9-ethyl-carbazole

ACR Acute cellular rejection

ALS Anti-rat lymphocyte serum

APC Antigen-presenting cells

AVC Acute vascular rejection

b.w. Body weight

CVF Cobra venom factor

CyA Cyclosporine A

DSG 15-Deoxyspergualin

DTT Dithiotreitol

h Hours

HAR Hyperacute rejection

Ig Immunoglobulin
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MNC Mononuclear cells

NK Natural killer

NMRI Naval Medical Research Institute

PAP Peroxidase-antiperoxidase
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INTRODUCTION

HISTORY

In 1912, Alexis Carrel was awarded the Nobel Prize for the
development of vascular anastomosis, an invention that allowed him
and scientists who followed to develop the techniques of organ
transplantation. In those early years of organ transplantation, there was
no public or legal acceptance for the usage of human organs.
Consequently, only organs from animals were available for possible use
in treating humans. Transplantation between different species is termed
xenotransplantation, compared with allotransplantation which means
transplantation within a species. Carrel and several other surgeons
conducted different xenotransplant experiments. As their knowledge of
the immune system was limited and no immunosuppressive agents were
available, the results of these early attempts were poor.

In 1954, the first successful kidney transplantation was performed
with an organ from a live HLA-identical twin (Murray et al. 1955). The
use of immunosuppressive regimes including azathioprine (Schwartz
and Dameshek 1960), methotrexate (Friedman et al. 1961),
cyclophosphamide (Stender et al. 1959) and total body irradiation, in
conjunction with increased knowledge of major histocompatibility
antigens in man, enabled the usage of organs from deceased donors. This
led to organ transplantation, particularly kidney transplantation, being
performed increasingly in the 1960s. However, because chronic dialysis
was still in its infancy, the number of terminally ill patients
outnumbered the number of available kidneys. Once again, scientists
looked to xenotransplantation as a potential solution to the problem of
organ shortage.

Several experimental trials were performed using primates as
donors. Some of the results were promising, and the most successful
kidney transplant (chimpanzee-to-man) functioned for 9 months
(Reemtsma et al. 1964). However, interest began to dwindle as human-
to-human organ transplantation results improved and chronic dialysis
was established.

Since the introduction of cyclosporine A (CyA) (Borel et al. 1976), the
results of organ transplantation have been reasonably good. The
improvements in monitoring graft function and rejection, in conjunction
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with the possibility of treating the complications of immunosuppressive
therapy, have allowed an increasing number of patients the benefit of
treatment through transplantation of organs such as kidney, heart, lung,
liver, bone marrow and pancreas.

Nevertheless, the advances in organ transplantation have widened
the indications for organ replacement therapy, and with a decreasing
number of organ donors, the number of individuals who need an organ
transplant again exceeds that of organs available for transplantation.
Consequently, as earlier, interest has once again turned to the possibility
of transplanting organs from the animal kingdom, i.e. xeno-
transplantation.

NON-IMMUNOLOGICAL INCOMPATIBILITIES

Xenotransplantation is a multi-dimensional task, compared with
allotransplantation. Independent of the immunological barriers in
xenotransplantation, anatomical, physiological and biochemical
characteristics are different between species. Many of these topics have
not been addressed and need to be studied further.

The upright position of man is rather unique and only paralleled by
other primates. Hence, a non-primate donor organ can, despite a weight
match, still differ in function due to gravity, particularly for organs such
as lungs and heart.

More explicit are the differences in physiology and biochemistry
(Hammer 1998). The control of up- and down-regulation of hormones
and growth factors is often species-specific, and a xenograft may only
respond to either the releasing factor, or the inhibitor, or neither. For
example, incompatibilities in growth factor systems could result in either
unrestricted growth of an organ or no growth, a liability in paediatric
transplantation. Moreover, a transplanted organ may produce hormones
or enzymes that are either of no use or directly harmful to the recipient.

Differences in liver or kidney function may result in impaired
elimination of toxic products. In addition, impaired function of
pharmacological agents may be a potential problem after liver or kidney
xenotransplantation as a result of reduced or enhanced drug metabolism.

Much interest has been expressed in recent years in examining
whether xenogeneic endogenous retroviruses can be transferred to a
recipient after a xenotransplantation. The basis for this interest was a
report showing that viral particles released from a porcine cell line could
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infect cells from a range of species in vitro, including a human cell line
(Patience et al. 1997). The fear that xenotransplantation would cause viral
transmission has so far not been realised. Thus, no pig retrovirus has
been detected so far in any individual who has been exposed to a pig
xenograft, independently of whether this exposure was by an actual
transplantation or by extracorporeal circulation, e.g. circulation of the
recipient´s blood through a pig organ outside the recipient (Heneine et
al. 1998, Paradis et al. 1999). However, the recipients studied had their
xenografts rejected shortly after transplantation, or were not exposed to
pig tissue for a longer period. Thus, the risk of endogenous retrovirus
transmission in xenografts surviving long term cannot be excluded.
Furthermore, at least one in vitro experiment shows the presence of
porcine retrovirus in mouse cells after pig pancreatic islet transplantation
to diabetic immunodeficient mice (van der Laan et al. 2000).

IMMUNOLOGICAL INCOMPATIBILITIES

The immunological defence against foreign organisms and tumour
cells consists of innate and adaptive immunity (Table 1). Innate
immunity is a first line of defence, whereas adaptive immunity is a
second line defence with amplification mechanisms and memory
function. In xenotransplantation, these defences will pose several unique
problems.

A part of the innate immunity is the complement cascade. Species-
restricted proteins expressed by the endothelium control this cascade.
Hence, a wide phylogenetic disparity between the donor and the
recipient can result in uncontrolled complement activation (Cooper et al.
1988).

Preformed antibodies may be considered as a part of the innate
immunity, as they are not a specific defence. Species with a wide
phylogeneic disparity have preformed antibodies against each other's
antigens, whereof some are carbohydrates (Hammer et al. 1973). A
carbohydrate structure of specific interest in xenotransplantation is
Gal 1-3Gal 1-4GlcNAc-R (gal 1-3gal) (Galili et al. 1984).  Humans and
other primates, such as apes and old world monkeys, do not express
gal 1-3gal epitopes on the cell surfaces and have naturally occurring
anti-gal 1-3gal antibodies (Galili et al. 1987, Galili et al. 1988). Primates
lack galactosyltransferase, an enzyme necessary for the synthesis of
gal 1-3gal. Most preformed xenoantibodies in humans are directed



- 12 -

against gal 1-3gal and are considered to be a major obstacle in
vascularised pig-to-human transplantation.

Another obstacle in xenotransplantation involving innate immunity
is that the recipient’s natural killer cells (NK cells) and macrophages may
be directed against a xenograft. Activation of these cells may be
mediated through toll-like receptors - an innate mechanism that is set to
recognise microbial agents (Underhill et al. 1999).

The adaptive immunity consists of cellular and humoral
mechanisms. An essential part of cellular immunity is the presentation of
an antigen. This is either done directly, via antigen-presenting cells
(APC) from the donor, or indirectly, via APC from the recipient. In
xenotransplantation, the donor APC are presumably not fully recognised
by the recipient. Hence, direct antigen presentation is less likely than in
the allogeneic reaction, but it may still function in vivo (Brouard et al.
1999). In vitro, the presentation of a xenogenic MHC is mainly
performed via the recipient’s APC, i.e. through indirect antigen
presentation (Murphy et al. 1996).

Table 1. Cells and molecules of the innate and adaptive immune systems.

Immunity Innate Adaptive

Cells Natural killer (NK) cells

Mast cells

Dendritic cells

Granulocytes

Phagocytes (macrophages)

T and B cells

Molecules Preformed antibodies

Cytokines

Complement

Acute phase proteins

Antibodies

Cytokines
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CLASSIFICATION OF XENOGRAFTS

There are different kinds of xenotransplants, varying in the type of
graft and the speed of rejection. A xenograft is transplanted either as a
vascularised graft with a surgical anastomosis between the donor and
recipient blood vessels (i.e. heart, kidney and liver), or as a free tissue
graft (i.e. pancreatic islets, skin, bone marrow, neuronal cells and
hepatocytes). Immediate contact between the donor vascular lining and
the recipient’s blood is a determining factor for the speed of rejection.
The main difference between a free tissue graft and a vascularised graft
is the time before the xenogeneic tissue is exposed to the recipient's
circulation. The vascularised graft is exposed immediately after
transplantation, whereas a free tissue graft will not be exposed until
revascularisation has occurred. For a free tissue graft, the rejection is
mediated mainly through cellular mechanisms (Wallgren et al. 1995),
whereas the vascularised graft is rejected mainly through humoral
mechanisms (Gannedahl et al. 1990). Due to this or other unknown
factors, a free tissue graft is rejected more slowly than a vascularised
graft.

Another way of classifying xenografts, particularly vascularised
grafts, is as discordant or concordant. Sir Roy Calne was the first to
define the terms in 1970, according to the speed of rejection (Calne 1970).
Donor-recipient combinations that underwent fulminant rejection within
minutes to hours were defined as discordant, whereas combinations that
survived for more than one day were defined as concordant. This
definition was based on the difference in speed between hyperacute and
acute rejection in allogeneic transplantation. Thus, the rejection of a
discordant xenograft was believed to equal hyperacute allogeneic
rejection, and the rejection of a concordant xenograft was assumed to
equal acute allogeneic rejection.

The potential for human concordant donor animals, such as old
world monkeys, including chimpanzees, gorillas, baboons, is limited due
to ethical reasons and the inability of these animals to reproduce in
captivity. The transplantation society has instead focussed on the pig as
the solution to the human-donor organ shortage. Pig-to-human is a
discordant xenograft combination and is therefore assumed to be a more
difficult task than ape-to-human. Nevertheless, the transplant
community has judged that those difficulties may be easier to overcome
than the use of endangered species as organ donors for human
transplantation.
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Table 2. Different models in xenotransplantation.

Type Tissue Donor Recipient Time to rejection

Discordant Heart Guinea pig Rat 2-30 min (Van de Stadt et al. 1988,
Miyagawa et al. 1989)

Kidney Pig Baboon 45 min-8 h (Cooper et al. 1988)

Liver Pig Baboon 6-72 h (Calne et al. 1968)

Heart Pig Baboon 3 h (Cooper et al. 1988)

Concordant Heart Mouse Rat 2-4 days (Gannedahl et al. 1990)

Heart Hamster Rat 3-4 days (Rosengard et al. 1986)

Heart Cynomolgous
monkey

Baboon 6 days (Roslin et al. 1992)

Several different models have been used in experimental
xenotransplantation (Table 2), examples of which are presented.  The
pig-to-baboon model has been generally accepted as a model for
evaluation of a future clinical pig-to-human transplantation. An
orthotopic heart transplant is rejected within hours in this discordant
model. Other vascularised pig organs, including the liver, are also
rejected hyperacutely when transplanted to a baboon (Calne et al. 1968).
Previously there has been much interest in the guinea pig-to-rat model,
because it was assumed to be a suitable discordant small animal model.
This assumption was based on the similar short time needed for the
rejection to occur. However, this interest has declined, because the
mechanisms behind the initial rejection in this model are different from
those occurring in the pig-to-baboon model (Miyagawa et al. 1989,
Leventhal et al. 1993a).

In the concordant monkey-to-baboon heart transplantation model,
fulminate rejection occurs within a week after transplantation. The graft
is predominantly destroyed by an antibody (IgM) mediated process
(Roslin et al. 1992). In small animal models, such as mouse-to-rat or
hamster-to-rat, heart grafts are rejected within the same timeframe, with
a similar histological picture, e.g. vasculitis (Rosengard et al. 1986,
Gannedahl et al. 1990). Therefore, these two models have been accepted
as inexpensive alternatives for the study of rejection in a concordant
model.
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XENOGRAFT REJECTION

Hyperacute rejection
A vascularised discordant xenograft is generally rejected within

hours; this is known as hyperacute rejection (HAR) (Calne et al. 1978).
Although the speed of the process is similar for all species combinations
here, the mechanisms differ between different species combinations as
various parts of the innate immune system can participate in this rapid
rejection process. In pig-to-primate transplantation the rejection occurs
as a result of incompatibilities within the innate immune defence,
including the lack of complement inhibitors, and the presence of a
substantial amount of preformed anti-gal 1-3gal antibodies binding to
pig endothelium (Platt et al. 1991, Waterworth et al. 1997). On the other
hand, guinea pig-to-rat transplants are rejected by an activation of the
complement cascade through the alternative pathway (Candinas et al.
1996). In both cases the result is hyperacute rejection with thrombosis of
the small vessels, endothelial damage and haemorrhages (Platt et al.
1991, Leventhal et al. 1993b).

Acute vascular rejection
In concordant xenotransplantation there is no evidence of hyperacute

rejection. As mentioned earlier, the speed of rejection is not as fast as in
discordant xenotransplantation. The rejection process is induced by an
antibody response when the xenoantigens are presented to the B cells of
the immune system. The B-cell response has traditionally been divided
into T-dependent and T-independent responses.

In the T-dependent response, contact between T and B cells is
presumed to be mandatory; this often occurs when the antigen is a
protein. In contrast, the T-independent response does not require contact
between T and B cells, which often is the case when the antigen is a
carbohydrate. Independent of how the antigen is presented there is an
initial response, which consists of antibodies of the IgM subclass. It is
generally accepted that donor-reactive IgM antibodies can cause vascular
rejection by fixation and activation of complement. The humoral
response may also induce endothelial cell activation that in turn leads to
further events in the rejection process, such as loss of vascular integrity,
secretion of different cytokines, up-regulation of different cell adhesion
molecules, and activation of coagulation pathways. Combined, this
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results in the events associated with acute vascular rejection (AVR), such
as vasculitis, thrombosis, oedema and haemorrhages.

In contrast to the rapid destruction of the graft in HAR, an AVR in
concordant xenotransplantation leads to graft failure in 2-5 days after
transplantation.

Some authors use the term delayed xenograft rejection (Bach et al.
1996) for events similar to those observed in AVR.

Acute cellular rejection
Intervention with immunosuppressive drugs that inhibit the B-cell

response, such as 15-deoxyspergualin (DSG), cyclophosphamide,
brequinar sodium and leflunomide or, alternatively, the use of B-cell-
deficient animals, can delay AVR in concordant xenotransplantation
(Gannedahl et al. 1990, Hasan et al. 1992, Murase et al. 1993). However,
the graft is rejected some days later than in untreated animals through an
acute cellular rejection (ACR).

This rejection can be mediated by a variety of cells such as T cell, NK
cells and macrophages. In contrast to the ACR of allogeneic transplants,
the amount of infiltrating T lymphocytes seen in the graft is lower in
relation to other cell types. A free tissue graft, such as pancreatic islets,
transplanted under CyA treatment, is rejected with cellular infiltrates but
with few T cells present in the graft (Deng et al. 1997).

One of the infiltrating cells of this non T-cell-dependent response has
been characterised as a macrophage, first described in the mouse-to-rat
heart model (Gannedahl et al. 1994) and later also in a pig-to-rat
pancreatic islet model (Wallgren et al. 1995).

In discordant xenotransplantation, there have been few possibilities
to study a possible ACR, due to the difficulties in managing the initial
HAR. In transgenic pig-to-primate transplantation, where HAR can be
avoided, some of the grafts are rejected in a picture of ACR (Goddard et
al. 2002).

Chronic xenograft rejection
Allogeneic transplants sometimes develop long-term changes that

are similar to those seen in atherosclerosis. Changes that are associated
with a hampered graft function are termed chronic rejection. It is widely
accepted, although not proven, that a xenogeneic transplant, if not
rejected initially, will in time develop such changes. This has not yet
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been extensively studied, because the initial rejections have been difficult
to prevent.

Studies of chronic xenograft rejection in an aortic hamster-to-rat
model showed a progressive hyperplasia of the muscularis layers both in
the untreated control group and in the immunosuppressed group when
examined three weeks or later after transplantation (Scheringa et al.
1996).

TOLERANCE

Immunosuppressive therapy used in transplantation is non-specific
and down-regulates the cells responsible for the rejection process as well
as other immunocompetent cells. This may result in adverse effects such
as infections, tumours and toxic damage to other organ systems.
Conventional immunosuppressive therapy used in allogeneic
transplantation has not been sufficient to prevent rejection of xenogeneic
transplants. Thus, presumably the immunosuppressive therapy needed
to protect a xenograft has to be stronger than the therapy at present used
in allogeneic transplantation. Hence, the negative side-effects may be
aggravated.

If a recipient could be made unresponsive to the antigens of a donor,
the need for immunosuppressive treatment would be reduced. This
unresponsiveness, i.e. tolerance, is either central (regulated in the
thymus) or peripheral (regulated outside the thymus). Immunological
tolerance has been induced with different methods in experimental
allotransplantation. The mechanisms behind this have not been fully
understood, and several hypotheses have been proposed for the
induction of immunological tolerance.

The theory of clonal deletion, the physical elimination of
lymphocytes that recognise self-antigens during their development in
thymus, brought Sir Peter Medawar the Nobel Prize in 1960. The theory
was shown in classic experiments by Billingham, Brent and Medawar
(Billingham et al. 1953). The experiment was done by injection of
lymphoid cells from a prospective donor strain into prenatal mice of
another strain. When the intended recipient reached adulthood, a skin
graft was transplanted and subsequently accepted. The classical
Medawar theory assumed clonal deletion to be a part of central
tolerance, but clonal deletion can also be a mechanism of peripheral
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tolerance (Carlow et al. 1992). The failure of clonal deletion is presumed
to cause some autoimmune diseases.

A naive T cell that does not receive a co-stimulatory signal at antigen
presentation proceeds into a state of anergy, i.e. is not activated. The T
cell is later refractory even when it encounters the same antigen in the
presence of a co-stimulatory signal (Lo et al. 1988, Dallman et al. 1991).

Anergy may also occur in B cells. The presence of soluble antigens in
sufficiently high concentrations renders B cells tolerant. This anergic B
cells are refractory to the antigen even if T-helper cells are available.
(Hodgkin and Basten 1995)

Another mechanism of tolerance is clonal ignorance. A term that
refers to the state in which certain antigens appear to be undetected by
the immune system under normal circumstances (Ohashi et al. 1991).
Neither clonal deletion, nor anergy, nor stimulation of the lymphocytes
occurs in this situation, perhaps because the antigens are sparse, or
normally sequestered from the immune system, or because the T cells
display a low affinity. Clonal ignorance may be overcome if these factors
change.

A different mechanism for tolerance may be through suppressor
cells. Regulatory T cells from an animal made unresponsive can, after
transfer to a naive animal, induce unresponsiveness to an antigen before
the new host has been exposed to this antigen (Olausson et al. 1984b,
Graca et al. 2002). The transfer cannot be made in the early phase after
transplantation, which suggests that the development and maturity of
these cells takes time (Qin et al. 1993). In general, these regulatory T cells
secrete cytokines similar as those secreted by Th2-cells, in contrast to T
cells present in rejecting xenografts that secrete mainly Th1-associated
cytokines (Zhai et al. 1999, Lorant et al. 2003). The Th1/Th2 paradigm
has therefore been proposed as a possible schematic mechanism for
tolerance involving regulatory T cells.

Another interesting mechanism for tolerance induction is
accommodation, i.e. the survival of a transplanted organ despite the
presence of antibodies directed against the graft. Accommodation was
first described in allotransplantation with ABO-incompatible donors
(Alexandre et al. 1987). Pretransplant removal of anti-donor antibodies
by plasmapheresis allowed the transplantation of kidney grafts across
the blood group barriers. Despite the return of donor-reactive antibodies,
the grafts were not rejected.
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Accommodation in concordant xenografts has been extensively
studied by Bach and colleagues in a hamster-to-rat model, with the use
of CyA and cobra venom factor (CVF) as immunosuppression. These
authors have proposed a theory that certain antibodies may activate the
endothelium of the donor organ. This activation leads to the expression
of genes such as A20 and Bcl-2, and a synthesis of "factors" that remodel
the endothelium. The remodelled endothelium is then protected against
anti-donor antibodies (Bach et al. 1997).

In addition, other tolerance inducing mechanisms, such as anti-
idiotype and blocking antibodies, have been proposed (Singal et al.
1988).

BLOOD TRANSFUSIONS

In the 60s and 70s, random blood transfusions were used as adjuvant
immunosuppression in human allogeneic organ transplantation.
Although blood transfusions were extensively used, the effect could vary
from the desired suppression to undesired immunisation. The
mechanism of action of the desired suppression is unclear; some authors
have attributed the suppressive effect to anti-idotypic or blocking
antibodies, whereas others have discussed the possibility of an
enhancement mechanism (Di Paola and Colizza 1975), with antibodies
aimed at donor APC, e.g. suppression of direct antigen presentation.

The introduction of CyA almost abolished the use of blood
transfusions in allotransplantation (Lundgren et al. 1986). Even if blood
transfusions are not standard procedure in allotransplantation at
present, it is to be remembered that at least one major study in the
modern immunosuppressive era has confirmed an independent positive
effect of transfusions (Opelz et al. 1997).

THE MOUSE-TO-RAT MODEL

It is believed that a vascularised discordant xenograft where HAR is
prevented undergoes the same rejection process as a vascularised
concordant xenograft, i.e. if HAR is avoided the xenorejection proceeds
to an AVR and later to an ACR. There are several different methods of
preventing HAR in vascularised discordant xenotransplantation.
However, nearly all intervention aimed at HAR also affects the later
AVR and ACR. Consequently, the possibilities of studying those
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processes in a discordant animal model are limited, and a vascularised
concordant xenotransplantation model is preferred. The mouse-to-rat
transplantation model has been used in this work.

A mouse heart transplanted to a non-immunosuppressed rat is
normally rejected three days after grafting (Table 3). This rejection
appears to consist of T-independent as well as T-dependent events; there
are probably several target antigens for these responses. The rejection
initially consists of a T-independent response, since T-cell-deficient rats
as well as rats treated with CyA reject heart grafts in the same timeframe
as naive rats, i.e. after three days (Gannedahl et al. 1990). However, also
if the T-independent response is inhibited, e.g. by suppression of B cells
through treatment with DSG, the graft is rejected (Gannedahl et al. 1990).
This rejection occurs later and the graft displays a different histological
picture, with more pronounced cellular infiltrates (Lorant et al. 2002).

The antigens that trigger the rejection in mouse-to-rat transplantation are
not well characterised. The possibility of rejection through either T-
dependent or T-independent events suggests the presence of both
carbohydrate and protein antigens. In support of this, studies by
Springer et al. indicate that there are at least four different surface
antigens, whereof at least two are carbohydrates and one is a protein
(Springer et al. 1978). At least two of these antigens, one present on
mouse erythrocytes and one present on mouse lymphocytes, have, in
passive transfer experiments, been shown to cause hyperacute rejection
in mouse-to-rat heart transplantation (Gustavsson et al. 2001). One of the
four antigens described by Springer is the Forssman antigen, which is
also present on hamster and guinea pig tissue. The importance of this
carbohydrate antigen in the process of rejection in mouse-to-rat
transplantation is, however, not clear (Gustavsson et al. 1996, Wu et al.
1999, Gustavsson et al. 2001).

Table 3. Graft survival after mouse-to-rat heart transplantation (Gannedahl
et al. 1990).

Treatment Days to graft failure

None 2.9  0.2

Cyclosporine A 3.0  0.0

Athymic 3.0  0.0

Deoxyspergualin 9.5  3.1



- 21 -

Another commonly used concordant small animal xenograft model is
the hamster-to-rat heart transplantation model. Although it is not clear
that this model is fully comparable with mouse-to-rat transplantation,
there are several similarities, e.g. in the speed of rejection, antibody
response and histological findings. One of the hamster antigens targeted
by the rat after heart transplantation appears to be related to the sialyl
Lewisa carbohydrate (Oriol et al. 1993).

PANCREATIC ISLET XENOGRAFTS

After the transplantation of a free tissue graft there is no immediate
exposure of endothelial antigens to the recipient blood system, and thus
no rapid humoral response. After the revascularisation of the free tissue
graft a rejection occurs. The length of time between the revascularisation
and rejection coincides with the time between transplantation and
rejection of a concordant vascularised xenograft (Buhler et al. 1994,
Buhler et al. 1995, Vajkoczy et al. 1995).

The rejection of a pancreatic islet xenograft has been assumed to be a
T-cell-dependent event, as T-cell-deficient animals permanently accept a
pancreatic islet xenograft (Korsgren and Jansson 1994, Wennberg et al.
2000). The significance of the antibody response in pancreatic islet
xenotransplantation has been questioned. The use of B-cell suppressors
such as DSG or leflunomide in monotherapy moderately prolongs graft
survival (Wennberg et al. 1997), whereas immunoglobulin-deficient mice
reject porcine pancreatic islet grafts in the same way as normal mice
(Benda et al. 1996).  Another study questioning the importance of
antibodies in the rejection of a pancreatic islet xenograft showed the
acceptance of such a graft despite the presence of anti-donor antibodies.
However, the same study also showed that passive transfer of
hyperimmune sera could trigger a rejection (Simeonovic et al. 1998).
Although xenoantibodies may not directly cause the destruction of a
cellular xenograft (Mirenda et al. 1997), cell death via an indirect
mechanism has been demonstrated (Kumagai-Braesch et al. 1998).

Independent of the influence of the humoral system a pancreatic islet
xenograft is rejected with vast cellular infiltrates present (Korsgren 1997).
These infiltrates reach a maximum between 6 and 12 days after
transplantation and are predominated by macrophage-like cells
(Korsgren et al. 1999). If the rejection is to be inhibited by drugs, the
therapy must consist of a combination of drugs aimed against both T and
B cells (Wennberg et al. 1997).
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Free tissue xenografts have been proposed to have the highest
prospect for successful clinical xenotransplantation, due to the lack of
immediate vascularisation and thereby the avoidance of HAR and AVR
(Korsgren 1997).
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AIM OF THE STUDY

Independent of whether a xenograft is vascularised or free tissue,
concordant or discordant, primary or secondary, the humoral system
affects the process of rejection. Hence, to succeed with
xenotransplantation in the future, the antibody response needs to be
understood and manipulated. In this study experiments have been
performed in the mouse-to-rat system with the specific aims to:

- study the specificity and kinetics of the humoral defence in a non-
immunosuppressed host challenged with xenogeneic tissue

- develop a regime using CyA and DSG enabling permanent
survival of heart grafts and, if successful, study the long-term
effects on the xenografts

- compare a vascularised transplant with a non-vascularised with
respect to antibody response and retransplantation

- study the effects of pre-transplant xenogeneic blood transfusions
with respect to antibody response and graft survival
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MATERIALS AND METHODS

ANIMALS

Inbred male Lewis [RT1l] were used as recipients, and outbred male
NMRI mice were used as donors. The animals were allowed to settle for
at least one week before the experiments began and had free access to
food and water during the entire observation period. Donors and
recipients were anaesthetised with an intraperitoneal injection of a
mixture of chloral hydrate (180 mg/kg b.w.), pentobarbital (40 mg/kg
b.w.) and magnesium sulphate (90 mg/kg b.w.). The handling of the
animals conformed to the Guidelines for the Care and Use of Laboratory
Animals (NIH 1996), and the local ethical committee approved all
experiments.

HETEROTOPIC HEART TRANSPLANTATION

Mouse-to-rat heterotopic cardiac transplantation was performed
according to a non-suture technique (Olausson et al. 1984a) previously
described (Gannedahl et al. 1990). In short, the right carotid artery and
jugular vein of the recipients were prepared with cuffs. The aorta of the
donor heart was then connected to the carotid artery, and the pulmonary
artery to the jugular vein of the recipient. The mouse heart graft was
placed subcutaneously, thus facilitating palpation and detection of graft
pulsation. Graft failure was defined as the cessation of myocardial
pulsation. Retransplantation was performed in the same way, except that
the contralateral neck vessels of the recipient were used for the vascular
anastomoses.

PANCREATIC ISLET TRANSPLANTATION

Mouse pancreatic islets were isolated by collagenase digestion and
then hand-picked (Andersson 1978). The islets were cultured overnight
(Andersson 1978) and then transplanted under the left kidney capsule of
rats by means of a braking pipette (Sandberg et al. 1993a). Half of the
islets were placed under the capsule of the upper pole whereas the other
half was placed under the capsule of the lower pole. Retransplantation of
islets was performed in the same manner, but the islets were placed
under the capsule of the contralateral kidney. Graft survival and
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function were assessed by histological examination in conjunction with
measurement of graft insulin contents.

BLOOD TRANSFUSION

 The NMRI mice were used as donors. Under anaesthesia, the heart was
exposed by sternotomy. One to two millilitres of blood was aspirated by
direct puncture of the heart. The spleen was excised and then gently
pressed through a fine wire mesh, and the mononuclear cells (MNC)
were separated over a density gradient, Ficoll Paque Plus®. About 0.75
ml of heparinised blood was then mixed with 2.4–12 106 MNC. The
recipient rat was anaesthetised, and the mixed solution of blood and
MNC was injected intravenously into the femoral vein.

HEART CELL SUSPENSION INJECTION

Mouse hearts were minced by gently pressing the tissue through a
fine wire mesh. The cell suspension was washed three times in
phosphate-buffered saline (PBS) and diluted to a volume of 1 ml before
intraperitoneal or intravenous injection to recipient rats. Each recipient
received a suspension containing the heart cells from one mouse heart.

ERYTHROCYTE INJECTION

After anaesthesia of the donor mouse, 1-2 ml blood was aspirated
from the heart, collected into preheparinised tubes and centrifuged at
300 x g for 10 min to allow the separation of plasma and buffy coat layer.
The remains were then separated over a density gradient, Ficoll Paque
Plus®. After washing, 1x109 erythrocytes were diluted to a volume of 1
ml in PBS. The cell suspension was then injected into the femoral vein of
the recipient.

MNC INJECTION

Mouse MNC were isolated from the spleen. After pressing the spleen
through a fine wire mesh, the cell suspension was separated over a
density gradient, Ficoll Paque Plus®. Then, the MNC suspension was
washed three times in PBS and thereafter 4x106 cells were diluted to a
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volume of 1 ml in PBS before injection into the femoral vein of the
recipient.

DRUG TREATMENT

CyA was mixed with Intralipid® to a final volume of about 1 ml and
administered orally via a gastric feeding tube. A daily dose of 20 mg/kg
b.w. was given as induction therapy beginning the day before
transplantation. From day 5 onwards, a daily dose of 10 mg/kg b.w. was
administered. In one experiment, CyA therapy, 10 mg/kg b.w., was
started day 10 after transplantation.

DSG was diluted in saline and injected intaperitoneally: 10 mg/kg
b.w. was administered days -1 to 4 and 5 mg/kg b.w. days 5 to 28.

Rabbit anti-rat lymphocyte serum (ALS) was administered
intravenously by a tail vein at days –1 and 0 or as a single dose at day 0.
The ALS dose was 0.5 ml per day.

In experiments with blood transfusions, a daily dose of 20 mg/kg
b.w. CyA was given as induction therapy the day prior to the first blood
transfusion and for the next four consecutive days. Thereafter, a daily
dose of 10 mg/kg b.w. was administered. DSG was given at a dose of 10
mg/kg b.w. days -61 to –57, and at a dose of 5 mg/kg b.w. days -56
to     -39 or –32, counting the day of transplantation as day 0. The animals
of one group received DSG the day prior to each blood transfusion and
for the next four consecutive days at a dose of 10 mg/kg b.w.

MORPHOLOGY OF CARDIAC GRAFTS

Formalin-fixed cardiac grafts were embedded in paraffin, cut into  4-
m-thick sections, and stained with eosin and Mayer´s haematoxylin.

The morphology of the grafts was evaluated by the examiner who was
unaware of the origin of the sections.

IMMUNOHISTOCHEMISTRY OF CARDIAC GRAFTS

For immunohistochemical stainings the OX6, OX8, W3/25, R73, 3.2.3,
ED1, ED2 and OX33 monoclonal antibodies against rat antigens were
used (Table 4). Acetone-fixed cryostat sections of frozen biopsies were
stained, using a peroxidase-antiperoxidase (PAP) technique. In short, the
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sections were incubated in H2O2 in PBS to inhibit endogenous
peroxidase, and thereafter with normal goat serum to prevent non-
specific background staining before incubation with the primary
antibody. A secondary antibody, goat anti-mouse IgG, was used and
added in excess. Next, the sections were incubated with horseradish
peroxidase-mouse antiperoxidase. Finally, H2O2 as substrate and 3-
amino-9-ethyl-carbazole (AEC) as electron donor were added to react
with the horseradish peroxidase. Counterstaining was performed with
Mayer´s haematoxylin. Negative controls were obtained by omitting the
primary antibody.

All slides were ranked on an ascending scale according to the
number of positive cells.

Table 4. Details of anti-rat monoclonal antibodies used for
immunohistochemical stainings.   

Clone Reactivity

R73 alpha/beta T-cell receptor (Hünig et al. 1989)

W3/25 T-helper subset and a population of macrophages (Brideau et al. 1980)

OX8 T-suppressor/cytotoxic subset, most of the NK cells (Brideau et al. 1980)

3.2.3 NK cells, lymphokine-activated cells and polymorphonuclear granulocytes
(Chambers et al. 1989)

ED1 Blood monocytes, population of tissue macrophages and dendritic cells
(Dijkstra et al. 1985)

ED2 Resident macrophages, whereas monocytes, dendritic cells and granulocytes
are negative (Dijkstra et al. 1985)

OX6 MHC class II antigen (McMaster and Williams 1979)

OX33 CD45, expressed by most of the B cells (Woollett et al. 1985)

INSULIN DETERMINATION AND MORPHOLOGY OF ISLET GRAFTS

At harvest, the upper islet graft was fixed in formalin and the lower
was dissected free from the kidney tissue and placed in acid ethanol
(Sandberg et al. 1995). After overnight extraction, the graft was examined
by radioimmunoassay for its insulin content (Heding 1972).
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As for the heart, the islet grafts were stained with eosin and Mayer´s
haematoxylin and then evaluated by the examiner who was unaware of
the origin of the sections.

HAEMAGGLUTINATING ANTIBODIES

Serum was collected from each recipient rat and stored at -700 C.
Before the analysis, the sera were heat inactivated (+560 C for 30 min),
and then 50 µl in twofold dilutions were placed on microtitre plates. An
equal volume of NMRI erythrocyte suspension (1%) was added to each
well. The microtitre plates were maintained at +40 C for 2 h and then
monitored for haemagglutination (Adler and Adler 1980).

LYMPHOCYTOTOXIC ANTIBODIES

NMRI donor MNC were used as target cells. Serial two- or fourfold
dilutions of each heat-inactivated rat serum were made in assay medium
(RPMI 1640 with 1% bovine serum albumin). Next, 0.3 x 106 target cells
were incubated with diluted serum for 15 min at room temperature.
NMRI serum was used as a negative control. Baby rabbit complement
(4%) was added and the samples were incubated at 370 C for 45 min.
Immediately after adding propidium iodide, flow-cytometric analysis
was performed on a FACSCalibur® flow cytometer. The flow cytometer
was set up to show a clear distinction between dead and live cells in a
dot plot with forward scatter and FL3 (650 nm long pass filter).
Percentage of live and dead cells was calculated, and the
lymphocytotoxic titre was stated as the reciprocal of the highest dilution
resulting in more than 50% cell death (Lillevang et al. 1992).

DTT TREATMENT OF SERUM

Dithiotreitol (DTT) was used to degrade IgM. Five l of 66.6 mM
DTT was added to 45 l of serum and incubated at 370 C for 10 min.

BINDING OF MOUSE-SPECIFIC IgM AND IgG

Mouse spleen MNC were incubated with rat recipient sera for 10 min
at room temperature. Cells were then washed and sedimented by
centrifugation. Bound Ig was detected with fluorescein-conjugated
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mouse anti-rat IgM, fluorescein-conjugated sheep anti-rat IgG,
fluorescein-conjugated donkey anti-rat IgG or phycoerythrin-conjugated
sheep anti-rat IgG. After staining, the cells were washed and fixed in
paraformaldehyde and analysed in the flow cytometer. The scatter was
set to exclude disrupted cells. Data were expressed as the median
fluorescence intensity as a ratio of the background fluorescence (mouse
cells stained with secondary antibody alone) or as the difference of
median channel fluorescence between sample and the background
fluorescence.

ANTIBODY SPECIFICITY

Sera from non-immunosuppressed rats transplanted with mouse
pancreatic islets or mouse hearts were analysed for antibody specificity.

Acetone-fixed cryostat sections of pancreases and hearts from normal
NMRI mice were incubated with serum (diluted 1:10 in PBS) from
recipient rats for 30 min. After washing, the samples were incubated
with fluorescein-conjugated rabbit anti-rat pan Ig for 30 min. The slides
were evaluated blindly and compared with parallel sections stained for
endothelium (rabbit anti-human von Willebrand factor) and insulin
(rabbit anti-bovine insulin).

ROSETTE FORMING CELLS

The rosette-forming cell technique was adapted from Haskill (Haskill
et al. 1972). NMRI erythrocytes were used as target cells. MNC from the
rats in the experimental groups were obtained by gently pressing the
spleen through a fine wire mesh, followed by the addition of 2 ml lysing
solution (0.15 M NH4Cl, 0.01 mM KHCO3 and 0.1 mM Na2EDTA in
dH2O) to eliminate the erythrocytes. Target cells (0.6x107) and MNC
(0.6x106) were mixed and gently stirred.

After centrifugation, the sample was incubated for 60 min at 40 C,
resuspended and fixated in 6.25% glutaraldehyde. Then the cells were
washed and diluted in 250 l RPMI-1640. A droplet of 25 l was put on a
glass slide, air dried and fixed in methanol. Later the slides were stained
with methyl green-pyronin and the rosettes were counted under a light
microscope by an examiner unaware of the origin of the samples. A
rosette was defined as a mononuclear cell binding at least five
erythrocytes.
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STATISTICS

Data are presented as mean values with standard errors of the mean.
For evaluation of statistical significance, the Mann-Whitney U test was
used for independent variables and the Wilcoxon test for dependent
variables. A p-value of less than 0.05 was considered statistically
significant.



- 31 -

RESULTS

PREFORMED XENOGENEIC ANTIBODIES IN THE RAT

 (PAPERS III AND V)

Naive rats, i.e. animals not challenged with any mouse tissue or
immunosuppressive drugs, were found to have circulating IgM
antibodies capable of binding to mouse lymphocytes, although without
any evident cytotoxic activity. Furthermore, investigation of B-cell
precursors showed the presence of cells with a capacity to produce
antibodies against mouse erythrocytes. However, we could only detect
low levels (1/2 to 1/4) of circulating haemagglutinating antibodies of the
IgM isotype, and no significant levels of antibodies binding to
formaldehyde-stabilised erythrocytes.

HEART TRANSPLANTATION (PAPERS I, II AND IV)

Permanent graft survival of a mouse-to-rat cardiac transplant was
achieved by treating the recipient with high doses of CyA and DSG on
days -1 to 4, and moderate doses on days 5 to 28. From day 29 onwards,
the immunosuppression consisted only of a moderate dose of CyA. This
resulted, in most cases, in a graft survival of more than 100 days.  The
grafts displayed very few signs of AVR or ACR. If there were any
cellular infiltrates present, they were restricted mainly to the periphery
of the graft. Most of these cells were found to be macrophages expressing
the ED1 and MHC class II antigens. In a few grafts, we could identify rat
MHC class II epitopes on the endothelium of the mouse heart graft 56 to
240 days after transplantation.

A second mouse heart was not rejected when transplanted 56 to 154
days after the initial transplantation. This acceptance of a second
xenograft was achieved with no additional DSG treatment. Furthermore,
the second transplant induced no rise in the titres of haemagglutinating
antibodies.

The primary heart graft could not be replaced by intraperitoneal
injection of mouse heart cells combined with CyA and DSG treatment.
Such a protocol neither prolonged nor decreased the speed of rejection of
a secondary mouse heart transplant.



- 32 -

One experimental group was designed to exclude the possibility that
the unresponsiveness observed against the first and the second heart
transplant could be the result of a sustained suppressive effect on the B
cells, due to the initial DSG treatment. This group received an initial
treatment of CyA and DSG without undergoing transplantation at that
time. Eight weeks after the start of immunosuppression (i.e. 28 days after
termination of DSG treatment), a mouse heart was transplanted. The
mean graft survival in this group did not differ from that in non-
immunosuppressed rats, i.e. the hearts were rejected after three days.
Neither was there any change in the antibody response compared with
mouse-to-rat heart transplantation in non-immunosuppressed animals.
Hence, there was a substantial increase in lymphocytotoxic and
haemagglutinating antibody titres, mainly of the IgM subtype.

The importance of continuous CyA treatment was examined by
performing heart transplantations under the previously described
immunosuppressive protocol. After 56 days the CyA therapy was
stopped. The median graft survival time after termination of CyA was
6.5 1.0 days (unpublished data). The histological appearance of the
grafts was that of an acute vascular rejection with vasculitis, oedema and
haemorrhages in the interstitium. Furthermore, there were vast amounts
of infiltrating cells and a pronounced intimal thickening in all grafts.
Analysis of sera revealed high titres of lymphocytotoxic antibodies
(1/512 to 1/2048), but low levels of haemagglutinating antibodies (1/2 to
1/4).

MORPHOLOGICAL CHANGES IN LONG-TERM SURVIVING

XENOGRAFTS (PAPER II)

The morphological changes and infiltrating cells in the transplanted
mouse hearts were sequentially characterised. At days 9 and 28 after
transplantation, i.e. still under DSG treatment, the grafts had a well-
preserved morphology with few infiltrating cells (Figure 1). The grafts
harvested at day 56 showed signs of interstitial fibrosis and pronounced
intimal thickening of some arteries (Figure 1). There was also a moderate
infiltrate of cells, consisting mainly of MHC class II+/CD4+/ED1+

macrophages. Although these changes could be seen in all grafts eight
weeks after transplantation, the extent of the changes varied in this
group.
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There was no measurable humoral response at any of the times
studied, i.e. we could not detect any increase in the amount of
haemagglutinating antibodies or antibodies binding to mouse
lymphocytes (unpublished data), neither were any antibodies binding to
the vessels of the transplanted heart found.

PANCREATIC ISLET TRANSPLANTATION (PAPER III)

Mouse pancreatic islet grafts transplanted under the kidney capsule
of non-immunosuppressed rats were totally rejected 28 days after
transplantation. The grafts were either non-existent at examination or
heavily distorted, with marked fibrosis and mononuclear cell infiltrates.
The sera contained high titres of lymphocytotoxic antibodies of the IgG
subclass. These antibodies were not directed against the islets of
Langerhans. Their activity appeared instead to be aimed at the
endothelium that lines the pancreatic ducts and the vessels, as well as at
the interstitial tissue.

Immunosuppressive treatment with CyA and DSG prevented the
rejection of the pancreatic islet grafts up to 28 days after transplantation.
In two groups the initial ten days of CyA treatment was substituted with
one or two doses of ALS. Independent of the therapies used, most of the
grafts were morphologically free of rejection and displayed a large
insulin content per islet when examined at day 28 (Table 5).

The immunosuppressive treatment lowered, but did not completely
eliminate, the IgG antibodies capable of binding to mouse lymphocytes.

Figure 1. Histology of transplanted mouse-to-rat hearts 9, 28 and 56 days
after transplantation, demonstrating grafts with well preserved morphology
and no affection of the vessels (9 and 28 days) and a graft with marked
fibrosis, dense infiltrate and intimal hyperplasia (56 days).

9 days 28 days 56 days
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Table 5. Insulin content and histological score of mouse-to-rat pancreatic
islet grafts 28 days after transplantation. Islet graft morphology is expressed as
score (0-4), where 0 represents absence of graft and 4 an intact graft.

n Insulin content
(ng/islet)

Histological score

No immunosuppression 5 1.1  0.3  0.4  0.2

CyA,DSG 5 12.8  4.6  2.8  0.4

CyA,DSG, ALS (1 dose) 3 6.7  2.8  1.7  0.9

CyA,DSG, ALS (2 doses) 5 8.5  1.8  2.8  0.7

These antibodies were not lymphocytotoxic, in contrast to the
antibodies observed in the non-immunosuppressed group.

Neither of the treatment protocols could prevent the rejection of a
primary pancreatic islet graft after termination of DSG, i.e. when
treatment was continued with CyA as monotherapy. The grafts were
considered rejected, because no grafts were present four weeks after
termination of DSG.

PANCREATIC ISLETS IN RETRANSPLANTATION (PAPERS I AND III )

As described above, initial treatment with CyA and DSG followed by
CyA as monotherapy did not lead to acceptance of a primary pancreatic
islet graft. A second pancreatic islet graft, transplanted on day 56, was
also rejected, but with no evident increase in haemagglutinating or
lymphocytotoxic antibody titres. A mouse heart, transplanted 56 days
after the transplantation of the pancreatic islet graft, under CyA
monotherapy, was also rejected. The speed of the rejection of the heart
did not differ from that of mouse hearts transplanted to naive non-
immunosuppressed rats.

The acceptance of a second graft after primary heart transplantation
appeared to be restricted to a vascularised graft (Table 6) as a subsequent
pancreatic islet graft was rejected. The heart continued to function after
the rejection of the pancreatic islets and showed no signs of rejection. The
rejection of the pancreatic islet graft did not result in a rise of the
haemagglutinating titre.
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Table 6. Summary of the results after primary and secondary challenge with
a heart or a pancreatic islet graft.

Secondary challenge

Primary challenge Mouse heart Pancreatic islet graft

Mouse heart
primary graft accepted

secondary graft accepted

primary graft accepted

secondary graft rejected

Pancreatic islet graft
primary graft rejected

secondary graft rejected

primary graft rejected

secondary graft rejected

STUDIES ON XENOGENEIC BLOOD TRANSFUSION

(PAPERS IV AND V)

Single intravenous injections of either mouse erythrocytes or MNC
led to the synthesis of antibodies in the non-immunosuppressed rat
aimed against mouse erythrocytes or MNC. The response shortly (four
days) after transfusion tended to be weaker against erythrocytes after
injection of lymphocytes than in the reciprocal situation (Figure 2).

Figure 2. Antibodies binding to mouse mononuclear cells or erythrocytes in
rats 4 days after immunisation with mouse erythrocytes or mouse mononuclear
cells or transplantation with a mouse heart. Flow cytometric analysis of IgM
(black bars) and IgG (white bars) antibodies against mouse mononuclear cells
and IgM (striped bars) and IgG (grey bars) antibodies against formaldehyde
stabilised mouse erythrocytes. Data are expressed as the mean difference of
median channel fluorescence between sample and mouse cells stained only with
a secondary antibody, together with standard error of the mean.
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A single mouse blood transfusion under CyA monotherapy resulted
in immunisation of a rat. High levels of haemagglutinating and
lymphocytotoxic antibodies were induced and a subsequent mouse heart
transplant was rejected within minutes with the histological appearance
of HAR.

Mouse blood transfusions were performed at different times under
the combined treatment with CyA and DSG.  The effect of this treatment
was evaluated by mouse heart transplantation four to five weeks after
termination of DSG treatment. Independent of which treatment protocol
was used, there was no statistically significant prolonged survival of the
grafts. Nevertheless, even in the group that received additional blood
transfusions after ending CyA treatment, there were very few
hyperacute rejections (Figure 3A). The overall morphological appearance
was that of acute vascular rejection with endothelial cell hyperplasia and
perivascular oedema. Two of the grafts with the longest survival had a
distorted architecture with widespread fibrosis.
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Figure 3. Graft survival (A) and anti-mouse haemagglutinating antibody
titres (B) in rats after transplantation of a mouse heart graft. Recipients
received continuous CyA treatment and an initial treatment with DSG that was
stopped four weeks before transplantation. One group received no
additional treatment (group 1), one group received three blood transfusions
(group 2) and one group received four blood transfusions (group 3). Blood
transfusions were given both during and after the termination of DSG
treatment.

1 2 3 1 2 3

Treatment groupTreatment group



- 37 -

Sera sampled after rejection contained significantly lower titres of
anti-mouse haemagglutinating antibodies in all treatment groups
compared to the control group (Figure 3B); in two of the groups the
levels were not higher than those observed for untreated rats. In
addition, the levels of lymphocytotoxic antibodies were decreased,
although not abolished.
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DISCUSSION

XENOGENEIC ANTIBODY RESPONSES

The definition of discordant and concordant xenotransplantation is
based on the speed of rejection (Calne 1970). Several authors have added
the presence of preformed antibodies as an additional pre-requisite for
classification of a donor-recipient combination as discordant (Hammer et
al. 1992).

The mouse-to-rat transplantation model is considered as concordant.
Despite this, the rat has preformed antibodies against mouse
lymphocytes. In addition, B-cell precursors targeted against mouse
erythrocytes seem to exist, as indicated by the presence of rosette-
forming cells. Exposure of mouse cells or tissue to the circulation of a rat
easily evoked an immune response, irrespective of whether the challenge
consisted of a cell suspension or a whole organ graft. The immune
system of the rat responded to all these challenges with an IgM antibody
response within four days. This antibody response tended to be weaker
when a cell suspension was injected rather than when a whole organ was
transplanted. Thus, a whole organ graft appears to be more
immunogenic than a cell suspension. Perhaps this could be explained by
the continuous exposure of antigens to the rat circulation in the case of
the vascularised organ.

A mouse heart transplanted to a non-immunosuppressed rat is
destroyed through an AVR with a progressive increase of anti-mouse
antibodies and not through an HAR, thus implying that the preformed
antibodies of the IgM subtype may not be essential for the rejection
process. This finding is supported by the work of Gustavsson et al. who
found that passive transfer of IgM antibodies did not induce HAR
(Gustavsson et al. 2001). Nevertheless, the preformed antibodies do
actually target mouse tissue, and their insufficiency to cause HAR may
thus be due to an inadequate amount of antibodies or the lack of an
ability to bind complement. These suggestions are supported by some
findings in our study. Firstly, the amount of antibodies observed in naive
animals was moderate compared to that observed after rejection.
Secondly, these preformed antibodies seemed to have no
lymphocytotoxic capacity, despite the addition of complement in excess
in the assay. An alternative explanation to the lack of effect of the
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antibodies might be that the antigen targeted at mouse lymphocytes
perhaps is not present at the endothelium.

AVR, as well as HAR, is linked to vascularised grafts, such as the
heart or the kidney. A free tissue graft, such as pancreatic islets, has no
immediate contact with the circulation of the recipient and can therefore
avoid the initial damage caused by preformed or newly synthesised
antibodies.

Non-immunosuppressed rats do not accept a mouse pancreatic islet
graft placed under the kidney capsule. Examination of the grafts and the
recipient sera four weeks after transplantation revealed a fulminant
rejection, as well as an antibody response of the IgG subclass aimed
against the endothelium of the pancreatic ducts and the small vessels.
The presence of antibodies indicates that the rejection of a pancreatic islet
graft involves the humoral part of the immune system. The contribution
of antibodies to the rejection of a non-vascularised graft is not clear. In
our study, we could not distinguish whether this humoral response was
a concomitant sign of rejection or did in fact promote the destruction of
the graft.

ACCEPTANCE OF VASCULARISED XENOGRAFTS

The rejection of a vascularised concordant xenograft consists of
responses that are both T-cell dependent and T-cell independent. T-cell
suppression alone has no effect on graft survival, whereas single use of a
drug aimed at suppression of the B-cell response slightly prolongs graft
survival, but does not prevent the xenorejection (Gannedahl et al. 1990,
Murase et al. 1993).

Combined use of CyA and DSG facilitated the acceptance of a
mouse-to-rat heart transplant. The grafts survived despite the
termination of DSG treatment. Thus, combined use of CyA and DSG
induced a state of unresponsiveness or "tolerance" after the termination
of DSG treatment. This was the first report published where mouse-to-
rat heart grafts were permanently accepted (Paper I).

When the CyA treatment was also terminated, the cardiac grafts
were rejected. Consequently, some of the changes in the immune system
leading to a state of unresponsiveness depends on the presence of CyA.
It is widely accepted that CyA suppresses T-cell function. Hence, the
unresponsiveness observed should be restricted to events that are not
dependent on T cells.
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To induce such an unresponsiveness, the recipient must be exposed
to xenogeneic tissue. Treatment with CyA and DSG without a
simultaneous tissue challenge was not sufficient to trigger this
mechanism of tolerance, i.e. a subsequent heart transplant, after
termination of DSG, was not accepted. Therefore, the B cells of the
recipient must have been influenced by other mechanisms than any toxic
effect of the drug during the early treatment with DSG.

The changes in the humoral system during the development of this
unresponsiveness leads to a down-regulation of the response against
mouse heart antigens, proved by the acceptance of a second heart graft
under CyA monotherapy. Independent of any changes in the
transplanted heart, the immune system adapts and no strong humoral or
cellular response against the fresh second heart transplant occurs.

Long-term graft survival of mouse-to-rat heart transplants have been
reported when using other immunosuppressive protocols such as CyA
and CVF (Koyamada et al. 1998) or anti-T-cell receptor monoclonal
antibodies and DSG (Haga et al. 2000). In the hamster-to-rat heart
transplantation model, graft unresponsiveness has been induced by
combining CyA with either CVF (Van den Bogaerde et al. 1991),
cyclophosphamide (Hasan et al. 1992) or leflunomide (Xiao et al. 1994,
Chong et al. 1996). The use of CyA together with DSG,
cyclophosphamide or leflunomide combines drugs that inhibit T cells
and humoral responses. The combination of CyA and CVF is different,
because CVF interacts with the complement system and does not directly
affect the B cells.

The unresponsiveness induced by the use of CyA and DSG in
conjunction with mouse-to-rat heart transplantation cannot be explained
in terms of accommodation, because no antibodies directed against
mouse lymphocytes or erythrocytes could be detected in recipient
serum. This contrasts to the unresponsiveness in the hamster-to-rat heart
transplantation model when CyA and CVF are used. In this situation, the
grafts survive in the presence of anti-hamster antibodies, i.e. an
accommodation has occurred (Lin et al. 1999). One possible explanation
for the unresponsiveness in our model is that an anergy amongst the B
cells may occur. Later, a termination of CyA treatment would lead to an
activation of resting B cells and a subsequent rejection.

The need for pretransplant immunosuppression in successful
xenotransplantation has been shown in the hamster-to-rat model
(Murase et al. 1993). This contrasts to allogeneic transplantation, where
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immunosuppression can be started simultaneously with or shortly after
transplantation. The need for pretransplant immunosuppression may
suggest that part of the humoral system is already triggered to react
against the concordant xenoantigens. The previously described
preformed antibodies and rosette-forming cells in naive rats indicate the
presence, although in low amounts, of B cells that target the mouse
antigens. In a naive rat, these B cells may be in a resting state, waiting to
be rapidly activated by a xenoantigen.

PANCREATIC ISLETS AS PRIMARY AND SECONDARY GRAFTS

The CyA and DSG treatment protocol prevented the rejection of a
free tissue graft, i.e. pancreatic islets. Previously, toxic effects of CyA on
pancreatic islet grafts in the early post operative period have been
reported (Andersson et al. 1984). Therefore, the first 10 days of CyA
treatment was, in two groups of animals, substituted by one or two
doses of ALS. Irrespective of whether ALS or CyA was used initially, the
graft morphology was nearly normal four weeks after transplantation
and the insulin content was adequate.

Cessation of DSG treatment 28 days post transplantation led to
subsequent rejection of the graft. Thus, continuous CyA was not
sufficient to protect these grafts from rejection, which was different from
observations of vascularised heart grafts. This difference can have
several explanations. One could be that the islets carry other antigens
than the heart and require more immunosuppression. A second
possibility is that the endothelial cells play a crucial role in the
development of the unresponsiveness. The latter explanation alone is
perhaps less likely because a previous heart graft did not induce
protection for a subsequent islet graft. Evidently, the islet graft did not
induce unresponsiveness to a subsequent islet graft or a subsequent
heart graft, using the same immunosuppressive protocol that was so
successful for vascularised heart grafts. Taken together, our data suggest
that other mechanisms could also play a role in the observed differences
of ability to induce unresponsiveness and survival under a good
immunosuppressive protocol. Such a mechanism could be that the islets,
when grafted, are exposed to ischemia before being revascularised.
Under such circumstances, the survival of cells such as passenger
leukocytes might be less favourable. Such a notion is supported by the
fact that the islet grafts were poor in inducing an antibody response.
Passenger leukocytes may be involved not only in immune activation
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but also in tolerance induction. A poor survival of passenger leukocytes
could account for a diminished possibility for chimerism, where APC
from the graft migrate to lymph nodes of the recipient. Although
chimerism is not sufficient for the induction of unresponsiveness, many
authors suggest that it facilitates such a reaction (Starzl et al. 1993).
Another possibility is that the ischemic inflammation in the islets before
revascularisation offers a less favourable microenvironment for
induction of unresponsiveness. However, this is perhaps less likely
because ALS treatment did not improve the results substantially.
Treatment with anti-lymphocyte serum is usually beneficial also on
ischemic inflammation because leucocytes in general are affected by such
a treatment (Hammer 2001).

As for a vascularised graft, the single use of a drug that suppresses
either T cells or antibody synthesis moderately increases the survival of
the islet graft (Nakajima et al. 1985, Sandberg et al. 1993b). Prolonged
graft survival has been observed when calcineurin inhibitors have been
used and combined with a drug that inhibits antibody synthesis in
discordant as well as concordant species combinations (Guo et al. 1997,
Koulmanda et al. 1998). Korsgren and colleagues have evaluated several
drug combinations and concluded that the combined use of CyA,
leflunomide and mycophenolate mofetil resulted in the most efficient
prevention of rejection in pig-to-rat islet xenotransplantation (Wennberg
et al. 1997). The efficiency of DSG and T-cell suppression has previously
been demonstrated in mice (Ljung et al. 1995).

CHRONIC XENOGRAFT CHANGES

When DSG treatment was terminated the morphology of the
vascularised heart grafts was affected with intimal thickening, fibrosis
and mononuclear cell infiltrates, although the grafts still functioned. The
changes observed were not typical for an acute vascular xenorejection,
instead they resembled those seen in chronic allograft rejection. In the
two sets of experiments performed (Paper I and II), the morphology of
the long-term surviving xenografts differed markedly. Thus, the
morphological changes were more pronounced in the second set of
experiments (Paper II). We cannot explain this discrepancy, but a
considerable morphological variability is a problem often encountered in
research in the field of chronic allograft dysfunction. However, these
experiments have suggested that even when partial tolerance is induced,
chronic xenograft changes may occur. In rat allografts a more or less
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complete tolerance seems to eradicate chronic graft changes, provided
that the ischemic damage is kept to a minimum (Akyürek et al. 1998).

Termination of DSG treatment led to an intimal hyperplasia of the
xenografts, which probably results in local ischemia within the
transplanted tissue. This, or other unknown processes, may have
initiated a destructive process that evoked a secondary inflammatory
response, seen as an increased amount of infiltrating cells.

Chronic graft changes are probably as difficult to comprehend in
xenogeneic as in allogeneic transplantation. As few investigators have
achieved long-term survival of xenografts, the magnitude of the problem
remains to be determined.

CAN TOLERANCE BE INDUCED IN A SIMPLER FASHION?

In this work, we have explored several possibilities of exchanging the
whole organ graft for something more practical to achieve tolerance. As
described earlier, a pancreatic islet graft did not survive after termination
of DSG treatment. Consequently, this non-vascularised challenge could
not induce the same unresponsiveness as the vascularised heart. In
addition, the lack of acceptance of a pancreatic islet graft after primary
heart transplantation indicated the existence of tissue-specific antigens.
Thus, we evaluated the potential of using heart cells as primary
challenge. The mouse heart cells were injected intraperitoneally under
immunosuppressive therapy with CyA and DSG. As with the pancreatic
islet graft, this treatment neither induced humoral unresponsiveness nor
immunisation, and a subsequent heart graft was rejected three days after
transplantation in a picture of AVR. Assuming that the preparation of
the heart cells damaged no antigen structures, the cell suspension would
contain the same antigens as the whole heart graft. The lack of
immunisation or tolerance could imply that the heart cells do not survive
long enough after the injection. One probable prerequisite for the
induction of tolerance or immunisation may be that antigens persist for a
longer period in the recipient, as would have been the case for a heart
graft. The lack of immunisation or sensitisation after injecting the mouse
heart cells intraperitoneally may also imply that the induction of
unresponsiveness depends on the route of administration. One
prerequisite for the induction of humoral tolerance may be the exposure
of xenogeneic antigens to the circulation of the recipient. By intravenous
administration of hamster heart cells unresponsiveness has been
successfully induced in T-cell-deficient rats (Tsugita et al. 1996).
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Next, we therefore explored the possibility of inducing humoral
tolerance by introduction of mouse antigens to rats via transfusion of
mouse blood cells, i.e. exposure of xenoantigens to the circulation of the
rat. Mouse erythrocytes and mouse lymphocytes have been
demonstrated to evoke an antibody response when administered
intravenously to rats. The antibody levels produced by such
immunisations were sufficient to cause hyperacute rejection upon
passive transfer to rat recipients of mouse heart transplants (Gustavsson
et al. 2001). Thus, blood transfusions from mouse to rat consist of a
variety of mouse antigens that are partly shared with the mouse heart.

Blood transfusions and CyA monotherapy led to an immunisation,
with high titres of anti-lymphocyte and haemagglutinating antibodies,
which resulted in hyperacute rejection of a mouse heart, transplanted
one week after the blood transfusion.

When the intravenous blood transfusions were combined with CyA
and DSG, this did not induce a humoral unresponsiveness sufficient for
acceptance of a mouse heart graft when DSG treatment was terminated.
Nevertheless, this rejection differed from that observed in naive rats,
because there were only low titres of haemagglutinating antibodies. We
interpreted this finding as a partial humoral tolerance, where the animals
were made unresponsive against the antigens present on mouse
erythrocytes. The unresponsiveness was not extended to all of the
antigens present on mouse lymphocytes. One possible explanation for
this lack of tolerance induction may be that lymphocytes are fewer in
blood than erythrocytes. However, unresponsiveness against mouse
erythrocytes was also observed in long-time surviving heart grafted rats
when CyA treatment was terminated 8 weeks after transplantation and
the grafts were rejected.

Despite the fact that blood transfusions in combination with CyA and
DSG was not sufficient to induce acceptance of a mouse heart graft, we
have shown the possibility of generating humoral unresponsiveness
without the presence of graft endothelium. This may be an exception to
the widely accepted theory of endothelial activation as a mechanism for
tolerance induction in xenotransplantation. Bach and colleagues have in
several reports proposed that the endothelium is mandatory for the
induction of tolerance (Bach et al. 1996, Bach et al. 1997). This might well
be true in the hamster-to-rat model when unresponsiveness is induced
through accommodation, i.e. hamster heart transplantation combined
with CyA and CVF. Our finding, with the induction of unresponsiveness
without the presence of an endothelium, could imply the possibility of
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tolerance induction through a different mechanism. When the target
antigens responsible for the xenograft rejection are fully characterised, a
possible prospect to achieve humoral tolerance could then be to expose
the recipient to those antigens under the immunosuppressive protocol
used in this study.
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CONCLUSIONS
- There are preformed antibodies and antibody-producing cells in the

rat, targeted against mouse MNC and erythrocytes.

- The combined treatment of CyA and DSG prevents the rejection of a
mouse-to-rat heart graft as well as a pancreatic islet graft.

- In pancreatic islet transplantation, the initial treatment with CyA can
be replaced by treatment with ALS.

- Termination of DSG treatment leads to rejection of the pancreatic islet
graft, not the heart graft. The unresponsiveness induced in the rat
after heart transplantation is extended also to a second heart graft, not
to a pancreatic islet graft.

- Four weeks after the termination of DSG treatment some of the
functioning heart grafts showed intimal hyperplasia, fibrosis and
cellular infiltrates, i.e. morphological changes similar to those seen in
chronic allograft rejection.

- The unresponsiveness induced by heart transplantation cannot be
reproduced when the initial heart transplantation is replaced by a
pancreatic islet graft, heart cells or blood transfusions.

- The rejection of a mouse heart graft after treatment with
immunosuppression and blood transfusions does not evoke an
antibody response against mouse erythrocytes.
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