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Preface 

The widespread use of transplantation in an increasing range of diseases 
has meant that many pathologists, other than those in special centres, 
are seeing material from transplanted patients. It is also increasingly 
necessary for those in training to understand the essential features of 
transplant related pathology; many of the institutions in which they 
will work will have transplant programmes. 

This volume attempts to give a clear account of how patients with 
the commonly transplanted tissues and organs are managed by the 
use of pathological techniques. The emphasis is on the important com­
plications of rejection and infection and in order to understand these, 
an outline of what is of basic scientific importance in rejection is given. 
Finally, in a section on the central nervous system, the way in which 
transplantation may be used to inform us in terms of development, 
the pathogenesis of disease and with new developments in a group of 
conditions resistant to therapy is illustrated. 

The criteria for the evaluation of rejection are given, in terms of 
recent internationally agreed criteria, and there has been a deliberate 
attempt to give a critical valuation of the likelihood of the various in­
fectious complications. It is hoped that this volume will be a useful 
reference source for the specialist and that it will inform the generalist. 

London, November 1998 SIR COLIN BERRY 
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Transplantation of organs and bone marrow is the therapy of choice for an increas­
ing number of patients. The greatest problem encountered after transplantation of 
cells and tissue from a genetically different donor is that the immune system of the 
recipient recognizes the transplant as foreign and will try get rid of it in essentially 
the same way as the immune system deals with invading organisms. The result is a 
host-versus-graft (HVG) response, which may lead to rejection of the transplant. 
Similarly, T lymphocytes (T cells for short) transferred along with the stem cells in 
a donor bone marrow graft can recognize host cells as foreign and will initiate a 
graft-versus-host (GVH) response, which may cause serious and often fatal GVH 
disease. 

Human leucocyte antigen (HLA) molecules play an instrumental role in trigger­
ing both HVG and GVH immune responses. In this chapter, we first describe the 
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2 F. VARTDAL and E. THORSBY 

structure and normal biological function of HLA molecules and how these mole­
cules are involved in the recognition of foreign cells, i. e., in allorecognition. The 
activation and effector mechanisms of alloimmune responses are then treated 
briefly, followed by a discussion of the role of HLA matching and of the various 
strategies used to induce donor-specific tolerance. 

2 Types ofTransplantation 

There are several types of transplantation and in each of these the transplanted 
tissue is perceived differently by the immune system: 

• Autotransplantation. Cells or tissue are transplanted within the same indivi­
dual. One example is autotransplantation of skin in the treatment of burns; 
another is harvesting bone marrow from patients before they are given sublethal 
doses of cytostatic drugs and/or irradiation, followed by re-infusion of the 
patients' own bone marrow. 

• Isotransplantation: occurs between monozygotic (MZ) twins. In MZ twins, all 
genes are identical [except for rearranged and somatic mutated V, D and J genes 
of the complexes encoding the immunoglobulin (Ig) and T cell receptors (TCR)]. 

• Allotransplantation: occurs between genetically different individuals within the 
same species. 

• Xenotransplantation: occurs between individuals belonging to different species. 

Following autotransplantation and isotransplantation, no HVG or GVH responses 
are seen. Thus, immunosuppressive treatment is not necessary. Following allo- and 
xenotransplantation, strong HVG and GVH responses are seen, necessitating 
immunosuppressive treatment. 

3 Types of Rejection 

Acute rejection is caused by primary activation of alloreactive T cells and B lym­
phocytes towards donor histocompatibility molecules or fragments of them. It is 
usually fully developed 5 - 7 days after transplantation, if the recipient is not treat­
ed with immunosuppressive drugs. 

Accelerated acute rejection is caused by reactivation of T and B cells that have 
been activated previously by cells bearing the same (or similar) histocompatibility 
molecules as those present in the actual graft. It may develop a few days after trans­
plantation. 

Hyperacute rejection is caused by preformed alloreactive antibodies to blood 
group (ABO) or histocompatibility (HLA) antigens present on donor endothelial 
cells, or by preformed xenoreactive antibodies that are reactive with endothelial 
cell antigens. It may develop from minutes to a few hours after transplantation. 

Chronic rejection is caused by alloreactive T and B cells as well as by alloanti­
bodies, and may develop in patients who have experienced several prior acute 
rejection episodes. It may develop from months to years after transplantation. 
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4 Structure and Function of Human Leucocyte Antigen (HLA) Molecules 

Whereas B cells recognize foreign molecules on the surface of cells and in the 
extracellular space directly, the function of T cells is to survey intracellular proteins 
that are either synthesized within the cytosol or taken up by endocytosis (see 
Fig. 1). The function of major histocompatibility complex (MHC) molecules 
(called HLA in humans) is to bind fragments of intracellular proteins and then 
transport them to the cell surface, where they are displayed to T cells. Thus, HLA 
molecules act as informers for T cells. 

There are two main classes of HLA molecule: HLA class I and class II. Both are 
heterodimeric molecules formed by an a- and a {3 polypeptide chain. With the 
exception of the HLA class-I {3 chain ({32-microglobulin), which is encod~d by a 
gene on chromosome 15, HLA molecules are encoded by genes of the HLA com­
plex, which is located on the short arm of chromosome 6 (see Fig. 2). In addition to 
those genes that encode the HLA molecules, the HLA complex encompasses many 
genes that encode molecules with other immunological functions. For example, 
there are tumour necrosis factor (TNF) genes, some complement genes, as well as 
molecules that are involved in the processing of proteins/peptides to be bound 
by HLA-molecules, such as large multifunctional proteasome (LMP), transporters 
associated with antigen processing (TAP) and HLA-DM molecules (see Fig. 2) 
(reviewed in [14]). The HLA complexes of each of the two chromosomes in a pair 
is called an HLA haplotype. Thus, each individual has two HLA haplotypes, one 
inherited from each parent. 

e HELP 
+ CONTROL 

CD8 T + _____ _ 

TCR 
PEPTIDE' 

LA-I 

INTRACELLULAR 
SURVEILLANCE 

BACTERIA 
VIRUS 

EXTRACELLULAR 
SURVEILLANCE 

Fig.!. A schematic illustration of specific immune responses, in which T cells (T) survey the 
intracellular milieu and the B cells (B) survey the extracellular milieu. CD4 + T cells (helper cells) 
are able to recognize peptides from endocytosed proteins when these peptides are bound and 
displayed to the CD4+ T cell by the human leucocyte antigen (HLA) class-II molecules of a 
professional antigen-presenting cell (pAPC). CD8+ T cells (cytotoxic cells) recognize peptides 
derived from cytosolic proteins when these peptides are displayed by HLA class-I molecules of 
cells. B cells are able to react directly with antigenic determinants (epitopes) on intact foreign 
extracellular material (free or membrane-bound). CD4+ T cells help and control activation of 
CD8+ T cells and B cells 
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Fig. 2. A simplified map of the human leucocyte antigen (HLA) gene complex, showing the 
HLA class-I, class-II and class-III regions. The HLA class-II region is also shown in greater 
detail at the bottom. Genes encoding HLA molecules and molecules involved in antigen 
processing (TAPl, TAP2, LMP2, LMP7, DMA and DMB) are depicted as black boxes, whereas 
other genes (complement genes in the class-III region, pseudogenes and genes with undefined 
functions) are depicted as open boxes. The numbers of hitherto defined alleles of HLA genes 
and processing genes are also given (according to Bodmer et al. [10]) 

The function of the classical HLA class-I molecules, which include HLA-A, -B 
and -C, is to present peptides to CD8+ T cells (cytotoxic cells), whereas the function 
of HLA class-II molecules, HLA-DR, -DQ and -DP, is to present peptides to CD4+ 
T cells (helper T cells) [59]. HLA class-I molecules bind and present pep tides gene­
rated from proteins that have been synthesized in the cytosol (reviewed in [36]). 
These proteins are degraded into peptides by LMP, after which the resulting pepti­
des are transported by TAP molecules into the endoplasmic reticulum (ER). Here, 
the peptides are bound to class-I molecules and are subsequently transported to 
the cell surface. HLA class-II molecules bind and present peptides generated either 
from proteins that have been taken up from the extracellular fluid or from cell 
surface proteins taken up by the cell by endocytosis (reviewed in [13]). As HLA 
class-II molecules are synthesized in the ER, they bind to the invariant chain (Ii). 
This binding has two main functions: (1) it blocks the peptide binding cleft of 
class-II molecules so that they do not bind peptides in the ER; and, (2) it routes 
class-II molecules to the endosome, where it encounters proteins from the extra­
cellular fluid or proteins from the cell surface that were taken up by endocytosis. 
While the endosomes mature into lysosomes, the pH is reduced and proteases 
are activated, leading to fragmentation of endosomal proteins. The Ii chain is 
also degraded, except for the class-II associated Ii chain peptide (CLIP), which is 
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located in the cleft [25]. The HLA-DM help empty CLIP from the class-II cleft and 
enhance the loading of peptides into the empty cleft [54]. 

Both HLA (MHC) class-I and class-II molecules bind peptides in a cleft formed 
by two a-helices that rest on the floor of a ,8-pleated sheet [7,8,56]. The class-I cleft 
is closed at both ends and accommodates peptides that are 8-10 amino acids (aa) 
long [49], whereas the class-II cleft is open at both ends and, therefore, accommo­
dates longer peptides [49]. Crystallography of both class-I and class-II peptide 
complexes has shown that the HLA cleft binds peptides by forming hydrogen 
bonds to the peptide backbone and by sequestrating some aa side chains (anchor 
aa) inside particular "pockets" deep in the binding cleft [11,23,38,56]. 

One important feature of HLA (MHC) genes and, thus, of HLA (MHC) mole­
cules is their extensive genetic polymorphism. A large number of allelic variants of 
HLA genes exist [10]; the number of currently identified allelic variants of genes 
encoding HLA molecules and molecules involved in antigen processing is shown 
in Fig. 2. The polymorphic aa are mainly located around the peptide binding cleft, 
where allelic variants of HLA molecules have different pockets [49]. It follows that 
a given HLA (MHC) molecule may only bind those peptides that have aa side 
chains that fit into these pockets. The positions and types of residue that anchor a 
peptide to a particular cleft determines the peptide-binding motif of that HLA 
(MHC) molecule. Thus, different HLA (MHC) molecules bind and present different 
sets of peptides to T cells [49]. The HLA molecules therefore contribute to the 
immune-response repertoire of the individual. 

The extensive genetic polymorphism of HLA (MHC) ensures that there will 
always be individuals with HLA (MHC) molecules that are able to bind peptides 
from a given microorganism. This makes it much less likely that microrganisms 
will evade the immune system by evolving proteins that are unable to bind to any 
MHC molecule of that species. 

5 T Cell Recognition of Foreign Peptides Presented by Self-HLA 

T cells are able to recognize foreign (non-self) peptides complexed with self-HLA 
(MHC) molecules. The peptide/HLA complex is recognized by the T cells by its 
specific TCR. The majority (> 90%) of T cells bear a TCRa,8 receptor, which is a 
heterodimer composed of an a- and ,8-chain polypeptide. The remaining T cell 
population expresses the heterodimeric TCR y6 receptor, the function of which is 
less well known than that of the TCRa,8. Recent crystallography of the trimolecular 
complex, TCRa,8-peptide-HLA class I, has shown that the so-called hypervariable 
complementary determining region (CDR) loops of the TCR make contact with 
both the peptide and the HLA [22]. 

The TCRa and,8 variable regions are encoded by randomly assembled germ line 
V, D (only in ,8) and J gene segments, and by non-germ line N segments (reviewed 
in [19]). During the development from bone marrow stem cells, the maturing T cell 
population is able to generate a very large number of TCR variants, which are able 
to recognize an enormous variety of peptide/HLA complexes. During maturation 
in the thymus, however, only those T cells that are able to recognize pep tides pre­
sented by self-HLA molecules are positively selected. T cells that generate TCRs 
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that are only able to recognize peptides presented by foreign-HLA molecules 
are useless to the body and, consequently, are not selected; they die of neglect 
(reviewed in [64]). 

HLA molecules are general peptide receptors that do not distinguish between 
peptides derived from foreign or self-proteins. They therefore bind all peptides 
that, in form and charge, fit into their cleft. Positively selected T cells are therefore 
able to recognize self and non-self (foreign) peptides alike. T cells that are able to 
recognize self-peptides bound to self-HLA molecules are potentially autoreactive 
and this may be dangerous. They are therefore deleted during maturation in the 
thymus (negative selection) [32] or are otherwise inactivated or silenced in the 
periphery (reviewed in [1]). 

Immune responses may be divided into three phases: recognition, activation 
and effector mechanisms. The same is the case for alloimmune responses. 

6 Allorecognition 

6.1 Recognition by T Cells 

Recipient T cells are able to perceive allogeneic donor cells and tissue in two 
different ways. First, they may recognize foreign peptides derived from proteins of 
the transplant and presented by the self-HLA molecules of recipient antigen-pre­
senting cells (APC). This is called indirect all ore cognition (Fig. 3). Second, they 

DIRECT AllORECOGNITION INDIRECT ALLORECOGNITION 

.------- .-----. e -'* "" ;-:,.- ............ 
HELP ~ HELP 

+ CONTROL CONTROL,. 
COB T .. -----

PE~ • •••• T>CEU 

P HU 

Tx CELL Tx 
pAPC 

RECIPIENT 
pAPC 

Fig. 3. An overview of indirect and direct allorecognition. CD4 + T cells (T) involved in indirect 
recognition are able to recognize material from transplanted (Tx) cells (cross-hatched) after the 
transplanted cells - or fragments from them - are taken up, processed and displayed by a host 
professional antigen-presenting cell (pAPC). B cells (B) may perceive foreign molecules directly 
on the transplanted cell. CD4+ T cells and CD8+ T cells involved in direct allorecognition rec­
ognize the peptide/HLA complexes on transplanted cells 
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may directly recognize foreign (i.e. non-self) HLA molecules or (usually foreign) 
peptide/HLA complexes that are present on the transplanted cells (Fig. 4). This is 
called direct allorecognition (reviewed in [4]). 

6.1.1 Indirect Allorecognition 

Indirect allorecognition is the result of T cell recognition of foreign allogeneic pro­
teins in the same way as T cells recognize foreign proteins derived from bacteria or 
viruses. Here, self-HLA molecules present pep tides derived from allogeneic pro­
teins in the graft. Alloreactive T cells will only indirectly recognize foreign peptides 
that have one or more polymorphic aa substitutions; this makes them different 
from the corresponding self-peptides, since T cells that recognize self-peptides 
bound by self-HLA molecules are deleted or silenced. Among the prominent pep­
tides eluted from HLA (MHC) molecules are those from other HLA (MHC) mole­
cules, many of which are from polymorphic regions of the HLA (MHC) [15,49,63]. 
It follows that, when donor and recipient are HLA different, recipient T cells will be 
confronted with many foreign HLA-derived peptides, against which the individual 
is not tolerant. In contrast, when donor and recipient are HLA identical, recipient 
T cells cannot react with peptide fragments from donor HLA-molecules, since they 
would be tolerant to such identical-to-self HLA peptides. In HLA-identical donor­
recipient combinations, indirect allorecognition can thus only involve recognition 
of other polymorphic, non-HLA peptides, such as those from polymorphic regions 
of Ig molecules. Since the HLA molecules are by far the most polymorphic 
proteins in the body, indirect allorecognition will involve far more T cells in HLA­
different than in HLA-identical donor-recipient combinations. 

6.1.2 Direct Allorecognition 

T cells can also directly recognize peptide/HLA complexes on donor cells, where 
the HLA molecules are of donor origin [52]. Since T cells that recognize peptides 
bound by non-selfHLA molecules are not positively selected in the thymus (see 5), 
it is surprising that there is such a large number of T cells that recognize non-self 
HLA-molecules. The reason seems to be that the TCR of those T cells that directly 
recognize a complex of foreign peptides in self-HLA molecules often may also 
recognize peptides in foreign-HLA molecules, due to structural similarities, i.e. 
cross-reactions. Thus, it has been shown that T cell clones that are able to recognize 
a particular complex of a viral peptide bound by a self-HLA molecule, may also 
recognize a complex of another peptide in a non-self HLA molecule [12,26]. Since 
TCRs recognize the three-dimensional structure of peptide/HLA complexes, the 
topography of the two different complexes recognized by the same TCR must be 
similar. In addition, the TCR of some T cells may also directly recognize donor 
allogeneic HLA molecules, independently of the bound peptide [55]. 

When recipient T cells are confronted with foreign, donor HLA molecules, they 
are confronted with a large number of foreign peptide/HLA complexes against 
which self-tolerance has not been generated. The reason is that tolerance is only 
generated towards self-pep tides bound by self-HLA molecules and not towards the 
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different sets of peptides bound by non-self HLA molecules. In HLA-disparate 
donor-recipient combinations, direct allorecognition will therefore involve many 
different T cells. In contrast, when donor and recipient are HLA-identical, donor 
and recipient HLA molecules will contain overlapping sets of peptides, against 
most of which self tolerance has been generated. In such cases, therefore, direct 
allorecognition will only involve a few T cells. 

6.2 Recognition by Natural Killer (NK) Cells 

Natural killer (NK) cells are a particular type of killer cell, which uses receptors 
other than TCR to recognize ligands. Their activation is inhibited by killer inhibitor 
receptors (KIR), which recognize self-HLA class-I molecules (reviewed in [41]). 
Thus, NK cells become killers only when they recognize cells that have strongly 
downregulated the expression of one or several self-HLA class-I molecules, for 
example, because of malignant transformation or viral infection. Similarly, NK 
cells may recognize and kill allogeneic cells that do not express the appropriate 
self-HLA molecules. Thus, NK cells work in a complementary fashion to T cells; 
whereas T cells recognize foreign HLA molecules, NK cells recognize the absence 
of self-HLA molecules. 

6.3 Recognition by B Cells 

B cells can, by means of their Ig receptors, recognize epitopes on foreign HLA mole­
cules directly [21]. When an individual is exposed to foreign HLA molecules during 
or after pregnancy, blood transfusion or transplantation, B cells may recognize the 
non-self polymorphic sites on the foreign HLA molecules directly (Fig. 3). Some­
times, after allotransplantation, B cells may also recognize foreign molecules other 
thanHLA. 

7 Alloactivation 

7.1 Alloactivation ofT Cells 

Alloreactive T cells are most probably activated in the same way as other antigen­
specific T cells. When a TCR binds with sufficient avidity to the allogeneic peptide/ 
HLA complex, and the CD4 (in helper T cells) or CD8 (in cytotoxic T cells) co­
receptors bind to a constant part of HLA (MHC) class-II or HLA (MHC) class-I 
molecules, respectively, an activation signal - signal 1 - is transduced into the 
T cell. Signal 1 is necessary, but not sufficient, to activate T cells. Rather, signal 
1 alone may cause ignorance or anergy (Fig. 4a). Other signals - collectively called 
signal 2 - are also necessary for activation (Fig. 4b). The most important signal 2 
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APC 

ACTIVATION 

peplldeJHLA 
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Fig. 4. a CD4+ T cells, which bind only the pep­
tide/human leucocyte antigen (HLA) complex 
and not other accessory molecules, will get only 
signal-I, will ignore the foreign peptide/HLA or 
will be made anergic 

b CD4+ T cells which, by their T cell receptors 
(TCR), recognize the peptide/HLA complex and 
with their CD28 molecule bind to the CD80 and/or 
CD86 molecules, get both signal-I and signal-2. 
This will lead to a positive (+) signal for synthesis 
of interleukin-2 (IL-2),which binds to the IL-2 
receptor. Consequently, the T cell will be fully 
activated and will proliferate. pAPC, professional 
antigen-presenting cells 

results from the binding of constitutively expressed CD28 molecules on T cells to 
CD80 (former B7-l) or CD86 (former B7-2) molecules on APC [38]. Other T cell 
surface molecules, such as CD40 ligand (gp39) [35], CD2 [30], LFAI and rCAMl 
[28], contribute to signal 2. Following signals 1 and 2, the T cell is fully activated so 
that the genes encoding lymphokines and lymphokine receptors are transcribed 
and translated. Cells that bear the ligands (surface molecules) required for the 
induction of both signals 1 and 2 in the T cell, are often called professional antigen­
presenting cells (pAPC). 

Following activation of T cells, pAPC also express CTLA-4 which, like CD28, 
binds to CD80 and CD86 - albeit, at a much higher affinity. Whereas CD28 con­
tributes to signal 2, CTLA-4 inhibits the activation of T cells by competing for the 
CD28-CD80/CD86 interaction and by transducing a negative signal that can inhibit 
T cell activation (Fig. 5 a) (reviewed in [9]). This prevents over-expansion of activa­
ted T cells. 

Activation of T cells also leads to activation of another receptor, Fas (CD95), 
as well as its ligand, Fas ligand (FasL) (reviewed in [1]). The interaction of Fas 
with FasL (on the same cell or on neighbouring T cells) induces programmed 
cell death (apoptosis) of the T cell (Fig. 5b). This provides an additional me­
chanism to control the expansion of activated T cells and, thus, secures self­
tolerance. 
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Fig. 5. a Activated CD4+ T cells will also express 
the CTLA-4 molecule. This binds to the CD801 
CD86 on the surface of the professional anti­
gen presenting cells (pAPC); the interaction 
leads to a negative (-) signal to T cells, thereby 
preventing over-expansion of activated T cells 

b CD4+ T cells will, upon activation, start to 
express FasL, which may bind to Fas (CD95) 
on the same or neighbouring T cells. This will 
result in an apoptotic death cell programme for 
the T cells 

When CD4+ T cells are fully activated, they secrete interleukin (IL)-2 which 
binds to IL-2 receptors on CD4 + and CD8+ T cells and, thereby, induces proliferation 
(clonal expansion) of these cells. CD4+ T cells may differentiate into T helper- l 
(Thl) cells or T helper-2 (Th2) cells (reviewed in [57]). 

7.2 Alloactivation of B Cells 

B cells require help from T cells during activation, proliferation and differentiation 
into antibody-secreting plasma cells. An HLA-specific B cell is activated if its Ig 
receptor recognizes a polymorphic site on foreign HLA molecules, i.e. a B cell epi­
tope, and if, at the same time, it receives help from T cells that recognize the same 
foreign HLA molecule. This may be the result of the internalization of the foreign 
HLA molecule by B cells, followed by the presentation to T cells (by B cells) of pep­
tides from the HLA molecule. The "help" received from the lymphokines produced 
by the T cells induces proliferation, isotype switching and differentiation of the B 
cells [21,56]. 
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8 Effector Mechanisms in Allograft Rejection 

Alloreactive T cells seem to recognize foreign peptide/HLA complexes in the same 
way as do ordinary antigen -specific T cells [26]. As such, the induced immune reac­
tions are the same as those induced by T cells that recognize an infectious agent; 
nevertheless, this effect is often stronger due to the fact that more alloreactive 
T cells are initially activated. As many as 1-10% of T cells in an individual may 
respond to allogeneic cells [52]. When alloreactive CD4+ T cells are activated on 
recognition of foreign peptide HLA class-II complexes, they proliferate and, at the 
same time, secrete a set of lymphokines. The alloreactive T cell response seems to 
be mainly a Thl response, with secretion of IL-2 and interferon gamma (IFNy) 
[17]. IL-2 helps sustain proliferation of CD4+ and CD8+ T cells that, at the same 
time, have recognized foreign peptide/HLA class-I complexes. If NK cells fail to 
recognize their self-HLA molecules on the grafted cells, they are no longer inhibit­
ed and may kill the target cells. IFNg both enhances the killer potential of CD8+ 
T and NK cells and, at the same time, activates monocytes/macrophages. Help from 
alloreactive CD4+ Th2 cells is required for activation, proliferation and differentia­
tion of alloreactive HLA-specific B cells into plasma cells that - depending on the 
HLA disparity between donor and recipient - secrete antibodies specific for donor 
HLA class-I or class-II molecules. 

In concert, alloreactive T cells, NK cells and monocytes attack and destroy the 
foreign cells, both by direct cell-to-cell contact killing and by means of the cyto­
kines secreted by these effector cells. Direct cell-to-cell contact T cell killing is 
mediated through two different pathways. One is the expression of FasL by acti­
vated T cells, which binds to Fas (CD95) on the target cell and, thereby, initiates 
apoptosis of the target cells [29]. Alternatively, CD8+ T or NK cells may kill target 
cells through the release of granules containing perf orin and granzyme B [27,53]. 
Perf orin will, at high concentrations, lead to necrotic cell death by forming lytic 
pores in the cell membrane, or it may, at sublytic concentrations, enhance the trans­
port of granzyme B into the cell where it initiates the same apoptotic program as is 
mediated by Fas. During acute rejection, CD4+ T cells, CD8+T cells, NK cells, B cells 
and monocytes/macrophages are all present among graft-infiltrating cells, and 
cytotoxic effector and delayed-type hypersensitivity are the main mechanisms 
responsible for the destruction ofthe graft [18,34,58]. 

If HLA antibodies are produced after transplantation, they may - in concert 
with T and NK cells - contribute to rejection by activating complement or by 
enhancing the activity of monocytes and NK cells, via enhanced Fc receptor bind­
ing to target cells. By binding directly to HLA molecules of the endothelial cells of 
the transplant and activating complement, preformed HLA class-I specific anti­
bodies, present at the time of transplantation, may cause hyperacute rejection, 
thereby leading to vascular occlusion. Preformed HLA class-II specific antibodies 
do not usually cause hyperacute rejection, probably because endothelial cells 
express low levels of HLA class-II molecules. 
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9 Role of HLA Matching in Clinical Transplantation 

Because of the major role that donor HLA molecules play in indirect and direct 
allorecognition (see Sects. 6.1.1, 6.1.2), it is to be expected that the immune re­
sponse against allografts will be less prominent if the number of foreign donor 
HLA molecules is kept at a minimum. Many large multi-centre studies show a 
significant beneficial effect of HLA matching, both in kidney and heart transplan­
tation [46-48]. In our own work, a prominent effect of matching for HLA mole­
cules can be demonstrated. The projected half-life of zero HLA haplotype mis­
matched kidneys are twice as long as that seen for one- and two-HLA haplotype 
mismatched living donor kidney transplantation (Torbj0rn Leivestad, personal 
communication). In our own work, matching for HLA-DR molecules appears to be 
more important than matching for HLA-A and -B molecules. Thus, the projected 
half-life of zero HLA-DR mismatched cadaveric kidneys is twice as long (12 years 
vs 6 years) as that observed for one and two HLA-DR mismatched cadaveric 
kidneys (Fig. 6), whereas few or no significant effects are found for the matching of 
HLA-A and -B molecules [50]. Because of the role that CD4+ T cells (Thl) play 
in controlling and amplifying allograft responses [57], and because CD4+ T cell$ 
recognize peptide! HLA class-II complexes, the predominant role of DR molecules 
for graft survival is not unexpected. 

Whereas matching for HLA molecules benefits organ transplantation, careful 
HLA matching is necessary for bone-marrow transplantation [3]. The risk of graft 
failure due to HVG responses and serious GVH disease is greatly increased if 
HLA-mismatched bone-marrow transplantation is performed. Since only appro­
ximately 25% of patients have an HLA-identical sibling donor, a large number of 
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Fig.6. Influence of human leucocyte antigen (HLA)-DR matching on cadaveric renal graft 
survival (data from The Transplantation Unit, The National Hospital, Oslo). Observed survival 
rate of first cadaveric grafts mismatched (mm) for zero (filled circles; n= 231), one (filled 
squares; n=370) or two (filled triangles; n=64) DR antigens (DRI-I0) and was given to non­
sensitised recipients. The respective regression lines and projected half-lives of the groups are 
indicated 
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bone-marrow registries have been established around the world. With the help of 
these bone-marrow registries, which have now HLA-typed approximately 4 million 
individuals (mainly Caucasoids), it is possible to obtain acceptably HLA-matched 
bone marrow from unrelated donors for the majority of Caucasoid patients that are 
in need of transplantation. 

High quality HLA typing is required for both organ and bone-marrow trans­
plantation. The advent of simpler and more precise methods for typing HLA mole­
cules (serological typing) [62] and HLA genes (genomic typing) [44] has probably 
also contributed to the better graft survival and the reduced incidence of com­
plications that are seen for well-matched HLA combinations. 

10 Specific Immunosuppression 

Immunosuppressive treatment of allograft recipients is always necessary, even 
following transplantation of organs or bone marrow from an HLA-identical 
sibling. Despite the fact that basic research has brought us detailed insight on how 
immunocompetent cells perceive foreign molecules and cells specifically, the 
immunosuppressive therapy given after transplantation is not efficient enough to 
prevent immune-mediated graft loss in a sizeable number of patients. Moreover, 
the immunosuppressive therapy given is non-specific and will therefore affect 
useful and unwanted immune reactions alike. Transplant patients are therefore 
prone to serious infection and cancer [40]. In addition, the long-term treatment of 
patients with immunosuppressive drugs results in non-immunologically mediat­
ed side effects, often affecting the CNS, the cardiovascular system and the skin. 
If alloimmune responses towards the donor could be specifically suppressed, 
without affecting immune responses to other antigens and without side effects, 
patient mortality and morbidity could be reduced significantly. This is the aim 
behind attempts at inducing specific non-responsiveness or tolerance towards 
donor cells. 

10.1 Mechanisms for the Maintenance of Specific Non-responsiveness: 
Tolerance 

Normally, we are tolerant to self. Several mechanisms are responsible for this (only 
T cell mechanisms will be briefly discussed here). 

10.1.1 Deletion 

T cells that recognize complexes of self-peptide/HLA molecules are deleted by 
negative selection during development in the thymus (reviewed in [39]). T cells 
may also be deleted in the periphery during an immune response. Thus, following 
activation, T cells will express Fas, which, upon binding to FasL on the same T cell 
or on another activated T cell, will initiate apotosis (see Sect. 7.1). 
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10.1.2 Ignorance and Anergy 

T cells will ignore peptide/HLA complexes recognized by their TCR unless, at 
the same time, they receive a second signal through their CD28 co-receptors (see 
Sect. 7.1). If the ligand for the CD28 is not present on the APC presenting the pep­
tide/HLA complex, the T cells ignore it or else are made specifically non-responsive 
or anergic [51] (Fig. 4a).Most parenchymal cells do not normally express the CD80 
or CD86 molecules. This may be an important mechanism that underlies non­
responsiveness to tissue-specific peptide/HLA complexes, which are not present in 
the thymus, and thereby do not induce negative selection of T cells having the 
corresponding TCR. 

10.1.3 Suppression 

Specific non-responsiveness may be transferred from one animal to another. For 
example, the transfer of lymphocytes from an animal successfully transplanted 
with an allograft to a syngeneic host will modify the alloimmune responses if 
the latter animal is then transplanted [24,33]. The nature of such suppressor lym­
phocytes is not known. 

10.2 Methods for the Induction of Specific Non-responsiveness: Tolerance 

Billingham, Brent and Medawar showed, in their seminal 1953 study, that long­
lasting tolerance to skin allografts could be achieved in mice inoculated in utero 
with a mixture of donor strain cells, including spleen cells [6]. It has been suggested 
that long-lasting tolerance to an allograft can only be maintained if donor antigens 
persist in the recipient. By establishing a mixed donor/recipient multiline age 
chimerism, Kawai and co-workers have succeeded in inducing tolerance to renal 
allografts in primates [31]. 

Induction of reduced- or non-responsiveness to grafts has been attempted by 
performing donor-specific blood transfusions prior to transplantation. This has 
been shown to be efficient in both experimental [16,20] and clinical studies [46]. 
However, after cyclosporin was introduced, the effect of donor-specific trans­
fusions became much less pronounced [2]. It is possible that this failure to induce 
tolerance in patients treated with cyclosporin is due to its blocking effect on the 
TCR-mediated signal 1 that is required for the induction of anergy. In a large 
number of patients, donor-specific transfusions also induce the production of anti­
bodies to donor HLA antigens, so that the patient cannot be transplanted from the 
selected donor. For these reasons, donor-specific transfusions have largely been 
abandoned in clinical transplantations. 

Blocking of CD4 molecules has proved efficient for inducing tolerance in animal 
models [5]. Treatment of patients with the same antibody, however, has not been 
sufficient to improve graft survival. In animal models, specific non-responsiveness 
has also been induced in alloreactive T cells by blocking the C28-CD80/CD86 
interaction via treatment with soluble CTLA-4 molecules (CTLA-4 Ig) which bind 
with high affinity to CD80/CD86 [37,61]. 
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Since the allograft reaction is mostly Thl mediated [17,42,60) and a reciprocal 
relationship exists between Thl and Th2 immune responses, the induction of graft 
tolerance has been attempted by the administration of Th2 derived lymphokines, 
IL-4 and IL-lO. Such treatment strategies have, however, not been successful. The 
reason may be that lymphokines other than IL-2 and IFN ymay mediate graft rejec­
tion. Thus, it has been shown that both IL-2- and IFN y knock out (KO) mice are 
fully capable of rejecting allografts, albeit the graft survival rates are moderately 
increased compared with that observed in wild-type mice [57). That there is a 
redundancy of cytokines able to mediate graft rejection makes it less likely that the 
induction of regulator cells will be an efficient means to prevent graft loss. 

11 Concluding Remarks 

Rapid development in basic biomedical research has provided good insight into 
the mechanisms of allorecognition. The role of the HLA molecules of donor cells, 
both in indirect and direct allorecognition, has been amply demonstrated, and 
explains the impact of HLA matching in clinical organ and bone marrow trans­
plantation. Unfortunately, this insight has not yet led to methods that induce 
donor-specific non-responsiveness in patients. We still have to rely on non-specific 
immunosuppressants, which may have serious side-effects both on the immune 
system and on other organs. It is hoped and expected that the insight basic research 
has brought us may soon payoff in the form of more specific ways to secure long­
lasting graft survival with fewer side effects. 
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1 Introduction 

The spectrum of infection in solid organ-transplant recipients has widened over 
the last decade as the numbers of patients transplanted and the diversity of pro­
cedures undertaken has increased. Some of these infections are only described in a 
handful of case reports, but for others a pattern has emerged of relatively common 
infections, occurring at specific times during the post-transplant period (see 
Table 1 and Fig. 1). 

Transplant patients differ from other groups of immunosuppressed patients, 
such as those with HIV infection, by virtue of the fact that they combine the infec­
tive complications of surgery with a variable period of immunosuppression. The 
regimens needed to maintain the delicate balance between graft rejection and 
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cytomegalovirus 

-1 0 2 3 4 5 6 7 8 9 10 11 12 18 24 48 

Weeks post transplantation 

Fig. 1. Sequence of infections following solid organ transplantation 

Table 1. Important infectious agents in organ transplant recipients 

Infectious agent 

Bacteria Viruses 

• Staphylococci • Herpes simplex 
• Streptococci • Varicella zoster 
• Enterobacteriaceae • Cytomegalovirus 
• Pseudomonads • Epstein-Barr virus 
• Mycobacterium spp. • Hepatitis Band C 
• Legionella spp. • Polyomavirus 
• Clostridium difficile • Adenovirus 

Fungi Protozoa/parasites 

• Candida spp. • Toxoplasma gondii 
• Aspergillus spp. • Strongyloides stercoralis 
• Zygomycetes 
• Cryptococcus neoformans 
• Pneumocystis carinii 

infection risk have been refined over the past two decades and newer agents are 
being introduced. It is likely that the use of these will reduce the incidence of 
opportunistic infections in these patients. Most of the studies on which this review 
is based were carried out in patients receiving a triple regimen of azathioprine, 
corticosteroids and cyclosporin. 
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2 Time Course of Infections 

There is a sequence of infectious complications following any transplant proce­
dure. Knowledge of this is helpful in guiding selection of appropriate diagnostic 
investigations, as well as establishing the appropriate duration of antimicrobial 
prophylaxis and choice of empirical therapy. 

2.1 Infections in the First Month Post-transplant 

The most frequent infections in the first month are those associated with the 
surgical procedure, including those complicating the anastomoses peculiar to the 
specific transplant procedure, such as the biliary tract in liver transplantation. In 
addition, some infections are transmitted with the allograft or were present in the 
recipient prior to transplantation, particularly if undergoing a repeat transplant 
procedure. 

The only common viral infection seen during the first month is that due to 
herpes simplex virus (HSV) in seropositive patients. This is usually confined to the 
mucosae, but may occasionally disseminate and involve the graft. Problem in­
fections with this virus have been largely eliminated with the widespread use of 
acyclovir in seropositive patients. 

2.2 Infections Between 1 Month and 6 Months Post-transplant 

Organisms typically associated with the immunocompromised host cause in­
fection 1 - 6 months following transplant, and the risk of infection correlates with 
the severity of immunosuppression, such that patients requiring therapy for acute 
rejection episodes are at increased risk. The most numerically important infections 
at this time are those due to the herpes group of viruses, especially cytomegalo­
virus (CMV), Pneumocystis carinii and other fungi, Toxoplasma gondii, Nocardia 
species and Listeria monocytogenes. In addition, patients with other latent in­
fections, such as tuberculosis or histoplasmosis, may suffer reactivation disease 
during this period. 

Patients undergoing repeat transplantation will often have the risk of these 
infections superimposed upon the earlier infections discussed above. 

2.3 Il)fections Occurring After 6 Months 

The recipient is at risk of community acquired infections following discharge from 
hospital, but these infections usually form the majority of those occurring in 
the late transplant period. Some patients remain chronically severely immuno­
supressed because of chronic rejection or chronic infection with CMV; these pa­
tients are at continued risk of infection with opportunistic organisms. Otherwise, 
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the only relatively common opportunistic infection occurring at this stage is reac­
tivation of varicella-zoster virus (VZV) infection. 

3 Renal Transplantation 

3.1 Bacteriallnfections 

Bacterial infections occur in approximately 50 % renal transplant recipients during 
hospitalisation [1]. The main surgical complications of implanting a transplanted 
kidney are peri-graft haematoma, urinary leaks from the ureteric anastomosis and 
lymphocoeles. All of these may be associated with subsequent infection, but the 
most common is urinary tract infection (UTI). Up to 90 % of recipients may suffer 
this following discharge [2]. Risk factors for UTI include prolonged haemodialysis 
pre-transplant and prolonged urinary catheterisation. Besides the Enterobacteria­
ceae, common organisms causing UTI in these patients include enterococci (includ­
ing vancomycin-resistant enterococci on some units), staphylococci and Pseudo­
monas aeruginosa. Renal stone formation in some patients has been associated 
with Corynebacterium urealyticum which produces urease, changing the pH of the 
urine. Prophylaxis with co-trimoxazole results in a reduction in the incidence of 
UTI by at least 50% [3, 4]. Urinary tract infections in these patients are often 
asymptomatic and may occur with few white cells in the urine. Unsuspected infec­
tions may be diagnosed on renal biopsy, performed for presumed rejection. 

Bacteria isolated from the graft perfusion fluid vary in their propensity to cause 
post-transplant infection. Positive cultures have been found in 4-40% of renal 
transplants, but most have been with gram-positive skin commensal bacteria 
[5 - 7]. However, the isolation of the Enterobacteriaceae and Pseudomonas aerugi­
nosa correlates with vascular infection and post-operative sepsis [5,8,9] 

Outbreaks of infections with Nocardia species were first described on renal 
units and renal-transplant recipients remain among the most common single 
group of patients to suffer these infections, which occur in up to 4 %. Patients typi­
cally present with respiratory involvement and pulmonary infiltrates, nodules or 
cavitary lesions on chest radiographs. Dissemination to the central nervous system 
(in the form of brain abscess, or meningitis) or skin may occur and occasionally 
joint infections, myocarditis, genital infection and infection of the renal graft itself 
may be seen [10-12]. 

The risk of non-enteric Salmonella infection is more than 20-fold greater in 
the renal-transplant recipient than in the normal population and appears to be 
related to the degree of immunosuppression [l3]. Patients may present with bac­
teraemia or disseminated infection, involving joints, lung abscess, perinephric 
abscess, lymphocoele infection, soft-tissue infection and infections involving the 
vascular anastomosis. Such infections may require surgery as well as antimicrobial 
therapy. Recurrent Salmonella infection is common and suggests a latent focus of 
infection. 

Transplant recipients are at increased risk of legionnaire's disease, which typi­
cally presents with pulmonary signs and symptoms. The graft itself is not usually 
involved, although renal impairment is a common multi-system feature of this 
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disease. The risk of this infection should always be considered in transplant re­
cipients as there is a high risk of exposure to the organism during the in-patient 
phase. A recent survey of transplant units in the UK demonstrated that Legionella 
species could be isolated from the water in approximately 50% [14]. 

The risk of tuberculosis is up to 50 times greater than in the rest of the local 
population and the incidence reflects that in the local area. Thus, the incidence in 
a study from Oxford, UK, was 1.7%, whereas that from a Saudi Arabian study was 
3.5% [15]. Other mycobacterial infections occur extremely rarely in the renal­
transplant recipient and include infection of skin, lung and bone, and disseminat­
ed infection with M. kansas ii, M. chelonae and M. xenopi as well as superficial 
infection with less virulent species. 

3.2 Viral Infections 

As in all organ-transplant recipients, CMV infection is common in renal-transplant 
recipients, occurring in more than 30 % in some series. However, CMV disease is 
less common than in other transplant groups and is symptomatic in less than 10 % 
[16]. Symptomatic infection presents with fever, occasional myalgia and arthralgia, 
and malaise which may be associated with myelosuppression; the atypicallym­
phocytosis seen with CMV infection in immunocompetent individuals is rarely 
detected. 

The graft may be affected by a typical glomerular involvement. There is a 
mononuclear infiltration and an accumulation of fibrillar material in the glome­
rular capillaries. The endothelial cells themselves may become enlarged or even 
necrotic [17]. 

More severe CMV disease tends to occur in primary infection, that is, in the sero­
negative recipient of an organ from a seropositive donor, and in those with more 
profound immunosuppression, following therapy for episodes of acute rejection, 
particularly with antilymphocyte preparations. Other organs may be involved, 
especially the lung, gastrointestinal tract, biliary system, retina and central nervous 
system. CMV retinitis presents late and is usually seen in patients with chronic 
immunosuppression; it is rare when compared with the incidence in HIV-infected 
patients. 

Diagnosis may be made on histological examination, by identification of typical 
inclusion bodies. Immunohistochemistry or DNA hybridisation techniques may 
also be used to detect the virus in tissue. However, the diagnosis is usually made by 
culture, detection of early antigen, antigenaemia or polymerase chain reaction 
(PCR) [18 - 21] in blood, urine or other fluids, such as bronchoalveolar lavage fluid. 

Therapy of significant CMV disease involves 2 - 3 weeks of ganciclovir, although 
retinitis requires longer treatment. Patients with pneumonitis should be given 
additional intravenous immunoglobulin. Those who are intolerant of ganciclovir 
or fail to respond can be treated with foscarnet. The mortality of CMV disease is 
difficult to assess, as patients often die of other associated disease. However, the 
mortality associated with pneumonitis is high in most transplant groups, with at 
least 80 % of patients dying in those series published prior to the advent of 
ganciclovir and immunoglobulin therapy. 
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Epstein-Barr virus (EBV) disease post-transplant is probably underdiagnosed. 
With most recipients seropositive for the virus, most cases are due to reactivation, 
but primary infection does occur, usually after the patient has been discharged to 
the community, and is responsible for more severe disease in most cases. Whilst a 
mononucleosis syndrome may occur, the most important complication is post­
transplant lymphoproliferative disorder (PTLD). This condition represents a spec­
trum of disease from non-specific hyperplasia through to immunoblastic sarcoma, 
and the cell type may be monoclonal or polyclonal. Risk of this disease appears to 
be increased by the use of anti-T cell antibodies, such as OKT3 for the treatment of 
acute rejection and primary EBV viraemia [22]; the overall incidence is approxi­
mately 1 %. 

The presentation of this condition may follow a mononucleosis syndrome 
or fever of unknown origin, but may also take the form of gastrointestinal 
disease, such as bleeding, obstruction and perforation, or central nervous 
system involvement, and the graft itself is often affected. The virus has also been 
associated with squamous cell carcinoma and smooth muscle tumours in 
these patients [23,24]. Therapy of this condition includes reducing or stopping 
immunosuppressive therapy and returning the patient to haemodialysis, to­
gether with local measures, such as surgery, radiotherapy or systemic chemo­
therapy. 

Before the use of acyclovir prophylaxis, HSV infections (most of which were 
reactivations oflatent infection) caused clinical disease in approximately 50% of 
seropositive patients. In most cases, this takes the form of oral or labial lesions, al­
though more extensive ano-genital involvement, oesophageal or even disseminat­
ed infection may occur. There is no characteristic involvement of the kidney in the 
renal-transplant recipient. Diagnosis is made by electron microscopy of vesicular 
fluid, immunofluorescence or culture of fluid or tissue. Treatment is with acyclovir 
for up to 2 weeks. 

VZV infections occur in up to 12 % of renal-transplant recipients. Reactivation 
is typically seen after the first 6 months post-transplant, but primary infection may 
occur earlier and can cause a life-threatening condition, including haemorrhagic 
pneumonitis, rash, encephalitis, pancreatitis, disseminated intravascular coagulo­
pathy and hepatitis. Diagnosis is made in the same way as for HSV infection, and 
treatment is with high-dose acyclovir. 

Renal transplantation in patients who are hepatitis B-virus surface-antigen 
(HBsAg) positive is associated with progression of liver disease, in most cases. The 
majority of those with severe chronic active hepatitis and up to 60% of those with 
mild chronic active hepatitis will progress to cirrhosis post-transplant [25]. How­
ever, whether this is associated with increased mortality is controversial. Acute 
hepatitis B following renal transplantation carries the risk of early death in the 
post-transplant period from liver failure [25]. Hepatitis C virus is a common cause 
of chronic liver disease in renal-transplant recipients, although little effect on 
patient or graft survival has been demonstrated [26-28]. 

Polyomavirus infections have been described in renal transplant recipients. IC 
virus associated progressive multifocalleucoencephalopathy has occurred rarely 
and BK virus has been detected in the urine of patients developing urinary-tract 
abnormalities, such as urethral strictures [29]. The therapy of these infections is 
still largely ineffective. 
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Papilloma virus infection carries an increased risk of cervical carcinoma in 
female renal-transplant recipients [30] and urinary-tract infection is associated 
with urinary papillomatosis [31]. 

Adenovirus infection has been associated with haemorrhagic cystitis in these 
patients, as well as interstitial pneumonitis and disseminated infection. The virus 
has been transmitted with the graft in some cases [32]. 

3.3 Fungallnfections 

Of all solid organ-transplant recipients, renal-transplant patients are at least risk 
of fungal infection, with infections occurring in up to 14 % in older series, but 
probably now with an incidence ofless than 5% [33]. The majority of infections 
occur with Candida species (mostly c. albicans), and these occur in the first 
2 months post-transplant. Most involve the renal tract and are catheter related. 
Cryptococcus neoformans and Aspergillus species are responsible for approximate­
ly 15 %, and the rest are caused by Pneumocystis carinii, the endemic fungi and the 
zygomycetes. 

The presentation of invasive fungal infection in these patients is similar to 
that seen in other clinical settings. As with other transplantation procedures, the 
vascular anastomosis may become involved and rupture, and there is evidence that 
the organism in these cases may have been contaminating or infecting the graft on 
transplantation [34]. Candiduria may indicate the presence of disseminated infec­
tion or may progress to the formation of fungal balls (which may obstruct the allo­
graft) or fungal pyelonephritis. 

Fungal balls, or bezoars, are chiefly aggregates of fungal hyphae, occasionally 
containing debris, necrotic renal papillae or even stone material. Infection of the 
graft itself may be found on renal biopsy. Hyphae or pseudohyphae are typically 
seen within the tubules and interstitium. Graft infection with C. albicans character­
istically causes microabscess formation and the fungus may be identified by 
microscopy and culture of a fine needle aspirate. Graft infection with Aspergillus 
species or the zygomycetes usually shows evidence of invasion of vascular struc­
tures and consequent areas of necrosis. 

Cryptococcal infection occurs in 2%-4% of these patients [35-37]. It usually 
presents with fever and meningitis, although occasionally pneumonitis, retinitis, 
arthritis, skin lesions and pyelonephritis may be seen. Diagnosis may be made 
on histology (with demonstration of the characteristic xylomannan capsule by 
mucicarmine red or other special stains) or culture, or by antigen detection, using 
enzyme-linked immunosorbent assay (ELISA) or latex agglutination methods. 
Both of these latter techniques are highly specific and achieve sensitivities in excess 
of 90 % in the cerebrospinal fluid. 

Infection with the endemic or "pathogenic fungi" are seen during the mid- to 
late post-transplant periods. Both primary infection (arising from a graft from an 
infected donor [38], associated with hospital building work in an endemic area [39] 
or following community exposure post-transplant) and reactivation are seen. 
Coccidioidomycosis has been reported in 7% of renal transplants in a study in 
Arizona [40]. 
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Disseminated fungal infection in renal-transplant recipients carries a high 
mortality (Up to 90 % with disseminated candidosis and invasive aspergillosis and 
more than 30% with cryptococcosis). Treatment of invasive fungal infections in 
these patients is based largely on experience gained from all groups of immuno­
compromised patients, and there have been very few studies performed specifically 
in renal-transplant recipients. Pneumocystis carinii infections are usually respon­
sive to high-dose co-trimoxazole therapy, but most other invasive fungal infections 
are treated with i.v. amphotericin B. Alternatives to this nephrotoxic agent include 
fluconazole (which has been shown to be as effective as amphotericin B in treating 
candidaemia in non-neutropenic patients [41]) and itraconazole, which, unlike 
fluconazole, has activity against Aspergillus species. Nephrotoxicity may also be 
overcome by using lipid-based preparations of amphotericin B. 

3.4 Parasitic Infections 

The main parasitic infections seen in all groups of transplant recipients are those 
due to Toxoplasma gondii and Strongyloides stercoralis. However, disease due to 
these organisms is very uncommon in renal-transplant recipients, with less than 
1 % developing primary toxoplasmosis in one study [42]. Most of the latter cases 
occur within 2 months of transplantation and take the form of encephalitis, brain 
abscess, retinitis, pneumonitis, cardiac involvement and hepatitis [43,44]. 

Diagnosis is carried out by means of serology [a significant rise in immuno­
globulin M (IgM)] in a patient with a typical ring-enhancing lesion on computed 
tomography (CT) scan (although antibody production is less reliable in transplant 
patients), isolation of the organism itself from tissue, or histology. Lesions are 
characterised by the presence of trophozoites, surrounded by an inflammatory 
infiltrate in sections stained with Giemsa or periodic acid-Schiff (PAS). The orga­
nism may be confirmed by immunohistochemistry and, more recently, PCR has 
been used, although choice of primers is important as problems have been en­
countered with earlier studies that amplified a sequence of the P30 gene, sub­
sequently found to occur in a whole host of unrelated organisms. 

The treatment of choice for toxoplasmosis remains pyrimethamine together 
with suphadiazine or clindamycin. Strongyloides infection following transplanta­
tion is very unusual in the UK, but should be considered in any patient who has 
travelled to an endemic area. The infection is common worldwide, particularly 
in the Far East, and also occurs in the southern USA. Pre-transplant work-up 
should include the screening of stools in such patients, and those found to be 
infected should be treated prior to transplantation with thiabendazole. Infection 
during the post-transplant period may take the form of intestinal strongyloidiasis, 
characterised by abdominal pain, diarrhoea, distension, nausea and vomiting, 
or hyperinfection syndrome, either confined to the gastrointestinal tract and 
lungs, or disseminated to other sites, such as the central nervous system, skin and 
heart. 

Disseminated infection carries a mortality of more than 70 % [45]. Diagnosis is 
confirmed by finding larvae in aspirates from affected sites, including the jejunum, 
or raised tit res of antibody. Treatment is with thiabendazole or ivermectin. 
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4 Liver Transplantation 

4.1 Bacteriallnfections 

Bacterial infection occurs in up to 70% of liver transplant recipients [46-49]. The 
most common types of infection are: intra-abdominal abscess, cholangitis, 
bacteraemia, wound infection, lower respiratory-tract infection and urinary-tract 
infection, with intra-abdominal infection accounting for approximately 30%. 
Mortality associated with these infections is approximately 4 %. Most of these 
infections are associated :with surgical complications and occur within the first 
2 months of transplantation. Intra-abdominal sepsis may be the consequence of 
biliary leak, bile-duct obstruction or hepatic-artery thrombosis (leading to hepatic 
ischaemia and necrosis). Studies have shown that the technique used to anasto­
mose the donor biliary tract with the recipient has an impact on the incidence of 
biliary sepsis. Direct duct-to-duct anastomosis carries a much lower risk [50]. 

Typical organisms isolated from these infected sites include gram-negative 
aerobes, such as Escherichia coli, enterococci, anaerobes and staphylococci. The 
use of imaging in the diagnosis of these infections is important. Computerised 
tomography (CT) scanning is valuable in demonstrating collections of intra­
abdominal pus and intra-hepatic lesions. Various techniques, including ultra­
sonography and angiography, may be used to investigate the patency of the hepatic 
artery. Cholangiography, frequently utilised to determine the integrity of the 
biliary tract, has the added benefit of allowing samples of bile to be taken for 
culture. 

Liver-transplant patients have a similar risk of opportunistic bacterial infec­
tions, such as legionnaire's disease, as renal-transplant recipients. 

4.2 Viral Infections 

Cytomegalovirus infections have a similar incidence, chronology and presentation 
as they do in renal-transplant recipients except that hepatitis occurs much more 
frequently. This typically presents with fever and raised serum alkaline phosphatase, 
together with elevation of the aminotransferases. Diagnosis and treatment are the 
same as in renal-transplant patients. 

Epstein-Barr virus infections are, again, similar to those seen in the renal­
transplant patient, although the incidence of PTLD is higher (approximately 2 %) 
[51-53]. However, the virus may cause severe hepatitis, which may mimic acute 
rejection. 

HSV and VZV infections occur with a similar incidence to those in renal­
transplant recipients. On rare occasions, VZV infection has been associated with 
fulminant hepatic necrosis. 

Transplantation for hepatitis B virus-associated liver disease is usually followed 
by re-infection of the donor liver. Recurrent infection is highest in patients who are 
HBeAg positive (more than 80% [54]) or HBV DNA positive, both a reflection of 
high levels of circulating virus. It is much less common in patients who have 
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co-infection with hepatitis D virus (who have much lower levels of circulating 
virus). Immunoprophylaxis with HBY immunoglobulin (HBIg) has been shown to 
reduce the recurrence rate, and recent studies with lamivudine given pre- and post­
operatively have shown promise [55]. 

The most common cause of post-transplant hepatitis is hepatitis C virus (HCY). 
The majority of infections with this agent occur as a result of re-infection in pa­
tients who have been transplanted for HCY related cirrhosis. PCR techniques have 
shown that virtually all infected patients suffer re-infection post-transplant. One 
study has shown that 95 % of such patients developed post-transplant hepatitis and 
the majority of cases were found to be due to HCY. At 1 year post-transplant, 56% 
had no histological evidence of chronic liver disease [56]. 

The impact of hepatitis G virus (HGY) on liver-transplant recipients is still 
uncertain. Up to 25% of those undergoing transplantation for end-stage HCY 
liver disease have been found to be co-infected with HGV, but no clinical effects 
linked to the virus could be detected and co-infection had no effect on incidence or 
severity of HCY infection post-transplant [57,58]. 

Human herpes virus-6 is still of uncertain pathogenicity in transplant re­
cipients, but it has been associated with clinical disease in up to 11 % ofliver-trans­
plant patients [59]. Clinical features have included myelosuppression, pneumonitis, 
rash, fever and encephalopathy. 

In addition to urinary-tract and respiratory-tract infection adenovirus can 
cause severe hepatitis in these patients [60,61]. 

4.3 Fungallnfections 

The incidence of fungal infection varies from 4 % - 50 % in different series [5, 
47 -49,62-65]. The majority of these are caused by Candida species (77%-83%), 
with Aspergillus species causing most of the rest [5,48]. Pneumocystis carinii pneu­
monitis occurs in 0 % -11 % of patients and is closely linked with CMY disease 
[47-49]. Cryptococcosis has occurred in up to 2% [5]. Cases of zygomycosis [5] 
and infection with Pseudallescheria boydii [66] have also been described, but these 
seem rare. 

More than 50% of fungal infections originate from the abdominal cavity [64] 
with 15%-20% of cases involving the lungs and fungaemia or disseminated 
infection occurring in up to 17% [5,49]. Although very infrequent, aspergillosis 
is the most common cause of focal brain infection in this group of patients and 
Cryptococcus neoformans the most frequent cause of meningitis. 

Severe invasive fungal infections carry a high mortality. Candidal infections 
have a crude mortality of 50 % - 77 % and invasive aspergillosis is almost universal­
ly fatal in this group [67]. 

The investigation and treatment of fungal infections is as for renal-transplant 
recipients. 
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4.4 Parasitic Infections 

20 % of seronegative recipients receiving a graft from a seropositive donor develop 
evidence of primary toxoplasmosis [42]. The diagnosis and treatment is as for 
renal transplant-related infections. 

5 Heart Transplantation 

5.1 Bacteriallnfection 

Bacterial infection occurs in up to 30% of heart-transplant recipients. As might 
be expected, a major site of sepsis is the mediastinum, where the great vessel 
anastomoses may become infected, causing aneurysm formation or rupture. How­
ever, the predominant infections in these patients are in the lower respiratory tract 
[68]. Others include sternotomy infections, bacteraemia from indwelling cannulae 
(and rare cases of endocarditis) and urinary-tract infections: 

As is the case for renal-transplant recipients, cardiac-transplant patients are 
susceptible to nocardiosis. Although pulmonary infection is the most common 
presentation, these individuals are particularly prone to mediastinitis [69]. 

Involvement of the myocardium of the donor heart may occur in disseminated 
Listeria infection [70]. Other features of this infection are similar to those seen in 
other transplant groups. 

5.2 Viral Infections 

Cytomegalovirus infection is the most common viral infection in these patients, 
with symptomatic disease occurring in up to 25% [16]. Clinical presentation is as 
for other transplant groups. However, CMV myocarditis is almost unique in this 
population [71]. 

Epstein-Barr-related PTLD occurs with a similar frequency to that seen in renal­
transplant recipients, but treatment of the condition is rendered difficult by the 
problems encountered by reducing immunosuppression, with the consequent risk 
of rejection of this critical organ. Prognosis is therefore worse in this group. 

5.3 Fungallnfections 

Fungal infections occur with slightly greater frequency than in renal-transplant 
recipients, but less than in liver-transplant patients. Features of these are similar 
to other groups, but again the nature of the transplant procedure gives rise to 
characteristic infections. Thus, Candida mediastinitis occurs in this group and 
candidal infection of the anastomoses of the great vessels may result in sudden 
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death from rupture or aneurysm formation. Candida endocarditis is a rare, but 
frequently fatal condition in these patients and usually requires surgical inter­
vention for cure. 

The incidence of invasive aspergillosis is approximately 4% [72]. As in other 
transplant recipients, pulmonary infection is most common, but cardiac involve­
ment is more common in these patients than in other groups, with pericarditis, 
myocardial invasion, anastomotic infection and endocarditis proving almost uni­
versally fatal. Wound infections may progress to local bone involvement and 
mediastinitis and should, therefore, be treated aggressively. 

5.4 Parasitic Infections 

These patients are at greatest risk of toxoplasmosis. More than 50 % of seronegative 
patients receiving a heart from a seronegative donor will acquire primary in­
fection. Of these, approximately 40% will be symptomatic [73]. The infection is 
readily diagnosed by serological investigations including IgM detection [73]. 

6 Lung and Heart-Lung Transplantation 

6.1 Bacteriallnfections 

More than 50% of lung-transplant recipients suffer bacterial infections. Patients 
transplanted for cystic fibrosis are at similar overall risk of infection as those trans­
planted for other conditions, although they are at increased risk of fatal infection 
with Burkholderia cepacia in the early post-transplant period [74] 

Pulmonary infection is the most common bacterial infection in these patients, 
typically occurring in the first 2 weeks post-transplantation. Causative organisms 
are usually gram negative, particularly Klebsiella pneumoniae, Pseudomonas aeru­
ginosa, E. coli and Enterobacter cloacae, although gram-positive infections, such as 
those due to Staphylococcus aureus, are also important [75]. These patients are also 
at risk of mediastinitis as a consequence of airway anastomotic leaks. 

6.2 Viral Infections 

Symptomatic CMV infection occurs in approximately 40 % and pneumonitis is 
more common than in other transplant groups [16]; CMV infection has been asso­
ciated with chronic graft rejection. Lung biopsy may show evidence of obliterative 
bronchiolitis or mononuclear perivascular infiltration [76,77]. 

Episodes of other respiratory viral infections are common in these patients. 
Causative agents include the paramyxoviruses, respiratory syncytial virus (RSV) 
and parainfluenza and, as in the general population, they are more common in the 
under 18 years-of-age group [78]. Patients with these infections may present with 
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cough, dyspnoea, fever, wheezing or coryza. RSV infection may respond to nebu­
lised ribavirin. The incidence of influenza virus infections, on the other hand, 
appears to be similar to that of the general population. 

6.3 Fungallnfections 

In different studies, invasive fungal infection has occurred in up to 22 % of these 
transplant recipients [79-81]. Like heart-transplant recipients, heart-lung-trans­
plant patients may suffer infection of great-vessel anastomoses with Candida 
species, and both lung- and heart-lung-transplant recipients are at risk of candidal 
mediastinitis. 

Of all transplant groups, lung-transplant patients are at greatest risk of invasive 
aspergillosis. Up to 15 % are affected. Whilst patients may present with the typical 
features of invasive pulmonary aspergillosis, they may suffer tracheobronchitis in 
the region of the airway anastomosis [82]. 

Pneumocystis carinii causes infection in up to 15 % oflung-transplant recipients. 
The clinical features and management are the same as for other transplant groups. 

7 Other Transplant Recipients 

Wound and intra-abdominal infections are common in pancreas- and small bowel­
transplant recipients and translocation of bacteria with consequent bacteraemia 
appears to occur frequently in small-bowel transplantation. 

CMV pancreatitis, although rare, occurs most commonly in pancreatic-trans­
plant patients. Of all transplant groups, those undergoing small-bowel trans­
plantation are at greatest risk of PTLD. Up to 15% have been found to suffer this 
condition [53,83] 

Pancreatic-transplant recipients appear at greatest risk of candidal infection. 
The procedure carries an incidence of up to 30 %. 

8 Conclusions 

The variety and incidence of infections occurring in transplant recipients are likely 
to continue to evolve as surgical techniques and immunosuppression regimens are 
refined and prophylactic strategies become more effective. However, the infection 
risks of some of the more radical procedures only recently being attempted are 
much greater than for renal transplantation and, unless the need for antirejection 
therapy is reduced or eliminated, perhaps by the use of genetically engineered 
grafts, opportunistic infections will remain a predictable complication of the 
transplantation process. 



32 C. C. KIBBLER 

References 
1. Brayman KL, Stephanian E, Matas AJ, Schmidt W, Payne WD, Sutherland DER, Gores PF, 

Najarian JS, Dunn DL (1992) Analysis of complications occurring after solid organ trans­
plantation. Arch Surg 127: 38-47 

2. Wyner LM (1994) The evaluation and management of urinary tract infections in recipients 
of solid-organ transplants. Semin Uro112: 134-139 

3. Maki DG, Fox BC, Kuntz J, Sollinger HW, Belzer FO (1992) A prospective, randomized, 
double-blind study of trimethoprim-sulfamethoxazole for prophylaxis of infection in 
renaltransplantation. Side effects of trimethoprim sulfamethoxalzole, interaction with 
cyclosporin. J Lab Clin Med 119: 11-24 

4. Tolkoff-Rubin NE, Cosimi AB, Russell PS, Rubin RH (1982) A controlled study of trime­
thoprim-sulfamethoxazole prophylaxis of urinary tract infection in renal transplant re­
cipients. Rev Infect Dis 4: 614-618 

5. Wajszczuk CP, Dummer JS, Ho M, Van Thiel DH, Starzl TE, Iwatsuki S, Shaw BJ (1985) 
Fungal infections in liver transplant recipients. Transplantation 40: 347-353 

6. Nelson PW, Delmonicao FL, Tolkoff-Rubin NE, et al. (1984) Unsuspected donor Pseudo­
monas infection causing arterial disruption after renal transplantation. Transplantation 
37: 313-314 

7. McCoy GC, Loening S, Braun WE, et al. (1975) The fate of cadaver renal allografts contami­
nated before transplantation. Transplantation 20: 467-472 

8. Majeski JA, Alexander JW, First MR, et aI. (1982) Transplantation of microbially contami­
nated cadaver kidneys. Arch Surg 117: 221-224 

9. Fernando ON, Higgins AF, Moorhead JF (1976) Secondary haemorrhage after renal trans­
plantation. Lancet 2: 368 

10. Hoepelman 1M, Bakker LJ, Jessurun RF, Rozenberg-Arska M, Verhoef J (1987) Dissemi­
nated Nocardia asteroides infection complicating renal transplantation. Neth J Med 31: 
175-182 

11. Rao KV, T O'Brien J, Andersen RC (1987) Septic arthritis due to Nocardia asteroides after 
successful kidney transplantation. Arthritis Rheum 24: 99-101 

12. Sack K, Schwieder G, Marre R, Hoyer J (1985) Nocardial infection in a renal transplant 
recipient - a case report. Scand J Urol Nephrol Suppl 92: 59-66 

13. Huang JY, Huang CC, Lai MK, Chu SH, Chuang CK (1994) Salmonella infection in renal 
transplant recipients. Transplant Proc 26: 2147 

14. Patterson WJ, Hay J, Seal DV, McLuckie JC (1997) Colonization of transplant unit water 
supplies with Legionella and protozoa: precautions required to reduce the risk of legionel-
10sis.J Hosp Infect 37: 7-17 

15. Qunibi WY, al-Sibai MB, Taher S, Harder EJ, de Vol E, al-Furayh 0, Ginn HE (1990) Myco­
bacterial infection after renal transplantation - report of 14 cases and review of the literature. 
QJM 77: 1039-1060 

16. Ho M (1994) Advances in understanding cytomegalovirus infection after transplantation. 
Transplant Proc 26: 7-11 

17. Richardson W, Colvin RB, Cheeseman SH, Tolkoff-Rubin NE, Herrin JT, Cosimi AB, Collins 
AB, Hirsch MS, McCluskey RT, Russell PS, Rubin RH (1981) Glomerulopathyassociated 
with cytomegalovirus viremia in renal allografts. N Engl J Med 305: 57-63 

18. Kidd M, Fox JC, Pillay D, Charman H, Griffiths P, Emery V (1993) Provision of prognostic 
information in immunocompromised patients by routine application of the polymerase 
chain reaction for cytomegalovirus. Transplant Proc 56: 867-871 

19. Patel R, Smith TF, Espy MJ, Wiesner RH, Krom RAF, Portela D, Paya CV (1994) Detection 
of cytomegalovirus DNA in sera of liver transplant recipients. J Clin Microbiol32: 1431-
1434 

20. Spector SA, Merrill R, Wolf D, Dankner WM (1992) Detection of human cytomegalovirus in 
plasma of AIDS patients during acute visceral disease by DNA amplification. J Clin Micro­
bioi 30: 2359-2365 

21. Patel R, Smith TF, Espy M, Portela D, Wiesner RH, Krom RAF, Paya CV (1995) A prospective 
comparison of molecular diagnostic techniques for the early detection of cytomegalovirus 
in liver transplant recipients. J Infect Dis 171: 1010-1014 



Infections in Solid Organ Transplant Recipients 33 

22. Rostaing L, Icart J, Durand D, Henry S, Lloveras JJ, Didier J, Sue JM (1993) Clinical 
outcome of Epstein-Barr viraemia in transplant patients. Transplant Proc 25: 2286-
2287 

23. Thomas DW, Ramsahoye B, Jasani B, Lim SH (1995) Epstein-Barr virus in squamous cell 
carcinoma after renal transplantation. Transplantation 60: 390-392 

24. Lee ES, Locker J, Nalesnik M, Reyes J, Jaffe R, Alashari M, Nour B, Dickman PS (1995) The 
association of Epstein-Barr virus with smooth-muscle tumors occurring after organ trans­
plantation. N Engl J Med 332: 19-25 

25. Davis C, Gretch DR, Carithers RL (1995) Hepatitis B and transplantation. Infect Dis Clin 
North Am 9: 925-941 

26. Goffin E, Pirson Y, Cornu C, Guebel A, Squifflet J-p, van Ypersele de Strihou C (1994) Out­
come of HCV infection after renal transplantation. Kidney Int 45: 551-555 

27. Roth D, Zucker K, Cirocco R, DeMattos A, Burke CW, Nery J, Esquenazi V, Babischkin S, 
Miller J (1994) The impact of hepatitis C virus infection on renal allograft recipients. 
KidneyInt 45: 238-244 

28. Terrault NA, Wright TL, Pereira BJG (1995) Hepatitis C infection in the transplant recipient. 
Infect Dis Clin North Am: 943-964 

29. Rubin RH (1994) Infection in the organ transplant recipient. In: Rubin RH, Young LS (eds) 
Clinical approach to infection in the compromised host, 3rd edn. Plenum, New York, 
pp 629-705 

30. Ogunbiyi OA, Scholefield JH, Raftery AT, Smith JHF, Duffy S, Sharp F, Rogers K (1994) 
Prevalence of anal human papillomavirus infection and intraepithelial neolplasia in renal 
allograft recipients. Br J Surg 81: 365-367 

31. Leapman SB, Rosenberg JB, Filo RS, Smith EJ (1980) Strongyloides stercoralis in chronic 
renal failure: safe therapy with thiabendazole. South Med J 73: 1400-1402 

32. Blohme I, Nyberg G, Jeansson S, Svalander S (1992) Adenovirus infection in a renal trans­
plant patient. Transplant Proc 24: 295 

33. Denning DW, Evans EGV, Kibbler CC, Richardson MD, Roberts MM, Rogers TR, Warnock 
DW, Warren RE (1997) Guidelines for the investigation of invasive fungal infections in 
haematological malignancy and solid organ transplantation. Eur J Clin Micro bioI Infect Dis 
16:424-436 

34. McLeish KR, McMurray SD, Smith EJ, Filo RS (1977) The transmission of Candida albicans 
by cadaveric allografts. J Uro1118: 513-516 

35. Kong NCT, Suleiman AB, Shaarian W, Wong YH, Morad Z (1990) Cryptococcosis in a renal 
unit. Aust N Z J Med 20: 645-679 

36. Shaariah W, Morad Z, Suleiman AB (1992) Cryptococcosis in renal transplant recipients. 
Transplant Proc 24: 1898-1899 

37. Watson AJ, Russell RP, Cabreja RF, Braverman R, Whelton A (1985) Cure of cryptococcal 
infection during continued immunosuppressive therapy. QJM 55: 169-172 

38. Gottesdiener KM (1989) Transplanted infections: donor-to-host transmission with the 
allograft. Ann Intern Med 110: 1001-1016 

39. Wheat LJ, Smith EJ, Sathapatayavongs B, Batteiger B, Filo RS, Leapman SB, French MV 
(1983) Histoplasmosis in renal allograft recipients. Two large urban outbreaks. Arch Intern 
Med 143: 703-707 

40. Cohen 1M, Galgiani IN, Potter D, Ogden DA (1982) Coccidioidomycosis in renal replace­
ment therapy. Arch Intern Med 142: 489-494 

41. Rex JH, Bennett JE, Sugar AM, et al. for the Candidemia Study Group and the National In­
stitute of Allergy and Infectious Diseases Mycoses Study Group (1994) A randomized trial 
comparing fluconazole with amphotericin B for the treatment of candidemia in patients 
without neutropenia. N Engl J Med 331: 1325-1330 

42. Speirs GE, Hakim M, Wreghitt TG (1988) Relative risk of donor transmitted Toxo­
plasma gondii infection in heart, liver and kidney transplant recipients. Clin Transplant 
2:257-269 

43. Michaels MG, Wald ER, Fricker FJ, del Nido pJ, Armitage J (1992) Toxoplasmosis in pedia­
tric recipients of heart transplant. Clin Infect Dis 14: 847-851 

44. Singer MA, Hagler WS, Grossniklaus HE (1993) Toxoplasma gondii retinochoroiditis after 
liver transplantation. Retina 13: 40-45 



34 C. C. KIBBLER 

45. DeVault GA, King JW, Rohr MS, Landreneau MD, Brown ST, McDonald JC (1990) Oppor­
tunistic infections with Strongyloides stercoralis in renal transplantation. Rev Infect Dis 
12: 653-671 

46. George DL, Arnow PM, Fox AS, Baker AL, Thistlethwaite JR, Emond JC, Whitington PF, 
Broelsch CE (1991) Bacterial infection as a complication of liver transplantation: epi­
demiology and risk factors. Rev Infect Dis 13: 387-396 

47. Paya Cv, Hermans PE, Washington JA, Smith TF, Anhalt JP, Wiesner RH, Krom RA (1989) 
Incidence, distribution, and outcome of episodes of infection in 100 orthotopic liver trans­
plantations. Mayo Clin Proc 64: 555-564 

48. Kusne S, Dummer JS, Singh N, Iwatsuki S, Makowka L, Esquivel C, Tzakis AG, Starzl TE, 
Ho M (1988) Infections after liver transplantation. An analysis of 101 consecutive cases. 
Medicine (Baltimore) 67: 132-143 

49. Colonna JO, Winston DJ, Brill JE, Goldstein LI, Hoff MP, Hiatt JR, Quinones Baldrich W, 
Ramming KP, Busuttil RW (1988) Infectious complications in liver transplantation. Arch 
Surg 123: 360-364 

50. Kibbler CC (1995) Infections in liver transplantation: risk factors and strategies for 
prevention. J Hosp Infect 30 (Suppl): 209-217 

51. Garnier JL, Berger F, Betuel H, Vuillaume M, Chapuis-Cellier C, Blanc N, Faure JL, Duber­
nard JM, Lenoir G, Touraine JL (1989) Epstein-Barr virus associated lymphoproliferative 
diseases (B cell lymphoma) after transplantation. Nephrol Dial Transplant 4: 818-823 

52. Nalesnik MA, Jaffe R, Starzl TE, Demetris AJ, Porter K, Burnham JA, Makowka L, Ho M, 
Locker J (1988) The pathology of posttransplant lymphoproliferative disorders occurring 
in the setting of cyclosporineA-prednisone immunosuppression. Am J Patho1133: 173-192 

53. Walker RC, Paya Cv, Marshall WF, Strickler JG, Wiesner RH, Velosa JA, Habermann TM, 
Daly RC, McGregor CGA (1995) Pretransplantation seronegative Epstein-Barr virus status 
is the primary risk factor for posttransplantation Iymphoproliferativc disorder in adult 
heart, lung, and other solid organ transplantations. J Heart Lung Transplant 14: 214-221 

54. Samuel D,Muller R,Alexander G (1993) Liver transplantation in European patients with the 
hepatitis B surface antigen. N Engl J Med 329: 1842-1847 

55. Grellier L, Mutiner D, Ahmed M, Brown D, Burroughs AK, Rolles K, McMaster P, Beranek P, 
Kennedy F, Kibbler H, et al. (1996) Lamivudine prophylaxis against reinfection in liver 
transplantation for hepatitis B cirrhosis. Lancet 348: 1212-1215 

56. Wright TL, Donegan E, Hsu HH, Ferrell L, Lake JR, Kim M, Combs C, Fennessy S, Roberts JP, 
Ascher NJ (1992) Recurrent and acquired hepatitis C viral infection in liver transplant 
recipients. Gastroenteroll03: 317-322 

57. Brandhagen DJ, Gross JB, Poterucha JJ, Kim WR, Charlton WR (1996) Hepatitis G infection 
as determined by bDNA in patients with hepatitis C undergoing liver transplantation: 
clinical characteristics and viral levels (abstract). Hepatology 24: 229A 

58. Poutous A, Vargas H, Laskus T, Wang L, Radkowski M (1996) Hepatitis G infection in HCV­
positive liver transplant recipients (abstract). Hepatology 24: 420A 

59. Singh N, Carrigan DR (1996) Human herpesvirus-6 in liver transplantation: documenta­
tion of pathogenicity (abstract). 36th Interscience Conference on Antimicrobial Agents and 
Chemotherapy, New Orleans, H12 

60. Salt A, Sutehall G, Sargaison M, Woodward C, Barnes ND, Calne RY, Wreghett TG (1990) 
Viral and Toxoplasma gondii infections in children after liver transplantation. J Clin Pathol 
43:63-67 

61. Zitelli BJ, Gartner JC, Laltack JJ, Urbach AH, Miller JW, Williams L, Kirkpatrick B, Breinig 
MK, Ho M (1987) Pediatric liver transplantation: patient evaluation and selection, infec­
tious complications, and life-style after transplantation. Transplant Proc 19: 3309-3316 

62. Kirby RM, McMaster P, Clements D, Hubscher SG, Angrisani L, Sealey M, Gunson BK, Salt 
PJ, Buckels JA, Adams DH, et al. (1987) Orthotopic liver transplantation: postoperative 
complications and their management. Br J Surg 74: 3-11 

63. Castaldo P, Stratta RJ, Wood RP, Markin RS, Patil KD, Shaefer MS, Langnas AN, Shaw BW 
(1991) Fungal infections in liver allograft recipients. Transplant Proc 23: 1967 

64. Castaldo P, Stratta RJ, Wood RP, Markin RS, Patil KD, Shaefer MS, Langnas AN, Reed EC, Li 
SJ, Pillen TJ, et al. (1991) Clinical spectrum of fungal infections after orthotopic liver trans­
plantation.Arch Surg 126: 149-156 



Infections in Solid Organ Transplant Recipients 35 

65. Viviani MA, Tortorano AM, Malaspina C, Colledan M, Paone G, Rossi G, Bordone G, Pagano 
A (1992) Surveillance and treatment ofliver transplant recipients for candidiasis and asper­
gillosis. Eur I Epidemiol 8: 433-436 

66. Patterson TF,Andriole VT, Zervos MI, Therasse D, Kauffman CA (1990) The epidemiology 
of pseudallescheriasis complicating transplantation: nosocomial and community-acquired 
infection. Mycoses 33: 297-302 

67. Paya CV (1993) Fungal infections in solid-organ transplantation. Clin Infect Dis 16: 677-
688 

68. Stinson EB, Bieber CP, Griepp RB, Clark DA, Shumway NE, Remington IS (197l) Infectious 
complications after cardiac transplantation in man. Ann Intern Med 74: 24-36 

69. Thaler F, Gotainer B, Teodori G, Dubois C, Loirat P (1992) Mediastinitis due to Nocardia 
asteroides after cardiac transplantation. Intensive Care Med 18: 127-128 

70. Stamm AM, Smith S-H, Kirklin IK, McGiffin DC (1990) Listerial myocarditis in cardiac 
transplantation. Rev Infect Dis 12: 820-823 

71. Grossi P, Revello G, Minoli L, Percivalle E, Zavattoni M, Poma G, Martinelli L, Gerna G (1990) 
Three-year experience with human cytomegalovirus infections in heart transplant re­
cipients. I Heart Transplant 9: 7l2-7l9 

72. Guillemain R, Lavarde V, Amrein C, Chevalier P, Guinvarc'h A, Glotz D (1995) Invasive 
aspergillosis after transplantation. Transplant Proc 27: 1307-1309 

73. Gallino A, Maggiorini M, Kiowski W (1996) Toxoplasmosis in heart transplant recipients. 
Eur I Clin Microbiol Infect Dis 15: 389-393 

74. Ramirez IC, Patterson GA, Winton T, de Hoyos AL, Miller ID, Maurer IR, and The Toronto 
Lung Transplant Group (1992) Bilateral lung transplantation for cystic fibrosis. I Thorac 
Cardiovasc Surg 103: 287-294 

75. Deusch E, End A, Grimm M, Graniger W, Klepetko W, Wolner E (1993) Early bacterial 
infections in lung transplant recipients. Chest 104: 1412-1416 

76. Allen M, Burke CM, McGregor CG, Baldwin IC, Iamieson SW, Theodore I (1986) Steroid 
responsive bronchiolitis after human heart lung transplantation. I Thorac Cardiovasc Surg 
92:449-451 

77. Maurer IR, Tullis DE, Scavuzzo M, Patterson BS, Patterson GA (1991) Cytomegalovirus 
infection in isolated lung transplantations. I Heart Lung Transplant 10: 647-649 

78. Wendt CH, Fox IMK, Hertz Ml (1995) Paramyxovirus infection in lung transplant re­
cipients. I Heart Lung Transplant 14: 479-485 

79. Brooks RG, Hofflin 1M, Iamieson SW, Stinson EB, Remington IS (1985) Infectious compli­
cations in heart-lung transplant recipients, Am I Med 79: 412-422 

80. Dummer ISC, Montero CG, Griffith BP, Hardesty RL, Paradis L, Ho M (1986) Infections in 
heart-lung transplant recipients. Transplantation 41: 725-729 

81. Hofflin 1M, Potasman I, Baldwin JC, Oyer PE, Stinson EB, Remington IS (1987) Infectious 
complications in heart transplant recipients receiving cyclosporine and corticosteroids. 
Ann Intern Med 106: 209-216 

82. Kramer MR, Denning DW, Marshall SE, Ross DI, Berry G, Lewiston NI, Stevens DA, 
Theodore 1(1991) mcerative tracheobronchitis after lung transplantation. A new form of 
invasive aspergillosis. Am Rev Respir Dis 144: 552-556 

83. White FV, Reyes I, Iaffe R, Yunis EI (1995) Pathology of intestinal transplantation in 
children. Am I Surg Pathol19: 687-698 



Chronic Allograft Nephropathy: 
The Inevitable Outcome of Renal Transplantation? 

S.M. DODD 

1 Introduction......................................,. 37 
2 Definition of Chronic Rejection ............................. 38 
3 Histopathology of Chronic Allograft Nephropathy . . . . . . . . . . . . . . . . " .. 38 
4 Pathological Processes Responsible for Chronic Allograft Nephropathy ....... 39 
5 Immunological Factors Promoting Chronic Allograft Destruction .......... 39 
5.1 Persistence of an Immune Activation Process . . . . . . . . . . . . . . . . . . . . .. 39 
5.2 Antigen Presentation and Recognition . . . . . . . . . . . . . . . . . . . . . . . . .. 40 
5.3 T Cell Recognition of Transplanted Tissues . . . . . . . . . . . . . . . . . . . . . .. 41 
5.4 Mechanisms of Acute Rejection ............................. 41 
5.5 Regulation of Cytokine Gene Expression ........................ 42 
5.6 The Role of B cells and Macrophages in Acute Rejection . . . . . . . . . . . . . . .. 43 
6 Long-Term Graft Survival . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 43 
6.1 The Induction of Long-Term Graft Acceptance . . . . . . . . . . . . . . . . . . . .. 43 
6.2 Mechanisms of Specific Unresponsiveness ....................... 44 
6.3 The Importance of Acute Rejection Episodes in the Evolution 

of Chronic Allograft Nephropathy ............................ 45 
6.4 Immune Mechanisms of Chronic Rejection . . . . . . . . . . . . . . . . . . . . . .. 46 
7 Non-immunological Lesions Promoting Chronic Allograft Destruction ....... 46 
7.1 Loss of Organ Mass: The Role of Hyperfiltration ...... . . . . . . . . . . . . .. 46 
7.2 Sufficient Nephron Dosing in the Transplant ...................... 47 
7.3 Ischaemia-Reperfusion Damage ............................. 48 
7.4 Hyperlipidaemia...................................... 49 
7.5 Hypertension........................................ 49 
7.6 The Effect of Cytomegalovirus on the Renal Allograft ... . . . . . . . . . . . . .. 49 
8 Pathophysiology of the Vascular Lesion in Chronic Allograft Nephropathy ..... 51 
9 Summary and Future Prospects ............................. 53 

References ......................................... 53 

1 Introduction 

Many renal allografts now survive and function for decades, but long-term degen­
erative remodelling of the transplant (chronic allograft nephropathy), with inexor­
able decline in renal function, is one of the most important determinants of the 
ultimate outcome of renal transplantation [86]. 

Two phases of graft loss are recognised; in the first phase, which is defined as 
the early postoperative period (up to 100 days), between 5% and 20% of grafted 
kidneys cease to function [15]. Success at this early stage is determined by: (1) the 
skills of individual transplant centres in avoiding non-immunological causes of 
graft loss, (2) matching the donor and recipient at human leucocyte antigen (HLA) 
foci, and (3) applying appropriate immunosuppression for episodes of acute 
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immunologically mediated rejection. At these centres, I-year survival rates for 
cadaveric transplants can be greater than 90 %, indicating that the problems asso­
ciated with acute rejection have largely been overcome. Cyclosporin immuno­
suppressive therapy has been most effective during this period [87]. 

Although increased short-term survival contributes to improved long-term 
success, the annual rate of graft loss after the first year has not changed signi­
ficantly [15]. It is appropriate to distinguish between patient and graft loss in this 
later phase. Over the first 10 years, approximately one-third of patients die with a 
functioning graft mainly due to cardiovascular disease (a particular problem in 
diabetic patients), infection and malignancy. The remaining two-thirds of all trans­
plants succumb to acute or chronic immunologically mediated rejection during 
this period. 

2 Definition of Chronic Rejection 

Chronic rejection was defined in 1993 during a consensus conference as a progres­
sive deterioration of graft function (in at least two measurements at a 3-month 
interval beginning at least 3 months after transplantation) in the absence of any 
other disorder and after confirmation of the diagnosis by pathological study [104]. 
To this definition may be added the observation that the lesion does not improve 
following administration of drugs that are usually effective in reversing acute 
rejection episodes [63]. Its pathophysiology and aetiology are incompletely under­
stood and, in its normal usage, the term chronic rejection describes a chronic, 
pathological situation that results from an association of multiple immunological 
processes that mayor may not be linked to the allograft response with non­
immunological processes that may have pre-existed in the donor, been induced by 
the transfer of the organ or developed subsequently in the grafted organ. 

The clinical manifestations of chronic rejection consist of proteinuria, a pro­
gressive decrease in glomerular filtration rate and hypertension [102, 143]. It is 
certain that the pathological onset of chronic rejection happens much earlier than 
its clinical onset, as demonstrated by the high percentage of pathological lesions 
compatible with those of chronic rejection seen in grafts with normal function. 

3 Histopathology of Chronic Allograft Nephropathy 

The Banff working classification of renal transplant pathology [125, 126] devel­
oped a schema for international standardisation of nomenclature and criteria for 
the histological diagnosis of renal allograft rejection. Four types of rejection were 
recognised: hyperacute rejection, borderline changes (very mild acute rejection), 
acute rejection and chronic allograft nephropathy (chronic rejection). Hyperacute 
rejection, seen extremely rarely in clinical practise, is presumed to be due to the 
presence of pre-formed antibody, and is characterised by polymorph accumula­
tion in glomerular and peritubular capillaries at 1 h post-transplant, with sub­
sequent endothelial damage and capillary thrombosis. 
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The histopathological criteria used to diagnose acute rejection in this classifi­
cation have a different emphasis, with tubulitis and intimal arteritis considered 
to be the principal lesions [20,88, 122], whereas, in the past, the degree of inter­
stitial inflammation was considered to be of paramount importance. Five different 
studies in which stable kidney transplants were biopsied showed that focal or mild 
diffuse infiltrates occurred commonly in well-functioning grafts [13,21,78,92,125, 
126]. Chronic allograft nephropathy is characterised in the Banff classification by 
both chronic transplant glomerulopathy, a lesion in which there is mesangial cell 
proliferation, mesangial matrix increase and peripheral mesangial interposition 
with thickening of glomerular capillary loops and also by interstitial fibrosis and 
tubular atrophy, with proliferation and thickening of the vascular intima. Inter­
stitial inflammation often persists and may be of varying degree. It is now clearly 
recognised that the tubulointerstitial changes are of a secondary nature and are 
consequent upon the proliferative endarteritis and concentric intimal fibrosis 
common to all grafted organs [20,95, 115]. However, histopathological study of 
chronic allograft nephropathy cannot distinguish lesions secondary to the im­
mune response induced by the allograft from the many non-immunological fac­
tors that lead to graft destruction. Both forms of graft damage will be discussed 
below. 

4 Pathological Processes Responsible for Chronic Allograft Nephropathy 

Long-term graft destruction may, in part, be due to an immunological process with 
its associated inflammatory changes. It is not certain that the mechanisms of acute 
rejection differ from those governing chronic rejection, except in intensity. How­
ever, numerous non-immunological risk factors are also present, such as the 
condition of the donor organ and various constitutional factors in the recipient. 
Overlap factors exist, such as infections, which could be considered in either the 
immunological or non-immunological group of processes. 

5 Immunological Factors Promoting Chronic Allograft Destruction 

5.1 Persistence of an Immune Activation Process 

Although not formally demonstrated in the renal graft recipient, the persistence of 
a permanent immunological process activating the alloantigen recognition system 
of the host is likely. One of the most compelling pieces of evidence is the finding 
that vascular-wall atherosclerosis occurs more rapidly and diffusely in allografts 
than in isografts or syngeneic grafts. In man, recipients of HLA-identical grafts 
have a much better survival rate than those receiving cadaveric grafts [98]. The 
intensity of this could vary, depending on both the major and/or minor histocom­
patibility-system differences between the graft and the host, and on the nature and 
intensity of immunosupression and would lead to a more or less rapid destruction 
of the graft. A very low intensity immune activation, leading to destruction over 



40 S.M. DODD 

several decades, would be the equivalent of long-term graft acceptance, a more 
encouraging way of expressing the concept of chronic rejection of very low activity. 

S.2 Antigen Presentation and Recognition 

Alloresponsiveness between genetically unrelated humans is directed against a 
single cluster of antigens, designated HLA and encoded by major histocompatibi­
lity complex (MHC) genes found on chromosome 6. The MHC antigen groups, 
class I (HLA-A and -B) and class II (HLA-D and -DR), which have different tissue 
distributions, are important targets for host immunoreactivity. A variety of cell 
mediators or lymphokines regulate the expression of MHC antigens, for example, 
interferon y (IFN-y) upregulates class-II expression on vascular endothelium, 
renal-tubular epithelial cells and lymphocytes, leading to enhanced antigen pre­
sentation and amplification of graft immunogenicity. Interaction between the anti­
genic receptor of specific T cells to an antigenic peptide bound in a groove of the 
MHC molecule is required for recognition of the allogeneic peptide as foreign. 

Evidence suggests that MHC identity protects against long-term graft rejection 
[4, 17, 138, 142]. Terasaki's group [139] suggested that the estimated half-life of 
kidneys transplanted from HLA-matched sibling donors is 20 years. Takemoto's 
work (1992) showed that the allocation of kidneys according to the current sero­
logical methods of HLA typing [67] was sufficient to obtain a I-year survival rate 
of 88 % and an estimated half-life of 17.3 years. This was significantly higher than 
the rate of79% for mismatched transplants with a half-life of7.8 years in the same 
collaborative study. However, no study has shown a relationship between HLA 
typing and histological lesions of chronic rejection [57,64,69] and it is clear that 
many other factors intervene and obscure the MHC effect. 

In contrast, recent work from the Netherlands [25] has shown that many 
allografts function well, even in the presence of one or more HLA mismatches. In 
the records of Eurotransplant, a multinational, European organ-exchange organi­
sation [145], about 22% of patients have undergone transplantation with a kidney 
identical or compatible for HLA-A, -B, and -DR (0 HLA mismatches). Doxiadis 
et al. [25] examined whether the immunogenicity of the different donor HLA 
mismatches depends on the HLA phenotype of the recipient and found that certain 
taboo combinations were associated with higher graft loss than others, and that the 
indifferent mismatched donor-recipient antigen combinations were associated 
with graft survival almost identical to that of the grafts with no antigen mismatches. 
The way in which taboo combinations were defined differed from that of previous 
studies of permissible and immunogenic mismatches [79] in that analysis was 
restricted to specific donor mismatches and the complete observation time was 
taken into account, rather than restricting the analysis to a single point in time. 
Doxiadis et al. [25] found that renal allograft survival was 18% lower with taboo 
than with indifferent combinations. Taboo donor/recipient HLA combinations 
occurred in about 30 % of the selected single mismatched transplants or 15 % of the 
whole group of transplants with one HLA mismatch in the Eurotransplant data­
base. Their conclusion was that if taboo combinations are avoided in cadaveric 
renal transplantation, a survival gain of about 3 % at 5 years could be achieved. 
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Interestingly, Terasaki et al. [140] showed that in the United States, where in­
creasing numbers of people are donating kidneys to their spouses, survival rates 
are higher than those of cadaveric kidneys, despite greater histoincompatibility. 
They suggested that about 10 % of cadaveric grafts are damaged before removal 
and that this is reflected by a 10% increase in living, unrelated graft survival com­
pared with cadaveric grafts. They also commented that compliance with respect to 
taking immunosuppressive drugs may be higher among recipients of spousal 
grafts because the recipient lives with the donor. 

5.3 T Cell Recognition ofTransplanted Tissues 

The acute rejection process is primarily a T lymphocyte-mediated host event and 
cellular infiltration of the graft is a characteristic feature of acute rejection. Within 
a few hours of grafting, neutrophils enter the interstitium after interaction with 
selectins upregulated on vascular cells after the ischaemic operative insult. These 
cells produce biochemical mediators that further injure and/or activate endothelial 
cells. Increased expression of cell-adhesion molecules and enhanced vascular 
permeability result in infiltration of the graft by host lymphocytes and macro­
phages. Although the graft is infiltrated by both CD4+ and CD8+ cells, it is the 
CD4+ helper T (Th) cells of the recipient that are central to the initiation of the 
rejection process and its maintenance. At least two distinct, but not mutually ex­
clusive, pathways of allo-recognition have been recognised. The helper cells may be 
activated directly by the MHC class II-positive antigen-presenting cells (APCs) of 
the donor, which are present as passenger leucocytes within the transplant and 
then migrate into draining lymph nodes [3]. Alternatively, the Th may be activated 
indirectly by recipient APCs within lymph nodes that take up and process donor 
antigens shed from the graft. The latter is the normal mechanism by which any 
foreign protein (such as bacteria or viruses) activates host T cells, whereas only 
alloantigens have the ability to stimulate T cells directly. Acute T cell-mediated 
rejection results from the direct activation of Th cells [10], whereas the chronic 
phase is a consequence of indirect immune activation. 

5.4 Mechanisms of Acute Rejection 

The function of Th cells, whether activated directly or indirectly, is to produce the 
lymphokines that are responsible for a range of effector mechanisms that act on the 
renal allograft to alter its susceptibility to the various processes of rejection [53]. 
These mechanisms include cytotoxic CD8+ T lymphocytes, antibodies produced 
by B cells and macrophage-induced inflammatory processes (Fig. 1). 

CD4+ cells have been divided into Thl and Th2 sub-populations. Thl cells pro­
duce the pro-inflammatory lymphokines, IFN-y, interleukin 2 (IL-2) and tumour 
necrosis factor f3 (TNF-f3) and, therefore, activate cell-mediated mechanisms of 
acute rejection. Th2 cells, however, produce the inhibitory cytokines IL-4, IL-5 and 
IL-1 0, which are involved in the activation of B lymphocytes, thereby initiating the 
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Fig. 1. The role of the T helper cell in graft rejection. APe, antigen-presenting cell; Th cell, 
T helper lymphocyte; lPN, interferon; TNF, tumour necrosis factor ; IL, interleukin; B cell, B 
lymphocyte; T cell, cytotoxic T lymphocyte 

humoral mechanisms of acute rejection. Th2 cells also produce transforming 
growth factor f3 (TGF-f3) and granulocyte-macrophage colony-stimulating growth 
factor (GM-CSF), both of which play an important role in the activation of T-sup­
pressor cells and in the development of chronic rejection. 

CD8+ cells bear a ligand for MHC class-I antigen, which is expressed on most 
cell surfaces. Two subsets of the CD8+ cell have also been described recently [60]. 
Type I are cytotoxic, produce IFN-y, but not IL-4, and are restricted to MHC class 
1. Type II are restricted to MHC class-II antigens, may have a role in suppressing the 
killing of infected cells, and produce IFN-y, IL-4, IL-S and IL-IO. 

5.5 Regulation of Cytokine Gene Expression 

The activation of cytokine genes is dependent on the binding of proteins (so-called 
transcription factors) to the DNA flanking the genes. The binding of protein factors 
alters the DNA conformation and allows the access and assembly of the complex of 
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RNA-polymerase enzymes, required to make an RNA template of the gene. The 
transcription factors are activated as a final event in the different second messen­
ger pathways that exist in T cells, enabling them to respond differentially to stimuli 
that selectively activate second-messenger pathways. Some of the protein factors 
exist in the cytoplasm and, after they are modified by phosphorylation or dephos­
phorylation, translocate to the nucleus where they bind to DNA. One such factor is 
nuclear factor of activation of T cells (NF-AT), which is important for the regula­
tion of IL-2, TNF, IFN-y, IL-4 and others. Cyclosporin and FK506 act to prevent 
translocation of the cytoplasmic NF-AT to the nucleus, thereby suppressing the 
activation of cytokine gene expression [123]. Thus, modulation of immuno­
suppressive agents can be used to alter second-messenger pathways and, hence, the 
production of cytokines by T cells and certain drugs or combinations of drugs can 
selectively inhibit the production of targeted cytokines. 

5.6 The Role of B Cells and Macrophages in Acute Rejection 

Allostimulated B lymphocytes differentiate into antibody-producing plasma cells, 
which secrete both specific and non-specific anti-donor antibodies [37]. Macro­
phages act as APCs which activate T cells as well as recruit other macrophages [91]. 
They secrete monokines, such as IL-l, which stimulates CD4+ lymphocytes to pro­
duce other effector cytokines [28]. Natural killer cells are cytotoxic cells that do not 
express the T-cell antigen, CD3, and have the ability to destroy foreign antigens, 
independent of the MHC antigen. They are thought to contribute to acute rejec­
tion-mediated damage by adhering to the exposed R portions of antibody mole­
cules during antigen-antibody reactions [84]. Natural killer cells may kill allo­
geneic cells selectively after recognising MHC class-I antigen on their surfaces. 

6 Long-Term Graft Survival 

In some animal models, the graft recipient can be treated with drugs, antibodies or 
a variety of antigens at around the time of transplantation, enabling withdrawal of 
all further immunosuppressive treatment [52]. Unfortunately, this has not been 
achieved in man, and research efforts have focussed on the possible mechanisms of 
reducing the immunogenicity of the graft. 

6.1 The Induction of Long-Term Graft Acceptance 

Experimentally, long-term acceptance of a renal allograft in the rat can be induced 
by pretreatment with donor antigen or perioperative treatment with anti-donor 
antibody. Graft acceptance can be achieved by irradiation, with drugs such as 
cyclosporin or FK506, with antibodies such as anti-lymphocyte globulin or mono­
clonal antibodies to CD4, IL-2 receptors and T-cell receptors [52]. Certain strains 
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of rats require less immunosuppression to achieve graft acceptance and are con­
sidered to be low responders, whereas high responders require more immunosup­
pression. In man, high and low responders are less easy to define. Some individuals 
have more rejection episodes and episodes of greater severity, requiring a higher 
dose of steroids in the early postoperative period; these may be considered high 
responders. It has also been suggested that recipients with certain haplotypes 
associated with autoimmunity, such as HLA-Al, -B8 and -DR3, may mount more 
vigorous rejection responses and, hence, be considered high responders [61]. Low­
responder individuals might include the 20 % of individuals who failed to become 
sensitised in the era of deliberate blood transfusion as a means of testing by pre­
immunisation; these patients have been shown to have a favourable outcome after 
1 year [96]. 

6.2 Mechanisms of Specific Unresponsiveness 

Bone marrow-derived interstitial dendritic cells within tissues provide a powerful 
stimulus for primary T-cell activation. These passenger leucocytes are not a fixed 
part of the graft and migrate out of the transplanted organ during the first few days 
after transplantation to the para-cortical areas of the spleen or lymph nodes and 
are, here, responsible for direct activation of the immune response. Organs deplet­
ed of these passenger leucocytes are far less immunogenic, and long-term survival 
of such grafts is easier to achieve [68]. This forms the basis for the suggestion that 
if leucocytes from human donor kidneys are depleted using a monoclonal pan­
leucocyte antibody, direct activation of the rejection process will be reduced [12]. 
Goldberg et al. [39] have shown a reduction in the incidence of acute rejection 
when human donor kidneys are pretreated with this antibody. 

Starzi et al. [130] postulated that the acceptance of whole-organ transplants 
implies a state of long-term mixed allogeneic or xenogeneic chimerism after the 
migration of dendritic and other immune cells from the graft with widespread 
seeding in the recipient; simultaneous chimerism of the graft is produced by a 
reverse traffic of similar recipient cells. They further suggested [131] that the 
bi-directional cell migration and re-population is the first step in the acquisition 
of donor-specific immunological non-responsiveness (tolerance). They demon­
strated low-level chimerism by immunocytochemistry and/or polymerase chain 
reaction in renal allografts, skin, lymph node and blood in five patients, who receiv­
ed continuously functioning renal transplants from one or two haplotype HLA­
mismatched, consanguineous donors 27 years ago. The critical migratory cells may 
be dendritic cells [134], but little information is available as to how these cells of 
bone marrow origin, whose life expectancy after maturation is only a few days 
[133], have disseminated from the grafts and perpetuated themselves for nearly 
30 years in their new environment. Starzi et al. [130] suggested that drug-free 
tolerance and graft acceptance achieved with chronic immunosuppression are 
both expressions of the cell re-population process. 

The key role of the Th lymphocyte in graft rejection has been noted above and 
the two subsets discussed. It is possible that the failure of a recipient to reject a 
transplant may reflect an inappropriate immune response rather than no response 
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at all. The Thl cell is important in cell-mediated immunity and the Th2 cell in the 
antibody response; hence, in acute graft rejection, the Thl subset has a greater role. 
In rodent models, it has been shown that experimental manoeuvres resulting in 
immune deviation, away from cell-mediated immunity and towards preferential 
activation of Th2 cells, is associated with good graft outcome [72]. Lowry also 
proposed that the selective action of Th2 cells, which produce IL-I 0, a lymphokine 
with suppressive effects on inflammatory cells, may be beneficial in terms of graft 
acceptance. 

Joseph et al. [56] tested the importance of selective Th2 action in six human 
renal-transplant patients, assessing cytokines (TNF-a, IFN-y, IL-I, IL-2, IL-4, IL-5, 
IL-6 and IL-IO) in serum by enzyme-linked immunosorbent assay (ELISA) and in 
grafted tissues by reverse transcriptase polymerase chain reaction (RT-PCR) for 
messenger RNA (mRNA). Localisation of cytokine mRNA in the transplanted 
tissues was examined using in situ hybridisation. However, the findings were at 
variance with the animal-model results, with none of the patients making a signi­
ficant IFN-yresponse and only a few producing IL-2. The mRNA for the immuno­
suppressive cytokine IL-IO was found in areas of active graft damage and repair, 
and appeared to be a good marker of macrophage activation rather than an in­
dicator of graft function. The study concluded that no single cytokine or consistent 
combination of cytokines could be correlated with rejection episodes or with graft 
function. Further work is clearly required before immune deviation by targeting 
particular T-cell populations can be of therapeutic value in the induction of graft 
acceptance. 

6.3 The Importance of Acute Rejection Episodes 
in the Evolution of Chronic Allograft Nephropathy 

A history of acute rejection is one factor that is clearly related to an increased 
frequency of chronic rejection in multiple studies. In a study by Basadonna et al. 
[5],424 patients alive I year after transplantation were examined. Approximately 
45 % of patients had one or more acute rejection episodes and histopathological 
assessment of renal biopsy material for features of chronic rejection was made. 
Only I of 239 patients with no prior acute rejection developed biopsy-proven 
chronic rejection, whereas in the patient group with one episode of acute rejection, 
22 of 105 patients developed chronic rejection. There were 80 patients with more 
than one episode of acute rejection that developed chronic disease. Acute rejection 
within the first 60 days and late acute rejection were both strongly associated with 
chronic rejection [2]. Neither of these studies showed that the observed graft 
destruction is the consequence of an active immunological process. The process 
could also be that of progression of the sequelae induced by acute rejection. The 
more frequent, severe and long-lasting these episodes have been, the more severe 
and irreversible the renal lesions. Furthermore, when a vascular element is seen 
histologically during the acute rejection 'episode, progressive degradation of the 
graft occurs due to ischaemia of the area supplied by the damaged vessels. 

Endothelial damage induced by rejection, which is more severe if the recipient 
was pre-immunised against the donor lymphocytes [19], appears to induce surface 
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expression of adhesion molecules (integrins and selectins), favouring platelet 
aggregation and adhesion [18]. Subsequent platelet adhesion leads to micro throm­
boses and a reduction in arteriolar diameter, increasing ischaemia. The tubular 
damage induced by ischaemia would lead to the release of numerous growth 
factors [8]. Inflammatory cells would then be attracted into the interstitium and 
react with tubular cells and interstitial fibroblasts [89]. Subsequent fibroblast and 
perivascular myofibroblast activation would occur with tubulointerstitial fibrosis 
ensuing. 

Each acute rejection episode would be responsible for the destruction of a 
certain number of nephrons and, ultimately, damage from hyperf:tltration would 
occur [ll]. 

6.4 Immune Mechanisms of Chronic Rejection 

Although their existence is highly probable, the immunological mechanisms that 
would be responsible for chronic rejection are still unknown. Little qualitative 
difference is seen between the type of cells infiltrating grafts during acute and 
chronic rejection or even in biopsies performed when the patient has no symptoms 
of rejection [14,77, l37]. In the chronic phase of rejection, the HLA match may have 
less impact on the rate of graft loss [86]. 

The major histopathological lesion of chronic rejection, from which the others 
ensue, is vascular damage in the form of a fibroproliferative endarteritis [121]. 
CD4+ lymphocytes and activated macrophages playa role in the initiation and 
amplification of the vessel-wall response, and macrophage products, TNF-a, IL-lb, 
TGF-f3 and platelet-derived growth factor (PDGF) can be detected. Endothelial 
cells within the graft are activated with upregulation of intercellular adhesion 
molecule 1 (ICAM-I) and MHC class-II molecules. Endothelial-cell activation 
probably results from release of TNF and IFN-yfrom inflammatory cells [99], but 
also occurs due to viral infections and from an antibody effect. Activated endothe­
lial cells can produce cytokines, most importantly TGF-f3, which, itself, promotes 
further release of TGF-f3 from macrophages and endothelial cells. Both PDGF and 
TGF- 40 are potent smooth-muscle mitogens, and their action could account for 
smooth muscle-cell proliferation in the intima, whereas TGF- has powerful fibro­
genic properties, accounting for the fibrotic element of the vascular lesions. 

7 Non-immunological Lesions Promoting Chronic Allograft Destruction 

7.1 Loss of Organ Mass: the Role of Hyperfiltration 

Occupying a key position in the evolution of chronic allograft destruction is the 
loss of organ mass, which may follow a variety of insults, some immunological, and 
from which ensues an array of haemodynamic and metabolic adaptations that 
result in or contribute to further damage to the remaining tissue. Surgical ablation 
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of renal tissue produces a variety of changes in the remaining tissue that ultimately 
lead to damage to the rest of the renal mass [11]. Subsequent to this work, there has 
been much debate over whether this occurs in man, but a follow-up study of pa­
tients who had undergone partial removal of a solitary kidney confirm that similar 
mechanisms may be operative in man [93]. Brenner's group proposed that it was 
the sustained increases in glomerular blood flow and pressure in the remaining 
nephrons which led to structural damage in the remaining glomeruli. 

Later studies suggested that the primary determinant leading to structural 
damage is increased pressure rather than flow. This hypothesis has been challenged 
and it has been proposed that compensatory glomerular hypertrophy [148], the 
nature of the increased glomerular permeability [112], the increased amrilonia 
load of the remaining tissue [90] and disorders of lipoprotein metabolism ac­
companying proteinuria or renal failure [58] also contribute to the structural 
damage. Modena et al. [83] studied renal transplant patients with chronic rejection 
and found that the rate of decline in function correlated with the presence of 
diastolic hypertension, suggesting a role for haemodynamic factors in the progres­
sive loss of function. Experimental studies of chronic rejection in porcine and rat 
models have demonstrated raised glomerular pressure, glomerular hypertrophy, 
proteinuria and focal segmental glomerulosclerosis, features characteristic of 
haemodynamically induced renal injury [48,62]. The above evidence suggests that 
a kidney damaged prior to or following renal transplantation by immunological or 
non-immunological mechanisms will, eventually, on losing a critical proportion of 
its mass, be subject to progressive glomerular damage and continued tubulointer­
stitial scarring, irrespective of whether the original insult continues. 

7.2 Sufficient Nephron Dosing in the Transplant 

Terasaki's group (1994) further applied the hyperfiltration hypothesis to human 
kidney transplantation and studied five situations in which a real or relative reduc­
tion in renal mass is seen: (1) small kidneys from donors aged 4-6 years, (2) trans­
plants into large recipients weighing more than 100 kg, (3) grafts from females to 
males compared with males to females, (4) kidneys that experience rejection 
episodes, and (5) cadaveric grafts compared with living, unrelated donor grafts. 
A variety of factors have been suggested in the past to be responsible for the lower 
graft -survival rates of kidneys from infants [1, 16,54,97, 149], older donors [54, 107, 
149]; or transplants into obese patients [16]. It has been clearly shown that, with 
age, there is a decrease in glomerular numbers and size [94] and, predictably, 
implants of such compromised kidneys reduced graft survival in the study by 
Terasaki's group [141]. Assuming that the extreme situation of a small kidney 
transplanted to a large recipient would occur more frequently in female to male 
than in male to female grafts, a difference in graft survival would be expected. This 
was confirmed by Yuge and Cecka [149]. 

It is reasonable to assume that rejection episodes result in permanent kidney 
damage with reduction in renal mass. Thus, rejection can be expected to increase 
the rate of hyperfIltration damage. While it has been clearly shown that episodes of 
acute rejection have a marked effect on subsequent graft survival rates, it is more 
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difficult to distinguish the group in which hyperfiltration is contributing to long­
term decline in graft function from the patients who are still immunologically 
active. Transplants from living, unrelated donors give greatly improved long-term 
graft-survival results compared with those from cadaveric donors. This has been 
suggested to be because of the greater 'nephron dose' in a healthy kidney than that 
in many cadaver kidneys [106,129]. 

Further support for the nephron-dosing theory comes from Feehally's group 
[30], who noted that deteriorating kidney function, in five patients diagnosed as 
having chronic rejection, was arrested by simple dietary restrictions and no increase 
in immunosuppression. The similarity of pathological features of chronic allograft 
nephropathy and hyperfiltration has been reported [113] and the finding of a focal 
and segmental glomerulosclerosis is not unusual in a long-term graft [27]. 

7.3 Ischaemia-Reperfusion Damage 

The detrimental role of oxygen free radicals in ischaemia/reperfusion-induced 
organ injury has been studied extensively in various organs [40,75,82,100]. Ex­
perimental work has suggested an important role for free radicals generated from 
oxygen by activated xanthine oxidase at reperfusion in the cold-preserved heart 
and kidney transplant model [42,50,135]. Oxygen or hydroxyl free-radical damage 
to the vascular wall and the interstitial tissue may take place because of the con­
tinuing inflammatory process or through the formation of reactive species at the 
time of reperfusion. The ischaemia-reperfusion insult is known to cause endo­
thelial damage, with a subsequent response to injury resulting in intimal hyper­
plasia. It has been shown both in experimental aortic grafts [146, 147] and in renal 
transplantation in man [65,66] that the duration of ischaemia is important in pre­
dicting poor graft survival. Kidney allografts with prolonged warm ischaemia 
times show an increased frequency of acute rejection, and possibly, as described 
above, chronic vascular damage. Conversely, a decrease of ischaemia time signi­
ficantly decreases later vascular and glomerular changes [85, 144]. 

Land's group (1994) showed that intraoperative treatment of kidney-transplant 
patients with human recombinant superoxide dismutase (SOD) for ablation of free 
radical-mediated reperfusion injury of cold-stored allogeneic cadaveric donor 
kidneys, significantly reduced the number of incidences of acute rejection as well 
as chronic rejection. Land proposed a working hypothesis for this beneficial effect 
based on the principle that the main target of free radical-mediated reperfusion 
injury is the microvascular endothelium. In his scheme, the injury has the potential 
to upregulate RLA-DR and adhesion molecule expression with an increase in 
phagocytic and inflammatory activity due to greater APC reactivity in the graft 
[38]~ It can be seen that free radical-mediated or reperfusion-induced graft endo­
thelial injury could be the key event contributing to the obliterative endarteritis 
seen in the longstanding, failing graft. 

The beneficial effect of SOD on chronic rejection may be brought about by the 
primary prevention of acute rejection episodes, often associated histologically 
with endothelitis. Repeated acute rejection-mediated endothelial injury may, in 
this way, contribute to chronic obliterative endarteritis. 
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7.4 Hyperlipidaemia 

Lipoprotein abnormalities may also influence the long-term fate of the graft. In 
experimental heart transplantation in the rat and rabbit, an increased dietary intake 
of cholesterol will accelerate the process of chronic rejection of the graft [33]. 

Hyperlipoproteinaemia has an established role in the development of naturally 
occurring atherosclerosis [110, 116, 132]. It has also been shown that there is a 
strong correlation between the degree of hyperlipidaemia and the extent of histo­
pathological changes seen in chronic allograft nephropathy [23]. In chronic rejec­
tion patients, the same group have demonstrated higher levels oflipoproteins with 
atherogenic patterns than patients who have stable graft function. They also found 
that pre-transplant hypercholesterolaemia had a significant influence on graft 
function [24] and on graft losses due to chronic vascular rejection. The mechanism 
for this is thought to be oxidation of low-density lipoprotein (LDL) in a graft 
with an ongoing inflammatory process, oxidised LDL having the ability to induce 
class-II antigen expression [34]. Oxidised LDL may cause mononuclear inflamma­
tory cells present within the graft to release a factor that stimulates expression of 
ICAM-I, vascular adhesion molecule 1 (VCAM-I) and endothelial cell adhesion 
molecule 1 (ECAM-I). This would increase adhesion of monocytes to endothelial 
cells [35], with increased class-I antigen expression on human monocytes [34], 
leading to increased expression of PDGF-AA transcripts in smooth muscle cells 
(SMCs) and expression ofPDGF receptors on SMCs and a subsequent enhanced re­
sponsiveness of SMCs to PDGF [136]. Thus, the oxidation processes in the vessel 
wall and the oxidative modification ofLDL may play an important role in the devel­
opment of intimal hyperplasia, characteristic of chronic allograft nephropathy. 

7.5 Hypertension 

It is well established that hypertension damages endothelial cells and alters their 
function, as well as having effects on mitogenic expression in SMCs. Vasoactive 
pep tides, such as angiotensin II, endothelin 1 (ET -1) and thromboxane A2, are also 
direct mitogens or act together with other growth factors on SMCs. Thromboxane 
enhances immune reactivity, stimulates platelet aggregation and causes vasocon­
striction and SMC proliferation. Early results suggest that hypertension 1 year fol­
lowing grafting or pre-transplant hypertension affect subsequent loss of grafts due 
to chronic allograft nephropathy. 

7.6 The Effect of Cytomegalovirus on the Renal Allograft 

Cytomegalovirus (CMV) infection is an important cause of morbidity and mor­
tality among allograft recipients, described by Dummer et al. [26] in heart or 
heart-lung transplants who received cyclosporin. In the cardiac-allograft patient, 
there is also strong clinical evidence implicating CMV in the arteriosclerosis 
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characteristic of the long-term allograft [41,71,74]. CMV nucleic acids have been 
identified in the coronary arteries of heart-transplant recipients, with severe ac­
celerated allograft arteriosclerosis [51]. The possible role of herpes viruses [29], in 
particular CMV [46,47, SO], in the pathogenesis of native atherosclerosis has now 
been substantiated in recent studies [127]. 

It was Fabricant et al. [29] who demonstrated that, the herpes virus, that caused 
Marek's disease in chickens, induced athersclerotic lesions closely resembling 
those observed in classical atherosclerosis in human arteries. Lemstrom et al. [70], 
using a rat model and aortic allografts, demonstrated that CMV infection accele­
rated allograft arteriosclerosis. Infection at the time of transplantation was as­
sociated with a prominent early inflammatory episode and proliferation of in­
flammatory cells in the allograft adventitia, and was also shown to double the 
proliferation of SMCs within the intima. In renal allografts, the most striking 
feature is a CMV-associated glomerulopathy [49], similar in appearance to acute 
allograft glomerulitis, which may be modified or induced in some recipients by 
CMV infection [13, 7S]. In latent CMV infection of SMCs [SO, Sl], the virus may 
transform the cells by incorporating into the cell genome, inducing local prolifera­
tion and production of growth factors [7,43, Sl]. 

Studies on acute CMV infection in mice suggest an important role for natural 
killer cells [119] and it was also noted that two kinds of cytotoxic T cells were 
produced against immediate and late antigens [lOS, 109]. In company with other 
herpes viruses, CMV induces the expression ofIgG Fc receptors on the virus-infect­
ed cells [59], allowing interaction with granulocytes [76], leading to cell damage 
through enzyme and free-radical release. Human CMV infection upregulates IL-1f3 
gene expression, further enhancing inflammatory responses [55], along with up­
regulation of PDGF-BB, TGF-PI, ICAM-1 and lymphocyte function-associated 
antigen. The immediate early gene of the human virus codes for a protein with 
sequence homology and immunological cross reactivity with HLA-DR P chain, 
possibly enhancing alloimmune responses to donor antigens [36]. CMV also en­
codes a glycoprotein homologous to the heavy chain of MHC class-I antigens that 
has the ability to bind to P2 micro globulin [6]. Reinke et al. [Ill] showed that in a 
sub-population of renal transplant patients with a late rejection episode, antiviral 
drugs were effective in reversing the increased creatinine level. The peripheral 
blood of these individuals has been shown to contain large numbers of memory­
type CDS+ cells. 

Systemic infections of various types have been shown to be associated with the 
development of chronic allograft nephropathy [2]. The study found that CMV, 
other viruses and bacteria were all risk factors and suggested that, although infec­
tion and rejection are entirely different clinical events and necessitate different 
interventions, it is clear that the body's response to these two events is similar. Both 
allo- and microbial antigens stimulate the secretion of similar cytokines, namely 
TNF, IFN-yand IL-6. 
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The vascular changes in chronic allograft nephropathy are chiefly represented by 
narrowing of the arteriolar lumen secondary to a proliferative endarteritis that 
progressively obliterates and causes the vessels to undergo fibrosis. In another 
pattern, there is mononuclear infIltration of the intima associated with vascular 
smooth muscle proliferation. These cells migrate from the media to the intima, 
along with modifications of the arterial endothelium and intimal deposition 
of extracellular matrix. At an advanced stage, diffuse arteriolar obliteration is 
found along with massive interstitial fibrosis, tubular destruction and extensive 
glomerulosclerosis. The aetiology is multifactorial and complex and shares many 
features with other inflammatory responses involving the cytokine-adhesion 
molecule cascade. 

However, there is growing evidence that the primary event in the development 
of this obliterative arteriosclerosis occurs as a 'response to injury', thought to be the 
underlying mechanism for the development of generalised atheroma. Primary 
endothelial injury would be the key event. This theory, formulated by Ross and 
Glomset in 1976 [117],and modified by Ross in 1986 [116], states that the lesions of 
atherosclerosis are initiated as a response to some form of injury to the arterial 
endothelium. In chronic allograft nephropathy, there may be repetitive endothelial 
injury or endothelial activation with intimal proliferation, hypertrophy and repair. 

On a cellular level, the process in the vascular wall is characterised by migration 
of SMCs into the intima, with subsequent proliferation of these cells driven by 
paracrine or autocrine growth-factor stimulation [147]. The most important 
chemoattractants for SMCs are PDGF, TGF-, IL-, and insulin-like growth factor 
type I (IGF-l), which may be involved in the migration of SMCs from the media to 
the intima [32,45,103]. Proliferation of SMCs may be induced directly by PDGF, 
ETA and thrombin, or indirectly through the action of IL-, TNF- {X, TGF-P, vaso­
constrictive substances (ET-, angiotensin II, thromboxane A2) or oxidised LDL. 

The number of cytokines and growth factors possibly involved in tissue re­
modelling of chronic allograft nephropathy is large. There is certainly evidence 
that PDGF plays an important role in the development of the chronic vascular 
changes [44], as in naturally occurring atherosclerosis. It may be secreted by a 
number of cells, including monocytes/macrophages [120], endothelial cells [22], 
vascular SMCs and glomerular mesangial cells [124], or may be released when 
platelets aggregate or become activated in the vessel wall. PDGF has been demon­
strated to be present in renal transplants undergoing chronic vascular rejection 
and in experimental heart and aorta transplants in the rat, simulating chronic 
vascular rejection. Furthermore, it has been demonstrated that PDGF-P receptors 
may be upregulated in tissues in which there is a chronic inflammatory process, 
such as chronic vascular rejection [31], as well as in experimental glomerulo­
sclerosis. The expression of PDGF has been shown to be regulated by certain cyto­
kines, vasoactive peptides (angiotensin II) and oxidised LDL [136]. 

Endothelial cell damage leads to reduced synthesis of endothelial-derived 
relaxing factor or nitric oxide (NO) [73], which was demonstrated following ex­
posure to oxygen free radicals at reperfusion [105]. Due to the anti-proliferative 
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properties of NO, this may further enhance graft atherosclerosis. The damaged 
endothelial cell will release cytokines, including IFN-y, IL- and TNF-cc, increase 
expression of adhesion molecules ICAM-I, VCAM-I and ELAM-1 [101,128], up­
regulate class-II expression and become more permeable to plasma proteins. The 
cytokine gradient, thus established, favours leucocyte adhesion and activation. 
Finally, neutrophils, lymphocytes and macrophages migrate to the area and enter 
the surrounding tissues. The activated cells, particularly macrophages, elaborate 
cytokines and growth factors that increase smooth muscle proliferation, leading to 
eventual luminal obliteration. 
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Recent work has suggested that TGF- has a key role in the genesis of the two 
elements of chronic allograft nephropathy, namely SMC proliferation and fibrosis 
[118] (Fig. 2). TGFPI is a secretory product of many cell lines, including platelets, 
T cells, mesangial cells and monocytes/macrophages, and is a multifunctional 
cytokine [114].1t is a prominent member of the cytokine cascade involved in tissue 
repair, and considerable data support its fibrogenic properties [9]. Sharma's group 
[118] showed that intragraft expression of TGF-PI is a significant molecular cor­
relate of interstitial fibrosis and chronic allograft nephropathy. They suggested that 
the specificity of this association was emphasised by the lack of correlation 
between histological features of either interstitial fibrosis or chronic allograft 
nephropathy and intragraft demonstration of type-I cytokines (IL-, IFN-y), type-II 
cytokines (IL-, IL-), and cytotoxic attack molecules (granzyme Band perforin). 

9 Summary and Future Prospects 

Chronic allograft nephropathy is a major threat against long-term function and 
survival of transplanted kidneys. The pathogenesis is complex and multifactorial 
and involves immune processes against vascular and extravascular tissue com­
ponents, perfusion failure and an array of haemodynamic and metabolic adapta­
tions that occur in response to loss of organ mass. Today, there is no established 
treatment, although greater understanding of the pathogenesis has enabled new 
therapeutic strategies to be identified. The first strategy would be the optimisation 
of immunosuppressive treatment and development of new immunosuppressive 
agents. Next, metabolic intervention, in the form of lipid-lowering agents, anti­
oxidants and thromboxane antagonists is of great importance. Third, prompt 
treatment or prevention of CMV and other infections is now recognised as vital for 
long-term graft survival. Finally, and perhaps the most exciting, is the development 
of new drugs to inhibit SMC proliferation. It is hoped that, although graft destruc­
tion appears inevitable, it may be possible in the future to reduce the intensity of its 
progression. 
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Liver transplantation is now a well established and widely used treatment for 
otherwise incurable liver diseases. Steady improvements in donor organ preserva­
tion, surgical techniques and immunosuppressive regimens have reduced the rate 
of complications and allowed many patients to live long after liver transplantation. 
Likewise, a wide use of diagnostic liver biopsies has increased the confidence of 
pathologists in interpreting allograft changes at all stages after surgery. In many 
instances, histological assessment remains the "gold standard" for diagnosis. Due 
to an increasing number of active liver-transplantation programs and prolonged 
patient survival, pathologists working in specialised centres as well as those 
working in referring hospitals may be confronted with liver-allograft biopsies. 
Therefore, basic knowledge of this topic is now of clinical and academic impor­
tance. In the following account, the various pathological changes that may affect 
liver allografts are reviewed with an emphasis on diagnostic difficulties. 

2 Indication and Timing of Liver Biopsy 

The indication and, in particular, the timing of a biopsy vary greatly throughout 
different centres, depending on the number of patients in therapy trials assessing 
new immunosuppressive or antiviral drugs. As a baseline, most groups will take a 
needle-biopsy specimen during surgery at some point after reperfusion of the graft 
in the recipient (the "time-zero" biopsy) and, if there are no contraindications, on 
day 7, irrespective of graft function or clinical condition of the patient (protocol 
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biopsy) a second specimen is taken. Whenever possible, a protocol biopsy spe­
cimen is obtained at the I-year follow-up and again at 5 years in clinically stable 
patients. This is done prior to considering withdrawal of immunosuppression. Out­
side of these scheduled biopsies, specimens are taken on clinical indication, includ­
ing: (1) investigation of acute graft dysfunction, especially prior to modifying 
immunosuppressive therapy; (2) assessment of the response to a specific treatment 
and for the purpose of documenting intractable rejection prior to the use of a 
rescue therapy, such as FK506 (prograf); (3) investigation of a lesion of undeter­
mined nature; and (4) assessment of the progression of an allograft pathology of 
known aetiology, such as ductopenic rejection, biliary stricture or chronic hepatitis 
(CH) [either idiopathic or due to recurrent hepatitis B virus (HBV) or hepatitis C 
virus (H CV)] [94]. Fine needle aspiration [60] may offer advantages, but the techni­
que is demanding and only used routinely by a few centres. 

3 Donor Liver: "Time-Zero" Biopsy 

3.1 Pre-existing Donor Injury 

Severe macro-vesicular steatosis was recognised early as a cause of primary non­
function [97]. Large fat vacuoles are thought to interfere with the perfusion proce­
dure, and intracellular lipid may activate phospholipases with free-radical forma­
tion, thus exacerbating any reperfusion injury [122]. Liver with fatty change 
affecting 60%-70% of hepatocytes should not be used [12]. Lesser degrees of 
steatosis may not cause significant graft dysfunction if not combined with other 
risk factors, but correlate with early elevation of transaminases and, in subsequent 
histology, with the formation oflarge sinusoidal spaces -lipo-peliosis [34]. 

A few iron-loaded livers from undiagnosed haemochromatotic donors have 
been inadvertently transplanted. This is usually inconsequential, with progressive 
diminution of the siderosis following transplantation [98]. Severe siderosis per­
sisted in the rare instance in which the recipient had an underlying genetic defect 
in iron metabolism [58]. 

3.2 Preservation/Reperfusion Damage 

Cold ischaemia has been shown to damage the sinusoidal endothelium with sub­
sequent activation and platelet adhesion after reperfusion in the recipient [11]. In 
both experimental animals and humans, the changes due to cold ischaemia can 
only be detected by electron microscopy, and their impact on graft function and 
reversibility are uncertain. They are, therefore, of little clinical value in assessing 
graft viability as results would only be available after the graft had been inserted. 
Hepatocytes seem more sensitive to warm ischaemia, either related to pre-termi­
nal events in the donor or during warming up and reperfusion in the recipient. 
Various abnormalities have been described in "time-zero" specimens, including 
hepatocyte ballooning, spotty necrosis, apoptotic bodies, microvesicular steatosis 
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and neutrophilic polymorph aggregates. These are changes that may be seen in 
unused portions of donor livers. The changes identified in donor livers prior to 
transplantation are usually not predictive of graft failure, with the exception of 
macrovesicular steatosis, as already discussed. This is not surprising, considering 
that following cell death - which has no expression in conventional histology -
several hours are needed in a normally perfused organ for cell necrosis to become 
histologically evident. As a consequence, pathologists should be aware that perive­
nular hepatocyte necrosis or drop-out observed in a day-7 biopsy specimen may 
result from reperfusion damage, although it was not yet evident in the "time-zero" 
specimen. Another common finding in reperfusion specimens is a heavy centro­
lobular lipofuscin accumulation, most likely the result of abnormal lipid oxidation. 

4 Early Graft Changes Other than Rejection 

4.1 Primary Graft Non-function 

Primary non-function is defined as a situation where the graft completely fails 
to function in the presence of an apparently normal vascular supply and in the 
absence of an identifiable cause other than a likely preservation injury. It is charac­
terised clinically by lack of bile production, a marked elevation of transaminase 
levels, severe coagulopathy, renal failure and acidosis in the immediate post -opera­
tive period. The incidence varies from very low to 10% of grafts in individual 
centres and urgent re-transplantation is required. When unrelated to severe fatty 
change, a "time-zero" biopsy in these patients may show diffuse fine vesiculation 
of hepatocytes associated with widespread neutrophilic infiltration and focal 
necrosis [54]. Removed grafts show either massive fatty infrltration with fatty-cyst 
formation or varying degrees of widespread spotty or confluent, often haemor­
rhagic, necrosis. 

4.2 Acute Graft Failure/Massive Haemorrhagic Necrosis 

4.2.1 Hepatic ArteryThrombosis 

Hepatic artery thrombosis in the grafted liver exhibits a range of presentation from 
the most common rapid deterioration in liver function and appearance of ence­
phalopathy within 10 days of the transplant [59] to a remarkable preservation of 
function, particularly in children in whom this complication has a higher inci­
dence (9%-18% vs 5% in adult). This is often inconsequential in a non-transplant 
setting. Failed grafts show map-like areas of coagulative necrosis with haem or­
rhagic borders. In cases with a sub-clinical course, the findings of a positive blood 
culture for enteric organisms may first indicate this complication. It is uncommon 
for this to develop into major biliary complications or multiple liver abscesses 
secondary to ischemic cholangitis [42]. 
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4.2.2 Apparent Patent Artery 

In a small proportion of recipients, initial graft function is followed by sudden 
deterioration, progressing to acute liver failure within 3 -15 days of transplanta­
tion. In the early series, kinking of the hepatic artery was thought to be responsible 
and the term "septic hepatic gangrene" was applied because of the common con­
tamination of the dead tissue by gram-negative organisms. The non-committal 
terminology of massive haemorrhagic necrosis was used to acknowledge the 
haemorrhagic appearance of the graft in this situation [50]. There is now good 
evidence that a number of these cases are examples of antibody-mediated rejection 
or hyperacute rejection [115]. Occasionally, severe graft necrosis may represent 
hypovolaemic injury, to which the denervated liver seems to be more susceptible 
[49]. In addition, cases of haemorrhagic necrosis leading to early graft failure have 
been observed in patients transplanted for acute liver failure due to non-A non-B 
hepatitis. Electron microscopy of native liver and necrotic graft revealed toga-like 
viral particles, suggesting that a few cases of haemorrhagic necrosis might result 
from graft viral re-infection, possibly a single organ Shwarzman reaction [31]. 

Recently, high levels of interferon-rand tumour necrosis factor-a were detected 
in five cases of haemorrhagic necrosis, suggesting that cytokine-mediated inflam­
matory response may lead to a univisceral Shwartzman reaction [6]. Diffuse hepato­
cytic changes with nuclear pyknosis or loss, and scattered eosinophilic necrotic 
cells without a zonal distribution may be seen on liver biopsy prior to the develop­
ment of massive haemorrhagic necrosis. It must be noted that a well-demarcated 
infarct in a biopsy specimen is not always a forerunner of widespread graft ischae­
mia. Localised subcapsular necrosis or, in reduced grafts, necrosis along the line of 
surgical cut-down may have been sampled and are usually of no consequence. 

4.3 "Functional" Cholestasis and Hepatocyte Ballooning 

Perivenular cholestasis is a common finding after transplantation and, in itself, is 
of little diagnostic assistance. Functional cholestasis, also known as non-specific 
cholestasis syndrome, usually develops within the first 2 weeks in the absence of a 
documented cause [130]. Cholestasis is both hepatocellular and canalicular, affect­
ing predominantly acinar zone 3 and, variably, also zone 2. Associated hepatocyte 
ballooning may be extensive and occur early [82]. This common type of cholestasis 
has been attributed to subcellular organelle damage during preservationlreper­
fusion with subsequent interference of bile secretion. Clinically, the patient pre­
sents with increasing jaundice, without fever or other features of acute cholangitis. 
There is markedly raised conjugated hyperbilirubinaemia and alkaline phospha­
tase, with only a mild elevation of transaminases. In most instances, the clinical and 
histological features are completely reversible, but the jaundice may persist for 
weeks. In some cases, severe hepatocyte ballooning progressed to perivenular cell 
drop-out, suggesting an ischaemic basis for this lesion. 
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5 Liver-Allograft Rejection 

5.1 Generalities 

Rejection can be broadly defined as an immunological reaction to the presence of 
foreign tissue components that has the potential to result in graft damage, dys­
function and failure [53]. Like other solid organ transplants, rejection of the liver 
graft is divided into: 

- Hyperacute rejection: by definition associated with pre-formed anti-donor 
cytotoxic antibodies 

- Acute rejection: the most common form, in which prime T cells acting on target 
antigens playa major effector role 

- Chronic rejection: defined histologically as obliterative foam-cell arteriopathy 
and ductopenia, with precise mechanisms that are still uncertain. 

When compared with the heart or kidney, the liver has unique characteristics that 
affect rate, patterns and histological changes of rejection. First, a dual arterial and 
venous vascular supply, and a well-developed microvasculature - the sinusoids -
lined by a vast number of macrophages - the Kupffer cells - make the liver less 
susceptible to the effects of vascular thrombosis and more able to remove immune 
complexes, platelet aggregates and fibrin. In addition, the liver seems to release 
soluble class-I human leucocyte antigens (HLA) [14] capable of mopping up large 
quantities of antibodies. The distribution of class-land -II components of the 
major histocompatibility complex, the main targets of rejection, also plays a deter­
minant role in the rejection pattern. Both are strongly expressed on antigen-pre­
senting cells, which in the liver appear scanty and mainly localised within the 
connective tissue of the portal tracts. In the steady state, hepatocytes are negative 
for both class I and class II, whereas bile-duct epithelium and vascular endothelia 
normally express class 1. Aberrant or enhanced expression of HLA molecules 
under the induction of various cytokines does occur, not only in rejection, but also 
in various inflammatory conditions affecting the graft [117]. Such a change in 
expression is bound to have a triggering or modulating effect on the rejection pro­
cess, an important aspect considering the frequent graft infection by viruses. Final­
ly, the early replacement of highly immunogenic donor Kupffer cells by recipients 
cells [43] may constitute an additional explanation for the less severe course of 
liver-graft rejection compared with renal-graft rejection. 

5.2 Hyperacute Rejection 

This form of antibody-mediated rejection was thought not to affect liver grafts, 
even when inserted across ABO blood-group barriers. In retrospect, cases of 
haemorrhagic liver-graft necrosis were likely examples of hyperacute rejection. In 
the liver, these take days to develop, while in the kidney or in heart grafts, they may 
develop within hours [115]. Morphologically, the major vessels are patent, the graft 
is swollen, dark in colour and increased in weight. Histology shows haemorrhagic 
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necrosis, affecting both parenchyma and portal tracts, with fibrin thrombi present 
in the vessels [46]. Early immunohistochemistry will demonstrate bound immuno­
globulin G (IgG), complement Clq and C3, and the diagnosis should be confirmed 
by the detection of donor-specific antibodies in an eluate from the failed graft [21]. 
Individual livers might survive grafting across ABO barriers or in the presence of 
pre-formed IgG lymphocytotoxic antibodies. However, the risk of graft loss within 
the first 30 days is higher than in matched controls [22]. 

5.3 Acute Cellular Rejection 

5.3.1 Definition and Clinical Features 

Acute rejection is defined as inflammation of the graft elicited by a genetic dis­
parity between donor and recipient. It primarily affects interlobular bile ducts, 
venous endothelia and, occasionally, hepatic artery branches [53]. Acute rejection 
is the most common cause of graft dysfunction during the first few weeks after 
transplantation, with a peak incidence between day 5 and day 15. It may, however, 
recur or present for the first time at any point thereafter, usually in association with 
inadequate immunosuppression or concomitant viral infection [7]. The reported 
frequency varies from 50 % to 80 %, which probably reflects the differences in the 
minimal criteria used to make a diagnosis, the type of immunosuppression given 
and the number of biopsies performed [57]. When clinically apparent, there are 
systemic symptoms with malaise, fever, and a rise or stop in falling of the serum 
transaminases, y-glutamyl transpeptidase (GGT) and bilirubin. Leukocytosis and 
eosinophilia are often present. Unfortunately, clinical and laboratory findings lack 
sensitivity or specificity, and a liver biopsy or fine-needle liver aspiration is needed 
to confirm the diagnosis of acute rejection. 

5.3.2 Histological Findings 

Histological changes are regarded as the "gold standard" for diagnosis, although 
their respective significance remains unclear. In general, biopsy specimens show 
various combinations of the classical triad defined by Snover et al. [112], namely 
mixed portal-tract inflammation, bile-duct damage and venular endotheliitis 
(Fig. 1). 

The portal inflammation varies in intensity from one part of the biopsy 
specimen to another. Examination of a series of levels is recommended for a semi­
quantitative assessment of the process. Lymphocytes predominate and include 
large 'forms and immunoblasts. Most of the lymphocytes are CD8+ and, to a lesser 
extent, CD4+ T cells [71]. In addition, there are fair numbers of neutrophils and 
eosinophils; the latter said to have a prognostic value [36]. Periportal cell spillover 
is rare, may be seen after immunosuppression withdrawal and usually reflects a 
severe form of acute rejection. 

Bile-duct damage is variable. The most common change is an infiltration of 
interlobular bile ducts by both lymphocytes and neutrophils, a vacuolation of the 
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Fig. 1. Portal tract in acute rejection showing a moderate infiltration, predominantly of 
lymphocytes that obscure the outline of the portal venule (PV) and focally infiltrate bile-duct 
branches 

epithelium with nuclear irregularity, pyknosis and focal disappearance. The dense 
portal infiltrate may obscure bile-duct branches, but an actual loss of ducts is 
difficult to ascertain and cyto-keratin staining will often detect duct-epithelium 
overrun by inflammatory cells [65]. Occasionally, the number of neutrophils in 
both the wall and lumen of the ducts is such that the lesion mimics a suppurative 
cholangitis. In this setting, the change seems to reflect severe rejection, rather than 
ascending cholangitis. At this stage neutrophils are present in large numbers in the 
bile, which by culture is shown to be sterile [1]. 

Endotheliitis or venulitis refers to an attachment of lymphocytes to the endo­
thelium that may be lifted up with the formation of a clear subendothelial space in 
which lymphocytes accumulate (Fig. 2). Endotheliitis affects portal venules, which 
may be totally obscured by the dense portal infiltrate and, to a lesser extent, hep­
atic venules where the change is easier to identify due to a lighter surrounding cell 
inflltrate. Although not a prerequisite, endotheliitis is the most reliable sign of 
rejection during the early stages. In specimens obtained later, when the range of 
potential diagnoses is broader, it is of less assistance. On one hand, it is usually less 
prominent in late cellular rejection, while on the other, a mild degree of endothe­
Iii tis occurs in a variety of other conditions, including viral hepatitis. The small 
arterial branches seen in needle-biopsy specimens may show endothelial swelling 
and minimal endotheliitis. Fibrinoid necrosis is exceptionally seen in a biopsy spe­
cimen. Larger branches appear affected during cellular rejection as revealed by a 
marked attenuation of medium- and larger-sized arteries on arteriography [24]. 
Examination of very rare grafts that have failed from acute rejection have reveal-
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Fig. 2. "Acute vanishing bile duct" combining severe portal venulitis, obliterative foam-cell 
arteriopathy and absence of identifiable bile duct at 2 months post-transplant 

ed prominent luminal narrowing due to intimal inflammation and oedema. Peri­
venular cholestasis, feathery degeneration, hepatocyte ballooning and loss, and 
clusters of acidophilic or apoptotic bodies are inconsistently associated with cel­
lular rejection and may reflect the severity of rejection. It is important to note that 
perivenular changes may be out of proportion or even occur in the absence of 
significant cellular rejection. In this case, they probably indicate late reperfusion 
damage and/or non-rejection-related ischaemia. 

5.3.3 Grading of Cellular Rejection 

The many systems proposed to grade histological changes of acute rejection [23, 
29,55] have been inspired from the one originally proposed by Snover et al. [113]. 
It is based on scoring the three main histological components of acute rejection. 
These schemes vary slightly in that an increased emphasis is placed on some 
features, for example, the numeration of eosinophils [13]. In our centre, for the 
purpose of trial assessment, we have used the method adopted by the pathologists 
of the FK506 European multi -centre trial. In short, each of the three elements of the 
rejection triad are scored on a scale of 0 (none) to 3 (severe) , and a final rejection 
grade of 0 - 9 is obtained by adding up the scores of these three main features. 
A final score of 0 - 2 represents no rejection, 3 borderline, 4 - 5 mild, 6 - 7 moderate, 
and 8-9 severe rejection. Features that are inconsistently seen in acute rejection, 
such as periportal cell spillover, sinusoidal endotheliitis and perivenular necrosis, 
are used to upgrade the overall grade of rejection. In practice, we only transmit a 
global diagnosis to the transplant team, such as no rejection, mild, moderate or 
severe rejection. 
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Recently, a panel of recognised experts in liver-transplant pathology have reach­
ed agreement on a common nomenclature and a set of histological criteria for the 
grading of acute liver-allograft rejection [52]. This Banff schema, named after the 
place where the consensus conference is held, should certainly be adopted widely 
to improve comparisons of data among various institutions, keeping in mind that 
inter-observer variations are bound to be significant if pathologists from different 
centres have not agreed on definitions prior to using the system. However, it must 
be remembered that the relative importance of the three histological components 
remains uncertain and, although the qualitative diagnosis of acute graft rejection 
rests on histology, giving a score to the changes has not always accurately predicted 
response to treatment, risk of progression to chronic rejection or long-term graft 
survival. The reader is referred to the original paper for details of the Banff scoring 
system and additional guidance on biopsy reporting [52]. 

5.3.4 Outcome of Cellular Rejection: Intractable Rejection 

The histopathological diagnosis of acute rejection does not necessarily imply that 
the process is clinically significant and requires treatment. Whereas severe histo­
logical rejection is almost always associated with clinical and biochemical features 
of rejection, mild and moderate changes have variable clinical correlation. Protocol 
biopsies have disclosed mild to moderate histological rejection in the presence of 
normal transaminases. Early episodes of mild rejection can resolve spontaneously 
without adjuvant anti-rejection therapy [29]. Severity and requirement for treat­
ment are still best defined by clinical features in the context of a biopsy-confirmed 
rejection. 

Following treatment of acute cellular rejection with high-dose steroids, there is 
a return to normal histology or to minimal residual changes. In repeat biopsies, the 
mononuclear component of the portal infiltrate has largely disappeared, leaving 
behind a variable number of neutrophils and macrophages; the bile ducts may 
appear distorted with an atypical epithelial lining, which includes some piling up 
of nuclei, probably a feature of regeneration [113]. These post-rejection changes 
may suggest a cholangitic process and, when pronounced, a possible transition to 
chronic rejection. This diagnosis would be ruled out by clinical and laboratory 
recovery and/or histological resolution on a repeat biopsy. The diagnosis of intrac­
table rejection implies the continuation of cellular rejection as evidenced histo­
logically in a patient who has received a standard course of high-dose steroids, and 
in whom the next treatment change is likely to be a switch in the basic immuno­
suppression from cyclosporin to FK506 (Prograf). 

5.3.5 Differential Diagnosis of Acute Rejection 

In most instances, the diagnosis of acute rejection is clear-cut and easily distin­
guished from changes due to either preservation/ischaemic damage or biliary 
anastomotic stricture or leak, occurring in isolation. Problems arise when these 
complications co-exist with rejection. 
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Fig. 3. Enlarged portal tract due to oedema, bile ductular proliferation and sparse inflamma­
tory cells, secondary to a pathological process affecting the major bile ducts 

Single or clusters of apoptotic bodies associated with mixed inflammatory cells 
are frequently observed in the early post-transplant period. During the first 3 - 4 
weeks after surgery, a viral hepatitis does not usually enter the differential diagno­
sis. Perivenular confluent necrosis and loss with little inflammatory cell reaction is 
a sign of previous preservation injury or ischaemia. When associated with pro­
minent inflammation, in particular hepatic venular endotheliitis, the change anti­
cipates a more severe form of rejection and may reflect ischaemia due to rejection 
arteritis. 

Portal oedema with a light, mixed inflammatory cell infiltrate and subtle duct­
ular proliferation will favour a biliary pathology (Fig. 3). As mentioned in Sect. 
5.3.2, a denser infiltrate including large lymphoid cells and venular endotheliitis, at 
this stage, almost invariably signifies rejection rather than ascending cholangitis, 
even in the presence of neutrophils within the wall and lumen of the bile duct. 

5.4 Chronic Rejection 

5.4.1 Definition and Terminology 

If the diagnosis of acute cellular rejection is usually straightforward [23], chronic 
rejection remains a diagnostic problem due to inconsistency, insidious develop-
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ment and uneven distribution of the changes. Our group was first to add the 
disappearance of the intrahepatic bile ducts to the long-recognised foam-cell 
arteriopathy as basic components of chronic liver-allograft rejection, also known 
as the vanishing bile-duct syndrome [96]. Variable combinations of these two 
cardinal changes were subsequently accepted as a morphological definition of 
chronic rejection [37]. Arguments have been advanced against the term "chronic 
rejection" that imply a time parameter, while the changes as defined histologically 
can occasionally be present as early as 20 days after surgery - acute vanishing bile­
duct syndrome [63]. Synonyms such as "irreversible rejection" or "rejection with 
duct loss" have been proposed, but the most common term used is "ductopenic 
rejection", which has not yet supplanted the conventional term of "chronic re­
jection" [53]. 

5.4.2 Clinical Presentation 

Most cases of chronic rejection present between 2 months and 12 months after 
transplantation [127]. These follow one to several episodes of acute, but not neces­
sarily severe, rejection in the first 3 weeks. Some have shown a poor response to 
steroid treatment. Rarely, the presentation is insidious over a period of months, 
without previously documented episodes of acute rejection. Early on, clinical 
symptoms resemble those of acute rejection. Later, jaundice develops with a pro­
gressive increase in serum GGT, alkaline phosphatase and bilirubin levels. Selective 
hepatic angiography may show "pruning" of the intrahepatic arteries with poor 
peripheral filling [24]. Biliary strictures occur in a significant number of patients. 
The incidence of chronic rejection in different series has varied between 5 % and 
15% [129], but most centres report a decreasing incidence. Precise reasons for 
this are not known [81], but occasional protracted cases have been recorded up to 
9 years after transplantation [111]. 

5.4.3 Biopsy Diagnosis 

Early changes in a biopsy are difficult to interpret and repeat specimens are often 
needed to reach a diagnosis. There may be a transitional period when changes of 
acute cellular rejection persist (intractable rejection), but the cellular infiltration of 
morphologically abnormal bile ducts gradually lessens as the cholangiole destruc­
tion progresses [94] (Fig. 4a-f). 

Early changes that favour chronic rejection comprise variable combinations of 
the following: 

a) Light portal inflammation and oedema with damage to the small interlobular 
bile ducts in the form of distortion, epithelial atypia with nuclear pyknosis and 
focal disappearance (Fig 5a) 

b) Perivenular hepatocyte ballooning and drop-out, with or without early sclerosis 
and minimal inflammatory reaction (Fig. 5 b) 

c) Canalicular cholestasis in acinar zone 3 with feathery degeneration and a 
distinctive absence of periportal ductular reaction (Fig. 4) 
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Fig.4a-f. Sequential histology in chronic rejection (a, c);. acute cellular rejection with 
bile-duct damage (b) and loss (c); ductopenia with progressive attenuation ofthe portal cellular 
infiltrate (e, f). Note the absence of ductular reaction. a 7 days; b, c 2 weeks and 3 weeks; 
d, e, f 2 months, 3 months and 7 months after transplant 

b 

d 

f 
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Fig. Sa-c. Chronic rejection. a Portal tract at 2 months post-transplant showing foam-cell 
endarteritis with an inflamed, yet still identifiable, bile duct to the left of the field. b Perivenular 
confluent cell drop-out and ductopenic portal tract 6 weeks after transplantation. c see p. 75 

Subsequent biopsy specimens will show a progressive disappearance of the inter­
lobular bile ducts, which affects primarily the small « 75 llm) branches. Terminal 
portal axes devoid of bile duct may be difficult to identify as triads. Perivenular dis­
tribution of the cholestasis may help in this respect. Estimation of bile-duct loss is 
achieved by calculating the ratio of portal tracts without identifiable ducts to the 
total number of portal tracts present. Of the 20 examined, 10 (50 %) or more portal 
tracts devoid of duct have been considered minimal diagnostic criteria [53]. 
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Fig. 5. c Perivenular and bridging cell loss and fibrosis in a graft removed at 8 months after 
transplantation 

Sequential biopsy specimens are often needed over a period of months to reach 
this figure. 

The associated obliterative arteriopathy with intimal deposition of foamy 
macrophages affects arteries of larger calibre than the ones generally sampled by 
biopsy needles (Fig. 5 a). Its presence is indirectly suspected by persistent peri­
venular parenchymal cell drop-out. This is supposedly an ischaemic lesion which, 
when associated with early ductopenia, is a harbinger of evolving chronic rejection 
[125] (Fig. 5 b). Perivenular fibrous-tissue deposition is observed later (Fig 5c). 

5.4.4 Explanted Liver 

On gross examination, chronically rejected allografts are usually cholestatic and 
dark green. Slicing will show bright yellow streaks or dots, representing arterial 
branches that stand out due to intimal thickening and/or luminal occlusion by 
lipid-rich macrophages (Fig. 6a). On histology, most cases exhibit both foam-cell 
obliterative arteriopathy (Fig. 6b, c) and severe ductopenia (Fig. 4d-f), but one 
of the components may predominate and, in occasional cases, seems to occur 
independently. Ductopenia may be overlooked when restricted to the very small 
terminal branches, while the larger interlobular and septal bile ducts are well 
preserved. Conversely, only few muscular arterial branches may show foam-cell 
deposition. As a consequence, the minimal diagnostic criteria are difficult to estab­
lish. The changes in the liver may vary according to fluctuation in pathogenic 
mechanisms, time of observation after surgery and complicating conditions. In our 
centre, predominantly vascular cases occur in grafts removed early. Prior with-
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Fig.6a-c. Chronic rejection. a Bisected liver graft removed at 5 months. Peri-hilar region 
showing prominent thick-walled artery (Bright yellow in colour) and dark-green mottling of 
the parenchyma due to central cholestasis. b Early endarteritis with intimal lymphocytes and 
foam cells obliterating the arterial lumen. c Typical foam-cell arteriopathy such as observed 
later 

c 
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drawal of immunosuppression is associated with a marked lymphocytic chol­
angitis affecting septal bile ducts. In some cases, large intrahepatic bile ducts show 
secretory hyperplasia or metaplasia, pleomorphism of their epithelial lining, 
ulcerations and strictures, likely due to ischaemic cholangitis. In general, peri­
pheral ductular reaction is minimal or absent. Portal fibrosis is inconspicuous, 
unless a stricture of a main bile duct had dominated the course. In contrast, peri­
venular fibrosis (Fig. 5c) is common and may reach the stage of extensive centro­
central bridging septa with an apparent reverse lobulation. 

5.4.5 Differential Diagnosis of Chronic Rejection 

In addition to the difficulty of distinguishing early chronic rejection from 
unresolved cellular rejection, ischaemic cholangitis (see Sect. 6.2) may produce 
histological changes in the peripheral parenchyma that mimic those of chronic 
rejection; in particular persistent perivenular hepatocyte loss and cholestasis. 
Cholangitic changes with ductular proliferation are, in most instances, more 
pronounced and ductopenia is usually less severe than in chronic rejection. 

5.4.6 Outcome of Chronic Rejection 

In the past, chronic rejection was regarded as a progressive and irreversible loss of 
the intrahepatic bile ducts not responsive to immunosuppressive therapy, which 
required graft replacement. Since then, clinical and histological improvement, 
or resolution, has been observed in patients whose graft histology met the criteria 
of chronic rejection [51, 83]. Furthermore, an early study has suggested that FK506, 
in addition to being beneficial in cases of intractable rejection, may arrest the pro­
gress of ductopenic rejection [20]. Several uncontrolled studies have since report­
ed similar results with graft salvage in 50% or more of chronic-rejection cases. 
The rate of success presumably depends on the severity of either ductopenia or 
obliterative vasculopathy at the time of therapy conversion [131]. Histology shows 
a resolution of canalicular cholestasis, although some degree of ductopenia per­
sists, and in a few specimens a re-colonisation of the original duct channel from 
marginal bile ductules is reminiscent of duct formation from the embryonic ductal 
plate. 

5.4.7 Pathogenic Mechanisms 

The mechanisms of chronic rejection are questionable, and the controversy sur­
rounding the usefulness ofHLA matching has not been proven. [28]. T cell-mediat­
ed cytotoxicity is thought to take place; a predominance of CD8+ lymphocytes in 
the portal inflltrate having been associated with a higher risk of destruction of 
biliary epithelia [71]. In vitro, resting human intrahepatic biliary cells express 
class-I major histocompatibility complex (MHC) antigens, intercellular adhesion 
molecule 1 (ICAM-I), and relatively low levels oflymphocyte-function associated 
antigen (LFA-3), whereas stimulation with interferon-yalone or in combination 
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with tumour necrosis factor alpha (TNF-a) upregulates class-I MHC antigens and 
ICAM-1 and induces class-II MHC molecules [61]. Similar changes have appeared 
on small bile-duct cells during acute rejection. 

Overlap or a continuum between acute and chronic rejection is common, and 
there is some evidence that chronic rejection may, at times, represent the cumula­
tive effect of inadequately controlled acute rejection. The density of the cell 
infIltrate may diminish as a result of the progressive disappearance of the bile 
ducts, which are the main target antigens. The arterial lesion, which may have start­
ed early in the postoperative course, follows a complex interaction of factors [19], 
including initial damage to the endothelium, deposition of platelet aggregates and 
fibrin, altered haemodynamics, increased permeability followed by release of cyto­
kines and growth factors from platelets, endothelial cells or infiltrative immune 
cells and deposition of serum proteins and lipids. This triggers an influx of 'macro­
phages and a repair response that includes myofibroblast proliferation and, later, 
synthesis and deposition of matrix proteins. Ischaemia secondary to the oblitera­
tive arteriopathy may also contribute to the duct damage, as blood supply to the 
bile ducts is essentially derived from the hepatic artery. The severity of ductopenia 
parallels that of the obliterative arteriopathy [87]. A morphometric study showed 
that the microvascular destruction preceded bile-duct loss in both acute and 
chronic rejection and was most severe in the latter [69]. Persistent cytomegalovirus 
(CMV) infection as an independent risk factor for chronic rejection [84] has not 
been widely confirmed. 

6 Biliary Complications 

Biliary complications were once a major problem, with a reported incidence of 
50 % and a mortality of 30 % in the early series [8, 114]. With improved donor-liver 
perfusion and surgical techniques, the incidence has been reduced considerably; 
7 % - 29 % in more recent reports, with a mortality of less than 5 % [42]. Liver biopsy 
has relatively high sensitivity in spotting a biliary pathology as the likely cause of 
graft dysfunction, but it is of little value compared with radiological techniques in 
determining the type and site of biliary injury. 

6.1 Biopsy Diagnosis 

As in the non-transplant liver, changes secondary to a biliary pathology (Fig. 3) are 
characterised by portal oedema, a marginal ductular proliferation and a predomi­
nantly neutrophilic and eosinophilic polymorph infIltrate that varies from sparse 
cells to dense clusters often found within the wall or lumen of the ducts. A variable 
degree of perivenular cholestasis is present. Later in the post-transplant course, 
histology may reveal chronic biliary features in patients with an unsuspected 
biliary complication. In this situation, there is portal or portal-septal expansion 
due to loose connective tissue, ductular proliferation and a biliary type of limiting 
plate disruption that sometimes includes cholate-static changes with copper-asso-
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Fig. 7. Biliary sepsis. Oedematous portal tracts with dilated cholangioles, which are filled with 
inspissated bile, some having lost their epithelial lining and being surrounded by neutrophil 
polymorphs 

ciated protein deposition. Such a picture on an allograft biopsy often leads to an 
endoscopic retrograde cholangio-pancreatography (ERCP) or a percutaneous 
cholangiogram, depending on whether the patient had a direct duct-to-duct or a 
duct-to-Roux loop biliary anastomosis. 

When histology shows concomitant perivenular hepatocyte damage and drop­
out, the biliary injury is likely to have an ischaemic cause, otherwise known as 
ischaemic cholangitis [64]. Superimposed changes of "suppurative cholangitis", 
with numerous neutrophils overrunning small interlobular bile ducts, do not 
necessarily mean infection. Leakage of bile component may produce chemical 
cholangitis, a likely explanation during rejection cholangitis. The formation of 
micro abscesses, pus in the lumen of larger ducts and inspissated bile casts in 
periportal-dilated ductules most often reflect septic complications. Ductular chole­
stasis, as seen in the non-transplant patient, is often a marker of generalised infec­
tion or septicaemia, whether this has originated in the biliary tree or not (Fig. 7). 

6.2 Types and Timing of Biliary Complications 

Bile leaks, usually at the site of the biliary anastomosis or at the insertion site when 
a T-tube has been used, occur early after transplantation or at the time of T-tube 
removal. They can often be repaired endoscopically; but those developed at the site 
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of a duct-to-Roux loop anastomosis usually require surgical re-fashion. The T-tube 
itself may be the cause of the obstruction in some cases. 

Anastomotic stricture usually affects duct-to-duct anastomoses within the first 
2 - 6 months and presents as an asymptomatic rise in serum alkaline phosphatase 
and GGT activity, or with histological evidence of large duct obstruction. Anas­
tomotic strictures, as well as hilar strictures at the bifurcation of left and right 
hepatic ducts, may have an ischaemic cause and be presenting features of hepatic 
arterial thrombosis or chronic rejection. 

Multiple non-anastomotic strictures [62] are now well recognized as serious 
biliary complications that often require liver replacement. The clinical presentation 
is similar to that of the anastomotic complications. However, this occurs later after 
transplantation, and signs and symptoms of acute cholangitis may be found. 
Radiologically, the changes mimic those of a sclerosing cholangitis with dilatations 
and strictures of the intrahepatic bile ducts. This type of complication has been 
associated with ABO blood group incompatibility [108] and ischaemic cholangitis, 
whether it is related to thrombosis or to foam-cell arteriopathy [105].An increased 
incidence of diffuse extra-anastomotic strictures has also been reported in patients 
whose initial diagnosis was sclerosing cholangitis [68]. Finally, the complication 
has also been attributed to a prolonged cold ischaemia time [62]. In this situation, 
biliary destruction is thought to be a late result of the damage inflicted to the duct 
lining by stagnating bile during the period of cool ischaemia. It has been suggested 
that better technique of donor-liver harvesting, including extensive flushing of the 
biliary tree with the preservation solution, reduces this type of complication. 

Biliary strictures often remain asymptomatic for a considerable period of time. 
Advanced stage-3 biliary fibrosis and occasionally cirrhosis detected on biopsy 
might be the first manifestation years after transplantation. This was common in 
patients who had a biliary conduit as a first biliary anastomosis, a technique which, 
although preventing early biliary strictures, has been followed by progressive bile 
sludging. This is now of historical interest as the technique is no longer performed, 
and the majority of the patients who had this procedure prior to 1989 have had 
their biliary conduit subsequently replaced by a duct -to-Roux loop anastomosis. In 
rare cases, extrinsic bile-duct compression by exuberant amputation neuromas has 
been the cause of late large-duct obstruction. 

6.3 Allografts Removed due to Biliary Complications 

Allografts removed during the first 6 months after transplantation show bile-duct 
ulceration, necrosis, dilatations and/or strictures. These are often associated with 
areas of infarction. In some grafts, diffuse biliary-tract destruction is characterised 
by a dark -green staining of the tissue surrounding intrahepatic bile ducts, a pattern 
which is in keeping with a diffuse destruction of the duct lining with consequent 
bile extravasation. There may be large cavities with ragged margins, which some­
times contain bile-stained pus, necrotic debris, bile sludges or stones. Histology 
confirms ducts ulcers or destruction with a surrounding layer of bile-stained ghost 
tissue or inflamed granulation tissue lining irregularly dilated cavities (Fig. 8). 
There may be colonies of bacteria or fungi, the growth of which is facilitated by 
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Fig.8. Ischaemic cholangitis. Necrotic duct wall (lumen at the lower part of the field) showing 
ghost tissue with extravasated bile and a layer of fungi (black filaments) 

the reduced blood supply, which is likely to interfere with antibiotic's delivery. Bile 
sludges reveal a collagen skeleton, suggesting their origin from sloughed-off por­
tions of the necrotic bile-duct wall that acted as a nidus. In general, the changes 
seen in removed grafts affect the perihilar regions predominantly and unevenly, 
and are much more extensive than what might have been expected from the 
appearance of the biopsy. 

7 Infection 

Liver-transplant recipients are particularly prone to develop the types of infections 
related to major hepato-biliary surgery and to the use of intravascular catheters, as 
well as the spectrum of opportunistic infections known to arise as a consequence 
of immunosuppression. In addition, the liver allograft is the prime target of de 
novo or recurrent infection by the hepatotropic viruses. 

7.1 Viral Infections 

7.1.1 De Novo Hepatitis Band C Infection 

Routine screening for HBV and, since 1992, for HCV has drastically reduced HBV 
and HCV de novo infections. Exceptional cases of acute HBV infection are report-
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ed from hepatitis B surface antigen (HBsAg)-negative donors who were carrying 
anti-HBc antibodies. In our centre, the rate of acquisition of HCV infection has 
fallen from 3.7% to 0.3% since the introduction of routine and sensitive testing of 
both blood and organ donors [40]. Nevertheless, hepatitis Band C have to be con­
sidered in the differential diagnosis of a predominantly lobular hepatitis, found 
in biopsy specimens taken from 4 weeks onwards. At times, virus-like hepatitis 
changes are observed in the absence of any serum markers and the cause remains 
undetermined. The newly described hepatitis G virus (HGV), whether co-trans­
planted with HCV or acquired, seems to have an impact neither on the clinical 
course nor on the allograft pathology [38]. Thus, the majority of cases serologically 
confirmed as HBV or HCV infection represent reinfection and are considered later. 

7.1.2 Cytomegalovirus 

CMV infection, which has a peak incidence at about 25 - 38 days, may take the form 
of a non-specific hepatitis. CMV infection is suspected when dense clusters of 
neutrophils (microabscesses) are found throughout the parenchyma. Multi-step 
sections may reveal pathognomonic owl's eyes inclusions (Fig. 9). These are un­
common and focally distributed, particularly in specimens taken early in the course 
of the disease when immunostaining considerably increases the diagnostic yield 
[90]. In this respect, it is essential to use an antibody directed at an early CMV anti­
gen (MAB 810, Chemicon), which detects nuclear CMV long before typical inclu-

Fig. 9. Cytomegalovirus infection cha­
racterized by micro abscesses and a 
single large nuclear inclusion 
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sions can be identified. We find this technique more sensitive than the much more 
demanding, yet highly specific, in situ hybridisation [78]. Since the advent of pro­
phylactic regimens, histological detection of CMV infection in graft biopsy has 
become rare. Microabscesses can be seen in CMV-unrelated cholangitis. Recently, 
numerous mini-microabscesses were found in the biopsies of patients in whom a 
cause has not been identified; these appear to have no adverse effect on graft and 
patient survival [66]. 

7.1.3 Epstein Barr Virus 

Both primary and secondary infections with Epstein Barr Virus (EBV) have been 
associated with acute and chronic graft disease. Histologically, a lobular hepatitis 
with a characteristically diffuse inflltration of sinusoids by lymphocytes may 
occur, similar to that seen in non-immunocompromized hosts. In some patients, 
EBV hepatitis is associated with a dense portal inflltrate of large lymphocytes that 
can be difficult to distinguish from that of acute cellular rejection. The predomi­
nance of B cells, the absence of eosinophils, and a more widespread sinusoidal 
inflltration favour EBV infection. The diagnosis is confirmed by detection of viral 
antigen on immunostaining, using monoclonal antibodies to EB nuclear-asso­
ciated antigen or by in-situ hybridization [119]. The subsequent development of 
lymphomas in a small proportion of patients is considered later in the chapter. 

7.1.4 Rare Opportunistic Viruses 

Herpes simplex virus is a rare cause of allograft hepatitis, usually affecting 
children. It is characterised by foci of parenchymal necrosis, containing neutro­
phils and macrophages that may develop into extensive areas of confluent necrosis. 
Similar changes have occasionally been observed with varicella zoster virus (VZV) 
[18]. Dense intranuclear inclusions are seen in viable cells at the edge of the 
necrotic areas, but they are absent in biopsy specimens taken early. Adenovirus 
may produce a similar picture, particularly in children who required additional 
immunosuppression [74]. Early changes resemble the microabscesses seen in CMV 
hepatitis. Immunochemical staining, using an adenovirus-group antiserum (MAB 
805, Chemicon) allows an early diagnosis [106]. 

7.2 Bacterial Infection 

Although bacterial infections are almost invariably present after liver transplanta­
tion, morphological evidence of graft involvement with later abscess forma­
tion usually occurs in the context of biliary tract complications. The bile usually 
becomes colonised between days 7 and 10 and any interference with bile flow will 
make colonisation of the graft easy. Consequences are dramatic when ischaemia is 
associated with ischaemic cholangitis. Infarcted tissue becomes an ideal culture 
medium inaccessible to antibiotics and progressive suppurative destruction of bile 
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ducts and surrounding structures rapidly leads to abscess formation, usually an 
indication for urgent re-transplantation. Ischaemic cholangitis affecting the larger 
ducts may be observed on biopsy in the form of pus detected in small bile­
duct lumina, but this is not always the case. Persistent cholestasis, particularly if 
ductular bile casts are present, and subtle cholangiolitic changes may be the only 
sign of severe biliary sepsis (Fig. 7). 

7.3 Fungal Infection 

Both Candida and Aspergillus species may give rise to systemic infection, but these 
organisms are rarely observed in needle biopsies. They may be found in the 
necrotic areas of allografts removed for biliary sepsis (Fig. 9). Fungal infection has 
occasionally resulted in pseudo aneurysm formation and rupture of the hepatic 
artery. Other opportunistic infections, such as Pneumocystis carin ii, and isolated 
cases of listeriosis and cryptococcosis have been reported affecting extrahepatic 
sites. 

8 Disease Recurrence 

The possibility of disease recurrence after transplantation must be part of the 
continued evaluation of all liver-allograft recipients. This may have a significant 
impact on both the quality and the length of patient survival and, in this respect, 
may influence future patient selection for transplantation. The natural history of 
disease following transplantation is likely to be modified by the administration of 
immunosuppression; therefore, criteria for the diagnosis of recurrent disease may 
differ from those used to diagnose the original disease [96]. 

8.1 Hepatitis B Virus 

Following the first report of HBV recurrence after liver grafting [124], it soon 
became apparent that, without preventive measures, the vast majority of patients 
with circulating HBsAg at the time of surgery would reinfect their graft [17]. The 
resulting reduction in both graft and patient survival was important enough to 
question the role ofliver transplantation in the management ofHBV-induced liver 
disease. Since then, prophylactic measures have changed the outcome and good 
results are now achieved in this group of patients [103]. 

8.1.1 Natural History of Hepatitis B Virus Post-transplant Reinfection 

Early series showed the importance of viral replication at the time of surgery in 
determining the risk of recurrence in patients who had received minimal or no 
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immunoprophylaxis. In a survey of 334 patients from 17 European centres, re­
infection defined by HBsAg in serum was highest (67%) in patients with HBV­
related cirrhosis, and lowest (17%) in patents with fulminant hepatitis B (17%). 
The risk of reinfection in patients with hepatitis D virus (HDV) co-infection was 
intermediate; 40 % for those with a fulminant hepatitis and 32 % for those with cir­
rhosis [104]. Within the HBV -related cirrhotic subgroup, the risk of recurrence was 
higher in those seropositive for HBeAg and HBV DNA than in those seronegative 
for both (83 % vs 58 %). This high recurrence before the use of immunoprophylaxis 
severely affected survivals with a 2-year actuarial survival rate of 51.7% in HBV­
positive patients compared with 74.4%-88.0% in patients with various chronic 
liver disease [86]. 

8.1.2 Pathology of Hepatitis B Virus Graft Reinfection 

The first histological evidence of HBV recurrence is the demonstration of nuclear 
and cytoplasmic hepatitis B core antigen (HBcAg), approximately 2 - 5 weeks post­
transplant [92]; later, cytoplasmic and membranous HBsAg is present. A mild 
lobular hepatitis does not ensue before 8 -10 weeks and usually corresponds to the 
first graft dysfunction, which can be attributed to HBV infection [86]. The sub­
sequent course cannot be anticipated at this stage; histological changes recapitulate 
the full spectrum of liver lesions seen with naturally occurring HBV infection, but 
the disease progresses rapidly and a significant proportion of the patients have 
cirrhosis within an average of 2.5 years after surgery [123]. In addition, fibrosing 
cholestatic hepatitis (FCH) [15] develops in approximately 25% of reinfected 
grafts, with a rapid progression to graft failure. FCH is characterised by widespread 
hepatocyte ballooning, vacuolation and loss, and comparatively mild inflamma­
tory cell reaction. CKl9-positive neo-ductules extend from the periportal areas 
into the acinus accompanied by extensive perisinusoidal fibrosis, and cellular and 
canalicular cholestasis is often severe (Fig. 10 a, b). There is a massive accumula­
tion of both HBV genome - shown as diffuse HBV-DNA staining by in-situ hybrid­
ization - and HBsAg and HBcAg products. Other groups have emphasised different 
aspects of the lesion. Benner et al. [5] use the term fibrosing cytolytic liver failure 
to explain what might be the mode of cell death. Phillips et al. [92] distinguish 
a form with particularly extensive fatty infiltration - steato-viral hepatitis B. In 
spite of these differences, all studies report a rapidly progressive fibrosing lesion 
with little inflammatory reaction and an extreme degree of viral load, quite unlike 
any pattern previously described in HBV infection. Once established, the lesion 
appears refractory to therapeutic measures and re-transplantation has resulted in 
an accelerated pace of disease recurrence and progression [86]. 

8.1.3 Mechanism of Reinfection and Pathogenesis 

HBV recurrence may result from immediate reinfection during transplantation 
or soon after. Most likely, it recurs from the extrahepatic reservoir, particularly in 
late reinfection. HBV has been detected, and its replication demonstrated in peri­
pheral-blood monuclear cells after transplantation, prior to its reappearance in the 
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Fig. lOa, b. Fibrosing cholestatic hepatitis due to recurrent herpes B virus (HBV) in the graft. 
Disruption of the parenchyma with extensive pericellular fibrosis and intermingled neoduc­
tules; a Hand E; b reticulin 
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graft [32]. Immunosuppression may be responsible for the rapid progression of the 
liver changes in some patients. Additional factors might explain the unique pat­
terns observed after liver grafting. HBV-induced liver damage is mediated via HLA 
cytotoxic T lymphocytes directed at HBc-peptides expressed in association with 
identical class-I HLA antigens at the hepatocyte membrane [76]. The lack of HLA 
identity between graft and recipient might, therefore, interfere with the effective­
ness of the cytotoxic T-cell response and contribute to the unprecedented accumu­
lation of viral material. This was the case in one FCH liver with 1018 core particles 
[92]. A direct cytopathic effect of HBV has been shown in transgenic mice in 
which an overproduction of pre-S 1 inhibits HBsAg secretion from the endoplasmic 
reticulum [10]. A parallel has been drawn between that experimental model and 
human FCH, in which the massive viral burden might similarly interfere with cell 
function, leading to severe hepatocyte damage with minimal inflammatory reac­
tion. Specific viral mutations in the pre-core region has also been linked with 
severe post-transplant HBV reinfection [2]. 

8.1.4 Hepatitis D Virus Co-infection 

As a subgroup, patients chronically infected with both HBV and HDV have a lower 
risk ofrecurrence than patients infected with HBV alone (50% vs 80%) [88]. It is 
likely that the majority of patients with post-hepatitis HDV cirrhosis are HBV­
DNA negative at the time of transplantation. It is also possible that HDV exerts a 
repression on HBV replication and diminishes the risk of transmitting the helper 
HBV necessary for full HDV reinfection. Interestingly, HDV antigen may be seen in 
the majority of grafts within a few days without detectable HBV genome or gene 
products and in absence of virus-induced liver damage [16]. Later recurrence of 
HBV antigens in these livers at 3 - 6 months is associated with a massive expression 
of HDV antigen and an overt lobular hepatitis, suggesting that HDV requires HBV 
to cause liver damage. 

8.1.5 Effect of Prophylaxis and Treatment 

Early experiences determined that the main prophylactic measures are patient 
selection and passive immunoprophylaxis. Thus, from the early 1990s, patients 
with fulminant hepatitis B or D, chronic HDV infection or chronic HBV infection 
without detectable HBeAg or HBV DNA are primarily considered for transplan­
tation. Immunoprophylaxis is achieved by repeated long-term administration of 
HBsIg, started during the anhepatic phase. With such measures, the rate of recur­
rencehas been reduced from approximately 70% down to 30% after 3 years, and 
survival rates are now comparable to those obtained in elective HBV-negative re­
cipients [25,104]. HBsIg has limited availability and is very costly. Many patients 
show evidence of viral replication prior to being considered for orthotopic liver 
transplantation (OLT). Therefore, alternative therapies are being tested, in partic­
ular, interferon-a and nucleoside analogues, such as lamivudine and famciclovir. 
These compounds are variably evaluated in trials both as pre-emptive treatment to 
prevent graft reinfection and as post-transplant treatment for patients with overt 
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HBV recurrence. Preliminary results are encouraging, but also record some treat­
ment failure. Mutations in the HBV genome that facilitate the "escape" of HBV from 
the inhibitory effects of the specific treatment are a likely explanation in some 
cases and anticipate the future need to use combined therapies [120]. 

8.2 Hepatitis C Virus 

8.2.1 Pre-transplant Hepatitis ( Virus Infection 

The possibility to test for antibodies to Hev recombinant antigens has revealed a 
high prevalence of Hev infection among patients who underwent transplantation. 
Retrospective studies show that approximately 13 % -16 % of recipients had sero­
logic evidence of Hev infection [99]. This affects not only patients with a clinical 
diagnosis of hepatitis e, but also one third of the patients with end-stage alcoholic 
liver disease, lO % - 27 % of those with chronic HBV infection and at least half of the 
patients with cryptogenic cirrhosis. Patients with end-stage primary biliary cir­
rhosis (PBC) and sclerosing cholangitis are rarely positive. Interestingly, HeV is 
not detected in either the blood or liver of patients transplanted for non-A, non-B­
acute or late-onset liver failure [102]. 

8.2.2 Incidence and Impact of Hepatitis ( Virus Reinfection 

The incidence of Hev recurrence was grossly underestimated in early studies due 
to a low rate and late development of antibodies in the immunocompromized host 
[lO9]. Using polymerase chain reaction (peR), Hev RNA was detected in serum 
and/or liver tissue of 72 % and 95 % of patients whose liver and/or serum had been 
positive for anti-HeV antibodies, second-generation recombinant immunoblot 
assay (RIBA-2) or HeV RNA, respectively [33]. Now, most centres agree that recur­
rence detected by peR is almost universal. 

The consequences of Hev infection on the liver allograft are less devastat­
ing than those observed following HBV infection. Post-transplantation hepatitis 
occurs in approximately 40 % of patients with HeV reinfection [132]. Although the 
disease seems to run an accelerated course when compared with its counterpart 
in the non-transplant patient, the impact on the 5-year survival rate appears negli­
gible [40]. Genotype Ib and higher levels of viraemia post-transplantation have 
been linked with a more aggressive course [33,41], although high levels of Hev 
RNA can be found in the absence of allograft damage [9]. 

8.2.3 Pathology of Hepatitis ( Virus Allograft Infection 

There are no significant clinical or pathological differences between acquired or 
recurrent Hev infections [34]. When recognized histologically, Hev recurrence 
appears as a mild portal and lobular hepatitis with plate disarray, acidophilic 
bodies and a mild and inconstant fatty inftltration. This may be accompanied by a 
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Fig. 11. Hepatitis C recurrence in liver graft. Biopsy at 8 months, showing an enlarged fibrotic 
portal tract with a predominantly lymphocytic infiltrate including one aggregate and mild 
interface hepatitis 

rise in transaminase activity, but usually does not occur before 6 weeks. Progres­
sion to CH with portal lymphocytic aggregates occurs in 50 % of the patients after 
1 year and 79% after 4 years [45] (Fig. 11). Bile-duct injury is occasionally found 
[121]. Of 130 patients surviving more than 6 months, 12 % had no evidence of CH 
up to a median of 20 months follow-up; 54% had mild CH; 27% moderate CH 
within a median follow up of 35 months; whereas ten patients had documented 
cirrhosis at between 2 years and 11 years post-transplant [40]. Rare cases of pro­
gressive cholestatic hepatitis leading to allograft failure within the first 2 years 
after surgery have been ascribed to recurrent hepatitis C [107]. 

The changes of hepatitis C may be difficult to distinguish from those of acute 
cellular rejection, which at times may co-exist. In HCV infection, the portal infil­
trate is predominantly composed of mature lymphocytes. These tend to form 
aggregates and show an intimate association with small bile ducts, which may be 
infiltrated, but not destroyed, and with portal venules with no frank endotheliitis. 
At this late stage post-OLT, the associated yet mild lobular hepatitis also favours 
HCV infection. In most cases where there is doubt, the changes are overall mild, 
and adinical evaluation of HCV-RNA results and the level of immunosuppression 
may be of assistance. It is important to remember that untreated mild rejection is 
often innocuous [29]. 
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8.3 Primary Biliary Cirrhosis 

The possible recurrence of PBC in the allograft, first suggested in 1982 [79], 
has been the subject of considerable controversy in the literature. This is mainly 
due to the lack of a specific marker. The persistence after transplantation of elevat­
ed IgM and anti-mitochondrial antibody (AMA), as reported to a variable extent 
in most studies [30]), and the recurrence or de novo development of extrahepatic 
disorders commonly associated with PBC suggest that the underlying host defect 
remains uncorrected by removal of the diseased liver; it does not necessarily follow 
that disease is affecting the graft. Histology remains the "gold standard" by which 
disease recurrence is identified. However, even histology may be difficult to inter­
pret since the rejection process is focused on the bile ducts, and stringent criteria, 
such as the presence of granulomas, are required (Fig. 12a), a requirement which 
is bound to underestimate the actual rate of recurrent disease. 

Pathologists from different centres have now observed convincing granuloma­
tous bile-duct destruction on biopsy specimens from patients who received a graft 
for end-stage PBC, 3-4 years earlier [4]. In a large study, the incidence of recur­
rence was 16 % and most of the reported cases were classified as grade 1-2, and 
sometimes grade 3 [93]. Other groups argue against PBC recurrence [44]. The 
apparent discrepancy between studies may reflect differences not only in the 
diagnostic criteria used, but also in the size and frequency of biopsy specimens, 
considering the patchy distribution of the lesion in its early stage. In addition, an 
early recurrence observed in patients on low immunosuppression [131] and the 
fact that the majority of the patients in centres having observed recurrence were on 
low-dose or no steroids at that time, suggest that immunosuppression regimens 
do playa role [27]. Also, a recent study from a centre where recurrence was not a 
feature in the past documents disease recurrence in two of 13 PBC patients follow­
ing weaning of immunosuppression [70]. Interestingly, a re-expression of pyruvate 
dehydrogenase complex (PDC-E2), the main AMA component, has been shown 
recently at the apical region of the bile-duct epithelium in 28 grafts of 38 PBC pa­
tients, but in none of 29 controls, and 8 of the 28 grafts showed concomitant histo­
logical changes of PBC recurrence [126]. It must be noted that disease recurrence 
seems to have little impact on either the quality of the patient's life or medium­
term survival after transplantation, and the potential recurrence is at present more 
of academic than clinical importance [95]. 

8.4 Primary Sclerosing Cholangitis 

In comparison with PBC, the diagnosis of possible recurrence of primary sclerosing 
cholangitis (PSC) is more complex. In the patient's native liver, the diagnosis of PSC 
is made primarily by imaging the biliary tree, with demonstration of beading, 
strictures and dilatation of intra- and/or extrahepatic bile ducts. Intrahepatic chol­
angiographic appearances and histological features of PSC are usually non-specific. 
Serologically, the presence of anti-neutrophil cytoplasmic antibodies (ANCA) has a 
variable incidence with the disease and, just as with PBC, the persistence of ANCA 
post-transplant does not imply recurrence of the disease in the allograft. 
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Fig. 12. a Recurrent non-suppurative and granulomatous cholangitis in a graft inserted 3.5 years 
earlier for end-stage primary biliary cirrhosis. b Fibro-obliterative duct lesion (lower left of the 
field) 2 years after transplantation for biliary cirrhosis due to primary sclerosing cholangitis 

An increased incidence of extra-anastomotic biliary strictures has been record­
ed in patients transplanted for Psc. However, most patients transplanted for PSC 
will have a duct-to-Roux loop anastomosis, which may have a higher incidence of 
biliary complications than a duct-to-duct anastomosis. As already discussed, a 
similar pattern of non-anastomotic biliary strictures and beading can also be pro­
duced by ischaemic-related biliary complications, which may follow thrombotic 
arterial occlusion, extended cold ischaemic graft preservation or immunologic 
injury (ABO incompatibility, rejection arteriopathy) [108]. 
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Nevertheless, in a large retrospective study, a "blinded" analysis of post-trans­
plant biopsies showed a higher incidence of biliary complications, including 
characteristic fibro-obliterative duct lesions, in patients transplanted for PSC than 
in other disease groups [48] (Fig. 12 b). These data add to the growing evidence that 
PSC patients are more susceptible to post-transplant biliary complications with 
radiological and morphological appearances identical to those of the original 
disease [110]. The question of whether these cases represent recurrent or acquired 
sclerosing cholangitis remains unanswered. 

8.5 Auto-immune Hepatitis 

Recurrence of auto-immune hepatitis (AIR) was first described in a female patient 
in whom a reduction of the dose of corticosteroids was followed by a rise in serum 
aspartate aminotransferase (AST), IgG and auto-antibodies. Liver histology show­
ed typical features of CR with a dense mononuclear cell infiltrate in enlarged por­
tal tracts, piecemeal necrosis and some parenchymal bridging collapse. The clini­
cal, serological and histological features resolved as the dose of corticosteroids was 
increased [80]. In an analysis of 43 patients with AIR, histological evidence of 
disease recurrence was found in 11 female patients at a median of 18 months after 
transplantation; 9 of these recurrences received RLA DR3 mismatched grafts 
[133]. 

8.6 Recurrence of Primary Liver Tumour 

Tumour recurrence has been very high in all early series, and retrospective studies 
have allowed the identification of factors that were associated with the best results, 
in particular with the lowest rate of tumour recurrence. Thus, current indications 
are largely based on past experience which is reviewed briefly here. 

8.6.1 Hepatocellular Carcinoma 

Early recurrence has occurred in most hepatocellular carcinomas (RCC) larger 
than 8 cm, in those with multiple nodules affecting both lobes (Stage IVa) and 
in nearly all cases with lymph-node metastases, gross vascular invasion or extra­
capsular growth diagnosed at the time of surgery [100]. These categories, which 
include the vast majority of patients who present with symptoms related to their 
tumour, now preclude transplantation, as palliation is better achieved by limited 
resection. After transplantation, however, tumour growth appears enhanced by the 
suppression of host immunity [134]. In contrast, the prognosis is excellent with 
small tumours incidentally found in explanted livers. The recurrence rate has also 
been low in cirrhotic patients with tumours of less than 4 cm, single or multiple, 
but unilobar, and who have been diagnosed as part of prospective screening or 
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thorough radiological work-up prior to transplantation [72]. Interestingly, in a 
retrospective study comparing morphology and imaging, although radiology had 
been inaccurate in diagnosing small lesions and satellite nodules, it had correctly 
identified all the lesions that eventually recurred [101]. 

8.6.2 Fibrolamellar Hepatocellular Carcinoma 

The recurrence rate of fibrolamellar hepatocellular carcinoma (FL-H CC) has been 
unexpectedly high for a tumour, reputedly slow-growing and of high resectability. 
The absence of symptoms in these non-cirrhotic patients often allows the tuinour 
to grow to considerable size and most patients submitted to OLT have particularly 
advanced lesions. In addition, histology of the resected tumour often reveals 
foci that differ from the classical appearances by being occupied by smaller cells 
with a more basophilic cytoplasm and a scanty fibrous stroma. Whether these foci 
reflect a more aggressive tumour from the start or a natural transformation in 
lesions that have been allowed to evolve for prolonged period of time remains to 
be determined. Despite the high recurrence rate of 40%-83% reported by indivi­
dual centres, overall survival figures compare favourably with those of non­
FL-HCC [73]. 

8.6.3 Cholangiocarcinoma 

The recurrence rate of cholangiocarcinoma (CCA) has been generally higher than 
that of HCC [85,91]. Both peripheral and central tumours show a propensity to 
invade lymphatics at an early stage. Microscopic deposits in perineurial lymphatics 
is often demonstrable close to the hilar resection of liver-bearing small tumours. 
The involvement of lymph nodes has been invariably followed by tumour recur­
rence with such a poor survival rate that a frozen section should be performed and 
a back-up case should be available at the time of surgery. 

8.6.4 Malignant Epithelioid Haemangioendothelioma 

Malignant epithelioid haemangioendothelioma (EHAE), mainly observed in soft 
tissue and lung, may rarely present as a liver tumour with or without evidence of 
extrahepatic growth. The clinical course is variable, but multiple tumour deposits 
in both lobes may lead to liver failure, in which case no therapeutic measure has 
proved effective, short of liver replacement [26]. OLT has been successful, even in 
patients with evidence of metastasis at the time of surgery [67]. Of four patients 
transplanted for EHAE in this centre with long-term follow-up, two with discrete 
tumour nodules affecting both liver lobes are alive and well at 3.5 years and 
8.5 years after transplantation. The other two died with tumour recurrence at 
9 months and 24 months; both explanted livers showed massive infIltration of both 
lobes and, in one, the tumour had extensively invaded the porta hepatis. In addi­
tion, histology in these two cases revealed atypical tumour foci, namely dilated 
vascular spaces lined by pleomorphic tumour cells which were reminiscent of an 
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angiosarcoma. Such findings may be associated with a more aggressive tumour 
behaviour. 

8.7 Alcoholic Steato-hepatitis 

Figures of 12%-95% have been produced from individual centres regarding the 
proportion of alcoholic recipients who have resumed alcohol use after OLT. A total 
of 154 graft biopsy specimens of 23 such patients after transplantation [3] has 
revealed a spectrum of liver damage, ranging from steatosis, central sclerosis and 
extensive pericellular fibrosis to cirrhosis. The latter was observed in nine biopsy 
specimens of four patients obtained from 6 months to 2 years post-tr~nsplant. 
We have observed rapid development of cirrhosis within 2 years of surgery in two 
patients. However, with the limited number of sequential biopsies available, it is 
difficult to determine to the respective role of non-alcohol-related graft injury and 
host-susceptibility factors in this unusually rapid progression. 

8.8 Budd-Chiari Syndrome 

Recurrence of thromboembolic phenomena have been well recognised and have 
contributed significantly to the post -operative morbidity and mortality in early 
series [47]. Vascular thrombosis can affect not only the hepatic veins, but also the 
portal veins and hepatic artery. Due to the efficacy of other surgical procedures, 
Budd-Chiari syndrome has now become a rare indication for transplantation that 
is reserved for those cases with extensive liver-cell loss or fibrosis. 

8.9 Metabolic Disorders 

Whether metabolic diseases recur after liver transplantation depends on the site of 
the metabolic defect. When the defect occurs primarily within the hepatocyte, such 
as in Wilson's disease aI-antitrypsin deficiency, replacement of the liver will result 
in correction of the disease. Long-term follow-up will be needed to determine 
whether iron will slowly re-accumulate in recipients with genetic haemochromato­
sis. Conversely, when the metabolic defect arises outside the liver, the disease state 
may persist after liver replacement. 

Recurrence of the original disease may not necessarily preclude liver replace­
ment as a therapeutic option. If disease recurrence is slow or can be prevented, then 
grafting remains an appropriate therapy. In addition, it is important to note that 
even with lysosomal disorders, such Gaucher's disease, Wolman disease and 
Niemann-Pick disease type A and C, in which enzymatic defects primarily affect 
the macrophage system and precursors, replacement of failing livers without bone­
marrow transplantation has been associated with significant and unpredicted 
beneficial effects on extrahepatic sites. This is now attributed to the persistence of 
migratory donor cells thatmay act as enzyme carriers [116]. 
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9 Late Changes of Uncertain Significance 

With improvement in patients' survival, an increasing number of allograft biopsies 
have become available 5 years after surgery. These may present more than one 
insult, making interpretation difficult [89] or reveal changes of uncertain signi­
ficance [111]. 

9.1 Structural Anomaly 

Hepatic structural anomalies are commonly observed and include hepatocytic 
plate disarray, with focal atrophy or thickening, patchy sinusoidal dilatation and 
hepatocyte anisonucleosis. Rarely, the changes are more marked with parenchymal 
areas seemingly compressed by somewhat nodular hyperplastic foci, suggesting a 
diagnosis of nodular regenerative hyperplasia (NRH). Such a diagnosis is difficult 
on needle biopsy, but best demonstrated on a reticulin preparation (Fig. 13a-c). 
In a few cases, the full picture of NRH has been shown on subsequently removed 
grafts (Fig. 13d). 

Although mild changes are common and of uncertain significance, there is good 
evidence that progression to NRH is related to azathioprine (AZA) toxicity. Similar 
changes have been described after a renal-transplant recipient is maintained on 
AZA. The changes are more frequent in late biopsies from patients maintained on 
AZA [Ill] than in those not receiving AZA [89], and regression of the changes has 
been observed following AZA withdrawal [40]. Additional factors may be an oblite­
rative portal and/or hepatic venopathy; one third of the patients in our study had 
potential clotting abnormalities after having received their liver graft for the Budd­
Chiari syndrome or were subsequently shown to have thrombotic occlusions of 
small vascular branches in the graft [Ill]. 

9.2 Chronic Hepatitis 

Portal lymphocytic infiltrates are common in biopsy specimens taken more than 
1 year after transplantation. These were earlier referred to as "late changes" to 
acknowledge their uncertain aetiology [129]. In some cases, there is sufficient peri­
portal cell spillover, interface and lobular necro-inflammatory changes to diagnose 
CH, the activity of which may range from minimal to severe and includes a vary­
ing degree oflobular cell loss up to parenchymal bridging collapse (Fig. 14a, b). 
A number of these cases have been subsequently diagnosed as recurrent HCY or 
HBC infection or AIH, but many patients remain with an undetermined cause for 
their CH features. A higher proportion of patients had been transplanted for PBC, 
reflecting either the prevalence of this indication or a possible disease recurrence 
with a histology lacking the pathognomonic features. In a recent study, fulminant 
hepatitis of undetermined cause in the native liver was suggested to be a risk fac­
tor for post-transplant CH [75]. An unrecognised form of cellular rejection might 
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Fig. 13 a, b. Structural anomalies presumably related to azathioprine. a Sinusoidal dilatation 
and congestion with concomitant thinning of the intervening hepatocytic plates at 9 months 
after OLT. b Nodular parenchymal hyperplasia which alternates with areas of seemingly 
compressed parenchyma 2.5 years after OLT. c, d see p. 97 
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Fig. 13. c Similar field as in (b), stained for reticulin. d Cut section of a liver graft removed 
6 years after OLT. There are evenly distributed parenchymal micronodules, which show a ten­
dency to bulge, whereas fibrosis is inconspicuous, a pattern characteristic of nodular regenera­
tive hyperplasia 
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Fig. 14a, b. Chronic hepatitis of undetermined aetiology. Parenchymal collapse bridging 
portal tracts together and to a hepatic venular region with prominent interface hepatitis: 
a H&E; b reticulin 
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be an explanation in other patients who show an immediate response to steroids. 
Recently, we have found elevated IgG and non-organ-specific autoantibodies in 
serum of some of these patients transplanted for non-autoimmune disorders. Most 
of these were children [56]. 

10 Post-transplant Lymphoproliferative Disorder 

Lymphoproliferative disorders (LPD) account for about one fifth of the reported 
instances of malignancies complicating immunosuppression [91]. Most cases 
affect B-cells and can be linked with EBV infection [77]. After OLT, priII?-ary or 
reactivated EBV infection of B cells produces a mononucleosis-like disease. In 
some recipients, impaired T-cell regulation allows EBV -driven B cells to proliferate: 
(1) into a polyclonal, pseudo-lymphomatous disorder, with tumour-like dissemi­
nation in various organs; and (2) more rarely, probably following gene mutation, 
into a true monoclonal B-celllymphoma. In situ hybridization and peR identify 
the presence of EBV in lymphocytes of the portal infiltrates and of extrahepatic 
pseudo-lymphomatous or lymphomatous deposits. A reduCtion in immunosup­
pression and antiviral drugs may be followed by regression of polyclonal disease, 
but is less likely to affect monoclonal proliferation; the distinction between the two 
is desirable. Unfortunately, the monomorphous blastic appearance of some poly­
clonal proliferations may make distinction from lymphomas difficult. A differen­
tial cell count using antibodies to 1C and A light chains is difficult on paraffin 
sections and, in most instances, confirmation of monoclonality requires gene rear­
rangement studies. 
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1 Introduction 

The last 10 years have seen a dramatic and dynamic expansion in the clinical dis­
cipline of bone-marrow and blood stem-cell transplantation, and an increased 
understanding of the underlying haematological and immunological science, 
particularly with regard to cellular and molecular biology. During this time, allo­
geneic marrow transplantation, using family-member donors has become much 
safer and, thus, more effective. A well-functioning global volunteer marrow-donor 
registry network has come on-line and, most dramatically, autologous transplanta­
tion is overtaking allogeneic transplantation in numbers. This is due in part to the 
increased safety of autologous blood stem cell as opposed to autologous marrow 
transplantation and in part to the demonstration of efficacy of the procedure in 
patients with lymphoma and breast cancer. 

Bone-marrow transplantation involves the administration of high-dose cyto­
toxic chemotherapy or chemotherapy and total body irradiation in an attempt to 
destroy the patient's underlying disease. In doing so, the marrow and immune 
system are ablated and need to be replaced by an infusion of haematopoietic stem 
cells (HSC). The source of such cells can either be from the patients themselves 
(autologous transplant), from an identical twin (syngeneic transplant) or from a 
genetically different but usually human leucocyte antigen (HLA)-matched individ­
ual (allogeneic transplant). The different types of transplants are summarized in 
Table 1, the diseases for which marrow transplantation can be utilized in Table 2 
and the key differences between autologous and allogeneic transplants in Table 3. 

Autologous transplantation works primarily through the administration of the 
high-dose chemotherapy or chemoradiation. In contrast, allogeneic transplanta­
tion involves, in addition, an immune attack on tumour cells not eradicated by the 
high-dose chemotherapy that is mediated by donor cells. This is the graft-versus­
tumour effect, best known in its graft-versus-leukaemia form. 

While bone-marrow HSCs have been the main source of HSCs for many years, 
peripheral blood HSCs are now the main source for autologous transplantation 
and are being used increasingly in allogeneic transplantation. Harvesting bone 
marrow cells requires a general anaesthetic for the donor, during which marrow is 
physically aspirated through needles inserted percutaneously into the posterior 
superior iliac crests. It has been known for many years that very low levels of HSCs 

Table 1. Types ofhaematopoietic stem-cell (HSC) transplants 

Type of DonorofHSC HLA-match between Source of HSC 
transplant HSC and recipient 

Autologous Self (patient) By definition Bone marrow or blood 

Syngeneic Identical twin By definition Bone marrow or blood 

Allogeneic Genetically Maybe 6 of Bone marrow, blood or 
different (except 6 HLA-identical or 5 cord blood 
for MHC genes) of 6 HLA-identical 
person: relatives 
or unrelated donor 

MHC, major histocompatability complex; HLA, human leucocyte antigen. 
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Table 2. Diseases that can be treated by haematopoietic stem-cell (HSC) transplantation 

Disease 

AMl 
All 
CMl 
Cll 
NHl 
HD 
MM 
MDS 
MF 
SAA 
Fanconi 
Thalassaemia major 
SCD 
SCID/ID 
Metabolic diseases 
Breast cancer 
Testicular cancer 
Ovarian cancer 
Neuroblastoma 

Commonest type of transplant used 

AMl, acute myeloid leukaemia; SAA, severe aplastic anaemia; All, acute lymphoblastic 
leukaemia; SCD, sickle cell disease; CMl, chronic myeloid leukaemia; SCID/ID, severe combin­
ed immune deficiency; Cll, chronic lymphatic leukaemia; deficiency/other congenital; NHl, 
non-Hodgkin's lymphoma; HD, Hodgkin's disease; MM, multiple myeloma; MDS, myelo­
dysplasia; MF, myelofibrosis. 

Table 3. Features of the different types of transplant 

Stem cells cryopreserved 
Transplant - related risk 
Risk of relapse 
Chance of cure 
Graft-versus-tumour effect 
Cost 

Autologous 

Yes 
low« 5%) 
Moderate-high 
Depends on disease 
No 
J, 

Allogeneic 

No 
Moderate-high (15 - 40 %) 
low - moderate 
Depends on disease 
Yes 
J, 

circulate in the blood under normal conditions, but this number can be greatly 
increased by administration of a haematopoietic growth factor (HGF), such as 
G-CSF or GM-CSF, by cytotoxic chemotherapy or by a combination of the two. 
When these cells are present in the blood in large numbers, they can be harvested 
by apheresis, using a cell-separator machine and requires cannulation of a vein in 
each arm. This 3-to 4-h collection process, however, is performed on an outpatient 
basis and requires no general anaesthetic. 

To undergo autolegous transplantation, the patient's marrow should be in 
remission or excellent partial remission in order to minimize the risk of tumour 
cells being collected, cryopreserved and subsequently infused into the recipient 
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after the high-dose chemotherapy. Since current chemotherapy regimes normally 
last 3 - 7 days and HSCs cannot be preserved for longer than approximately 48 h at 
4°C, autologous bone marrow or blood cells need to be collected and cryopreserv­
ed prior to the administration of high-dose chemotherapy. Allogeneic cells, utiliz­
ing a normal donor, in contrast, are normally given fresh. Allogeneic donors are 
most commonly HLA-matched siblings; a given individual has an approximate 
30% chance of finding such a donor. Less frequently, the donor may be an HLA­
matched or partially matched family member, other than a sibling; the patient will 
have an approximate 1 % chance of finding such a donor. Increasing use is now 
being made of unrelated donors who are normally matched with the recipient for 
at least 5 or 6 of the HLA antigens encoded at the HLA-A, HLA-B and HLA-DR 
loci. Currently, the global donor volunteer tissue-typed registry has approximately 
3.0 million such donors and, while the chance of finding a match is high (at 
least for Caucasians) (70%), such transplants are less frequently performed today 
than family member transplants because of the high transplant-associated risk 
involved. 

Autologous transplants have a low treatment-related mortality, similar to that of 
conventional cytotoxic chemotherapy. There is still considerable risk attached to 
allogeneic transplantation, primarily because of graft-versus-host disease (GVHD) 
and infection. While autologous transplantation is performed, at least in some 
centers, primarily on an outpatient basis, this is not yet the case for allogeneic 
transplantation and the difference in cost is due partly to this. Additionally, 
immune suppression needs to be administered for 6-12 months to allogeneic 
transplant recipients to minimize the risk of both graft rejection and GVHD. This 
does not apply to autologous transplantation. 

2 History of Clinical Bone-Marrow Transplantation 

In 1957, Thomas et al. [1] reported that large amounts of marrow could be infused 
safely into patients and described transient marrow engraftment. Mathe and his 
group [2] in Paris were the most active clinical group during the 1960s and, in 1963, 
reported the first case of complete engraftment with survival beyond 1 year. This 
patient with leukaemia developed acute and chronic GVHD and eventually died, 
free of leukaemia, 20 months later of varicella encephalitis. Dausset [3] described 
the first HLA-antigen in 1958 (HLA-A2). By 1968, the closely linked loci HLA-A and 
HLA-B were established and by 1971 the HLA-C locus was identified. These devel­
opments in the late 1960s and early 1970s set the stage for a more logical way of 
choosing a marrow donor than was previously possible. 

Storb, Thomas and the Seattle group utilized the canine model to determine the 
important predictive value of histocompatibility testing on transplant outcome 
and devised regimens for control of GVHD in dogs given dog leucocyte antigen 
(DLA)-identicallittermate marrow grafts. Based on these studies, the first elec­
tively HLA-matched transplants were performed in Seattle for aplastic anaemia [5] 
and for patients with end stage acute leukaemia [4]. In 1977, the Seattle group 
reported the results of HLA-identical sibling transplants in 100 patients with end­
stage leukaemia [6]. This now classical study illustrated the potential curative effect 
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Table 4. Historical landmarks in bone-marrow transplantation (BMT) development from 1980 
onwards 

1. Combination immune suppression (CSP/MTX) to control acute GVHD in HLA-matched 
sibling recipients 

2. Prophylactic ganciclovir to prevent CMV disease 
3. Use of autologous blood stem-cell transplants mobilized with haematopoietic growth 

factors or chemotherapy or both 
4. Use ofHLA-matched unrelated donors 
5. Use of cytokines to accelerate haematopoietic recovery post-transplant 
6. Use of cord blood transplants 
7. HSC selection 
8. Cellular immunotherapy with allogeneic lymphocytes for disease relapse or for some 

viral infections post-transplant . 
9. Ex vivo expansion of HSC prior to infusion 

10. Gene transduction of HSC prior to infusion 
11. Allogeneic blood stem-cell transplants. 
12. Transplantation for autoimmune disease 

CSP, cyclosporin; MTX, methotrexate; GVHD, graft-versus-host disease; CMV, cytomegalovirus. 

of marrow transplantation in acute leukaemia with 13 long-term disease-free sur­
vivors. Enthusiasm over this remarkable result, however, was tempered by the 
actuarial relapse rate of 70% and the high incidence of non-leukaemic deaths. 
It was reasoned that transplants performed in early remission should fare better, 
since patients would have a smaller tumour burden and would be in better clinical 
condition than end-stage patients. The report by the Seattle group in 1979 of trans­
plantation of patients with acute non-lymphoblastic leukaemia in first remission 
confirmed this [7]. It is generally agreed that the modern era of bone-marrow 
transplantation began in the 1970s, when current HLA-typing became available 
and when patients with acute leukaemia were subsequently transplanted in first 
remission rather than in relapse. 

Other landmarks in the development of bone-marrow and blood HSC trans­
plantation over the last two decades are described in Table 4. 

3 Biology of Haematopoietic Stem Cell (HSC) Transplantation 

3.1 Marrow Ablation: The Need for Marrow Space, Immune Suppression 
and Malignant Cell Eradication 

The elements needed for donor-origin haematopoiesis in allografted patients with 
leukaemia are shown in Table 5. Space is needed in the recipient's marrow to enable 
donor-origin stem cells to repopulate the patient's ablated marrow. The recipient's 
immune system also needs to be ablated to minimize the risk of marrow-graft 
rejection. This is achieved by the use of the same high-dose chemotherapy or 
chemoradiation conditioning regimen. 

Finally, the underlying disease (for example, malignancy) needs to be eradicat­
ed if the patient is to be cured. This is achieved by a combination of the high-dose 
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Table 5. Elements needed for donor-origin haematopoiesis in aliografted patients with leu­
kaemia 

1. Marrow space for donor stem cells (by marrow ablation). 
2. Eradication of recipient immune system (by immune suppression). 
3. Eradication of underlying marrow malignancy (by marrow ablation). 

marrow-ablative conditioning regimen together, in the case of allografted patients, 
with a graft-versus-Ieukaemia immune attack by donor T cells on residual reci­
pient malignant cells. 

3.2 The Haematopoietic Stem Cell 

The HSC constitutes approximately 1 in every 2000 bone marrow cells and has a 
2000-fold increase in the ability to confer protection from marrow-lethal doses of 
radiation. The human phenotype is CD34+ Thy-IIO (CDw90Io), lineage-, rhod­
aminel23lo c-Kit+, HLA-DR+/- CD38+t-; (rhodaminel23 is a mitochondrial dye, the 
uptake of which correlates with self-renewal capacity). 

Characteristics of the human multi-potential HSC are multi-lineage differentia­
tion, self-renewal capacity and the ability to reconstitute a marrow-ablated patient. 
Lineage negativity includes absence of the items detailed in Table 6. Human HSCs 
are normally selected because of their characteristic expression of the CD34 cell 
surface antigen. 

3.3 The Bone-Marrow Microenvironment 

Developing haematopoietic cells of both myeloid and lymphoid lineages exist, in 
vivo, in contact with the bone-marrow stroma. The cells and the extracellular 
matrix (ECM) of this tissue may contribute to the survival and differentiation 
of HSCs through close-range interactions with the haematopoietic cells. This so 
called paracrine support is thought to be mediated by a number of HGFs and 
growth regulatory molecules present on the surface of stromal cells or found as­
sociated with the stromal ECM. 

Table 6. Lineage negativity 

Linellge 

T cell 
B cell 
NK cell 
Myeloid cells 
Erythroid cells 

Cell-surface antigens 

CD7, 2, 3, 4, 8 
COlO,19 
CD 56, 16 
CD33,15 
Transferrin (CD71), glycophorin 
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Fig. 1. A schematic diagram of the features of the marrow micro-environment. Adapted with 
permission from K. Atkinson, editor of Clinical bone-marrow transplantation: a reference text­
book (1994) Cambridge University Press, Cambridge 

Haematopoietic cells interact with stromal cells and the ECM via an array of 
adhesion molecules, enabling early haematopoietic cells to localize next to cells 
and the ECM, which present HGFs (see "Cell interaction" box, Fig. 1). 

The haematopoietic environment also appears to have an array of mechanisms 
by which the activity of factors that influence haematopoiesis can be potentiated or 
attenuated. It is known, for example, that a number of cell-surface proteases are 
abundant on haematopoietic stroma, including CD 10, the common acute lympho­
blastic leukaemia antigen. These proteases can act upon factors that influence 
haematopoiesis either by activating "pro" molecules or by degrading active species 
(see "Modifiers" box, Fig. 1). 

In addition to paracrine support, a number of other factors influence the 
haematopoietic environment (see "Soluble factors" box, Fig. 1). Both the haemato­
poietic progenitors or the marrow stroma can be influenced by serum levels of 
circulating cytokines, hormones or other factors, for example, erythropoietin, 
stem-cell factor and glucocorticosteriods. These factors can be generated basally or 
induced under stress conditions. In this way, marrow output can be modulated by 
systemic events such as infection or anoxic stress. 

3.4 Haematopoietic Growth Factors (HGFs) 

Understanding of the molecules controlling haematopoiesis and lymphopoiesis 
has advanced markedly in the last 15 years. The key control components are the 
HGFs. These are shown in Table 7. Molecular control of human haematopoiesis by 
these factors is illustrated in Fig. 2. 
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Table 7. The haematopoietic growth factors 

Function 

Colony-stimulating 
factors 

Stem-cell factors 

Synergistic factors 

Inhibitorslbi-directional 
regulators 

Factors 

G-CSF 
GM-CSF 
M-CSF 
IL-3 
IL-5 
Erythropoietin 
Thrombopoietin 

Stem-cell factors 
FIt 3 ligand 

IL-l 
IL-6 
IL-7 
IL-9 
IL-1O 
IL-ll 
IL-12 
LIF 

TNFa 
TGF{3 
MIPla 
IFN6 

CSF, colony-stimulating factor; G, granulocyte; GM, granulo­
cyte-macrophage; M, macrophage; IL, interleukin; TNF, tumour 
necrosis factor; TGF, transforming growth factor; MIP, macro­
phage inflammatory protein; IFN, interferon; LIF, leukaemia 
inhibitory factor. 

3.S Haematopoietic Recovery Post-transplant 

115 

Leucocytes usually begin to reappear in the blood during the second or third weeks 
post-transplant. The rate of reappearance ofleucocytes, neutrophils, lymphocytes, 
monocytes, platelets and reticulocytes is shown in Fig. 3. Bone-marrow cellularity 
is normally decreased for the first 2-3 months post-transplant and may show two 
lineages at day 14 post-transplant, although all three cell lineages are usually 
represented in marrow aspirate samples by day 21 post-transplant. 

3.6 Immunological Recovery Post-transplant 

3.6.1 T Lymphocyte Number and Function 

T-cell repopulation is abnormal in recipients early after transplantation and in 
long-term patients with chronic GVHD, and is manifested by low levels of CD4+ 
cells and normal or high levels of CD8+ cells, producing a reversal of the normal 
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Fig. 3. Reconstitution of leucocytes, neutrophils, lymphocytes, monocytes, platelets and reti­
culocytes after human leucocyte antigen (HLA)-identical sibling marrow transplantation. The 
data are derived from 79 recipients of HLA-identical sibling marrow transplants for haemato­
logical malignancy, who were treated pre-transplant with cyclophosphamide 120 mg/kg and 
fractionated total body irradiation 12-15 Gy and were immune suppressed with cyclosporin. 
They received non-T cell-depleted bone marrow. Reproduced with permission, from Atkinson 
K. (1990) Bone Marrow Transplantation, 5: 209-226 
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Fig. 4. Reconstitution of lymphocytes, total T cells (CD3+), CD4+ T cells and CD8+ cells. The 
data are derived from 63 recipients of non-T cell-depleted HLA-identical sibling marrow. 
Immune suppression post-transplant was with cyclosporin (n = 53) or methotrexate (n = 10). 
Values shown are mean values. Asterisk (*) represents values significantly different from 
normal. Reproduced, with permission from Atkinson K. (1990). Bone Marrow Transplantation 
5:209-226 

CD4: CDB ratio (Fig. 4). In contrast, large granular lymphocytes with natural killer 
activity constitute a major proportion of lymphoid cells repopulating the peri­
pheral blood early after transplant. 

Cellular immunity measured in vivo by-skin testing, with delayed-type hyper­
sensitivity-recall antigens, such as Candida, Mumps and Tricophytin, is impaired 
for as long as 2 years after allogeneic transplantation. Monocyte numbers in the 
blood return to normal rapidly post-transplant. 

3.6.2 B Lymphocyte Number and Function 

Prior to 3 months post-allografting, cell populations of immature B cells express­
ing CD19 and CDS can be found in the blood. These immature B cells are not 
capable of producing quantitatively or qualitatively normal immunoglobulin (Ig) 
subclasses. By 3 months post-transplant, B lymphocytes have repopulated the peri­
pheral blood in allogeneic, syngeneic and autologous marrow recipients. 
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3.6.3 Serum Immunoglobulin (lg) Levels 

Within the first 3 months after transplantation, serum Ig levels are low. By 1 year, 
serum IgG and IgM have reached normal levels, but IgA levels remain low until 
approximately 2 years post-transplant. 

3.6.4 Graft-Versus-Host Disease (GVHD) and Graft-HostTolerance 

GVHD is a major complication of allogeneic bone-marrow or blood stem-cell 
transplantation. The transfer of tissues between normal individuals usually results 
in the recognition and destruction of the foreign tissue in a host-versus-graft re­
action (graft rejection). However, if immunologically competent cells are contained 
in the transplanted graft, the transfer can result in immunological recognition in 
the other direction, a graft-versus-host reaction. The requirements for the devel­
opment of GVHD include the requirements that the graft must contain immuno­
logically competent cells, that the recipient must be incapable of mounting an 
effective response to destroy the transplanted cells, and that the recipient must 
express tissue antigens that are not present in the transplant donor. 

In allogeneic bone-marrow or blood transplantation, the first requirement for a 
GVHD reaction is the presence of mature T cells in the marrow innoculum. The 
second requirement is the expression of recipient tissue antigens not present in the 
donor. In transplants between HLA-matched individual-donor recipient pairs, 
these antigens are, by definition, minor [non-MHC (non-major histocompatability 
complex)] histocompatibility antigens. 

Without prophylactic immune suppression, allogeneic transplant recipient 
transplantation is complicated by GVHD. Acute GVHD can occur within days or as 
late as 2 - 3 months after transplant. Chronic GVHD is defined as that occurring 
100 days or later post·transplant. 

The immunopathophysiology of GVHD is currently understood as a process 
with two consecutive phases. Recipient tissues first activate donor T lymphocytes 
(afferent arm). These activated T cells then secrete cytokines, which recruit addi­
tional cells, induce the expression of histocompatibility antigens and focus the 
attack of donor effector cells on recipient targets (efferent arm) [8]. 

The most commonly utilized immune-suppressive regimen for recipients of 
T-replete (as opposed to T depleted) marrow grafts is the combination of cyclo­
sporin and methotrexate. This normally needs to be given from immediately 
pre-transplant until between 6 months and 12 months post-transplant. In those 
patients who develop no or only mild chronic GVHD, cyclosporin immune sup­
pression can be tapered and stopped at this time, since graft-host tolerance would 
have developed in such an individual. 

There are three ways in which tolerance may be achieved: clonal deletion, clonal 
anergy, and active suppression. Evidence for all three mechanisms have been 
demonstrated in clinical and experimental bone-marrow transplantation. 
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4 Practical Considerations for Clinical Transplantation 

4.1 Commonly Used Age Limits for Transplantation 

Age limits for transplantation are often taken as 65 years for autologous blood 
stem-cell/marrow transplantation, 55 years for HLA-identical sibling transplanta­
tion and 50 years for unrelated donor transplantation. 

Table 8. General pre-transplant work-up 

Full blood count 

Urea, electrolytes, creatinine, calcium, phosphate, uric acid, blood sugar Coagulation tests 
(PT/APTT) 

Serology for CMV, HSV, VZV, HIV 1 and 2, HBV, HCV, EBV (VCA, EBNA, EBV, IgM), toxo­
plasma, HTLV 1 and 2 as appropriate 

ABO/Rh typing 

HLA typing/mixed lymphocyte typing (as appropriate)/lymphocyte crossmatch 

Creatinine clearance rate (24-h urine collection or isotope scan) 

CXR, ECG, left ventricular ejection fraction measurement 

Microbiology screening 

Throat swab, nose swab, Hickman catheter exit site swab (to detect organisms such as MRSA, 
MRSE, pseudonomas) 

Cerebro-spinal fluid examination 

In ALL, aggressive NHL or lymphoid transformation of CML 

Of doubtful value in AML 

Bone-marrow examination (morphology, cytogenetics, MRD determination and immune 
phenotyping) 

Review of original pathology 

Determination of chemosensitivity of underlying disease (as appropriate) 

Autologous stem-cell cryopreservation (as appropriate) 

Platelet support strategy (as appropriate) 

Dental check 

Social work department assessment 

Sperm banking/embryo storage/IVF counseling 

Remove any foreign bodies (e.g., biliary stents) if possible 

Family conference and consent form signing 

Start prophylactic medications (e.g., cotrimoxazole) 

PT, prothrombin time; APTT, activated partial thromboplastin time; HSV, herpes simplex virus; 
VZU, varicella-zoster virus; HIV, human immune deficiency virus; HBV, hepatitis B virus; H Cv, 
hepatitis C virus; EBV, Epstein-Barr virus; VCA, viral capsid antigen; BNA, Epstein-Barr nuclear 
antigen; HTLV, human T lymphotropic virus; CXR, chest x-ray; ECG, electrocardiogram; 
MRSA, multi-resistant Staphylococcus aureus; MRSE, multi-resistant Staphylococcus epider­
midis; MRD, minimal residual disease; IVF, in vitro fertilization. 
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4.2 General Pre-transplant Work-Up 

The general pre-transplant work-up schedule is conducted in the framework of a 
protocol as shown in Table 8. 

4.3 Commonly Used Conditioning Regimens 

Commonly used conditioning regimens for both autologous and allogeneic trans­
plantation are shown in Table 9. The side effects of chemotherapy-based condi­
tioning regimens include nausea, vomiting, diarrhoea, oropharyngeal mucositis, 
lethargy, alopecia, pancytopenia, haemorrhagic cystitis, hepatic veno-qcclusive 
disease (VOD), interstitial pneumonitis, and secondary malignancy. Side effects 
of total body irradiation, in addition to the above, include acute parotitis, skin 
erythema, cataracts and (in children) growth retardation. 

The routine tests often performed during the inpatient course of bone-marrow 
transplantation treatment are shown in Table 10, and a summary of the advantages 
and disadvantages of blood stem-cell transplantation when compared with 
marrow transplantation are shown in Table 11. 

4.4 Methods of Mobilizing Peripheral Blood Stem Cells 

In normal donors, current practice is to utilize a HGF alone, normally G-CSF at a 
dose of 10 j.lg/kg/day. Blood stem cells are usually predictably mobilized at day 5 
of G-CSF administration and sufficient quantities (equal to or greater than 2 x 106 

CD 34+ cells/kg) can often be collected in 1-2 daily leukaphereses. 

Table 9. Commonly used pre-transplant conditioning regimens 

Autologous transplantation 

Lymphoma 

Regimen 

CBV 

BEAC 

BEAM 

CY-TBI 

Total dose administered 

Cyclophosphamide 4.8 -7.2 gm/m2 
Carmustine 300-600 mg/m2 
Etoposide 750-2400 mg/m' 

Carmustine 300 mg/m2 
Etoposide 600 - 800 mg/m' 
Cytarabine 800 mg/m' 
Cyclophosphamide 140 mg/kg 
or 6 gm/m' 

Carmustine 300 mg/m2 
Etoposide 400-800 mg/m2 
Cytarabine 800-1600 mg/m2 
Melphalan 140 mg/m2 

Cyclophosphamide 120-200 mg/kg 
Total body irradiation 800-1320 cGy 
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Table 9 (continued) 

Autologous transplantation 

Leukaemia 

Myeloma 

Breast Cancer 

Allogeneic transplantation 

HLA-identical sibling transplant 

Regimen 

VPI6, CY, TBI 

BUS-CY2 
Regimen 

BUS-MEL 

CY-TBI 

Melphalan 

Melphalan/TBI 

CTC (STAMP V) 

Haematological malignancy BUS-CY2 

CY-TBIh 

Regimen 

Severe aplastic anaemia CY-ATG 

121 

Total dose administered 

Etoposide 60 mg/kg or 750 mg/m2 
Cyclophosphamide 100-120 mg/kg 
Total body irradiation 1200- 1375 cGy 

Busulphan 4 mg/kg/day for 4 days 
Total dose administered 
Cyclophosphamide 60 mg/kg/day 
for 2 days 

Busulphan 4 mg/kg/day for 4 day 
Melphalan 140 mg/m2 once 
Cyclophosphamide 60 mg/kg/day 
for 2 days 

Cyclophosphamide 60 mg/kg/day 
for 2 days 
Total body irradiation 800-1200 cGY 

Melphalan 100 mg/kg/m2/day 
for 2 days 

Melphalan 140 mg/m2/day once 
Total body irradiation 850 cGy 

Cyclophosphamide 1.5 g/m2 IV daily 
for 4 days 
Thiotepa 125 mg/m2 IV daily 
for 4 days 
Carboplatin 200 mg/m2 IV daily 
for 4 days 

Busulphan 4 mg/kg/day x 3.5-4 days' 
Cyclophosphamide 
60 mglkg/day x 2 days 

Cyclophosphamide 
60 mg/kg/day x 2 days 
Total body irradiation 10- 13 Gy: 
one common protocol utilizes TBI 2 Gy 
twice daily for 3 days or 2 Gy once daily 
for 6 days 

Total dose administered twice daily 
for 6 days 

Cyclophosphamide 50 mg/kg/day 
(4 doses) alternating with anti­
thymocyte globulin (Upjohn) 
15 mg/kg/day (3 doses) 

, Busulphan 14 mg/kg total dose often used for myeloma; 16 mg/kg total dose usually used for 
other haematological malignancies. 

b A CY-TBI regimen may be used in preference to a chemotherapy only regimen in patients 
with CNS involvement, prior exposure to family member blood products, and CLLlNHL. 
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Table 10. Routine tests on bone-marrow transplant recipients (while an in-patient) 

Test 

Full blood count, urea, sodium, potassium, 
creatinine, glucose 

Liver function tests, calcium, magnesium, phosphate 

PT,APTT 

Group and hold 

Antibiotic levels 

Nose, throat, catheter exit site swabs, MSU 

Patients on TPN - calcium, magnesium phosphate 

Chest X-ray 

Frequency 

Daily 

Monday, Wednesday, Friday 

Tuesday and Friday 

Tuesday and Friday 

Monday, Wednesday, 
Friday (as appropriate) 

Weekly 

Daily 

Weekly 

MSU, midstream specimen of urine; TPN, total parenteral nutrition. 

Table 11. Advantages and disadvantages of blood stem-cell transplantation compared with 
marrow transplantation 

Advantages 

To recipient 
Faster neutrophil recovery 
Faster platelet recovery 
Faster immunological recovery 
Less IV antibiotics 
Less fever = 38.5°C 
Shorter hospitalization 
Lower cost 
More GVL? (allo transplants) 
To donor 
No general anaesthetic 
No marrow harvest 
No hospitalization 

Disadvantages 

More GVHD? (allo transplants) 

Venepuncture or central IV catheter for leukapheresis 
Side effects from G-CSF 

The same strategy can be utilized for harvesting autologous peripheral blood 
stem cells; however, such stem cells are less readily harvested in patients who have 
had six or more courses of prior conventional-dose cytotoxic chemotherapy, with 
or without local radiotherapy. For this reason, a chemotherapeutic agent, often 
cyclophosphamide or a disease-specific chemotherapy regimen, is utilized in 
conjunction with G-CSF. 

The best known of such regimens includes cyclophosphamide 1.5 - 4 g/m2 on 
day I, followed by G-CSF 10 mg/kg per day on days 2-12, with leukapheresis 
being performed usually on days 10- 12, starting when the white count reaches 
1.0 x 109/1 on recovery after the cyclophosphamide-induced nadir. 

The yield of CD34+ progenitor/stem cells in the leukapheresis harvest can be 
predicted by monitoring the peripheral blood CD34+ cell count. It is not usually 
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Table 12. Disease-free survival after autologous bone-marrow or blood stem-cell trans­
plantation 

Disease 

AML 
AML 
AML 
ALL 
ALL 
NHL 
NHL 
NHL 
NHL 
NHL 
HD 
Myeloma 
Breast cancer 
Breast cancer 
Breast cancer 
Non-seminomatous 
germ cell tumour 
of testis 

CR, complete remission. 

Status at time of transplant 

CR1 
~CR2 

Not in remission 
CR1 
~CR2 

Low grade CR1 
Low grade CR2/first relapse 
Intermediatelhigh grade CR1 
Intermediate graft first relapse 
Intermediate grade chemosensitive relapse 
First relapse 

Stage II 
Stave III 
Stage IV 
Relapsed or chemorefractory 

Approximate 
5-year disease-free 
survival (%) 

50 
20-40 
10-20 
30-50 
10-30 
60-80 
40-60 
60-80 
30-40 
30-40 
60 
30 
70 
60 
10-40 
30-40 

worth leukapheresing a patient if the blood CD34+ cell number is less than lO/ld 
(0.01 x 109/1). A good yield in the apheresis harvest is obtained if the CD34+ cell 
count is at least SO/J.d. 

S Disease-Free Survival After Autologous Transplantation 

Outcome depends markedly on the disease being treated and the stage of the 
disease when the transplant is performed. Generally, transplantation earlier in the 
course of the disease results in superior results than that performed. Additionally, 
if patients are resistant to conventional-dose chemotherapy, they will in general 
respond poorly to high-dose chemotherapy. 

Approximate S-year survival figures are shown in Table 12 for the diseases for 
which autologous transplantation (marrow or blood stem cell) is commonly per­
formed. 

6 Results of HLA-Identical Sibling Transplantation 

Similar disease-free survival data are shown for HLA-identical sibling transplan­
tation in Table 13. 
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Table 13. Disease-free survival after HLA-identical sibling bone-marrow transplantation 

Disease 

AML 
AML= 
AML 
ALL 
ALL 
ALL 
CML 
CML 
CML 
CLL 
MDS 
MDS 
MDS 
MDS 
Myeloma 
SAA 
Thalassaemia major 
Sickle cell disease 

Status at time of transplant 

CR1 
;:>CR2 
Not in remission 
CR1 
;:>CR2 
Not in remission 
CP1 
Acceleration 
BT 

RA/RAS 
RAEB 
RAEBt 
AML 

Approximate 
5-year disease-free 
survival (%) 

60 
20-40 
20 
50 
20-40 
10-20 
60-80 
20-40 
10-20 
40-50 
50 
30 
30 
20 
30-40 
80-90 
65-95 
70-80 

CP, chronic phase; BT, blast transformation; RA, refractory anaemia; RAS, refractory anaemia 
with ring sideroblasts; RAEB, refractory anaemia with excess blasts; RAEBt, refractory anaemia 
with excess blasts in transformation. 

7 Clinical Problems in Bone-Marrow Transplantation 

A list of transplant-related complications is given in Table 14. Two of the more 
common complications are dealt with in Sect. 7.1 and Sect. 7.2. For others, further 
reading is recommended at the end of this review. 

7.1 Febrile Neutropenia 

Febrile neutropenia is a common complication during the first several weeks post­
transplant, before neutrophil recovery has occurred. Neutropenia is defined as an 
absolute neutrophil count of less than 1.0 x 109/1, and significant fever is usually 
taken as being equal to or greater than 38.5 °C. All such fevers should be assumed 
due to infection until proven otherwise. When they occur, cultures should be taken 
of blood, urine, throat, intravenous-catheter exit site and any other potential sites 
of sepsis, and broad-spectrum, intravenous anti-bacterial antibiotics should be 
commenced immediately. Subsequent management depends on the response to the 
initial antibiotic treatment and is outlined in Table 15. 

For persistent fever or fever occurring in the presence of an adequate neutrophil 
count, the possible causes include: cryptic bacterial infection (for example sinusi­
tis), central venous-catheter infection, fungaemia, drug fever (including antibiotic 
fever), and viraemia [especially due to cytomegalovirus (CMV)] 
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Table 14. Transplant-related complications 

Failure of sustained engraftment 
Febrile neutropenia 
Fungal infections 
Viral infections 
Acute graft-versus-host disease 
Chronic graft-versus-host disease 
Interstitial pneumonitis 
HepaticVOD 
Haemorrhagic cystitis 
Cyclosporin-related hypertension 
Retarded growth and development 
New malignancy after BMT 

BMT, bone-marrow transplant; VOD, veno-occlusive disease. 
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Table 15. Management of fever of unknown origin in neutropenic patients after marrow trans­
plantation 

Time from development 
of fever (h) 

o 

o 
48 

72 

96 

Strategy 

1. Rapid assessment (physical exam) and culture (blood, 
urine, throat, central venous catheter exit site). Chest X-ray 

2. Start IV broad-spectrum antibacterial antibiotics' 

3. Add IV vancomycin 

4. Add antifungal antibiotic 

5. Remove indwelling catheter 

6. Additional measures if severe infection. 
i) G-CSF or GM-CSF 
ii) Renal dose dopamine/packed cell transfusion 

(if blood pressure compromised) 

• Follow order of treatment if no response. 

7.2 Viral Infections 

The most common viral infections are those caused by DNA herpes viruses, partic­
ularly herpes simplex virus (HSV), CMV and varicella-zoster virus (VZV). They 
occur considerably more frequently after allogeneic than autologous transplanta­
tion, and the time frame for their occurrence post-transplant differs and is shown 
in Fig. 5. Diagnostic methods for each of them are described in Table 16. 

It is common practice to administer routine prophylaxis with acyclovir for HSV 
and with ganciclovir for CMV. Such an approach has markedly diminished the 
morbidity from oropharyngeal mucositis due to HSV and the morbidity and 
mortality from interstitial pneumonitis due to CMV. 
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VZV 
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HSV 
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• aGVHD 

BMT 3 6 9 12 

Months 

Fig. 5. Timeframe of common DNA herpes virus infections after bone-marrow transplanation 
(BMT). Adapted with permission from Clinical Bone Marrow Transplantation: A Reference 
Textbook. Ed K. Atkinson. Cambridge University Press. Cambridge 1994 

Table 16. Diagnosis of DNA herpes virus infection 

Virus 

CMV 

HSV 

VZV 

, 24 h. 
b 6-48 h. 
, 3 h. 

Diagnostic test 

CMV culture (including use of shell vial technique) ' 
Histology of tissue biopsyb 
Monoclonal antibodies (linked to enzymes) against CMV antigens 
(tissue sections) b 
In situ hybridization using radiolabeled DNA probe on tissue sections 
Serology 
Restriction enzyme analysis of viral DNA (RFLP) 
Polymerase chain reaction amplication of viral DNA 

HSV culture, histology of tissue biopsyb, serology 
Monoclonal antibodies against HSV antigens (vesicle' /ulcer smear ' , 
or tissue sections) b 
VZV culture, histology of tissue biopsyb, serology 
Monoclonal antibodies against VZV antigens (vesicle ' /ulcer smear ' , 
or tissue sections) b 

DNA, deoxyribose nucleic acid; RFLP, restriction fragment length polymorphism. 
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8 AcuteGVHD 

Risk factors for the development of acute GVHD include histoincompatibility, 
allosensitization of the donor by prior pregnancy or prior blood transfusion, 
increasing donor age, increasing patient age, gender mismatch between donor and 
recipient (especially female donors for male recipients), omission of GVHD pro­
phylaxis, infusion of viable donor leucocytes, and insufficient intensity of the con­
ditioning regimen. The most common target organs of acute GVHD are the skin, 
liver and gut but the immune system itself is functionally impaired by GVHD. 
A clinical staging system for the severity of skin, liver and gut involvement has 
been established, with the overall performance status contributing to the overall 
grade (I - IV, mild through severe) of acute GVHD, and a histopathological grading 
system has also been developed for these three organs and (see Table 17). 

Treatment of acute GVHD is usually with prednisone 2 ].lg/kg per day initially, 
with continuation of cyclosporin prophylaxis. Higher doses of prednisone (up to 
1 g intravenously, daily for 3 days) may be used for severe acute GVHD. A third 
agent is anti-thymocyte globulin, which should usually be used after or during 
corticosteroid withdrawal to minimize infectious toxicity. 

While patients with grade I - II GVHD usually recover, those with grade IV acute 
GVHD usually do not. Conventional immune prophylaxis with cyclosporin/metho­
trexate usually prevents severe acute GVHD after HLA-identical sibling transplan­
tation, but not always after HLA-identical unrelated donor transplantation. 

Table 17. Histopathological grading system (adapted from [9]) 

Grade 

Acute cutaneous GVHD 

Grade I 

Grade II 

Grade III 

Grade IV 

Acute gastrointestinal GVHD 

Grade I 

Grade II 

Grade III 

Grade IV 

Acute hepatic GVHD 

Grade I 

Grade II 

Grade III 

Grade IV 

Description 

Vacuolar degeneration of basal epidermal cells 

Grade I plus scattered necrosis of epidermal cells with 
"eosinophilic" (colloid) bodies and spongiosis 

Grade II plus focal dermo-epidermal separation 
and cleft formation 
Extensive desquamation 

Single-cell necrosis of crypt-gland epithelium with focal 
dilatation of glands 

Grade I plus focal or diffuse loss of glands/crypts 

Grade II plus focal mucosal ulceration 

Diffuse ulceration 

Less than 25 % of small bile ducts showing degenerate 
epithelium ± necrosis 

25%-49% of small bile ducts involved 

50 % - 74% of small bile ducts involved 

Greater than or equal to 75% of small bile ducts involved 
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9 Chronic GVHD 

Chronic GVHD is defined as that occurring 100 days or later after the transplant. It 
may develop de novo, without any preceding acute GVHD, progressively where 
acute GVHD merges into chronic GVHD, or sequentially where there is a GVHD­
free interval between acute and chronic GVHD. It may either be limited in extent 
the skin or liver, or both, are involved or extensive if any other organ involvement 
occurs. The incidence after HLA-identical sibling bone-marrow transplantation is 
approximately 50% and usually has resolved by 4-5 years post-transplant, al­
though occasional cases can last for 12 years and longer. The peak incidence is 
between 1 year and 2 years post-transplant. The most common organs involved are 
skin, mouth, liver, eyes, small intestine and lung, and risk factors include prior 
acute GVHD, increasing patient age, increasing recipient age, HLA-particilly-iden­
tical family-member transplants (as opposed to HLA-identical family-member 
transplants), HLA-identical or partially identical unrelated donor transplants, 
infusion of viable donor leucocytes (buffy-coat infusions) and second marrow 
transplants. 

Chronic GVHD leads to severe humoral and cellular immune deficiency which, 
in turn, leads to a markedly increased risk of late infections. The most common 
infections are bacterial, usually caused by a gram-positive cocci and Haemophilus 
influenzae, but fungal and viral infections also are not uncommon. 

Clinical manifestations differ from those of acute GVHD, particularly with 
regard to oral and ocular involvement, where a sicca syndrome can cause dry eyes 
and dry mouth. Severe chronic skin changes can occur with dyspigmentation, 
sclerodermatous subcutaneous fibrosis with development of hide-bound and 
sometimes ulcerated skin, nail dystrophy and alopecia. The siccus syndrome can 
also involve the vagina and an obliterative bronchiolitis syndrome occurs, as does 
thrombocytopenia. The latter is a bad prognostic indicator. 

The hallmark of treatment is combined predisone and cyclosporin immune 
suppression, which is often required for up to 9 months. Thalidomide has some 
utility, as does psoralen and ultraviolet A (PUVA phototherapy) for skin or oral 
involvement. 

10 Interstitial Pneumonitis 

Interstitial pneumonitis (IP) used to occur in approximately 20% of recipients of 
allogeneic transplants prior to the introduction of prophylactic ganciclovir. This, 
however, has basically eradicated early cytomegalovirus interstitial pneumonitis, 
and the most common cause of interstitial pneumonitis post-transplant now is 
"idiopathic" IP, thought most commonly to be due to the pre-transplant chemo­
therapy or chemoradiotherapy regimen. Pneumocystis carinii pneumonitis is 
also now rare, with the widespread use of prophylactic cotrimoxazale both pre- and 
post-transplant. Rare miscellaneous causes of IP include fungal infections, 
Chlamydia trachomatis, herpes virus type-6 infection, adenovirus infection, and 
infection with legionella, mycoplasama, respiratory syncytial virus, influenza 
virus, parainfluenza virus and toxoplasma. 
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Table 18. Protocol for processing open lung/transbronchial biopsy specimens for diagnosis of 
interstitial pneumonitis 

Histopathology 

1. Haematoxylin and eosin stain 

2. CMV early antigen immuno­
peroxidase stain 

3. Methenamine silver stain for 
pneumocystis 

4. PAS stain for fungi 

Microbiology 

1. Gram stain (impression slide of a cut edge) 

2. ZN Stain 

3. Legionella direct fluorescence stain 

4. Pneumocystis indirect fluorescence stain 
(make impression slide and send one to 
histopathology laboratory fIxed in formalin) 

5. Bacterial culture including aerobes, anaerobes, 
AFB, legion ella, nocardia 

6. Fungal culture 

7. Viral culture (use shell vial technique) and 
chlamydial culture. (After normal working 
hours this sample may be put into viral culture 
medium in a Nunc tube (freezing-resistant) 
and placed in liquid nitrogen container) 

Divide sample/s aseptically. PAS, periodic acid-Schiff; ZN, Ziehl-Nielsen; AFB,ACID-fast bacillus. 

The classical clinical syndrome of interstitial pneumonitis is one of fever, 
dyspnoea and tachypnea, with very little in the way of audible abnormal chest signs 
and a diffuse ground-glass appearance not restricted to anatomical borders on 
chest X-ray. This contrasts with the air-space consolidation restricted to anatomi­
cal borders in lobar pneumonia or the bilateral basal patchy consolidation in 
bronchopneumonia. 

Diagnosis usually requires a tissue biopsy either by the trans bronchial route or 
by open-lung biopsy. A protocol for processing such lung-tissue samples is shown 
in Table 18. 

11 Hepatic Veno-occlusive Disease 

Hepatic veno-occlusive disease (VOD) usually occurs in the first 3-6 weeks post­
transplant and is caused by damage to the hepatic venules by the high-dose 
pre-transplant chemotherapy or chemoradiation conditioning regimen. The dia­
gnostic triad of jaundice, ascites and weight gain suggests the diagnosis. Right­
sided upper abdominal pain (due to stretching of the hepatic capsule), pleural 
effusions, oliguria and sudden marked thrombocytopenia also occur. The dif­
ferential diagnosis includes hepatic-vein obstruction, pericardial effusion, pan­
creatic disease, peritonitis and occult cirrhosis with hypoalbuminaemia. 

Liver function abnormalities are similar to those seen in acute hepatic GVHD 
with conjugated hyperbilirubinaemia, a marked (often sixfold or greater) elevation 
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of serum alkaline phosphatase and a more modest elevation of hepatic trans­
aminases. Risk factors include pre-transplant conditioning with busulphan and 
cyclophosphamide, and prior liver disease. It is thought that low-dose intravenous 
heparin, started pre-transplant at 100 units/kg for 24 h, may decrease the incidence. 
The disease varies in severity but severe hepatic VOD is usually fatal. 

Management of VOD is essentially supportive with maintenance of the intra­
vascular volume and renal perfusion as the primary aim. Thrombolytic therapy 
with recombinant human tissue plasminogen activator 5 -10 mg intravenously, 
daily for up to 6 days, has been utilized, but has yet to be shown to be definitively 
beneficial. 

12 Role of the Pathologist in Bone-Marrow Transplantation 

12.1 The Haematology and Blood Bank Laboratory 

The provision of daily or twice-daily, full blood counts during the in-patient trans­
plant procedure, as well as twice-weekly coagulation profiles, is an integral com­
ponent of the monitoring process during marrow transplantation. Likewise, the 
provision of blood products, primarily packed cells and platelets during the period 
of haematopoietic reconstitution is a fundamental requirement. 

While major or minor blood type ABO incompatibility between donor and re­
cipient is not a contraindication to transplantation, both need to be carefully 
managed. The prophylaxis of alloimmune haemolysis due to major ABO incompa­
tibility includes removal of the red cells from the marrow innoculum, for example, 
by automated cell separation. Additionally, the titer of isoagglutinin in recipient 
plasma must be reduced, for example, by plasma exchange. 

Another responsibility of the laboratory haematologist in the bone-marrow­
transplant program is the cryopreservation and functional assessment of harvest­
ed autologous bone marrow or blood stem cells. Preparation of these for cryo­
preservation includes the need for volume reduction, addition of cryoprotectant, 
controlled rate freezing and storage in the liquid phase (-196°C) or in the vapor 
phase (- 156°C) of liquid nitrogen. Assessment of the frozen product includes 
analysis of the CD34+ cell content by flow cytometry and CFU-GM content by agar 
culture. 

12.2 Microbiology Laboratory 

The microbiology laboratory is clearly a key service in support of a marrow-trans­
plant/stem cell-transplant program, with responsibility for identification of the 
bacterial, fungal and viral pathogens, during the period of impaired immunity 
experienced by transplant recipients during the first several weeks and months 
post-transplant. One of the most important functions is the processing of lung 
tissue in patients with interstitial pneumonitis in an attempt to determine the 
cause (Table 18). 
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12.3 Histopathology Laboratory 

A third key laboratory support to a marrow-transplant program is the histopa­
thology laboratory, most commonly for the diagnosis of GVHD on tissue sections, 
but also for the diagnosis of opportunistic infections, particularly in the lung. 
The histopathological grading system for skin, liver and gut involved by acute 
GVHD is described in Table 17, and the reader is referred to more extensive texts at 
the end of this review (Sect. 13.1) on the appearance of tissues involved by acute or 
chronic GVHD. 

12.4 Cytogenetics Laboratory 

Since the objective of marrow or blood stem-cell transplantation is cure, the detec­
tion of minimal residual disease post-transplant is assuming increasing impor­
tance. One way of detecting this in transplantation for malignant disorders is 
to search for the presence of a cytogenetic abnormality present pre-transplant. 
Examples of some numerical and structural cytogenetic abnormalities commonly 
associated with haematological malignancies is given in Table 19. Some of these 

Table 19. Some numerical and structural cytogenetic abnormalities commonly associated 
with haematological malignancies 

Disease 

ANL 

ALL 

Subclassification 

Ml (myeloblastic without 
differentiation) 

M2 (myeloblastic with 
differentiation) 

M3 (promyelocytic) 

M4 (myelomonocytic) 

M4Eo (myelomonocytic with 
eosinophilia in bone marrow) 

M5 (monocytic); more often in M5a 
(without differentiation) 

M6 

M7 (megakaryoblastic) 

pre-B lineage 

Reported abnormalities 

+8t(9;22) (q34;q11) 

t(8;21) (q22;q22) often 
associated with loss of 
a sex chromosome 

t(15;17) (q22;qI2) 

+4 +8 
inv( 16) (p 13;q22), 
t(16;16)(p 13;q22), 
del(16) (q22) 

t(9;11) (p22;q23), 11q23 
abnormalities, +8 

Complex rearrangements, 
del(5q), +8 

Complex rearrangements 
involving -5 or del(5q), -7 or 
del (7q)+8+9t(I;22)+21 

t(4;11) (q21;q23)t(I;19) 
(q23;p13)t(9;22) (q34;qll) 
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Table 19 (continued) 

Disease 

ALL 

Subclassification 

B lineage 

L3 (Burkitt's) B lineage 

Band T lineage 

T lineage 

CML Chronic phase 
Accelerated or blastic phase 

CLL B cell 

T cell 

Myelo-dysplasia RA 
RAS 
RAEBt 

Myelo-proliferative Polycythaemia rubra vera 
disorder 

Non-Hodgkin's Follicular 

Lymphoma Diffuse (non-Burkitt's)Burkitt's 

Additional abnormalities not 
specific for lymphoma type 

K. ATKINSON 

Reported abnormalities 

>50 chromosomes/cell most 
commonly +X, +4, +6, + 10, 
+14,+17,+lS,+20,+21 

t(S;14) (q24;q32)t(2;S) 
(p12;q24)t(S;22) (q24;q11) 

del(6q)del(11) (q23) 

inv(14) (q11;q32)t(S;14) 
(q24;q 11)t(10;14) 
(q24;q11 )t(11;14) 
(p13;q11)7q32 ~ 7q36 
rearrangements 

t(9;22) (q34;q11) 
Abnormalities additional to 
t(9;22) include +S, i(17q), 
+ 19, +der(22)t(9;22) 

+l214q32 abnormalities e.g. 
t(11;14) (q13;q32) 
t(14;lS) (q32;q11) 
t(2;14) (p13;q32) del(6q) 
del(11q) del(12p) 
13q abnormalities 
inv or t(14) (q11)t(11;14) 
(p13;q11) 

del(5q)+S 
del(5q)+Sdel (20q) 
del(5q)-7 or del(7q)+S12p 
abnormalitiesi( 17 q) 

del(20) (qll) 

t(14;IS) (q32;q21) 

t(11;14) (q13;q32) 
t(S;14) (q24;q32) 
t( S;22) (q24;q 11) 
t(2;S) (pI2;q24) 

dele 6) (q21 )i( 6p)+ 12 

can now be detected by molecular biological techniques and examples are shown 
in Table 20. As seen in Table 21, polymerase chain reaction (PCR) technology is 
3 - 4 logs more sensitive than conventional cytogenetic technology. Other uses for 
cytogenetic or PCR evaluation of such abnormalities is the selection of patients 
at high risk of relapse after conventional therapy, as well as the assessment of the 
efficacy of marrow-purging protocols. 
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Table 20. Molecular markers amenable to detection by polymerase chain reaction 

Cytogenetic abnormality 

None 
None 
t(14;18) 
Deletion 
t(9;22) 
t(I;19) 
t(15;17) 
t(6;9) 
t(17;19) 

Molecular marker 

CDRIII 
TCR 
BCL2-IGH 
SIL-TAL 
BCR-ABL fusion 
E2A-PBXl fusion 
PML-RARa fusion 
DEK-CAN fusion 
E2A-HLF fusion 

Disease 

B-lineage ALL, NHL 
T -lineage ALL, NHL 
85% FSCL,25% DLCL 
25% T-lineage ALL 
100%CML 
25% pre-B ALL 
100% APML 
AML-M2,M4 
Rare ALL 

Table 21. Assays for detection of minimal residual disease 

Method 

Routine staining 
Cytogenetics 
Fluorescence in situ hybridization 
Gene rearrangement 
Flow cytometry 
Clonogenic culture 
Polymerase chain reaction 

12.S Biochemistry Laboratory 

Marker 

Cellular morphology 
Chromosome morphology 
Chromosome structure 
DNA configuration 
Antigen profile 
In vitro growth 
DNA/RNA structure 

Sensitivity 

10-1 to 10-2 

10-1 to 10-2 

10-2 

10-2 to 10-3 

10-3 

10-5 

10-5 
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Since marrow transplantation is basically the practice of internal medicine on a 
background of severe pancytopenia, it is not surprising that many serious medical 
problems occur in the early post-transplant period, including renal impairment, 
hepatic impairment, cardiac impairment and pulmonary impairment. Appropriate 
monitoring of the blood is essential in the daily management of each of these com­
plications. The routine blood tests performed on marrow transplant in patients are 
shown in Table 10 and, clearly, additional investigations may be required according 
to the specific clinical problem present at the time. 

12.6 Histocompatibility Typing Laboratory 

HLA matching between donor and recipient is key to the success of allogeneic 
transplantation and this can only be supplied by a first-rate professional tissue­
typing laboratory. An example of the inheritance of HLA types is shown in Fig. 6 
and tissue-typing techniques currently used are detailed in Table 22. 
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Mother Father 

HLA-A: 1 2 2 2 
HLA-B: 8 44 39 27 
HLA-DR: 3 2 7 

Spouse Patient Sib 1 Sib 2 Sib 3 

1 3 2 2 2 2 1 2 
8 35 8 39 8 27 44 27 8 39 
3 3 7 3 2 1 3 7 

Child 1 Child 2 Child 3 

1 1 3 2 3 
8 8 35 39 35 8 
3 3 1 7 3 

Fig. 6. Inheritance of HLA-type. Adapted with permission from Clinical Bone Marrow Trans­
plantation: A Reference Textbook. Ed K. Atkinson. Cambridge University Press. Cambridge 1994 

Table 22. Currently used tissue-typing techniques 

Technique 

Serological Cellular 
MLC) orMLR 
PLT 
HTC 

CTLp 

HTLp Biochemical 
IEF 

Molecular RFLP 

SSG or ASO typing 
usingPCR 

Comment 

For routine HLA-A, -B, -DR typing 
Gives overview of HLA-D region compatibility 
For HLA-DP typing 
For HLA-Dw phenotyping: a panel ofT cell defined, 
HLA-D region-associated antigens (HLA-Dw) are recognized. 
Primarily HLA-DR specific 
Appears to predict severity of acute GVHDafter T cell depleted 
unrelated donor transplantation 
Currently being explored 
Can distinguish va!"iants of a given allele differing by a single 
amino acid 
Restriction enzymes digest genomic DNA into fragments of 
characteristic length, which are then separated by gel electro­
phoresis, blotted on to membranes and hybridized with radio­
labelled cDNA probes, to reveal intron region polymorphisms for 
HLA-DR, -DQ and -DP genes. Most DR specificities can be distin­
guished by RFLP analysis, although some, especially of the DR4 
family, cannot. Inferior to allele-specific oligonucleotide typing 

DNA is amplified by PCR using oligonucleotide primers specific 
for nucleotide sequences within known hypervariable regions 
within the first domain of Class II alpha and beta chains. At 
least 17 alleles ofDR4 have been identified by SSO-PCR typing. 
Currently it is the molecular method of choice 

PCR, polymerase chain reaction; MLC, mixed lymphocyte culture; MLR, mixed lymphocyte 
reaction; PLT, primed lymphocyte test; HTC, homozygous typing cell testing; CTLp, cytotoxic 
T-cell precursor frequency analysis; HTLp, helper T-cell precursor frequency; IEF, isoelectric 
focusing; RFLP, restriction fragment length polymorphism; SSG, sequence-specific oligonuc­
leotide; ASO, allele-specific oligonucleotide. 
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12.7 Immunology Laboratory 

CD34+ cell analysis is fundamental to assessment of the adequacy of the stem-cell 
dose harvested from autologous or allogeneic blood or marrow. Serum immuno­
globulin and T and B cell and T cell subset analysis early post-transplant can be 
useful in evaluating the extent of the immune reconstitution. Such monitoring will 
prove even more important as, increasingly, techniques such as the administration 
of interleukin 2 are initiated to accelerate or augment immune recovery post -trans­
plant. 

13 New Developments 

This field continues to be extremely active and a large number of new develop­
ments are currently underway. These are summarized in Table 23. 

Clearly, the current era of dynamic evolution and expansion in this area of 
clinical medical science is increasing and major developments will occur in both 
cellular-component therapy and gene-transduction therapy over the next several 
years and well into the next century. The pathology laboratory will continue to play 
an integral and increasing role in this development. 

Table 23. New developments 

Development 

Use of purified stem cells 

Ex vivo expansion of stem and 
progenitor cells 

New immunosuppressive agents, e.g., 
FK506, rapamycin, mycophenolate 
mofetil 

Adoptive cellular immunotherapy 

Transplantation for autoimmune 
disease 

Gene transduction 
TK (suicide) gene into T cells 
Multi-drug resistance gene into HSC 

Rev MlO gene into HSC 

Potential advantages 

Autologous: minimization of tumour cell 
contamination 
Allogeneic: T-cell depletion 

Bigger cell dose for transplant: 
minimization of neutropenia and 
thrombocytopenia. 

Better control of GVHD 

Control of viral infections and viral-associated 
neoplasmas (e.g., EBV lymphoproliferative 
disease) Eradication of relapse of malignancy 
post-allograft 

Possibility of cure for diseases such as rheumatoid 
arthritis, SLE, scleroderma, PAN 

A new form of therepy for: 
Control of GVHD 
Post-transplant chemotherapy without impaired 
blood counts 
Inactivation of HIV 
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13.1 Recommendations for Further Reading 

1. Clinical bone-marrow transplantation (1994) In: K. Atkinson (ed) A reference 
textbook. Cambridge University Press, Cambridge 

2. The BMT data book: a manual for bone-marrow and blood stem-cell transplan­
tation (1997) K. Atkinson (ed) Cambridge University Press, Cambridge 

3. Bone-marrow transplantation (1994) S. Forman, K. Blume, E.D. (eds) Thomas 
Blackwell Scientific Publications, Boston 
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1 Introduction 

Heart transplantation is a highly effective method for the treatment of patients 
with end-stage heart disease. Since Barnard performed the first clinical heart 
transplant in 1967, hundreds of centres around the world have been performing 
several thousands of heart transplants every year. With the success of this thera­
peutic technique, heart biopsies have had an important role, especially in the early 
diagnosis of most complications. 

Right ventricular endomyocardial biopsy (EMB) has proven to be safe and 
appropriate for the management of heart allografts. The bioptome is introduced 
by trans-jugular vein to obtain three to six pieces of myocardium. EMB has a 
sampling error, but to date has prevailed as the most accurate method for diagnos­
ing acute rejection [1], although some biopsies are non-informative as the material 
obtained is composed of fibrin, inflltrating fat or scar collagen. The complication 
rate of EMB is 1 %-1.5% and includes ventricular extrasystoles or mild arrhyth­
mias [2]. 

Current Topics in Pathology 
Volume 92, C. 1. Berry (Ed.) 
© Springer-Verlag Berlin Heidelberg 1999 
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Table 1. Most important morphological alterations of heart 
allografts 

Hyperacute rejection 
Early cardiac allograft failure (ECAF) 
Preservation injury 
Acute cellular rejection (ACR) 
Previous biopsy sites 
Quilty effect 
Humoral rejection and acute vascular rejection 
Infections 
Neoplasias 
Heart hypertrophy and fibrosis 
Denervation 
Calcification 
Chronic rejection (CR) 

J. P. MINDAN and A. PANIZO 

This chapter emphasizes the role of EMB in monitoring heart transplants and 
describes the most important lesions diagnosed by the biopsy (Table 1). 

The timing of biopsies varies in different centres. In our hospital, biopsies 
are performed weekly during the first 2 months, once every 2 weeks during 
the following 2 months, once per month during the following 8 months and, 
finally, one biopsy is performed every 6 months after the first year post-trans­
plant [3]. 

For the management of transplant biopsies, we use a rapid-inclusion method, 
which enables us to make a diagnosis 4 h after receiving the specimen in our 
laboratory [3,4]. 

2 Hyperacute Rejection 

Vascularized organs (especially kidney and heart) are at risk of hyperacute rejec­
tion if the patient has pre-formed donor-specific alloantibodies [5]. A previous 
transplant, a blood transfusion or pregnancy may cause this humoral pre-sen­
sitization (or alloimmunization). The primary target of the donor-specific anti­
bodies is the vascular endothelium of the transplanted organ. The most common 
target antigens are human leukocyte antigen (HLA) class I and the ABO blood type 
system, but other less well-defined antigens have also been considered. HLA 
class-II antigens seem less relevant in hyperacute rejection because they are not 
strongly expressed on the vascular endothelium [6]. 

Antibodies mediating hyperacute rejection are almost always complement 
fixing and may be immunoglobulin G (IgG) or immunoglobulin M (IgM) type or 
both. Al10reactive T lymphocytes are occasionally involved. A critical step in 
alloantibody-mediated rejection is the initiation of the complement cascade, which 
leads to the release of various inflammatory mediators and the initiation of the 
coagulation and fibrinolytic systems [6]. 
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Hyperacute rejection is an uncommon form of rejection that occurs immediate­
ly after transplantation. The morphological changes usually occur shortly after the 
patient is weaned from the bypass pump and the circulation is re-established. The 
histopathological changes of this condition are better documented in experimen­
tal animal models [7, 8]. Morphologically, the myocardium acquires a deep-red 
colour as a result of diffuse haemorrhage into the interstitium. Without emergent 
re-transplantation or mechanical support, the patient will not survive because of 
graft failure. If the patient survives for a few hours, diffuse interstitial oedema, 
neutrophilic infiltrates, fibrin thrombi and platelet aggregates may be found in 
small vessels, particularly in capillaries, arterioles and venules. Marginating neu­
trophilleukocytes are also present within the capillaries and venules. 

3 Early Cardiac Allograft Failure 

Early cardiac allograft failure (ECAF) seems best defined as a severe dysfunction of 
the cardiac graft in the absence of classic hyperacute rejection, acute cellular rejec­
tion or anticipated right ventricular dysfunction from pre-existing pulmonary 
hypertension. ECAF has been reported to occur in 4 - 25 % of patients undergoing 
orthotopic heart transplantation. The highest risk of graft failure and overall 
mortality occurs during the first 30 days following transplantation [9]. 

In the first decades of the history of human transplantation, the main goal was 
to control acute rejection. This has been almost entirely achieved, thanks to the 
development of the EMB technique and to the consequent assessment of moni­
toring strategies. However, in the world series, half of the deaths still occur in the 
first post-operative month. 

Ischaemic injury caused by prolonged ischaemic times, poor preservation, 
surgical problems, severe pulmonary hypertension or occult coronary artery 
disease in the donor may contribute to the development of this syndrome (Table 2). 
The role of reperfusion injury in the setting of orthotopic transplantation not well 
defined, but may contribute to poor graft function. In addition to ischaemic injury, 
humoral mechanisms have been implicated in ECAF [9]. 

Table 2. Causes of early allograft dysfunction 

Primary graft failure: 

Trauma 
Metabolic 
Catecholamine excess 
Warm ischaemia 
Poor preservation 
Prolonged cold ischaemia 
Hyperacute rejection 
Technical problems 
Fixed pulmonary hypertension 
Acute cellular and/or humoral rejection 
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Biopsies from patients with haemodynamic compromise and graft dysfunction 
should also be carefully screened for histological evidence of vasculitis. Failure to 
find any evidence of cellular-mediated rejection may warrant fluorescent staining 
of the biopsy specimen with fluorescent antibodies against immunoglobulins 
and complement [9, 10]. It is uncommon for humoral rejection to occur in the 
absence of cellular rejection, except in multiparous women and previously trans­
fused patients. 

Morphologically, ECAF manifests with acute right ventricular dilation and 
pump failure. The pathological picture consists of interstitial myocardial oedema 
and haemorrhage, sometimes with fibrin thrombi in the arterioles. A frequent 
pathological feature in recipients who died of acute graft failure in the post-opera­
tive period is the presence of ischaemic necrosis, focal or diffuse [9-11]. Patchy 
ischaemic damage is usually attributable to the reperfusion injury, especially 
after a distant procurement of the donor heart, or the infusion of high doses of 
catecholamines. 

4 Preservation Injury 

Ischaemic injury may be caused by prolonged cold ischaemic time due to trans­
portation of the donor heart, followed by reperfusion with damage to capillaries, 
or by failure to remove all air bubbles within the coronary circulation at trans­
plantation. While procurement-related ischaemic injury is considered to be the 
most important factor, other mechanisms of myocyte injury are possible [12,13]. 
Donor-associated injury may be secondary to central nervous system trauma and 
brain death, with resultant endogenous catecholamine-induced myocardial necro­
sis and/or exogenous administration of catecholamines [13, 14]. The dominant 
morphological pattern of catecholamine-induced injury is focal myocyte necrosis 
with contraction bands and histiocytic inflammation [14]. 

Preservation or ischaemia/reperfusion injury is seen early (within the first 
3 weeks after transplantation) and is characterized by areas of ischaemic myocyte 
necrosis and/or variable areas of myocyte dropout (Fig. 1) [15]. These necrotic/ 
dropout zones are usually associated with mild neutrophilic infiltration or no in­
flammation, in contrast with the mononuclear and eosinophilic infIltrate that com­
monly signals the onset of acute cellular rejection. In ischaemic injury, the degree 
of myocyte damage is not in proportion with the number of inflammatory cells in 
the interstitium (scattered polymorphonuclear leukocytes). Although infarcts 
occur, the ischaemic necrosis is usually subendocardial and focal, suggesting that 
the injury occurred while the heart was not filled with oxygenated blood. The affect­
ed myocytes show coagulative necrosis and a sharp border between polymorphous 
inflammation and nearby viable myocytes, shrinkage in size, hypereosinophilia 
with pyknotic nuclei, granular cytoplasm and, frequently, contraction bands. 
A trichrome stain will outline the ischaemic focus with a gray-blue colouration of 
the affected myocytes. Necrotic cells are either isolated or, more frequently, cluster­
ed into small groups. At a later stage, the necrotic myocardium is replaced by 
granulation tissue [15, 16]. It is reasonable to expect that severe, perioperative, 
ischaemic myocyte injury would markedly impair short-term function and sur-
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Fig. 1. Patchy reperfusion injury of the left ventricular myocardium. Focal circumscribed areas 
of coagulative necrosis without inflammatory infiltrate are evident. The recipient died of early 
cardiac allograft failure (ECAF) a few days after transplant (H & E, x 250) 

vival after heart transplantation. Lesser degrees of ischaemic myocyte injury may 
contribute to late deterioration of function through myocardial fibrosis and pos­
sibly stimulate the development of graft atherosclerosis [13]. 

Ischaemic damage may also contribute to the development of graft athero­
sclerosis through endothelial injury, increased susceptibility to cytomegalovirus 
(CMV) infection and/or the promotion of rejection through release of donor 
alloantigens [13, 17]. 

5 Acute Cellular Rejection 

The criteria for rejection of EMB biopsies are usually based on those initially pro­
posed by Billingham, with modifications varying from institution to institution 
[18,19]. Over the years, several different grading systems for acute rejection have 
been developed. In 1990, the Society for Heart and Lung Transplantation convened 
an international group of cardiac transplant pathologists in an attempt to develop 
a standardized grading system. The goal of this system was to provide a grading 
that was simple, easily taught and reproducible, as well as one that could be extra­
polated to other grading systems. No matter which system is used, the following 
factors are assessed: (1) the nature, intensity and distribution of inflammatory cell 
infiltrates, (2) the presence or absence of oedema, and (3) the presence or absence 
of myocyte injury. 
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Cellular infiltrates with myocyte damage may also be observed in a variety of 
lesions that affect the myocardium and must, therefore, be excluded before a 
definite diagnosis of acute rejection is made [20]. The following are the more 
common pitfalls in the diagnosis of acute rejection: (1) the healing of ischaemic 
damage, (2) changes in old biopsy sites, (3) the Quilty-B effect, (4) infectious myo­
carditis, and (5) insufficient or inadequate tissue to rule out acute rejection. 

Endomyocardial biopsies of acute cellular rejection reliably demonstrate myo­
cardial inflammation and myocyte injury [21]. However, acute cellular rejection 
may also result in vascular inflammation [22]. Lymphocytes infiltrate vascular 
walls, but are not associated with endothelial disruption or vascular necrosis. 

5.1 International Society for Heart and Lung Transplantation (lSHLT) 
Standardized Grading System 

The ISHLT grading system [23] is described below and outlined in Table 3. 

Grade O. No evidence of acute rejection. Grade 0 represents normal myocardium 
without an inflammatory infiltrate or myocyte damage. 

Grade 1. Grade IA (focal, mild, acute rejection) represents a sparse perivascular 
infiltrate oflarge activated lymphocytes in one or two locations within a 
single biopsy fragment or in several biopsy pieces. Myocyte damage is 
not seen. Grade IB (diffuse, mild, acute rejection) also represents a 
sparse, but more diffuse, infiltrate of lymphocytes extending into the 
interstitium between the myocytes and sometimes surrounding the 
myocytes, but without causing myocyte damage (Fig 2). It is not clear 
whether separation of IA and 1B grades is clinically useful. 

Grade 2. Grade 2 (focal, moderate, acute rejection) represents a single circum­
scribed infiltrate of lymphocytes with or without eosinophils and with 
focal myocyte damage (Fig. 3). This may occur by itself or may be 
accompanied by other forms of grade I, but not higher grades. Early 
studies suggest that there is no difference in the outcome of grade 2, 
whether treated or not. The significance (ISHLT) of grade-2 cardiac allo­
graft rejection has been questioned and the medical community is not 
in complete agreement as to its clinical management [24]. Fishbein et al. 
[25] have shown that most, if not all, cases of grade-2 cellular rejection 
can be shown to be Quilty-B lesions (see ppz) and are not associated 
with haemodynamic abnormalities and do not require augmented 
immunosuppression. 

Grade 3. Grade 3 (moderate, acute rejection) consists of two types. Grade 3A 
represents multifocal lymphocytic infiltrates, with two or more foci 
causing myocyte damage or myocyte replacement (Fig. 4). Grade 3B 
indicates a more diffusely aggressive inflammatory infiltrate with 
myocyte necrosis within several pieces of the biopsy tissue (Fig. 5). It is 
sometimes designated as "borderline severe". The clinical usefulness of 
splitting biopsies into grade 3A or -3B has yet to be determined. 

Grade 4. In grade 4 (severe, acute rejection), the inflammatory infiltrate is quite 
obvious and may become polymorphous with neutrophils and eosino-
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Table 3. Standardized cardiac biopsy grading (ISHLT) 

Nomenclature Grade 

No rejection o 
A = focal (perivascular or interstitial) 

B = diffuse but sparse infiltrate 

One focus only with aggressive infiltration 2 
and/or focal myocyte necrosis 

A = multifocal aggressive infiltrates 3 

B = diffuse inflammatory 3 

Severe acute rej ection 4 

Resolving rejection 

Resolved rejection 

Fig. 2. Acute rejection grade IB (diffuse, mild, acute rejection). Sparse infiltration of lympho­
cytes extending into the interstitium between the myocytes but without necrosis (H & E, x 350) 

phils. Myocyte necrosis is extensive (Fig 6). In some cases, an endo­
thelialitis or vasculitis is seen; in these cases, interstitial haemorrhage is 
also present. 

Resolving Rejection. This is designated by a lesser grade than in the previous biopsy 
showing rejection. There are often fibroblasts and iron-laden macrophages. 

Resolved Rejection. This is grade ISHL 0 after a documented rejection episode and 
shows only mature scar, but no inflammatory infiltrate. 
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Fig. 3. Acute rejection grade II (focal, moderate acute rejection). A single circumscribed infll­
trate of lymphocytes with focal cardiomyocyte necrosis (H & E, x 350) 

Fig. 4. Acute rejection grade IlIA. Multifocal lymphocytic inflltrates with myocyte replace­
ment (H & E, x 100) 



Pathology of Heart Transplant 145 

Fig. 5. Acute rejection grade IIIB. More extensive and aggressive inflammatory inmtrate with 
myocyte damage (H & E, x 250) 

Fig. 6. Acute rejection grade IV, showing an extensive, mixed inflammatory inmtrate with 
damaged myocardium (H & E, x 350) 
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During rejection episodes, apoptosis of myocytes is one of the mechanisms of 
immune-mediated death, and it's investigation in tissue sections may represent a 
valuable tool for the diagnosis of myocyte damage [26]. Szabolcs et al. found that 
apoptosis of myocytes occurs during acute cardiac allograft rejection [27].Apopto­
tic myocytes were localized adjacent to areas of inflammatory infIltration as well as 
in areas of a significant inflammatory infIltrate. Interaction of cytotoxic T lym­
phocytes with the Fas protein on macrophages and myocytes, as well as activation 
of cysteine proteases by granzyme-b, released from CD8-positive T cells, may also 
have caused myocyte apoptosis. 

6 Previous Biopsy Sites 

The average transplant recipient may undergo 15-20 biopsies during the first post­
transplantation year. The bioptome tends to follow a similar path in any given pa­
tient. It is, therefore, common to take a biopsy specimen from a previous biopsy site 
[28]. Common features include partially organized fibrin masses, mildly inflamed 
granulation tissue, iron or ceroid-Iadened macrophages and myocyte disarray at 
the periphery of the lesion. The cellular infIltrate associated with granulation tissue 
and myocyte disorientation in a healing biopsy site must be distinguished from 
acute rejection [3,28,29]. Lymphocytic infIltrate trapped in old biopsy sites may 
remain for years. Occasional foreign body granulomas can be seen [3]. 

7 Quilty Effect 

Quilty lesions, also known as endocardial infIltrates, were first described by 
Billingham, who named them after the first patient showing this lesion [29]. Quilty 
lesions have been the subject of more than a dozen different studies and there is 
still no consensus as to their aetiology or significance. They have been associated 
with a direct drug interaction as these lesions were not observed with any signifi­
cant degree of frequency before the addition of cyclosporin to the immunosup­
pressive regimen [30,31]. It has also been suggested that Quilty lesions represent 
an unusual or unrecognized pattern of cellular or humoral "benign" form of rejec­
tion [32-34] or even an incipient Epstein-Barr virus (EBV)-associated lympho­
proliferative process, the latter of which has been proven incorrect [35]; or a 
genetic predisposition associated with the c-abl oncogene. More recent studies in 
experimental animals suggest that they may be sites of antigen processing and 
low-grade immune stimulation [36]. 

The quilty effect (QE) typically manifest as flat or bulging aggregates of mono­
nuclear cells composed predominantly of T cells (CD4 + predominate over CD8 cells 
by a ratio of 2 - 3: 1) and B lymphocytes with histiocytes, plasma cells and promi­
nent microvasculature (Fig. 7) [3,37]. Quilty lesions have been subclassified on 
the basis of whether they infIltrate the underlying myocardium. In type-A lesions, 
the border with the underlying myocardium is smooth. In type-B lesions, 
the mononuclear cells infIltrate the underlying myocardium, and this can cause 
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Fig. 7. Quilty effect. Collection of subendocardial lymphocytes without cardiomyocyte en­
croachment (type A) (H & E, x 200) 

myocytolysis. On a practical level, quilty lesions are generally not considered in the 
grading of cardiac allograft rejection, but mentioned in the diagnosis as a separate 
finding. We have seen QE in biopsies taken between 7 days and 624 days after 
transplantation. It has also been noted that 47% of biopsies with QE also show 
different degrees of acute rejection CAR). Immunohistochemical studies show a 
similar type of lymphoid infiltrate in QE and AR; in both, most of the cells are 
T lymphocytes [37]. 

The nature of epicardial lymphoid infiltration in cardiac allografts and it's 
significance when observed in endomyocardial biopsies or autopsies is uncertain 
[38]. Epicardial lymphoid infiltrates occur with significant frequency after heart 
transplantation and can be associated with and mimic acute cellular rejection. 

8 Humoral Rejection or Acute Vascular Rejection 

Recently, investigators have observed clinical examples of patients with haemo­
dynamic and echocardiographic evidence of graft dysfunction, but without the 
cardinal histological findings of cellular rejection. This is thought to represent 
"humoral" or antibody-mediated vascular rejection CAVR) [39]. Multiparous 
women are particularly at risk in the immediate post-transplant period, with onset 
of AVR most often in the first 2 weeks post-transplant. AVR is associated with 
clinically significant cardiac dysfunction in a majority of cases and carried signifi-
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cant mortality (17 %) in the early post-transplant period. The sensitization to 
antigens prior to transplantation is important in the subsequent development of 
AVR. 

The pathogenetic mechanisms responsible for these vascular inflammatory 
processes (in which an antigen-antibody complex process is implicated) involve 
complement activation, cytokine release, chemotaxis and activation of neutrophils 
and macrophages. All of these features suggest that delayed-type hypersensitivity 
maybe implicated [39-41]. 

Endomyocardial biopsies taken at this time may show sparse acute inflamma­
tory cells, severe interstitial oedema, haemorrhage, and endothelial swelling and 
injury of capillaries, venules and arterioles that may be subtle. Myocyte necrosis 
may be found in 60 % of all AVR and in 100 % of all clinically significant cases. On 
a larger scale, the biopsies may also show evidence of lymphocytic vasculitis. 
Damage to small vessels is often manifested by immunofluorescent evidence of the 
deposition of IgG or IgM, complement (C3 and/or C 1 q) and fibrinogen in a linear 
staining pattern around small vessels. Ig deposition may, however, be seen in 
ischaemia and other conditions and it is not specific for humoral rejection [39]. 

Hammond classified AVR into five grades on the basis of histological and immu­
nocytochemical findings [39,42]: 

a) Negative or no evidence of AVR: all biopsies that show no light or immuno­
fluorescent evidence of AVR. 

b) Equivocal evidence of AVR: by light microscopy, biopsies show histological 
endothelial cell activation, and swelling or damage with or without associated 
oedema or haemorrhage. No inflammation or thrombosis is demonstrated. 
Immunofluorescence (IF) study shows microvascular accumulation of Ig or 
complement components, but not both. Similar equivocal findings can be seen 
in patients with systemic viral illness, especially those caused by CMV. 

c) Mild AVR: light microscopic evidence of vasculitis may be demonstrated, which 
is often leukocytoclastic. By IF, the majority of cases show co-localization of 
Ig and complement in capillaries and venules. This group of patients con­
sistently demonstrates alterations of the natural anticoagulant and fibrinolytic 
pathways. 

d) Moderate AVR: in this category, vasculitis, arteriolitis, severe interstitial oedema 
and fibrin accumulation are seen. By IF, moderate microvascular rejection 
usually shows large accumulations of Ig and complement within capillaries and 
venules. In patients with moderate AVR, antithrombin III and tissue plasmino­
gen activator (tPA) are usually completely lost. Clinically, this is often associat­
ed with haemodynamic compromise. Such biopsies may show piecemeal 
myocyte necrosis or subendocardial infarction. 

e) Severe AVR: this is identical to severe acute cellular rejection and should be 
regarded as the end result of any severe rejection process. The EMB shows a 
diffuse mixed leukocytic infiltration including neutrophils and eosinophils. 
Myocyte necrosis, interstitial oedema and haemorrhage may be prominent. 
Vasculitis is obvious. IF often will have vascular deposits of Ig and complement, 
as well as interstitial and vascular accumulation of fibrin. 

Mixed cellular and AVR may be seen in biopsy material and is independently 
graded, but simultaneously demonstrated. Hammond et al. [42] have found it 
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prognostically useful to designate patients according to their predominant form of 
histological rejection. Patients with AVR have a significantly worse survival rate 
than patients with cellular or mixed-rejection patterns. It is interesting that al­
though patients with mixed rejection have a survival rate similar to patients with 
cellular rejection, they have a fourfold higher risk of developing allograft coronary 
disease; patients with AVR have an eight- to ninefold greater risk [42,43]. 

9 Infections 

Cardiac allograft recipients are susceptible to a wide variety of bacterial, fungal, 
protozoal and viral infections [3]. These infections may involve the allograft itself, 
giving rise to infectious endocarditis, myocarditis and pericarditis. Infection is the 
second most common cause of death during the first year following heart trans­
plantation (26%) [44]. Bacterial infections, particularly pneumonia, are the most 
common. The observation that the most common histological pattern of infection 
is necrotizing bronchopneumonia with abscess formation is not surprising, since 
the responsible pathogens are most often Pseudomonas and fungi. Two agents, 
Toxoplasma gondii and CMV, are of special interest because they are particularly 
likely to involve the allograft and may even be first detected on endomyocardial 
biopsy. 

9.1 Toxoplasmosis 

Toxoplasma gondii is an obligate intracellular parasite that is responsible for high 
mortality and morbidity rates [45]. Toxoplasmosis may develop as reactivation of 
a previous infection in seropositive patients, but toxoplasma seronegative recip­
ients who receive a graft from a seropositive donor are at much higher risk of devel­
oping clinically significant toxoplasmosis [46]. Clinical disease may be limited to 
the heart, but in many cases there is dissemination and even lethal infection. Long­
term pyrimethamine prophylaxis is recommended for seronegative recipients of 
hearts from seropositive donors. In our series, we found six cases of toxoplasmosis 
diagnosed by EMB in heart-transplant recipients. Despite treatment, one patient 
died with disseminated toxoplasmosis and pulmonary aspergillosis 10 days after 
diagnosis [47]. 

Our experience confirms other findings demonstrating that diagnosis of the 
disease can be difficult due to a lack of specific symptoms or signs and the lack of 
correlation of serological titres with clinical disease [47,48]. The myocardium is 
known to be involved during the acute phase of toxoplasma infection and the EMB 
can be instrumental in the diagnostic process. Presently, molecular biology tech­
niques, such as polymerase chain reaction (PCR) are joining the variety of proce­
dures used in the diagnosis of toxoplasma infection. 

Toxoplasmosis in the cardiac allograft mimics cellular rejection to a certain 
extent. In some cases, there are aggregates of inflammatory cells around individu­
al necrotic myocytes. Lymphocytes and macrophages predominate, often with 
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Fig. 8. Toxoplasma cysts in the sarcolemma of myocytes (H & E, x 350) 

numerous eosinophils. However, eosinophils may be few in some cases of toxo­
plasmosis and prominent in some cases of cellular rejection. A careful search for 
the characteristic intramyocytic cysts is required (Fig. 8), even in areas lacking 
inflammation [3,47], because cysts that have not ruptured, releasing the tropho­
zoites, usually do not incite an inflammatory reaction 

9.2 Cytomegalovirus 

CMV infection is the most common and important viral infection in heart-trans­
plant recipients, with incidences ranging from 73% to 100% [49]. Although many 
of these cases are asymptomatic - with diagnosis bsed on the shedding of virus or 
increase in serological tit res - 25 % - 50 % of these patients will develop symptoms 
(fevers, malaise, leukopenia or invasive disease) that, in our experience, mandate 
treatment with ganciclovir. Disseminated CMV infection is associated with 
an increased frequency of graft rejection and bacterial and fungal infections. 
Viraemia and symptomatic CMV disease is more frequent in cardiac-transplant 
recipients than in other recipients. The risk of developing CMV infection is highest 
during weeks 4 -12 post-operatively, and CMV occurs most frequently in recipients 
of organs from CMV-seropositive donors [50]. 

Even in patients with documented invasive or disseminated CMV infections, the 
virus is detected in only a fraction of EMB specimens. Involvement of the cardiac 
allograft is often less severe than that of other organs, such as the lungs, and 
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endomyocardial biopsies are insensitive in detecting what is often focal disease 
[49, 50]. Nevertheless, necrotizing CMV myocarditis is occasionally recognized 
pathologically. Inflammation is usually relatively sparse and focal. A few lym­
phocytes, histiocytes and segmented neutrophils cluster around cells showing 
CMV inclusions or clumps of necrotic cellular fragments. A variety of cells, includ­
ing endothelial cells, interstitial fibroblasts and myocytes may be infected. Cells 
showing diagnostic changes are enlarged and have a large central inclusion sur­
rounded by a pale halo. Less distinct clumped cytoplasmic inclusions may also 
develop [51]. Immunohistochemistry for CMV early antigens or in situ hybrid­
ization for CMV nucleic acids and PCR may be required for positive identification 
in equivocal cases [51,52]. 

We have seen three patients who died with disseminated CMV infection [3]. 
These three patients also had cerebral haemorrhage, pneumonia with positive 
culture for Legionella and disseminated lymphoma, respectively. 

10 Malignancies in Heart Transplantation 

The increased incidence of malignant tumours in heart transplant recipients has 
been well documented following the advent of immunosuppressive drugs. The 
incidence of novo malignant tumours varies from 1 % to 16%, an incidence ap­
proximately 100 times greater than that of the matched general population [3, 53]. 
The high incidence of malignant disease among organ-transplant recipients is 
related to pharmacological suppression of the immune system, prolonged anti­
genic stimulation or oncogenic viral activation. 

Distinctive tumours develop in different survival intervals. Non-Hodgkin's 
lymphomas are usually the earliest tumours to occur, even within the third post­
operative month. Squamous-cell carcinomas (38 %) and lymphomas (17 %) are the 
most frequent neoplasms [53]. Kaposi's sarcoma is also associated with immuno­
suppression and EBV infection, but is very unusual in heart recipients [54]. 

10.1 Post-transplant Lymphoproliferative Disorders 

Post-transplant lymphoproliferative disorders (PTLD or PT-LPD) encompass a 
range oflymphoid hyperplasias and neoplasms that occur in approximately 2 % - 5 % 
of solid organ-transplant patients and about 1 % of bone-marrow recipients. They 
have been described as "opportunistic neoplasms", which arise in part as a con­
sequence of the immunosuppression required to prevent organ rejection [55,56]. 

The characteristics of PTLD [57] in heart transplantion are: 
• PTLD may arise in lymphoid tissues, such as tonsils or lymph nodes, but fre­

quently arises in extranodal sites. The organ allograft itself is often involved by 
PTLD (Fig. 9). 

• EBV is thought to be an important cofactor in the development of PTLD and is 
present in almost all cases (found with in situ hybridization [Fig. 10] and PCR 
techniques). 
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• Lymphomatous PTLDs are most often are of the non-Hodgkin's type. 
• PTLDs most commonly arise from B-Iymphocytes. Less commonly, tumours 

may arise from T cells or natural killer (NK) cells. 
• The histological spectrum of PTLD ranges from hyperplastic lesions, some of 

which resemble mononucleosis, to atypical lymphoid lesions to lymphomas. 
• Many cases regress, with reduction of immunosuppression and antiviral therapy. 

Prior to 1981, lymphoid tumours in transplant patients were uniformly referred to 
as immunoblastic sarcomas. In that year, Frizzera and colleagues [58] from the 
University of Minnesota examined tumours from a small number of renal trans­
plant recipients and observed several forms of lymphoproliferation that had not 
been previously described and applied the term "polymorphic" to emphasize the 
heterogeneity in size and shape of the tumour cells. The classification system of 
PTLD by Frizzera et al. includes reactive lymphoid hyperplasia, polymorphic 
diffuse B-cell hyperplasia, polymorphic B-cell lymphoma and immunoblastic 
sarcoma [58]. The authors stressed that the behavior of post-transplant lympho­
proliferations could not be predicted reliably by pathological studies alone. In the 
series of Nalesnik and colleagues [55], Locker and Nalesnik [59] and Knowles et al. 
[60] have emphasized the monoclonality and molecular alterations of PTLDs. 

The Society for Hematopathology Workshop, held in Duarte, California, in 
October 1995, led to discussions that expanded the spectrum of recognized 
post-transplant lymphoproliferations [61], including additional lesions such as 
plasmacytomas, T cell-rich B-celllymphomas, and T-cell lymphomas under the 
umbrella term of PTLD. 

Fig. 9. Post-transplant lymphoproliferative disorders (PTLD) involving the heart. A polymor­
phous dense lymphoid infiltrate is seen between the myocytes (H & E, x 200) 
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Fig. 10. In situ hybridization for Epstein-Barr virus (EBV) in a post-transplant lymphoproli­
ferative disorders (PTLD) (x 300) 

10.2 Other Neoplasms 

Skin and lung tumours are the most frequently occurring solid tumours in heart­
transplant recipients. Skin tumours (except for Merkel's cell carcinoma and mela­
noma) usually have a benign course, whereas lung and other tumours developing 
in cardiac transplant recipients carry a poor prognosis [62]. Advanced disease 
stage at the time of diagnosis is responsible for the dismal outcome of recipients 
in whom solid tumours develop. Close post-operative tumour surveillance after 
cardiac transplantation is warranted. 

The frequency of skin cancer in organ transplant recipients is high, up to 15%. 
In our series, between January 1984 and December 1993, at least one cutaneous 
neoplasm (squamous-cell carcinoma and/or basal-cell carcinoma) developed in 
14 patients (15.2%). The basal-cell carcinoma to squamous-cell carcinoma ratio 
was 1: 1.5. The skin cancer appeared an average of 31.5 months after transplanta­
tion; the average was 36 months for squamous-cell carcinoma and 25.3 months for 
basal-cell carcinoma. Cumulative risk rose from 4.3% at 1 year to 43.8% at 7 years 
after transplantation. The overall incidence of both types of skin cancer was 45.3 
per 1000 post-transplant person-years, with an incidence of 25.8 for basal-cell 
carcinoma and 29.1 for squamous-cell carcinoma. Most skin cancers developed 
between 2 years and 3 years after transplantation [62]. Kaposi's sarcoma is fairly 
rare [54,63]. Other tumours occur at a frequency similar to that of general popula­
tion. 
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The association of EBV with smooth-muscle tumours was recently reported in 
the setting of acquired immunodeficiency syndrome (AIDS) and post-transplan­
tation. In heart-transplant patients, two cases of EBV-associated smooth-muscle 
tumours arising in liver have been reported [64,65]. The smooth-muscle tumour 
contained EBV within more than 95 % of tumour cells when analyzed by means of 
Epstein-Barr (EBERl) in situ hybridization, was of strain type A when analyzed by 
means of Epstein-Barr nuclear antigen-2 (EBNA-2) PCR and contained an identical 
30-bp deletion (amino acids 346-355) of the latent membrane protein-l (LMP-l) 
oncogene when analyzed by PCR analysis. 

11 Hypertrophy and Fibrosis 

Cardiac transplantation is characterized by a sudden increase in ventricular load­
ing, since the new heart has to restore cardiac output and normalize peripheral 
resistance, reversing interstitial fluid accumulation and pulmonary congestion in 
the recipient. Donors are usually young individuals of smaller cardiac weight; 
therefore, the transplanted heart has to adapt to the increased functional demand 
associated with these variables of the host. Transplanted hearts increase their size 
within weeks of transplantation. Heart biopsies show myocyte hypertrophy with 
large and hyperchromatic nuclei and giant mitochondria [66-68]. Beltrami et al. 
[69] suggest that the evolution of the transplanted heart involves the expression of 
a gene that is implicated in DNA replication. Proliferating cell nuclear antigen 
(PCNA)-labelled myocyte nuclei in the absence and presence of histological rejec­
tion was observed and no correlation existed between the severity of rejection and 
the percentage of myocytes and connective tissue cells stained by PCNA. This 
suggests that all these features support the idea that the proliferation of myocytes 
and non-muscle cells may be a component of ventricular remodelling after cardiac 
transplantation. 

Myocardial fibrosis is a recognized post-transplantation event [3]. Studies have 
shown increased fibrosis in longer-surviving allografts. Fibrosis may be patchy or 
of a fine perimyocytic type. Previous rejection episodes or previous ischaemic epi­
sodes [70,71] may cause patchy fibrosis. Li et al. [72] have described a relationship 
between the density of mast cells and their secreted products and the volume of 
fibrosis in post-transplant human hearts. The perimyocytic pattern of fibrosis is 
typical of cyclosporin-A effect [73-75]. Analysis of collagen volume fraction in 
biopsy material from allografts surviving more than 3 years showed that increased 
collagen deposition correlated with an increasing number of rejection episodes 
[76]. The authors postulated that damage from cellular rejection and more inten­
sive cyclosporin-A therapy is responsible for increased fibrosis. 

The other feature of fibrosis in long-term recipients involves the pericardium. 
Epicardial pathology is prevalent in longer-survival allografts. The pericardium may 
have become adhesive to the epicardium and thickened to the point at which it may 
cause constrictive pericarditis. Symmans et al. [66] have demonstrated that epicar­
dial and pericardial fibrosis is often associated with nodular inflammatory infIltra­
tes centred around neurovascular bundles. The significance of this is unclear, but a 
relationship between epicardial infIltrates and coronary artery pathology was found. 
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12 Denervation 

After cardiac transplantation, the allograft remains denervated and is not under 
the usual control of the sympathetic autonomic nervous system [77]. More recent­
ly, there have been reports of some physiological evidence of re-innervation, al­
though this has not yet been confIrmed from the morphological standpoint. Some 
nerves can be seen in the transplanted heart, although they are greatly reduced in 
number from normal [78]. 

The conduction system in the transplanted heart is involved by the inflamma­
tory inflltrate of the acute rejection. The small vessels to the sinus and atrio­
ventricular (AV) node may be affected by graft coronary disease. The conduction 
system itself remains largely intact morphologically following cardiac transplanta­
tion, and there is little evidence of permanent structural damage [79]. It has been 
reported that there is about a 50 % chance of surgical or procurement damage to 
both the recipient and the donor tissue around the conduction system [sino-atrial 
(SA) and AV nodes] [79,80]. 

13 Calcification 

Dystrophic, metastatic and idiopathic calcification of the myocardium has been 
reported sporadically [81]. Acute myocardial calcification of heart transplants was 
described by our group [82]. Several posterior cases have been reported [83]. 
Pulmonary hypertension, cardiac surgery and administration of steroids and 
calcium chloride, in addition to transitory acute renal failure may be the multi-cau­
sal factors that produce this myocardial calcification. 

14 Chronic Rejection 

The long-term survival of patients after orthotopic heart transplantation is limited 
by the development of obstructive coronary vascular lesions [chronic rejection 
(CR)] with resultant ischaemic myocardial injury. It similarly manifests in all vas­
cularized solid-organ allografts as an obliterative arteriopathy or graft vascular 
disease, with interstitial fibrosis and atrophy of parenchymal elements, eventually 
resulting in allograft failure [84]. CR usually has an insidious onset, although 
abrupt arterial damage from a severe acute rejection can manifest similar arterial 
pathology. The principal histopathological finding in CR is concentric narrowing 
of the arterial lumen because of fibrointimal hyperplasia. Veins are much less 
frequently and less severely involved [84]. 

CR is seen as early as 3 months post-transplantation [84]. Most cases of clinical­
ly noticeable CR are demonstrable by coronary angiography 3-5 years post­
transplantation. Accelerated graft arteriosclerosis occurs in approximately 35 % of 
transplanted patients within 3 years after operation and in 50 % within 5 years 
[84,85]. Moreover, CR can develop and, unpredictably, become significantly ob­
structive within months of transplantation. 
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Table 4. Aetiologic aspects of Graft coronary disease (GCD) 

Nonimmunological 
Age and gender 
Corticosteroids 
Diabetes and hyperlipidaemia 
Estrogen 
Cytomegalovirus infection 

Immunological and molecular 
Acute rejection (humoral and cellular) 
Transplantation antigens 
Adhesion molecules 
Growth factors and cytokines 
New drugs 

CR is thought to be due to direct immunological injury to the allogeneic arterial 
endothelium, which disrupts intimal homeostasis [86]. In turn, the injury is 
thought to trigger a cytokine- and growth factor-driven arterial repair'response 
that results in luminal narrowing. Recent studies have outlined vascular endo­
thelial-cell activation of various kinds (triggered by rejection and other process), 
including cytokines, growth factors, extracellular-matrix proteins, adhesion mole­
cules and mediators such as interleukin-I, interleukin-2, platelet-derived growth 
factor, tumour growth factor-fJ and tumour necrosis factor-a, [85]. Non-immuno­
logical factors (Table 4) contributing to CR include hyperlipidaemia, diabetes 
mellitus, CMV infection and prolonged ischaemic time while harvesting the heart 
[85,86 - 89]. CMV nucleic acids have been observed in the coronary arteries of allo­
grafted hearts, suggesting a possible role for the interaction of CMV with p53 in the 
development of accelerated graft arteriosclerosis in transplant recipients [90,91]. 
CMV infection accelerates cardiac allograft arteriosclerosis, particularly in small 
intramyocardial arterioles mediated by inflammatory responses in the vascular 
wall and perivascular space [91]. By immunohistochemistry, Baas et al. [90] found 
that the smooth-muscle cells in these vessels did stain intensely for WAF-I. The 
expression of WAFI further suggests that the WAF-I-mediated anti-proliferative 
signal is intact in CR vessels. Apoptosis and loss of functional vascular remodelling 
should be considered as important mediators of clinically relevant CR [92,93]. 

Microscopic examination of CR shows varying degrees of concentric intimal 
proliferation (Fig. 11) and finally total occlusion of the lumen [3,84,85,94,95]. In 
the earlier stages, the intimal proliferation presents as a homogeneous appearance 
with varying amounts of transformed smooth-muscle cells, lymphoblasts, fibro­
blasts, and macrophages. Later, a layer of foamy macrophages lined up along the 
internal elastic membrane and then spreads out into the intima. An increase in 
extracellular matrix was also observed [96,97]. Within 10 years post-transplanta­
tion, the intima may form typical plaque-like changes with atheroma and occasio­
nally with calcium and cholesterol clefts. The endothelium usually remains intact 
and may have a lymphocyte component often referred to as endothelialitis. The 
internal elastic, unlike that in atherosclerosis, remains almost intact, except for very 
small breaks, through which the smooth-muscle cells apparently emigrate to the 
intima. In this process, the media remains intact and is apparently unaffected, 
except for the fact that, as the lumen of the artery becomes obliterated, the width 
of the media appears to become thinner. This type of intimal proliferation often 
affects large branches and penetrates intramuscular small vessels all the way to the 
endocardium [98,99]. For this reason, small pyramidal infarcts are often found. 
Large full-wall thickness myocardial infarcts are also present in advanced CR and, 
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Fig. 11. Explanted heart showing an epicardial coronary artery with chronic rejection (con­
centric intimal proliferation) (H & E, x 50) 

in most cases, these are clinically silent and unsuspected (because transplanted 
hearts are denervated). CR involving the venous system of the heart is very rare and 
mild. 

A lack of correlation between microvascular and epicardial vessel disease sug­
gests discordant manifestation and progression of CR [98]. Heart biopsies in graft 
atherosclerosis show myointimal proliferation, thickening and folding of the wall 
of pre-capillary arteries, myocyte hypertrophy and interstitial and perivascular 
fibrosis (Fig. 12) [100-102]. Type-III and type-IV collagen, laminin and fibro­
nectin are increased in areas of interstitial and perivascular fibrosis, as well as in 
the vessel's wall. Fibronectin accumulation is more evident in the sub endothelium 
and inner media of affected vessels [96]. 

Although the arterial changes in CR have been extensively reported, less atten­
tion has focused on the significance of the myocardial pathology resulting from the 
perfusion defects caused by CR. These changes include subendocardial myocyte 
vacuolization, indicative of sublethal ischaemic injury, and coagulative myocyte 
necrosis, acute and healing, indicative of infarction [101, 102] 

Although accelerated arteriosclerosis is the most critical and most widely re­
cognized complication in the allograft heart, a new subtype of coronary arteriopa­
thy has been reported recently [103]. This complication, termed dilated angiopathy, 
was observed in about 7 % of heart transplants undergoing coronary angiography 
1 year or more after transplantation. The aneurysmal dilatation may involve any of 
the proximal epicardial coronary arteries and is not accompanied by either diffuse 
or discrete obliterations of the vascular lumen. Because histological specimens 
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Fig. 12. Heart biopsy in chronic rejection shows myointimal proliferation of a small artery, 
myocyte hypertrophy, and interstitial and perivascular fibrosis (H & E, x 250) 

were not available, it is unclear whether the underlying morphological alteration in 
dilated angiopathy is that of active or healed arteritis or some other unspecified 
medial degenerative process. 

Although CR is similar to atherosclerosis seen in the general population, there 
are also distinct differences. A comparison of the two is shown in Table 5. 

Balloon angioplasty has a limited role in the treatment of focal lesions. Ex­
periences with coronary stenting, coronary-artery bypass grafting and trans-myo­
cardiallaser revascularization are limited [104]. Re-transplantation has a worse 
prognosis than initial transplantation. In addition, a recent study has shown that 
rapid or fulminant development of CR within 1 year foretells a poor prognosis as 
a result of ischaemic cardiac events [1.05]. Strategies for blocking expression of 
adhesion molecules may help prevent chronic rejection in clinical transplantation. 
3-Hydroxy-3-methylglutaryl coenzyme-A reductase inhibitors and anti-prolifera­
tive drugs may slow progression of CR by a variety of effects [85] . 

15 Causes of Death 

Despite the wealth of experience over the last 25 years, the major causes of death 
in cardiac allograft remain the same; acute cardiac rejection or infections in the 
early post-operative years or CR disease in the later years (Table 6). 
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Table 5. Comparison of Graft vascular disease (GVD) and atherosclerosis in the general popu­
lation 

Histopathological finding Graft vascular disease Atherosclerosis 

Epicardial arteries Involved Preferentially involved 

Penetrating intramyocardial Involved Not involved 
arteries 

Endothelium Often intact, but Usually intact, hypertrophy 
hypertrophied not as obvious as GVD 

Myointimal proliferation and Yes, concentric Yes, eccentric 
luminal narrowing 

Intimal lipid and cholesterol Uncommon Common 
deposits 

Intimal inflammation Variable Variable 

Elastic lamina Focally disrupted Focally disrupted 

Media Thinned in late stage Thinned in late stage 

Medial inflammation Variable Variable 

Adventitial inflammation Common Variable 

Calcium deposition Absent Frequently present 

Rate of development Months Years 

Table 6. Causes of death in cardiac recipients. The prime causes of death are subdivided by 
survival intervals 

Perioperative death Early death Intermediate death Late death 
(:>1 month) (> 1 month, (>3 months, (>2 years) 

:>3 months) :>2 years) 

Graft failure: Graft failure: Graft arteriopathy Graft arteriopathy 
pump failure pump failure 

Multi-organ Acute rejection Infections: viral, Tumours: 
failure bacterial, fungal lymphoma, 

carcinomas 

Pulmonary Infections: viral, Tumours: Pulmonary 
hypertension fungal and skin carcinomas, 

lymphoma 

Postoperative Tumours: 
complications lymphoma 

Bacterial infections 

It is well known that ischaemic [106], valvular [106] or congenital heart diseases 
[107] and myocarditis [108] adversely affect transplant outcome. Patients trans­
planted for idiopathic dilated cardiomyopathy had a significantly better outcome 
[109]. 

The main obstacle to long-term survival is now represented by graft vasculo­
pathy. However, in the series, nearly three-fourths of the deceased recipients died 
within the first 6 post-operative months, and half of deaths still occur in the first 
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post-operative month [109-111]. Deaths are mainly attributable to acute graft 
failure, post-operative complications, non-cardiac emergencies and bacterial infec­
tions in the first post-operative month, and to acute rejection and saprophytic 
infections in the subsequent months. However, myocardial dysfunction and 
ischaemic necrosis secondary to graft vasculopathy usually occur before the end of 
the sixth post-operative month. 

Fatal infections are a frequent occurrence in short-term survivors [110], but the 
distribution of the agents varies with different periods [112]; although bacterial 
infections are more common in the first 3 post-operative months, saprophytes 
predominate later. The relatively high prevalence of fatal mycotic infections is con­
sistent with the low mortality from acute rejection and warns against the risk of 
excessive immunosuppressive treatment of recipients. Viral infections seem to play 
an initiating role because they are slightly more common as the primary than the 
immediate cause of death. 
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1 Introduction 

Pulmonary transplantation has become a widely accepted procedure, which can be 
performed as a single-organ procedure, as a block of both lungs or in combination 
with heart transplantation. The main indications for transplantation are parenchy­
mal disease (idiopathic pulmonary fibrosis, sarcoidosis, eosinophilic granuloma, 
a-I-antitrypsin deficiency, cystic fibrosis, bronchiolitis obliterans, lymphangio­
myomatosis) or vascular disease (primary pulmonary hypertension, the Eisen­
menger syndrome). The main causes of death in transplanted patients are infection 
in the early stages and chronic rejection with bronchiolitis obliterans later [1]. 
Actuarial survival in the whole group 6 years after transplantation is about 40 % 
[2,3]; therefore, major pathological findings in transplanted lungs are dominated 
by the consequences of acute and chronic rejection, and infection. Hyperacute 
rejection does not have a very specific histopathological profile [3]. 

2 Initial Response to Implantation 

The initial response to implantation develops as a result of a variety of different 
factors (denervation, liquid overload, deficient lymph drainage, endothelial lesions 
developing after reperfusion). It appears about 72 h after grafting and consists 
mainly of an accumulation of oedema fluid in perihilar parenchyma in particular, 
with minimal leucocyte emigration. It can be difficult to differentiate from early 
rejection or infection when excessive, but the lack of a significant cellular infiltrate 
is a strong argument against rejection [4]. 
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3 Pathology of Rejection 

3.1 Acute Rejection 

Acute rejection can be observed from 2 days to 3 days after transplantation and is 
a common phenomenon in the first 6 months after grafting. Most patients have 
more than one rejection episode within the first 3 months and about half have an 
episode within the first 3 weeks. Clinically, these patients show decreasing pulmo­
nary function, with progressive dyspnoea, hypoxaemia, leucocytosis, cough and 
fever. The chest X-ray shows hilar and basal inflltrates. Some patients are clinically 
asymptomatic and show a normal thoracic X-ray, making the clinical diagnosis of 
rejection impossible. However, biopsy diagnosis of the early phases of rejection is 
usually avoided and transbronchial biopsy is used as a diagnostic tool only after 
the first 3 weeks. However, the histological changes involved are then readily 
demonstrable by this method in both man and experimental animals [5-9]. 

Changes begin to develop in the neighbourhood of small venules which become 
surrounded by an inflammatory inflltrate composed mainly of lymphocytes and 
some macrophages forming cuffs (Fig. 1). This inflltrate progresses in severity and 
extent and affects the arterial walls. Then, endothelialitis and some polymorphs, 
eosinophils and lymphocytes can be seen. As rejection progresses, the inflltrate 
tends to become denser and to affect not only the perivenular and periarterial 
spaces, but also the wall of small airways and the pleura. Endothelialitis is more 
evident. This coincides with an increasing number of transformed lymphocytes in 
the infiltrate and a higher number of eosinophils and polymorphs. The infiltrate 
also affects the cartilage-bearing bronchi and the phenomenon is called lympho­
cytic bronchiolitis and bronchitis, occurring in about 30 % of mild acute rejections 
and in about 60 % of moderately severe acute rej ection episodes. As the intensity of 
rejection increases, the cellular inflltrate tends to affect the alveolar septae of the 
surrounding alveoli and lining pneumocytes show necrosis. Hyaline membranes 
and intraluminal oedema fluid appear (Fig. 2). In more severe cases, areas of 
necrosis and haemorrhage develop with vascular thrombosis affecting veins and 
arteries. These findings may also be seen with infection [1,8]. 

Small airways may also show widespread necrosis of epithelium with ulceration 
and invasion of the lumen by plugs of granulation tissue; a finding observed more 
frequently in those patients whose rejection progresses to bronchiolitis obliterans 
than in those who do not. Augmented immunosuppression can have a beneficial 
role in preventing the evolution of bronchiolitis obliterans [10]. 

Transbronchial biopsy also gives valuable information about the morphological 
response to therapy, which is manifest by a decrease in number of cells in the peri­
bronchial and perivascular inflltrate, with persistence of some haemosiderin-laden 
macrophages as a record of previous haemorrhage [11]. 
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Fig. 1. Mild rejection. Lung parenchyma show small cuffs oflymphoid cells surrounding small 
venules. H & E, x 100 

Fig. 2. Severe rejection. In addition to dense perivascular and interstitial cellular infIltrates, 
alveoli show pneumocyte necrosis and desquamation and prominent hyaline membranes. 
H &E,x 100 
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3.2 Chronic Rejection 

Chronic rejection is associated with changes in large and small airways, the vas­
cular bed and the interstitium and appears in about 50% of patients who survive 
1 year after grafting. Some degree of pleural fibrosis is usually present [4]. 

3.2.1 Bronchiolitis Obliterans 

Bronchiolitis obliterans is a histopathological term that describes a change 
produced in many ways. Invasion of the lumen of small airways, down to aIveolar 
duct size, by sprouts of granulation tissue follows necrosis and sloughing ofbron­
chiolar epithelium and may be produced by toxic fumes, infections of different 
types, major bronchial obstruction, diffuse alveolar damage or aspiration pneu­
monia. It can also appear as a cryptogenic disease with bilateral patchy infiltrates 
and good response to steroid therapy (bronchiolitis-obliterans type interstitial 
pneumonia). After the initial injury, necrotic debris, fibrin and inflammatory cells 
are invaded by vessels, collagen and fibroblasts. The early proliferative phase sub­
sides and the lesions may heal without sequelae or, more commonly, progress to 
fibrous scarring when the lumen is lost and replaced by a dense collagen scar with 
some capillary vessels and residual inflammatory cells. In some cases, a concentric 
band of fibrous tissue develops under the basal lamina, reducing the transverse 
section of the bronchioli. This justifies the term "constrictive bronchiolitis" prefer­
red by Colby [12]. The epithelium can regenerate or may be replaced by a squa­
mous metaplastic change. Parietal muscle is usually preserved, but in some cases 
appears distorted by the scar tissue (trichrome and elastic stains help to identify 
the lost bronchioli in the vicinity of branches of the pulmonary artery). This phase 
of scarring implies irreversible damage, while in the early proliferative phase some 
response to treatment can be expected. 

In the setting of pulmonary transplantation, obliterative bronchiolitis may be 
considered the airway component of chronic rejection. It has great clinical signi­
ficance and is associated with progressive loss of function of small airways and 
a decrease in pulmonary function. Obstruction to the airflow, cough, increased 
sputum production and bacterial or fungal infection will follow. In advanced cases, 
these symptoms and signs do not improve with increase in immunosuppresion. 
Histopathological changes begin with infIltration of the bronchial wall by activated 
lymphocytes and is followed by necrosis and desquamation of the bronchiolar 
epithelium. Repeated episodes of acute rejection infection [4,13,15] and ischemia 
may also playa complementary role in the development of bronchiolitis obliterans. 
Areas of ulceration of the mucosa are subsequently invaded by plugs of granulation 
tissue, with a matrix of basophilic ground substance, collagen and a cellular pop­
ulation of fibroblasts and myofibroblasts [16] (Fig. 3). The lesion can affect exten­
sive areas of the small airway or a smaller part in a segmental fashion, or only a part 
of them (Fig. 4). The clinical severity will rely on the number of totally occluded or 
severely stenotic bronchioli (Figs. 5-7). 

The disease affects both lungs in a patchy fashion and is usually extensive, as in 
most cases of diffuse damage to small airways associated with functional alterations. 
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Fig. 3. Active bronchiolitis obliterans in transbronchial biopsy. Granulation tissue protrudes 
into the lumen of a small bronchiole. H & E, x 40 

Fig. 4. Chronic rejection. Histological section of an autopsy specimen showing the complete 
loss of the lumen which seems to be occluded in a segmental fashion. H & E, x 40 
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Fig. 5. Low power micrograph to show the complete disappearance of bronchiolar lumen in 
chronic rejection. Adjacent parenchyma shows a rather unremarkable morphology. H & E, x 40 

Fig. 6. Chronic rejection. Necropsy specimen to show the substitution of the mucosa and sub­
mucosa for dense hyaline collagen with scanty inflammatory cells and two small residual 
lumens. Bronchiolar muscle persists at the periphery of the scar. H & E, x 100 
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Fig. 7. Constrictive bronchiolitis. Under bronchiolar epithelium, a concentric band of collagen 
has developed, reducing uniformly the lumen without complete occlusion. H & E, x 100 

Recently Abernathy et al. [14], have suggested the existence of two different 
types of bronchiolitis obliterans. The first one is the "pure form" in which the 
bronchioli show reduction of their internal diameter due to increase in the amount 
of collagen in the submucosa or are transformed into solid cords filled with dense 
scar tissue. This appears late after transplantation and is related to immunological 
damage to the bronchial epithelium. Adjacent alveoli remain normal. The second 
form appears early after grafting, showing plugs of granulation tissue in the 
lumens of affected bronchioli. Adjacent alveoli participate in the inflammatory 
process. Aetiologically, this change may be related to non-immunological causes, 
including aspiration or infection. These authors do not exclude the possibility 
that both morphological forms represent the early and late phases of the same 
phenomenon. 

Bronchiolectasis with mucostasis can be seen proximal to the point of obstruc­
tion and as foci of obstructive golden pneumonia, with lipid-laden macropaghes, 
develop distal to the site of interruption of the lumen. Both are indirect signs of 
bronchiolar obstruction which may be informative when the point of scarring is 
not seen in a section of an open biopsy or in autopsy material. 

Large cartilaginous bronchi develop bronchiectasis, probably by a combination 
of causes, including rejection, denervation, ischaemia and recurrent infection [17]. 
Dilated and inflamed proximal bronchi show squamous metaplasia, cartilage 
destruction, submucosal lymphoid hyperplasia, chronic inflammation, and atrophy 
of parietal glands. The loss of cartilage is a major factor in loss of the normal struc­
ture and function of the bronchial wall. Yousem et al. [18] have shown how the 
cartilage plates of the transplanted lung have irregular borders, with perichondral 
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fibrous proliferation and ossification, changes which seem to be closely related to 
deficient perfusion of the bronchial wall when blood flow through the bronchial ar­
tery is interrupted. Finally, the lumen of bronchi may be filled by inspissated mucus 
that may contain fungi. Distally, bronchocentric granulomatosis can develop. 

Bronchiolitis obliterans appears in approximately 30 % of patients, from the first 
months after transplantation to years after grafting [19]. It is evident in most cases 
within 1 year of transplantation. Two thirds of the patients run a downhill course 
with progressive obstruction, recurrent infections and poor response to therapy, 
leading to death. 

The gold standard for the diagnosis of bronchiolitis obliterans by morphologi­
cal means is transbronchial biopsy [7]. Although there is some criticism of this 
assertion [20]. In the experience of the Pittsburgh group, transbronchial biopsy has 
a sensitivity of 87% and a specificity of 99%, with no differences between single­
lung, double-lung or heart-lung transplantation groups [21]. Scott et al. [15] found 
a sensitivity of94% and a specificity of90% when 18 biopsy samples were studied 
and Higenbottam et al. [22], a sensitivity of 80% and a specificity of 100%. Yousem 
et al. (19) showed that transbronchial biopsy may confirm a clinical suspicion of 
bronchiolitis obliterans in two thirds of patients and, in doubtful cases, a second 
biopsy will increase the diagnostic yield by 10 - 20 %. After this, thoracoscopic 
biopsy is indicated if the diagnosis remains doubtful. At least five samples must be 
examined and three sections of each level stained with Haematoxylin and Eosin 
(H & E) must be examined. Special stains should be used to exclude infection 
(Grocot, Zielh, immunohistochemistry) and trichrome stains to evaluate the pres­
ence of obliterative change in oblique sections. 

3.2.2 Lesions in the Pulmonary Vasculature 

Pulmonary arteries and veins may show a variable degree of intimal proliferation. 
The lumena of elastic and muscular arteries are reduced in diameter by a loose 
fibrous tissue with spindle-shaped myofibrobastic cells. In some cases, active 
inflammation with lymphocytes, plasma cells and macrophages is also demonstrat­
ed in the intima. Large-size arteries can also show foamy histiocytes in the intima 
with medial atrophy and reduction in their cross sectional area. All these changes 
can appear without clinical evidence of significant pulmonary hypertension and 
correlate well with the number of previous episodes of acute rejection, the presence 
of bronchiolitis obliterans and similar findings in the coronary arteries in patients 
with combined heart-lung transplantation [21,23]. 

3.3 Grading of Rejection 

The clinical importance of the histological diagnosis of rejection and the necessity 
of having a grading system that permits comparisons of interinstitutional series 
have encouraged the standardization of criteria in the histopathological diagnosis 
of lung rejection, resulting in the Working Formulation published in 1990 [5]. 
Recently, a revision of this formulation was made (Table 1) [6]. In this new report, 
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Table 1. Working formulation for the classification and grading of pulmonary allograft rejec­
tion. (From Yousem et al.1996 [6]) 

A. Acute rejection 

Grade O. None 
Grade 1. Minimal 
Grade 2. Mild 
Grade 3. Moderate 
Grade 4. Severe 

B. With/without airway inflammation: lymphocytic bronchitis, bronchiolitis 

BX. Ungradable 
BO. None 
Bl. Minimal 
B2. Mild 
B3. Moderate 
B4. Severe 

C. Chronic airways rejection: bronchiolitis obliterans 

a. Active 
b. Inactive 

D. Chronic vascular rejection: accelerated graft vascular sclerosis 

a simplification of the scheme has been achieved, with the emphasis on interstitital 
infIltrates unrelated to infection in acute rejection and on bronchiolitis obliterans 
in chronic rejection. The principal tool in the diagnosis of rejection remains trans­
bronchial biopsy. The Working Group recommends obtaining at least five pieces of 
parenchyma containing bronchioli and at least 100 air sacs to make a proper 
diagnosis and accurate grading of both acute and chronic rejection. After embed­
ding in paraffin, three levels of the block stained with H&E should be examined. 
A trichrome stain to evaluate airway and vascular fibrosis and silver stains to 
demonstrate fungi and/or pneumocystis are mandatory. 

The main criterion for the diagnosis of acute rejection is the presence of a 
mononuclear cell infIltrate around the vessels of peripheral lung parenchyma and 
in the interstitium. Minimal rejection (grade AI) is characterized by mild peri­
vascular infIltrates which are not evident at scanning magnification, while in mild 
acute rejection (Grade A2) these infIltrates can be demonstrated easily at low 
magnification. The cellular infIltration does not extent to adjacent alveolar septa, 
but endothelialitis and lymphocytic brochiolitis may also be seen. In moderate 
acute rejection (grade A3) the dense infiltrate affects the perivenular and periar­
terial spaces and extends to adjacent alveoli. Endothelialitis is very evident and 
polYlJlorphs and eosinophils are present in the inflammatory infIltrate. Finally, in 
severe acute rejection (Grade A4), cellular infiltration is associated with necrosis of 
the alveolar lining pneumocytes, hyaline membranes, haemorrhage and vasculitis. 

Vascular infIltrates are therefore the hallmark of acute rejection and the most 
important criterion in recognition and grading of acute rejection. 

Additionally, the presence or absence of inflammation in the small airways is 
important in predicting the development of bronchiolitis obliterans. Airway 
inflammation is graded into five different levels: BO in which no inflammation is 
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present; B 1 with minimal infiltration of the bronchial wall by lymphocytes; B2 with 
a more severe cellular infiltrate, but without significant necrosis or invasion of the 
epithelium; B3 in which the infiltrate is associated with extensive permeation of the 
epithelium by lymphocytes with epithelial apoptosis; and B4 in which the most 
severe lesional complex is present with necrosis of bronchiolar epithelium, ulcera­
tion of mucosa and emigration of inflammatory cells, including eosinophils and 
polymorphs, into the lumen. 

The histopathological findings in chronic rejection have been divided into two 
different components; those associated with the bronchial tree (chronic airway 
rejection, bronchiolitis obliterans), and those associated with the vascular bed 
(chronic vascular rejection, accelerated graft vascular sclerosis). Emphasis has 
been put on the predominance of inflammatory cells and epithelial lesion over the 
proliferation of dense fibrous collagen tissue in bronchiolitis obliterans. The term 
active bronchiolitis obliterans thus describes the presence of mononuclear cell 
mural infiltrates with epithelial damage. Inactive bronchiolitis describes the sub­
stitution of the bronchial lumen by dense, almost acellular hyaline collagen. This 
finding is more significant in establishing the presence of chronic rejection. 

4 Infections 

Respiratory infections are very common in the lung recipient and are an important 
cause of morbidity and mortality after transplantation. They are also the major 
differential diagnosis of rejection as some of the changes associated with rejection 
can be, at least partially, mimicked by infection [8,22]. Infection occurs in over 85 % 
of patients, and is facilitated by the absence of the cough reflex, the modification of 
the mucociliary clearance system, immunosuppression and modification of the 
bronchial-associated lymphoid tissue. The grafted lung may contribute to infection 
as a result of infection during the ventilation period before transplantation or 
from previous infectious disease in the graft. Stewart et al. [24] in emphasizing the 
importance of a proper study of resected lungs found that unsuspected infections 
requiring therapy were important. Four cases of active tuberculosis, and two cases 
aspergillus infection were found in 183 explanted lungs. 

Bacterial infection usually appears at two different times after transplantation: 
during the first 6 weeks and also later when bronchiolitis obliterans and bron­
chiectasis develop. The principal organisms involved are Pseudomonas, Bacte­
rioides, Serratia and Haemophilus [25]. Mycobacteria, typical and atypical, can 
also grow in the transplanted lung [26] and this must be excluded when epithel­
ioid granulomas are identified in transbronchial biopsy. This is of particular im­
portance in pulmonary transplantation in sarcoidosis, where recurrence in the 
graft has been described [27]. 

Cytomegalovirus (CMV) is the major cause of viral disease in these patients and 
is associated with an increased incidence of other opportunistic infections. CMV 
infections may playa role in the development of bronchiolitis obliterans as they 
enhance the expression of HLA antigens by bronchiolar epithelium. Infected cells 
show the typical inclusions. The finding of isolated cells with viral inclusions in the 
absence of inflammatory reaction and the appropriate clinical setting cannot be 
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Fig.8. Bronchiectasis showing dense lymphoid infiltrates and a fungus ball inside the bron­
chial cavity. H & E, x 40 

considered sufficient evidence of CMV pneumonia; indirect signs of CMV infec­
tion in the lung have also been suggested, as in the liver (perivascular oedema [28] 
and neutrophilic abscesses [29]). CMV infection can be diagnosed by serological 
means, bronchoalveolar lavage and by transbronchial biopsy. The sensitivity of the 
latter procedure is 83.5% and the specificity 91 % [30]. 

Patients who have undergone transplants may develop herpes tracheobronchitis 
or pneumonia, which usually appears early after grafting and may be associated 
with CMV infection. The identification of the characteristic inclusion bodies and 
immunohistochemistry or molecular biological techniques can be of help in 
doubtful cases. Other viruses which have been found are paramyxovirus (respini­
tory syncytial virus and parainfluenza); these are more frequently seen in infantile 
transplantation than in adults [31]. 

Aspergillosis is the major fungal disease. Some groups have suggested that its 
incidence is higher in pulmonary transplantation, when compared with other 
transplantation groups [32], and have related this to the development ofbronchio­
litis obliterans. Aspergillus infection occurs in about 15 % of transplanted pa­
tients and seems to correlate with CMV infection [32]. Different anatomoclinical 
forms of aspergillosis include superficial non-invasive forms of tracheobronchitis, 
obstructive tracheobronchitis (with masses of fungi), intrabronchiectatic asper­
gillomas (Fig. 8) and bronchocentric granulomatosis [33] as well as deep locally 
invasive pulmonary aspergillosis [27]. Ulcerative invasive aspergillus tracheo­
bronchitis describes a condition where superficial ulceration covered by pseudo­
membranes is found [32]. This variant is more common at anastomotic sites. In­
vasive aspergillosis of the lung parenchyma can affect both the transplanted and 
normal lung [32]. 
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Some of these variants can be treated successfully with antifungal therapy. 
Disseminated forms are always fatal. Bronchial biopsy and washings can be crucial 
in the diagnosis of aspergillosis. The demonstration of hyphae in transbronchial 
biopsy can be done without special techniques, but necrotic tissue must demon­
strated to allow the diagnosis of invasive aspergillosis [32]. Infections by other 
fungi, including Coccidioides inmitis and invasive candidiasis have been de­
scribed [25]. 

Pneumocystis infection has a very high incidence after transplantation, but can 
be controlled by chemoprophylaxis. Its morphology in biopsies may be typical, 
with foamy exudate into the alveoli and slight interstitial inflammation in the 
septae, or may be atypical, with a granulomatous form in which clusters of epithe­
lioid histiocytes form sarcoid-like granulomas in the interstitium, in which the 
organism can be demonstrated [34]. 

5 Recurrence of Original Disease in the Transplanted Lung 

Recurrence of disease is not as frequent as in kidney or hepatic transplantation. In 
about 80% of cases of sarcoidosis, epithelioid non-infectious granulomas may 
develop in the grafted lung, but they are not accompanied by abnormal function 
tests and may resolve. Other recurrent diseases are giant-cell pneumonia and lym­
phangiomyomatosis [23]. In this latter case, the proliferating smooth muscle cells 
can be shown to be donor derived [6]. No certain cases of recurrent histiocytosis X, 
primary pulmonary hypertension or pulmonary fibrosis have been reported. 

6 Post-transplant Lymphoproliferative Disorders 

As in other transplant recipients, hyperplastic or neoplastic lymphoproliferative 
disorders are strongly associated with the presence of Epstein-Barr virus. They 
appear as cellular proliferation of lymphoid cells, sometimes with a very mature 
morphology and showing plasmocytoid differentiation, and may grow in an inter­
stitial or nodular fashion. When overt lymphoma is present, it is usually of the 
non-Hodgkin type, arising most commonly from B cells and less frequently from 
T or natural killer (NK) cells [35]. These lesions tend to arise in extranodal sites, of 
which the lung graft is a common location [36]. Histological diagnosis by trans­
bronchial biopsy can be difficult due to the clonal polymorphism of some of these 
proliferations. The presence of prominent blood vessel wall infiltration with 
vasculitis and coagulative necrosis can be of help [27]. 
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1 Introduction 

Cells and tissues have been transplanted into the central nervous system (CNS) for 
a wide range of purposes. These include: (1) studies of factors controlling cell divi­
sion' m~gration, growth and differentiation in the CNS; (2) the elucidation of 
mechanisms of disease; and (3) a means of restoring neurological function, both in 
animal models of human disease and, increasingly, in human patients. Although 
the first attempts at eNS transplantation date back to the last century [1511, most 
of the significant scientific contributions in this field have been made during the 
past two decades. This period has also seen considerable technical advances, inc1ud-
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ing improvements in the methods for obtaining, purifying and storing donor cells 
and tissues [5, 119], the introduction of more effective immunosuppressive pro­
tocols for overcoming graft rejection [13, 15,57,71,72,109], and the development 
of techniques for introducing, into donor cells, genes that express marker proteins, 
oncogenes, enzymes for neurotransmitter synthesis, and a range of neurotrophic 
factors. The result has been a rapid increase in the amount of research and the 
number of publications in this field. In this chapter, after a brief review of the 
history of CNS transplantation, the burgeoning literature on its diverse applica­
tions is summarised in the context of the different biological and disease processes 
that have been studied or treated using this technique. 

2 Historical Perspective 

In 1890, Thomson [151] reported experiments in which he had removed tissue 
from adult cat cerebral cortex and grafted it into the brains of adult dogs. Histo­
logical examination of the brain of one of these dogs at 7 weeks revealed good 
union of the pia. From the published photomicrographs, itis difficult to be certain 
whether the transplanted brain tissue survived, although Thomson stated in the 
text that it had "maintained enough vitality to be distinctly recognised as brain 
tissue". Subsequent studies included the transplantation of pituitary into the brains 
of dogs [28] and of neonatal spinal ganglion into the brains of adult rats [117]. 
Brain to brain transplantation of fragments of cerebral cortex between IO-day-old 
rat siblings, with histological verification of graft survival and vascularisation, 
was reported a few years later [31]. The first successful transplants of human brain 
tumours (glioblastomas and meningiomas) into the anterior chamber of the eye of 
guinea pigs were described in 1945 [56]. Later experiments resulted in success­
ful transplantation of 8 of 11 human glioblastomas, but none of 10 lower grade 
tumours, into the brains of guinea pigs and mice [57]. 

The use of embryonic brain tissue for transplantation was reported by Le Gros 
Clark in 1940 [79]. Fetal cerebral cortex was implanted into the brains of young 
rabbits, which were sacrificed 4 weeks later. Histological examination revealed 
that the transplanted tissue had differentiated and, in some cases, developed a 
laminar organisation resembling normal cortex. It was not until 1976, however, that 
Lund and Huschka [90] demonstrated clearly that engrafted neural tissue was 
capable of forming synaptic interconnections with host neurons. 

3 Studies of Developmental Biology 

3.1 Segmentation and Embryonic Development of the Nervous System 

The embryological development of the CNS is critically dependent on the expres­
sion of certain transcription factors in a complex and highly restricted pattern. The 
temporal and spatial sequence of expression of transcription factors have been 
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well defined in the chick embryo. Transplantation has been used to determine how 
the expression of these transcription factors is regulated in specific regions of the 
developing chick eNS.An example concerns the regulation of Hoxa-2. The expres­
sion of Hoxa-2 differs in the developing neural tube and neural crest. To test 
whether the pattern of Hox expression is determined by local cues or is intrinsic to 
the neuroepithelial cells, i.e., it is pre-specified by their site of origin in the neuro­
epithelium, Prince and Lumsden [113] transplanted pairs of rhombomeres to 
ectopic sites at the time of rhombomere boundary formation. They observed that 
the downregulation of Hoxa-2 expression in r2-derived neural crest and main­
tenance of Hoxa-2 expression in r4-derived neural crest is intrinsic to the pre­
migratory crest cell population. Thus, Hoxa-2 expression was maintained in 
r4-derived neural crest that had been grafted to the r2 site and lost in r2-derived 
neural crest that had been grafted to the r4 site. The expression of several other 
transcription factors is regulated by local cues. Darnell and Schoenwolf [26] 
showed that transplants of notochord suppress neural-plate expression of Engrail­
ed-2 (En-2) in the quail, suggesting that the notochord is at least partly responsible 
for the downregulation of En-2 in the ventral region of the neural tube during 
normal embryogenesis. 

3.2 Axonal Growth 

Neurons that have been obtained from fetal central nervous tissue and transplant­
ed into adult recipients, typically mice or rats, are capable of extending axons a 
considerable distance within the host nervous system. The route taken depends, in 
part, on the structure of the white matter tracts into which the axons grow. Thus, 
transplantation of embryonic mouse hippocampal neurons into the dorsal region 
of adult rat spinal cords leads to rostral and caudal extension ofaxons in a slender 
column within the part of the dorsal tracts occupied by the transplant [80]. Other 
factors that influence the route taken by axons from engrafted neurons include the 
presence and proximity of denervated or non-innervated "target" neurons in the 
host tissue [72, 102, 145]. Lund and Hankin [89] examined the course taken by 
axons that grew from embryonic retinae implanted in various parts of the brain in 
mutant mice that lacked prior innervation of their visual centres. These authors 
found that "retinal" axons followed highly anomalous routes, such as through the 
internal capsule, to reach the target nuclei in the brain stem. This suggests that the 
normal optic pathway is not necessary for optic outgrowth and targeting of appro­
priate second-order neurons in the brain during normal development. 

Transplants have also been used as a means of promoting the growth of severed 
axons. Although the capacity of the adult mammalian eNS to sustain axonal 
regeneration is normally extremely limited, Aguayo and colleagues have shown 
that eNS axons are capable of regenerating through implanted segments of peri­
pheral nerve and, in some circumstances, forming functioning synapses on other 
neurons [12,17,27,75,121]; these studies are considered below, in Sect. 5.9. 
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3.3 Neuronal Migration and Differentiation 

Synaptic integration of eNS transplants depends not only on appropriate neuronal 
differentiation with axonal and dendritic extension, but in some cases also on 
migration of the transplanted precursor cells into the appropriate part of the host 
eNS. In normal development, many neuronal precursors migrate long distances 
from the sub-ventricular zone (SVZ) to their final destination within the nervous 
system. This same process of migration and subsequent neuronal differentiation 
can be shown to occur when adult mouse SVZ cells that carry a neuron-specific 
marker transgene are transplanted into the lateral ventricle of other mice [86]. 
Furthermore, the destination of the implanted cells depends on their originalloca­
tion within the SVZ of the donor animal rather than where they are implanted. 
Betarbet et al. [6] demonstrated that neuronal precursor cells from the anterior 
SVZ retained their ability to migrate to the olfactory bulb, even when transplanted 
heterotopically into the rat striatum. 

Much remains to be determined about the stimuli that direct neuronal migra­
tion and differentiation. Some of the answers may be provided by transplantation 
studies. Defects in neuronal migration are a characteristic of the mutant mouse 
weaver. However, when granule cell precursors from weaver are implanted into the 
external germinal layer of wild-type mice, the recipient cells are capable of com­
pensating for these defects and induce normal extension of parallel fibres, migra­
tion through the molecular and Purkinje cell layers to the internal granule cell layer 
and formation of dendrites [51]. Neuronal death provides transplanted cells with a 
strong stimulus for migration and subsequent differentiation. This is demonstrat­
ed by studies in which transplanted embryonic neurons can be induced to repop­
ulate regions of adult mouse neocortex, in which apoptosis has been induced by 
targeted photolysis [136]. This experiment is also one of several that underline 
the potential of the eNS to direct region-specific differentiation of transplanted 
neuronal precursors. Two other experiments serve as illustrations. In the first, 
Shihabuddin et al. [137] transplanted cells from an immortalised neuronal line, 
RN33B, into adult and neonatal rat hippocampus and cerebral cortex. In the cere­
bral cortex, the transplanted cells developed the morphological characteristics of 
pyramidal and stellate cortical neurons and, in the hippocampus, the transplanted 
cells differentiated to resemble the pyramidal neurons, granule cells and polymor­
phic neurons that normally populate this region. The second illustration is provid­
ed by experiments in which Vicario-Abejon et al. [162] transplanted dissociated 
cerebellar cells from newborn rats or mice into the dentate gyrus of the developing 
hippocampus: the transplanted cells developed morphological, immunohisto­
chemical and ultrastructural features of the host dentate neurons. 

3.4 Responses to Trophic Factors 

The differentiation, growth and survival of neurons at various stages of devel­
opment depends, in part, on the provision of specific neurotrophic factors, partic­
ularly by the tissues that are targets for innervation. Local infusion of appropriate 
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neurotrophic factors can be used in a wide range of experimental contexts to pro­
mote axonal growth or to sustain neurons that would otherwise degenerate. A more 
convenient and sustainable means of achieving the same end is the transplantation 
of cells that have been genetically engineered to secrete the neurotrophic factors of 
interest. By implanting such genetically engineered cells into various regions of 
the CNS, researchers have been able to determine the effects of trophic factors on 
different cell populations in vivo. Examples include studies in which fibroblasts 
genetically modified to secrete nerve growth factor (NGF), brain-derived neuro­
trophic factor (BDNF), neurotrophin-3 (NT-3), or basic fibroblast growth factor 
(bFGF) have been grafted into the brain or spinal cord [88, 100]. This strategy has 
also been employed in several of the studies aimed at restoring function after 
neuronal degeneration, which are described in Sects. 5.1, 5.4 and 5.8. In some of 
these, neurotrophin-secreting cells have been co-transplanted with fetal n'eurons 
as a means of improving graft survival. 

3.5 Glial Migration and Differentiation 

Studies of migration and differentiation of transplanted glia and glial precursors 
have been motivated largely by the recognition of their potential for the treatment 
of demyelinating disease. Most of the cells for these studies have been derived 
from fetal tissue [2,163,164] or from glial precursor cell lines [9,45,131,152,156]. 
These are capable of differentiating into either astrocytes or oligodendrocytes. 
In hypo myelinated or demyelinated CNS tissue, the oligodendrocytes or their 
precursors are capable of proliferating, migrating long distances and myelinating 
or remyelinating axons [2,78, 152, 163, 164]. However, the transplanted cells are 
probably able to achieve only very limited migration through normally myelinated 
white matter [44] (see also Sect. 5.6). In general, transplants of early oligodendro­
cyte progenitor cells, which are most abundant in tissue from fetuses of relatively 
early gestational age, have greater capacity for myelination than transplants of 
more mature oligodendrocytes [2,164]. The capacity of transplanted oligodendro­
cytes and Schwann cells to form myelin sheaths and restore nerve conduction is 
discussed in more detail in Sect. 5.6. 

3.6 Hypothalamic Function 

Transplantation strategies have been used in studies concerned with at least two 
aspects of hypothalamic function: sexual development and the control of circadian 
rhythm. For convenience, in this review, studies of hypothalamic development 
are considered separately from the use of transplants to restore hypothalamic func­
tion, but this division is arbitrary and much of the information is of relevance to 
both types of research. 

Sexual maturation and reproductive function depend on the release of the gona­
dotrophins luteinising hormone (LH) and follicle-stimulating hormone (FSH) 
from the anterior pituitary. This is controlled, in turn, by gonadotrophin-releasing 
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hormone (GnRH) neurons in the hypothalamus. In mutant hypogonadal (hpg) 
mice that lack these neurons, sexual maturation can be induced by intracerebral 
implantation of cells from the GTl immortalised cell line that secretes GnRH [139]. 
The GTl cells migrate widely within the eNS and produce axons, some of which 
project to the pituitary stalk and stimulate gonadotrophin release. The role of cate­
cholamines and neuropeptides in stimulating hypothalamic LH-releasing hor­
mone (LHRH) neurons and initiating sexual maturation was investigated by Gore 
et al. [55], who transplanted adrenal medulla into the third ventricle of juvenile 
female rhesus monkeys. The grafts survived for over 30 months and secreted cate­
cholamines and neuropeptide Y. This resulted in premature ovulation, but did not 
accelerate other aspects of menarche. Saitoh et al. [128] transplanted either the 
embryonic olfactory placode, which contains LHRH neurons, or cerebellar tissue, 
which does not, into the hypothalamus of female rhesus monkeys that had 
been subjected to bilateral radiofrequency lesions in the arcuate nucleus and the me­
dian eminence. Ovulatory cycles, that had been lost after the lesioning, were restored 
by the olfactory placode grafts, but not by the transplants of cerebellar tissue. 

Ralph and Lehman [115] conducted a series of elegant experiments that showed 
the suprachiasmatic nucleus (SeN) of the hypothalamus to be the site of the 
circadian pacemaker cells in mammals. By transplanting either the nucleus itself 
[115] or SeN cells that had been maintained in culture [116], these authors were 
able to restore normal circadian rhythmicity to hamsters whose nuclei had been 
ablated, or to convert the circadian rhythm of one strain of hamster to that of a dif­
ferent strain. These experiments have been extended by Kaufman and Menaker 
[74], who showed that donor tissue from the seN of hamsters up to postnatal day 
12 can be used to restore rhythmicity, and by Sollars et al. [142], who were able to 
restore circadian rhythms by use of seN heterografts from mouse to rat and vice 
versa. In both species, the heterografts elaborated numerous nerve fibres that grew 
into the host hypothalamus and were still evident 7 months after transplantation. 

4 Elucidation of Mechanisms of Disease 

4.1 Alzheimer'S Disease 

Af3 peptides, cleavage products of the larger f3-amyloid precursor protein (APP), 
are the principal constituents of the parenchymal and vascular deposits of amyloid 
in Alzheimer's disease. Included amongst the many studies devoted to elucidating 
the possible roles of Af3 peptides and APP in the genesis of this disease, are a small 
number employing transplantation techniques. Neve et al. [101] observed cortical 
atrophy and hippocampal abnormalities in adult mice that had been implanted 
intracerebrally, in the neonatal period, with pe12 (rat phaeochromocytoma) cells 
transfected with recombinant retrovirus expressing the 104 carboxyl-terminal 
amino acids of APP. The data were interpreted as suggesting that this part of the 
precursor protein can cause neurodegeneration, at least when present in excess. In 
another study, cultured human neurons that secrete Af3 peptides were implanted 
into mice and rats but, even after survival times of up to 46 weeks, did not cause 
the formation of plaques or other Alzheimer's disease-like abnormalities [93]. 



Transplantation in the Central Nervous System 187 

4.2 Creutzfeldt-Jakob Disease 

Weissmann, Aguzzi and colleagues conducted a series of ingenious transplantation 
experiments that illustrate dramatically the key role of host prion protein (PrP) in 
enabling the spread of spongiform encephalopathies (such as Creutzfeldt-Jakob 
disease) within the CNS [11, 39]. The transplant recipients were PrP-knockout 

Fig. 1 a-d. Sections through the caudate nucleus of PrP-knockout mice into which Prpc­
expressing tissue has been engrafted. a Control mouse, 235 days after intracerebral inoculation 
with non-infectious brain extract. The Prpc-expressing graft (outlined by asterisks) shows only 
weak, patchy immunoreactivity for glial fibrillary acidic protein (GFAP), and no spongiform 
change. b Infected mouse, 78 days after inoculation with scrapie extract. The Prpc-expressing 
graft (to, the left of the asterisks) shows strong GFAP immunoreactivity. The PrP-knockout host 
tissue (to the right of the asterisks) appears normal. c Infected mouse, 285 days after inocula­
tion with scrapie extract. Although the PrP-knockout host tissue (towards the top left corner) 
still appears normal, the Prpc-expressing graft tissue is intensely gliotic (as evidenced by the 
GFAP immunoreactivity) and shows extensive spongiform vacuolation. d Infected mouse, 
467 days after inoculation with scrapie extract, most neuronal elements within this graft 
(between the asterisks) have been destroyed and all that remains is densely gliotic tissue. This 
figure was kindly provided by Professor Adriano Aguzzi, Institut fUr Neuropathologie der Uni­
versiUit ZUrich. (From [11]) 
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mice. These mice are deficient in the normal prion protein, Prpc, and resistant to 
spongiform encephalopathy, including scrapie, a form of spongiform encephalo­
pathy that affects sheep and can be transmitted, experimentally, to mice and other 
animals. Brandner et al. (1996) grafted neural tissue overexpressing Prpc into the 
brains of the PrP-knockout mice. Subsequent inoculation of the grafts with scrapie 
material containing the infectious form of the prion protein (PrPSc) caused the 
typical pathological changes of spongiform encephalopathy to develop within the 
grafts (Fig. 1). However, even though large amounts of graft-derived Prpsc ac­
cumulated in the adjacent host tissue, this remained entirely free of spongiform 
change (Figs. 2-4), indicating that host PrP is needed for the development of 
disease. In further experiments, Fischer et al. [39] showed that the susceptibility of 
PrP-knockout mice to scrapie could be restored by introduction of trans genes 
encoding either wild-type (normal) PrP or a truncated PrP lacking the 49 amino-

b 

e 

9 h 
Fig. 2 a-i. Accumulation of graft-derived PrPSc within host brain tissue. Brain histoblots, 
immunostained for PrP. The first column shows histoblots of PrPC-engrafted, uninfected brains 
in PrP-knockout mice, without proteinase K digestion (a), after proteinase K digestion at 
20 jlg/ml at 55°C for 8 h (d), or at 50 jlg/ml (g). No PrP immunoreactivity is present in the host 
PrP-knockout tissue. The normal Prpc in the donor tissue which has been transplanted into the 
right caudate nucleus is, as expected, susceptible to proteinase-K digestion. The second column 
shows histoblots of PrPC-engrafted, scrapie-infected brains in PrP-knockout mice, without (b), 
with 20 jlg/ml (e), and with 50 jlg/ml (h) proteinase-K digestion. Proteinase K-resistant PrP 
expression (indicating the presence of PrPSc) is most intense within the grafts, but patchy PrP 
immunoreactivity after proteinase-K digestion is also present within the host brain tissue. 
The third column shows widespread PrP immunoreactivity in histoblots of scrapie-infected 
brains in wild-type mice, without (c), with 20 jlg/ml (f), and with 50 jlg/ml (i) proteinase-K 
digestion. This figure was kindly provided by Professor Adriano Aguzzi, Institut fUr Neuro­
pathologie der Universitat Zurich. (From [11]) 
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Fig. 3. PrP-immunoreactive deposits in the stratum radiatum and oriens of the hippocampus 
(left) and cerebral cortex (right) of scrapie-infected PrP-knockout mice with Prpc grafts. These 
deposits are not associated with spongiform degeneration or gliosis of the affected host brain 
tissue. This figure was kindly provided by Professor Adriano Aguzzi, Institut fUr Neuropatho­
logie der Universitat Zurich. (From [11]) 

Fig. 4 a, b. Sections through the graft itself, from the mouse illustrated in Fig. 3. a The graft 
shows marked spongiform degeneration, with PrP-immunoreactive deposits (arrowheads) and 
vacuolation of neurons (arrow). b Immunohistochemistry for glial fibrillary acidic protein 
(GFAP) reveals striking astrocytosis within the infected graft. This figure was kindly provided 
by Professor Adriano Aguzzi, Institut fUr Neuropathologie der Universitat Zurich 
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Fig. 5. Coronal section through the brain of a rat into which a suspension of fetal brain cells 
had been implanted (in the left hemisphere) 8 weeks previously. This figure was kindly provid­
ed by Professor Otmar Wiestler, Institut fur Neuropathologie der Universitatskliniken Bonn 

Fig. 6. Histology of the graft shows central nervous system tissue containing neurons and glia. 
This figure was kindly provided by Professor Otmar Wiestler, Institut fUr Neuropathologie 
der Universitatskliniken Bonn 
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Fig. 7. Haemangioma in a graft expressing the polyoma middle T antigen. This figure was 
kindly provided by Professor Otmar Wiestler, Institut fUr Neuropathologie der Universitats­
kliniken Bonn 

proximal amino acids. These amino acids comprise the only part of the protein that 
is susceptible to protease digestion when it is in an infectious (PrPSc) form. 

4.3 Acquired Immunodeficiency Syndrome (AIDS) Encephalopathy 

Xenografts of human neural tissue into immunosuppressed rats and immuno­
deficient mice have been used to model the encephalopathy caused by human 
immunodeficiency virus (HIV) infection. Co-engraftment of HIV-I-infected 
monocytes and human neural tissue causes the grafts to develop many of the 
neuropathological abnormalities that characterise the AIDS-dementia complex in 
man [36]. These include neuronal loss, gliosis and the formation of multinucleated 
giant cells. 

4.4 Tumours 

Transplantation strategies have been used extensively to investigate the contribu­
tion of different oncogenes to the formation of tumours in the CNS [169, 170]. In 
these studies, fetal brain tissue, usually of rat origin, is infected with replication­
defective retroviral vectors that encode the oncogene of interest. It is then implant­
ed into the brain. The grafts give rise to mature CNS tissue (Figs. 5 and 6), within 
which all cells overexpress the relevant oncogene or, in some experiments, a com­
bination of oncogenes. The development of tumours that are restricted to partic­
ular cell types within the grafts is believed to indicate differential susceptibility of 
those cells to the transforming effects of the oncogene(s) that are overexpressed. 
Using this approach, Aguzzi et al. [1] showed that the polyoma middle T antigen 
induces the development of endothelial haemangiomas within weeks (Fig. 7), 
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Fig. 8. Astrocytoma in a graft expressing v-src. Immunostained for GFAP 

Fig. 9. Higher magnification of a graft expressing v-src reveals the astrocytic morphology 
and cytoplasmic glial fibrillary acidic protein (GFAP) immunoreactivity of the tumour cells. 
This figure was kindly provided by Professor Otmar Wiestler, Institut fur Neuropathologie der 
Universitatskliniken Bonn 
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Fig. 10. Primitive neuroectodermal tumour in a graft expressing SV40 virus large T antigen. 
This figure was kindly provided by Professor Otmar WiestIer, Institut ftir Neuropathologie der 
Universitatskliniken Bonn 

Fig. 11. Higher magnification of a graft expressing SV40 virus large T antigen reveals typical 
cytological features of a primitive neuroectodermal tumour, including the formation of neuro­
blastic rosettes. This figure was kindly provided by Professor Otmar WiestIer, Institut flir 
Neuropathologie der Universitatskliniken Bonn 
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whereas the v-src gene induces only astrocytic (Figs. 8 and 9) and mesenchymal 
tumours, and these only after longer latent periods of 2 - 6 months. 

Retroviral transfer of SV 40 virus large T antigen and subsequent neural grafting 
results in the formation of primitive neuroectodermal tumours (Figs. 10 and 11) 
that retain their morphological and immunocytochemical characteristics, even 
after sub-culturing and secondary implantation into further recipients [34]. Intro­
duction of v-Ha-ras leads to the development of spindle-cell tumours that produce 
abundant S-lOO protein. Co-expression of v-Ha-ras and v-myc genes causes the 
rapid development of highly malignant, polyclonal neoplasms [168]. However, the 
susceptibility of different cells to the induction of tumours was shown by Radner 
et al. [114] to depend, in part, on the developmental stage of the animal at the time 
of exposure to oncogene products: introduction ofv-Ha-ras and v-myc genes into 
neural cells at later embryonic or early postnatal times induces the formation of 
endothelial-cell tumours or neuroectodermal tumours showing focal glial or neu­
ronal differentiation, rather than the highly malignant undifferentiated tumours 
that result from early fetal exposure. 

Other transplant studies have investigated some of the factors that determine 
the grade and invasiveness of gliomas. Deletions involving part or all of chromo­
some lO can be demonstrated in at least 50 % of glioblastomas. Pershouse and 
colleagues [111, 146] reintroduced a copy of chromosome lO into the human 
glioma cell line U251 and compared the phenotype of the hybrid cells with that of 
the wild-type U251 cells in intracerebral transplants in nude mice. The reintroduc­
tion of chromosome 10 into the human glioblastoma cells completely suppres­
sed their tumorigenic phenotype. In contrast, the introduction of an additional 
chromosome 2 had no discernible effect on the behaviour of the tumour cells. 
Edvardsen et al. [33] examined the effects of neural cell-adhesion molecule 
(NCAM) on the invasion of transplanted BT4Cn rat glioma cells. Transfection of 
BT4Cn cells with the human transmembrane 140-kDa isoform of NCAM prevent­
ed their spreading from the site of transplantation into the adjacent brain paren­
chyma, suggesting a possible role for NCAM in limiting the invasiveness of glio­
mas. Gladson et al. [53] showed that the cellular microenvironment influences the 
expression of the vitronectin, another adhesion molecule thought to be involved in 
the spread of glial cells, in the U-251MG human astrocytoma line. U-251MG cells 
implanted subcutaneously in severe combined immunodeficient (SCID) mice did 
not express detectable vitronectin messenger RNA (mRNA) or protein, whilst 
intracerebral implants expressed vitronectin at the invading tumour margins. 

5 Restoration of Function 

Although, as described above, transplants have been widely used to elucidate 
mechanisms in developmental biology and neurological disease, the driving force 
behind many CNS transplantation studies has been the goal of preserving or resto­
ring neurological function. Two main strategies have been pursued. The first has 
been to transplant neurons, glia or other cells to replace those lost as a result of 
disease. The second, or in some cases supplementary, approach has been to trans­
plant cells that have been genetically engineered to secrete specific trophic factors. 
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Although much of the research is still experimental, considerable progress has 
been made in treating animals with models of human disease and, in small 
numbers, human patients. For further information the reader is referred to several 
excellent reviews of the potential of transplants for the treatment of neurological 
disease [18,30,47,49,62,82,135]. 

S.l Models of Parkinson's Disease 

The animal models that have been most widely used to simulate the loss of nigro­
striatal dopaminergic neurons which occurs in Parkinson's disease involve either 
the injection of 6-hydroxydopamine (6-0HDA) into the striatum or the admin­
istration of 1-methyl-4-phenyl-l,2,3,6-tetrahydropyridine (MPTP). Limited ob­
servations of relevance to Parkinson's disease have also been made on the mutant 
mouse weaver which, in addition to its other CNS abnormalities, shows depletion 
of neurons from the substantia nigra and displays motor disturbances, some of 
which respond to transplantation of dopaminergic neurons [88,153,154]. 

A large number of studies have documented that the motor deficits produced by 
6-0HDA or MPTP can be reversed, at least partly, by transplanting dopaminergic 
cells into the lesioned striatum. The dopaminergic cells used for this purpose by 
Wolff, Fisher and colleagues [40,172] were fibroblasts that had been transfected 
with the transgene for tyrosine hydroxylase, the enzyme which converts tyrosine 
to L-dopa. The adrenal medulla has also been used as a source of donor dopamin­
ergic cells [25,42,46]. However, in most cases, the transplanted cells have been 
obtained from fetal mesencephalon [97,102,138, 141, 147], which is rich in dop­
aminergic neurons. In animal studies, the number of dopaminergic cells that 
survive and integrate into the host tissue is greatest if the donor fetuses are of 
early gestational age [141]. Similar observations have been made after engrafting 
human fetal tissue from spontaneous abortions into the striatum of rats with 
6-0HDA lesions [15,76]. Rejection of the xenografts can be prevented by adminis­
tering cyclosporin A [13, 15]. The fetal mesencephalic tissue remains capable of 
forming viable grafts after it has been stored in liquid nitrogen [119]. 

Fetal neurons that have been grafted into the striatum or substantia nigra are 
capable of integrating anatomically and functionally into the local neural circuits 
[14-16,21,97, 102, 118, 138]. However, the mechanism of neurological recovery 
after transplantation is complex, and involves more than simply the replacement of 
dopaminergic neurons or reconstitution of striatal circuits [32]. Bankiewicz et al. 
[4] found that implantation of fetal cerebellum or spinal cord into the caudate 
nucleus of monkeys with MPTP-induced Parkinsonism ameliorated the neuro­
logical deficit, despite the absence of dopaminergic cells in the donor tissues. 
As discussed earlier, with reference to the studies of Sheen and Macklis [136], 
Shihabuddin et al. [137] and Vicario-Abejon et al. [162], fetal transplants do, in 
some situations, acquire the characteristics of local host neurons in the recipient 
CNS, but this was not found to be the case in the monkeys. The transplants did, 
however, induce sprouting of dopaminergic fibres from remaining neurons in the 
ventral striatum and nucleus accumbens. Such sprouting did not occur in control 
monkeys that had been rendered Parkinsonian with MPTP, but not given any trans-
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plants. The results suggest that trophic factor(s) secreted by the transplanted 
neurons contribute to the recovery of function. 

Studies in the early 1980s, by Aguayo and colleagues [12,17,27,75,99,121,122], 
had shown that CNS axons are capable of growth over relatively long distances 
through implants of peripheral nerve (see Sect. 5.9). Gage et al. [48] used this 
approach to promote functional integration between fetal dopaminergic cells that 
had been placed in the midbrain and the denervated neurons in the striatum of rats 
with unilateral6-0HDA lesions. The midbrain grafts were incorporated within the 
caudal end of a 2-cm t03-cm length of sciatic nerve, the remainder of which was 
threaded through a burr hole and placed subcutaneously over the skull. After 
2 months, the rostral tip of the peripheral nerve graft was cut and inserted through 
an additional burr hole into the denervated striatum. The authors confirmed 
that the subsequent functional improvement in some animals was due to, growth 
ofaxons through the graft, by demonstrating that neurological abnormalities 
recurred when it was transected subcutaneously. 

In early studies, the survival of adrenal auto grafts was found to be prolonged if 
NGF was infused into the striatum [148]. In other experiments the adrenal tissue 
was co-transplanted with sural nerves to provide Schwann cells as a potential 
sources of NGF [61, 165]. The delivery of trophic factors can be enhanced by 
implanting genetically engineered cells. Cunningham et al. [25] used a retroviral 
vector to introduce a mouse f3-NGF transgene into rat astrocytes. When the gene­
tically altered astrocytes were co-grafted with adrenal chromaffin cells into the rat 
striatum, survival of the chromaffin cells was greatly enhanced and they developed 
an extensive outgrowth of neurites. Chromaffin cells grafted alone or with normal 
astrocytes did not elaborate neurites. Galpern et al. [50] genetically engineered 
fibroblasts to produce BDNF. They found that implantation of BDNF-secreting, but 
not control fibroblasts into the midbrain of MPTP-treated rats increased the levels 
of dopamine in the substantia nigra, both ipsilateral and contralateral to the graft. 

The first attempts at implantation of autologous adrenal medulla in man were 
carried out in Sweden in 1985 [3], but failed to produce a convincing clinical 
improvement [83]. Reports from Mexico claimed a dramatic clinical improvement 
in two young patients with rapidly progressive Parkinson's disease who had receiv­
ed intraventricular adrenal auto grafts [91]. The improvement in performance was 
bilateral, although the grafts had been unilateral. This raised the possibility that the 
effects of the grafts were mediated by release of dopamine into the cerebrospinal 
fluid (CSF). However, other studies of patients with adrenal auto grafts have been 
less impressive [38,54,110] and postmortem examinations have not demonstrated 
graft survival [38,65, 112]. In one patient, NGF was infused postoperatively into 
the graft in an attempt to improve its survival; this patient experienced a modest 
clinical improvement that lasted for nearly 1 year [107]. 

Lindvall et al. [84] reported a small, but convincing, clinical improvement in two 
patients with Parkinson's disease who had received striatal implants of tissue from 
the mesencephalon of 8-week-old foetuses. The transplantation techniques were 
later improved, leading to more marked clinical improvement in other patients, 
over at least 3 years [85]. Similar results have been reported by others, the clinical 
improvement usually starting 1-3 months after surgery [106]. A marked clinical 
improvement was noted in patients with MPTP-induced Parkinsonism who re­
ceived striatal grafts [171]. 
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An autopsy study carried out 18 months after a striatal transplant had been 
performed for Parkinson's disease revealed survival of the grafted tissue, with 
extensive neuritic outgrowth into the host tissues [77]. Prior to his death, the pa­
tient had experienced a sustained clinical improvement, and increased dopamine 
metabolism in the striatum had been demonstrated by fluorodopa-uptake posi­
tron-emission tomography. Despite the absence of immunosuppression during the 
12 months prior to death, there was no evidence of graft rejection. Another autopsy 
study, 4 months after transplantation, also showed survival of the engrafted tissue, 
with no evidence of cellular rejection [120]. However, Folkerth and Durso [43] 
demonstrated nodules of cartilage, bone and squamous epithelium, and a lympho­
cytic inflltrate in the ventricular system of a patient who had seemed to improve 
neurologically after transplantation and had been receiving cyclosporin for nearly 
2 years. 

S.2 Models of Huntington's Disease 

Striatal degeneration is readily induced in experimental animals by injection of 
the excitotoxic amino acids, kainic acid, ibotenic acid or quinolinic acid into the 
caudate nucleus and putamen. Lesioned animals exhibit neuropathological, neuro­
chemical and motor abnormalities resembling those in the basal ganglia of pa­
tients with Huntington's disease. A large number of studies have demonstrated that 
the motor abnormalities can be substantially reversed by engraftment of fetal 
striatal neurons into the lesioned basal ganglia [58,67,69, 104]. Functional recovery 
has been observed, even after cross-species transplantation [58,71] although, as 
applies to other eNS xenografts, rejection occurs unless the recipient is immuno­
suppressed (usually with cyclosporin A). 

Over the course of 5 - 6 weeks, the transplanted striatal neurons differentiate 
and form synapses that resemble those in the normal striatum [29]. There is partial 
restoration of glutamate decarboxylase and choline acetyltransferase activities in 
the lesioned striatum, and also of glutamate decarboxylase activity in the globus 
pallidus, which is outside of the graft [68]. Histochemical staining of the mature 
grafts for acetylcholinesterase, immunohistochemistry for neuropeptides and 
auto radiographic assessment of receptor binding, generally reveal the types of 
neuron, receptor and striosomal organisation that are present in intact striatal 
tissue [70,71] (Fig. 12), although some organisational, pharmacological and ultra­
structural differences persist [29,104]. To reverse neuronal dysfunction, the trans­
plants have actually to be placed within the caudate nucleus/putamen; Sanberg 
et al. [129] found implantation into the adjacent lateral ventricle to be without 
benefit. As is the case in treating animal models of Parkinson's disease, the func­
tional effects are probably not solely attributable to the reconstitution of neuronal 
circuits by the transplanted neurons. Although the fetal tissue induces vigorous 
ingrowth of host serotonergic, dopaminergic and cholinergic fibres [174], evidence 
of reinnervation of the substantia nigra is often scant or lacking [52, 174]. 

For reasons which are not understood, the transplanted neurons are able to 
protect the striatum against the noxious effect of further injections of the excito­
toxic amino acids, kainic acid or quinolinic acid [158, 159]. This protective effect is 
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Fig. 12. Neural graft in the rat neo­
striatum. The striatum had been les­
ioned with quinolinic acid. The graft 
was prepared as a cell suspension from 
E14 rat ganglionic eminence and in­
jected into the striatum 6 h after the 
lesioning. The graft has been stained 
immunohistochemically (for DARP-
32) to demonstrate the striosomal 
"patch" regions. This figure was kind­
ly provided by Dr Stephanie Thian, 
MRC Cambridge Centre for Brain 
Repair 

sustained for at least 30 days after transplantation. In their preliminary report on a 
patient with Huntington's disease who had been given a unilateral caudate implant 
of fetal striatal tissue, Madrazo et al. [92] described some clinical improvement at 
3 months. 

5.3 Cerebellar Degeneration 

Two mutant strains of mouse, weaver and ped (Purkinje cell degeneration), have 
been used to study the potential of cerebellar transplants. As noted previously, 
weaver has several defects of neuronal migration and development, including dys­
plasia of the cerebellar cortex, whilst ped is more akin to degenerative cerebellar 
ataxia in man. Embryonic wild-type Purkinje cells that have been superficially 
engrafted into the cerebellum of ped mice migrate radially through the molecular 
layer, elaborate dendritic trees and induce growth ofaxons from neurons in the 
granule cell layer and the formation of appropriate synaptic contacts. This sequence 
of events closely recapitulates normal development and is complete within 21 days 
[144]. The fetal grafts not only integrate structurally in a remarkably precise 
manner, but also partly restore cerebellar function as assessed by a battery of 
behavioural tests [155,173]. 
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5.4 Restoring Cognitive Function After Ventral Forebrain 
or Septohippocampal Lesions (Models of Alzheimer's Disease) 

Cognitive defects are readily produced in experimental animals by toxic or surgi­
callesioning of the nucleus basalis or the forniceal connections between the septal 
nuclei and hippocampus. These animals can be regarded as models of Alzheimer's 
disease, only to the extent that the lesions impair cognition and affect some of the 
parts of the CNS that are also involved in Alzheimer's disease. In the future, mice 
transgenic for mutant genes that cause the various types of familial Alzheimer's 
disease may serve as better models for assessing novel therapeutic strategies in that 
disease. Transplantation studies that use animals with toxic or surgical lesions 
have, however, provided insight into the potential of transplants for restoring 
higher neurological function after focal injury. 

Loss of cholinergic hippocampal input can be restored by transplanting fetal 
brain tissue containing septal or nucleus basalis cholinergic neurons into the 
hippocampus [66, 81, 103, 124, 150]. Cholinergic axons from the transplanted 
neurons penetrate the hippocampus, release appropriate amounts of acetylcholine 
and improve performance in radial maze tests and other measures of spatial 
memory and concentration [66, 81, 103, 124]. Tarricone et al. [150] found the 
improvement in performance to correlate with the hippocampal cholinergic activi­
ty after transplantation. No improvement follows transplantation of non-cholin­
ergic hippocampal tissue into the hippocampus [124]. The results of some studies 
suggest that optimal restoration of function after forniceallesions requires replace­
ment of serotonergic as well as cholinergic hippocampal input [73,123]. Jeltsch et 
al. [73] compared the effects of grafting cholinergic septal neurons, serotonergic 
raphe neurons and combinations of these into the hippocampus of rats with 
lesions of the fimbria and fornix. As would be expected, the grafts of septal neurons 
increased cholinergic innervation and those of raphe neurons increased seroton­
ergic innervation of the hippocampus, but neither type of graft by itself produced 
lasting behavioural improvement. However, combined grafts completely normalis­
ed performance in the Morris water maze. 

Genetically engineered cells, possibly obtained from patients themselves, may 
prove a more convenient source of acetylcholine than do fetal neurons. Fisher et al. 
[41] transplanted into the rat hippocampus fibroblasts from a cell line that was 
genetically modified to express choline acetyltransferase. The fibroblasts continu­
ed to produce and release acetylcholine after grafting. Because they cannot 
integrate anatomically, however, the use of fibroblasts has fairly limited potential. 
More recently, Gage et al. [47] reported that FGF-2-responsive progenitor cells 
capable of proliferation and neurogenesis could be isolated from the adult rat 
hippocampus. On implantation into adult rat brain, these progenitor cells differen­
tiated into mature neurons. This raises the possibility that autologous donor cells 
capable of genetic modification and functional neuronal integration may be 
obtainable from the adult human CNS. 

The findings of Patel et al. [108] raise the possibility that hippocampal allografts 
may have deleterious long-term effects on the host tissue. They observed degene­
ration of neurons in the CAl field, and abnormal perikaryal and axonal accumula­
tions of phosphorylated neurofilaments in the host hippocampus 12 months after 
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transplantation, despite good graft survival. These abnormalities were significantly 
more pronounced than in non-grafted, lesion-only rats. 

Surgical or toxic (quisqualic acid) lesions of the nucleus basalis cause loss of 
cholinergic innervation of the neocortex. This can be restored to some extent by 
implanting fetal brain tissue, containing cholinergic neurons, into the cerebral 
cortex [103, 125, 126, 130].As in the case of hippocampal transplants, the neocorti­
cal transplants integrate anatomically and functionally, and partly restore cogni­
tive abilities [103, 125]. Although most studies suggest that the cholinergic rein­
nervation and functional improvement are interrelated, WeIner and Koty [166] 
reported that improvement in sensorimotor, spatial memory and attention tests 
could be achieved by transplanting non-cholinergic adrenal chromaffin cells into 
the cerebral cortex of rats with nucleus basalis lesions. 

Another transplantation-based therapeutic approach to cholinergic cell-loss 
lesions merits mention. Martinez-Serrano et al. [95] introduced a vector containing 
mouse NGF complementary DNA (cDNA), under the control of a retrovirallong 
terminal repeat (LTR) promoter, into a CNS-derived neural progenitor cell line and 
implanted the cells into the septum of adult rats with a complete fimbria-forniceal 
lesion. The transplants prevented over 90 % of the expected loss of cholinergic 
neurons from the septal nuclei. 

5.5 Transplantation of Motor Neurons 

Research in this field has been relatively limited, although it may well increase now 
that there are mouse models of familial forms of human motor neuron disease 
caused by mutations in the superoxide dismutase (SOD-I) gene. Ruiz-Flandes et al. 
[127] monitored the survival and migration of purified embryonic motor neurons 
that had been fluorescently labelled with carbocyanine and implanted into adult 
mouse spinal cord or striatum. The motor neurons survived well and migrated 
long distances from the sites of implantation, some ending up in grey matter, others 
in white matter. Vrbova and colleagues [22, 23] have shown that transplants of 
embryonic motor neurons into the spinal cord survive best in cords that lack motor 
neurons. The transplanted cells migrate from the graft site into the depleted host 
anterior horns, but once there seem unable to elaborate axons that extend into the 
ventral nerve roots. It is possible that implantation of "bridges" of peripheral 
nerve, as described by Aguayo and colleagues [27,99,121] (see also Sect. 5.9), may 
enable transplanted motor neurons to make synaptic contact with skeletal muscle, 
although this is unlikely to prove practical for treating widespread loss of anterior 
horn cells. 

5.6 Remyelination 

Many studies have demonstrated that transplanted oligodendrocytes are capable 
of forming myelin sheaths around demyelinated axons in the CNS. Although 
Schwann cells are normally the myelinating cells of the peripheral nervous system, 
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they too readily remyelinate axons in the CNS. It is, indeed, difficult to prevent 
Schwann cells from contributing, at least in part, to the remyelination of focal 
lesions induced by injecting lysolecithin, ethidium bromide or other demyelinating 
agents into the CNS. In early studies of transplanting oligodendrocytes, Blakemore 
and co-workers [8,24] found that the injection into demyelinated rat spinal cord of 
suspensions of"CNS" cells, fewer than 5 % of which were contaminating Schwann 
cells, produced remyelination that was predominantly Schwann-cell mediated. 

The model of combined demyelination and destruction of astrocytes, usually 
produced by injecting ethidium bromide into spinal white matter, previously ex­
posed to 40 Gy of orthovoltage X-irradiation, has been extensively used to study 
the remyelination that results from glial cell transplantation. The success andrela­
tive amounts of oligodendrocyte and Schwann-cell remyelination depend, in part, 
on the microenvironment into which the cells are injected. When they introduced 
cultured Schwann cells into demyelinated, astrocyte-free lesions in the cat spinal 
cord, Blakemore and Crang [7] observed that the subsequent remyelination was 
largely perivascular or in the vicinity of astrocytes at the periphery of the lesions, 
suggesting the need for an extracellular matrix or astrocytic framework for 
Schwann cell-mediated remyelination. Honmou et al. [63] showed that transplants 
combining cultured Schwann cells and astrocytes produce adequate remyelination 
to re-establish conduction of nerve impulses through the original lesion. These 
authors had transfected the cultured cells with a construct containing a LacZ-({3-
galactosidase) reporter gene and were able to confirm that the remyelination was 
due to transplanted Schwann cells, rather than invading host cells. 

The myelinating capacity of transplanted oligodendrocytes depends on the 
extent to which they have already differentiated. In experimental animals, the most 
extensive remyelination is achieved using early oligodendrocyte progenitor cells 
that have an A2B5+ immunophenotype [2,9, 164]. Several studies have demonstrat­
ed that CNS remyelination can be achieved by implantation of immortalised oligo­
dendrocyte progenitor cell lines [44, 152, 156] (Fig. 13). The paucity of oligo­
dendrocyte progenitor cells in the adult CNS probably explains the failure to 
achieve remyelination of X-irradiation- and ethidium bromide-induced lesions in 
rats by implanting oligodendrocyte preparations derived from adult human white 
matter, despite the survival of the implanted cells [149]. 

There are conflicting data concerning the extent to which implanted oligo­
dendrocytes are capable of migrating through normal tissue. For example, Vignais 
et al. [163] used a fluorescent marker dye to trace the migration of oligodendrocyte 
precursors through the mouse CNS. They found that the precursor cells were able 
to migrate to and partly remyelinate a demyelinating lesion in the spinal cord after 
implantation at distances of up to 6 - 8 mm away from the lesion. However, Franklin 
et al. [44] reported that cells of a LacZ-transfected 0-2A+ progenitor cell line could 
not migrate through normal white matter, although they were able to migrate 
through abnormal, X-irradiated rat spinal cord to reach and remyelinate a region 
of demyelination. The apparent discrepancies may be due to differences in the 
host and donor species in these studies, or in the techniques used to inject the pro­
genitor cells. 

The myelinating capacity of transplanted glia is not confined to focal demye­
linating lesions. Transplantation of oligodendrocyte precursors has also proven 
successful in achieving myelination in animals with dysmyelinating diseases, in 
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Fig. 13 a, b. a Demyelination induc­
ed by injecting ethidium bromide 
into the posterior column of the rat 
spinal cord after previous exposure 
of the cord to 40 Gy X-irradiation. 
b Oligodendrocyte-mediated re­
myelination induced by injection 
of cells of a LacZ-transfected 0-2A + 

progenitor cell line into the region 
of demyelination. c see p. 203 

which myelin sheaths are congenitally deficient. Lachapelle et al. [78] were able to 
achieve limited myelination in the mutant mouse shiverer. Tontsch et al. [152] 
observed extensive migration of implanted oligodendrocyte precursors and sub­
sequent myelination of the dorsal spinal columns in myelin-deficient rats, and 
Archer et al. [2], using injections of cells prepared from fetal or neonatal spinal 
cord, obtained impressive dorsal column myelination in the canine myelin mutant, 
the shaking pup. 
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Fig. 13. c The blue X-gal staining of the remyelinating oligodendrocytes confirms that they 
are exogenous. This figure was kindly provided by Dr R Franklin and Dr W. Blakemore, MRC 
Cambridge Centre for Brain Repair 

5.7 Restoration of Hypothalamic Function 

Some aspects of hypothalamic transplantation were described above (see Sect. 
3.6). Early work in this field demonstrated that pituitary tissue that had been 
grafted into the third ventricle of hypophysectomised rats partially restored their 
growth [60]. Charlton [18] reviewed the use of transplants to restore function in 
the antidiuretic hormone-deficient Brattleboro rat and the GnRH -deficient hpg 
mouse. A number of experiments have documented that fetal hypothalamic 
transplants into the ventricles or hypothalamus of Brattleboro rats survive, inte­
grate synaptically and develop appropriate neurovascular relationships [59,132-
134, 167]. Graft survival is improved by use of tissue from relatively early stages 
of fetal development [10]. No success has been obtained in ameliorating the 
diabetes insipidus after intraventricular grafting, but implantation of fetal hypo­
thalamic tissue or vasopressin-cell suspensions into the supraoptic region or 
median eminence has led to functional and biochemical improvement [94,160]. 

Charlton et al. [19] showed that the hypogonadism of GnRH -deficient hpg mice 
can be reversed by implanting normal mouse pre-optic area (POA) tissue into the 
third ventricle. As applies to so many other applications of CNS transplantation, the 
likelihood of the grafts surviving and functioning is greater if they are obtained 
from fetal or very early postnatal tissue [20]. More recently, grafts of fetal POA 
neurons into the POA and of fetal hypothalamic neurons into the ventromedial 
hypothalamus were shown to reverse some of the masculine sexual behaviour 
traits of neonatal female rats that had been treated with androgens [157]. 
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5.8 Ageing 

As noted previously (see Sect. 5.4), Martinez-Serrano et al. [95] showed that im­
plantation of NGF-secreting neural progenitor cells into the septum of adult rats 
with a complete fimbria-forniceal lesion prevented loss of cholinergic neurons 
from the septal nuclei. These authors subsequently examined the effects of grafting 
NGF-secreting cells into the medial septal nucleus and nucleus basalis magnocel­
lularis of aged rats and, over a 2.5-month period, found significant recovery of 
cognitive functions [96]. Transplantation has also been found to reverse some age­
related changes in circadian function in old hamsters [161]: implantation of fetal 
seN tissue, but not cerebellar tissue, into the hypothalamus of these hamsters 
restored the responsiveness of their circadian clock to the phase-shifting action of 
triazolam. 

5.9 Trauma 

Transplant-related strategies for the treatment of trauma can be divided into those 
aimed at promoting axonal regeneration and those concerned with replacing 
damaged or lost neurons. The former were extensively investigated by Aguayo and 
colleagues. They found that eNS axons, incapable of regenerating within central 
nervous tissue, are able to grow for relatively long distances through "bridges" of 
peripheral nerve, in which the axons are ensheathed by Schwann cells [27, 121]. 
When 2-cm to 3-cm lengths of autologous hamster or rat sciatic nerve were 
implanted between the ocular stump of a transected optic nerve, proximally, and 
the superior colliculus, distally, retinal ganglion cell axons regenerated through the 
graft and made synaptic contact with neurons in the superior colliculus [12,17]. 
Extracellular recordings of electrical activity in the reinnervated superior colliculi 
revealed excitatory and inhibitory postsynaptic responses to visual stimulation 
[75]. 

Further evidence of the functionality of eNS axons that have grown through 
peripheral nerve grafts was provided by Munz et al. [99]. They recorded the elec­
trical activity of single regenerated nerve fibres teased from sciatic-nerve grafts 
that had been implanted into the medulla some months earlier, and observed 
spontaneous and induced electrical activity, resembling that of normal medullary 
neurons. A limiting factor in the success of eNS axonal regeneration through peri­
pheral nerve seems to be the distance from the neuronal cell body to the site of 
injury [122]. Long, descending spinal axons are able to regenerate through peri­
pheral nerve grafts after high or low cervical cord transection, whereas no regene­
ration occurs after transection at thoracic or lumbar levels. 

The other transplant-based approach to restoring function after trauma is the 
grafting of nerve cells into the sites of injury [37,64, 140]. Grafts of fetal cortex 
that were placed in cerebral cavities produced by fluid-percussion brain injury in 
the rat survived, extended axons into the host tissue, and partly suppressed glial 
scarring [140]. Improvements in behavioural tests were, however, seen only in 
animals that were also given local infusions of NGF. Escobar et al. [37] found that 
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implants of fetal brain into lesions of the insular cortex restored the ability of the 
rats to learn conditioned taste aversion and that the recovery was accelerated if the 
implants were supplemented with NGF. 

5.10 Ischaemic Damage/Infarction 

The CAl field of the hippocampus is particularly vulnerable to the effects of 
cerebral hypoxia. After experimental transient forebrain ischaemia, the CAl field 
can be repopulated with neurons by implantation of fetal hippocampal tissue. [98, 
105]. The implanted neurons show appropriate differentiation, and some func­
tional connections can be demonstrated, although, to our knowledge, recovery of 
function has not been reported. Relatively sparse afferent and efferent neuronal 
connections have also been shown to develop between infarcted rat brain and 
implants of fetal neocortex [35,143]. 

5.11 Treatment of Brain Tumours 

As noted above (see Sect. 4.4), brain tumours can be readily transplanted or induc­
ed within transplants in experimental animals. Nude (athymic) mice, into which 
gliomas have been transplanted, are convenient models for testing the in vivo 
effects of novel anti-tumour agents, and have been extensively used for this pur­
pose. In most such studies, the tumours have been implanted subcutaneously, but 
intracerebral tumour implants have been used in the evaluation of a wide range of 
drugs, immunotherapies and treatments involving attenuated viruses. However, 
detailed consideration of this type of research, in which the brain is used simply as 
a vehicle for maintaining the growth of implanted tumours, is beyond the scope of 
this article. 
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