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ABSTRACT 
Liver transplantation (LTx) has become a standard treatment for many end-stage liver 
diseases. However, acute rejections still occur in about half of the liver transplant 
recipients even treated with a combination of different modern immunosuppressants. 
The ultimate goal of liver transplantation is tolerance induction, which largely relies on 
the understanding of mechanisms involved in acute rejection process. 

The exact mechanisms of liver allograft rejections are not yet elucidated and there is a 
great paucity of data regarding the role of humoral immunity. We were therefore 
interested in elucidating some of the mechanisms underlying liver allograft rejections. 
Specifically, we were interested in: 

i) Detection and clinical correlation of the presence of antibodies in liver transplant 
patients to surface antigens expressed on the clinically relevant target cells of 
destruction and  

ii) Determining the possible functional role of these antibodies in mediating liver 
allograft rejections.  

iii) In addition, we also attempted to define the role of liver sinusoidal endothelial cells 
in allograft rejections in an experimental model. 

We performed the following studies to evaluate the significance of antibodies to liver 
specific cells such as biliary epithelial cells (BEC) and liver sinusoidal endothelial cells 
(LSEC) in 95 liver transplant patients. In paper I, we found that preformed antibodies to 
BEC are associated with acute liver allograft rejections. In paper II, antibodies to BEC 
in the post-LTx period were found to be associated with cholangitis. Functional 
analysis of post-transplant antibodies to BEC showed they are capable of inducing toll-
like receptor 2 and 3 as well as proinflammatory cytokine and chemokine expression. 
In paper III, the role of antibodies to LSEC in LTx was studied. Antibodies to LSEC 
significantly correlate to acute liver allograft rejections. We demonstrated that 
antibodies to LSEC may facilitate acute rejection episodes by regulating cellular 
immune responses. We further observed in vivo antibody deposition in liver biopsies 
taken from patients with antibodies to BEC or LSEC during acute rejection and 
cholangitis episodes. We found that majority of the antibodies to BEC and LSEC are 
not specific for human leukocyte antigens (HLA), and they do not cross react with 
other control cell types. Immunoglobulin classes of these antibodies are a mixture of 
IgG and IgM. 

In paper IV, by using a fully MHC mismatched rat liver transplantation model, we were 
able to compare the difference between rejection and spontaneous acceptance 
(tolerance) of rat liver allografts. One of the earliest and most profound detectable 
differences between the two groups was the significantly decreased endocytic 
functional capacity of LSEC in the rejecting group.  

Our findings indicate that presence of non-HLA antibodies to tissue specific antigens is 
a risk factor for rejections or post-transplant complications. Antibodies may contribute 
to liver allograft rejections by modulating cellular immune responses. B cell targeting 
therapy and strategies to help maintain LSEC functional integrity after transplantation 
may be beneficial for liver transplant patients. 
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1 Introduction 
 
1.1 Organ transplantation 

The idea to replace a diseased organ with a healthy one from another individual has 
been tested even centuries ago.1  The primary obstacle people met at early stages is the 
surgical challenge. However, it was soon realized that there was a reaction between the 
recipient and the foreign organ, which would destroy the transplanted organ anyhow 
and was recognized as �rejections� later on. Alexis Carrel, whose description of 
vascular anastomosis is still being used today, concluded in 1914 that �the technical 
problems of transplantation were essentially solved, but  until some method was 
developed to prevent the reaction of the organism against the foreign tissue, there 
would be no clinical application of organ transplantation�.2 The first successful kidney 
transplantation performed between identical twins in 1954 at the Peter Bent Birgham 
hospital in Boston clearly showed that renal failure could be reversed completely with 
kidney transplantation provided that rejections could be controlled in some way.3 
Enormously encouraged by the success of renal transplantation between identical twins, 
attempts of transplantation of other organs like liver, heart, and pancreas were followed 
using azathioprine, corticosteroids and anti-lymphocyte globulins as the major 
immunosuppressive drugs. It was not until 1980s that organ transplantation became a 
reliable treatment accepted widely by health professionals and patients. Introduction of 
cyclosporine in the early 1980s, a calcineurin inhibitor that dramatically reduced acute 
rejection episodes and improved graft survival, was a major step for modern 
transplantation. During the last decade, more immunosuppressive drugs like tacrolimus, 
mycophenolate mofetil and sirolimus became available. Nowadays the one-year graft 
survival rate for most types of organ transplantation approaches 80-90%.2  
 
According to the relationship between donor and recipient, grafts can be divided into 
autograft, isograft, allograft and xenograft. Autograft is self-tissue or cells transferred 
from one body site to another in the same individual. Isograft is tissue or cells 
transferred between genetically identical individuals like identical twins. Allograft is 
tissue or cells transferred between genetically different members of the same species 
and xenograft is tissue or cells transferred between different species.4   
 
1.1.1 Transplant rejections 

There are three forms of allograft rejections, namely hyperacute, acute and chronic 
rejection. Hyperacute rejection occurs in about 0.5% of kidney transplant patients.5 It is 
a rapid process that usually occurs within a few minutes or hours after transplantation. 
Occlusion of the vasculature following widespread endothelial cell destruction is the 
major histological feature. Presence of preformed HLA antibodies or ABO blood group 
antibodies are the major reason for hyperacute rejections.6,7 Acute rejections usually 
take place within the first few weeks after transplantation. They are mainly mediated by 
cellular immunity with a feature of massive infiltration of macrophages and 
lymphocytes at the site of tissue destruction.8 Chronic rejection can occur from months 
to years after transplantation. The mechanism mediating chronic rejections are less well 
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elucidated as compared with hyperacute and acute rejections. It is generally believed 
that both humoral and cellular immunity are responsible for chronic rejections.9,10  
 
1.1.2 Challenges 

Even though organ transplantations have become a standard treatment for many end-
stage diseases, challenges still remain. First of all, acute rejections still occur in about 
45-65% of liver transplant patients and 20-46% of kidney transplant patients even with 
a combination of several modern immunosuppressive drugs.11-14 Meanwhile, 
immunosuppressive drugs have to be used all life long and most of them are non-
specific, which as a consequence brings about increased incidence of infections, 
malignancy and other side effects like nephrotoxicity  and neurotoxicity. Therefore, 
transplantation tolerance that is defined as long-term allograft survival in the absence of 
continuous immunosuppressive therapy is highly desired.15 Another challenge is organ 
shortage, which contributes to the patient death on the waiting list. Approaches of 
solving the problem are, use of marginal donor, split organ, living related graft and 
xenotransplantation. 
 
 
1.2 Liver transplantation and immunological characteristics  

The first human liver transplantation (LTx) was performed in 1963.16 Nowadays LTx 
has become the only curable therapy for many end stage liver diseases, including 
primary biliary cirrhosis, primary sclerosing cholangitis, hepatitis B and C, alcoholic 
liver cirrhosis, autoimmune hepatitis, metabolic liver diseases, hepatocellular 
carcinoma, and so on.17 The general one-year survival of LTx has reached to 80%-
90%.18 From an immunological point of view, liver transplantation is different from 
other organ transplants in many ways. For instance, in certain rats, most mice and some 
pigs, liver allograft can be accepted spontaneously across a full MHC barrier.19-21 
Furthermore, spontaneous acceptance of liver allografts was accompanied with the 
development of immunologic tolerance toward various donor-originated organs.19,22 In 
addition, it has been shown that in animal model administration of antigen via portal 
vein leads to immune tolerance and direct venous drainage of an allograft into portal 
system results in increased acceptance of the graft.23,24 In human liver transplantation, 
hyperacute rejections rarely occur. HLA match and donor specific lymphocyte 
crossmatch are not normally considered to be important in liver transplantation.25 All of 
these make liver an immuno-privileged organ. It is not fully understood why liver 
favors tolerance induction rather than the induction of immunity. A number of 
mechanisms have been suggested, including soluble HLA antigens produced by liver, 
passenger leukocytes, development of regulatory T cells,26-28 as well as the role of liver 
sinusoidal endothelial cells.29,30 
 
 
1.3 Liver transplant rejections 

Hyperacute rejection caused by preformed antibodies is very rare in liver 
transplantation. Only few cases have been reported over the past 40 years.31-33 It is well 
known that liver graft is resistant to hyperacute rejections even in the presence of a 
positive donor-specific crossmatch and panel reactive antibodies.34 The exact 
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mechanism is not known, but the efficient clearance of circulating immune complexes 
mediated mainly by liver sinusoidal endothelial cells and Kupffer cells seems to play an 
important role. 
 
Acute rejections occur in about 45% - 65% of liver transplant patients and usually 
within the first few weeks after transplantation.11,12 Histopathological characteristics of 
acute rejection are lymphocyte infiltration of portal tracts associated with bile duct 
damage and inflammation of portal and hepatic venular endothelium. Cellular 
immunity, especially CD4+ and CD8+ T-cell mediated immune responses are believed 
to be the major mechanisms underlying acute liver allograft rejections.35 Probably due 
to the belief that liver is more resistant for antibody-mediated rejections, so far there are 
few studies regarding the role of humoral immunity in acute liver allograft rejections as 
compared with kidney transplantation. Recently, some studies showed that C4d 
deposition is found in endothelia of portal vein and hepatic artery in portal area, and 
also found in the sinusoids of grafted liver.36,37 These are important findings which 
indicate that cellular immunity may be not the only player during acute liver graft 
rejection episodes. 
 
The incidence of late graft failure in liver transplantation is about 3-5% and chronic 
rejection is considered to be the primary cause.9 The histopathological features of 
chronic rejection in liver graft is the presence of a foam cell arteriopathy and the loss of 
bile ducts in at least 50% of portal tracts.38 The precise immunological mechanisms that 
cause chronic rejection are unknown. Both humoral and cellular immunity are believed 
to be responsible in this process.9 
 
As we mentioned above, there are two basic mechanisms for allograft rejections, 
namely cellular rejection and humoral rejection. 
 
 
1.4 Cellular basis of liver allograft rejections 

 
1.4.1 Transplant antigens and HLA matching 

Different individuals within the same species have different antigens expressed on their 
cell surface. The rejection of tissue transplanted between such individuals is the 
consequence of immune recognition of graft antigens by the host immune cells. 
Antigens are different in terms of their capacity for stimulating rejection response. The 
gene loci coding for antigens responsible for most vigorous allograft-rejection reactions 
are known as major histocompatibility complex (MHC). In human MHC is also called 
human leukocyte antigen (HLA) complex. Gene loci that are responsible for less 
vigorous rejections are known as minor histocompatibility gene. Often in kidney and 
routinely in bone marrow transplants one strives to find the best HLA match between 
donor and recipient to reduce the risk of allograft rejections. 
 
Earlier HLA typing was usually accomplished by microcytotoxicity test. With the 
development of modern technologies it is now possible to do HLA typing by PCR.39 It 
has been shown that HLA matching is important for kidney and bone marrow 
transplantation,40,41 but less important in liver and heart transplantation.42 So in clinical 
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practice HLA matching is not routinely performed in liver transplantation or the results 
are not considered in organ allocation. Rejection may still occur in HLA identical 
kidney transplants, indicating that minor histocompatibility antigens also contribute to 
allograft response. Since even HLA is not considered in LTx, the possibility that minor 
histocompatibility antigens play an important role in LTx is very low. Recent studies 
have shown that MHC class I chain-related antigen A and B (MICA and MICB) may 
play a role in renal allograft rejection as well,43 but nothing is known about their role in 
LTx. 
 
1.4.2 Antigen presentation and costimulation 

Allorecognition starts by a process called antigen presentation. It occurs between 
antigen presenting cells and host T cells. The classic antigen presenting cells are 
dendritic cells, macrophages and B cells. Depending on the origin of antigen presenting 
cells (APC), allorecognition can be further divided into direct and indirect pathway. In 
direct pathway the antigen presenting cells are from donor origin, whereas in indirect 
pathway the antigen presenting cells are from the recipient. Both CD4+ and CD8+ T 
cells can be activated by antigen presenting cells, even though it is believed to be CD4+ 
T cells in most of the cases.44 
 
The first signal for antigen presentation occurs when foreign peptide together with 
MHC molecules on APC binds to T cell receptors (TCR) on host T cells. The second 
signal for T cell activation is called costimulatory signal, which includes CD40:CD154, 
B7:CD28, and LFA-1:ICAM-1. (Fig.1) The third signal for T cell activation is provided 
by cytokines.45 CD40 is constitutively expressed on antigen presenting cells while 
CD154 is transiently induced predominantly on CD4+ T cells.46 CD154 is found 
expressed shortly after the interaction between foreign peptide and MHC complex and 
T cell receptor.47 CD28 is constitutively expressed at high level on T cells, whereas B7 
is usually absent (B7.1 or CD80) or at low and insufficient level (B7.2 or CD86) on 
antigen presenting cells. Activated antigen presenting cells can express B7.1 and 
upregulate B7.2 level upon stimulation.48 Binding of CD40 to its ligand CD154 can 
induce or increase B7 expression on antigen presenting cells.46 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 1. Antigen presentation and costimulatory signals 
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In liver transplantation both direct and indirect pathway are involved in allorecognition 
and direct pathway is believed to play a prevailing role at least early after 
transplantation.35 The professional antigen presenting cells in the liver are bone marrow 
derived dendritic cell (also called passenger leukocyte). Studies showed that passenger 
leukocytes are released into circulation from liver graft and then migrate into the 
recipient spleen where they present antigens to host T cells and trigger T cell 
activation.49 The significance of this direct activation decreases with time because the 
normal life span of passenger leukocytes in the graft and in the periphery is relatively 
short. Soluble or released MHC antigens from the graft can be processed by host 
antigen-presenting cells in regional lymph nodes and presented to recipient CD4+ T 
cells, which constitutes the indirect pathway of allorecognition.50 
 
In addition to the professional antigen presenting cells, mouse liver sinusoidal 
endothelial cells (LSEC) express MHC class II, CD40 and CD80 and CD86. They have 
been shown to function as antigen presenting cells and present antigens to CD4+ and 
CD8+ T cells leading to tolerance instead of rejection.51,52 Human LSEC express MHC 
class II and CD40, but not CD80 and CD86.30 Less is known about the immunological 
functions of LSEC in human liver transplantation.  
 
The knowledge acquired from costimulatory signals provides us a number of choices 
for tolerance induction via costimulation blockade. Cytotoxic T lymphocyte-associated 
antigen (CTLA-4/CD152) is a molecule expressed on activated T cells with a 20-fold 
higher affinity binding to B7, and this binding sends an inhibitory signal to T cells. A 
soluble fusion protein CTLA4-Ig consisting of CTLA-4 molecule and the constant 
region of IgG heavy chain is available to block the interaction between CD28 and B7 
leading to T cell anergy. Another costimulation blockade approach is to use antibody 
against CD154. Both CTLA4-Ig and anti-CD154 monoclonal antibody have been 
studied individually, in combination, or with different immunosuppressive drugs in 
rodents and non-human primates with prolongation of various organ allografts.53-57 
Despite the promising results from preclinical experiments, the application of 
costimulation blockade in the clinic is disappointing. Humanized anti-CD154 
monoclonal antibody has been used in a clinical trial composed of 7 renal transplant 
patients. Unfortunately it had to be discontinued due to the side effects of 
thromboembolic toxicity and high incidence of rejection episodes. Currently the only 
costimulation blockade reagent in clinical development is LFA29Y (a modified form of 
CTLA4-Ig), which is under evaluation in phase 2 clinical trial.58 The discrepancy of 
results from animals and clinical trials may reflect that human immune system is more 
complex or the optimal use of these agents has to be reconsidered. 
 
In liver transplantation costimulatory blockade has been tested only in some animal 
models. Bartlett AS, et al. used anti-CD154 monoclonal antibodies in DA to Lewis rat 
liver transplantation model resulting long time survival without signs of acute 
rejections.59,60 CTLA4Ig was used in ACI to Lewis rat liver transplant model achieving 
indefinite survival of liver grafts and it has also been tried in mice resulting in 
prolongation of liver allograft survival.61,62 
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1.4.3 Cell-mediated effector response 

Delayed-type hypersensitivity: In the sensitization stage, host CD4+ T helper cells are 
activated via interaction with antigen presenting cells. The origin of antigen presenting 
cells could be donor-derived (direct recognition) or recipient-derived (indirect 
recognition). Activated T helper cells start to proliferate and produce cytokines which 
induce three major effector mechanisms: i), the production of cytokines like IFN-γ is 
important for activating macrophages and promoting its influx in the graft. The 
subsequent activation of macrophages amplify the inflammation process by producing 
more cytokines, chemokines, proteolytic enzymes and other soluble factors; ii), IL-2 
produced by activated T helper cells can promote the generation and proliferation of 
CD4+ and CD8+ cytotoxic T cells; iii), CD4+ T helper cells also promote B cell 
maturation and differentiation into plasma cells. The latter produce antibody and exert 
detrimental effect via antibody mediated effector mechanisms.4,63 
 
Lymphocyte-mediated cytotoxicity: The CD8+ cytotoxic T lymphocytes can be primed 
and activated by direct presentation of donor passenger leukocytes from the graft. The 
destruction of target cells by CD8+ cytotoxic T lymphocytes involves perforin, 
granzymes and Fas-dependent apoptosis.63,64 
 
So far not many studies can be found dealing with cellular effector mechanisms of liver 
allograft rejections,65 probably because of the fact that cellular immune response has 
been well accepted to be the reason for acute liver graft rejection, so it should follow 
the common rules. Results from animal studies showed that the pattern of cell 
infiltration and cytokine profile in liver transplantation is quite similar to the picture of 
delayed-type hypersensitivity.66 Pathological findings during acute human liver 
allograft rejections include intense portal infiltration with CD4+, CD8+ T cells and 
macrophages.67 It was reported that cytotoxic T cell mediated cytotoxicity via 
granzyme B is one of the effector mechanisms during liver allograft rejection.68 
 
1.4.4 Regulatory T cells  

The idea of existence of suppressor T cell populations in the periphery was first 
described in the 1970s.69 However, it was not until 1995 that a subpopulation of CD4+ 
T cells expressing the IL-2 receptor α-chain (CD25) was identified to be essential to 
control autoaggressive immune responses, which now is referred to as CD4+CD25+ 
regulatory T cells.70 CD4+CD25+ regulatory T cells constitute about 5-15% of 
peripheral CD4+ T cells in human and mice.71 It is well known that CD4+ T cells 
express CD25 after activation, but they are different from CD4+CD25+ regulatory T 
cells, because studies have shown  that they are not suppressive.70 Apparently only a 
subpopulation of the circulating CD4+CD25+ T cells is real regulatory cells. Recent 
study showed that the transcription factor Foxp3 seems to be a more specific marker for 
regulatory T cells.72 CD4+CD25+ regulatory T cells is generally believed to arise 
within the thymus, then migrate to the periphery to exert their function,73 but there is 
also evidence indicating that these cells could be generated in periphery as well.71 IL-2 
seems to play an important role in the development and maintenance of naturally 
occurring CD4+CD25+ regulatory T cells, because these cells are absent in IL-2 
knock-out mice.73 Naturally-occurring CD4+CD25+ regulatory T cells are crucial for 
regulating the development of autoimmune disease. Regulatory T cells can be also 
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induced after allograft transplantation when immunosuppressant or costimulation 
blockade is applied.74,75 A recent study indicates the presence of �natural alloregulatory 
T cells� that are responsible for spontaneous acceptance of allografts in rodents, but 
whether this population is different from naturally occurring CD4+CD25+ regulatory T 
cells or not is unclear due to the lack of additional identification markers.76,77 
 
The mechanisms by which CD4+CD25+ regulatory T cells exert suppression are not 
fully understood. Accumulating evidence indicates that CD4+CD25+ regulatory T cells 
require stimulation via T cell receptor to function and the suppression effects seem to 
be in a cell-contact dependent manner or trough short range signaling.78,79 The target 
cells that regulatory T cells exert their suppression function on are responding T cells or 
antigen presenting cells. CTLA-4 (cytotoxic T lymphocyte-associated antigen 4) that is 
expressed on the surface of regulatory T cells, IL-10 and TGF-beta seem to be involved 
in the regulatory T cell mediated suppression, but results from different groups are still 
controversial.71,79 The site where regulatory T cells act to prevent allograft rejection are 
generally considered to be within the graft itself and the secondary lymphoid tissue.79 
 
In organ transplantation, tolerance induced by costimulation blockade57,75,80 and some 
immunosuppressive drugs74,81 is believed to be due to the development of regulatory T 
cells. Therefore, there is an apparent attraction and excitement about the possibility of 
using these regulatory T cells as a therapeutic approach to induce tolerance in clinical 
transplantation. A few points still remain that limits its clinical application. For 
example, the frequency of these regulatory T cells in circulation is very low and they 
are refractory to stimulation in vitro due to their anergic nature, so it is difficult to get 
sufficient number of cells to treat ongoing immune responses. There are other 
challenges as well like the risks of uncontrolled proliferation and development of 
unforeseen functional activities due to the lack of knowledge about these cells.82 All of 
these constitute the internal drive for the intensive studies in this field and hopefully 
this somatic-cell therapy will come into practice in the near future. 
 
The existence of regulatory T cells has been suggested in Lewis to DA rat liver 
transplantation model by using adoptive transfer of spleen cells from tolerance animal 
to naive rats, but characterization of this cell population by cell markers has not been 
performed.28,83 A recent study performed in 14 living donor liver transplant recipients 
who have stopped immunosuppression and developed operational tolerance showed 
that CD4+CD25+ regulatory T cells is one of the important factors maintaining liver 
graft survival in the absence of immunosuppression.84 
 
1.4.5 Immunosuppression 

The immunosuppressive drugs used today in the clinic are usually non-specific and 
affect mainly cellular immune responses. The major immunosuppressants and their 
action are listed as following: 
 
Cyclosporin A, tacrolimus (FK506) and sirolimus (Rapamycin): Cyclosporin A and 
tacrolimus are calcineurin inhibitors, which can block the activation of resting T cells 
by inhibiting the transcription of genes encoding IL-2 and IL-2 receptors. Sirolimus can 
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block the proliferation and differentiation of activated T helper cells by binding to an 
immunophilin.85,86 
 
Antimetabolites (azathioprine, mycophenolate mofetil): Azathioprine is a potent mitotic 
inhibitor that can reduce T cell proliferation by blocking the synthesis of inosinic acid 
in the S phase of cell cycle. Mycophenolate mofetil can inhibit inosine monophosphate 
dehydrogenase (IMPDH), the branch point of purine biosynthesis. Therefore, T-cell 
and B-cell proliferative responses and antigen-specific antibody responses are 
inhibited.87,88 
 
Corticosteroids: Corticosteroids are potent anti-inflammatory agents and exert their 
effect at many levels of the immune response.4 
 
Polyclonal antibodies: ATG (antithymocyte globulin) is a polyclonal antibody prepared 
by immunizing animals like horses with human thymocytes. The administration of 
ATG will result in the decrease of patient�s total lymphocyte count due to complement 
and cell mediated lymphocyte depletion.89 
 
Monoclonal antibodies: Anti-IL-2 receptor monoclonal antibodies (basiliximab and 
daclizumab) bind to the alpha chain of IL-2 receptor (CD25) that is expressed on 
activated lymphocytes. Monoclonal antibody against CD3 (OKT3) molecule can 
rapidly deplete T cells from circulation. Use of anti-CD 20 antibody results in rapid 
decrease of B cells and circulating antibodies.90-92 
 
The immunosuppression protocol used in liver transplantation was derived historically 
from those in kidney transplantation. At present, the most common protocol for liver 
transplantation is triple immunosuppression with tacrolimus or Cyclosporin A, 
mycophenolate mofetil or azathioprine, and steroid. Other combinations with sirolimus 
or new immunosuppressants like FTY720 are still mainly in clinical trial.89,93 A recent 
study showed that calcineurin inhibitors (tacrolimus or Cyclosporin A) decrease 
CD4+CD25+ regulatory T cells in peripheral blood in liver transplant patients, which is 
a effect against tolerance induction.94  
 
 
1.5 Humoral basis of liver allograft rejections 

Traditionally, humoral immunity is considered to be mainly responsible for hyperacute 
rejection and part of chronic rejection.5 More and more evidence demonstrates that 
humoral immunity also contributes to acute allograft rejections.95 Nowadays, antibody-
mediated rejection is believed to play a role in about one third of acute rejection 
episodes in renal transplantation.96 It is generally believed that liver is resistant to 
antibody mediated rejections.97 Very little has been known about the role of antibodies 
in acute liver allograft rejection. 
 
1.5.1 General function of antibodies 

Antibodies, the functional name of immunoglobulins, are produced by plasma cells and 
serve as effectors of humoral immunity. Immunoglobulins can be classified into five 
main isotypes according to their structure, namely IgA, IgD, Ig E, IgG and IgM (Fig. 
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2). IgA antibodies are found as two subclasses (IgA1 and IgA2), whereas IgG 
antibodies can be further subdivided into four subclasses (IgG1, IgG2, IgG3 and IgG4) 
in the order of their abundance in serum. IgM forms pentamers in serum, while secreted 
IgA appear either as monomer or as a dimmer.4 The basic functions of antibodies are 
summarized as follows: 
 
Complement activation:  Antibodies can initiate complement activation by the classical 
pathway. The first component of classical pathway of complement activation is C1q, 
followed by a cascade of proteolytic cleavage reactions. Both IgG (IgG1 and IgG3) and 
IgM isotype can activate complement. Due to the structural difference, only one IgM 
molecule is enough to trigger complement cascade whereas at least two IgG molecules 
are needed. Complement receptor of immunoglobulins is important in the removal of 
immune complexes from the circulation.4,98 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Antibody-dependent cell-mediated cytotoxicity (ADCC): Target cell bound antibodies 
can link to NK cell and macrophages via Fc receptors. In this way the target cell can be 
killed by NK cell or macrophages by apoptosis.4,98 
 
Opsonization: Opsonization refers to the promotion of phagocytosis of antigens by 
macrophages and neutrophils. Interaction between IgG antibody and Fc receptor, which 
are present on the surface of macrophages and neutrophils will promote the 
phagocytosis of antigens.4 In allorecognition, antigen presenting cells internalize the 
alloantigens, then process and present to the recipient T cells. With the presence of 
antibodies, the uptake of alloantigens by antigen presenting cells will become more 
efficient, which was considered to be an indirect pathway of T cell activation facilitated 
by antibodies.99  
 
Immunomodulatory function: Antibody upon binding may activate, inhibit or alter 
certain functions of the target cells. It has been shown that HLA class I antibodies may 
activate or inhibit T cell functions depending on the experimental settings used.100-102 
 

Heavy chain 

Light chain Fc part 

F(ab�)2 

Constant region 

Variable region

Figure 2. Typical structure of antibody molecule 
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1.5.2 T and B lymphocyte crossmatch  

Prior to organ transplantation a crossmatch is usually performed to detect the presence 
of donor-reactive antibodies in the recipient. The traditional method is complement 
dependent cytotoxicity (CDC),103,104 in which donor lymphocytes were incubated with 
recipient serum followed by complement addition and determination of cell killing. 
This method is good for detecting high level, complement fixing antibodies. With the 
development of modern technologies, more sensitive crossmatching methods like flow 
cytometric crossmatch has been developed with an advantage to detect low level 
complement fixing and non-complement fixing donor-reactive antibodies.105 The 
antibodies detected by these methods were generally believed to be HLA antibodies. 
For donor and recipient lymphocyte crossmatch one can use unseparated lymphocytes 
as the target cells, but more commonly separated T and B cells are used. T cells express 
HLA class I molecules, as most of other tissues do. Therefore, positive T cell 
crossmatch is believed to be more important in organ allocation. B cells express both 
HLA class I and II molecules. The significance of B cell crossmatch has been 
controversial for many years probably due to the fact that positive reaction could be 
caused by a mixture of HLA class I and II (and perhaps non-HLA) antibodies.106,107 By 
using a combination of T and B cell crossmatch, it might give some information about 
the HLA class I or II specificity of donor-reactive antibodies. A recent study performed 
by United Network for Organ Sharing (UNOS) using data from 9031 patients showed 
that a positive B cell crossmatch and negative T cell cross match is associated with 
poor outcome in kidney transplantation.108 
 
One should keep in mind that the specificity of donor-specific antibodies detected by 
various T and B lymphocyte crossmatch methods is believed to be HLA antibodies, but 
this may not necessarily be true. So far, there is no well accepted number showing to 
what extent HLA antibodies and non-HLA antibodies contribute to a positive T and B 
crossmatch. For instance, non-HLA antibodies can be responsible for 2%-77% of 
positive B cell crossmatches.109,110 The big discrepancy between different reports could 
be due to the difference in patient population, patient number, as well as the methods 
used.  
 
Panel reactive antibodies (PRA) are detected by taking sera from potential transplant 
recipients and then incubating with a number of different lymphocytes of known HLA 
specificities. The purpose of this test is to assess the immunization status of a potential 
graft recipient and it can also help to predict the risk of giving a positive crossmatch 
against a potential organ donor.111 
 
Pre-transplant crossmatch by various methods have greatly contributed to eliminate the 
occurrence of hyperacute rejections especially in kidney transplantation over the past 
decades.6 However, liver transplantation are routinely performed in crossmatch positive 
patients without suffering the penalty of hyperacute rejection.97 Only few cases of 
hyperacute liver rejections have been reported relating to the presence of strong 
positive donor-specific crossmatch.31,112 Earlier results showed that there is no 
correlation between a positive crossmatch and acute rejection episodes in liver 
transplantation.113-115 Later, several studies showed that a positive donor-reactive 
lymphocyte crossmatch is associated early acute rejection episodes and graft loss.116-118 
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The long-term impact of positive crossmatch on chronic liver rejections is still 
controversial. Some studies showed that neither panel reactive nor donor specific HLA 
antibodies are associated with chronic liver allograft rejections,115,119,120 but others 
showed that a positive crossmatch is related to vanishing bile duct syndrome.112,121 The 
discrepancy between these results could be due to the number of patients included, time 
of follow-up, the immunosuppression protocol applied, and the method used for 
crossmatching. Apparently, the role of crossmatch in chronic liver transplant rejections 
needs to be explored by further studies. 
 
1.5.3 Alloantibodies  

Alloantibodies are produced as a result of allo-recognition and can be divided into HLA 
antibodies and non-HLA antibodies.  
 
HLA antibodies:  

Donor-specific HLA antibodies are considered to be very important in organ 
transplantation and many studies have confirmed that HLA antibodies are directly 
related with hyperacute rejections and also associated with acute rejection episodes and 
poor graft outcome.7,122,123 Non donor-specific HLA antibodies, characterized by a 
negative donor lymphocyte crossmatch and presence of panel reactive HLA antibodies, 
was first reported by Terasaki, et al. in 1971 to be associated with decreased graft 
survival.124 Later, more studies have confirmed this finding,125,126 even though good 
outcomes are not uncommon in hyperimmunized patients.127 It is hard to say which 
specificity of HLA antibodies is more important in organ transplantation due to the fact 
that routine crossmatch methods used cannot safely distinguish between HLA class I 
and II antibodies. Recently, antibodies to nonclassical MHC class I-related chain A 
(MICA) and B (MICB) have been shown to be correlated with acute rejection and poor 
graft survival in renal transplantation.128 
 
HLA antibodies detected by a positive crossmatch are related to a few cases of 
hyperacute liver rejections.31,129,130 Some studies showed that HLA antibodies have no 
effect on acute liver allograft rejections, but results from recent studies showed the 
contrary.113-118 The effect of HLA antibodies in chronic liver rejections is still 
controversial. 112,115,119-121 
 
Non-HLA antibodies:  

Blood group antibodies presented in ABO-incompatible transplantation is associated 
with hyperacute rejections and usually considered to be a contraindication of 
transplantation.131,132 Even though only a few cases of hyperacute rejection in ABO-
incompatible liver transplants have been reported over the years, the general long-term 
result is poor.130,131,133 Recently, due to the development of B cell targeting therapy and 
the shortage of available organs, ABO-incompatible living donor renal transplant has 
been performed with promising results.134,135 Several cases of liver transplantation with 
ABO-incompatible grafts were also reported using various B cell targeting therapy.136-

138 
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Non-HLA endothelial cell antibodies were found to play a role in allograft rejections 
when kidney transplants performed between HLA-identical siblings were rejected 
vigorously.139 Activated graft endothelium express HLA class I and class II antigens, so 
it may be the target of preformed HLA antibodies.140 While, the presence of these HLA 
antibodies can be detected by routine crossmatch. A number of other non-HLA 
antigenic determinants are expressed on endothelial cells as well. It has been shown in 
crossmatch negative transplants that endothelial cell antibodies are of major importance 
in kidney and heart transplantation.141-146 It is estimated that approximately 10% of C4d 
positive acute renal allograft rejections is due to non-HLA antibodies.147 It has been 
difficult to perform a routine donor-specific endothelial cell crossmatch. A recent study 
described a quick and easy method to isolate precursor endothelial cells from peripheral 
blood, which provides a promising approach for endothelial cell crossmatch.148 There is 
a paucity of information on the role of endothelial cell antibodies in liver 
transplantation before we published our paper on liver sinusoidal endothelial cell 
antibodies that is also included in this thesis.149 
 
There are scattered reports regarding the significance of other non-HLA antibodies in 
transplantation. For example, monocyte antibodies were considered to be associated 
with severe rejections and renal graft failure.150 The presence of antibodies to epithelial 
cells was found to be associated with decreased graft survival and post-transplant 
infections in lung transplantation.151 However, no information is available regarding the 
role of these non-HLA antibodies in liver transplantation. 
 
1.5.4 Autoantibodies  

Autoantibodies are believed to be a result of immune recognition against �self� 
antigens via mechanisms that are still not fully understood. They include anti-nuclear, 
anti-nucleoprotein, anti-DNA, anti-cytoplasmic antibodies and many others. 
Autoantibodies are usually not pathogenic and mainly used as a diagnostic marker for 
different diseases. Compared with alloantibodies, especially HLA antibodies, 
autoantibodies have not been extensively studied in organ transplantation. However, 
there is some evidence showing that autoantibodies may also play a role in transplant 
rejections.152-155  
 
Autoantibodies against blood cells can be pathogenic causing direct destruction of 
target cells,156 but whether other autoantibodies are pathogenic is still controversial. 
Based on the clinical correlation between autoantibodies and diseases, a pathogenic role 
for autoantibodies is frequently suggested without direct evidence.157 Recently, in vivo 
evidence in which antineutrophil cytoplasmic autoantibodies were transferred into mice 
leading to glomerulonephritis and vasculitis was provided, indicating that 
autoantibodies against targets other than blood cells can be pathogenic as well.158 In 
organ transplantation, a recent study reported that autoantibodies against angiotensin II 
type 1 (AT1) receptor may contribute to acute humoral rejections in renal transplant 
patients by activating AT1 receptor and mimicking the action of angiotensin II.152 It has 
also been reported that antivimentin antibodies are associated with chronic rejections in 
heart transplantations, and it was speculated that autoantibodies may cause graft 
damage in the similar manner as alloantibodies.153 
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In some of the liver transplant patients like primary biliary cirrhosis, primary sclerosing 
cholangitis, and autoimmune hepatitis, autoantibodies can be detected because of their 
nature of autoimmune liver diseases.159 Alcoholic liver disease is associated with 
autoimmunity, so it is possible to find autoantibodies in these patient groups.160  Most 
of these antibodies have been speculated to contribute to the recurrence of primary 
diseases, but little is known about their impact on liver transplant rejections.161,162  
Dubel L, et al. reported that post-transplant anti-tissue antibodies (against the smooth 
muscle or the nucleus) were strongly associated with chronic rejections in liver 
transplantation and suggested that these antibodies could be used to identify patients at 
high risk of developing chronic rejection after liver transplantation.154 It was also 
reported that the appearance of anti-smooth muscle antibodies (SMA) are associated 
with acute liver graft rejections in autoimmune hepatitis patients. They speculated that 
the production of these antibodies was due to the release of intracellular autoantigens 
by liver injury following rejection.155 
 
1.5.5 Effector mechanisms in antibody mediated rejections 

In general, effector mechanisms involved in antibody mediated rejections include: i), 
activating complement cascade; ii), endothelial cell activation and triggering 
coagulation cascade; iii), ADCC with antibody Fc part binding to NK cells and 
macrophages promoting the killing of target cells;63 iv), the binding of antibodies on 
target cells in the graft might attract Fc receptor-bearing inflammatory cells to the graft, 
thereby contributing to inflammation response during rejections episodes;6 v), during 
indirect allorecognition process, graft-derived alloantigens are taken up by host antigen 
presenting cells, processed and presented to the recipient T cells. The uptake of 
alloantigens is greatly enhanced by the presence of specific antibodies. In this way 
antibodies may facilitate alloimmune response.6,99  vi), In addition to these classic 
mechanisms, a regulatory role of non-cytotoxic antibodies may also be envisaged. It 
has been shown that HLA class I antibodies may enhance T cell proliferation upon 
binding.100,101 It has also been reported recently that anti-HLA class I antibodies could 
activate endothelial cells and promote chronic rejection.163  
 
In hyperacute rejection, preformed antibodies bind to blood group ABO or MHC 
antigens expressed on the surface of endothelial cells activating complement and 
coagulation cascades. As a result, hyperacute rejection is featured by thrombosis of 
small vessels by platelet thrombi, interstitial hemorrhage and severe endothelium 
injury.63 Hyperacute rejections in liver transplantation follow these mechanisms.130,131 
 
Acute rejection is generally accepted as a T-cell-mediated process. However, repeated 
clinical observations implicated that antibodies may play a central role at least in a 
subset of patients with acute rejections. Acute humoral rejection was mainly identified 
in kidney transplant patients with histological characteristics involving infiltration of 
peritubular capillaries and glomeruli by neutrophils and monocytes, capillary fibrin 
thrombi, sometimes fibrin necrosis and vasculitis, and deposition of complement split 
product C4d along peritubular capillaries. Therefore, complement activation is believed 
to be the major mechanism involved in acute humoral renal rejections.164 In addition, it 
has been reported that antibodies binding to graft endothelial cells can attack target 
cells via ADCC with Fc binding to macrophages and NK cells.165 
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Very little is known about the role of antibodies in acute liver allograft rejection. 
Recently three papers from two centers were published showing that C4d staining can 
be found in some of the liver transplant patients undergoing acute rejection episodes, 
suggesting the involvement of antibodies in acute liver allograft rejections and possibly 
via complement activating pathway.36,37,166 However, the number of patients included 
in these studies is very few. 
 
At present, less is known about the pathogenesis of chronic rejections and most of our 
knowledge comes from animal experiments. Some studies showed that anti-HLA 
antibodies are correlated with chronic rejections in kidney and lung transplant patients, 
but it is difficult to infer causality based on these oberservations.167,168  
 
1.5.6 C4d staining  

Complement system is a complex system composed of more than 30 serum and cell 
surface components.169 After organ transplantation circulating antibodies can bind to 
the graft endothelial cells and then trigger complement activation cascade. Since the 
bloodstream continuously clears the endothelial surface, the ideal candidate to be used 
as a maker of antibody mediated response should have stable binding to the endothelia 
of the allograft. C4d is an inactive fragment of complement C4 released during the 
activation of classical pathway and particularly privileged because of its covalent 
binding to graft endothelia.170 After its first description in 1991,171 peritubular capillary 
complement C4d staining in graft biopsies has been widely accepted as a unique 
marker of antibody-mediated rejections. About 25-50% of all biopsy-confirmed acute 
renal allograft rejection episodes are C4d positive, indicating the presence of acute 
humoral rejections.147 A recent study showed that 95% of allograft biopsies from 
recipients with donor-specific alloantibodies at the time of rejection had positive C4d 
staining.172 Therefore, classification of renal allograft rejections have been revised 
accordingly with a supplementation of criteria for antibody mediated rejection.173  
 
The role of C4d staining in chronic renal transplant rejections is still controversial. 
Mauiyyedi et al. reported that 61% of biopsy samples from patients with chronic 
allograft nephropathy are positive for C4d staining,174 while positive rates of C4d 
staining in others� reports are much lower (13-34%).175,176 Nickeleit et al. suggested 
that C4d staining is a marker for acute but not chronic humoral rejection.177 It is quite 
clear that more studies are needed to elucidate the role of C4d as a marker of humoral 
response in chronic rejections. 
 
The significance of C4d staining in other organ transplants remains to be further 
explored. Preliminary results suggest that C4d could play a similar role in heart 
transplantation as in kidney transplantion.178,179 In some of the acute liver allograft 
rejections, C4d deposition was found in endothelia of portal vein and hepatic artery in 
portal area, and was also found in the sinusoids.36,37,166 However, one should bear in 
mind that liver sinusoidal endothelial cells are capable of taking up immune 
complexes,180 so the relevance of positive C4d staining in the liver sinusoids need to be 
further defined. There is also evidence showing that alternative complement activation 
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pathway may also be involved in liver transplantation.181 Taken together, more studies 
are needed to elucidate the role of C4d staining in liver transplantation.  
 
1.5.7 B-cell targeting therapies 

The overall outcome of acute humoral rejection is considered to be worse than acute 
cellular rejection.147,182 Therefore, therapies targeting B cells and humoral immunity 
have received a great deal of interest in the transplantation field. Currently, there are a 
number of B-cell targeting therapies available: 
 
Intravenous immunoglobulin (IVIg) is IgG fraction prepared from pooled plasma from 
thousands of healthy donors. It contains 97% of IgG whole molecules, very little 
F(ab�)2 fragments and only traces of IgM and IgA. The immunological mechanisms for 
IVIg function are quite diverse, among which some may be particularly relevant to 
transplantation: i) neutralization of circulating antibodies via idiotype-anti-idiotype 
interactions; ii) inhibition of complement binding; iii) inhibition of B and T cell 
proliferation and activation.183,184 
 
Immunoadsorption with protein A and plasmapheresis are strategies to remove 
circulating antibodies. It has been shown that in highly sensitized patients antibody 
titers dropped significantly with a couple of sessions of immunoadsorption and most of 
the patients could be transplanted.185 Studies also showed that immunoadsorption and 
plasmapheresis can be used for the treatment of acute humoral rejections.186,187 
 
Anti-CD20 antibody Rituximab is a chimeric monoclonal antibody. It has been used as 
an induction therapy for ABO incompatible transplant and highly sensitized patients as 
well as treatment of acute humoral rejections.135,188,189 With only a single or a couple of 
doses of Rituximab, circulating antibody titers were reduced significantly.135,190 The 
effects of anti-CD20 antibodies were believed to be due to the inhibition of B cell 
proliferation, induction of B cell apoptosis by ADCC and complement-dependent 
cellular cytotoxicity.92 
 
Some immunosuppressive drugs also have some effects on B cells and humoral 
immunity. Studies have reported that mycophenolate mofetil can inhibit antibody 
production and humoral responses191,192 and can limit B cell responses in renal allograft 
recipients with acute humoral rejection when used in combination with tacrolimus.193  
 
There are some other B cell targeting strategies like splenectomy and 
cyclophosphamide. It is noteworthy that usually these B-cell targeting strategies were 
used together in different combinations to get better results.135,194  
 
Many of the B cell targeting therapies is a result of modern technological development 
and the attention paid to them is greatly stimulated by the recent promising results from 
blood group ABO-incompatible living donor renal transplantations.134,135 Some clinical 
trials with ABO-incompatible liver transplantation were also performed using various 
B cell targeting therapies like anti-CD20 monoclonal antibodies, IVIg, plasmapheresis, 
and spleenectomy.136-138 However, the long-term results need to be closely monitored. 
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1.5.8 Mechanisms of liver allograft resistance to hyperacute rejections 

It is well known that liver is rather resistant to antibody-mediated hyperacute rejections 
compared to other organs, but the exact mechanisms are still not clear. A number of 
immunological and physiological factors have been suggested to be involved. First of 
all, liver has strong clearance function. Formation of immune complexes with 
antibodies binding to soluble HLA class I antigens shed from the liver can be 
efficiently cleared away by the phagocytic function of Kupffer cell and liver sinusoidal 
endothelial cells.195,196 Antibody clearance can also be enhanced by anti-idiotype 
antibodies.197 The large volume of blood replacement during liver transplant surgery 
will dilute circulating antibodies and reduce the number of host B lymphocytes.97 In 
addition, poor complement and platelet function associated with end-stage liver 
diseases may also contribute to the liver resistance to humoral insult.198 Physiological 
factors like big liver mass and dual blood supply may also play a role.199 In 
xenotransplantation and ABO-incompatible kidney allo-transplantations, sometimes 
grafts can survive in the presence of xeno- or allo-antibodies, a phenomenon termed 
accommodation.200 Studies showed that endothelial cells in the accommodating grafts 
express products of surviving genes and complement regulatory proteins.201,202 So far, 
little is known about how much this mechanism contributes to liver�s resistance to 
antibody mediated rejections. 
 
 
1.6 Biliary complications after LTx 

Biliary complications after liver transplantation include bile leakage, bile duct strictures 
and infections. Bile leakage from the anastomotic site is usually technically related or 
due to bile duct ischemia. Surgery may be needed in the case of bile leakage.203 
Surgical bile duct strictures that occur at the anastomosis site usually can be identified 
by percutaneous transhepatic cholangiogram (PTC) or endoscopic retrograde 
cholangiography (ERC) and treated with surgical or radiological intervention.203 The 
reason for non-surgical bile duct stricture is not very clear to date. Ischemia and 
immunological factors are believed to play a major role.204,205 Bile duct infection 
(cholangitis) is not uncommon after liver transplantation.206 Microbial infection, 
increased internal pressure as well as the manner of bile duct reconstruction are factors 
believed to be responsible for cholangitis episodes. 
 
1.7 Biliary epithelial cells 

Biliary epithelial cells (BEC) lining the biliary tract represent about 3-5% of the total 
cells in a normal liver.207 The basic physiological function of BEC is to form and 
secrete bile and also transport IgA into the bile.208 Biliary epithelium is one of the 
major targets during liver allograft rejections and a number of autoimmune liver 
diseases like primary sclerosing cholangitis and primary biliary cirrhosis.209 However, 
there are not many studies regarding the immunological function of BEC during 
allograft immune response as compared with other cell types like endothelial cells, 
probably due to the difficulty in isolating and culturing the cells. One of the interesting 
and controversial questions is whether BEC can function as antigen presenting cells. 
BEC constitutively express HLA class I but not HLA class II molecules, while during 
inflammation enhanced HLA class I and induced HLA class II are found.210 However, 
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BEC do not express the costimulatory molecules CD40, CD80 and CD86 either at 
mRNA or protein level even after cytokine stimulation, meaning that they may not be 
antigen presenting cells.211 Nevertheless, some in vitro experiments showed that BEC 
are able to provoke allogenic proliferative immune response of naïve T cells, 
suggesting that BEC may have the potential to function as a semi-professional antigen 
presenting cells via other pathways, but there is no in vivo evidence so far.212,213 What 
we have discussed above is the possible role of BEC in triggering immune responses. 
There is also evidence showing that BEC may facilitate the inflammation process by 
various mechanisms. For instance, expression of intercellular adhesion molecule-1 
(ICAM-1), a molecule that is important for the adhesion of lymphocytes, was found on 
BEC during liver transplant rejection, infection, and in primary biliary cirrhosis.214,215 
Results from our group showed that in primary sclerosing cholangitis patients BEC 
express CD44 and produce high level of IL-6 upon autoantibody binding.216 IL-6 is a 
well-known proinflammatory cytokine and CD44 is an adhesion molecule that can 
facilitate T cell recruitment.217 It has also been reported the BEC can secrete chemokine 
IL-8 and MCP-1 (monocyte chemotactic protein-1), which promotes the recruitment of 
neutrophils, monocytes and T cells.208 
 
In the case of autoimmune liver diseases, the role of cell-mediated immunity in 
pathogenesis is still not well established even though T cell infiltration is frequently 
found within the portal tract. Therefore, antibody-dependent cell-mediated cytotoxicity 
(ADCC) involving autoantibodies against biliary epithelium has been suggested.218 In 
acute liver allograft rejections, intrahepatic bile duct injury and infiltration with 
inflammatory cells are one of the three criterias to establish the diagnosis.67 The exact 
mechanisms by which BEC are injured during liver allograft rejection is not fully 
understood. The histological findings during acute rejection episodes strongly indicate 
that biliary epithelial damage may be the direct result of cellular effector response. 
Study showed that ICAM-1 expression on BEC facilitates the binding of cytotoxic 
lymphocytes and is important for cell-mediated cytotoxicity.211 Constitutive expression 
of LFA-3 (lymphocyte-associated antigen-1) was found on BEC indicating that its 
interaction with CD2 on cytotoxic T cells and NK cells may lead directly to 
cytotoxicity.219 
 
 
1.8 Liver sinusoidal endothelial cells 

Strategic position and morphological characteristics: Liver sinusoidal endothelial cells 
(LSEC) represent about 60% of the non-parenchymal cells of the liver. They are 
strategically placed lining the hepatic sinusoid, therefore become the first contact of 
graft tissue with recipient lymphocytes (Fig. 3).220 The lumen of liver sinusoid is 
narrow (about 5-7 µm). T cells pass the liver several hundred times per day and the 
flow is slow, which allows a full contact and interaction with LSEC.221 LSEC possess 
fenestrations with a mean diameter of about 100 nm and without basement 
membrane.222 It is thought that the exchange of fluid, solutes and particles between the 
blood and space of Disse takes place through these open fenestrae. However, 
experiments have shown that exogenous particles as small as 15 nm cannot pass freely 
through the fenestrae of LSEC to reach hepatocytes, indicating that LSEC are not just a 
physical separation between hepatocytes and blood stream but a functional barrier.223  
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Clearance function: LSEC are well known for their scavenger function that clears away 
physiological waste products as well as foreign particles. The clearance function of 
LSEC is mainly mediated by four groups of endocytic receptors, namely mannose 
receptor, hyaluronan/scavenger receptor, collagen-α chain receptor and Fc-γ receptor. 
The waste macromolecules that were cleared by LSEC are most types of connective 
tissue molecules, extracellular enzymes, lysosomal enzymes, soluble IgG-immune 
complex, and so on.224 LSEC also remove away foreign material absorbed from 
intestinal tract, including virus, lipopolysaccharide and other pathogenic substances and 
foreign antigens, which constitutes an important part of innate immune system.225 It is 
reasonable to assume that impaired endocytic function of LSEC due to different 
reasons of injury, which reflects a compromise of innate liver immunity, could have 
profound impact in liver transplant rejections.226,227 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
   Figure 3. Structure of liver sinusoid. 

 
 
Immunological function: LSEC are different from vascular endothelial cells in terms of 
phenotypic markers and functional capability (Table 1). Studies showed that mouse 
LSEC can function as antigen presenting cells and stimulate naïve CD4+ T cells. 
However, this priming fails to differentiate CD4+ T cells into T helper cells, instead 
they become regulatory T cells.51 Mouse LSEC also have the capacity to present 
exogenous antigens on MHC class I molecules to CD8+ T cells, which leads to 
antigen-specific tolerance demonstrated by failure of CD8+ T cells to develop into 
cytotoxic T cells.52 It is suggested that LSEC may prevent mounting immunity by 
rendering circulating T cells tolerant before they meet professional antigen presenting 
cells.30 Because all hepatocytes are surrounded by LSEC, it is assumed that LSEC can 
protect hepatocytes from inadvertent immune attack by a combination of barrier and 
tolerogenic effect.30 Liver is a place where activated and apoptotic CD8+ T cells 
accumulate during the clearance phase of peripheral immune response. Studies showed 
that liver can trap CD8+ T cells activated in the periphery and induce apoptosis.228,229 It 
is not fully understood which cell type in the liver can induce T cell apoptosis. 
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Unpublished results from our group show that LSEC induce T cell apoptosis via a TGF 
pathway. 
 

Table 1. Phenotypic difference between human liver sinusoidal endothelial 
cells (LSEC) and human umbilical vein endothelial cells (HUVEC).30,230 
Surface marker LSEC HUVEC 

     CD62E -* +* 
     CD31 - ++ 
     FVIIIRAg - ++ 
     ICAM-1 ++ ++ 
     VCAM-1 ++* ++* 
     HLA class I ++ + 
     HLA class II +* +* 
     CD40 + + 
     CD80 - (+ in mouse) - 
     CD86 - (+ in mouse) - 
* Detected only after IFN-γ and TNF-α activation. 

 
 
1.9 Toll-like receptors 

Immune system can be classified as innate immunity and adaptive immunity. The 
function of the innate immune system is to provide a rapid protection after an infectious 
challenge and is usually thought to be non-specific. Adaptive immunity is mediated by 
clonally distributed B and T lymphocytes and characterized by specificity and 
memory.231 The fruit fly, Drosophila melanogaster, doesn�t have adaptive immune 
system. Therefore, it relies entirely on innate immunity to defend against microbial 
infection. In Drosophila, Toll is a type I transmembrane receptor, initially identified to 
be responsible for the establishment of dorso-ventral polarity in the developing embryo. 
However, later studies showed that they are crucial for the recognition of microbes by 
the innate-immune system.232 This finding also challenged the dogma that innate-
immune responses are nonspecific.233 
 
The first member of Toll-like receptors (TLRs) � TLR 4 was described in 1997, which 
is a human homologue of the Drosophila Toll protein.234 Nowadays at least 10 
members of TLRs have been identified and they are grouped by their ligands (Table2). 
Toll-like receptors (TLRs) have been found as a key component of the innate immune 
system that detect microbial infection and trigger antimicrobial host defense responses. 
The basic function of TLRs is to help eliminate the invading pathogens and coordinate 
systemic defenses by activating multiple steps in the inflammatory reactions.235 TLRs 
can specifically recognize various components from microbes including bacteria, virus 
and fungi. The binding of ligands to TLRs result in the activation of nuclear factor 
(NF)-kappaB followed by the synthesis of pro-inflammatory cytokines and chemokines 
and expression of adhesion molecules, which leads to acute inflammatory cellular 
infiltration consists of monocytes, neutrophils, basophils, eosinophils and NK cells.236 
However, overwhelming reaction and pro-inflammatory cytokine secretion can be 
detrimental to the host as well, which contributes to the pathogenesis of different 
diseases especially infections.237,238 The expression of TLRs varies among different 
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individuals and cell types. It can be frequently found on epithelial cells lining the 
luminal tracts like intestinal epithelial cells.239 Generally, the cell surface expression of 
TLRs is rather low, but can be upregulated by various stimuli.240 
 
 

Table 2: Toll-like receptors and their major ligands 

Receptor Ligands References 
TLR 1 Tri-acyl lipopeptides (bacteria, mycobacteria) 235 
TLR 2 Lipoprotein/lipopeptides ( a variety of pathogens) 

Peptidoglycan (Gram-positive  bacteria) 
Lipoteichoic acid (Gram-positive  bacteria) 
Lipoarabinomannan (mycobacteria) 
Zymosan (fungi) 
CMV virions (virus) 

235,241,242 

TLR 3 Double-stranded RNA (virus) 235,241 
TLR 4 LPS (Gram-negative  bacteria) 

Lipoteichoic acid (Gram-positive  bacteria) 
Fusion protein (virus) 
Evelope proteins (virus) 

235,240,241 

TLR 5 Flagellin (bacteria) 235,241 
TLR 6 Lipopeptides (mycoplasma) 235,241 
TLR 7 Imidazoquinoline (synthetic compounds) 235 
TLR 8 Single-stranded RNA (virus) 242 
TLR 9 CpG DNA (bacteria and virus) 235,241,242 
TLR 10 Unknown 242 

 
 
Not much work has been done about the role of TLRs in liver transplantation. It has 
been reported that TLR2 mRNA level is increased after ischemia-reperfusion injury in 
rat liver transplantation model indicating that TLR signaling pathway may be involved 
in post-transplant infections.243 Activation of TLRs on Kupffer cells is one of the 
features during ischemia-reperfusion injury in liver transplantation.244  
 
 
 
Thus, the exact mechanisms of liver allograft rejections are not yet elucidated. 
Although accumulated data indicates that cellular immunity plays a role in liver 
allograft rejections, there is a great paucity of data regarding the role of antibodies in 
mediating liver allograft rejections. Furthermore, biliary epithelial and liver endothelial 
cells have been suggested to play a more active role in immunological responses than 
was previously thought. To study the role played by human biliary epithelial cells and 
endothelial cells in immune-mediated responses within the liver, especially during 
allograft rejection, it is important to determine if these cells have the potential to 
interact with antibodies and T lymphocytes.  
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All these reasons led to the work described in this thesis. We were therefore interested 
in elucidating some of the mechanisms underlying liver allograft rejections. 
Specifically, we were interested in: 
 
i) Detection and clinical correlation of the presence of antibodies in liver transplant 

patients to surface antigens expressed on the clinically relevant target cells of 
destruction and  

ii) Determining the possible functional role of these antibodies in mediating liver 
allograft rejections.  

iii) In addition, we also attempted to define the role of liver sinusoidal endothelial cells 
in allograft rejections in an experimental model. 
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2 Aims of the present study 
 
The general aim of the study was to better understand the mechanisms involved in liver 
allograft rejections. 
 
The specific aims were: 
 
1)  To determine the clinical importance of preformed antibodies to biliary epithelial 

cell in liver transplant recipients; 
 
2) To study the clinical correlation of antibodies to biliary epithelial cell in the post-

liver transplant period and their functional capacity; 
 
3) To detect the presence of antibodies to sinusoidal endothelial cell in liver transplant 

recipients and investigate their clinical correlations and functional capacity;  
 
4) To study the mechanisms underlying spontaneous rat liver allograft acceptance with 

a special emphasis on the role of liver sinusoidal endothelial cells. 
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3 Methodological considerations 
 
The methods used in this thesis are described in the individual papers. Some 
methodological considerations are discussed below. 
 
3.1 Patient population 

Papers I and III were based on a patient population composed of 95 consecutive liver 
transplant patients performed at our center during 1999-2000. The indications for LTx, 
the surgical techniques and immunosuppression used in our center are comparable with 
others,245,246. In paper II we included 56 patients from whom blood samples were 
available both before and after transplantation, so this is a selected patient group from 
the original 95 patients.  
 
3.2 Detection of antibodies 

The detection of presence of antibodies in patient sera directed against donor or third 
party target cells can be performed using various methods. Two of the most common 
methods are the complement dependent cytotoxicity (CDC) assay or the more sensitive 
flow cytometric cross-match (FCXM) assay. Complement dependent cytotoxicity 
(CDC) assay is performed by incubating target cells with recipient serum, followed by 
complement addition and determination of cell killing.247 This method is a functional 
test suitable for detection of high titered complement fixing antibodies. With the 
development of modern technologies, more sensitive crossmatching methods like flow 
cytometric crossmatch has been developed. In FCXM, target cells are first incubated 
with patient serum, followed by addition of fluorescein-labeled secondary anti-human 
antibodies. The target cell and antibody complexes can be detected by the flow 
cytometer.  The advantage of FCXM is that it detects low titered complement fixing 
and non-complement fixing antibodies, but a 5-10% of false positive reaction has been 
reported.105  This method is however not a functional test. Unfortunately neither of the 
two assays can distinguish between HLA and non-HLA antibodies and therefore assays 
for specificity determinations need to be performed to distinguish between these 
antibodies.  
 
3.3 Determination of specificities of antibodies 

HLA specificity: Many studies have confirmed that HLA antibodies are directly related 
with hyperacute rejections and also associated with acute rejection episodes and poor 
graft outcome in many organ transplants, so it is important to determine the HLA 
specificity of antibodies.7,113-118,122,123  
 
Our group was the first to develop a novel specific method for HLA antibody detection 
with microbeads coated with pooled HLA class I or II antigens to specifically absorb 
away HLA antibodies from patient sera. Absorbed sera were then rechecked for 
binding to target cells, or alternatively, binding of antibodies to HLA-coated magnetic 
beads was detected with secondary antibodies.248 Currently, HLA antigen-based ELISA 
(PRA-STAT), and HLA antigen-coated flow cytometry assay kit (FLOW-PRA) are 
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commercially available for detection of HLA specificity of antibodies present in 
patients sera.6  
 
Based on specificity determinations, we found that most of the antibodies detected in 
our studies are non-HLA antibodies. However, it is important to mention that the 
antibodies detected in our studies are directed against third party target cells and not 
donor-specific cells. This limits the interpretation of the clinical significance of the 
antibodies detected in our studies. 
 
Blood group antigen specificity: Presence of blood group antibodies are correlated with 
hyperacute rejections and poor graft survival.130,131,133 We determined the presence of 
antibodies directed to blood group antigens by absorbing patient sera giving positive 
reactions with packed pooled red blood cells obtained from different healthy donors. 
The sera were then retested for binding to target cells and loss of reactivity indicated 
the presence of blood group antibodies. In our own experience, we have rarely detected 
the presence of these antibodies using cultured epithelial or endothelial cells.  
 
Tissue specificity: In our studies we were interested in the detection of antibodies 
directed against liver specific cells such as liver epithelial and endothelial cells. To test 
whether the antibodies are tissue specific, we used human lung (bronchial) epithelial 
cells (LEC) and renal proximal tubular epithelial cells (RPTEC) as control target cells. 
Use of these control target cells help in determining the extent of cross-reactivity and 
relevance of the antibodies detected in sera of patients awaiting organ transplants. 
 
3.4 Immunoglobulin classes 

Only certain immunoglobulin classes are capable of activating complement, which 
include some IgG subclasses (IgG1 and IgG3 in humans) and IgM.4 Most of the studies 
indicate that IgG antibodies are more important than IgM in organ transplantation.249-251 
The flow cytometric method for the detection of antibodies used in our study permits 
the detection of all immunoglobulin classes by applying different secondary 
antibodies.252 In our studies, most of the sera from patients with rejections contained 
mixtures of both IgG and IgM antibodies, thus we are unable to confirm the finding 
that IgG antibodies are more deleterious than IgM. 
 
3.5 Use of IgG F(ab�)2 fraction  

Purified IgG fractions can be used for the detection or study of functional analysis of 
antibodies. The limitation of using whole IgG fractions is that the immunoglobulin 
molecule may bind the cells via the Fc fragment, thus excluding the study of true 
antigen-antibody binding mediated interactions and effects. Therefore, IgG F(ab�)2 
fragments that lack Fc fraction are preferred for functional studies of antibodies. 
 
3.6 Isolation of liver cells  

Isolation of biliary epithelial cells was performed after a simple enzyme digestion using 
collagenase.253 We found that the type of collagenase used and length of time for 
digestion was important in obtaining a good yield of these cells. In our experience use 
of Collagenase type IV and a time of 45-60 minutes were optimal for a good yield of 
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BEC. The BEC were isolated using magnetic particles coated with an antibody (HEA-
125) directed to a pan epithelial cell marker expressed on BEC but not on hepatocytes. 
This approach for isolation of BEC is relatively simple, easy and not time consuming. 
These cells can be maintained phenotypically and morphologically stable for up to 
seven-eight passages. 
 
Isolation of liver sinusoidal endothelial cells on the other hand is more tedious and 
time-consuming.230 In our experience, the yield of LSEC was also found to be affected 
by the nature of the enzyme used for tissue degradation. Use of a mild enzyme such as 
dispase and incubation at 4oC overnight gave a good yield of LSEC. Enzyme digestion 
was followed by mechanical detachment of LSEC from the pieces of chopped liver and 
separation on a percoll gradient. Although the method of separation is tedious, a 100% 
success rate of LSEC isolation was observed on every occasion. LSEC can be passaged 
for 5-6 times with stable phenotype and morphology as determined by flow cytometry 
and electron microscopy. 
 
These two liver cell populations provide a unique in vitro system to study the biology 
of BEC and LSEC in normal conditions as well as inflammatory processes in various 
liver disorders. 
 
3.7 Rat liver transplantation model  

In paper IV we used a rat liver transplantation model to study the role of LSEC function 
in liver allograft rejection and tolerance. Rat liver transplantation model is a well 
established and widely accepted model for preservation as well as immunological study 
of liver transplantation.254 Unlike humans, rat liver allografts can survive without 
reconstruction of arterial flow. However, more and more studies showed that arterial 
reconstruction is important.255,256 In our study, arterialized orthotopic liver 
transplantation was performed under inhalation anesthesia with isoflurane according to 
the method described by Liu et al.257  Briefly, livers taken from donors were preserved 
in 4oC Ringer�s solution before grafting into the recipient. In the recipient, the 
anastomosis of suprahepatic vena cava was performed by 7-0 running suture. The 
portal vein and infrahepatic vena cava was reconstructed by the cuff technique and bile 
duct was connected by end-to-end anastomosis over an indwelling stent (Fig. 4). 
Rearterialization was achieved between donor common hepatic artery and recipient 
proper artery using �sleeve� technique under microscope.257 
 
In this model liver transplants from DA to LEW rats are rejected, but liver grafts from 
LEW to DA were spontaneously accepted. This is a good model which permits the 
study of mechanisms of acute rejections and tolerance by comparing the rejection and 
acceptance animals. However, it should be kept in mind that in humans, spontaneous 
acceptance of liver allograft normally does not occur. Animal experimental models are 
important tools that enable study of important biological phenomena that may be 
extrapolated to the human system. However, due to physiological differences, 
sometimes the results obtained from animal studies may not be directly applicable in 
humans. 
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Figure 4. Rat liver transplantation model. a, Liver graft is in preservation before transplantation. 

b, Liver is implanted into the recipient. 
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4 Results and Discussion 
 
The results from the four papers are briefly presented, followed by some general 
discussions. 
 
4.1 Antibodies to BEC and LSEC in LTx 

In paper I and II we found that preformed antibodies to BEC are associated with acute 
liver allograft rejections and antibodies to BEC in the post-transplant period are 
associated with cholangitis. We further demonstrated that post-transplant antibodies to 
BEC are capable of inducing TLR 2 and 3 expressions on BEC and production of 
proinflammatory cytokines and chemokines, which could contribute to the 
pathogenesis of cholangitis. Antibody depositions were found in liver biopsies from 
liver transplanted patients during rejection and cholangitis episodes. In paper III we 
found that antibodies to LSEC are significantly correlated to acute liver allograft 
rejections and antibodies to LSEC can induce costimulatory molecule expression and 
down-regulate TGF-β production by LSEC. As a result, T cell proliferation is greatly 
increased, which constitutes a novel mechanism of acute liver allograft rejection. 
Majority of antibodies to BEC and LSEC are not HLA antibodies and they do not cross 
react with other control cell types. To our knowledge, these are the first series of studies 
that describe the clinical importance of tissue-specific antibodies in liver transplanted 
patients. Our results show that non-HLA antibodies reactive with BEC or LSEC are 
closely associated with acute liver allograft rejections and our in vitro experiments 
revealed novel mechanisms by which antibodies may contribute to acute rejection 
episodes, suggesting that maybe it is time to reevaluate the significance of humoral 
immunity in acute liver allograft rejections. In addition, our results also confirmed the 
observation that donor-specific lymphocyte crossmatch per se without specificity 
determinations  did not correlate with acute liver allograft rejections.113-115 
 
The specificity of the antibodies to BEC and LSEC, namely which cell surface antigens 
these antibodies recognize, remains to be defined. These antibodies are not directed 
against blood group antigens and they do not cross react with control cell types. Further 
experiments using immunoprecipitation will provide us more detailed information 
about the specificities of these antibodies.  
 
The presence of pre-transplant alloantibodies is usually caused by repeated blood 
transfusion, loss of a previous transplant or multiple pregnancies.258-260 Majority of 
patients included in our studies do not have a history of alloimmunization, so we 
assume that the antibodies to BEC and LSEC detected in our studies are autoantibodies. 
In some of the patients these antibodies could not be detected after transplantation. 
There might be several reasons for this. First of all, the liver can eliminate antibodies 
via endocytosis, which makes the antibody titer too low to be detected in the serum.127 
Furthermore, antibody titer fluctuation over time may explain the lack of antibody 
detection.4 The large volume of blood replacement during liver transplant surgery will 
dilute circulating antibodies and reduce the number of host B lymphocytes.97  
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Post-transplant antibodies could be heterogeneous in terms of their specificity. They 
could be a mixture of antibodies detected already in the pre-transplant period as well as 
newly developed alloantibodies after allo-liver implantation. It has been reported that 
de novo HLA antibodies in the post-transplant period is associated with increased acute 
and chronic rejection and decreased graft survival in several kinds of organ 
transplants.125 It could be argued that the presence of antibodies in the post-transplant 
period is just a phenomenon secondary to the key cellular events that are the real factors 
responsible for the rejection. However, the fact that these antibodies can be detected 
before rejection episodes and graft failure, favors the hypothesis that these antibodies 
may initiate a rejection process.122,125 The complicated nature of post-transplant 
antibodies and the lack of knowledge about their specificity may contribute to the 
difference in clinical associations observed with pre- and post-transplant antibodies to 
BEC.  
 
In our studies we also found that some patients had antibodies to BEC or LSEC but did 
not develop acute rejections. A number of factors may play a role. Antibody titer, 
affinity and avidity are important factors influencing antibody-antigen interaction and 
their functional ability. It can be speculated that the titer, affinity and avidity of 
antibodies to BEC or LSEC may be different in patients with rejections as compared to 
those without rejections. In addition, the impact of immunosuppressive drugs routinely 
used in liver transplant patients on these antibody-involving rejections is not clear. We 
also found patients who did not have antibodies to BEC or LSEC developed acute 
rejection episodes. Acute rejection response is a complicated process, which involves 
both cellular and humoral immunity via many mechanisms.63 Antibodies to BEC and 
LSEC in acute rejection process is just one actor in the concert. 
 
 
4.2 How do antibodies to BEC and LSEC contribute to acute liver 

allograft rejections 

Apart from the classical effector functions antibodies may (Fig. 5): 
 
Facilitate antigen presenting capacity of LSEC by induction of an important co-
stimulatory molecule: Our in vitro experiments showed that antibodies to LSEC may 
participate in acute rejection process indirectly by regulating the function of effector T 
cells, in this particular case by inducing costimulatory molecule CD86 expression on 
LSEC. It has been proposed that LSEC may function as non-professional antigen 
presenting cells, but human LSEC express only MHC class I & II and CD40, without 
constitutive expression of costimulatory molecules CD80 or CD86.30 To our 
knowledge, this is the first report which demonstrates that antibodies may induce 
expression of CD86 on a cell type.  
 
Possess immunomodulatory function: TGF-β is a cytokine constitutively produced by 
LSEC and is well known for suppressing T cell proliferation.261 We demonstrate that 
binding of antibodies to LSEC down-regulates TGF-β level, thereby enhancing the 
cellular immune responses. Therefore, increased T cell proliferation during liver 
allograft rejections could be a result of combined antigen presentation by LSEC with 
decreased TGF-β levels. Previous results from our group showed that antibodies to  
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BEC are capable of inducing adhesion molecule CD44 expression and proinflammatory 
cytokine IL-6 production, indicating the antibodies to BEC may indirectly contribute to 
inflammation process by its immunomodulatory function.216  Furthermore, binding of 
antibodies may activate endothelial and epithelial cells as demonstrated by upregulation 
of activating  markers such as HLA DR expression, adhesion molecules such as 
VCAM-1, ICAM-1 and E-selectin, all of which may help facilitate cellular immune 
responses. 
 
Facilitate antigen-uptake by LSEC: LSEC are considered to be one of the most 
efficient scavengers of the human body. The scavenger function of LSEC is mainly 
mediated by four groups of endocytic receptors, namely mannose receptor, 
hyaluronan/scavenger receptor, collagen-α chain receptor and Fc-γ receptor.224 Thus, 
we speculate that antibodies binding to an antigen expressed on the LSEC of the 
transplanted liver allograft may facilitate uptake of the antigen and presentation to 
allospecific host T cells. In this way antibodies may facilitate direct antigen 
presentation locally in the liver. 
 
Change morphology and phenotype of LSEC: Our group has previously shown that 
antibodies binding to LSEC can change the morphology and phenotype of liver 
sinusoidal endothelial cell to a vascular one.230 The antibodies are able to capillarize the 
sinusoidal endothelial cells by inducing production of basement membrane, loss of 
fenestrae and formation of tight junctions. They further induced expression of markers 
such as Factor VIII RAg and CD31 that LSEC normally do not express. The unique 
arrangement of the normal sinusoidal endothelium is likely to facilitate the large 
exchanges that take place between hepatocytes and the blood. It is known that the 
formation of basement membrane and changes in LSEC will interfere with the bi-
directional exchange of molecules and therefore have deleterious effects on liver 
physiology, such as decreased sinusoidal compliance with increased resistance to blood 
flow and may contribute to development of portal hypertension.262 Other consequences 
that may result from these changes may be the development of cirrhosis by causing 
ischemic atrophy of hepatocytes, thereby leading to increased fibrogenesis and 
compensatory hypertrophy of surrounding hepatocytes.263 All these changes may result 
in the development of hepatocellular failure. Thus, morphological transformation of 
LSEC to vascular-type endothelial cells in patients with LSEC antibodies may have 
important clinical consequences. Capillarization of LSEC in liver allografts have been 
reported during rejections and graft failure, thus antibodies to LSEC may mediate liver 
allograft rejections by this mechanism.264 
 
4.3 Clinical implications of BEC and LSEC antibody detection 

Our studies demonstrate that patients with antibodies to BEC or LSEC have increased 
risks for developing acute rejections after LTx. This emphasizes the need to use BEC 
and LSEC as target cells for crossmatching in liver transplantation. By using a panel of 
BEC and LSEC isolated from different donors we will be able to assess the risk for 
acute rejections as soon as the patient is accepted on the waiting list. Although a 
positive antibody reaction may not necessarily prevent transplantation, strategies in 
tailoring immunosuppression may be considered. In addition, marginal livers, which 
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are vulnerable to ischemia-reperfusion injury and may have a compromised functional 
capacity, may not be suitable donor livers for patients with antibodies to BEC or LSEC. 
 
Our routine immunosuppression protocol with different drug combinations in liver 
transplantation is mainly targeted for cellular immune responses. Our findings that 
antibodies may participate in acute liver allograft rejections prompt us to consider in 
some patients, especially BEC or LSEC antibody positive patients, immunosuppression 
combinations which inhibit humoral immunity like tacrolimus together with 
mycophenolate  mofetil should be applied.191-193 B cell targeting therapy, like 
immunoadsorption with protein A, plasmapheresis, IVIg, or anti-CD20 monoclonal 
antibodies, should also be considered.  
 
4.4 Experimental in vivo data implicating a role for LSEC in rejection of 

liver allografts 

In paper IV, we used a liver transplantation model in Lewis (LEW) and DA rats. These 
two rat strains are fully MHC mismatched and have no syndromes of 
immunodeficiency. Interestingly, liver transplantations from DA to LEW rats were 
rejected as expected, but liver allografts from Lewis to DA rats were accepted without 
immunosuppression � transplant tolerance (verified by our unpublished results showing 
that liver implantation protects subsequent small bowel grafts which are otherwise 
rejected). Extensive investigations using these two combinations of rat liver transplants 
revealed a significant difference in serum hyaluronic acid (HA) level especially in the 
early post-transplant period, which implicates a role for the endocytic functional 
capacity of LSEC (Fig. 6). Ischemia and reperfusion injury is a common reason for 
LSEC dysfunction early after transplantation.265 The cold ischemia time in all of our 
experiments was carefully controlled to be the same to ensure that LSEC in different 
group of animals were exposed to the same insult from ischemia-reperfusion injury. 
Yet, significantly different HA levels were observed. This implicates that LSEC in DA 
and LEW rats may be differentially susceptible to ischemia-reperfusion injury. 
However, the fact that HA level in LEW to DA tolerance group is even lower than DA 
to DA or LEW to LEW syngeneic transplant groups may indicate the involvement of 
factors other than ischemia-reperfusion injury. Investigation with DA and LEW rats 
showed a basic difference in serum cytokine IL-1β level, which is high in DA rats but 
not detectable in LEW rats. IL-1β is shown to promote LSEC endocytic function.266 
Therefore, the basic IL-1β difference in the two strains of animals may help to explain 
the significant difference of HA level in rejection and tolerance groups.  
 
Another significant difference between rejection and tolerance group is serum IL-2 
levels, which we speculate could be a reflection of development of regulatory T cells in 
the acceptance group. The question arises as to the role of LSEC in the establishment of 
tolerance in LEW to DA rat combination. It is well known that innate immunity has 
great impact on adaptive immune response by various mechanisms.227 LSEC have 
strong clearance function via endocytosis removing circulating physiological waste as 
well as particles like IgG-immune complex, which constitutes a major part of innate 
immunity of the liver.225 So the decrease of LSEC endocytic function in the early post-
LTx period, an impairment of innate immunity of the liver, may be an important reason 
leading to graft rejection. On the other hand, it has been shown that antigen 
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presentation by mouse LSEC to T cells results in tolerance instead of rejection.52 In our 
study, the impairment of endocytic function of LSEC we found by HA level may also 
be a reflection of their decreased general functional status including antigen presenting 
capacity. Thus, early post-transplant dysfunction of LSEC might be one factor leading 
to liver allograft rejection. Therefore, strategies to reduce ischemia-reperfusion injury 
and protocols that help maintain or improve LSEC functions should be further explored 
in liver transplantation. 
 
 

 
 
 
 
 
 
 
 
 

Figure 6. Hyaluronic acid level in different group of liver transplanted rats 
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5 Conclusions 
 
• Preformed antibodies to BEC are associated with acute rejections in liver 

transplantation. The presence of these antibodies prior to transplantation may 
facilitate acute liver allograft rejections. 

 
• Antibodies to BEC found in the post-LTx period are associated with cholangitis. In 

vitro experiments showed that antibodies to BEC are capable of inducing TLR 2 & 
3 protein expression, and production of proinflammatory cytokines and 
chemokines. Thus, antibodies to BEC via those mechanisms may facilitate 
epithelial inflammatory response to microbial components and contribute to post-
transplant cholangitis 

 
• Antibodies to LSEC are significantly associated with acute rejections in liver 

transplantation. Antibodies to LSEC may facilitate acute liver rejections by 
inducing CD86 expression and down-regulating TGF-β level, thus, up-regulating T-
cell proliferation. 

 
• Preserved functional capacity of liver sinusoidal endothelial cell function may be 

important for spontaneous acceptance of liver allografts in rats. Strategies to reduce 
ischemia-reperfusion injury and preservation protocols that help maintain LSEC 
functional integrity may be beneficial for liver transplant outcome. 
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6 Future perspectives 
 
Our work describes a novel role for tissue-specific antibodies in acute liver allograft 
rejections and also an important role for LSEC in liver transplantation. However, there 
are still many questions remaining to be answered: 
  
• The specificity, namely which antigens are recognized by anti-BEC and LSEC 

antibodies, needs to be defined in future experiments using immunoprecipitation; 
 
• The polymorphism and titer kinetics of antibodies to BEC and LSEC need to be 

clarified by well-planned studies; 
 
• The relationship between C4d staining and antibodies to BEC and LSEC needs to 

be explored; 
 
• Screening of patients before LTx with a panel of BEC and LSEC isolated from 

several different healthy donors to assess the risk of developing acute rejections 
may be considered in multicenter prospective clinical trials; 

 
• The effect of B cell targeting therapy in BEC and LSEC antibody positive patients 

may need to be evaluated in future studies; 
 
• In rat liver transplantation models, approaches that specifically destroy LSEC 

function and methods to improve LSEC function like giving exogenous IL-1β 
should be performed to confirm our findings; 

 
• In human LTx, methods for better preservation of LSEC function should be further 

explored. 
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