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PREFACE

An eatly attempt to replace the defected tissues by healthy ones date back thousands
of years, at least. It has been only a few decades, however, since the first organ
transplantation was successfully accomplished. Today, transplantation procedures may
look as a daily routine to nonexperts, and in a sense, they really are. Such a rapid progress
has been achieved mainly due to a major breakthrough in the field of immunology and
discovery of effective immunosuppressive drugs; i. e., substances capable of suppressing
the immune system response. Rejection of organs (tissues) by recipient’s immune system,
termed immunological graft rejection, remains a major obstacle in further development of
clinical transplantations. Critical shortage of allotransplants (donation of organs or tissues
between individuals of the same species) enhanced an interest in the use of tissue from

other species (xenografts) as a potential source of donor material in clinical medicine.

The future goals of transplantation are the prevention of the rejection by therapies
that should reduce or eliminate the need for long-term use of immunosuppressive drugs,
the induction of a graft-specific tolerance, and the development of xenografts as a

practical solution to organ availability.






ABBREVIATIONS

AC anterior chamber

ACAID anterior chamber-associated immunodeviation
APC antigen-presenting cell

CoS costimulator

CsA cyclosporin A

CTL cytotoxic T lymphocyte

CTLA-4 cytotoxic T-lymphocyte-associated protein-4
DC dendritic cell

DTH delayed-type of hypersensitivity
FasL Fas ligand

HO heme oxygenase

ICAM-1 intercellular adhesion molecule-1
IFN-y interferon gamma

IL interleukin

KO knock out

LC Langerhans cell

mAb monoclonal antibody

mH minor histocompatibility

MHC major histocompatibility complex
NK natural killer

NO nitric oxide

NOS nitric oxide synthase

iNOS inducible nitric oxide synthase
eNOS endothelial nitric oxide synthase
Tc cytotoxic T cell

TcR T cell receptor

TGF-3 transforming growth factor beta
Th T helper cell

TNF-o tumor necrosis factor alfa
TRAIL ligand TNF-related apoptosis-inducing
wT wild type

XNA xenoreactive natural antibodies






LITERATURE REVIEW

1 INTRODUCTION

During the past quarter century, transplantation immunology has established itself as a
scientific discipline to study the mechanisms by which recipient rejects or accepts a
transplant from a different donor. Nevertheless, most laws of transplantation
immunology had already been defined during the first two decades of the 20 century.
Indeed, the field of transplant immunology had undergone dramatic expansion during the
past few decades (Fig. 1A). The modern era of human allotransplantation started in the
early 1960’s with successful kidney transplant. At the same time there were also several

clinical attempts with vascularized xenografts from primates (Reemtsma 19606).
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Fig. 1 Number of articles reported from the year 1950 to 2005.

Articles were counting using keywords graft and/or transplantation (A) and xenograft and/or
xenotransplantation (B) in the title or full text. Data were compiled using web page
http://highwire.stanford.edu




INTRODUCTION

The increasing number of potential recipients lead to an organ deficit and there was
renewed interest in xenotransplantation in the mid-1990s (Fig. 1B). Present research of
xenotransplantation is currently focused on critical areas that include immunological
barriers, physiological function, infectious disease risks, and pivotal ethical issues to make

xenotransplants safe and effective for human beings.

In the 1960s, it was also recognized that macrophages and T lymphocytes are the
predominant cell types infiltrating acutely rejecting allografts, in response that resembled
delayed-type hypersensitivy (Brent et al. 1958). Since than, our understanding of the

central importance of these cells in transplantation immunology has expanded immensely.

This thesis concentrates mainly on the role of macrophages and T lymphocytes and
mechanisms known to be involved in the process of acute rejection of allo- as well as
xenografts. Functioning of these cells in the rejection process was determined by
monitoring changes in cytokines production, enzyme activity and release of their effector

molecules in the site of rejected graft.
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2 EXPERIMENTAL MODELS OF TRANSPLANTATION

In clinical medicine success of graft survival is still increasing due to the usage of new
immunotherapeutic methods developed in experimental models. The frequently used

experimental models of transplantation can be divided into:
¢ Organ (heart, lung, kidney)
¢ Solid tissue (cornea, skin)
¢ Cell (stem cells, spleen cells, pancreatic islet cells)

Transplantation of skin and cornea in rodents is frequently used in immunology
research. Experimental corneal transplantations are interesting thanks the immune

privilege status of the eye, as discussed in following sections.

Skin transplantation

One of the frequently used models in experimental transplantology is skin grafting
that has been known for many centuries. The first temporary skin graft was discussed in a
medical journal in 1881 (http://www.med.umich.edu/trans/transweb/reference/
timeline/881.htm). The method of experimental skin transplantation used today is in
general similar to that developed during pioneering studies by Sir Peter Medawar and his
colleagues (Billingham and Medawar, 1951) during the 1960s. Skin transplant rejection is
a good indicator of immune response and may serve as a sensitive test of the treatment
effects. An average time of skin allograft survival vaties from 6 to 10 days (Hilgert et al.
1983, Rosenberg et al. 1987, Goss et al. 1993, Ming et al. 2003) similarly to xenograft
survival (Krieger et al. 1997). Skin transplantation, both allograft and xenograft, is
primarily studied as a model of acute rejection. One reason for this particularly strong
reaction can be associated with skin specific features that are probably related to the
supetrficial location of skin and the fact, that the skin is continuously exposed to antigens.
The cells that may play an important role in skin transplantation are the Langerhans cells
(LC), the major antigen-presenting cells (APC) in the skin.

Corneal transplantation

Corneal transplantation, which is also known as penetrating keratoplasty, in striking
contrast to the failure rate of the other grafts, became one of the most successful forms

of tissue allotransplantation. In uncomplicated cases, the rejection rate for corneal
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transplants is approximately 10% in the first year in human (The Collaborative Corneal
Transplantation Studies Research Group, 1992).

Corneal transplantation procedures were developed during the 19% century when
almost all donor corneas used for grafting were xenografts. The modern era of corneal
transplantation begun in the 1950s due to the improvements in surgical techniques and
progtress in understanding of immunology and pathophysiology of corneal grafts. The
extraordinary success of corneal transplantation, which can be achieved in other grafts
only with profound systemic immune suppression, has been related to various features of
the cornea and ocular microenvironment that together account for its immune-privilege

status of anterior chamber (AC).

Majority of our information about the rejection mechanisms derives from animal
models of transplantation. The degree of immune privilege of corneal allografts has been
defined and quantified primarily on rodent models of keratoplasty. However, there are
some problems with data obtained from animal models and their application to the
human setting. In addition, immunological rejection of corneas in mice and rats is more
aggressive than in human, with rejection occurring on relatively short timescales (George
and Larkin 2004). For example, major and minor histoincompatible corneal grafts from
B10 mice placed in normal eyes of BALB/c mice are rejected within 8 weeks in
approximately 50% of cases (Sonoda et al. 1992). Moreover, human recipients of corneal
grafts are permanently treated with immunosuppressive drugs from the first day of

transplantation.

Certainly, there is also importance of experimental model of corneal transplantation
for clinical medicine. Experimental corneal and skin grafting offers a good system to test
different forms of therapy, because of the simple anatomy and ability to directly visualize

the transplanted tissue and any rejection response.

Immune privileged status of the eye

The cornea forms the outer surface of the eyeball together with the sclera and also
serves as a part of the ocular biodefense system. The features of normal uninflamed
cornea and ocular microenvironment associated with its immune privilege status can be
divided into three groups: anatomical, physiological and immunological. From the
anatomical point of view the cornea is one of the few avascular tissues in the body and is
devoid of lymphatic and blood vessels. Thus, cornea or corneal graft respectively is
isolated from both the afferent and efferent arms of the immune response (Niederkorn
1999, Rocha et al. 1998). The immunological (Fig. 2) and physiological factors related to

the immune privilege status of uninflamed cornea and ocular microenvironment include:
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¢ The center of corneal epithelium is endowed with a population of major
histocompatibility complex (MHC) class II- CD80- CD86- CD11b- CD3- LCs
(Niederkorn and Peeler 1988; Hamrah et al. 2002, 2003).

¢ Decreasing density of stromal dendritic cells (DC) from the limbus toward the
center, which contains exclusively MHC class 1I- CD80- CD86- DCs (Hamrah et al.
2003).

¢ Secretion of immunosuppressive transforming growth factor-f (TGF-B) by
corneal epithelial and endothelial cells that inhibits T-cell activation and
proliferation (Qian and Dana 2001) and which has a profound capacity to
suppress the stimulatory role of LCs and to downregulate MHC class 11
expression (Hamrah et al. 2002).

¢ Constitutively expression of immunomodulatory molecules on cell membranes of
corneal epithelium and endothelium cells: Fas ligand (FasL, CD95) and TNF-
related apoptosis-inducing ligand (TRAIL), members of the TNF superfamily, that
play a pivotal role in protecting the eye from cell-mediated damage by selective
apoptotic activity (Griffith et al. 1995, Wilson et al. 1996, Lee et al. 2002,
Niederkorn 2004).

IFN-y, IL-1

MHC Il

Fig. 2 Immunology of cornea.

Corneal epithelial cells, keratocytes and endothelial cells express primarily MHC | antigens. Expression of
FasL and TRAIL and high concentration of TGF-B protect the cornea from cell-mediated damage. On the
other hand, cytokines like IFN-y and IL-1 stimulate epithelial cells to express MHC Il molecules. Immature
APCs can be stimulated by pro-inflammatory cytokines (IL-1, TNF - secreted by corneal endothelium) to
migrate centripetally (modified according to Wilson et al. 1994).

Due to these features, allogeneic tissue implanted into the AC survives for prolonged
intervals compared with tissues implanted subcutaneously or at other conventional non-
immunoprivileged body sites (Streilein 1993). This hyporeactivity of AC results in a
selective and adoptively transferable suppression of antigen-specific delayed-type of
hypersensitivity (DTH), in the periphery known as a anterior chamber-associated immune
deviation (ACAID) (Niederkorn 1990, 1999; Streilein 1993, 1999). However, immune

privilege is a dynamic and not absolute state. Not all orthotopic corneal allografts
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succeed, in humans or in experimental animals. Under circumstances promoting
inflammation this privilege can be lost. One such setting is neovascularization, which can
significantly increase the risk of graft rejection, e.g. by inducing vascularization in the
recipient bed with stitches (Dana et al. 1996). Grafts placed into prevascularized ‘high-
risk” beds exhibit rejection rates of 50-90 % in human, even with a local and systemic
immune suppression (Mader and Stulting 1991, Dana and Streilein 1996, Ksander et al.
1996) and 100 % in untreated experimental recipients (Vitova et al. 2004).

The special properties of cornea and ocular microenvironment allow corneal allograft
prolonged survival. The orthotopic corneal xenografts are rejected within 7-10 days after
transplantation, similarly to other tissue xenografts, which are rejected acutely in a process

of cellular rejection (Qian and Dana 2001).
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3 GRAFT REJECTION

In various experimental animal models and clinical transplantation, activated T cells,
macrophages or specific antibodies are capable of mediating graft rejection via different
mechanisms. For historical reason, the classification of graft rejection is based on
histopathology and/or the time course of rejection after transplantation rather than

immune effector mechanisms.

Rejection of allograft

Based on the expetience, the histopathologic patterns of allograft rejection are called
hyperacute, acute, and chronic. Hyperacute rejection begins within minutes to hours and
is mediated by preexisting antibodies in the host circulation that bind to donor
endothelial antigens. Complement activation leads to endothelial injury and exposure of
subendothelial basement membrane proteins that activate platelets. These processes
contribute to thrombosis and vascular occlusion, and the grafted tissue undergoes

irreversible ischemic damage.

Process of injury mediated by T cells, macrophages and antibodies that usually begins
after the first week of transplantation is typical for acute rejection. T cells play a central
role because the activated CD4*+ T cells secrete cytokines that recruit and activate
inflammatory cells and induce DTH-like reaction. In turn, such reaction can cause direct

lysis of graft cells and necrosis of tissue.

Chronic rejection is characterized by fibrosis with loss of normal organ structures
occurring over the prolonged period. This type of rejection can develop in any
vascularized organs within a few months to years after transplantation. The fibrosis of
chronic rejection may represent wound healing after the cellular necrosis of acute
rejection, or result from activated macrophages, which secrete factors stimulating
fibroblast proliferation (Abbas et al. 2000).

Rejection of xenograft

Xenogeneic donors can be divided into discordant and concordant. Species
combination is considered discordant, when recipients pre-form xenoreactive natural
antibodies (XNA) that are reactive with the carbohydrate determinates expressed by the
cells of some mammals (Galili et al. 1987). In contrast, in concordant species

combination XNA are found at low titer or absent.

11
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The presence of natural antibodies roughly correlates with the phylogenic disparity
between species. It is thought that XNA are responsible for the initiation of hyperacute
rejection by which discordant vascularized xenografts are rapidly (in a few minutes or
hours) destroyed. The same mechanism has been seen in hyperacute allograft rejection
(Platt et al.1990).

Survival time can be prolonged for a few days if complement is inhibited or antibodies
removed. In this case the graft being ultimately damaged by a form of acute vascular
rejection, also called delayed xenograft rejection. This type of rejection includes a non-T
cell-mediated cellular response as well as a T cell-mediated response. The process is
characterized by intravascular thrombosis and fibrinoid necrosis of vessel walls.
Mechanisms are not completely understood but rejection is accompanied by cytokine-
mediated endothelial activation, and by presence of natural killer INK) cells, macrophages
and eosinophiles (Bach et al. 1996, Auchincloss et al. 1998, Platt 2002). In a process of
cellular rejection, the xenograft is rejected by T cell-mediated immune response within a
few days, the dominating cells infiltrating graft, apart from T cells, are also macrophages
and NK cells (Lin et al. 1997). The mechanisms are similar to those that have been

described for acute allograft rejection but they are more aggressive.

The most studies focuse on prevention of hyperacute or delayed xenograft rejection.
Only limited number of studies is concentrated on chronic xenograft rejection. In the
1960’s, this slow but progressive destructive process has been described in initially
successful concordant (chimpanzee-to-human) xenografts, where XINA and complement
are not involved primarily (Reemtsma 1966). Knechtle et al. (1987) were the first who
achieved survival longer than 100 days in the concordant heart transplantation model.
Therapy consisted of total lymphoid irradiation combined with cyclosporin (CsA). Within
the same model of concordant aortic xenografts, it was observed that blood vessels had
signs of vasculitis and accelerated arteriosclerosis, which occur extremely rapidly and are
faster than in allogeneic grafts. It was also speculated that antibodies contribute to

development of chronic rejection (Scheringa et al. 1996, Tanemura et al. 2000).

Immunosuppression - prevention and treatment of graft rejection

12

If the recipient of a graft has a fully functional immune system, transplantation mostly
results in some form of rejection. Immunosuppression is the major strategy used for the
prevention and management of transplant rejection in clinical practice as well as in the

experimental models.

A possiblle way to reduce graft immunogenicity is to minimize alloantigen differences

between the donor and recipient. Test for the presence of preformed antibodies against
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MHC antigens of donor cells is called “cross-matching” and it is done for most types of

organ graft, with the cornea being an exception.

Graft rejection may be also prevented by making the host tolerant to the antigens of
the graft. It is presumed that the tolerance to a graft could involve the same mechanisms
that are involved in tolerance to self-antigens (Abbas et al. 2000). Tolerance to grafts can
be induced by classical procedutes such as neonatal injection of allogeneic cells
(Billingham et al. 1953, Hasek 1953). Prolonged graft survival was also achieved in
combination with administration of immunosuppressive drugs (Mayumi et al. 1985), T
cell depletion with monoclonal antibodies (mAb), or with non-depleting anti-T' cell
antibodies (Quin et al. 1989).

13
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4 MECHANISMS OF GRAFT REJECTION

Multiple evidence indicating that graft rejection is a complex process involving
mechanisms of immune responses, generated by contributions from both innate and

adaptive immunity.

Innate immune response and graft rejection

Innate immunity is a primitive, highly conserved process by which signals, released by
invading organisms or damaged tissues, are firstly recognized by macrophages,
polymorphonuclears and NK cells (Matzinger 2002). The observations suggested that,
similar to infectious models, the early phase of rejection consists predominantly of innate
immune responses, whereas the late phases of rejection are enriched for components of
adaptive immunity (Fox et al. 2001). Previous results of analyzing proinflammatory
responses in graft recipients deficient in T' and B lymphocytes have characterized a robust
innate immune response that occurs during the first 24 h following transplantation (He et
al. 2002). Innate response involved multiple proinflammatory molecules including
chemokines, cytokines, and their receptors. On the model of xenotransplantation and, to
a lesser extent, allotransplantation it has been demonstrated rapidly elicit innate response
that precede the influx of T cells and occur even in their absence. Neutrophils appeared
to be the first cells infiltrating graft that release chemoatractants, which recruit both
monocytes and T cells, and initiate cell-mediated immunity (Mackay et al. 1999). The
stronger stimulation of innate immunity by xenograft, compared with allografts, would be
consistent with expression disparate non-polymorphic molecules, whereas allograft

disparities are largely restricted to the polymorphic MHC proteins (Fox et al. 2001).

Graft rejection requires interaction between innate and adaptive immunity. Innate
immunity serves as an important link between antigen-independent and antigen-
dependent responses promote graft rejection (He et al. 2002, Moberg et al. 2005). Present
studies are focused on role of innate immunity in antigen presentation, T cell priming and
recruitment of T' cells required for macrophage activation and their function in xenograft

compared to the allograft rejection (Fox et al. 2001, Devos et al. 2005).

Graft recognition and adaptive immune responses

14

Immune responses are a major barrier to effective tissue transplantation, destroying

grafted tissue by an adaptive immune response to its foreign proteins. These responses
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can be mediated by different type of cells. Briefly, recognition itself can be further

subdivided into discrete steps (Fig. 3), including afferent and efferent phase (Qian et al.

2001).

Afferent phase includes:

¢ Activation of APCs and their migration into the graft

¢ Processing of antigens

¢ Presentation of antigens in the context of MHC class II molecules to the T-cell

receptor (TcR) of naive T cells in the draining lymph nodes, which together with

adequate costimulation, results in T-cell activation

Development of 'memory’ I n

Reactive T-cell attack the graft
after re-encounter with antigen

efferent phase

\

Antigen specific T-cell entry to the
general circulation

Y

o

-

e

Production of pro-inflammatory
cytokines by graft cells

\

Recruitment of host inflammatory
cells from the blood vessels into the graft

|

Production of chemokines as a result of
leukocyte recruitment

i

Migration of immature host APC
into the graft

e

Processing and presentation of antigen
in the T-cell rich areas of the draining

lymph node

Fig. 3 Processes that lead to a cell-mediated immune response against graft.

afferent phase

This process consist of afferent phase (a, b, ¢, d, e€) and efferent phase (f, g, h). (a) Production of pro-
inflammatory cytokines in the graft as a result of grafting leads to (b) recruitment of host inflammatory cells
from the blood vessels into the graft. (c) Leukocytes recruitment and chemokine production induce (d)
migration of immature host APCs. Matured APCs leave the graft by entering afferent lymphatics to access
draining lymph nodes. (e) After processing and antigen presentation in T-cell rich areas of lymph nodes (f)
antigen specific T-cell entry to the general circulation. The final, effector phase of immune response involves
the (g) targeting of the graft by reactive T-cell and (h) development of memory (modified according to Qian

et al. 2001)

15
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The expression or efferent phase of the response is synonymous with the process of
attacking the graft or destructive response. This can be divided into steps consisting of:

¢ Entry of reactive T cells from lymphoid organs to the general circulation
¢ Delivery of these cells to the target tissue and re-encounter with antigen

¢ Development of ‘memory’, which might facilitate the expression of the immune

response if there is repeated exposute to antigen.

16
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5 ALLOTRANSPLANTATION

The immune response to antigens of allograft can be both cell mediated and humoral.
In general, T cell — mediated immune reactions are more important for rejection of

transplanted organs.

Alloantigen presentation and T cell activation (allorecognition)

Allograft rejection clearly represents a response to transplantation antigens, especially
of polymorphic major (MHC class I and II) and minor histocompatibility (mH) complex.
For T cell activation two signals are required (Lafferty and Cunningham 1975):
alloantigen binding to the TcR as the first signal and as the second signal an inductive
molecule or costimulator (CoS), expressed by a metabolically active APC. Cell surface
molecules involved in this process are CD28, CTLA-4 (T-lymphocyte-associated protein-
4) and CD154 expressed by T cells interacting with the CD80/CD86 and CD40
molecules expressed by activated APCs and B cells (Schwartz 1992). Naturally, also other

accessory molecules expressed by APCs, have also important costimulatory function.

Alloantigens can trigger the activation of recipient T cells via two distinct mechanisms:
direct (donor APC-dependent) and indirect (host APC-dependent) type of antigen
presentation (Fig. 4). In the direct pathway, alloreactive CD4+ T cells recognize intact
allo-MHC 1II molecules on the surface of donor APCs (Sherman and Chattopadhyay
1993, Sayegh and Turka 1998, Illigens 2002). Both CD4* and CD8* T cells can be
activated by direct pathway, because CD8* T cells can directly recognize MHC 1
molecules on donor cells. In the indirect pathway, CD4* T cells recognize donor-derived
MHC peptides processed and presented by recipient APCs in the secondary lymphoid
organs — lymph nodes and spleen. By indirect pathway of recognition mH molecules of

donor cells can be also recognized after processing and presentation on recipient APCs.

Some studies have indicated that both direct and indirect alloresponses can contribute
to the rejection of allograft. There is also ample evidence to indicate that direct responses
can induce rapid and acute form of rejection, whereas indirect-type of alloreactivity may
be associated with a slow process of late acute or chronic rejection, although the exact
effector mechanisms remain unknown (Benichou et al. 1992, Fangmann et al. 1992,
Waaga et al. 1998, Illigens et al. 2002).

The alloimmune response and the rejection process may vary with the type of
tissue/organ transplanted. Some of the key factor that influenced the pathway of T-cell
allorecognition after transplantation is the site of placement of the graft with regards to

lymphatic drainage and vascularization (Illigens et al. 2002).

17
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A Direct recognition B Indirect recognition
Donor Donor
peptide . A peplide
antigen \ A g antigen
I 9 . | -
Donor  TCR  Recipient F N Recipient TCR  Recipient
Donor APC~ MHC I CD4* T cell Recipient APC ~ MHC Il CD4* T cell
Donor
peptide
antigen
Donor cell Recipient TCR  Recipient
MHC | CD8*T cell

Fig. 4 Pathway of recognition in transplant rejection.

(a) Direct presentation. After transplantation, APCs from donor donor migrate out of the graft into recipient’s
CD4" T-cells. Similarly, recipient CD8" T cells can recognize directly donor peptide antigen present on MHC
| of donor cells. (b) Indirect presentation. After transplantation, recipient APCs migrate into the graft, and
take up and process the proteins from recipient cells. These donor peptide are presented on recipient MHC
1l molecules to recipient CD4+ T-cells in lymph nodes (modified according to Coates et al. 2002).

Role of T cells in allograft rejection

18

The rejection of skin and corneal grafts in untreated recipients, similarly to other fully
allogeneic grafts, is primarily studied as a model of acute rejection. Predominant type of
allorecognition in skin and vascularized grafts is direct recognition mediated by both T
cell subsets CD4* and CD8" (Sherman and Chattopadhyay, 1993, Waaga et al. 1998,
Illigens et al. 2002).

Corneal transplantation represents an interesting model, in that center of graft is
naturally devoid of MHC class II* leukocytes and cannot theoretically elicit CD4+ T cell-
mediated direct alloresponse and therefore corneal grafts can predominantly trigger an
indirect alloresponse focused on mH antigens (Streilein et al. 1979, Boisgérault et al.
2001). However, there is evidence than the direct and indirect pathway of sensitization
may concur in corneal transplantation and the relative contribution of each pathway is
based on multiple host and time-dependent factors, e.g. high-risk beds (Hamrah et al.
2003).

In the case of allotransplantation, CD8* T cells are able to recognize MHC class 1
antigens presented on allograft cells through the direct pathway. Even if direct CD8



LITERATURE REVIEW

response can induce graft destruction, the CD4 direct and indirect response is essential in
the rejection. Probably from this reason, iz vivo depletion of CD4" T cells with mAb anti-
CD#4 significantly enhanced survival of allografts, whereas treatment with anti-CD8 mAbs
has no effect on the rejection rate (He et al. 1991, Han et al. 2000). The precise role of
CD8* T cells is still controversial. Their cytolytic functions (Fas/FasL - mediated
apoptosis and perforin/ granzyme trelease) and cytokine production are usually sufficient,
but not always necessary, to ensure rejection. In the absence of CD4 alloresponse, CD8*
T cells in direct fashion can mediate acute rejection for prolonged time period
(Niederkorn et al. 2006). In turn, after depletion of CD8" T cells, remaining CD4+ T cell
response alone was sufficient to ensure the rejection process in normal timeframe
(Boisgérault et al. 2001).

Allorejection as a cytokine-mediated process

The important role of CD4* T Iymphocytes in allograft rejection has been
demonstrated in a number of studies by using mAb anti-CD4 cells or gene knockout
(KO) mice, which are genetically deficient in CD4+ T lymphocytes (Pearson et al. 1993;
Wen-Ruo et al. 1999; Han et al. 2000; Thiel et al. 2001). Direct and/or indirect
allorecognition leads to activation of CD4* T helper (Th) cells, which can be further
divided, based on their pattern of cytokine production at least into two functional subsets
Thl and Th2 (Fig. 5). Thl cells secrete IL-2, intetferon-y (IFN-y) and TNF-f and
provide the necessary signals for the growth and maturation of macrophages and
cytotoxic CD8* T lymphocytes (CTL) (Mosmann and Coffman 1987). Th2 cells secrete
IL-4, IL-5, 1L-10, IL-13 and are responsible for antibody production by B cells and
activation of cosinophiles. Th1 and Th2 T cells can regulate each other. Thus, IFN-y
inhibits the development of Th2 cells, and IL.-10 inhibits the secretion of cytokines
produced by Th1 cells. This reciprocal regulation is so-called Th1/Th2 paradigm that
provides a basis of understanding the mechanisms of rejection and tolerance in
transplantation. Some results demonstrate that there is a hierarchy in the T-cell response
associated with different types of allograft rejection: grafts with acute rejection
predominantly induced the Th1 cytokines; those with delayed rejection is associated with
a production of both Thl and Th2 cytokines, whereas accepted grafts and grafts with
long-term survival that they usually showed histological evidence of chronic rejection
primatily expressed the Th2 cytokines (Nickerson et al. 1994, Le Moine et al. 1999,
Mhoyan et al. 2003).

Cornea and skin are the tissues that are not primary vascularized, so hyperacute
rejection, a rapidly occurring reaction involving antibody responses in the blood vessels
does not occur (Gardner 1995, Qian and Dana 2001). It has also been described that
corneal and skin allograft rejection is a CD4* Th1-cell-mediated process, demonstrated
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by increase level of 11-2 and IFN-y (Dollman et al. 1991, Satoru et al. 1998; Hargrave at
al. 2000) and low or absent of production and expression of genes for IL-4 and IL-10
(Sano et al. 1998, Satoru et al. 1998).

Cytotoxic CD8* T lymphocytes can be also differentiated into T cytotoxic (T'c)1 and
Tc2 population with cytokine profiles analogous to those seen in CD4* Th
subpopulations: Tc1 producing high level of IFN-y and Tc2 phenotype producing 11.-4,
IL-5, IL-10, IL-13 and low level of IFN-y (Halverson et al. 1997, Delfs et al. 2001). After

depletion of CD4* T cells, CD8* T cells can represent a source of cytokines required for

graft rejection.

IFN-y, produced by both CD4* and CD8* T cells, is considered one of the most
important cytokine of Th1l-mediated rejection (Hidalgo and Halloran 2002). IFN-y is the
proinflammatory cytokine with multiple effects on the immune system, upregulates MHC
class 1I and costimulatory molecules on APCs, induces chemokine secretion, provides the

stimulus for antibody switching, activates macrophages and has been implicated as a
mediator of DTH (Paul and Seder 1994).

However, some studies have shown that allograft can be rapidly rejected in wild type
(WT) as well as in IFN-y deficient (IFN-y/-) mice by CD4* T cells. After depletion of
CD8* T cells, both WT and IFN-y/- mice rejected their allografts. This indicates that

these mice share a common CD4-mediated, CD8-independent mechanism of rejection
(Valujskikh and Heeger 2000, Bishop 2001).

Conversely, Th2 cytokines, especially 1L.-4 and IL.-10, were described as cytokines with
immunosuppressive properties and their production by graft infiltrating cells is associated
with tolerance. There are several studies showing that exogenously administrating 11.-4
and 11-10 before grafting leads to improve graft acceptance and survival (DeBruyne et al.
1998, Shinozaki et al. 1999, Mulligan et al. 2000; Quin et al. 2001; Miyamoto et al. 2005).
Treatment of viral vector encoding I1.-10 resulted in a significant reduction of neointimal
proliferation and graft infiltration with macrophages and T and B lymphocytes. The
mechanism underlying the protective effects of 1L-10 in allografts also involved heme
oxygenase 1 (HO-1) activity by which inflammatory cell infiltration is inhibited (Chen et
al. 2005).

To determine the exact role of individual cytokines during rejection is complicated by
their pleiotropic and redundant action. Antagonists against a single cytokine or knockout
of one cytokine gene may not have functional effect, and other cytokines may

compensate them.
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Fig. 5 A model of the interactions between polarized Th1l and Th2 responses.

Thl and Th2 cells secrete a nhumber of cytokines. By production of IFN-y and IL-4 the lymphocyte subsets
can regulate each other. Thus, IFN-y inhibits the development of Th2 cells and IL-4 inhibits the
differentiation and expansion of Thl cells. Briefly, Thl cytokines are associated with activation of
macrophages and are often implicated in graft rejection. Whereas, Th2 cytokines are responsible for B cell
activation and chronic graft rejection or tolerance (modified according to Harber at al. 2000).
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The nature of cellular and humoral responses to xenogeneic tissues appears to differ
from allograft immunity and is less understood. Cellular response during xenograft

rejection is commonly more vigorous than during allograft rejection.

Xenorecognition

22

The intensity of immune response is determined by the interactions between T
lymphocyte cell surface molecules and APCs. The T-cell subsets ate characterized by
CD4 and CD8 co-receptor molecules that interact with conserved region of class I, and
class II MHC molecules, respectively. The interaction of these accessoty/co-receptor
molecules with their respective ligands can display species-specificity (Moses et al. 1992),
and probably depends on the phylogenetic disparity between stimulating and responding
species (Sachs and Bach 1990). Whether the recipient T-cells are capable of direct and/or
indirect xenorecognition is still an open issue. Controversial results have been reported
for both concordant and discordant species combination (Gill and Coulombe 1992,
Gould and Auchinckoss 1999; Rogers et al. 2001, Tanemura et al. 2002). The above
studies suggested the following scenario: xenografts are infiltrated by T cells and
macrophages within first week after transplantation, if antibodies fail to cause graft
rejection during this period. Many CD4+ T-cell clones are likely to undergo activation
within the xenograft by multiple immunogenic peptides that originate from xenoproteins,
and are processed and presented by APCs. Unlike allograft rejection, the indirect pathway
may dominate the T-cell response to xenografts. This may be partly due to
incompatibilities of receptor/co-receptor interactions when the blockade of indirect
recognition mediated by CD4+ T cells leads to prolonged xenograft survival (Singh et al.
2004). From these findings the hypothesis was formed that a major pathway of CD4* T
cells xenograft immunity is through indirect antigen presentation, and the role of direct
pathway of antigen presentation is relatively less important (Chitilian et al. 1998, Shishido
et al. 1998, Singh et al. 2004). The activation of CD4" T cells results in a local secretion of
various cytokines, including IL-2. In turn, these cytokines induce differentiation of
activated CD8* T cells into CTL that can kill xenogeneic target cells (Smyth et al. 1996).
CD8* T cells activation also depends on ability of CD8* T cells to directly interact with
xenogeneic MHC class I molecules. Some studies (Qian and Dana 2001, Yi et al. 2000)
have demonstrated the capability of CD8" T cells to recognize both concordant and
discordant xenogeneic MHC antigen iz wivo. Ability to recognize MHC antigens in
discordant xenograft combination is less effective than in concordant combination, and
critically depends on B7/CD28 costimulation (Zhan et al. 2001). Although CD4* T cells
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are major mediators in cellular rejection of xenograft, rejection still occurs in the absence
of CD4* T cells, even if with delayed kinetics. Thus, in CD4-independent mechanisms of
cellular rejection, activated CD8" T cells are able to destroy the transplanted tissue. While
this mechanism is considerably less efficient than the CD4*+T cell-mediated one, it may be

of greater importance when the development of chronic rejection is considered (Yi et al.

2000).

Th1l/Th2 paradigm in xenograft rejection

Cellular type of rejection mediated by T cells of adaptive immune response takes place
in xenograft models of transplantation. Two distinct subsets of CD4" T lymphocytes
have been characterized by their cytokine profiles Thl and Th2 as it was mentioned
above. Unlike allografts, the pattern of cytokine gene expression and production in
response to xenografts does not seem to be clear. Majority of studies demonstrated that
xenoreactive cellular response in acutely rejected xenograft is associated with production
of Thl and Th2 cytokines simultaneously (Morris et al. 1995, Simeonovic et al. 1999
Kishimoto et al. 2000 Dujovny et al. 2002 Tanaka et al. 2005). Singh and Shirwan (2001)
in their studies hypothesized that the indirect recognition pathway may specifically
generate a Th2 response that contributes to acute xenograft rejection by regulating the
humoral response. Their results showed that rejection of concordant xenograft is
mediated by predominant production of Th2 cytokines and IFN-y with low or absent
production of 1L-2 (Singh and Shirwan, 2001, Singh et al. 2003). The lack of IL-2 in the
presence of high level of IFN-y may suggest that this cytokine is expressed not by the
classical Th1 T cells but by the cells of innate immunity, such as NK cells (Patselas et al.
1995). A Th2 response represented by cytokines IL.-4 and IL.-10 was detected in rejected
grafts and draining lymph nodes, but the IL-10 transcript was detected at earlier time
points, before increasing mRNA level of IL-4. This results in speculation that the main
source of IL-10 can be predominantly the highly activated macrophages as one of the
primary cells infiltrating graft (Krook et al. 2002). Inhibition of acute xenograft rejection
was associated with decreased cytokine production in the graft, both Thl and Th2
(Kishimoto et al. 2000). A different role for cytokine in concordant and discordant
transplantation indicating local delivery of IL-10 and /or TGF-§ into graft where they
enhanced immune response and resulted in shorten xenograft survival of rat islet in
mouse recipient in contrast to prolongation of graft survival in discordant species
combination (canine-to-rat) (Deng et al.1997). On the other hand, islet xenograft
rejection was also prevented by simultaneous but not single inhibition of IFN-y receptor,
TNF-a, and 1L-2 (Benda et al. 2000).
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Macrophages belong to the predominant cells infiltrating allo- and xenografts at time
of rejection (Xia et al. 2000, Slegers et al. 2003, 2004, Axel et al. 2005). They are
multifunctional cells participate on both innate as well as adaptive immune response
during rejection (Slegers et al. 2004). During the innate response, macrophages promote
inflammation by releasing TNF-o. and 1L-1. As participants in adaptive immune response
they present antigen to primed T cells, thus they are thought to be one of the principal
APCs (Slegers et al. 2003, 2004). Moreover, macrophages are able to express essential
costimulatory molecules, adhesion molecules, and release chemokines and cytokines
including IL-1a, IL-1B, IL-6, IL-10, IL-12, TL-18 and TGF-B (Wybutn et al. 2005). For
that reason macrophage depletion became one of the way to find their particular role
during rejection. The one of more widely used ‘macrophage suicide’ technique consists of
the administration of clodronate-containing liposomes that ate selectively toxic for
macrophages (Van Rooijen et al. 1997). Local depletion of macrophages correlated with
diminished expression of adhesion molecules such as ICAM-1 (intercellular adhesion
molecule-1) and B2-integrins (Slegers et al. 2003) in corneal allografts. Clodronate
treatment also markedly altered the mRNA levels of cytokines, where 1L-1, IL-2, 11.-4,
IL-6 IL-10, IFN-y, TNF-8 were strongly decreased (Torres et al. 1999). Elimination of
macrophages from the graft side prolonged graft survival (Fox et al. 1998, Wu et al 2001).
Corneal allografts survived more than 8 weeks without any other form of therapy (Slegers
et al. 2003; 2004). Adiminstration of liposomes also markedly delayed infiltration of T
cells and eosinophiles (Fox et al. 1998, Wu et al. 1999).

Further studies brought evidence that macrophages are the key cytotoxic cell
population in process of graft rejection (Yamamoto et al. 1998, Stiestikova et al. 2003),
which are able to reject graft in the presence or absence of other effector cells (Wallgren
et al. 1995, Slegers et al. 2003). In addition, macrophages activated by Th1 type cytokines
produced nitric oxide (NO), an important effector and regulatory molecule in various
models of immune response (Fig. 6). NO is catalytically formed by several isoforms of
NOS which converts L-arginine to NO and L-citrulin (Brine et al. 1998). Neuronal and
endothelial NOS (eNOS) generate NO constitutively as a signaling molecule (Mayer and
Hemmens 1997, Brine et al. 1998). It has been suggested that NO produced by
macrophages in rejected graft is generated via inducible NOS (iNOS) that can produce
large amounts of NO for days or longer (Briine et al. 1998, Yamamoto et al. 1998). The
role of NO as a cytotoxic effector molecule during allograft rejection has been well
demonstrated when prolonged allograft survival was achieved by suppression of NO
production by selective iNOS inhibition (Worral et al. 1995, Holan et al. 2001, Stfestikova
et al. 2003) or NO scavenging (Roza et al. 2000).
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Fig. 6 A model of macrophage stimulation by Th1 or Th2 cytokines.

Macrophages activated by Thl cytokines, especially by IFN-y, produced NO that is catalytically formed by
NO synthase, which converts L-arginine to L-citrulin and NO. In case of macrophage activation by Th2
cytokines (IL-4, IL-10, IL-13, TGF-B), enzyme arginase | and Il is released. Products of arginase activity,
which also requires a presence of L-arginine, are L-ornithine and urea. Simultaneously, two distinct
macrophage populations regulate the function of T cells. Macrophages stimulated by Thl or Th2 cytokines
exert opposite effects on Th-cell development. Macrophages activated by Thl cytokines generate IL-12
facilitate the development of Thl cells, whereas macrophages activated by Th2 cytokines support the
generation of Th2 cells.

On the contrary, macrophages stimulated by Th2 cytokines, the predominant
cytokines of xenograft rejection, synthesize enzyme arginase. Two isoforms of arginase
have been identified — arginase 1 and arginase II. They differ in cellular sublocalization
and in tissue distribution. Several cells can express both isoforms such as mouse
macrophages (Louis et al. 1998) or endothelial cells (Buga et al. 1996). Both isoforms
convert L-arginine into L-ornithine and urea (Fig. 6). From this reason NO production
may be reduced by arginase via depleting the common substrate in this cell types (Bronte
et al. 2003). It has been confirmed in models such as Leishamia infection (Iniesta et al.
2001), human inflammatory disease (Bruch-Gerharz et al. 2003) or asthma (Morttis et al.
2004). Thus, this regulatory mechanism of iINOS/arginase enzymes may regulate the
effector mechanisms of transplantation reactions and can be important in xenograft

rejection when the role of NO has not been well documented.
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AIMS OF THESIS

General aims

On experimental models of skin and corneal allo- and xenotransplantation, we tried to
explain immunological aspects participated in graft rejection. The main aim of this thesis
was clarified the role of adaptive immune response, especially role of inflammatory cells
infiltrating rejected graft - T cells and macrophages, their effector molecules, cytokines

and enzymes (and their products) released during graft rejection.

Specific aims

26

¢ To investigate involvement and role of NO produced by macrophages in immune
response to skin allografts in mice by using specific inhibitor of iINOS and

demonstrate dependence of NO production on the presence of activated T cells.

¢ To show how treatment with mAb anti-CD4 or anti-CD8 affects the gene
expression and production of Thl and Th2 cytokines and iNOS in concordant

corneal xenografts during acute rejection.

¢ To investigate the influence of local depletion of macrophages and/or T cells on

rejection of corneal xenografts.

¢ To clarify the link between Th2 cytokine production and undetectable or only
limited amount of NO in rejected skin xenograft.
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Abstract

Nitric oxide (NO) as a small ubiquitous molecule influencing a great variety of biological processes in the organism. Within the immune
system, increased levels of NO were observed in various immunopathological situations, inflammatory reactions and during the response
to transplantation and tumour antigens. It appears that NO can influence various facets of immune response. We studied involvement
and the role of NO in immune response to skin allograft in mice. The production of NO at the site of graft rejection correlated well
with the kinetic of rejection reaction and with the fate of the allograft. Graft infiltrating macrophages were identified as a principal cell
population producing NO and the production of NO by macrophages was dependent on the presence of activated CD4™ T cells. Survival
of skin allografts was significantly prolonged by the treatment of graft recipients with 2-amino-5,6-dihydro-6-methyl-4H-1,3-thiazine
(AMT), a specific inhibitor of inducible NO synthase (iNOS). These results suggest a role for NO as the effector cytotoxic molecule
involved in the graft rejection. Experiments in vitro demonstrated that NO, in addition to its effector function, acts as a modulator of
cytokine production. Spleen cells stimulated with alloantigens in the presence of AMT or S-ethylisothiourea (EIT), an another selective
iNOS inhibitor, produced considerably more interleukin (IL)-4 and IL-10 than the cells stimulated in the absence of iNOS inhibitors. The
production of Th1 cytokines IL-2 and interferon (IFN)-y was not enhanced by the inhibition of NO synthesis. The results altogether show
that NO can act in transplantation reactions as an immunomodulator on cytokine production level and as an effector molecule involved in
the graft destruction. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Nitric oxide (NO) is a small molecule synthesised in the
body from L-arginine by a family of enzymes, the nitric ox-
ide synthases (NOS) (Knowles and Moncada, 1994). At least
three isoforms of NOS have been identified (Forstermann
et al., 1994). Two of them synthesize NO constitutively in
a great variety of cells. The third isoform, called inducible
NOS (iNOS), is activated by various stimuli and can produce
a large amount of NO (Forstermann et al., 1994; Nathan and
Xie, 1994).

One of the major sources of the inducibly produced NO
are macrophages. Elevated levels of NO were found in in-
fectious and inflammatory diseases (Miller and Grisham,

Abbreviations: AMT, 2-amino-5,6-dihydro-6-methyl-4H-1,3-thiazine;
Con A, concanavalin A; EIT, S-ethylisothiourea; ELISA, enzyme-linked
immunosorbent assay; IL, interleukin; IFN, interferon; LPS, bacterial
lipopolysaccharide; mAb, monoclonal antibody; NO, nitric oxide; PBS,
phosphate bufferred saline

* Corresponding author. Tel.: +420-2-20183226;
fax: +420-2-24310955.
E-mail address: holan@img.cas.cz (V. Holan).

1995) autoimmune processes (Cross et al., 1994; Tilton et al.,
1994,) and during the reaction to tumour and transplantation
antigens (Lejeune et al., 1994; Toannidis et al., 1995). NO
has been shown as the effector cytotoxic molecule respon-
sible for macrophage-mediated cytotoxicity (Hibbs et al.,
1988). Overexpression of NO was suggested as the cause of
down-regulation of systemic immunity observed in tumour
bearers, and in animals with autoimmunity and inflammatory
disorders (Cowden et al., 1998; Hegardt et al., 2000). Since
macrophages can modulate cell proliferation of mitogen- or
antigen-stimulated lymphocytes, NO was also considered
as a possible immunoregulatory molecule in these systems
(Mills, 1991; van der Veen et al., 2000).

In the transplantation immunity models, elevated concen-
trations of NO were detected during allograft rejection (Toan-
nidis et al., 1995; Worrall et al., 1996). Cytokine-activated
macrophages infiltrating rejected allograft were suggested
as a major source of NO (Langrehr et al., 1993). The im-
portance of NO in transplantation reactions was supported
by the observations that rejection reaction can be prevented
by the treatment of graft recipients with iNOS inhibitors or
NO scavenger (Worrall et al., 1995; Roza et al., 2000).

0161-5890/02/$ — see front matter © 2002 Elsevier Science Ltd. All rights reserved.
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Rejection of allo- and xenograft is a process caused by specific response of the
recipient immune system against transplanted tissue including a lot of different cell types
and molecules. In our studies we focused on adaptive immune response and the role of T

cells and macrophages in this process.

Nitric oxide and skin graft rejection

One of the effector molecules which are able to modulate immune response, is NO.
This molecule is responsible for macrophage-mediated cytotoxicity due to its toxic effect
on various cell types (Nathan 1995, Hibbs et al. 1998). Increased concentration of NO
during allograft rejection has been described earlier (Ioannidis et al. 1995), but we showed
on model of skin allotransplantation in mice that the presence of NO after
transplantation correlates with graft rejection (publication 1). Furthermore, we
demonstrated that production of NO by skin allograft infiltrating macrophages is
depended on the presence of CD4+ T cells. Treatment of graft recipients with CsA and
mADb anti-Thy 1.2 or anti-CD4, but not anti-CD8, significantly decreased NO production
in rejected allograft. We also found that specific inhibition of NO production by AMT a
selective iINOS inhibitor together with mAb anti-CD4 not only prolonged allograft
sutvival but also changed the Th1/Th2 cytokine production. Production of IL-4 and IL-
10 was enhanced by inhibition of iNOS, while production of Thl cytokines I1L-2 and
IFN-y was decreased. Th2 cytokines production is generally associated with
transplantation tolerance (Nickerson et al. 1994, Holan 1998, Mhoyan et al. 2003). We
suggested that the shift of immune response to Th2 direction by inhibition of iINOS
might contribute to the immunosuppressive effects of iNOS inhibitors described in
various models (Cross et al. 1994, Tilton et al. 1994, Worral et al. 1995). The involvement
of NO in graft rejection has been supported by studies when graft rejection was delayed
by treatment of graft recipient with selective iNOS inhibitors or by NO scavenger
(Worral et al. 1995, Roza et al. 2000). Different results were achieved by using iNOS KO
mice, when mice lacking iNOS normally rejected allograft (Wei et al. 1995, Casey et al.
1997). Probably, in these KO mice altered immunoregulatory mechanisms were

developed.

Macrophages are considered as one of the main cell population infiltrating rejected
allografts as well as xenografts (Xia et al. 2000, Slegers et al. 2003, 2004, Axel et al. 2005).

Until now there was no evidence for production of NO or for the role of NO in
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xenograft rejection. In our studies (publications 2 and 3) we used an experimental model
of concordant (rat-to-mouse) skin xenotransplantation. We did not find any significant
NO production by cultivated explants of rejected xenografts. Even in other species
combinations (chicken-to-mouse, jird-to-mouse) undetectable or very low NO
production was found (data not shown), while rejected mouse skin allografts produced a
substantial amount of NO under the same conditions. Results of RT-PCR and western
blot analysis respectively showed the expression of iINOS mRNA and accumulation of
iNOS protein was comparable in allografts and xenografts. Low levels of citrulin, the co-
product of NO synthesis, in supernatants of cultivated xenografts supported finding that
the levels of NO in the supernatants were not scavenged during incubation of graft
explants. We confirmed by using AMT, a selective inhibitor of iNOS, that NO does not
play an important role in skin xenograft rejection. The treatment with AMT of xenograft
recipients does not result in a prolongation of graft survival, whereas the same treatment
enhanced survival of skin allografts (Holan et al. 2001). Our findings are supported by the
observations showed that pig proislets xenografts transplanted into INOS-/- mice wete
rejected with normal kinetics (Simeonovic et al. 2002) and that depletion of macrophages
in recipients prolonged discordant but not concordant xenograft survival (Axel et al
2005). We also found, similarly to eatlier published studies (Morris et al. 1995,
Simeonovic et al. 1999, Kishimoto et al. 2000, Dujovny et al. 2002, Tanaka et al. 2005),
that cultivated explants of xenografts produce considerably more Th2 cytokines IL.-4 and
IL-10 than explants of allografts, where production of Thl cytokines predominated. It is
well known that Thl cytokine IFN-y activates macrophages to produce NO by
converting L-arginine to NO and citrulin. In addition, IL-4 and other Th2 cytokines
increase macrophage arginine metabolism via arginase which produce ornithine and urea
(Mills et al. 2000). Thus, production of NO depends on the availability of L-arginine, a
substrate for iNOS which competes for L-arginine with arginase. Moreover the Ky, for I-
arginine is in the 2-20 mmol/L range for arginase compared with the 2-20 pmol/L range
for various NOS isoenzymes that /. of arginase is 1000-fold higher than for iNOS
(Iyer et al. 1998, Morris 2002). Accordingly, an increased arginase activity in rejected
xenogtafts may be a factor responsible for attenuation of NO production, as it has been
described in experimental models of asthma (King et al. 2004) or leishmaniasis (Iniesta et
al. 2001). To confirm this hypothesis we used anti-CD4 and anti-IL-4 treatment of
xenograft recipients to eliminate production of Th2 cytokines or IL-4, respectively. The
therapy decreased arginase activity and partially restored NO production in rejected
xenografts. These experiments suggest that CD4* T cells and their Th2 cytokines are
potent inducers of arginase and that through regulation of L-arginine metabolism they

may be responsible for down-regulation of NO production.

Medium arginase activity and gene expression of mouse arginase I and II was also
found in allografts. Mouse macrophages activated by Th2 cytokines are capable to

express both arginase isoforms (Louis et al. 1998) and up-regulation of arginase I was also
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observed in fibroblasts after wounding or Th2 stimulation (Witte et al. 2001). As for
iNOS, arginase isoforms can be up-regulated by cytokines as well as by oxygen tension or
trauma (Modolell et al. 1995, Luis et al. 1998, Ochoa et al. 2000). Using RT-PCR we
detected the gene expression for mouse arginase I and II and rat arginase I in rejected
xenogtafts. The up-regulation of rat arginase I in rejected xenografts can be attributed to
the production of this isoform by fibroblast of rat skin. Rat arginase II was not detected
in rejected xenografts, since rat macrophages are absent in the process of rejection.
Expression of rat arginase I and mouse arginase I and II together with high production of
Th2 cytokines can be responsible for a totally strong arginase activity in rejected

xenografts in compare with allografts.

The role of NO as cytotoxic effector molecule in allograft rejection has been well
documented. Our results presented in publication 1 using model of skin allograft
rejection showed that NO is involved in the destruction of transplanted tissue. On the
other hand we demonstrated in publications 2 and 3 that NO production during skin
xenograft rejection is limited by L-arginine bioavalibity and that it depends on arginase
activity and a local cytokine environment. Thus the role of NO as cytotoxic molecule

participated on skin xenotransplantation reaction seems to be unclear.

Macrophages and CD4+ T cells in corneal xenograft rejection

Corneal allograft as well as xenograft is rejected acutely and acute rejection is
dependent on the presence of CD4* T cells (Yamada et al. 1999, Tanaka et al. 2000). In
our studies (publications 4 and 5), on a model of rat-to-mouse corneal
xenotransplantation, we demonstrated a pattern of the expression of genes for cytokines
IL-2, IFN-y, IL-4, 1L-10 and for mouse iNOS and rat eNOS molecules in rejected grafts.
We compared the expression of these genes in xenografts from untreated mice, mice
treated with mAb anti-CD4, anti-CD8 alone or in combination with local depletion of
macrophages. Moreover, we investigated the effect of this therapy on corneal xenograft

survival.

We showed that activated T lymphocytes produce, in site of rejected corneal
xenograft, both Th1 and Th2 cytokines. We found that mice treated with mAb anti-CD8
rejected corneal xenografts with a similar kinetics as untreated recipients. Simultaneously
the expression of genes for the tested cytokines IL.-2, IFN-y, IL-4 and 1L.-10 and their
production were maintained. Corneal xenograft survival in mice treated with mAb anti-
CD4 was significantly prolonged and was associated with the absence of cytokines 11-2,
IL-4 and IL-10. In all rejected grafts of untreated or treated recipients production of IFN-
y was always detected. These results suggest that cytokines IL-2, 11.-4 and IL-10 are
largely produced by CD4* T cells and they are not necessary for prolongation of corneal
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graft survival. On the contrary, the production of IFN-y in rejected xenografts of anti-
CD4 treated recipients confirmed that other cell types than CD4*+ T cells can produce
IFN-y. This observation is in agreement with findings of Higuchi et al. (2003) who
showed that corneal xenografts that avoid acute rejection in CD4+ T cells depleted mice
are vulnerable to delayed rejection mediated by IFN-y releasing CD8* T cells. On the
other hand, depletion of CD8* T cells does not prolong xenograft survival and thus it
suggests that CD4* T cells play a more important role than CD8" T cells in
xenotransplantation reaction. IFN-y is necessary for activation of macrophages to release
NO, the main effector molecule responsible for macrophage-mediated cytotoxicity. The
production of NO in rejected corneal xenografts has not been described. We found
expression of the gene for iNOS and NO production in all rejected xenografts from
untreated recipients or recipients treated with mAb anti-CD4 or anti-CD8. NO
production can be considered as indirect evidence for the role of macrophages in corneal
xenograft rejection and thus supports the findings of other studies showing macrophages
as the predominant infiltrating cells in rejected xenografts (Wallgren at al. 1995, Wu et al.
1999, Yi et al. 2003). In our study, local depletion of macrophages with clodronate-LIP
significantly prolonged corneal xenograft survival. Moreover, we found undetectable
mouse iINOS gene expression in these rejected xenografts. In spite of that, low levels of
NO production were observed in all cultures of cultivated grafts. Probably, expression of
the gene for rat eNOS was responsible for this NO production. Nevertheless, all
xenografts in clodronate-LIP-treated recipients were rejected within three weeks, in
contrast to corneal allograft, where grafts survived more than eight weeks (Slegers et al.
2003; 2004). This may be explained by a participation of other cell types in rejection, such
CD8* T cells, NK cells or complement-mediated mechanisms.

In our study combined depletion of macrophages and CD4* T cells enhanced survival
of corneal xenografts, but the mean survival time of these xenografts was similar to that
of anti-CD4 treated recipients. It suggests that effector mechanisms used by macrophages
during xenograft rejection are not so effective than in allograft rejection. Moreover, NO
production may be depressed by arginase activity by the same mechanisms as it was

mentioned above in part of discussion about skin xenograft rejection.

Besides, treatment with clodronate-LIP also reduces corneal lymph and
hemangiogenesis (Cursiefen et al. 2004). Postponed antigen presentation in draining
lymph nodes may be another factor contributing to the delayed graft rejection in our

model.

In summary, corneal xenograft rejection is associated with Thl and Th2 cytokine
production. Depletion of CD4* T cells, but not CD8* T cells, reduces production of IL-
2, IL-4 and II-10 and markedly prolongs xenograft survival. However, rejection of

corneal xenografts in untreated or treated recipients is associated with expression of

genes for IFN-y and iNOS. Depletion of macrophages also enhanced xenograft survival,



GENERAL DISCUSSION

but combination of local depletion of macrophages and systemic depletion of CD4* T
cells had no additional effect in comparison with depletion of CD4" T cells alone. These
results suggest that macrophages and CD4* T cells play interdependent roles in acute
corneal xenograft rejection. In addition, IFN-y production appears to be integral

component of rejection of corneal xenografts.
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Our results on model of skin allo- and xenogratft rejection shown that:

*

NO, a cytotoxic effector molecule of macrophages, is involved in destruction of

skin allografts
Depletion of CD4* T cells significantly reduced NO production during allograft
rejection

Rejection of skin xenografts is associated with production of both Th1 and Th2
cytokines, in contrary to allografts, where production of Thl cytokines

predominates

NO production during xenograft rejection is limited by L-arginine bioavailability

and it depends on arginase activity

From experiments on model of rat-to-mouse corneal xenograft rejection we
concluded:

*

Rejection of corneal xenografts is accompanied with production of both Th1 and

Th2 cytokines, together with expression of gene for iNOS and NO production

Depletion of CD4* T cells, but not CD8*, enhanced sutvival of xenografts and
results in decreased production and expression of genes for IL-2, 1L.-4 and IL-10

in corneal xenograft explants

Treatment of recipients with mAb anti-CD4 and anti-CD8 did not affect the

production of IFN-y and NO and their gene expression

Depletion of macrophages by local administration of clodronate-liposomes
prolongs corneal xenograft survival and was associated with undetectable

expression of the gene for iINOS

Macrophage depletion in combination with mAb anti-CD4 had no additional
effect on prolongation of corneal xenograft survival in comparison with depletion
of CD4+ T cells alone



REFERENCES

ABBAS AK, LICHTMAN AH, POBER JS. Cellular and molecular immunology. W.B.
Saunders Company, fourth edition 2000: 371.

AUCHINCLOSS H JR, SACHS DH. Xenogeneic Transplantation. Annu Rev Immunol 1998;
16: 433.

AXEL A, TosO C, MOREL P, BOSCO D, BUCHER P, OBERHOLZER |, MATHE Z, MAI G,
WEKERLE T, BERNEY T, BUHLER LH. Macrophages depletion prolongs discordant
but not concordant islet xenograft survival. Transplantation 2005; 79: 543.

BAcH FH, WINKLER H, FERRAN C, HANCOCK WW, ROBSON SC. Delayed xenograft
rejection. Immunol Today 1996; 17: 379.

BARKER CF, BILLINGHAM RE. Immunologically privileged sites. Adv Immunol 1977; 25: 1.

BENDA B, LYCKE N, HOLSTAD M, KORSGREN O. Delayed type hypersensitivity-
associated cytokines in islet xenotransplantation: limited efficacy of interleukin-2 and
tumor necrosis factor-alpha-blockade in interferon-gamma receptor-deficient mice.
Xenotransplantation 2000; 7: 206.

BENICHOU G, TAKIZAWA PA, OLSON CA, MCMILLAN M, SERCARZ EE. Donor major
histocompatibility complex (MHC) peptides are presented by recipient MHC
molecules during graft rejection. | Exp Med 1992; 175: 305.

BILLINGHAM RE, BRENT L, MEDAWAR PB. "Actively acquired tolerance" of foreign
cells. Nature 1953;172: 603.

BILLINGHAM RE, MEDAWAR PB. The technique of free skin grafting in mammals. ] Exp
Biol 1951; 28: 385.

BisHOP DK, WOOD SC, EICHWALD EJ, OROszZ CG. Immunobiology of Allograft

Rejection in the Absence of IFN-y: CD8* Effector Cells Develop Independently of
CD4* Cells and CD40-CD40 Ligand Interactions. ] Immunol 2001, 166: 3248.

BOISGERAULT F, LIU Y, ANOSOVA N, EHRLICH E, REZA DM, BENICHOU G. Role of
CD4* and CD8* T cells in allorecognition: Lessons from corneal transplantation. ]
Immunol 2001; 167: 1891.

BRENT L, BROWN ], MEDAWAR PB. Skin transplantation immunity in relation to
hypersensitivity. Lancer 1958; 2: 561.

BRONTE V, SERAFINI P, MAZZONI A, SEGAL DM, ZANOVELLO P. L-arginine
metabolism in myeloid cells controls T-lymphocyte functions. Trends Immunol 2003;
24: 301.

87



REFERENCES

BRUCH-GERHARZ D, SCHNORR O, SUSCHEK C, BECK KF, PFEILSCHIFTER J, RUZICKA
T, KOLB-BACHOVEN V. Arginase I overexpression in psoriasis: limitation of inducible
nitric oxide synthase activity as a molecular mechanism for keratinocyte
hyperproliferation. Am J Pathol 2003; 163: 2642.

BRUNE B, VON KNETHEN A, SANDAU KB. Nitric oxide and its role in apoptosis. Eur J
Pharmacol 1998; 351: 261.

BUGA GM, SINGH R, PERVIN S, ROGER NE, SCHMITZ DA, JENKINSON CP,
CEDERBAUM SD, IGNARRO L. Arginase activity in endothelial cells: Inhibition by N“-
hydroxy-L-arginine during high-output NO production. Am | Physiol 1996; 271:
H1988.

CASEY JJ, WEI XQ, ORR DJ, GRACIE JA, HUANG FP, BOLTON EM, LIEW FY, BRADLEY
JA. Skin allograft rejection in mice lacking inducible nitric oxide synthase.
Transplantation 1997; 64: 589.

CHITILIAN HV, LAUFER TM, STENGER K, SHEA S, AUCHINCLOSS HJ. The strength of
cell-mediated xenograft rejection in the mouse is due to the CD4+ indirect response.

Xenotransplantation 1998; 5: 93.

COATES PTH, COLVIN BL, HACKSTEIN H, THOMSON AW. Manipulation of dendritic
cells as an approach to improved outcomes in transplantation. Expert Rev Mol Med
2002; 18: 1.

CROSS AH, MiskO TP, LIN RF, HicKEY WF TROTTER ]I, TILTON RG.
Aminoguanidine, an inhibitor of inducible nitric oxide synthase, ameliorates

experimental autoimmune encephalomyelitis in SJL. mice. ] Clin Invest 1994; 93: 84.

CURSIEFEN C, CHEN L, BORGES LP. VEGF-A stimulates lymphangiogenesis and
hemangiogenesis in inflammatory neovascularization via macrophages recruitment. J
Clin Invest 2004; 113: 1040.

DANA MR, STREILEIN JW. Loss and restoration of immune privilege in the eyes with
corneal neovascularization. Invest Ophthalmol Vis Sci 1996; 37: 2485.

DEBRUYNE LA, LI K, CHAN SY, QIN L, BISHOP DK, BROMBERG JS. Lipid-mediated
gene transfer of viral IL-10 prolongs vascularized cardiac allograft survival by
inhibiting donor-specific cellular and humoral immune responses. Gene Ther 1998; 5:
1079.

DELFS MW, FURUKAWA Y, MITCHELL RN, LICHTMAN AH. T cell subsets Tc1 and T2
cause different histopathologic forms of murine cardiac allograft rejection.
Transplantation 2001; 71: 606.

DENG S, KETCHUM R], KUCHER T, WEBER M, SHAKED A, NAJI A, BRAYMAN KL. 1L
10 and TGF-$ gene transfer for xenogeneic islet transplantation: comparison of effect

in concordant vs. discordant combination. Transpl Proc 1997; 29: 2204.

88



REFERENCES

DEVOS T, YAN Y, SEGERS C, RUTGEERTS O, LAUREYS ], GYSEMANS C, MATHIEU C,
WAER M. Role of CD4* and CD8* T cells in the rejection of heart or islet xenografts
in recipients with xenotolerance in the innate immune compartment. Transpl Proc 2005;
37:516.

DOLLMAN M]J, LARSEN CP, MORRIS PJ. Cytokine gene transcription in vascularized

organ grafts: analysis using semiquantitative polymerase chain reaction. ] Exp Med
1991; 174: 493.

DUJOVNY N, VARGHESE A, SHEN J, YIN D, JT S, MA L, FINNEGAN A, CHONG AS.
Acute xenograft rejection mediated by antibodies produced independently of
TH1/TH2 cytokine profiles. Am J Transplant 2002; 2: 526.

FANGMANN J, DALCHAU R, SAWYER GJ, PRIESTLY CA, FABRE JW. T cell recognition of
donor major histocompatibility complex class I peptides during allograft rejection. Eur
J Immunol 1992; 22: 1525.

FOX A, KOULMANDA M, MANDEL TE, VAN ROOIJEN N, HARRISON LC. Evidence that
macrophages are required for T-cell infiltration and rejection of fetal pig pancreas

xenografts in nonobese diabetic mice. Transplantation 1998; 66: 1407.

Fox A, MOUNTFORD J, BRAAKHUIS A, HARRISON LC. Innate and adoptive immune
responses to nonvascular xenografts: Evidence that macrophages are direct effectors
of xenograft rejection. ] Immunol 2001; 166: 2133.

GALILI U, CLARK MR, SHOHET SB, BUEHLER J, MACHER BA. Evolutionary relationship

between the natural anti-Gal antibody and the Gala1-3 Gal epitope in primates. Poc
Nati Acad Sci USA 1987; 84: 1369.

GALILI U. Significance of anti-gal IgG in chronic xenograft rejection.

GARDNER CR. The Pharmacology of immunosuppressant drugs in skin transplant
rejection in mice and other rodents. Gen Pharmac 1995; 26: 245.

GEORGE AJT AND LARKIN DFP. Corneal transplantation: The forgotten graft. Am |
Transpl 2004; 4: 678.

GILL RG, COULOMBE M. Rejection of pancreatic islet xenografts does not require CD8+
T lymphocytes. Transplant Proc 1992; 24: 2877.

Goss JA, PYo R, FLYE MW, CONNOLLY JM, HANSEN TH. Major histocompatibility
complex-specific prolongation of murine skin and cardiac allograft survival after in
vivo depletion of V beta+ T cells. ] Exp Med 1993; 177: 35.

GOULD DS, AUCHINCLOSS H JR. Direct and indirect recognition: the role of MHC
antigens in graft rejection. Immunol Today 1999; 20: 77.

GRIFFITH TS, BRUNNER T, FLETCHER SM, GREEN DR, FERGUSON TA. Fas ligand-

induced apoptosis as a mechanism of immune privilege. Science 1995; 270: 1189.

89



REFERENCES

90

HALVERSON DC, SCHWARTZ GN, CARTER C, GRESS RE, FOWLER DH. In vitro
generation of allospecific human CD8* T cells of Tcl and Tc2 phenotype. Blood
1997; 90: 2089.

HAMRAH P, HUQ S, LIU Y, ZHANG Q, DANA MR. Corneal immunity is mediated by
heterogenous population of antigen-presenting cells. ] Leukoc Biol 2003; 74: 1.

HAMRAH P, ZHANG Q, LIU Y, DANA MR. Novel characterization of MHC class 1I-
negative population of resident corneal Langerhans cell-type dendritic cells. Invest
Ophthalmol Vis Sci 2002; 43: 639.

HAN WR, ZHAN YF, MURRAY-SEGAL L], BRADY JL, LEW AM, MOTTRAM PL.
Prolonged allograft survival in anti-CD4 antibody transgenic mice - Lack of residual
helper T cells compared with other CD4-deficient mice. Transplantation 2000; 70: 168.

HARGRAVE SI, HEDGE S, MAYHEW E, MELLON J, APTE S, NIEDERKORN JY. The role
of TH1 cells and interferon gamma in corneal allograft rejection. Invest Ophthalmol
Vis Sci 2000; 41: S666.

HASEK M. Vegetavni hybridisace zivocichl spojenim krevnich obéht v embryondlnim

vivoji. Ceskoslovenska Biologie 1953; 2:265.

HE H, STONE JR, PERKINS DL. Analysis of robust innate immune response following
transplantation in the absence of adaptive immunity. Transplantation 2002; 73: 853.

HE YG, ROSS J, NIEDERKORN JY. Promotion of murine orthotopic corneal allograft

survival by systemic administration of anti-CD4 monoclonal antibody. Invest
Ophthalmol Vis Sci 1991; 32: 2723.

H1BBS |JBJ, TAINTOR RR, VAVRIN Z, RACHLIN EM. Nitric oxide: a cytotoxic activated
macrophage effector molecule. Biochem Biophys Res Commun 1998; 157: 87.

HIDALGO LG, HALLORAN PF. Role of IFN-gamma in allograft rejection. Crit Rev
Immunol 2002; 22: 317.

HIGUCHI R, STREILEN JW. CD8" T cell-mediated delayed rejection of orthotopic guinea
pig cornea grafts in mice deficient in CD4*+ T cells. Invest Ophthalmol Vis Sci 2003;
44: 175.

HILGERT I, KRISTOFOVA H, ANGELISOVA P, KINSY R, HOREJSI V. Adult
transplantation tolerance induced by lentil lectin. III. Induction of transplantation
tolerance by lentil lectin in mouse strain combinations with different H-2 disparities:

tolerogenic effect of H-2D region antigens. ] Immunogenet, 1983; 10: 127.

HOLAN V, KRULOVA M, ZAJICOVA A, PINDJAKOVA ]. Nitric oxide as a regulatory and

effector molecule in the immune system. Mol Immunol 2001; 38: 989.

HOLAN V. Transplantation tolerance and cytokines: is suppressor cell activity mediated
by Th2 cells? Folia Biol (Praha) 1998; 44: 37.



REFERENCES

ILLIGENS BM, YAMADA A, FEDOSEYEVA EV, ANOSOVA N, BOISGERAULT F,
VALUJSKIKH A, HEEGER P, SAYEHG MH, BOEHM B, BENICHOU G. The relative
contribution of direct and indirect antigen recognition pathways to the alloresponse

and graft rejection depends upon the nature of the transplant. Human Immunol 2002;
63: 912.

INIESTA V, GOMEZ-NIETO LC, CORRALIZA. The inhibition of arginase by N-hydroxy-I.-
arginine controls the growth of Leishmania inside macrophages. ] Exp Med 2001;
193: 777.

IOANNIDIS I, HELLINGER A, DEHMLOW C, RAUEN U, ERHARD ], EIGLER FW, DE
GROOT H. Evidence for increased nitric oxide production after liver transplantation
in humans. Transplantation 1995; 59: 1293.

IYER R, JENKINSON CP, VOCKLEY JG, KERN RM, GRODY WW, CEDERBAUM S. The
human arginases and arginase deficiency. | Inherit Metab Dis 1998; 21: 86.

Jager MJ, Bradley D, Streilein JW. Immunosuppressive properties of cultured human
cornea and ciliary body in normal and pathological conditions. Transpl Immunol 1995;
3:135.

KAPLAN HJ, STREILEIN JW. Immune response to immunization via the anterior chamber
of the eye. I. Fi lymphocyte-induced immune deviation. ] Immunol 1977; 118: 809.

KENNETH CH, MUELLER TF, MA C, LIANG Y, PERKINS DL. Analysis of the innate and
adaptive phases of allograft rejection by cluster analysis of transcriptional profiles. J
Immunol 2002; 169: 522.

KING NE, ROTHENBERG ME, ZIMMERMANN N. Arginine in asthma and lung
inflammation. ] Nutr 2004; 134:2830S.

KIsSHIMOTO K, FURUKAWA K, ASHIZUKA S, SAWADA T, AYABE H. Profile of cytokine
production during the inhibition of acute xenograft rejection. Surg Today 2000; 30: 159.

KNECHTLE §J, HALPERIN EC, BOLLINGER RR. Xenograft survival in two species
combinations using total-lymphoid irradiation and cyclosporine. Transplantation 1987;
43: 173. Tranpl Proc 1999; 31: 940.

KRIEGER NR, ITO H, FATHMAN CG. Rat pancreatic islet and skin xenograft survival in
CD4 and CD8 knockout mice. ] Autoimmun 1997; 10:309.

KROOK H, HAGBERG A, SONG Z, LANDEGREN U, WENNBERG L, KORSGREN O. A
distinct Th1 immune response precedes the described Th2 response in islet xenograft
rejection. Diabetes 2002; 51: 79.

KSANDER BR, SANO Y, STREILEIN JW. Role of donor-specific cytotoxic T cells in
rejection of corneal allografts in normal and high-risk eyes. Transplant Immunol 1996;
4:601.

91



REFERENCES

92

LAFFERTY KL, CUNNINGHAM AJ. A new analysis of allogeneic interactions. Aust ] Exp
Biol Med Sci 1975; 53: 27.

LE MOINE A, FLAMAND V, DEMOOR FX, NOFL JC, SURQUIN M, Kiss R, NAHORI MA,
PRETOLANI M, GOLDMAN M, ABRAMOWICZ D. Critical roles for 11.-4, II.-5, and
cosinophiles in chronic skin allograft rejection. | Clin Invest 1999; 103: 1659.

LEE H, HERNDON JM, BARREIRO R, GRIFFITH TS, FERGUSON TA. TRAIL: A
mechanism of tumor surveillance in an immune privileged site. ] Immunol 2002; 169:
4739.

LIN Y, VANDEPUTTE M, WAER M. Natural killer cell- and macrophage-mediated
rejection of concordant xenografts in the absence of T and B cell responses. |
Immunol 1997; 158: 5658.

LOUDOVARIS T, MANDEL TE, CHARLTON B. CD4* T-cell mediated destruction of
xenografts within cell-impermeable membranes in the absence of CD8* T cells and B
cells. Transplantation 1996; 61: 1678.

Louis CA, REICHNER JS, HENRY WL, MASTROFRANCESCO B, GOTOH T, MORI M,
ALBINA JE. Distinct arginase isoforms expressed in primary and transformed

macrophages: Regulation by oxygen tension. Am | Physiol 1998; 274: R775.

MADER TH, STULTING RD. The high-risk penetrating keratoplasty. Ophthalmol Clin
North Am 1991; 4: 411.

MATZINGER P. The danger model: a renewed sense of self. Science 2002; 296: 301.

MAYER B, HEMMENS B. Biosynthesis and action of nitric oxide in mammalian cells.
Trends Biochem Sci 1997; 22: 12 477.

MAYUMI H, KAYASHIMA K, SHIN T, NOMOTO K. Drug-induced tolerance to allografts
in mice. Prolongation of skin graft survival in tolerant mice with combined

immunosuppressive treatments. Transplantation 1985; 39: 335.

MHOYAN A, WU GD, KAKOULIDIS TP, QUE X, YOLCU ES, CRAMER DV, SHIRWAN H.
Predominant expression of the Th2 response in chronic allograft rejection. Transpl
Int 2003; 16: 562.

MiLLS CD, KINCAID K, ALT JM, HEILMAN M]J, HILL AM. M-1/M-2 macrophages and
the TH1/Th2 paradigm. ] Immunol 2000; 164: 6166.

MING J, XINGBING W, BAOJUN H, XIONGWIN W, ZHUOYA LI, PING X, YONG X,
ANTING L, CHUNSONG H, FEILI G, JINQUAN T. Peptide Nucleic Acid Antisense
Prolongs Skin Allograft Survival by Means of Blockade of CXCR3 Expression
Directing T Cells into Graft. ] Immunol 2003; 170: 1556.

MIYAMOTO T, KANEKO T, YAMASHITA M, TENDA Y, INAMI M, SUZUKI A, ISHII S,
KIMURA M, HASHIMOTO K, SHIMADA H, YAHATA H, OCHIAI T, SAITO I,



REFERENCES

DEGREGORI J, NAKAYAMA T. Prolonged skin allograft survival by IL-10 gene-
introduced CD4 T cell administration. Inter Immunol 2005; 17: 759.

MOBERG L. The role of the innate immunity in islet transplantation. Ups ] Med Sci 2005; 110: 17.

MODOLELL M, CORROLIZA IM, LINK F, SOLER G, EICHMANN K. Reciprocal regulation
of the nitric oxide synthase/arginase balance in mouse bone morrow-derived
macrophages by Th1 and Th2 cytokines. Eur ] Immunol 1995; 25:1101.

MORRIS CF, SIMEONOVIC CJ, FUNG MC, WILSON JD, HAPEL AJ. Intragraft expression
of cytokine transcripts during pig proislet xenograft rejection and tolerance in mice. J
Immunol 1995; 154: 2470.

MORRIS CR, POLJAKOVIC M, LAVRISHA I, MACHADO L, KUYPERS FA, MORRIS SM JR.
Decreased arginine bioavailability and increased serum arginase activity in asthma. Am
J Respir Crit Care Med 2004; 170: 148.

MORRIS SM JR. Regulation of enzymes of the urea cycle and arginine metabolism. Annu
Rev Nutr 2002; 22: 87.

MOSES RD, WINN HJ, AUCHINCLOSS H JR. Evidence that multiple defects in cell-surface
molecule interactions for diminished xenogeneic T cell responses. Transplantation
1992; 53: 203.

MOSES RD, WINN HJ, AUCHINCLOSS H JR. Evidence that multiple defects in cell-surface
molecule interactions across species differences are responsible for diminished

xenogeneic T cell responses. Transplantation 1992; 1: 203.

MOSMANN TR, COFFMAN RL. Two types of mouse helper T-cell clone. Implications for
immune regulation. Immunol Today 1987; 8: 223.

MULLIGAN MS, WARNER RL, MCDUFFIE JE, BOLLING SF, SARMA JV, WARD PA.
Regulatory role of Th-2 cytokines, IL-10 and IL-4, in cardiac allograft rejection. Exp
Mol Pathol 2000; 69: 1.

NATHAN C. Natural resistance and nitric oxide. Cell 1995; 82: 873.

NICKERSON P, STEURER W, STEIGER |, ZHENG X, STEELE AW, STROM TB. Cytokines
and Th1/Th2 paradigm in transplantation. Curr Opin Immunol 1994; 6: 757.

NIEDERKORN JY, MAYHEW E, MELLON ], HEGDE S. Role of Tumor Necrosis Factor
Receptor Expression in Anterior Chamber-Associated Immune Deviation (ACAID)
and Corneal Allograft Survival. Invest Ophthalmol Vis Sci 2004; 45: 2674.

NIEDERKORN JY, PEFLER ]S. Regional differences in immune regulation: the

immunogenic privilege of corneal allografts. Immunol Res 1988; 7: 247.

NIEDERKORN JY, STEVENS C, MELLOW ], MAYHEW E. CD4" T-cell-independent
rejection of corneal allografts. Transplantation 2006; 81: 1171.

93



REFERENCES

94

NIEDERKORN JY. Immune privilege and immune regulation in the eye. Adv Immunol
1990; 48: 191.

NIEDERKORN JY. The immune privileged of corneal allografts. Transplantation 1999; 67: 1503.

OCHOA JB, BERNARD AC, MISTRY SK, MORRIS SM JR, FIGERT PL, MALEY ME, TSUEL
BJ, BOULANGER BR, KEARNEY PA. Trauma increases extrahepatic arginase activity.
Surgery 2000; 127: 419.

PATSELAS T, THOMAS F, ARANEDA D, MARCHMAN W. Role of natural killer and killer

cells in concordant xenograft rejection. Transplant Proc 1995; 27: 262.
PAUL W, SEDER R. Lymphocyte responses and cytokines. Cell 1994; 76: 241.

PEARSON TC, DARBY CR, BUSHELL AR, WEST LJ, MORRIS PJ, WOOD KJ. The
assessment of transplantation tolerance induced by anti-CD4 antibody in the murine
model. Transplantation 1993; 259: 974.

PLATT JL, VERCELOTTI GM, DALMASSO AP. Transplantation of discordant xenografts: a
review of progress. Immunol Today 1990; 11:450.

PLATT JL. Knocking out xenograft rejection. Nature Biotechnology 2002; 20: 231.

QIAN Y, DANA MR. Molecular mechanisms of immunity in corneal allotransplantation
and xenotransplantation. Expert Rev Mol Med 2001; 16: 1.

QUIN L, DING Y, TAHARA H, BROMBERG ]S. Viral IL-10-induced immunosuppression
requires Th2 cytokines and impairs APC function within the allograft. ] Immunol
2001; 166: 2385.

QUIN S, COBBOLD S, BENJAMIN R, WALDEMANN H. Induction of classical
transplantation tolerance in the adult. ] Exp Med 1989; 169: 779.

REEMTSMA K. Renal heterotransplantation. Adv Surg 1966; 2:285.

ROCHA G, DESCHENES ], ROWSEY JJ. The immunology of corneal graft rejection. Crit
Rev Immunol 1998; 18: 305.

ROGERS NJ, MIRENDA V, JACKSON I, DORLING A, LECHLER RI. Immunosuppression
of direct T-cell-mediated xenorecognition in vitro. Transplat Proc 2001; 33: 697.

ROSENBERG AS, MIZUOCHI T, SHARROW SO, SINGER A. phenotype, specificity and
function of T cell subsets and T cell interactions involved in skin allograft rejection. |
Exp Med 1987; 165: 1296.

ROzA AM, COOPER M, PIEPER G, HILTON G, DEMBNY K, SAN LAI C, LINDHOLM P,
KOMOROWSKI R, FELIX C, JOHNSON C, ADAMS M. NOX 100, a nitric oxide
scavenger, enhances cardiac allograft survival and promotes long-term graft

acceptance. Transplantation 2000; 69: 227.

SACHS DH, BACH FH. Immunology of xenograft rejection. Human Immunol 1990, 28: 245.



REFERENCES

SANO Y, OSAWA H, SOTOZONO C, KINOSHITA S. Cytokine expression during
orthotopic corneal allograft rejection in mice. Invest Ophthalmol Vis Sci 1998; 39:
1953.

SATORU Y, HIDETOSHI K, HITOSHI E, TADAHIKO T, HIROHUMI S, YASUO K, JUNKO
H, HIROKO Y, MITSUAKI I. Cytokine profiles of aqueous humor and graft in
orthotopic mouse cornea; transplantation. Transplantation 1998; 66:1504.

SAYEGH MH AND TURKA LA. The Role of T-Cell Costimulatory Activation Pathways in
Transplant Rejection, N Engl | Med 1998; 338: 1813.

SCHERINGA M, BUCHNER B, DE BRUIN RW, GEERLING RA, MELIEF MJ, MULDER AH,
SCHRAA EO, I[JZERMANS JN, MARQUET RL. Chronic rejection of concordant aortic
xenografts in the hamster-to-rat model. Transpl Immunol 1996; 4: 192.

SCHWARTZ RH. Costimulation of T lymphocytes: The role of CD28, CTLA-4 and
B7/BB1 in intetleukin-2 production and immunotherapy. Cell 1992; 71: 1065.

SCOAZEC J-Y, LESECHE G. Immunology des cellules endothéliales et reject de greffe.
Med Sci 1993; 9: 1094.

SHERMAN AL, CHATTOPADHYAY S. The molecular basis of allorecognition. Annu Rev
Immunol 1993; 11: 385.

SHINOZAKI K, YAHATA H, TANjI H, SAKAGUCHI T, ITO H, DOHI K. Allograft
transduction of IL-10 prolongs survival following orthotopic liver transplantation.
Gene Ther 1999; 6: 816.

SHISHIDO S, NAZIRUDDIN B, XU XC, HOWARD T, MOHANAKUMAR T. Indirect
recognition of porcine xenoantigens by human CD4+ T cell clones. Transplantation
1998; 65: 706.

SIMEONOVIC CJ, CORDERY DV, VAN LEEUWEN B. Host systemic and local nitric oxide
levels do not correlate with rejection of pig proislet xenografts in mice.
Xenotransplantation 2002; 9: 169.

SIMEONOVIC CJ, TOWNSEND M]J, KARUPIAH G, WILSON JD, ZARB JC, MANN DA,
YOUNG IG. Analysis of the Th1/Th2 paradigm in transplantation: interferon-gamma
deficiency converts Thl-type proislet allograft rejection to a Th2-type xenograft-like

response. Cell Transplant 1999; 8: 365.

SINGH NP, GUO L, QUE X, SHIRWAN H. Blockade of indirect recognition mediated by
CD4+ T cells leads to prolonged cardiac xenograft survival. Xenotransplantation
2004; 11: 33.

SINGH NP, SHIRWAN H. The role of indirect recognition and TH2 response in cardiac
xenograft rejection. Transplant Proc 2001; 33: 746.

95



REFERENCES

SINGH NP, GUO L, MHOYAN A, SHIRWAN H. Predominant expression of Th2 cytokines
and interferon-gamma in xenogeneic cardiac grafts undergoing acute vascular
rejection. Tranplantation 2003; 75: 586.

SLEGERS TP, BROERSMA I, VAN ROOIJEN N, HOOYMANS JMM, VAN RIj G, VAN DER
GAAG R. Macrophages play a role in the eatly phase of corneal allograft rejection in
rats. Transplantation 2004; 77: 1641.

SLEGERS TP, VAN DER VEEN G, HERMANS LJA, BROERSMA L, VAN ROOIEN N,
VOLKER-DIEBEN HJ, VAN RIJ G, VAN DER GAAG R. Adhesion molecule expression
in local-macrophage-depleted rats bearing orthotopic corneal allografts. Greates Arch
Clin Exp Ophthalmol 2003; 241: 432.

SMYTH MJ, SUTTON VR, KERSHAW MH. Xenospecific cytotoxic T lymphocytes use
perforin- and Fas-mediated lytic pathways. Transplantation 1996; 62: 1529.

STEIN-STREILEIN ], STREILEIN JW. Anterior chamber-associated immune deviation

(ACAID): regulation, biological relevance, and implication for therapy. Int Rev
Immunol 2002; 21: 123.

STREILEIN JW, TOEWS GB, BERGSTRESSER PR. Corneal allografts fail to express la
antigens. Nature 1979; 282: 326.

STREILEIN JW. Immunobiology and immunopathology of corneal transplantation. Chem
Immunol 1999; 73: 186.

STREILEIN JW. Tissue barriers, immunosuppressive microenvironments, and privileged

sites: the eye’s point of view. Reg Immunol 1993; 5: 253.

STRESTIKOVA P, PLSKOVA J, FILIPEC M, FARGHALI H. FK 506 and aminoguanidine
suppress iNOS induction in orthotopic corneal allografts and prolong graft survival in
mice. Nitric Oxide 2003; 9: 111.

TANAKA K, YAMADA J, STREILEN JW. Xenoreactive CD4" T cells and acute rejection of
orthotopic guinea pig corneas in mice. Invest Ophthalmol Vis Sci 2000; 41: 1827.

TANAKA K, YAMAGAMI S, STREILEIN JW. Evidence that T-helper type 2 cell-derived
cytokines and eosinophiles contribute to acute rejection of orthotopic corneal

xenografts in mice. Transplantation 2005; 79: 1317.

TANEMURA M, CHONG AS, DISESA V], GALILI U. Direct killing of xenograft cells by
CD8*T cells of discordant xenograft recipients. Transplantation 2002; 74: 1587.

THE COLLABORATIVE CORNEAL TRANSPLANTATION STUDIES RESEARCH GROUP. The
collaborative ~ corneal  transplantation  group  (CCTS):  effectiveness  of
histocompatibility matcing in high-risk corneal transplantation. Arch Ophthalmol
1992; 110: 1392.

96



REFERENCES

THIEL MA, TAKANO T, HAWKSWORTH N, COSTER DJ, WILLIAMS KA. Low-dose,
short-term treatment with anti-CD4 monoclonal antibody prolongs corneal allograft
survival. Transpl Proc 2001; 33: 635.

TILTON RG, CHANG K, CORBETT JA, MISKO TP, CURRIE MG, BORA NS, KAPLAN H]J,
WILLIAMSON JR. Endotoxin-induced uveitis in the rat is attenuated by inhibition of
nitric oxide production. Invest Ophthalmol Vis Sci 1994; 35: 3278.

TORRES PF, SLEGERS TP, PEEK R, VAN ROOIJEN N, VAN DER GAAG R, KIJLSTRA A,
DE VOs AF. Changes in cytokine mRNA in experimental corneal allograft after local
clodronate-liposome treatment. Invest Ophthalmol Vis Sci 1999; 40: 3194.

VALUJSKIKH A, HEEGER PS. CD4" T cells responsive through the indirect pathway can

mediate skin graft rejection in the absence of interferon-y. Transplantation 2000; 69:
1016.

VAN ROOIEN N, BAKKER J, SANDERS A. Transient suppression of macrophage
functions by liposome-encapsulated drugs. Trends Biotechnol 1997; 15: 178.

VITOVA A, FILIPEC M, ZAJiCOVA A, KRULOVA M, HOLAN V. Prevention of corneal
allograft rejection in a mouse model of high risk recipients. Br J Ophthalmol 2004;
88:1338.

WAAGA AM, CHADRAKER A, SPADOFORA-FERREIRA M, IYENGAR AR, KHOURY §J,
CARPENTER C, SAYEGH H. Mechanisms of indirect allorecognition. Transplantation
1998; 65: 876.

WALLGREN AC, KARLSSON-PARRA A, KORSGREN O. The main infiltrating cell in
xenograft rejection is a CD4% macrophage and not a T lymphocyte. Transplantation
1995; 60: 594.

WEI X, CHARLES IG, SMITH A, URE J, FENG G, HUANG F, XU D, MULLER W,
MONCADA S, LIEW FY. Altered immune responses in mice lacking inducible nitric
oxide synthase. Nature 1995; 375: 408.

WILSON SE, L1 Q, WENG J, BARRY LANE PA, JESTER JV, LIANG Q., Wordinger R]. The
Fas-Fas ligand system and other modulators of apoptosis in the cornea. Invest
Ophthalmol Vis Sci 1996; 37: 1582.

WILSON SE, SCHULTZ GS, CHEGINI N, WENG ], HE YG. Epidermal growth factor,
transforming growth factor alpha, transforming growth factor beta, acidic fibroblast

growth factor, basic fibroblast growth factor, and interleukin-1 proteins in the cornea.
Exp Eye Res 1994; 59: 65.

WORRAL NK, LAZENBY WD, MISKO TP, LIN TS, RODI CP, MANNING PT, TILTON
RG, WILLIAMSON JR, FERGUSON TB JR. Modulation of in vivo alloreactivity by
inhibition of inducible nitric oxide synthase ] Exp Med 1995; 181: 63.

97



REFERENCES

98

WREN SM WANG S, THAI N. Evidence for early Th2 T cell predominance in
xenoreactivity. Transplantation 1993; 56: 905.

WU G, KORSGREN O, VAN ROOJJEN N, TIBELL A. Suppression of T cells results in long-

term survival of mouse heart xenografts in Co6-deficient rats. Xenotransplantation
2001; 8: 303.

WU G, KORSGREN O, VAN ROOIJEN N, WENNBERG I, TIBELL A. The effect of
macrophage depletion on delayed xenograft rejection: studies in the guinea pig-to-C6-
deficient rat heart transplantation model. Xenotransplantation 1999; 6: 262.

WYBURN KR, JOSE MD, WU H, ATKINS RC, CHADBAN §J. The role of macrophages in
allograft rejection. Transplantation 2005; 80: 1641.

XIA G, J1 P, RUTGEERTS O, WEAR M. Natural killer cell- and macrophage mediated
discordant guinea pig-rat xenograft rejection in the absence of complement,

xenoantibody and T cell immunity. Transplantation 2000; 70: 86.

YAMADA ], KURIMOTO I, STREILEN JW. Role of CD4* T cells in immunology of
orthotopic corneal transplants in mice. Invest Ophthalmol Vis Sci 1999; 40: 2614.

YAMAMOTO N, EINAGA-NAITO K, KURIYAMA M, KAWADA Y, YOSHIDA R. Cellular
basis of skin allograft rejection in mice: specific lysis of allogeneic skin components by
non-T cells. Transplantation 1998; 65: 818.

Y1 S, FENG X, HAWTHORNE W, PATEL A, WALTERS S, O’CONNELL PJ. CD8* T cells
are capable of rejecting pancreatic islet xenografts. Transplantation 2000; 70: 896.

ZHAN'Y, BRADY JL, SUTHERLAND MR, LEW AM. Without CD4 Help, CD8 Rejection of
pig xenografts requires CD28 costimulation but not perforin killing. ] Immunol 2001;
167: 6279.

ZOMORA R, VODOVOTZ Y, BILIAR TR. Inducible nitric oxide synthase and inflammatory
diseases. Mol Med 2000; 6: 5347.

http://highwire.stanford.edu
http://www.med.umich.edu/trans/transweb/ reference/timeline/1881.htm

http://www.med.umich.edu/trans/transweb/ reference/timeline/historytable.htm



	0.content.pdf
	CHARLES UNIVERSITY IN PRAGUE
	PhD Thesis

	Mgr. Jana PINDJÁKOVÁ
	Preface
	Abbreviations
	Literature Review
	5
	1 Introduction
	5
	2 Experimental Models of Transplantation
	7
	Skin transplantation
	7
	Corneal transplantation
	7
	Immune privileged status of the eye
	8
	3 Graft Rejection
	11
	Rejection of allograft
	11
	Rejection of xenograft
	11
	4 Mechanisms of Graft Rejection

	Innate immune response and graft rejection
	14
	Graft recognition and adaptive immune response
	14
	5 Allotransplantation
	17
	Alloantigen presentation and T cell activation (allorecognit
	17
	Role of T cells in allograft rejection
	18
	Allorejection as a cytokine-mediated process
	19
	6 Xenotransplantation
	Aims of Thesis


	Publications
	29
	1
	Nitric oxide as a regulatory and effector molecule in the im
	31
	2
	Corneal rat-to-mouse xenotransplantation and the effects of 
	39
	3
	The activity of inducible nitric oxide synthase in rejected 
	49
	4
	Production of nitric oxide during graft rejection is regulat
	57
	5
	Macrophages and CD4+ T cells are both required for acute cor
	65
	General Discussion
	87
	Nitric oxide and skin graft rejection
	87
	Macrophages and CD4+ T cells in corneal xenograft rejection
	89

	Conclusions
	93
	References


	1.Preface.pdf
	Preface
	Abbreviations

	2.Literature Review+aims+publ.pdf
	Skin transplantation
	Corneal transplantation
	Immune privileged status of the eye
	Immunosuppression - prevention and treatment of graft reject
	Innate immune response and graft rejection
	Graft recognition and adaptive immune responses
	Alloantigen presentation and T cell activation (allorecognit

	Role of T cells in allograft rejection
	Allorejection as a cytokine-mediated process
	Xenorecognition
	Th1/Th2 paradigm in xenograft rejection
	Aims of Studies

	10. Disscusion+Concl.pdf
	General Disscusion
	Nitric oxide and skin graft rejection
	Macrophages and CD4+ T cells in corneal xenograft rejection

	Conclusions

	12.References.pdf
	References




