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Series Editor’s Note

The interface between clinical immunology and other branches of medical
practice is frequently blurred and the general physician is often faced with
clinical problems with an immunological basis and is expected to diagnose
and manage such patients. The rapid expansion of basic and clinical immu-
nology over the past two decades has resulted in the appearance of increasing
numbers of immunology journals and it is impossible for a non-specialist to
keep apace with this information overload. The Immunology and Medicine
series is designed to present individual topics of immunology in a condensed
package of information which can be readily assimilated by the busy clinician
or pathologist. The present volume gives comprehensive coverage of the
immunology of the gastrointestinal tract and the immunological basis of
gastrointestinal disease.

K. Whaley, Glasgow
December 1991
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Preface

Gastrointestinal diseases present a considerable problem in human medicine
in terms of both morbidity and mortality. The aim of this book is to cover
the breadth of the different immunological disorders of the gut with special
reference to the immunopathological and protective mechanisms. By provid-
ing the key features of the particular disease, this book will be of general
interest to clinicians, scientists and students with an interest in the gastro-
intestinal tract.

The current status of research into toxin-secreting pathogens, Campylo-
bacter, Giardia and HIV is covered. The immunological features of idiopathic
inflammatory gut diseases such as Crohn disease and intractable diarrhoea
are featured, as are diseases where the cause is known, such as gluten in
coeliac disease. The mechanism of the genesis of the flat mucosa is discussed.
Finally, there are the iatrogenic diseases of the gut such as graft-versus-host
disease and small bowel allografts.

Consideration is also given to the immune mechanisms and lesions in the
gut of patients with parasitic nematode infections, which due to their preval-
ence in the tropics are important diseases in human terms. Basic background
on the immune apparatus in the intestine is also discussed, as is the mechan-
ism by which immune cells migrate and lodge in the intestinal mucosa in
normal and diseased intestine. The effects of inflammation on intestinal per-
meability are also discussed in detail.
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1
The cells and tissues of the gastrointestinal
tract

J. L. VINEY and T. T. MACDONALD

INTRODUCTION

The cells and tissues of the gastrointestinal immune system provide protection
from the external environment at a site which is potentially extremely
vulnerable to infection, since only a single epithelial layer separates the gut
lumen and the tissues. Large numbers of leukocytes are present throughout
the gut as single cells in the lamina propria and epithelium, and as aggregates
in lymphoid follicles. For the most part the antigenic stimulus for the
induction of the gut lymphocyte populations appears to be food and
microorganisms that are present in the lumen of the intestine. In infection
and allergy there are changes, not only in the gut structure, but in the cellular
infiltrate in the intestinal mucosa, suggesting that local immune reactions
may be involved in the pathogenesis of intestinal disease. The aim of this
chapter is to describe the basic cellular and structural components of the
mucosal immune system, abnormalities of which are the subject of the ensuing
chapters.

STRUCTURE AND CELLULAR COMPOSITION OF THE GUT-
ASSOCIATED LYMPHOID TISSUE

Peyer’s patches

Throughout the small intestine there are areas of organized lymphoid tissue
overlying the muscularis mucosa, forming Peyer’s patches (PP), as first
described by de Peyer in 1667. Peyer’s patches are structurally similar in
human and rodents, and similar aggregates of lymphoid tissues have also
been described in the gut of other species (e.g. sheep, cattle, swine and dogs).
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IMMUNOLOGY OF GASTROINTESTINAL DISEASE

Human PP can be easily identified as small round blebs from the mucosal
surface and distinguished from the surrounding villi, particularly in tissue
from the terminal ileum. At birth there are approximately 100 PP throughout
the length of the small intestine, most of which are in the ileum. By adolescence
this number has more than doubled to around 225-300 PP, before decreasing
with increasing age, so that the small intestine from an aged individual is
likely to have roughly the same number of Peyer’s patches as at birth!. PP
have anatomical features which distinguish them from other secondary
lymphoid tissues, the most obvious of which is the lack of a defined capsule
or afferent lymphatics. PP have a well-defined cellular zonation and are
usually composed of a follicle centre surrounded by a mantle of small
lymphocytes which merges into the mixed-cell zone of the dome. The dome
area also contains plasma cells, dendritic cells, macrophages and centrocyte-like
B cells which infiltrate the overlying epithelium?. In addition, PP are
characterized by the presence of a specialized epithelium without crypts or
villi (follicle-associated epithelium — FAE), which facilitates the transmission
of antigen from the gut lumen. The FAE is composed of cuboidal epithelial
cells interspersed with few goblet cells, and there is no secretory component?.
This is unlike the epithelium covering the crypts and villi, which is composed
of columnar cells which contain secretory component, and which are
interspersed with numerous goblet cells. The FAE is also characterized by
the presence of specialized M cells, so called because of the presence of short
irregular microfolds on their luminal aspect®. Since M cells are deficient in
cytoplasmic acid phosphatase and microvillus-associated alkaline phosphatase?,
and are HLA-DR -3, it is unlikely that they play a role in classical antigen
presentation. However, since M cells are noted for the presence of numerous
tubules, vesicles and vacuoles in the apical cytoplasm, this is a likely
translocation system which allows for the direct sampling of antigen from
the gut lumen by pinocytosis®. Antigen is transported through the epithelium
and presented to immunocompetent cells in the underlying area. Small T
and B lymphocytes, plasma cells, macrophages and dendritic cells populate
the subepithelial layer, emphasizing that this site is important in antigen
recognition’-®, In rodents the M cells of the FAE have been shown to transport
inert particles such as horseradish peroxidase®:!°, and microorganisms such
asreovirus'?, rotavirus'2 and poliovirus'? through the FAE to the underlying
subepithelial layer. Although most attention has centred on M cells in the
FAE of PP, it is likely that HLA-DR + epithelial cells in the dome epithelium
may also have a role in antigen processing or presentation.

B cells and plasma cells

Human PP contain large numbers of B cells. The narrow mantle zone
surrounding the follicle centre is composed of cells expressing surface IgM
or IgD. The B cells which surround the mantle zone, B cells in the mixed
cell zone of the dome and B cells in the epithelium, do not express IgD but
express surface IgM or IgA2. One of the major differences between human
and rodent PP is that, in humans, sIgD + cells appear to be restricted to a
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CELLS AND TISSUES OF THE GASTROINTESTINAL TRACT

narrow zone around the follicle centre, whereas in rodents sIgD + cells are
abundant in the dome region and the dome epithelium as well as surrounding
the follicle centres!*. The majority of cells with abundant cytoplasmic
immunoglobulin of all isotypes, excluding IgD, are present in the dome region
of PP'3. Interestingly, less than half of the cIgG+ cells found in the dome
region are J-chain positive, in contrast to the lamina propria where the
majority of cIgG + cells are J-chain positive'>. There are also cells with cIgA,
cIgM and IgG in the T cell zone surrounding the high endothelial venules
(HEV)2. There are few IgA plasma cells in PP!¢, although PP themselves
are the source of IgA plasma cell precursors that migrate to, and subsequently
populate, the lamina propria'”-*%.

T cells

The greatest density of CD3+ T cells can be found surrounding the HEV
in the interfollicular zones?. There are also numerous T cells surrounding
the follicle centre (Fig. 1.1) in the mixed-cell zone of the dome, and clusters
of CD3+ cells have been identified particularly adjacent to M cells in the
subepithelial dome region'®. The majority of human PP CD3+ T cells also
bear CD4. The number of CD4+ cells present in the FAE of PP is increased
compared to the number of CD4+ cells in the villous epithelium?.

Accessory cells

In humans, B cells, activated T cells, dendritic cells and macrophages in the
PP are Class II positive, emphasizing that PP are a site active in antigen
presentation and immune recognition. Numerous non-lymphoid HLA-DR +
cells with cytoplasmic processes are present in the dome area of human PP,
as well as in the T cell zones. These macrophage-like cells under the dome
epithelium and in the epithelium itself are heterogeneous?®. Most HLA-DR +
cells in the dome region of the PP are likely to be dendritic cells, whereas
HLA-DR + cells in the interfollicular zones are likely to be interdigitating
cells?!. The dome epithelium itself is HLA-DR + and thus may also be
capable of presenting antigen to the numerous lymphoid cells within and
adjacent to the epithelium. The presence of dendritic cells in the mixed-cell
zone of the dome underlying the Class II negative M cells indicates that
most antigen presentation in PP takes place in the dome region.

The role of PP in IgA responses

The relationship between PP and the secretory IgA response was first
demonstrated by Craig and Cebra in 197117, who showed that PP contained
a rich source of cells that were able to adoptively transfer an IgA response
when injected into irradiated recipients. Furthermore, compared to B cells
from the spleen, PP contain a high frequency of B cells which, having
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IMMUNOLOGY OF GASTROINTESTINAL DISEASE

Figure 1.1 The Peyer’s patch. Organized aggregates of lymphoid follicles forming PP are
frequently observed in the intestine. The specialized FAE covering the dome region of the PP
contains fewer goblet cells than the villous epithelium. x30

undergone istotype switching, are committed to secreting IgA?2. It has also
been shown that antigenic stimulus from the gut triggers the B cell
commitment to making IgA22. The role of the T cell in the IgA response has
also been studied in some detail. Compared to T cells from the spleen, PP
T cells are able to induce greater IgA responses in B cells co-stimulated with
LPS?3, Other studies have also suggested the existence of autoreactive ‘switch’
cells in Peyer’s patches, which are capable of driving surface IgA — B cells
to become surface IgA + 24, The significance of these cells in vivo is still not
fully understood. There has been a great deal of interest recently in the role
of cytokines in driving the IgA response; however, it is beyond the scope of
this chapter to cover these data.
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Organized lymphoid tissue of the colon

Organized lymphoid follicles, similar to the PP in the small intestine, can be
identified in the colon of humans and rodents. Human colonic lymphoid
follicles were first described by Dukes and Bussey in 1926%°, who reported
that there were approximately eight follicles per cm? of colonic mucosa in
children, and this decreased to three per cm? in old age. The number of
follicles is greater in the rectum than in the colon. These lymphoid follicles
produce points of discontinuity along the length of the large intestine by
residing just below the muscularis mucosa. The cellular composition of
colonic lymphoid follicles is indicative of this being an active antigen-processing
site. Although these structures often do not have a germinal centre, they are
characterized by a central B cell zone, surrounded by a T cell zone containing
interdigitating cells?®. In addition, colonic lymphoid follicles have a specialized
dome epithelium containing M cells, similar to the specialized FAE overlying
PP in the small intestine?®.

The appendix

The human appendix is characterized by numerous lymphoid nodules
separated by regions of lamina propria, into which the glandular crypts
penetrate. The distribution of cell types and the zonal arrangement is very
similar to that seen in PP. The lymphoid nodules have a reactive follicle
centre, surrounded by a narrow mantle of sigM +, IgD — B cells which merge
with the mixed-cell zone beneath the epithelium. The T cell zone lies mostly
between the follicle centre and muscularis mucosa, with CD4+ cells
predominating over CD8 + cells. The FAE, which contains T and B cells, is
often HLA-DR*. Lysozyme-containing macrophages are uncommon in the
dome region, so most of the HLA-DR + cells with cytoplasmic processes
are likely to be dendritic cells'. In the dome region, and in the region
immediately adjacent to the follicles, IgG plasma cells predominate, whereas
the majority of plasma cells in the lamina propria between follicles are
IgA-secreting!.

The tonsils

The first organized lymphoid structures exposed to dietary and bacterial
antigens are the nasopharyngeal and palatine tonsils at the pharynx/mouth
junction. The palatine tonsil is covered in squamous epithelium, whereas the
nasopharyngeal tonsil has patches of ciliated columnar and squamous
epithelium?’. The epithelium is densely infiltrated with lymphocytes and
forms deeply penetrating crypts into the lymphoid tissue. There are numerous
follicles in tonsillar tissue, each of which have germinal centres surrounded
by a mantle zone of T and B cells. One of the major differences between
tonsil lymphoid tissue and other gut-associated follicles is that most of the
plasma cells express IgG2”. Of the IgA plasma cells in tonsils, the majority
express IgA 1, rather than IgA2 which is more characteristic of mucosal surfaces?®.
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IMMUNOLOGY OF GASTROINTESTINAL DISEASE

The lamina propria

The lamina propria is the region of tissue between the epithelium and the
muscularis mucosa, comprising a villous core over which epithelial cells
migrate from the crypt to the villous tip. Large numbers of plasma cells, T
and B lymphocytes, macrophages and granulocytes populate the lamina
propria, together with smooth muscle cells and fibroblasts, thus forming the
basic gut structure of villi and crypts. Lymphocyte migration into the lamina
propria of the gut from the blood is mediated by specialized vessels at the
base of the villi?®3°. Lamina propria lymphocytes bear homing receptors
which selectively bind to the mucosal lymphoid high endothelium3°-3!, The
lamina propria lymphoid infiltrate is not totally dependent on antigen since
lymphoid cells are present in fetal gut, although numbers do increase after
birth32. Plasma cells are antigen-dependent, however, since at birth these
cells are absent?3.

B cells and plasma cells

The lamina propria is densely infiltrated with lymphocytes, approximately
half of which are B cells. Small B cells comprise 15-45%; of total mononuclear
cells**, most of which are sIgA +, although sIgM +, sIgG + and sIgD + cells
are also found 3737, There are no IgA + cells in human fetal small intestine
(Fig. 1.2). In the normal intestine there are numerous plasma cells, most of

Figure 1.2 IgA + cells in human neonatal small intestine. Human neonatal small intestine was
stained by immunohistochemistry for IgA + cells. Very few positively stained cells can be seen. x26
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which are located near the crypts. In humans, IgA plasma cells constitute
approximately 30% of the total mononuclear cells in the intestinal lamina
propria (Fig. 1.3), and 80%, of the total plasma cells?®-38~4!; hence the major
immunoglobulin isotype in intestinal secretions is IgA2842, Qver half of the
IgA plasma cells in the gut secrete IgA237-38, This is in contrast to lymph
nodes where most of the secreted IgA is IgA1. Of the remaining plasma cells,
approximately 20%, secrete [gM and only a very small number (3—5%,) secrete
IgG3738, Plasma cells of the IgD or IgE isotype are rarely seen. Most of the
IgA in intestinal secretions is dimeric*?, binding specificially via J chain/secretory
component interactions at the basolateral surface of crypt epithelial cells,
then being actively transported into the lumen**.

Figure 1.3 IgA plasma cells in human colon. Densely stained IgA plasma cells can be observed
in the lamina propria of the large intestine. Note also the IgA staining at the apex of the
epithelial cells which represents IgA being actively transported across the epithelium. x75
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T cells

CD3+ cells comprise approximately half of the lymphocytes in the lamina
propria (Fig. 1.4). The majority of these T cells in both the small and large
intestine*>~*% are CD4+. In humans most of the T cells in the lamina
propria*®~3! are HLA-DR — and IL-2R —. However, equal numbers of these
T cells stain with CD45RA and CD45RO, indicating that at least some may
be memory cells*!-32:33, T cells bearing the af TcR are most prominent in
the lamina propria, with virtually no yé cells.

Accessory cells

In the lamina propria of human small intestine the majority of HLA-DR +
cells are small and stellate-shaped with the characteristics of dendritic cells*®,

Figure 14 CD3+ T cells in normal human lamina propria. Numerous T cells can be observed
throughout the lamina propria (arrowed), as well as in the epithelium. x30
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suggesting that the majority of DR+ cells in the small intestine are
antigen-presenting cells. The appearance of these cells in the mucosa is
antigen-independent®*%, In the large intestine, however, the majority of
DR + cells are strongly acid phosphatase- and esterase-positive, but weakly
ATPase-positive, characteristic of phagocytic cells*. It should be emphasized,
however, that the distinction between the macrophage and dendritic cell
types in the gut is vague and controversial.

Intraepithelial lymphocytes

Intraepithelial lymphocytes (IEL) are usually situated just above the basal
lamina, amongst the epithelial cells covering the crypts and villi (Fig. 1.5).
The position of these lymphocytes is unique, since they are separated from

Figure 1.5 CD3+ T cells in normal human intestinal epithelium. Numerous basally situated
CD3 + intraepithelial lymphocytes can be identified within the columnar epithelium. x75
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the antigenic load of the gastrointestinal lumen only by tight junctions
between the epithelial cells. The number of IEL reflects the degree of antigenic
stimulation from the gut lumen. IEL are most numerous in the small intestine,
with fewer in the colon and virtually none in the stomach or oesophagus.
Ultrastructural studies have revealed lymphocytes entering and leaving the
epithelium from and into the underlying lamina propria®®. Most of the
experimental work on the basic biology of IEL has been done in rodents.

B cells and accessory cells

Unlike the lamina propria, where there are numerous small B lymphocytes
and plasma cells, the epithelium of humans and rodents is completely devoid
of these cell types. Also there are no macrophages or dendritic cells. There
is some evidence, however, that the epithelium can be involved in antigen
presentation since the gut columnar epithelial cells can express Class II
molecules in both rodents3®~3® and humans (Fig. 1.6)>!%-¢°. In the rat the
gut epithelial cells themselves have actually been demonstrated to process
and present antigen®! 74,

T cells

The phenotypic distribution of T lymphocytes in the epithelium of humans
and rodents is markedly different from the T cells in the underlying lamina
propria. Most striking is the predominance of CD8+ cells over CD4+
cells*3~*7 In mice, although the majority of IEL are CD8 +, only approximately
half express Thyl, an antigen usually expressed on all murine T cells®*¢°.
These cells express the «f TcR®”. Interestingly, the remaining CD8 +, Thy1 —
IEL express the yé TcRS.

The tropism of pé T cells for the epithelium is unexplained. In contrast to
mice, in human small intestine, T cells bearing the aff TcR are prominent,
with only about 10% of the CD3 + cells bearing y6 TcR®®~"!. Further study
of murine IEL subsets with antibodies to the CD8x and CD8p chains reveals
that CD8+, Thyl + IEL co-express the a and f chains of CD8 as is usually
seen on mature CD8+ cells in the periphery, whereas the unusual CD8 +,
Thyl — cell type expresses a CD8aa homodimer. In addition, the same may
be true for human IEL, since a small proportion of CD3 + cells (12%) also
express the CD8xa homodimer and lack CDS, and thus may represent a
human analogue of the unusual subset of cells found in rodent epithelium?2.
Recently, monoclonal antibodies have been developed which recognize
mucosal lymphocytes but not lymphocytes from the peripheral lymphoid
tissues. In human gut the antigen recognized by HML-1 is found almost
exclusively on the surface of IEL and on lamina propria lymphocytes adjacent
to the epithelium*’. The mouse corollary, M290, has a similar tissue
distribution. Interestingly, both monoclonal antibodies immunoprecipitate
molecules of similar apparent molecular weight from human and mouse IEL,
although the antibodies themselves are species-specific.

10
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Figure 1.6 HLA-DR expression on normal human epithelial cells. All of the villous epithelial
cells and numerous accessory cells in the lamina propria are HLA-DR+. x75

Role of IEL in the epithelium

Despite an abundance of descriptive reports on IEL there is a notable paucity
of functional studies. Recently, however, it has been proposed that 6 TcR +
IEL may have a role in surveillance of epithelial surfaces and be involved
in the first lines of defence protecting the mucosa from the external
environment’*7%, IEL do not have NK activity or NK surface markers.
Neither do they respond well to mitogens, although sheep red cell fragments
augment their proliferative response presumably via CD27%~78, Approximately
equal proportions of IEL express the different isoforms of the leukocyte
common antigen, CD45RA and CD45RO, indicating that at least some cells
may be memory cells*':3*72. It is generally assumed that, because the
frequencies of IEL vary in different conditions, the number of IEL in some
way reflects immune responsiveness to enteric antigens, whether it be the
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antigens of the normal flora, pathogens or dietary antigens. In support of
this, challenge of coeliac disease patients with graded doses of gluten does
indeed cause a dose-dependent increase in the number of IEL in the proximal
jejunum’®.

It is likely that at least some IEL are antigen-specific effector cells, since
lymphokine-secreting antigen-specific IEL can be detected in parasite-infected
mice®. In addition, it has also been demonstrated that murine TcR-af +
IEL are constitutively cytolytic in short-term anti-CD3 mAb redirected
cytotoxicity assays®®, although the frequency of such cells was not determined.
It should be noted that y6 TcR+ IEL showed only very weak cytolytic
activity. In humans mucosal T cells in healthy individuals are rarely
HLA-DR + and do not express IL2 receptors*’. Many normal IEL express
the activation marker VLA-1, which is a receptor for laminin and collagen®'.
This surface receptor presumably enables IEL to cross the basement
membrane between the lamina propria and epithelium.

Origin and fate of IEL

The origin and fate of IEL have been the subject of much controversy. The
immediate precursors of IEL are likely to be derived from the lamina propria,
since increased numbers of IEL are always accompanied by increased
lymphocyte density in the lamina propria®?. If migration into the epithelium
was a random event, IEL would be expected to have the same distribution
of T cell subsets as the lamina propria. This is, however, clearly not the case
as most IEL are CD8+ and most lamina propria T cells are CD4+. The
factors and mechanisms important in the selective entry/retention of CD8 +
cells in the epithelium is unknown. It is unlikely that antigen is the factor
responsible for the accumulation of CD8 + cells in the epithelium since even
in the human fetus, where there is essentially no foreign antigen, there are
more CD8 + cells than CD4 + cells32. More likely the selective accumulation
of CD8 + IEL reflects the ability of different T cell subsets to traverse the
basement membrane, reflected by the distribution of extracellular matrix
protein receptors on the surface of lymphocytes.

In mice it has been clearly demonstrated that IEL can arise from the bone
marrow without the need for thymus processing. This phenomenon is
demonstrated by the presence of IEL in congenitally athymic mice®3, and in
mice which have been thymectomized, irradiated and reconstituted with bone
marrow®#8% These cells are Thyl —, CD8 + IEL expressing the y TcR67-8¢,
In addition there is another population of cells which is dependent on the
presence of a thymus and antigenic stimulation from the gut lumen. These
cells arise from precursor cells within the PP and migrate via the MLN and
thoracic lymph back to the mucosal epithelium®7-88, These cells are the
conventional Thyl +, CD8+ IEL expressing the aff TcR®7-86.

Although it is not an idea which has sustained much interest in recent
years, it has been proposed that some IEL may represent effete lymphocytes
dying within the epithelium. There is some histological evidence from early
studies in mice®®°° and humans®'°? that lymphocytes in the epithelium
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show features associated with cells undergoing apoptosis. Recent evidence
in mice demonstrates that y0 TcR+ IEL rapidly and selectively die by
apoptosis in vitro®>. Recently, apoptosis has been identified as the mechanism
by which self-reactive thymocytes are eliminated®*°°, Since it is well
documented that y6 TcR+ IEL can arise in the absence of thymic and
antigenic influence and express functional yé TcR, these observations may
have important implications for the possible development of y6 TcR + cells
at extrathymic sites. Furthermore, there is some preliminary evidence that
y6 IEL may be able to productively rearrange their TcR genes and express
96 TcR on their cell surface without thymic influence®”.
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The mucosal immune system in
inflammatory bowel disease

P. BRANDTZAEG, T. S. HALSTENSEN, L. HELGELAND and K. KETT

INTRODUCTION

Inflammatory bowel disease (IBD) is collectively used to include ulcerative
colitis (UC) and Crohn’s disease, which are generally considered as two
different entities, although they have many common features. The aetiology
is unknown and the initial lesion has not been clearly defined; but patchy
necrosis of the surface epithelium, focal accumulations of leukocytes adjacent
to glandular crypts, and an increased number of intraepithelial lymphocytes
(IEL) and certain macrophage subsets have been described as putative early
changes, especially in Crohn’s disease®'2.

Several attempts have been made to identify contributing initiating factors;
there have thus been reports on a genetically determined mucin defect in
UC? and increased intestinal permeability* and/or a defective mucosal
immunoglobulin A (IgA) system® in Crohn’s disease. The additional involvement
of infective agent(s) in the latter, and autoimmunity in the former, disorder
seems plausible on the basis of available information'-2. Localized tendency
to thrombus formation, leading to multifocal intestinal infarction, has recently
been proposed as a cause of early lesions in Crohn’s disease®; but whether
thisis secondarily related to vascular complement activation’ or procoagulant
activity of activated endothelial cells and/or macrophages remains unknown.
Altogether, however, there is considerable circumstantial evidence that
hyperactivation of the mucosal immune system through various immuno-
pathological mechanisms may cause the established IBD lesion.
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IMMUNOLOGY OF GASTROINTESTINAL DISEASE
THE NORMAL MUCOSAL IMMUNE SYSTEM

Secretory immunity

The generation of secretory antibodies protecting mucous membranes
depends primarily on the local occurrence of IgA-producing immunocytes
(plasma cells and blasts) in the absence of overt inflammation; 70-80%, of
all Ig-producing cells in humans are in fact located in the intestinal mucosa®.
Exocrine tissues, and especially the gut, thus constitute quantitatively the
most important mediator organ of specific humoral immunity.

Immunocytes adjacent to exocrine glands, such as the crypts of Lieberkiihn,
produce mainly polymeric IgA (poly-IgA = dimers and larger polymers). Such
poly-IgA contains a disulphide-linked polypeptide called the ‘joining’ or J
chain®'% it can therefore be transported through the glandular epithelium
along with J-chain-containing polymeric IgM (poly-IgM) via the poly-Ig
receptor, which is constituted by the transmembrane secretory component
or SC®°. This receptor protein is produced by serous types of secretory
epithelial cells such as the crypt cells in the gut®°. Secretory immunity thus
depends on an intimate interaction between the B-cell system and exocrine
epithelia, resulting in the external transport of secretory IgA (SIgA) and
secretory IgM (SIgM) (Fig. 2.1), the former normally being predominant
because of the abundant local production of poly-IgA®°.

Immune regulation

The regulation of local humoral immunity is only partly understood.
However, it normally results in the generation of a large number of early
memory B-cell clones with prominent J-chain expression and preference for
IgA production®'°. This is the basis for secretory immunity which gives rise
to a ‘first line’ defence or immune exclusion mediated mainly by SIgA
antibodies (Fig. 2.2). The abundance of locally produced IgA is probably
also crucial for immunological homeostasis within the lamina propria. IgA
antibodies lack potent effector functions such as complement activation and
may therefore block non-specific biological amplification mechanisms triggered
by locally produced or serum-derived IgG antibodies**.

It would, in addition, be conducive to preservation of health to avoid
hypersensitivity against harmless luminal antigens caused by excessive IgG
and IgE responses or overactivated T lymphocytes eliciting cell-mediated
immunity (Fig. 2.2). There is admittedly little direct evidence that such ‘oral
tolerance’'? is induced to avoid undue mucosal tissue damage in humans'?.
However, it is most likely part of human local immune regulation because
the vulnerable gut mucosa normally shows no inflammation, very few
IgG-producing cells (Fig. 2.3), and little activation of T cells!®. This is
remarkable in view of the fact that there is always an influx of small amounts
of intact dietary antigens after meals''.

Itis not clear how inductive and suppressive immunoregulatory mechanisms
are achieved in the gut® 97121415 The Jocal mucosal site with its lamina
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Figure 2.1 Model for local generation of secretory IgA (SIgA) and secretory IgM (SIgM). [1]
Production of J-chain-containing poly-IgA and poly-IgM by mucosal plasma cells. [2] Synthesis
and core glycosylation (——) of transmembrane SC (poly-Ig receptor) in rough endoplasmic
reticulum (RER) of secretory epithelial cell. [3] Terminal glycosylation (—@) in Golgi complex.
[4] Phosphorylation (P) at some later step. [S] Complexing of SC with J-chain-containing
poly-Ig on the basolateral cell membrane. [6] Endocytosis of complexed and unoccupied SC.
[7] Transcytosis of vesicles. [8] Cleavage and release of SIgA, SIgM, and excess free SC. The
cleavage mechanism and the fate of the cytoplasmic tail of transmembrane SC are unknown
(?). During the external translocation, covalent stabilization of the IgA-SC complexes regularly
occurs (two disulphide bridges indicated in SIgA between SC and one of the IgA subunits),
whereas an excess of free SC in the secretion serves to stabilize the non-covalent IgM-SC
complexes (dynamic equilibrium indicated for SIgM). (Adapted from ref. 14)

propria and epithelium, the organized lymphoepithelial nodules, and the
larger lymphoid aggregates such as the Peyer’s patches (PP) are probably
all involved in a complex interplay. The gut-associated lymphoid tissue
(GALT) is increasingly being subjected to structural and functional studies
to reveal its role in mucosal immunity!®!”. Stimulated B cells representing
precursors for the mucosal IgA immunocytes are unquestionably derived
mainly from organized GALT such as the PP!!'!8, Also the numerous IEL,
found especially in the small intestine, seem to originate mainly in PP and
become primed by antigen there®!4. Most intestinal IEL are of the CD8
(‘suppressor/cytotoxic’) phenotype, in contrast to those found in the lamina
propria, which are predominantly of the CD4 (‘helper/inducer’) phenotype
(Fig. 2.2). Circumstantial evidence suggests that the CD8 + IEL normally
may be involved in oral tolerance to non-replicating luminal antigens which
do not bind to the gut epithelium®'4,
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Figure 2.2 First line mucosal defence (immune exclusion) mediated by secretory antibodies,
mainly of SIgA type. In addition, oral tolerance is induced to down-regulate systemic (phlogistic)
types of immunity — that is, IgG (By) and IgE (Be) antibody responses and T-cell-mediated
delayed type hypersensitivity (DTH) against non-adherent luminal protein antigens. CD8 +
suppressor cells (T8s) are probably involved in oral tolerance, perhaps being stimulated by
luminal antigens endocytosed and presented by epithelial cells in the context of MHC (or HLA)
Class II molecules, or through an immunosuppressive circuit induced by CD4+ (T4) cells.
Stimulated CD8 + contrasuppressor cells (T8cs) may release IgA-promoting helper cells (T4ha)
from suppression so that a prominent mucosal IgA response can develop. Wavy arrows indicate
immunoregulatory signals, straight or curved arrows molecular migration or biological effects.
For further details, see ref. 8

IMMUNOPATHOLOGY OF THE MUCOSAL IBD LESION
T-cell alterations

Only small IBD-related mucosal alterations of the CD4+ to CD8+ T-cell
ratios were noted in early studies'®, but a significant increase of CD4+
lymphocytes in the lamina propria of severely inflamed UC lesions was
recently reported by others2®. Interestingly, the same authors described a
striking increase of CD4+ and a decrease of CD8 + cells in the epithelium
compared with normal colon??, perhaps reflecting an aberrant relationship
between helper and suppressor cells.

There is discrepant information in the literature with regard to the
functional properties of T cells isolated from IBD lesions':?%!-22, However,
the established Crohn lesion has been found to contain a significantly reduced
proportion of naive T cells (CD45RA +), thus suggesting a preferential
accumulation of antigen-primed memory cells®2*. This has been supported
by azrsaised proportion of mononuclear cells with the early activation marker
4F2%°,

The presence of a large fraction of activated CD4+ T cells was recently
also suggested by immunohistochemical staining for interleukin-2 (IL-2)
receptor or CD2S; this feature seemed to distinguish Crohn’s disease from
UC?4, as also borne out by different reactivity to IL-2 when mucosal
mononuclear cells were tested in vitro®> but not by the levels of soluble IL-2
receptor in serum?¢27,
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Figure 2.3 Two-colour immunofluorescence staining for IgA (left panel, green) and 1gG (right
panel, red) in same field from section of normal colonic mucosa. Examples of identical positions
are indicated by arrows. Note striking predominance of IgA-producing plasma cells in lamina
propria and selective uptake of IgA in surface and crypt epithelial cells (except goblet cells,
which are negative). Muscularis mucosae (mm) and submucosa are virtually devoid of
Ig-producing cells. Lumen at the top. (Magnification: x 140)

A remarkably intensified epithelial expression of HLA-DR in both UC
and Crohn’s disease indicates that various cytokines are released locally from
activated T cells?>® 3!, Both interferon-y (IFN-y) and tumour necrosis factor-a
(TNF-o) are capable of enhancing epithelial HLA-DR on intestinal
epithelium3%33 but difficulties have been encountered in demonstrating
production of the former cytokine in the IBD lesion®*. Conversely, a raised
number of cells producing TNF-o has been reported for both types of lesion,
most strikingly in Crohn’s disease®*. The positive cells seemed to include
both T lymphocytes and macrophages.

Much evidence thus suggests that mucosal T cells are particularly
stimulated in Crohn’s disease, which may be relevant to the granulomatous
nature of this disorder. Further in situ characterization of the activated cells
is nevertheless needed because recent two-colour flow-cytometric analyses
have provided conflicting information; dispersed CD4 + and CD8 + mucosal
T cells were reported to show fairly equal levels of stimulation, and there
tended to be more activated T lymphocytes in UC than in Crohn’s disease®>.
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Preferential usage of the variable region T-cell receptor gene product VS8
has been noted in mesenteric lymph nodes draining the Crohn lesion; this
could reflect a selective immune response but might also be ascribed to a
polyclonal stimulatory effect of superantigen(s) or crossreacting epithelial
autoantibodies>®.

Mucosal macrophages and dendritic cells

The monocyte-derived cell lineage contains remarkably heterogeneous
subpopulations of accessory cells, including classical phagocytic macrophages
and various types of dendritic antigen-presenting cells (APC). The latter are
poorly phagocytic but express large amounts of HLA Class I and IT molecules,
which generally act as antigen restriction elements during stimulation of
CD8+ and CD4+ T cells respectively. Monoclonal antibodies have greatly
helped to dissect these subpopulations but the heterogeneity is bewildering,
and probably reflects both developmental and functional overlap.

Dense accumulations of large macrophages, positive for CD4 and HLA
Class II (Fig. 2.4), are found among the immunocytes just beneath the surface
epithelium in normal gut mucosa, as well as in IBD lesions with intact
epithelium?°3773%, Many of these cells show phenotypic features of both
mature macrophages (RFD7+) and dendritic cells (RFD1 +), and they can
apparently function both as phagocytes and APC*°. There are also RFD1—
scavenger macrophages with strong acid phosphatase and calprotectin

Figure 24 Two-colour immunofluorescence staining for HLA-DR (left panel, green) and
IgA +1gG (right panel, red) in field including surface epithelium (E) at some distance from an
ulcer (not shown) in the colonic mucosa of a patient with Crohn’s disease. Note cluster of large
DR-positive histiocytic cells between the epithelium and the dense immunocyte infiltrate. With
rare exceptions (large arrows) the DR-positive cells are negative for IgA +1gG. Epithelium in
this area is DR-negative and shows apical staining for IgA as sign of secretory activity (small
arrows). The basement membrane zone is indicated by broken line. (Magnification x260)
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activity in the IBD lesions*'#2. Some phenotypic alterations seem to be
different in Crohn’s disease and UC. Thus, the RFD9™* (epithelioid-like)
phenotype appears more frequently and is oftener aggregated in the former
than latter disease*°. This subset seems to be highly activated, as shown by
enhanced respiratory burst. However, other mucosal macrophage subpopula-
tions present in IBD can also be characterized as activated, both by their
respiratory burst level, expression of IL-2 receptor, intercellular adhesion
molecule 1 (ICAM-1), and production of TNF-o and IL-124:34:40.43.44 ¢ hag
been speculated, on the basis of in vitro experiments, that the combined
release of IFN-y and TNF-a from activated mucosal mononuclear cells may
be directly involved in epithelial damage*”.

Are alterations of local immunity caused by break of oral tolerance?

Reduced immune exclusion because of a primary defect of the SIgA system
does not seem to be generally involved in the pathogenesis of IBD*¢, although
a recent study suggested that mucosal production of IgA may be defective
in apparently normal intestinal mucosa in Crohn’s disease®. We have been
unable to confirm this observation by measuring SIgA in jejunal secretion
of such patients (Hvatum et al., unpublished data).

The normal mucosal down-regulation of systemic types of immune
responsiveness to luminal antigens (Fig. 2.2) is apparently abrogated at some
step in the IBD evolution, as suggested by activation of cell-mediated
immunity (T cells and macrophages/APC) and a disproportionate although
highly varying local over-production of IgG (Figs 2.5 and 2.6) seen in both
Crohn’s disease and UC?®11:20:29:47-49 Antigen feeding, combined with some
sort of damage to the gut epithelium in experimental animals, seems to be
incompatible with induction of oral tolerance!!. The same is true when APC
are excessively activated by stimuli such as muramyl dipeptide, oestrogen or
a graft-versus-host reaction'?. All these experimental situations apparently
favour general overstimulation of CD4 + helper T cells® !4, and may parallel
events taking place in the pathogenesis of IBD (Fig. 2.7).

As discussed above, cytokines released from activated T cells and macrophages
probably explain the increased epithelial HLA-DR expression seen in IBD;
this aberrant biological phenomenon may also be involved in abrogation of
oral tolerance. The density of Class II molecules involved in antigen
presentation is important for the magnitude of immune responsiveness, and
such molecules induced on human colonic epithelial cells by IFN-y are
functional in terms of being recognized by T cells*°. Moreover, murine small
intestinal villous epithelial cells are able to present soluble antigen in a Class
Il-restricted and stimulatory manner to CD4+ specific T helper cells®!. A
raised number of CD4 + cells in and beneath the epithelium in IBD lesions?°
may be further conducive to intensified B-cell activation and increased Ig
production (Fig. 2.7). It has also been claimed that human intestinal epithelial
cells normally activate preferentially CD8 + antigen non-specific suppressor
cells, but that this function is inherently lacking for epithelium derived from
IBD patients; their epithelial cells rather stimulate CD4 + antigen non-specific
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Figure 2.5 Two-colour immunofluorescence staining for IgA (left panel, green) and 1gG (right
panel, red) in same field from section of colonic mucosa from patient with active ulcerative
colitis. Note striking predominance of IgG-producing plasma cell in the submucosa (at the
bottom) and deeper layers of the mucosa, whereas IgA immunocytes are numerous in the luminal
part of mucosa (at the top). The distorted crypt epithelium shows variable degrees of selective
staining for IgA. (Magnification x 140)

helper cells and may thereby contribute additionally to abrogation of oral
tolerance®2.

Altered local immunoglobulin production as a major
immunopathological feature

The established mucosal IBD lesion is dominated by Ig-producing cells, both
in UC (Fig. 2.5) and Crohn’s disease. We and others have found that the
mucosal IgA- and IgM-cell populations are increased several times, and that
there is a disproportionate rise of IgG immunocytes (Fig. 2.6), depending on
the severity of the lesion, both in Crohn’s disease and in UC?11:20:29:47-49

In addition to the dramatically raised proportion of IgG immunocytes,
the IgA1-producing cells are increased to the extent that they become much
more frequent than the IgA2 counterparts333#. It is also noteworthy that
J-chain expression is reduced®3-56, both in IgG and IgA1 cells, and to a lesser
extent in IgA2 cells (Fig. 2.8). This change apparently reflects local accumulation
of relatively mature B-cell clones because cytoplasmic J chain seems to be a
marker of early memory clones which are able to ‘home’ to normal exocrine sites®.
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Figure 2.6 Pie charts of median numbers of Ig-producing immunocytes (IC) per intestinal
mucosal tissue unit in severe Crohn’s disease and active ulcerative colitis. The median percentage
class distributions and increase factors (in parentheses) of the immunocyte populations compared
with normal mucosa are also given. All tissue units are 500 um wide (vertical axis) and the
median height from the muscularis mucosae to the lumen (horizontal axis) for each specimen
category is indicated (n = number of subjects). Data adapted from the authors’ laboratory (ref. 48)

It seems, therefore, that the local humoral immune responses initially
engage the poly-IgA (SIgA) system to enhance the ‘first line’ defence in IBD
(Fig. 2.7). Later on, however, more and more features of systemic immunity
evolve locally, associated with an increasing degree of inflammation. This
development may be considered establishment of a ‘second line’ defence
aiming at elimination of antigens massively penetrating into the mucosa; but
the consequence is a substantial alteration of the local immunological
homeostasis (Fig. 2.7).

Subclass pattern of the prominent local IgG response

IgG1 is clearly the dominating fraction of locally produced IgG in IBD; but
it was originally suggested that, in relative terms, there is a preferential
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Figure 2.7 Putative immunopathological development of inflammatory bowel disease. Vicious
immunostimulatory circle leading to altered homeostasis: [1] Initiating event(s) attracts T cells
to the epithelium; [2] there is activation of T cells and macrophages and perhaps an increased
proportion of CD4 + helper cells; [3] cytokines released from activated mononuclear cells induce
epithelial HLA Class II expression; [4] Class II positive epithelium mediates enhanced uptake
and presentation of luminal antigens and induces help rather than suppression; such abrogation
of ‘oral tolerance’ will be accelerated if luminal antigens gain excessive access by some sort of
epithelial breaching; [5] overstimulation initially gives rise to a secretory immune response; [6]
cytokines from activated mononuclear cells induce altered endothelial receptor mechanisms
which attract B cells belonging to the systemic immune system; [7] such extravasation, along
with reduced suppression, gives rise to overproduction of IgG1 and IgG2 (the former being
favoured in ulcerative colitis); [8] the IgG response is accompanied by preferential production
of monomeric IgAl; [9] the changed relationship between secretory and systemic types of local
immunity leads to altered immunological homeostasis favouring further inflammation, tissue
damage, and immunostimulation. Key: 1 =increased; | =decreased; T=T cell; B=B cell;
M® = macrophage. (Modified from ref. 8)

mucosal 1gG2 response in Crohn’s disease®”**®; this notion has also been
supported by subclass determinations in serum®®. However, by comparing
the colonic IBD response as determined immunohistochemically in our
laboratory>® with the subsequently established normal mucosal IgG-subclass
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Figure 2.8 Pie charts of median numbers of IgA subclass-producing immunocytes (IC), with
(3*) or without (J~) coexpression of J chain, per large bowel mucosal tissue unit in severe
Crohn’s disease and active ulcerative colitis. The median percentage distributions and increase
factors (in parentheses) of the four IgA-cell subsets compared with normal mucosa are also
given. Tissue units are defined as in Fig. 2.6. Data adapted from the author’s laboratory
(refs 48, 54 and 56)

pattern®®, it turns out that the mucosal IgG1- and IgG2-immunocyte subsets
are fairly equally expanded on a relative basis in Crohn’s disease (Fig. 2.9).

Re-evaluation of the data from MacDermott’s laboratory on spontaneous
IgG secretion by isolated mucosal mononuclear cells®’ likewise shows no
convincing preferential overproduction of IgG2 in Crohn’s disease (~39%)
compared with the normal mucosal IgG2 response (~37%); the minor
discrepancies between the two laboratories may well be explained by sampling
variations. Conversely, the local IgG1 production is, on average, clearly
favoured by UC as documented in a strikingly similar way by the two studies
(Fig. 2.9); they were notably based on completely different methodology and
performed on patients from Norway and the USA, respectively. In addition,
this observation has recently been confirmed by an immunohistochemical
investigation of Japanese patients, including both normal and non-IBD
colitis controls®’.
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Figure 29 Median percentage subclass distribution of IgG production in normal colonic
mucosa, Crohn’s disease and ulcerative colitis. Comparison of data from two laboratories based
on counts of IgG immunocytes (LIIPAT) and spontaneous IgG secretion by isolated mucosal
mononuclear cells (MacDermott’s laboratory). Adapted from refs 58 and 57, respectively

Our recent findings in monozygotic twins discordant with regard to IBD
have, moreover, supported the idea that a genetic component contributes to
the preferential IgG1-subclass response in UC®?. The affected subjects were
in an inactive phase of their disease, but the proportion of rectal IgG1 cells
in UC was nevertheless significantly increased, and that of IgG2 cells
decreased, compared with normal controls. In discordant twin pairs in whom
the diseased twin had UC, the healthy ones also tended to have a raised
IgG1-cell fraction and that of IgG2 cells was significantly reduced. Furthermore,
the proportion of IgG1 cells in healthy and diseased UC twins showed a
high degree of correlation, but this was not the case for the twin pairs
discordant with regard to Crohn’s disease.

PUTATIVE CONSEQUENCES OF ALTERED IMMUNOLOGICAL
HOMEOSTASIS

The relatively mature B-cell clones accumulating and undergoing terminal
differentiation to plasma cells in the IBD lesions may originate directly from
the circulation because of altered endothelial recognition mechanisms®. At
a certain level of activation, lymphoid cells show reduced expression of
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receptors for mucosal endothelium®?, and endothelial recognition determinants
(‘vascular addressins’) are likewise subjected to modulation by cytokines such
as IFN-y®3. Vascular addressins identified at inflammatory sites have in fact
been shown to be different from those found in normal mucosal tissue®*.

An additional mechanism may be that mature B-cell clones expand locally;
many of the IgAl-producing immunocytes are perhaps derived from
J-chain-negative IgG precursors by sequential switching of heavy-chain
genes®. A third possibility is generation of mature memory clones in
overstimulated lymphoid follicles present in the gut wall. We have found,
even in the normal state, that there is an IgG-predominant population of
plasma cells with down-regulated J-chain expression adjacent to solitary
lymphoid follicles and in the domes of PP®5. It is possible that this population
is expanded in IBD, perhaps as a result of ulceration of the follicle-associated
epithelium, which in fact may represent an early lesion’.

Significance of systemic types of immunity in the mucosa

The consequences of systemic types of humoral immunity generated in the
IBD lesion are probably conflicting in terms of preservation of health. A
‘second line’ defence established within the gut wall (Fig. 2.7) may promote
immune elimination and thereby limit dissemination of antigenic and possibly
replicating agents'!; but it will at the same time disturb the normal
immunological homeostasis in the mucosa by inducing phlogistic and
tissue-damaging immune reactions. Local down-regulation of J chain in IgA
immunocytes>® shifts the production from polymers to monomers®*°%, and
this change may jeopardize secretory immunity. However, the overall
production of poly-IgA seems to be quantitatively maintained in IBD because
of the great total increase of mucosal IgA immunocytes (Fig. 2.8). Nevertheless,
epithelial IBD lesions often show decreased SC expression®®4®, which results
in patchy defects of SIgA (and SIgM) secretion*’ and thereby topically
reduced immune exclusion. Moreover, the relative shift from local IgA2 to
IgA1 production (Fig. 2.8) is probably unfavourable because the latter isotype
is less resistant to proteolytic degradation and shows poorer antibacterial
properties®®®7.

The local overproduction of IgG may be of paramount pathogenic
significance because it consists mainly of the highly phlogistic IgG1 subclass,
especially in UC (Fig. 2.9). Such IgG antibodies have potent capacity for
immune elimination of foreign material by promoting phagocytosis and
cytotoxicity, but they may also maintain inflammatory and tissue-damaging
processes through complement activation and by arming of Fcy receptor-bearing
killer cells. IgG-antibody production against various faecal bacteria, and
especially Escherichia coli strains, has been reported in several studies of IBD
lesions'-*2°. Hybridoma generation of antibody-producing cells from mesenteric
lymph nodes draining IBD lesions has suggested frequent specificites for E.
coliand mycobacteria but not for food and autoantigens®®. IgG autoantibodies
to the colonic epithelium may nevertheless be produced locally, particularly
in UC®?7° 1t seems, therefore, that persistent immunopathological reactions
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are maintained in IBD lesions by ubiquitous microbial components present
in the gut lumen, but some antigens may be more important in Crohn’s
disease (? mycobacteria or other microorganisms) and others in UC (? epi-
thelial autoantigens).

Mucosal complement activation

Some of the locally produced IgG may be directed against intestinal
micro-organisms and epithelial antigen(s), as discussed above. Complement
activation is likely to follow specific binding of such antibodies, particularly
those of the IgG1 and IgG3 subclasses. Activation of the complement cascade
can be identified by monoclonal antibodies to neo-epitopes in C3b (early
component) and in the cytotoxic terminal complement complex (TCC). Our
recent immunohistochemical studies revealed both activation products
apically on colonic epithelial cells in patients with UC (Fig. 2.10). In addition,
selective binding of the IgG1 subclass was often seen within these apical
deposits, which were tissue-bound (not removed by extensive washing) and
correlated well with the topical degree of mucosal inflammation’!.

These findings suggested that IgG1-mediated complement activation may
be involved in autoimmune damage of the surface epithelium (Fig. 2.11).
Perhaps this phenomenon has bearing on the previously identified 40-kD
epithelial antigen recognized by tissue-bound IgG obtained from the UC

Figure 2.10 Immunofluorescence staining for TCC in colonic section from patient with active
ulcerative colitis. Note intense deposition of activated complement (TCC, arrows) apically on
the epithelium (E). TCC deposition in basement membrane zone (broken line) of lamina propria
(LP) was observed only near disrupted epithelium (small arrows). (Magnification x 140)
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Figure 2.11 Putative immunopathological circle caused by mucosal complement activation:
[1] IgG1 autoantibodies (in ulcerative colitis) and complement factors reach the luminal surface
by leakage after local production or trasudation from vessels; [2] immune reactions lead to
complement activation and subsequent epithelial damage; [3] luminal antigens form immune
complexes and activated complement stimulates macrophages to produce complement factors
and release biologically active metabolites of arachidonic acid; [4] immune complexes with
activated complement mobilize numerous granulocytes (crypt abscesses) whose lysosomal
enzymes and toxic products may further damage the epithelium; [5] mediators released from
activated macrophages influence smooth muscles (spastic contractions) and give rise to
vasodilation; [6] increased vascular permeability may also be directly induced by complement
activation in vessel walls; further transudation of IgG antibodies and complement contributes
to an immunopathological circle. Key: C =complement; C = activated complement;
M® = macrophage; LTB, = leukotriene B,; PGE, = prostaglandin E,; TXA, = thromboxane
A,. Modified from ref. 8

lesion’? and to which many UC patients have circulating IgG antibodies’>.
Moreover, a surprisingly large fraction of the IgG immunocytes in the lesion
have recently been reported to produce autoantibodies, partly showing
reactivity for the apical face of the colonic epithelium’°.

Luminal complement deposition was also observed in Crohn’s disease but
apparently not associated with epithelium-bound IgG”#. We have, moreover,
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noted significantly increased amounts of C3b and TCC in submucosal blood
vessels of active lesions in both UC and Crohn’s disease’. This suggests an
involvement of immune complex disease (type 3 hypersensitivity) in the
pathogenesis, perhaps as a consequence of complement-mediated epithelial
damage leading to undue influx of luminal antigens (Fig. 2.11). Findings
suggestive of fluid phase complement activation have, moreover, indicated
the presence of soluble immune complexes diffusely in the lamina propria of
intensely inflamed UC specimens’’.

The anaphylatoxins (C3a and C5a) and TCC liberated during complement
activation have been shown to stimulate macrophages to release prostaglandin
E, (PGE,) and thromboxane B, (TXB,). The anaphylatoxins may also
stimulate the production of leukotriene B, (LTB,). The elevated levels of
PGE,, TXB,, and LTB,, found by various methods in UC lesions may
therefore be a result of local complement activation®®. Both LTB, and
anaphylatoxin C5a are highly chemotactic for granulocytes and are probably
involved in the massive mucosal mobilization of such cells seen in IBD (crypt
abscesses); and lysosomal enzymes and toxic oxygen radicals released from
these cells may further attack the epithelium (Fig. 2.11).

Break in the surface barrier caused by complement activation will obviously
lead to bombardment of the underlying mucosal tissue with a battery of
luminal antigens and subsequently intensify the immunopathological alterations.
If epithelial breaching in IBD is the result of an initiating event — explained,
for example, by a mucin defect’® or a virus infection — abrogation of oral
tolerance and immunological overstimulation with altered humoral homeostasis
may be an early consequence.

CONCLUSIONS

Secretory immunity is the best-defined part of the mucosal immune system.
This adaptive humoral defence mechanism depends on a fascinating cooperation
between the secretory epithelium and the local plasma cells. These mucosal
immunocytes produce preferentially dimers and larger polymers of IgA. Such
poly-IgA, and also poly-IgM, contains J chain and can therefore become
bound to epithelial SC which functions as a poly-Ig transport receptor. These
microenvironmental molecular interactions are necessary for the generation
of SIgA and SIgM.

There is abundant evidence that SIgA and SIgM antibodies perform
immune exclusion in a first line defence, thereby counteracting microbial
colonization and mucosal penetration of soluble antigens; but the relative
contribution of poly-IgA is significantly down-regulated in IBD, as revealed
by a strikingly decreased J-chain content of mucosal IgA immunocytes.
Although the overall increase of the total mucosal immunocyte population
probably compensates for the relatively reduced poly-IgA production,
decreased SC expression in regenerating and dysplastic epithelium shows
that the SIgA system is by no means intact in IBD. There is, moreover, a
significant shift from the IgA2 to the IgA1 subclass, which is less resistant
to proteolytic degradation. These changes, along with overactivation of T
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cells and macrophages, and a dramatic increase of IgG-producing cells, may
reflect establishment of a second line local defence; this will, nevertheless,
alter the local immunological homeostasis and jeopardize mucosal integrity.

Complement activation observed in relation to epithelium-bound IgG1
deposits in UC indicates that the surface epithelium is subjected to immunological
attack. These luminal deposits regularly contain terminal cytotoxic TCC and
often also C3b as a sign of persistent activation. Comparison of identical
twins, discordant with regard to UC, suggests that the marked local IgG1
response seen in diseased mucosa may be at least partly genetically determined;
an interesting possibility is that it represents an autoimmune (anti-epithelial)
response. However, the initial event(s) eliciting immunopathology in IBD
remains unknown. Abrogation of oral tolerance to luminal antigens has been
suggested as a putative perpetuating mechanism, perhaps involving interactions
between activated CD4+ T cells and epithelial cells with unduly intensified
HLA Class II expression.
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3
Coeliac disease
E. SAVILAHTI

Coeliac disease (CD) develops in the susceptible person after digestion of
cereals containing gluten, the major protein of wheat, rye, barley and oats.
The harmfulness of the gluten of the four grains diminishes in the above
order; the toxicity of oats in the development of coeliac disease is uncertain®-.
The ethanol-soluble fraction of gluten, gliadin, contains the CD-inducing
factor. All electrophoretically distinct fractions («, f, y and w) have been
shown to cause intestinal damage in coeliac patients>. Several smaller peptides
digested from a-gliadin, all having 25-127 amino acid residues, were found
to be toxic to the jejunal biopsy specimens of coeliac patients in vitro*. The
largest sequences in common in these five toxic peptides were four amino
acids; the toxicity of such small peptides has not, however, been shown.

CLINICAL ASPECTS OF COELIAC DISEASE

Symptoms of CD are due to a morphological lesion of the jejunum and its
functional consequences: malabsorption of various nutrients. In the typical
infantile patient, chronic diarrhoea and malabsorption leading to growth
failure develop a few months after the introduction of gluten-containing
cereals to the diet. The presentation of coeliac disease later in childhood is
quite variable; the gastrointestinal symptoms may be absent, and the disease
may be monosymptomatic, presenting as growth failure, iron-deficiency
anaemia, rickets or folic acid deficiency®. The unexpectedly high concurrence
of CD with such immune disorders as insulin-dependent diabetes mellitus®,
IgA deficiency’ and malignancy® suggests that an immune disturbance is
present in CD. In adults, chronic diarrhoea leading to malabsorption and
malnutrition are major symptoms of coeliac disease; however, it is possible
for healthy individuals to have a typical coeliac jejunal lesion without any
symptoms®. While the classical form of infantile CD has been known for a
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century, adult CD was identified as the same disease only due to the similarity
in morphology of the jejunal lesion and its response to a gluten-free diet'!1.

It is not definitely known whether the jejunal lesion always develops after
contact with gluten in the susceptible person, who then may remain
asymptomatic for a variable period of time; or whether the jejunal lesion
develops at any age due to environmental factors in the susceptible person.
Adenovirus 12 has been implicated as such a factor: its early protein (E1b)
shares an amino acid sequence similar to that in a-gliadin'? and significantly
more patients than controls have increased antibody titres against this virus*>.
Antibodies to the particular E1B protein synthesized by the infected epithelial
cells could not be found in the sera of coeliac patients in a later study'*, and
a search for adenovirus DNA in duodenal biopsy samples of 26 coeliac
patients was negative'>. High numbers of asymptomatic adults have lesions
in the jejunum typical of CD?, but on the other hand, some coeliacs develop
after the documentation of normal jejunal biopsy (e.g. taken because of CD
in family members)'®-!7. The variation in intestinal damage is also demonstrated
by patients with dermatitis herpetiformis. The majority of patients with
dermatitis herpetiformis have, in addition to the blistering skin disease, villous
atrophy of varying degree!®1°. Both skin disease and intestinal lesion are,
like CD, gluten-dependent, both diseases segregate in the same families* and
the patients share the same association with HLA haplotypes?°.

THE HEREDITARY BASIS OF COELIAC DISEASE

The familial nature of CD has been demonstrated by the finding of a high
frequency of CD, ~10%, among asymptomatic family members'!-?!. The
association of CD with human major histocompatibility complex (MHC)
antigens was first detected for human leukocyte antigen (HLA) B822. This
association proved to be secondary to the association with Dw3 (DR3)
antigen?3. The alleles rendering susceptibility to CD were shown to be DR3
and DR7%4726, Both alleles are in linkage disequilibrium with DQw227, which
was found in all 60 patients tested; however only one of the patients in that
study did not have HLA-DR3 or DR7 alleles. Interestingly, the highest relative
risk was accompanied by the genotype DR5/DR7 (20X)?8. It was recently
shown that DR3-negative coeliac patients who carry DRS/DR7 alleles share
parts of the same genetic information as individuals with a DR3DQw2
haplotype. The heterodimer encoded by DQA1 and DQBI1 genes may be
the structure rendering susceptibility for CD. While in DR3 + patients DQA1
and DQBI1 genes are expressed in cis position, the DRS/DR7 phenotype may
encode structurally almost the same DQ-heterodimer in trans position2®. In
another study the DQA gene rendering susceptibility to CD was carried with
the DR6 allele*°. The disease susceptibility would thus be linked to a special
structure in the molecule which functions as a receptor for peptides on the
surface of cells, which express HLA class II molecules, as for example
antigen-presenting cells. This structural specificity of DQ chains can be
recognized by T cells®!. These receptors are expressed on the surface of
epithelial cells of the jejunum. The interaction of gliadin fractions and the
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structurally specific surface protein cannot alone, however, explain the
pathogenesis of coeliac disease, since the same combination of DQ genes as
found in 98.9% of coeliacs was found also in 25% of normal controls?®.

MORPHOLOGY
General morphology

By light microscopy the villi of the jejunum are absent or stunted'®32. The
mucosa is not atrophic. The lengths of the crypts are increased!®3?, and, in
addition to this increase in length, the circumference of the crypts is increased,;
thus the total mass of the crypts is increased to a greater extent than could
be calculated from their lengths alone®3. The reduction of surface epithelium
in comparison to the mass of lamina propria has been demonstrated using
several types of morphometric measurements'®+35, When specimens were
taken from proximal and distal small intestine, changes were always more
severe in the proximal intestine; clinical symptoms were associated with the
extent of mucosal damage'!. Gluten-dependence of the villous lesion was
demonstrated by Anderson3®, who showed that the mucosa of paediatric
patients with CD reverted to normal during a gluten-free diet.

Surface epithelial cells

By light microscopy the epithelial cells in the specimens of patients with
untreated CD are flattened, and their cytoplasm shows vacuolization!®-32,
The brush border and basement membrane are ill-defined®4. Both in electron
microscopy and enzyme analysis, surface epithelial cells of coeliacs are
immature’’; they have short, irregular microvilli; their mitochondria are
degenerated and numerous lysosomal and lipid lakes are visible3®. In the
crypt epithelial cells the frequency of mitoses was more than two-fold higher
than in normal intestine32'37. Morphometric estimation of the cell kinetics
indicates that the crypt-cell production rate in untreated CD is more than
5 times higher than that observed in controls®3. A similar increase is, however,
seen in other types of disease with crypt hyperplastic villous atrophy, such
as in severe cow’s milk allergy®® (Fig. 3.1).

Lamina propria
Cellular infiltrate

The volume of the lamina propria in the jejunal specimens of patients with
untreated CD is 2-3 times greater than in normal intestine34-3>4°, The
density of plasma cells is greater in untreated CD according to several
studies!®3441:42 while that of lymphocytes was either lower3**! or at the
level of the controls (Table 3.1)*2. Eosinophils are unevenly distributed, but
still significantly more numerous' ®**#2; there are more deposits of eosinophilic
cationic protein extracellularly in specimens from patients with untreated
CD**. The number of neutrophils is 20-fold higher°, and the release of

43



IMMUNOLOGY OF GASTROINTESTINAL DISEASE

M TOTIC —V—V—-PATIENTS WITH UNTRCATED
INDEX °% COWS MILK PROTEIN INTOLERANCE
‘V/V\V 1
80l / \ —Y—V-PATIENTS WITH COW'S MILK
' - \ PROTE'N INTOLERANCE ON A
! _ ' COWS MK FREE DIET
7 ../. N v
701 e “ A\ —o—o—NTREATED  COELIACS
—.// \V\
/ N —e—e—COELIACS ON A
61 ,{/ &Y GLUTEN FREE DIET
3 Aol
50 f A CONTROLS
wo{ F
30
201 Tl
o\
o
1] \
0 \
AN A

P
CELL POSITISN IN  CRYPT

Figure 3.1 Mitotic index curves in the biopsy specimens from patients with CD, intestinal
cow’s milk allergy and villous atrophy and controls. (From ref. 39, with permission)

myeloperoxidase to the gut lumen is greater, but no myeloperoxidase deposits
are seen in the lamina propria**.

In the lamina propria the density of CD3 + cells is unchanged*®*’, while
their absolute number expressed as cells per mm of muscularis mucosae is
greater because of the larger volume of lamina propria*®. While Selby et
al.*® found a slight increase in the proportion of CD8 + cells in the lamina
propria, no change in CD4/CD8 ratio was seen in two other studies*6:47.
The number of T cells expressing activation markers in the lamina propria
is higher*?; this quantity of activated T lymphocytes being more pronounced
among CD4 + cells®2. The increase of activated T cells may give rise to the

Table 3.1 Inflammatory cells in the lamina propria

Increase in plasma cells!®-34.41.42

Increase in mast cells*3
Increase in eosinophils!:3442
increase in eosinophilic cationic protein**
Increase in neutrophils**44
quantity of myeloperoxidase is normal**
Increase in enterochromaffin cells*3
Density of lymphocytes lower***! or normal*?
the volume of lamina propria is 3 times higher than for normal intestine
total number of lymphocytes is higher
CD4/CDS8 ratio is not changed*®*” or slightly decreased*®
Activated T cells present49
TCR-y/é + cells increased*® or unchanged>*
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observed increase of soluble interleukin-2 receptor in the serum of coeliac
patients during a gluten-containing diet>. The density of y/6 TCR bearing
lymphocytes was about twice that observed in the normal intestine’°; their
density was not changed during a gluten-free diet or challenge. While Jenkins
et al.>* found more CD8+ cells in the lamina propria of patients with
dermatitis herpetiformis than in that of coeliacs, we have found the proportion
of CD4 and CDS8 positive cells quite similar in the two diseases®>.

Immunoglobulin-producing cells

Several studies have indicated that the densities of immunoglobulin-containing
cells in the lamina propria of patients with coeliac disease and dermatitis
herpetiformis are significantly higher than in controls (Table 3.2). While the
proportion of lamina propria is at the same time greater, the total number
of Ig-containing cells calculated for a fixed length of mucosa is at least three
times higher than in controls®2. The higher number of IgA-containing cells
may not be so pronounced in adult patients as in young coeliacs, though in
our own study no difference was apparent between the numbers of
IgA-containing cells of children with CD who were below and above the age
of 2 years®!. IgA-containing cells are mostly large mononuclear cells with
granular cytoplasm, though in coeliac mucosa the proportion of small round
cells is higher®®. The cells were most densely concentrated below the surface
epithelium®!-2, The number of IgA2-subclass-producing cells is increased to
a greater proportion (3.9 times that observed in controls) than that of
IgA1-producing cells (1.7 x controls). Cells containing both subclasses were
co-stained with J chain in a high percentage (89-98%) of both untreated
and treated coeliacs, as well as in controls®®. Stimulation of the IgA-producing
system may be followed in some patients by the disappearance of IgA, the
resulting IgA deficiency being permanent or transient’. IgA is also seen in
the apical parts of epithelial cells and in the basement membrane, suggesting
transportation. There is also striated staining between the epithelial cells®!+62,
By immunoelectron microscopy, dense IgA deposits were demonstrated in
the basement membranes of the epithelial cells, and the transport routes
between the epithelial cells can be seen®:®”. The secretory component is
localized in the epithelium, in the same sites as in conrols, though in the
surface epithelial cells its staining was less®®. No complement deposits were
associated with the basement membrane deposition of IgA®>.

The density of IgM-containing cells was 2.5 times that of the controls®!
and the numbers in a fixed mucosal unit about 5 times®2. The extracellular
staining with anti-IgM serum is similar to that with anti-IgA, but weaker,
and probably shows the secretion of IgM through epithelial cells and the
basement membrane®!:°>% In proportion, the change in the numbers of
IgG cells is most pronounced, more than 6 times that of controls; these cells
still are much rarer than cells containing IgA or IgM, about 5% of the total
number of Ig-containing cells®!'®2. In the mucosa of untreated coeliacs the
proportion of cells containing the IgG2 subclass is higher than that of
specimens from treated patients and patients with food allergy; the proportion
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of these cells in the normal intestine has not been determined, because of
their scarcity®®.

The density of IgE-containing plasma cells has been found to be low
according to direct staining methods®!:62:7°. In studies using more sensitive
indirect methods the density of IgE-positive cells has been found to be much
higher’!'72 and probably includes counts for IgE-positive mast cells’2. In
vitro production of IgE by coeliac biopsies was also very low, and not different
from that of control specimens’>. IgE does not play a role in the pathogenesis
of jejunal damage in coeliac disease.

Investigators looking for IgD-containing cells have found only a few
positive cells in the lamina propria%!-62.

In vitro immunoglobulin production by jejunal biopsy specimens

Results in the in vitro culture of jejunal biopsy specimens from coeliacs have
also indicated a higher production of both IgA and IgM, when specimens
are taken from untreated patients or treated patients even after a short gluten
challenge’™7, When isolated intestinal lymphocytes were studied, the
spontaneous secretion of both IgA and IgM by jejunal lymphocytes of
untreated coeliacs was higher than that of the controls, culturing with
peripheral autologous T lymphocytes further increased IgA and IgM
production, in contrast to little or no change in cultures of cells from normal
jejunum or jejunum from patients with treated coeliac disease’’. The IgG
production was not increased in vitro’>76. Affinity chromatographic methods
suggested that about half of the IgA and IgM production after the short
gluten challenge was specific for gliadin’®. Lycke et al. isolated jejunal
lymphocytes and estimated their ability to produce gliadin antibodies at a
single cells level using the ELISPOT technique: they found increased numbers
of gliadin—antibody-producing cells in specimens from untreated coeliac
patients, more than 609, of the cells producing IgA antibodies; in the majority
of patients IgM-producing cells were also found, while only three out of eight
patients produced IgG antibodies’®.

Conclusions on Ig production

Evidently, the lamina propria of coeliac patients actively produces IgA and
IgM antibodies; the majority of which are probably specific anti-gliadin
antibodies. This process is rapidly normalized during a gluten-free diet5!
(Fig. 3.2) and the numbers of these and IgG-containing cells become quite
normal after treatment for 1-2 years®. When the intestine is normalized,
the in vitro challenge with gliadin could not increase the immunoglobulin
production of the specimens’*7° or isolated jejunal lymphocytes’”. The more
intense staining of basement membranes with anti-IgA sera may merely reflect
its increased secretion through the diminished surface area. Further, IgA and
IgM are associated with the secretory component and joining chain in the
coeliac mucosa as in the normal intestine. The IgA response seems to be
protective, an attempt to exclude gliadin peptides and later, with the
developing mucosal damage, other intruding food and microbial antigens.
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Figure3.2 Follow-up resultsin seven patients treated with a gluten-free diet. x = IgA-containing
cells of a patient, O = IgM-containing cells. Means + SD for IgA- and IgM-containing cells in
the controls are indicated. (From ref. 61, with permission)

Intraepithelial lymphocytes

The density of lymphocytes in the epithelium of CD patients with villous
atrophy is significantly higher than in the normal intestine. In the normal
epithelium, lymphocytes are located basally between the epithelial cells. In
coeliac mucosa more lymphocytes are seen in the para- and supranuclear
region of the epithelial cells’:8°. Epithelial lymphocytes were also larger and
there were more large (diameter > 9 pm) lymphoblastoid cells in the specimens
of coeliacs than in control specimens®’. The total number of lymphocytes
when counted on a fixed length of muscularis mucosae is reduced on the
surface; but when at the same time their number in enlarged crypts®? is very
much higher®2, the total number of lymphocytes on the given length of
intestine is greater. In the crypts, the density of lymphocytes is approximately
one-third of that in the surface®?. The greater density of lymphocytes in the
epithelium is not, however, specific for CD,; it is seen in many types of small
intestinal diseases with varying villous atrophy such as severe food allergy
(particularly caused by cow’s milk proteins)®384, It has been proposed that
a high mitotic index of lymphocytes would be specific for CD and DH?!:82,
but Ferguson and Ziegler®® found high frequency of mitosis also in specimens
from patients with other jejunal disorders, the greater mitotic rate being
associated with the higher density of lymphocytes. Most authors agree that
the density of lymphocytes remains high in the epithelium even during a
gluten-free diet”®-80-83-84 (Table 3.3).

Immunohistochemical analysis shows that only the a/f T-cell-receptor-positive
cells react to gluten elimination and challenge (Fig. 3.3), while the increased
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Figure 3.3 Mean numbers of lymphocytes/mm in the surface epithelium expressing surface
antigens CD3, alpha/beta and gamma/delta for controls, patients with coeliac disease before
treatment, during a gluten-free diet (GFD) and after a gluten challenge. SEM and the significance
of the difference to the controls are shown (* p<0.05, ** p<0.01, *** p <0.001). (From
ref. 50, with permission)

number of y/6+ cells remains unchanged>°. In the normal intestine, the
majority, over 80% of CD3+ intraepithelial T cells, are CD8+ sup-
pressor/inducer T cells, and there are very few, if any, B cell or NK cells in
the epithelium®é. The density of CD3 + cells is much greater in active coeliac
disease, and CD8 + cells predominate also in the coeliac epithelium*®+4”. T
cells in the epithelium have not been found to bear activation markers*-32.
Careful quantitation of intraepithelial T cells suggested that a considerable
proportion of CD3+ cells did not bear either CD4 or CD8 antigen on their
surface*®*’. By double-staining methods the mean proportion of this
CD3+CD8 —CD4 population was 28%2°. By studying the character of the
T cell receptor (TCR) of IEL, it was shown that y/6-TCR-bearing cells are
significantly higher in coeliac disease’®3':87. The proportion of y/d+ cells
varied during dietary treatment, being highest during gluten-free diet, about
35% of the number of CD3+ cells. During gluten-free diet the density of
a/f TCR+ cells was similar to that of controls in the surface epithelium,
but the density of y/0+ cells remained on the same, increased level as in
untreated patients. During gluten challenge the density of «/f TCR + cells
increased significantly, while the density of y/6 + cells remained unchanged®°.
There is a constant, marked increase of the density of y/6+ T cell in the
epithelium of coeliacs, while the a/f+ cells respond to gluten elimination
and challenge. In specimens from patients with dermatitis herpetiformis (DH)
a similar increase of y/6 + cells has been found as in coeliacs®®, the proportion
of y/6+ cells being highest in DH patients having been on a gluten-free diet
for many years and having normal jejunal morphology; it was 45% of that
of CD3+ cells.
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HLA antigen expression in epithelial cells

Major histocompatibility Class II molecules were shown to be present in the
jejunal epithelium both in normal human intestine and in the intestine of
patients with CD and DH®®. In that study no difference was noted in the
distribution of HLA-DR in normal or diseased jejunum. Later studies showed
that in biopsies from coeliacs taken during a gluten-containing diet the
staining is extended even to the bottom of crypts, and the epithelial cells are
more heavily stained than cells in normal jejunum with anti-DR — monoclonal
antibodies’>°!. Installation of gluten to the jejunum of treated patients
induced HLA-DR staining of crypt epithelial cells within an hour®2. In the
specimens of patients with treated CD the expression of HLA-DR on the
epithelial cells is similar to that in normal intestine’?:°2. Although there is
controversy on the expression of the DP and DQ molecules on the surface
of epithelial cells in coeliac jejunum, in a recent study these antigens, too,
could be shown in the same location as DR — antigen®3. This would be
expected, as the molecules are probably functionally similar. The presence
of MHC Class II antigens may be important in transporting antigenic material
from gut lumen to the basolateral surface of the epithelial cells to
antigen-presenting cells in the lamina propria or to T cells in the epithelium.
Whether they are antigen-presenting cells to T cells, leading directly to
stimulation of a subgroup of T cells, is another possibility.

Progression of morphological change

In experiments with a single dose of gluten it has been shown that the
accumulation of intraepithelial lymphocytes takes place within a few hours
of the challenge with gluten®*. Using graded amounts of gluten during
challenge tests, Marsh found that the increase of intraepithelial lymphocytes
was followed by crypt hyperplasia and increase in the total number of IE
(both surface and crypt) lymphocytes, the villous atrophy being the last event
in the development of the coeliac lesion in the intestine®®. In the reports
published on the progression of the CD in individuals, in five cases in the
biopsy specimens taken before the diagnostic biopsy no changes could be
found!7-°6-°7 while Marsh'® found increased numbers of intraepithelial
lymphocytes several years before the development of villous atrophy and
crypt hyperplasia in two cases. In an asymptomatic father of a coeliac patient
we have found higher than normal density of y/6 TCR positive cells in an
otherwise normal jejunal specimen; 2 years after this examination he
developed symptomatic CD and villous atrophy with crypt hyperplasia of
the jejunum®8, Intermediate forms of gluten-induced jejunal damage are found
in patients with DH: from total villous atrophy with crypt hyperplasia to a
normal villous structure. The vast majority of DH patients show at least
higher intraepithelial lymphocyte numbers®®, which is not fully normalized
during a gluten-free diet. Even in cases with normal morphology, DH patients
show activation of the local immunoglobulin-producing system: they have
increased numbers of mucosal IgA cells'°° and secrete gliadin IgA and IgM
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antibodies to the jejunal fluid'®!, and they have higher numbers of y/5+
cells, particularly in the epithelium®>.

Morphology of the intestine of family members of coeliac patients

In addition to the asymptomatic cases found among family members of
coeliac patients, others with grossly normal jejunal structure may show minor
changes. Thirty-eight per cent of 52 first-degree relatives of patients with CD
had higher numbers of intraepithelial lymphocytes; such numbers showed a
highly significant association with HLA-DR3'%2, A similar frequency for a
higher number of IE lymphocytes was found among 116 family members of
38 coeliac probands; this increase was not associated with HLA-DR3. An
abnormally high density of y/6+ cells in the epithelium was seen in 159 of
these asymptomatic family members with grossly normal villous structure
(Holm et al., in preparation).

Morphology of jejunal specimens of coeliacs when cultured in vitro

When specimens of mucosa from untreated coeliac patients are cultured in
the absence of gluten, a remarkable improvement of the surface epithelial
cells takes place within 24 h'°3, [3H] Thymidine incorporation shows that
the mitotic activity of crypt cells was greatly increased in specimens of
untreated coeliacs compared with controls; in specimens of the same patients
after 6-15 weeks on a gluten-free diet the mitotic rate was intermediate!°3.
This labelling could be further enhanced by cultivating the specimens in the
presence of gluten!®*. Falchuk et al. demonstrated that the epithelial cells
matured during in vitro culture, a maturation which was inhibited by adding
gluten to the culture fluid®*®. However, gluten had no clear effect on the
biopsy specimens of treated coeliac patients38:195:196 Such resistance to
gluten of specimens from treated patients with coeliac disease strongly
suggests that not all factors required for the development of jejunal damage
in coeliac disease are present locally in the mucosa.

Supernatants of the culture medium of biopsy specimens from untreated
coeliacs, when the specimens were cultured in the presence of a-gliadin,
inhibited migration of leukocytes from normal persons!®”. This finding was
corroborated by another group, who also reported that biopsies from treated
patients did not secrete this migration-inhibition factor when cultured in the
presence of gliadin!©®,

SERUM ANTIBODIES SPECIFIC FOR COELIAC DISEASE
Antigliadin antibodies

Titres of antibodies to several food antigens have been found to be higher
in the sera of patients with coeliac disease>%°, but the most constant finding
has been the strong reaction with gliadin. The use of enzyme-linked
immunosorbent technique has simplified the determination of these antibodies
in different immunoglobulin classes’ '°. The increase in IgA-antigliadin—antibody
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titre is quite a sensitive marker of active coeliac disease® 117114 its specificity

being higher than that of IgG antibodies. During a gluten challenge test over
90% of patients show either the IgA- or IgG-antigliadin response during the
first 3 months of exposure, and the antibodies may appear before the
development of jejunal damage; during continued gluten challenge in many
patients there is decrease in the titre of gliadin antibody'!2. The development
of this non-responsiveness may explain why some studies find a lower
frequency of gliadin antibodies in adults than in children!!3.

The origin and role of gliadin antibodies in the pathogenesis of coeliac
disease is not clear. Together with the data on the production of antigliadin
antibodies by the jejunal mucosa and on cells isolated from the mucosa
(discussed above), one would expect them to be of mucosal origin. Gliadin
antibody titres are normalized during a gluten-free diet, as are the numbers
of immunoglobulin-producing cells in the jejunum. On average, more than
half of the IgA antigliadin antibodies are polymeric'!4, this relation being
similar to that secreted by intestinal lamina propria cells'!>. Immunoblotting
analysis showed that the antibodies from coeliacs react with the same epitopes
of gliadin as those from persons having high gliadin antibodies, but not CD
(as, for example, patients with Crohn’s disease) and from rabbits immunized
parenterally 16117, Still, the magnitude of the antibody response to gliadin
is of quite another order compared to that for other food proteins. When
we used the same monoclonal antibodies to titrate the IgA and IgG gliadin
and f-lactoglobulin antibodies we found that the mean titres to gliadin were
1001000 times higher than those to f-lactoglobulin®!®. The B cells of coeliacs
respond to gliadin abnormally. This may not be due to primary abnormality
of B cells, but secondary: for instance to the affinity of the surface receptors
of antigen-presenting cells to gliadin, or to lack of specific suppressor T cells.

Reticulin and endomysial antibodies

Reticulin—antibody formation is another humoral response quite specific for
CD. These antibodies react with reticulin fibres in several organs, both of
human and rodent origin'*°. The IgG class antibody was more common in
children with coeliac disease than that observed in adults!2°. Later it was
shown that IgA-reticulin antibody test has a high specificity and sensitivity
in paediatric patients with CD'?!. However, the variation between laboratories
determining the test is great®. Attempts to show cross reactivity between
reticulin and gliadin antibodies have repeatedly failed**®12°,

An antibody reacting with connective tissue around smooth muscle fibres
of primate gastrointestinal tract (endomysial antibody) has been claimed to
be specific for CD and DH'22, By the detecting methods used, these reticulin
and endomysium antibodies seem to be crossreactive: both antibodies can
be absorbed with human liver homogenates, while rodent liver absorption
eradicated staining in rodent tissues, but activity remained in the endomysium
test performed on monkey oesophagus'23, The origin of both reticulin and
endomysial antibodies is unknown. The reticulin (or endomysial) antibody
can fix in vitro to the reticulin fibres of human intestine!!°!23, but not to
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the epithelial cells. The titres of both gliadin and reticulin antibody associate
with the severity of the jejunal damage observed in patients with dermatitis
herpetiformis!2#. Both reticulin and endomysial antibodies disappear during
a gluten-free diet>!2°7123, The role of these antibodies in the pathogenesis
of jejunal damage is speculative: by fixing to the basement membranes of the
epithelium they may play a part in the pathogenesis.

PATHOGENESIS OF COELIAC DISEASE

Morphology of the mucosal lesion in CD indicates that epithelial cells are
lost from the surface rapidly. These surface epithelial cells are immature and
young, but still show the morphology of dying cells. Compensatory mechanisms
in the crypts are activated, but are not capable of replacing the rapidly
destroyed epithelial cell mass. These events lead to villous atrophy and crypt
hyperplasia.

We have presented some data concerning the vigorous immune reaction
taking place in the mucosa of the patient with CD when taking gluten-containing
food, and of some of its reflections in the systemic immune response. There
are several possibilities which may kill or induce the death of the epithelial cells.

1. direct T cell cytotoxicity;

2. antibody-dependent T cell cytotoxicity — the fixation of gliadin to the
epithelial cells and the presence of gliadin antibodies would activate this
cytotoxicity;

3. lymphokine-programmed death of the epithelial cells;

4. autoimmune reaction of the basal membrane of the epithelial cells
interacting with the nutrition or attachment of the epithelial cells.

Many details of the possible processes are known, but the pieces have not
been put together. One of the basic events could be the connection with
gliadin peptides and the CD-specific DQ heterodimer, which is expressed on
the epithelial cells. Present knowledge indicates a fairly common structure
for the heterodimer; there should be a more specialized structure with high
affinity to the toxic gliadin peptides, if the combining of the special antigen
receptor has a central role in the pathogenesis of CD and DH. Another
hereditary factor is probably the presence of high numbers of y/6 TCR-bearing
cells in the epithelium. Too little is known about the functions of these cells
to allow speculation upon their exact role. As indicated, several other types
of inflammatory cells are present in much higher number in the lamina
propria: this is probably due to secretion of lymphokines and interferon-y by
the lymphocytes participating in the immune reaction.
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4
Immunology of gastrointestinal food allergy
in infancy and early childhood

J. A. WALKER-SMITH

Intolerance to various foods, especially the proteins of cows’ milk, has been
recognized in children for many years. Such food intolerance may be due to
a variety of causes; for example, a congenital digestive enzyme defect such
as sucrase—isomaltase deficiency, an acquired digestive enzyme defect such
as lactase deficiency secondary to small intestinal mucosa damage, or the
conditions may be immunological in origin.

Adverse reactions after food ingestion may be classified as follows:

1. Toxic effects, including those due to bacterial contamination and food
additives.

2. Intolerance phenomena due to enzyme deficiencies, e.g. lactose intolerance
as a sequel to lactase deficiency.

3. Allergic reactions.

4. Symptoms which resemble allergic reactions but which are not elicited by
immunological phenomena. To this category belong symptoms caused by
histamine releasers, e.g. strawberries, where histamine release is not the
consequence of an immunological reaction.

The term ‘food idiosyncrasy’ has been used in the sense of a non-immunological
abnormal response to food. There is, however, increasing evidence that dietary
protein intolerance may be mediated by an allergic reaction or reactions
affecting the gastrointestinal tract. It is those syndromes of dietary protein
intolerance occurring in infancy and childhood that have an immunological
pathogenesis which are the subject of this chapter.
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IMMUNOLOGY OF GASTROINTESTINAL DISEASE
DEFINITIONS

Gastrointestinal food allergies may be defined as clinical syndromes which
are characterized by the onset of gastrointestinal symptoms following food
ingestion where the underlying mechanism is an immunologically mediated
reaction within the gastrointestinal tract.

A food-sensitive enteropathy is a disorder characterized by an abnormal
small intestinal mucosa whilst having the offending food in the diet; the
abnormality is reversed by an elimination diet only to recur once more on
challenge with the relevant food. It may be permanent, as occurs in coeliac
disease, and this disorder will not be discussed further here since it is covered
elsewhere in this book. It may, however, be temporary, and such disorders
are confined to infancy and early childhood and will be discussed in this chapter.

Food-induced colitis is a disorder where ingestion of food produces a colitis
which is reversed by an elimination diet and which relapses on challenge.

CLINICAL SPECTRUM

Clinical intolerance to a variety of food proteins has been described. The
most common are cows’ milk, cereals, soy protein, eggs and fish; intolerance
to tomatoes, oranges, bananas, meat, nuts and chocolates has been described®.
There is no consistent association between a particular food and specific
syndromes. In fact the clinical manifestations that may occur in cows’ milk
protein intolerance are large in number and diverse in nature, involving a
range of organ pathology?-3.

Broadly, gastrointestinal reactions to food in children with food allergy
may be divided into those that manifest quickly, i.e. within minutes to an
hour of food ingestion, and those in which the onset is slow, taking hours
or days after food ingestion. Both types of reaction may occur individually
or together in different children. Yet there are clear immunological differences
between these groups. For example, it has been shown by Fallstrom et al.*
that children with slow-onset reactions to cows’ milk feedings have significantly
elevated titres of IgG antibodies against both native and digested p-lactoglobulin,
when compared with both controls and those children who develop symptoms
quickly after milk ingestion. These children also tended to have higher levels
of IgA antibody to both native and processed milk.

Seven out of nine children with quick-onset cows’ milk allergy had
significant IgE antibodies to cows’ milk, yet these were not found in the
slow-onset group.

However, elevated titres of IgE antibodies to cows’ milk protein have been
observed in some children with slow-onset reactions with enteropathy,
although these findings are more typical of quick reactors. Such elevated
titres can on occasion be found in milk-tolerant, atopic children.
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AGE OF ONSET AND DURATION OF SYNDROMES

The incidence of gastrointestinal food allergy is greatest in the first months
and years of life; it decreases with age. This is especially true for late-onset
reactions to food with food-induced small intestinal mucosal damage>. Indeed
there is no evidence that gastrointestinal syndromes of allergic origin do
cause small intestinal mucosal damage in adult life or older children. These
gastrointestinal food syndromes of early childhood appear to be temporary
in duration, although it does seem possible — as in the case of cows’ milk
protein intolerance — that gastrointestinal syndromes may be replaced with
the passage of time by syndromes involving other systems.

QUICK-ONSET SYNDROMES

These syndromes are usually easy to diagnose on historical grounds. The
children often have an individual and family history of atopy, peripheral
eosinophilia, elevated total serum IgE levels and positive RAST and
skin-prick tests to specific foods.

When there is intolerance to a number of foods, diets involving the
elimination of a number of foods may be impractical or ineffective on their
own. However, the addition of disodium cromoglycate may be highly effective
as in the group of children described by Syme®. Its therapeutic dose is
empirical at present’; it is usually 100mg twice daily. Curiously, if oral
disodium cromoglycate alleviates symptoms these may not relapse when the
drug is discontinued.

Little information is available concerning small intestinal mucosa in these
quick-onset syndromes, as children with these disorders are not usually
biopsied. Theoretically, from animal studies the small intestinal mucosa may
be normal. These patients need to be distinguished from cases of eosinophilic
gastroenteritis.

Eosinophilic gastroenteritis is a disorder characterized by gastrointestinal
thickening with oedema and dense infiltration of eosinophils. It usually affects
the gastric antrum and proximal small intestine®. It is usually a disorder of
young adults but may occur in children®. Clinically it is characterized by
protein-losing enteropathy and peripheral eosinophilia. IgE levels may be
elevated and some patients have been reported to respond to a cows’ milk-free
diet. Although most are not responsive to diet manipulation, some patients
respond to disodium cromoglycate but most will require steroids.

SLOW-ONSET SYNDROMES

Whereas quick-onset syndromes often present to allergy clinics, by contrast
the slow-onset syndromes usually present as a gastrointestinal problem to
paediatric or paediatric gastroenterology clinics. Such children may often
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have failure to thrive. In these cases there is often no clear history of food
ingestion being related to the onset of symptoms.

Diagnosis may be difficult. Accurate diagnosis centres upon the following
three groups of test:

1. Investigation of gastrointestinal structure, e.g. proximal small intestinal
mucosal biopsy.
2. Investigation of gastrointestinal function, e.g. intestinal sugar permeability.
3. Investigation of immunological function:
(a) systemic, e.g. specific antibody production;
(b) gut-associated, e.g. studies of local antibody-producing cells.

Once these initial investigations have been performed, dietary elimination
and challenge continue to have an important diagnostic role. This approach
is of best value when such elimination and challenge is related to gastrointestinal
structure and function, i.. serial observations. At present there are no simple
laboratory tests available for routine diagnostic screening of children with
these slow-onset gastrointestinal symptoms. In individual patients cows’ milk
antibody estimation is not diagnostically useful.

In children such problems often overlap with gastrointestinal infection,
thus making diagnosis difficult. Unless full microbiological study of the stools
is done, i.e. stool electron microscopy for viruses, as well as stool bacterial
culture, infection of the gastrointestinal tract can be easily overlooked. Food
allergy and infection often coexist.

TRANSIENT FOOD-SENSITIVE ENTEROPATHIES

Changes in the structure of the small intestinal mucosa in response to the
ingestion of particular foods provide clear objective evidence of food-sensitive
disorders affecting the small intestinal mucosa. This approach of using serial
small intestinal mucosal biopsies related to dietary elimination and challenge
was first used for the diagnosis of coeliac disease in the Interlaken or ESPGAN
Diagnostic Criteria. Coeliac disease is a state of permanent food-sensitivity,
but there also exists a group of temporary food-sensitive enteropathies,
presenting in infancy. Indeed, a number of foods apart from gluten have now
been shown to produce food-sensitive enteropathies in infancy. These include
cows’ milk protein, soy protein, eggs, chicken, ground rice and fish.

PATHOLOGY

Most information available concerns cows’ milk-sensitive enteropathy and
is based upon small intestinal mucosal biopsy. What evidence there is for
other food-sensitive enteropathies suggests that the pathology is essentially
similar. The characteristic feature is small intestinal mucosal damage of
variable extent and severity'°~'2. The lesion is often patchy'3. Within one
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biopsy there may be a wide range of morphological appearances from normal
to severe abnormality. Indeed, a single normal small intestinal mucosal biopsy
does not exclude this diagnosis. Ideally a double-port small-intestinal biopsy
capsule should be used to ensure as wide a sampling as possible!*.

The changes which will be described are non-specific and can be established
to be induced by cows’ milk only by means of serial small-intestinal biopsies
taken first at the time of initial diagnosis on a cows’ milk-containing diet;
second after clinical remission on a cows’ milk-free diet and thirdly after a
clinical relapse after a return to a cows’ milk-containing diet, i.e. a cows’
milk challenge. Despite their non-specific nature, when these biopsy changes
are found in children with the typical clinical features, i.e. chronic diarrhoea
and failure to thrive and other causes such as giardiasis have been excluded,
their presence is an indication for a therapeutic trial of a cows’ milk-free
diet. When there is a rapid clinical response to such a diet, from a practical
viewpoint, the diagnosis of cows’ milk-sensitive enteropathy has been
established. However, from a strictly scientific viewpoint the diagnosis can
be said to have been established only when this is followed by a clinical and
histological relapse following cows’ milk challenge.

The histological changes found in cows’ milk-sensitive enteropathy are
indistinguishable from those found in post-enteritis enteropathy. As the two
disorders overlap it may not be possible to distinguish them without an early
cows’ milk challenge. This in practice may not be practical, as it may not be
seen to be a helpful aid to management, and early cows’ milk challenge carries
the risk of a severe relapse.

The classical lesion found in the small intestinal mucosa is crypt hyperplastic
villous atrophy of variable severity (Fig. 4.1). It is usually less severe than
that found in coeliac disease. A flat mucosa is quite uncommon, and nowadays
the lesion is usually less severe. This decline in severity of the mucosal lesion
in cows’ milk-sensitive enteropathy has been well documented in Finland'>
It probably relates chiefly to the development of less sensitizing cows’ milk
formulae and also earlier diagnosis.

Figure 4.1 Severe partial villous atrophy on biopsy of small intestine of an infant with cows’
milk-sensitive enteropathy showing crypt hyperplastic villous atrophy
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Figure 4.2 Mild partial villous atrophy on biopsy of small intestine of an infant with cows’
milk-sensitive enteropathy with shortening of villi and normal crypt length, i.e. normoplastic
villous atrophy

The mucosa is characteristically thin'®, Whilst there is some lengthening
of the crypts the most characteristic feature is shortening of the villi (crypt
normoplastic villous atrophy) (Fig. 4.2). The epithelial abnormality is less
severe than in coeliac disease. However, functional damage to the enterocyte
is usually present with depressionof disaccharidase activity especially lactase®”.

There may be an elevation of the intraepithelial lymphocyte count but not
usually to the levels found in coeliac disease'®. Recently it has been found
that gamma/delta T cells are increased in the intraepithelial lymphocyte
population of patients with coeliac disease'®. It has been suggested that this
change is specific for coeliac disease?®. However, when 15 abnormal small
intestinal biopsies were looked at from children with cows’ milk-sensitive
enteropathy/post-enteritis syndrome, two had increased levels of intraepithelial
T cells and gamma/delta intraepithelial lymphocytes, i.e. findings indistin-
guishable from coeliac disease?’.

There is increased expression of the markers of T cell activation on the T
cells of the lamina propria in children with CMPSE/PES (Spencer et al.,
unpublished observation). It is indeed likely that a cell-mediated reaction in
the lamina propria is the basis of the abnormality. However, the involvement
of IgE in the immunological response of the lamina propria to cows’ milk
challenge in children with cows’ milk-sensitive enteropathy has been
described?2:23,

After a relatively short period on a cows’ milk-free diet all these changes
either heal completely, or significantly improve on a cows’ milk-free diet.

Unlike coeliac disease these disorders are temporary and have usually
recovered by the age of 2 years, never to relapse in adult life. One remarkable
exception is the case reported by Watt et al.2* of a child with coeliac disease
whose small intestinal mucosa was responsive to cows’ milk till the age of 7
years. In fact cows’ milk protein intolerance is an occasional accompaniment
of coeliac disease at the time of presentation, but rapidly disappears as the
child responds to a gluten-free diet.

66



GASTROINTESTINAL FOOD ALLERGY IN INFANCY
PATHOGENESIS

In order to explore the pathogenetic role of allergic reactions in gastrointestinal
allergy, Type I, Type III and Type IV reactions have been induced in
experimental animals. Type I or reaginic allergic reaction may be produced
in a rat which has been immunized and then challenged with an intravenous
dose of antigen?®. The effect of such an immediate allergic reaction is the
development within 5 or 10 min of microscopic oedema, mucus secretion,
and increased blood flow. Histologically, the mucosa may be entirely normal
or merely show some oedema of the lamina propria and small subepithelial blebs.

In a study of intraluminal antigen challenge of actively or passively
immunized pigs to produce a Type III or immune complex allergic reaction,
a massive influx of polymorphs to the mucosa was shown but without
morphological damage?®. In a similar model in rabbits, deposition of immune
complexes in the gut wall was shown, but an enteropathy did not develop?”’.

A variety of Type IV, local cell-mediated reactions in the mucosa have
been produced in animals including graft-versus-host disease, rejection of
transplanted allografts of intestine, and parasite infections in the T cell-depleted
host?873% These models show that the earliest changes in these cell-mediated
reactions are infiltration of lymphocytes into the lamina propria and the
epithelium. The crypts lengthen (i.e. become hypertrophied) and crypt cell
production rate is increased. Villi are shortened. These changes are mediated
by lymphokines secreted by activated T cells. Thus, there is a compelling
morphological incidence in these animal studies to suggest that cell-mediated
immunity may produce small intestinal enteropathy.

Similar evidence is now available in human fetal small intestinal mucosa
by fetal gut organ culture (see Chapter 8).

So it could be hypothesized in gastrointestinal food allergy, where there
is a cell-mediated reaction, that lymphocytes in the small intestinal mucosa
lamina propria, which have been sensitized to dietary antigen, interact with
food antigens that enter the mucosa from the gut lumen. This leads to
activation of T lymphocytes leading to crypt hypertrophy and reduction in
villous height. Whether an IgE-mediated reaction plays any part, such as
triggering the reaction, remains unclear.

Abnormalities of the small intestinal mucosa have been reported in children
suffering temporary intolerance to cows’ milk protein, soy protein, gluten,
eggs, chicken, ground rice and fish. The evidence that the enteropathy is
directly related to ingestion of a particular food is based upon serial small
intestinal biopsy studies related to dietary elimination and challenge. The
enteropathy is not usually as severe as that seen in coeliac disease, although
a flat mucosa may occasionally be seen.

In some cases the children appear to develop food intolerance after an
acute episode of gastroenteritis. The underlying causes of these temporary
food intolerances of infancy probably relate to a transient sensitization of
the child to dietary antigens, which may be a result of a breach of the mucosal
barrier. The precise mechanisms which cause the enteropathy are unclear,
although the application of the Gell and Coombs classification of hypersensitivity
reaction provides a basis for investigation as described above. For the
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reactions to occur the offending food antigen must enter the mucosa in
appropriate amounts to cause sensitization. There are two hypotheses
regarding this process: one suggests sensitization caused from an overstimulation
of the immune system by excess antigen entry, the other proposes a minimal
entry of antigen sufficient to stimulate a reaginic response, which in turn
leads to increased antigen entry leading to mucosal damage. In the experimental
animal it has been shown that intestinal anaphylaxis can lead to increased
uptake of intestinal luminal antigens'. Both hypotheses may be correct.

Post-enteritis food-sensitive enteropathies may result from excess local
food antigen entry in susceptible individuals following gut damage induced
by viral or bacterial pathogens. An hypothesis relating acute gastroenteritis
and cows’ milk sensitive enteropathy is illustrated in Fig. 4.3.

It is known from the observations of Gruskay and Cook>3? that excess
antigen absorption (in their studies egg albumin) occurs in infants with acute
gastroenteritis. This has been well documented in animal studies of viral
enteritis®3. Clinical studies have also shown increased entry of both small
molecular weight sugars in acute gastroenteritis>*, and a larger molecular
weight protein, horseradish peroxidase, in post-enteritis food-sensitive
enteropathies as observed using organ culture®®.

So there are probably two syndromes, a primary disorder of immunological
origin and a secondary disorder, a sequel of mucosal damage. Abnormal
handling of dietary antigens across the intestinal mucosa probably occurs in
infants with gastrointestinal food allergy. This may be related to a temporary
immunodeficiency state such as transient IgA deficiency>S, or to non-specific
small intestinal mucosal damage from any cause permitting excess antigen

Mucosal IgA
[
deficiency Acute gastroenteritis

[~ | Damage to small intestinal mucosa ] o | Secondary lactase
deficiency

Excess direct antigen entry into Secondary lactose
mucosa via damaged enterocytes intolerance

Increased entry to systemic Lack of suppression
circulation via capillaries Failure of tolerance

Systemic sensitization | w——— | Allergenicity of
antigen — | Local sensitization

i

lFood»sensmve enteropathy I

Figure 4.3 Hypothesis: relationship between gastroenteritis and lactose intolerance with cows’
milk-sensitive enteropathy
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entry as referred to above. There is indeed clinical evidence that acute enteritis
may be followed not only by lactose intolerance but by more persistent and
longer-lasting cows’ milk-sensitive enteropathy37-38,

In the experimental animal, increased protein antigen uptake occurs when
the mucosa is damaged by parasitic infection?>. The pathogenic role of
circulating antibodies to cows’ milk remains to be established. Lippard et
al.3® showed that at whatever age a child first begins to drink cows’ milk,
cows’ milk antigen and then cows’ milk antibody can be detected in the
child’s blood. Delire et al.*° have found that all neonates fed on cows’ milk
have in their blood immune complexes containing cows’ milk protein antigens,
and IgG antibodies of maternal origin. Despite these findings, only a few
children go on to develop cows’ milk protein intolerance. How such a state
of clinical intolerance develops is unknown. Even the presence of a high level
of serum anti-milk antibodies is not necessarily associated with damage, e.g.
there is a high incidence of elevated titres of cows’ milk antibodies in children
with both coeliac disease and kwashiorkor®! yet, as a rule, these children
improve clinically on a cows’ milk-containing diet.

As stated earlier the local reaction in the small intestine may be mediated
via one of the allergic reactions as classified by Gell and Coombs*2, namely
Type 1, Type III and Type IV.

The importance of Type I reaction in the gut would be in allowing increased
amounts of antigen to cross the mucosa by causing capillary dilatation and
increased permeability, allowing large amounts of antigen into the systemic
circulation to initiate secondary immunization. If this antigen meets tissue
fixed IgE on mast cells then a Type I reaction would occur, e.g. in the skin
(rash), in the gut (diarrhoea) and in bronchial mucosa (wheeze). Thus the
very variable clinical reactions encountered can be accounted for by
differences in antigen reaching IgE on mast cells in different sites in the body.

Involvement of systemic immunity, and the local immune system, could
explain the transient nature of the illness. The illness could disappear after
a period on a milk-free diet when the small intestinal mucosa local immune
system was mature enough to prevent much antigen getting through. The
role of cell-mediated immunity would come into play in the case of those
children who mounted a cell-mediated reaction in the small intestinal mucosa
and so an enteropathy.

The allergenicity or antigenicity of the cows’ milk formula may be of critical
importance in pathogenesis.

Manuel et al.** showed a remarkable difference in the incidence of delayed
recovery between infants fed with different formulae immediately after an
acute attack of gastroenteritis. Old formula Pregestimil (high osmolality and
based on a casein hydrolysate) and A1 110 (based on casein) and standard
SMA (an adapted formula) were compared for infants aged under 6 months.
It is likely that delayed recovery in these circumstances is related to cows’
milk-sensitive enteropathy; 26% of infants fed with the casein formula Al
110 developed delayed recovery compared with only 5% with Pregestimil
and the very low figure of 2.5% with SMA. This latter figure may have been
by chance unusually low. Nevertheless, when these milks were tested in an
animal model (guinea pigs) then similar results were found; A1 110 was
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sensitizing, Pregestimil not sensitizing at all and SMA sensitized significantly
less often’ 344,

Thus, adapted feeding formulae appear to be much less sensitizing than
the older infant feeding formula still routinely used in much of the developing
world. This is consistent with the decline in the severity of cows’ milk-sensitive
enteropathy in societies where such milks are now universally used. Thus
the allergenicity of the milk formula fed at the time of an acute attack of
gastroenteritis may be a central factor in the development of cows’ milk-sensitive
enteropathy. However, other as yet unidentified factors must also play a part.

GENETIC FACTORS

Boys and girls appear to be equally affected. Although an atopic family
history is often very common, no definite genetic factor has been identified.
Kuitunen et al.'® have shown an HLA status identical to that of the
community. However, Swarbrick et al.*> have shown, in animals, a genetic
variation in the control of antigen absorption by the gut. If this is so in
humans, certain individuals may be more predisposed to develop dietary
protein intolerance than are others.

FOOD-SENSITIVE COLITIS

Rubin*® described rectal loss of fresh blood which responded to cows’ milk
withdrawal. Gryboski*’ described eight children with cows’ milk colitis
diagnosed by response to cows’ milk elimination. The main clinical features
were explosive bloody diarrhoea, shock, pallor and colitis. The diagnosis was
based upon evaluation of sigmoidoscopic appearances and rectal biopsy. No
pathogens were isolated. The advent of safe colonoscopy and multiple
mucosal biopsy, even in early infancy, has clearly established food-sensitive or
allergic colitis as an important case of chronic blood diarrhoea in infancy.
Colonoscopically there is patchy erythema of the mucosa and petechiae, and
there may be aphthoid ulceration. Histopathologically, oedema and infiltration
with eosinophils have been reported, although others describe a histopathological
appearance not dissimilar to ulcerative colitis with an inflammatory infiltrate;
however, both changes disappear on a cows’ milk-free diet, only to reoccur
on early challenge. Similar appearances are seen in Crohn’s disease, Behget’s
disease, amoebiasis and chronic granulomatous disease. Even breast-fed
infants whose mothers drink much cows’ milk may develop cows’ milk colitis.
B-Lactoglobulin has been demonstrated in the breast milk of lactating
mothers, although the amounts are very small.

This disorder needs to be distinguished from ulcerative colitis and Crohn’s
colitis. However, ulcerative colitis has been observed to remit in a group of
five children when on a milk-free diet, all having both symptomatic and
histological relapse after milk was reintroduced; such treatment is not
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curative. It has also been suggested that ulcerative proctitis may at times be
caused by local IgE-mediated reaction to cows’ milk protein. Thus, a response
to cows’ milk elimination may not accurately discriminate between these
disorders and true cows’ milk-sensitive colitis. The diagnosis rests upon
endoscopy and the histopathology demonstrated by mucosal biopsy and the
subsequent clinical course. In food-sensitive colitis there may be a dense
infiltration of eosinophils in the mucosa, and the lesion resolves on food
elimination pari passu with clinical remission.

There is an association with atopy, and serum IgE may be elevated in
some cases. Olives et al.*® have studied the relationship between cows’ milk
colitis and cows’ milk-sensitive enteropathy. Twenty-nine children with cows’
milk-sensitive enteropathy were studied. In only 7% was severe colitis
observed both endoscopically and histologically, but in 869, a microscopic
colitis was demonstrated. However, it is clear that the large and small
intestines are not always affected at the same time, and the selectivity of
organ damage remains unexplained.

CONCLUSION

It is now clearly established that a variety of foods, but particularly cows’
milk, may be associated with food allergy causing structural and functional
damage to the intestinal mucosa both large and small. Such disorders appear
to be temporary and are a feature of early childhood.

TREATMENT

Therapy is the temporary elimination of the offending food. In children with
intolerance to cows’ milk protein, a cows’ milk protein hydralysate, either
casein or whey, is recommended.
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5
Immunology of intractable diarrhoea

B. CUENOD and N. CERF-BENSUSSAN

Intractable diarrhoea can be defined as a severe syndrome of diarrhoea
persisting over 1 month in spite of digestive rest and intravenous feeding. It
is a rare syndrome, mainly observed in children. Miscellaneous causes have
been identified. The aim of this chapter is to review immunological disorders
responsible for intractable diarrhoea in children. The possible role of
autoimmunity will be considered first, then the association of intractable
diarrhoea and immunodeficiencies.

INTRACTABLE DIARRHOEA AND AUTOIMMUNITY
Several observations! '3 summarized in Table 5.1, have led to the concept
of autoimmune enteropathy. In the patients described, enteropathy was
ascribable neither to a dietary antigen nor to an infectious agent, and was
associated with extradigestive symptoms known to be autoimmune, with
circulating enterocyte autoantibodies and/or with intestinal mononuclear cell
activation. Several features of this syndrome deserve to be emphasized.

Clinical features

1. Outset of the disease is usually early during the first 2 years of life. Several
neonatal cases of poor prognosis have been reported (Table 5.1).

2. The vast predominance of boys, as well as the familial history in several
male patients, suggest that some cases may be X-linked inherited. Two
reports are particularly significant; one by Ellis et al. of two male cousins
born from two sisters*; the second by Powell et al. of a family with 17
boys with various autoimmune disorders associated in eight cases with a
severe protracted diarrhoea’.
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3. Although the absence of immunodeficiency has been included in the
definition of autoimmune enteropathy, this point should probably be
reconsidered!”. Thus Powell et al. have noted an abnormal sensitivity to
viral infections in their patients, although there was no characterized
immunodeficiency®. Moreover, three patients with either IgA deficiency®,
common variable hypogammaglobulinaemia'?, or IgG2 and IgG4
deficiency’?, all conditions predisposing to autoimmune diseases, presented
a syndrome identical to other patients. Finally, it is tempting to speculate
that the neonatal onset of several autoimmune diseases in some patients
reflects a profound defect of immune regulations.

4. Diarrhoea is usually characterized as secretory. Its intensity is variable.
In our series, three patients with a faecal output over 150 mi/kg per day
also had intermittent blood and mucus discharges. These severe clinical
symptoms were associated with the most severe and extensive histological
lesions and were of poor prognosis’®.

Histological features

Severe or subtotal villous atrophy is usual, and associated with intestinal
mononuclear cell infiltration. Intestinal mononuclear cell infiltration contributes
to differentiate autoimmune enteropathy from other cases of intractable
diarrhoea, possibly related to an inherited defect of enterocytic differenti-
ation!>16,

Mitotic rate is variable. Low mitotic rate has been observed’. Yet, in most
cases, severe to total villus atrophy (TVA) was associated with crypt
hyperplasia (Table 5.1). The latter histological picture can initially lead one
to suspect coeliac disease. However, in coeliac disease TVA is associated with
a striking increase in the number of intraepithelial lymphocytes (IEL)!® and
a more moderate T cell infiltration of the superficial lamina propria (Kutlu
et al., submitted). In contrast, T cell infiltration in autoimmune enteropathy
predominates in lamina propria with no or a moderate increase of IEL'.
Recent immunohistochemical studies have also demonstrated an increase in
the subset of IEL expressing a T cell receptor (TCR) of the yd type in coeliac
disease'®2°. This is not observed in autoimmune enteropathy, where the T
cell increase is restricted to the TCR af+ subset!>!”.

In some patients, TVA is associated with destructive lesions of the crypts.
In the latter cases, similar colonic and rectal lesions are often associated %1 1:14:15,
In one of our patients ulcerative gastritis and oesophagitis were also present!>.
All reported patients presenting such severe lesions have died in spite of all
therapeutic attempts, including heavy immunosuppression in three of our
patients (Table 5.1).

Pathogenic hypotheses

Clinical and biological data support the hypothesis of an autoimmune
process. Yet the immune mechanisms possibly involved in the pathogenesis
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of intestinal damage are not defined. The deleterious effect of enterocyte
autoantibodies detected in the serum of most tested patients was first
suspected!~+7710:12.14.17 T ope study a high titre of autoantibodies fixing
complement was associated with the most severe histological lesions!®. Yet
in situ detection of autoantibodies observed in one patient! was absent in
another’. Moreover, a precise kinetic study performed in one patient showed
that appearance of autoantibodies had followed that of intestinal lesions?.
Treatment by cyclophosphamide induced disappearance of autoantibodies
but only minimal histological and clinical improvement3, Finally, autoantibodies
were not detected in all patients (Table 5.1) and on the contrary were observed
at low titres in other enteropathies'®. Altogether, these data suggest that
autoantibodies may appear secondary to gut epithelial lesions and are more
likely to play an aggravating than a primary role in epithelial damage.

Recently, the possible role of intestinal T cells activated by an autoimmune
process has been propounded!®. Indeed, studies of murine models of
graft-versus-host disease?!'?2, as well as of human fetal organ cultures?3,
have demonstrated that excessive activation of intestinal T cells can lead to
villous atrophy associated or not with crypt destruction. The primary role
of T lymphocytes using the TCR af in the pathogenesis of autoimmune
diseases has been demonstrated in several animal models and is strongly
suspected in humans (reviewed in ref. 24). The mechanisms by which T cells
can induce epithelial damage are unclear. T cells may act directly against
epithelial cells by exerting a cytotoxic activity or through a lymphokine
secretion. They could also recruit and activate macrophages and/or favour
the production of autoantibodies. In the future, the study of the intestinal T
cell repertoire may help to demonstrate the presence of a clone of autoreactive
T cells.

Management and prognosis

Although spontaneous recovery has been reported, prognosis of autoimmune
enteropathy is globally severe (Table 5.1). Total parenteral nutrition is
required for prolonged periods. Because of the clues in favour of an
autoimmune disease, or of the associated autoimmune disorders, various
immunosuppressive treatments have been attempted. Steroids, azathioprine,
cyclophosphamide and more recently cyclosporin A have induced durable
improvement and even recovery in several patients'’ (Table 5.1). Yet other
patients have only been minimally or transitorily improved by heavy
immunosuppressive regimens, including in three of our patients, cyclophos-
phamide, cyclosporin A and steroids and antilymphocytic immunoglobulins.
Altogether, the various reports suggest that a neonatal onset, a diarrhoea
exceeding 150 ml/kg per day, extensive crypt destruction, associated lesions
of colon and/or of the upper digestive tract, severe renal involvement and
perhaps high titres of circulating enterocyte autoantibodies are criteria of
bad prognosis, associated with a poor response to immunosuppressive
treatment and with a fatal outcome.
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INTRACTABLE DIARRHOEA AND IMMUNODEFICIENCIES

Diarrhoea is common in patients with immunodeficiencies (ID) either primary
or acquired. Only primary ID will be considered here, as severe acquired
immunodeficiency syndrome (AIDS) is discussed in another chapter. Severity
and frequency of digestive symptoms depend on the nature and intensity of
the immune defect.

Primary humoral deficiencies

Characteristics of the main primary B cell ID are summarized in Table 5.2
(for review see ref. 25).

Isolated IgA deficiency, the most frequent primary ID (prevalence: 1/600
in Europe) is rarely associated with diarrhoea, probably because of the
compensatory hyperplasia of intestinal IgM and IgG plasma cells. Protracted
diarrhoea might be more frequent in cases of associated IgG2 and/or IgG4
deficiency?® but is mainly observed in global humoral ID (Table 5.2)2%-27:3°,
Thus, before treatment with intravenous immunoglobulins, approximately
30% of patients with agammaglobulinaemia had protracted diarrhoea.

Protracted diarrhoea in B cell ID has been ascribed to prolonged infestation
by Giardia, less frequently to microbial overgrowth. A high prevalence of
coeliac disease has been reported in IgA deficiency®2. Finally, as discussed
above, rare cases of autoimmune intractable diarrhoea have been observed
in patients with IgA ID, IgG2 and IgG4 ID, and in common variable
hypogammaglobulinaemia, all conditions predisposing to autoimmune
diseases?>.

In patients with severe humoral ID, substitutive treatment by intravenous
immunoglobulins®? has markedly decreased the frequency of both digestive
and extradigestive symptoms. One patient with IgG2 and IgG4 deficiency
and autoimmune enteropathy was also markedly improved by immuno-
globulins'>. Immunoglobulins are given every 3—4 weeks at an approximate
dose of 200 mg/kg. Residual levels of IgG over S g/L are necessary to ensure
protection in patients with complete absence of immunoglobulins. This
treatment is, however, counterindicated in isolated IgA ID because of the
high risk of inducing anti-IgA autoantibodies. In cases of associated IgG
deficiency, immunoglobulins can be given while regularly checking for
anti-IgA autoantibodies. Their detection should lead to the use of
immunoglobulin preparations deprived of IgA.

Primary cellular immunodeficiencies

Primary T cell deficiencies are related to an inborn defect of T cell
differentiation which leads either to an absence of mature T cells (severe
combined immunodeficiencies = SCID) or to their defective functions (combined
immunodeficiencies = CID)?*-**. Main T cell defects responsible for protracted
or untractable diarrhoea are listed in Table 5.3.
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Severe combined immunodeficiencies

In SCID patients, diarrhoea is present in approximately 709, of cases. It
appears early after birth together with prominent extradigestive symptoms,
particularly lower respiratory tract infections?*33.

The mechanisms of the secretory diarrhoea, which leads to profound
malnutrition and cachexia when the immunological defect is not corrected,
are not entirely understood.

1. Intestinalinfections by microorganisms with an intracellular cycle (Salmonella,
mycobacteriae, candida, viruses, particularly cytomegalovirus and
adenoviruses) can be demonstrated in some patients.

2. Profuse diarrhoea associated with exudative enteropathy has been observed
in a few patients with graft-versus-host disease following unirradiated
blood transfusions or maternal transmission of mature T cells via the
placenta3S,

3. In some patients, diarrhoea persists in spite of effective intestinal
decontamination, total parenteral nutrition and in the absence of
demonstrable pathogens until bone marrow transplantation has allowed
complete immunological recovery. This recalls observations in AIDS
where detectable pathogens can be identified in only 509, of patients with
diarrhoea. In AIDS patients without intestinal pathogens, low-grade
villous atrophy, hyporegeneration, and decreased activity of brush-border
enzymes were observed3®. Together with experimental data®’, it may
suggest that intestinal T cells play a direct role in the maintenance of
normal mucosal architecture?®.

Diagnosis of SCID relies on simple immunological tests: enumeration of
lymphocytes, intradermal reaction with PHA. Other tests are necessary to
differentiate the various defects responsible for SCID (Table 5.3).

Prognosis depends on early diagnosis which allows early isolation in a
sterile environment.

Treatment consists in bone marrow transplantation which brings
normal lymphoid precursors. Chances of recovery are 90%; in cases of HLA-
compatible grafts and 60% in partially HLA-mismatched grafts3®. Antenatal
diagzr;ossgis is possible, as well as, for some diseases, detection of parents at
risk*>37,

Combined immunodeficiencies

Several CID related to T cell dysfunctions have been described recently?>:3440743,

These defects compatible with a survival of several years are responsible for
severe viral infections, intractable diarrhoea and autoimmune diseases.

Defective expression of HLA class II molecules is the best characterized
disease*®. In this disease, mainly observed in North African children, HLA
Class II genes are normal but cannot be expressed. It has been shown that
a DNA binding protein called RF-X fails to bind to a promoter of HLA
Class II genes called the X-box3®.
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Absence of HLA Class II antigens on antigen-presenting-cells leads to the
defective activation of T cells unable to recognize antigens. This defect can
be demonstrated by the lack of in vitro or in vivo (intradermal reaction)
responses of T cells to antigens and the lack of specific antibodies.

Intractable diarrhoea is observed in over 70% of patients, and can be the
first symptom. Identified pathogens are similar to those found in SCID
patients. In addition, profuse diarrhoea related to cryptosporidiae has been
observed in several patients, associated in one case with sclerosing cholangitis.

Diagnosis is made on the absence of HLA Class I molecules on monocytes,
B cells and activated T cells.

Treatment relies on bone marrow transplantation which is more difficult
to perform than in SCID because the presence of T cells requires prior
chemotherapy?®.

Other identified defects hampering T cell activation are summarized in Table
5.3. The frequency and severity of diarrhoea in these patients is variable and
depends on the severity of the immunodeficiency.

CONCLUSION

The frequent association of intractable diarrhoea withimmunological disorders
underlines the importance of the gut-associated lymphoid tissue (GALT). On
one hand, 30% of severe B cell ID and most severe T cell ID result in
protracted or intractable diarrhoea, underlining the role of GALT in the
protection of the mucosa and the body. On the other hand, abnormal
activation of GALT can lead to severe mucosal damage and intractable
diarrhoea. This emphasizes the importance of as yet poorly defined regulatory
mechanisms able to prevent excessive activation of GALT by the numerous
intraluminal antigenic stimuli.

These observations indicate that thorough immunological investigations
are required in children with intractable diarrhoea.
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Immunology of intestinal transplantation
in humans and animals

N. BROUSSE, S. SARNACKI, D. CANIONI and N. CERF-BENSUSSAN

Small intestinal transplantation would represent the best definitive treatment
for patients who have short bowel syndrome following pathological conditions
such as necrotizing enterocolitis or midgut volvulus. These patients are indeed
dependent on long-term parenteral nutrition, which is associated with
complications such as liver impairment and infections.

Small intestinal transplantation (SIT) in humans is, however, not currently
available as a standard surgical procedure. Despite the use of immunosuppressive
drugs which have allowed control of graft rejection in animal models, rejection
remains a major problem in clinical small intestinal transplantation?.
Furthermore, the large amount of lymphoid tissue associated to the gut may
suggest a possible risk of graft-versus-host (GVH) disease following intestinal
transplantation.

This chapter considers first the use of experimental models to understand
the mechanisms involved in intestinal graft rejection and to define treatments
able to prevent this process. Second, the main clinical, histological and
immunological data provided by the study of several intestinal allografts in
humans will be described.

INTESTINAL TRANSPLANTATION IN ANIMALS

Experimental models

During the early 1960s, numerous investigations documented the technical
feasibility of small bowel transplantation. In 1959, Lillehei was the first to
describe a technique for functional orthotopic small bowel transplantation
in the dog>. Then, heterotopic models involving transplantation of small
intestinal segment in the neck or the abdomen in dogs and pigs have been
described* .
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Experimental models of SIT were also developed in rats in order to control
differences in donor and recipient MHC haplotypes and to facilitate
immunological studies. The graft has been reimplanted either in heterotopic
position with vena cava drainage® or in orthotopic position with portal
venous drainage'°. This orthotopic model was shown to prolong significantly
the survival of the grafts as compared to that observed with the systemic
venous outflow procedure'®!!. The role of portal venous drainage in the
better tolerance of allografts remains unclear.

Study of graft rejection

Histological study

The histological pattern of allograft rejection has been well described in rats
either in fully allogeneic strain combinations or in a unidirectional
host-versus-graft reaction. Whatever the strain combination studied, three
phases of rejection have been described'?™ 4. First, at an early stage, there
was a moderate mononuclear infiltrate in the lamina propria (LP) around
and under the crypts. Some crypts appeared to be mildly elongated with an
increased number of mitoses. In small scattered foci, sloughing of crypt
epithelium and isolated gland necrosis were already detectable. Madara et
al. also reported early focal injury of endothelial cells of post-capillary venules
in Peyer’s patches (PP)!3. In a second stage, lamina propria was distended
by a dense infiltrate consisting predominantly of mononuclear cells. The
number of necrotic crypts increased and villous atrophy varied from moderate
to subtotal. The endpoint of graft rejection (Fig. 6.1) associated polymorphic

Figure 6.1 Small intestinal transplantation alone in the DA-PVG rat strain combination: acute

graft rgjection on day 6: mucosal atrophy and mononuclear cell infiltration with extensive crypt
necrosis
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infiltration with a predominance of polymorphonuclear cells, subtotal or
total villous atrophy and extensive gland destruction resulting in some places
in the disappearance of all epithelial structures and/or perforation of the
intestinal wall. Mesenteric lymph nodes of the allografts contained a dense
polymorphic infiltrate and the nodal architecture was destroyed.

The histological features thus suggest that the primary targets for rejection
are most likely endothelial cells and crypt epithelial cells. Structural and
functional impairment of villous epithelium appear as secondary to crypt injury.

Immunohistological study

Immunohistochemical studies have allowed study of traffic of allogeneic cells
into the graft and aided definition of the phenotype of cells rejecting the graft.

Recipient cells identified by monoclonal antibodies specific for recipient
MHC antigens were first seen in donor PP on postcapillary venules, 30 min
following revascularization of the graft. By day 1, recipient cells had totally
invaded T areas of PP. They were dividing and bore the IL2 receptor.
Appearance of recipient cells in the lamina propria (LP) was delayed and
started only on day 3 simultaneously with the appearance of first histological
changes. These results indicate that priming of recipient cells against donor
antigens occur in PP. Priming of intestinal T cells in PP was also shown to
be the first step during the normal intestinal immune response. It seems likely
that some factors — as yet unidentified — endowed lymphocytes stimulated
in the microenvironment of PP with the ability to migrate into the intestinal
mucosa. The fact that intestine is grafted together with these specialized
lymphoid organs may contribute towards explaining the difficulties encountered
in preventing intestinal graft rejection. On day 5-6, when epithelial lesions
of rejection were patent, LP became massively infiltrated by CD8 + lymphocytes
and by activated macrophages ED2+, CD4 + and Ia+. Surprisingly, CD8 +
lymphocytes infiltrating the graft were mainly CD5— TCR aff —, suggesting
that a large number of these lymphocytes may be non-specific NK cells
probably recruited together with macrophages by a small number of
allogeneic specific T cells. Abnormal expression of Class I MHC antigens,
observed on crypt epithelium from day 3, reflected the increased secretion
of IFN-y by activated T cells infiltrating the graft!>.

Control of allograft rejection

Immunosuppression. Temporary control of rejection has been accomplished
in dogs by better histocompatibility antigens matching and immunosuppressive
therapy such as azathioprine (Imuran), prednisone and antilymphocyte
globulin (ALG)*"". In a canine model of orthotopic transplantation, daily
intramuscular administration of cyclosporin A could prevent or delay
rejection’ . In pigs, prevention of rejection was obtained with cyclosporin A
given parenterally®. Cyclosporin A has also proven to be remarkably effective
in preventing rejection of small bowel grafts in different strain combinations
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of rats'®!°. In some strain combinations the daily administration of
cyclosporin A during the first week was sufficient to obtain indefinite survival
of the graft'®!°. Recently, new drugs have been tested for SIT in the rat
model. Starzl et al. reported a significant prolongation of small bowel graft
survival with short-term FK 506 immunosuppressive therapy in a strain
combination where cyclosporin had been shown to be ineffective?®. Other
new immunosuppressive agents such as 15-deoxyspergualin (DSG) and
rapamicin have been also used successfully in experimental small bowel
transplantations®!-22. However, as will be seen below, the very good efficiency
of immunosuppressive drugs observed in animal models cannot be taken as
entirely predictive of their efficiency in clinical small bowel transplantation.
Thus, the poor efficiency of immunosuppressive drugs such as cyclosporin
A in clinical transplantation, as well as the severe complications related to
heavy non-specific immunosuppressive regimens, have led to the development
of other more specific means to prevent rejection.

Pretreatment of the graft. Stangl et al. have attempted to reduce graft
antigenicity by treating the donor 24 h prior to SIT with OX-42, a monoclonal
antibody specific for dendritic cells and macrophages, and 14-4-4-S, a
monoclonal antibody reacting with rat Class IT antigen?3. They have obtained
a short but significant prolongation of the recipient’s survival.

Pretreatment of the recipient. Pretreatment of the recipient with donor-specific
blood transfusion (DST) has been shown to prolong significantly kidney
allograft survival both in experimental®* and clinical transplantation?®. Thus
the induction of graft tolerance by DST was also tested in small bowel
transplantation. However, Martinelli et al.?, and more recently de Bruin et
al??, showed in a rat model that preconditioning with DST ameliorates
GVH disease, but had no beneficial effect on the survival of small bowel allografts.

Pretransplant injection of donor strain spleen cells into the portal system
of the recipient has also been reported in order to induce specific unresponsiveness
of the host. However, although this method seemed to be effective in inducing
tolerance of kidney?® or heart graft?®, it did not promote long-term survival
of small bowel graft without immunosuppression°.

The mechanisms underlying specific unresponsiveness to donor alloantigens
remain poorly understood: suppressor cells®!, soluble suppressor factor?®,
anti-idiotypic antibodies®? or clonal deletion of cytotoxic T cells*3 have been
suggested. More recent data favoured a mechanism of anergy where allogeneic
T cells remain present but are unable to mount an in vivo immunological
response harmful to the graft34.

Liver-induced tolerance. 'We have recently developed a rat model of double
liver and intestinal transplantation which promoted long-term survival of
small bowel graft without immunosuppression. The experiment was performed
in an allogeneic DA to PVG combination where liver-induced tolerance has
been well described for other organs. Rats received a heterotopic small bowel
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transplantation 17 days after an orthotopic liver graft. All animals with SIT
alone had massive intestinal graft rejection between post-operative days 7
and 9. In contrast, survival of the graft in the double transplantation group
was over 150 days.

Different mechanisms have been proposed to explain the liver-induced
tolerance: clonal deletion of alloreactive T cells, suppressor cells, soluble
suppressor factors such as soluble Class I MHC antigen®s. However, the
cellular basis of transplantation tolerance induced by liver grafting remains
not fully elucidated.

In the double transplantation model, long-term survival of small bowel
grafts was achieved in spite of strong mononuclear cell infiltrate (Fig. 6.2) of
recipient origin in the LP which reached a peak 2 months after small bowel
grafting and thereafter partially disappeared. The intensity of this infiltration
on POD 70 contrasted with minor epithelial damage and favoured a
mechanism of anergy which remains to be demonstrated by further studies
(Fig. 6.3).

Figure 6.2 Combined liver/small bowel transplantation in the DA-PVG rat strain combination:
minor histological lesions observed on day 15: mucosal mononuclear cell infiltration associated
with scattered foci of crypt necrosis (arrow)
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Figure 6.3 Combined liver/small bowel transplantation in the DA-PVG rat strain combination:
minor histological lesions observed on day 70: persistence of an intense mucosal mononuclear
cell infiltration contrasting with sparse isolated epithelial cell necrosis

Contrasting with these results, Starzl et al.3¢ did not achieve tolerance of
SIT in a cluster procedure where oesophagus, stomach, duodenopancreas
and colon were grafted together with liver and small intestine.

Study of graft-versus-host (GVH) disease

In experimental models, clinical and histological signs of GVH disease were
never observed in recipients of fully allogeneic grafts without immunosuppression.
In the latter animals we have indeed observed that donor cells disappeared
rapidly from recipient lymphoid organs (personal observation). GVH disease
was seen in unidirectional graft versus host reaction (for example Lewis graft
in a F1 Lew x BN hybrid recipient)®3” or when recipients of fully allogeneic
grafts received an immunosuppressive treatment such as cyclosporin A38
(which probably prolongs survival of donor cells in recipient lymphoid
organs). Simultaneous host-versus-graft and graft-versus-host reactions were
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observed following Class Il MHC incompatible small bowel transplantation®®.
The majority of the cells infiltrating the recipient’s lymph nodes and spleen
were of donor origin but failed to express Class I MHC antigens. The authors
suggested that the GVH disease observed in this model was mediated by
Class II MHC negative donor T lymphocytes which could not be recognized
and eliminated by the recipient.

Pretreatment of the donor with ALG*°, irradiation*', depletion of T-cell
subsets*2, removal of mesenteric lymph nodes*® and, more recently,
administration of FK 506*¢, permitted prevention of GVH disease in
unidirectional models.

INTESTINAL TRANSPLANTATION IN HUMANS

Clinical results

Clinical results of intestinal fully HLA mismatched allografts in humans are
summarized in Table 6.1. In spite of powerful immunosuppressive drugs,
including antilymphocytic immunoglobulins, OKT3 monoclonal antibody
and cyclosporin A — which prevented rejection effectively in animal models
—most recent attempts of SIT alone have failed because of severe uncontrolled
rejection®*>. In several other patients, failure was related to complications
of immunosuppression which were often lethal. Thus, only two out of the
16 patients with SIT alone have a functional graft 2 years after transplanta-
tion?*6:47, These poor results contrast with the recent success of nine small
bowel/liver transplantations*®*° (and unpublished data), which suggests that
in humans, as observed in our rat model, the liver may favour the tolerance
of intestinal allografts. This result corroborates other recent observations in
humans showing improved survival of kidney and pancreas allografts
following liver transplantation. Four other small bowel/liver transplantations
in a cluster procedure have been unsuccessful*®>!. In the two patients who
tolerated the graft, massive immunosuppression permitted control of graft
rejection but occurrence of B cell lymphoproliferative syndrome induced by
Epstein-Barr virus was responsible for a fatal outcome3°-3!,

Because of the large amount of lymphoid tissue grafted together with the
intestine in immunosuppressed recipients, GVH disease was expected to be
a possible complication of human intestinal allografts. Although lymphocytes
of donor origin could be detected in the peripheral blood of recipients during
the first postoperative weeks*®, GVH disease has not been, as yet, a prominent
problem in human HLA-mismatched intestinal transplantation. In one adult
patient*® who developed a skin rash on postoperative day 10, skin biopsy
and detection of circulating T cells of donor origin have authenticated a mild
GVH disease. In our experience clinical or biological extraintestinal signs of
GVH were never observed. However in two children, systematic biopsies of
the recipient colon on post-operative day 10 revealed scattered necrotic glands
surrounded by a T cell infiltrate suggestive of mild intestinal GVH disease
(Fig. 6.4). Similar but much more extensive lesions were observed at autopsy
in an adult patient who died on postoperative day 21 of candida sepsis. In
this patient the very poor nutritional status, together with massive
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Table 6.1 Small intestinal transplantation in humans since introduction of cyclosporin A

Centre/ Intervention Recipient Graft Outcome Graft Ref.
year age survival function
(days)
Pittsburgh
1983 Cluster 6.5 years 1 Haemorrhage* 51
1988 Cluster 3 years 192 LPD* 51
1990 SIT Adult >200 Still alive ? 49
1990 Liver/SIT  Adult >200 Still alive ? 49
1990 Liver/SIT  Adult >200 Still alive ? 49
1990 Liver/SIT  Infant ? Still alive ? PC
1990 - Liver/SIT  Infant ? Still alive ? PC
1990 Liver/SIT  Infant ? Still alive ? PC
Toronto
1985 SIT 26 years 12 CyA toxicity 45
Encephalopathy
Hypotension*
Paris
1986 SIT 45 years 17 Sepsis* 0 PC
1987 SIT 9 months 1 Graft necrosis 2
1987 SIT 9 years 206 Visceral failure*  30% 2
1988 SIT 6 years > 500 Chronic rejection  50%; 2
1988 SIT 3 years 60 Rejection, 50% 2
infection
1989 SIT 5 months >2 years Still alive 100% 2
1989 SIT 9 months 25 Rejection 0 2
1989 SIT 4 years 200 Rejection 80% PC
1990 SIT 20 months 1 Collapsus* 0 PC
1990 SIT 9 months 25 Rejection 0 PC
Chicago
1987 SIT 10 Rejection PC
1987 Cluster 17 months 4 Haemorrhage* 50
1988 Cluster 9 months 90 LPD* 50
Kiel
1987 SIT 3 years 12 Rejection 46
1989 SIT 42 years >2 years Still alive 100%, 46
Innsbruck
1990 Cluster 45 years 1 year Neoplasma ? PC
Recurrence
Ontario
1988 SIT 8 years 15 Sepsis, rejection 47
1988 Liver/SIT 41 years > 2 years 100%; 47, 48
1989 Liver/SIT  ? ? LPD* PC
1989 Liver/SIT ? 2 years ? PC
1990 Liver/SIT ? >200 ? PC
* Died.

LPD, lymphoproliferative disease; SIT, small intestinal transplantation; PC, personal communication.
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Figure 6.4 Graft-versus-host disease at day 10: scattered lesions of crypt necrosis in systematic
colonic biopsy

immunosuppressive treatment, may have induced a profound T cell deficiency
favouring occurrence of more severe intestinal GVH disease.

Histological and immunohistochemical signs of rejection

In our patients®?, as well as in the case reported by Hansman et al.>3, intestinal
biopsies could be easily and repeatedly performed in the lower segment of
the graft through the enterostomy. These biopsies have allowed precise
description of the epithelial changes induced by the rejection process in
humans, and enabled definition of early criteria of rejection useful to guide
immunosuppressive treatment.

Acute rejection

More or less severe episodes of acute histological rejection have been observed
in all our patients between postoperative day 8 and 75.

The first changes, detected only by immunohistochemistry (Fig. 6.5),
included: (1) appearance of CD3+ cells in the deep mucosa beneath the
crypts, some of which were activated as indicated by their expression of the
p55 chain of the IL-2 receptor (CD25); (2) appearance of HLA-DR antigens
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Figure 6.5 Early immunohistochemical changes suggestive of human graft rejection appearing
at day 30 before histological lesions: a cluster of CD3+ cells is visible beneath the crypts (a),
some of which are expressing IL-2R (CD25) (b). Increased numbers of CD8+ cells (c) and
CD4+ cells (d) around the crypts
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on crypt enterocytes reflecting the increased secretion of IFN-y by activated
T cells>#; (3) decrease in the number of Ki67 + proliferating cells in the crypts.
In one case the use of quinacrine, marker of the Y-chromosome, allowed
confirmation that activated T cells were of recipient origin.

Focal necrosis of crypt enterocytes and oedema of villi, detected 2—5 days
later, were the first histological lesions of rejection. When an appropriate
early treatment of acute rejection was performed, a rapid and efficient control
of the rejection process could be obtained with a marked decrease in the
numbers of lamina propria CD3 + lymphocytes observed within a few days,
followed by the reappearance of Ki67 + crypt enterocytes and the progressive
disappearance of CD25+ cells. Lastly HLA-DR antigen expression also
disappeared on crypt enterocytes.

In the absence of efficient immunosuppressive treatment, infiltration of
lamina propria by activated T cells and CD68 macrophages increased rapidly.
Concomitantly, crypt necrosis became extensive and associated with blunting
of villi and sloughing of surface epithelium. Polymorphonuclear cells accumulated
in the mucosal vessels, then extruded into the lamina propria and into the
crypt lumen. In the most severe cases, mucosal epithelial structures were
almost totally destroyed and replaced by an infiltrate of activated macrophages
and polymorphonuclear cells (Fig. 6.6).

Hansman®* %% proposed two markers useful for early detection of rejection:
one is the decreased activity of brush border alkaline phosphatase: in our
experience, the first histological lesions were limited to the crypts. Changes
in alkaline phosphatase activity were more delayed. The second criterion
was the appearance of numerous CD68+ (KiM6+ KiM7+) macrophages
in the submucosa. Yet in our paediatric experience submucosa was either
absent or very small, which prevented the use of this marker.

Chronic rejection

Chronic rejection has been observed in only one of our patients®2. It
progressively appeared around the seventh month following several episodes
of mild acute rejection. It was characterized (Fig. 6.7) by total villous atrophy
with severe dystrophy of surface epithelium, fibrosis of mucosa, submucosa
and muscular layers, endarteritis of submucosal vessels, infiltration of
epithelium, lamina propria, submucosa and muscular layers by lymphocytes,
mainly CD8 +, and macrophages. The presence of some CD25 + mononuclear
cells and the strong epithelial expression of HLA-DR antigens reflected the
persistent activation of graft infiltrating T cells. Although crypts were
irregularly spaced there was no evidence of recent crypt necrosis. The intense
staining of crypt enterocytes by Ki67 antibody and the unusual presence of
Ki67 + surface enterocytes suggested an increase in epithelial cell renewal.
On the 18th month post-transplantation the graft had become totally fibrous
and was removed.
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Figure 6.6 Acute rejection. Explantation at day 60. Histological lesions (a) showing epithelial
damage and increased number of mononuclear cells. Immunohistochemical techniques revealed
an increased number of CD3 + (b) and CD68 + (KiM?7) cells (c) in the mucosa and submucosa.

PATHOGENESIS OF LESIONS IN INTESTINAL ALLOGRAFT
REJECTION

The mechanisms by which T lymphocytes, sensitized in PP and reactivated
in the intestinal mucosa by allogeneic histocompatibility antigens (expressed
on macrophages, epithelial cells and endothelium), induce epithelial lesions
of rejection have not been thoroughly studied>®. However, conclusions can
be drawn, based on data obtained in other types of grafts or in experimental
models of T-cell induced intestinal damage®’ such as GVH disease®®°,
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In acute rejection, early destruction of crypt epithelial cells might be
mediated by direct cytotoxicity of T cells, or could be mediated by cytotoxic
lymphokines such as tumour necrosis factor (TNF). By secreting lymphokines,
T cells can also modify endothelial cells and thus favour entrance into the
graft of a large number of non-specific effectors. TNF released by T cells can
also activate macrophages and polymorphonuclears able in turn to release
factors activating T cells, cytotoxic mediators (e.g. TNF, superoxide ions) or
chemoattractants. The latter cells certainly play a major role in the late phases
of acute rejection. In rats the phenotype of lymphocytes infiltrating the graft
suggested the presence of a large number of non-MHC-restricted cytotoxic
NK cells. However, such cells were rare in human rejected allografts. The
cascade of non-specific events which amplify the immune reaction triggered
by allogeneic T cells explains the major difficulties encountered to stop the
rejection process once started, and emphasizes the importance of prevention,
and of early detection of rejection.

In the single case of chronic rejection observed in humans?°%, the
association of villous atrophy and increased mitotic rate recalled observations
made in various experimental models of T cell-induced epithelial damage®’.
In these models, the role of a lymphokine able to stimulate directly mitoses
in crypts was suggested. Because of the severe dystrophic lesions of the surface
epithelium and the marked intraepithelial T cell infiltration observed in the
present case, it seems to us more likely that accelerated epithelial renewal
occurred secondarily to compensate accelerated loss of surface epithelial cells
damaged by lymphocytes. Finally, TNF secreted both by lymphocytes and
macrophages might have contributed to the development of the observed
massive fibrosis. Further studies allowing analysis of molecules produced in
situ at different phases of rejection should help to identify the mechanisms
responsible for epithelial lesions, and thus perhaps to design new therapeutic
approaches.

CONCLUSION

Although animal models of small intestinal transplantation have been very
promising, SIT in humans has proven very difficult to achieve and requires
a particularly heavy immunosuppressive regimen responsible for severe
iatrogenic complications. Therefore, SIT is not yet available as a standard
procedure.

Data in animal models suggest that the gut-associated lymphoid system
may contribute to promote rejection by favouring sensitization of T cells
able to home into the intestinal mucosa of the graft.

Limited experimental and clinical data suggest that combined transplantation
of the small intestine with the liver from the same donor may markedly
improve graft survival. However, the data remained too sparse to draw
conclusions. In addition, the risks of liver transplantation limit the indications
of double transplantation in patients without severe hepatic lesions, and who
can benefit from parenteral nutrition for survival.
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Better understanding of the mechanisms involved in intestinal graft

rejection and in immunological tolerance should help to design new therapies
more adapted to clinical SIT than those currently available.
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7
Intestinal graft-versus-host disease

A. Mcl. MOWAT

INTRODUCTION

The enteropathy caused by acute graft-versus-host (GVH) disease is an
important clinical problem in patients receiving allogeneic bone marrow
transplants (BMT), and intestinal damage is also an invariable feature of
most animal models of GVH disease. The pattern of pathology in intestinal
GVH disease also reproduces a variety of other, naturally occurring
enteropathies. Thus, a knowledge of the pathophysiology of intestinal GVH
disease is important both for improving the management of BMT patients
and for understanding the immunopathogenesis of many other intestinal
diseases. This chapter will review the pathogenesis of intestinal GVH disease,
placing particular emphasis on the relationship between individual aspects
of mucosal pathology and specific immune effector mechanisms.

BACKGROUND AND OCCURRENCE

GVH disease is the systemic immunological disorder which occurs after
transfer of immunocompetent T lymphocytes into a genetically disparate,
immunoincompetent host. The earliest description of GVH disease comes
from the classical experiments performed by Medawar and colleagues, in
which the majority of newborn mice given allogeneic lymphocytes developed
a wasting disease characterized by weight loss, skin lesions and diarrhoea®'2.
Similar features can be induced in a large number of different animal models,
but the most important clinical form of GVH disease occurs after allogeneic
BMT in humans. In this case the disorder is severe, as recipients are either
inherently immunodeficient, or have been conditioned by high-dose irradiation
and/or chemotherapy. This GVH disease is caused by contaminating T
lymphocytes present in the BM. More rarely, mild GVH disease can occur
in immunodeficient individuals given blood transfusions®, while immunosup-
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pressed recipients of small intestinal allografts are at considerable risk of
GVH disease due to the large numbers of T lymphocytes within the
transplanted bowel*>.

CLINICAL FEATURES OF GVH DISEASE

GVH disease occurs in a large proportion of patients receiving bone marrow
(BM) from unrelated donors, and minor forms of the disease are not infrequent
even when full HLA-matching has been performed®’. In the earliest studies,
GVH disease was almost universal and for many years it was the principal
cause of mortality and morbidity in most BMT programmes®~°. More
recently the severity and incidence of GVH disease have been reduced due
to more effective immunosuppression of the recipient by cyclosporin A (CsA)
and to regimes which purge the donor marrow of mature T lymphocytes.
However, GVH disease is likely to remain an important clinical problem.
Up to 70% of allogeneic BMT recipients still develop GVH disease in the
face of improved therapy'’, while removal of T lymphocytes from the marrow
is now known to be associated with an increased risk of graft failure!2~14,
In addition, the increasing use of intestinal allografts will provide an
additional source of GVH disease.

Clinical GVH disease occurs in two forms: acute and chronic. These
syndromes are defined according to their time of onset, acute GVH disease
beginning within 100 days of BMT and chronic GVH disease occurring after
this time. Despite the arbitrary nature of this division, the two diseases are
quite distinct, often occurring independently in different patients, causing
differing pathological syndromes and apparently involving distinct immu-
nological mechanisms. Chronic GVH disease is a poorly understood disorder,
causing immunological abnormalities and a generalized connective tissue
disease-like syndrome. As intestinal disease is an infrequent consequence of
chronic GVH disease (see below), this review will concentrate on acute GVH
disease.

Acute GVH disease ranges from a mild inflammatory condition to a
widespread, life-threatening disease. It is associated with damage to lymphoid
tissues and other target organs. The bone marrow and immune system are
always affected by acute GVH disease and the resulting immunological
abnormalities have a profound influence on the outcome of the disease.
Virtually every component of the immune system can be affected, with
functional defects in B lymphocytes, accessory cells and all subsets of T
lymphocytes having been described!*~*°. These abnormalities reflect direct
attack on immunocytes themselves, as well as destruction of the lymphoid
organs and thymus?°. The immunological defects predispose the patient to
secondary infections which are one of the most important features of the disease.

The infectious consequences of acute GVH disease are further predisposed
to by the damage which disrupts the integrity of non-lymphoid tissues. Despite
its systemic nature, the pathogenic immune response affects a rather limited
number of tissues (Table 7.1). The majority of individuals with acute GVH
disease have evidence of skin disease, while a smaller but variable proportion
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Table 7.1 Tissue distribution of pathology in acute GVH disease

Lymphohaemopoietic
Bone marrow
Lymphoid organs

Non-lymphoid
Skin

Intestine
Liver

Pancreas
Salivary glands
?Lung

develop intestinal and liver pathology. Exocrine tissues such as the pancreas
and salivary glands are also affected in some cases, but there is little convincing
evidence that damage extends to other organs. Although pulmonary
abnormalities have been described?! 23, the lung is not generally accepted
to be a target of acute GVH disease as it is difficult to discriminate between
primary consequences of GVH disease and secondary effects of irradiation,
chemotherapy or infection.

The reasons underlying the restricted pattern of tissue pathology are
unknown. Although it has been suggested that GVH disease damages only
organs whose epithelia are capable of enhanced expression of Class Il MHC
antigens?*, many such tissues (e.g. kidney) are not involved in GVH disease.
It seems more likely that the enhanced Class II MHC expression which
occurs is merely a non-specific consequence of an ongoing local immune
response. Epithelia are the principal target of acute GVH disease, with
epidermal dyskeratosis and necrosis being the characteristic features of
cutaneous GVH disease?3728, while GVH disease in the liver produces bile
duct lesions similar to those found in primary biliary cirrhosis?°-3°. Epithelial
damage also characterizes the intestinal pathology of acute GVH disease,
and this shares many features of the pathology in other epithelial tissues.
Thus, the following discussion of the immunopathogenesis of intestinal GVH
disease should be seen as relevant to the tissue pathology in other target organs.

INTESTINAL GVH DISEASE

As we have noted, intestinal pathology is a characteristic feature of acute
GVH disease in all species examined, including humans. Most work on
human intestinal GVH disease is necessarily descriptive, while detailed studies
of immunopathogenesis have mainly been performed in experimental animals,
particularly rodents. The clinicopathological features of intestinal GVH
disease have been amply reviewed’°3173% and the principal purpose of this
review is to present a synthesis of the immunological mechanisms responsible
for the intestinal damage. In each section we will discuss clinical and
experimental information together, but where appropriate will indicate how
these might differ.
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Occurrence

Diarrhoea was one of the most characteristic features of the runting disease
described in the early studies of allospecific tolerance in neonatal mice, and
it soon became apparent that intestinal damage played an important part
in the animals’ deterioration®:?. Subsequent work which began to define the
immunological basis of experimental GVH disease confirmed the high
frequency of diarrhoea3:3%, and this sign was rapidly noted in the earliest
studies of patients given allogeneic BMT. Clinical intestinal GVH disease
usually appears 3—6 weeks after BMT but its exact incidence is difficult to
estimate, as intestinal biopsies are not performed routinely in many centres
and clinically obvious disease is likely to represent only the most severe end
of the spectrum of pathology®*. However, most studies suggest that before
purging of marrow T cells was initiated, up to 30% of recipients of allogeneic
BMT developed clinically apparent intestinal GVH disease!%33-34, and it is
widely accepted that clinical criteria greatly underestimate the true occurrence
of the condition.

Intestinal pathology appears to be an invariant feature of GVH disease
in experimental animals, even in models which have few other signs of tissue
damage or immunological dysfunction. Thus, the intestine may be particularly
susceptible to the effector mechanisms of GVH disease.

Clinical consequences of intestinal GVH disease

The main clinical features of severe intestinal GVH disease are diarrhoea,
malabsorption and protein-losing enteropathy. These have profound metabolic
consequences for affected individuals. Diarrhoea is the commonest sign and
clinical GVH disease often leads to profuse, watery, sometimes bloody
diarrhoea’. A variety of mechanisms could be responsible for this feature
(Table 7.2). The most obvious is destruction of mature enterocytes, with
resultant defects in digestion and absorption of sugars®”-38 leading to osmotic
water loss. Secondly, small intestinal damage in acute GVH disease is
associated with the appearance of immature or abnormal enterocytes on the
villus (see below). Both these abnormalities will interfere with the transport
of ions and water across the enterocyte and, if severe, are likely to produce
a cholerogenic type of diarrhoea. In a similar way, colonic damage may alter

Table 7.2 Possible mechanisms for diarrhoea in intestinal GVH reaction

Small intestine

Disaccharidase deficiency in epithelium due to enterocyte damage — luminal sugars + osmotic
water loss

Increased proportion of immature enterocytes — enzyme deficiency + abnormal water transport

Protein + water exudation through hyperpermeable epithelium

Large intestine
Damage to colonic enterocytes — water reabsorption
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water reabsorption in the large intestine. Finally, diarrhoea and fluid loss
may be secondary to protein-losing enteropathy (see below).

Epithelial transport functions are severely disrupted by GVH disease, with
evidence of increased leakage of serum proteins into the gut and resulting
hypoproteinaemia®®-3%4°_ In addition, animal studies show that there is
enhanced uptake of luminal material through the damaged mucosa, including
sugars, proteins and bacterial endotoxin*'#2, In addition to their obvious
metabolic effects, these transport abnormalities may have pathological
implications for the patient. The increased uptake of food proteins may
predispose the individual to a harmful immunological hypersensitivity
response*44, while the higher levels of circulating endotoxin have been
associated with release of inflammatory mediators such as tumour necrosis
factor-o (TNF-a) and other acute-phase proteins*®.

Malabsorption of essential nutrients occurs due to deficiencies in brush-border
enzymes (see below) and to the loss of absorptive surface area secondary to
villus atrophy. Patients with stomach lesions due to GVH disease are at risk
of further metabolic complications due to persistent vomiting and fluid loss.

Distribution of intestinal GVH disease

Acute GVH disease can affect the entire gastrointestinal tract, but the mouth
and small and large intestines show the most frequent and most severe damage
(Fig. 7.1). GVH disease in the squamous epithelium of the oral cavity is
analogous to that occurring in the skin, and buccal biopsy provides a useful
means of diagnosing and assessing GVH disease in humans. Of the
gastrointestinal tract proper, the oesophagus is rarely affected by acute GVH
disease, while gastric GVH disease is an uncommon, if clinically important,
feature”-32. Because of the lack of appropriate clinical material it is difficult
to assess the relative severity and incidence of GVH disease in different
regions of the human large and small bowel. It has been reported that the
colon and ileum are most seriously affected®, and certainly rectal biopsy has
become widely used as a diagnostic procedure’32*¢. However, a recent study
suggests that although rectal damage occurs in over 50% of patients with
intestinal GVH disease, virtually all these patients also had small intestinal
pathology, and the remaining patients had damage which was confined to
the small bowel*2. The distribution of intestinal GVH disease in experimental
animals is also controversial, although the small intestine is usually affected
to some extent. An early report that the ileum was most severely affected in
murine GVH disease*’ was not confirmed by later workers>®®. Recent studies
in mice have suggested that the colon is particularly susceptible to GVH
disease, with the ileum showing the next highest incidence and the stomach
exhibiting little or no pathology*®. These discrepancies may reflect the
techniques used to identify the intestinal damage, and it is important to note
that, in our experience, accurate morphometry is often required to reveal
small intestinal injury.
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Large Intestine

Small Intestine

Figure7.1 Distribution of intestinal damage in acute GVH disease. The small and large intestine
are worst affected

NATURE OF THE INTESTINAL PATHOLOGY

The gross pathology of clinical GVH disease has been reviewed extensively
elsewhere’19:32:33 and in this review we will concentrate on individual
aspects of cellular pathology and on pathogenic processes.

Evolution of epithelial pathology

Severe intestinal inflammation, with macroscopic ulceration of the ileum and
colon, associated with focal degeneration of the crypts were noted in early
work on murine GVH disease?*°. Later, more detailed studies found small
intestinal dilatation and bloody exudates, together with villus atrophy, crypt
necrosis and increased extrusion of necrotic cells from the villus tip36-47-50:51,
Small intestinal GVH disease in humans produces similar features, with
mucosal thickening preceding ulceration, crypt abcesses and mucosal denudation
(Fig. 7.2)7~%32, Colonic GVH disease is associated with an analogous pattern
of pathology*®32.

Dividing crypt cells appear to be the principal targets of intestinal GVH
disease. Although the most characteristic features of established disease are
focal necrosis and degeneration of individual crypts, the earliest experimental
studies also found crypt lengthening and increased mitotic activity36:47-50-53,
More detailed work in animals shows clearly that stimulation of crypt cell
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Figure 7.2 Appearance of established small intestinal damage in a patient with severe acute
GVH disease after allogeneic BMT. There is a spectrum of damage ranging from mild villus
atrophy, to complete necrosis in areas denuded of surface epithelium and crypts (H and E, x37)

proliferation is the first detectable mucosal lesion®3~3". This occurs within
the first few days of GVH disease and precedes the onset of villus atrophy
by several days (Fig. 7.3). In other models, crypt hyperplasia may be the only
feature of intestinal GVH disease®*56:58.9

The increased mitotic activity of crypt cells is accompanied by other effects
on the differentiation of enterocytes (Table 7.3), including an increased rate
of exit of cells from the crypts and more rapid migration up the villus38-5°,
This reflects greater upward pressure from the enlarged crypt cell population
and an absolute increase in the number of villus enterocytes (unpublished
observations). As a result, the villus has a decreased proportion of cells with
mature enzyme function, and jejunal lactase and aminopeptidase activities
do not develop until much higher up the villus than normal®®. These defects
are balanced partly by the fact that the rate of differentiation of new
enterocytes is also enhanced®® and the activity of some brush-border enzymes
may actually be increased®’. This effect on differentiation is further evidenced
by enhanced expression of Class II MHC molecules on villus enterocytes
and the aberrant appearance of these molecules on crypt cells®®-¢*. In humans
this may be the only indication of intestinal GVH disease, and it affects the
entire gastrointestinal tract*®°*62, Most Class I MHC expression is
restricted to the basolateral surface of enterocytes, with HLA-DR expression
being more prominent than HLA-DP, and there is virtually no HLA-DQ
expression®?

In severe intestinal GVH disease these early alterations in epithelial cell
proliferation and differentiation are followed by a more destructive phase of
pathology, typified by the appearance of villus atrophy (Fig. 7.4). Once again,
crypt cells appear to bear the brunt of the immunological attack, and mature
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Figure 7.3 Development of crypt hypertrophy (A) and villus atrophy (B) during a destructive
GVH reaction in irradiated mice. A large increase in crypt length, which is accompanied by
markedly increased mitotic activity, occurs very quickly and before villus damage is seen
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Table 7.3 Effects of GVH reaction on behaviour of intestinal crypt cells

Increased proliferation rate

Enhanced migration on to villus

More rapid differentiation of enzymes

Induction of expression of Class II MHC molecules
Ultimately, suppression of proliferation + apoptosis— necrosis

villus enterocytes are relatively spared, even in the presence of severe villus
atrophy (unpublished observations). As the disease progresses, increasing
numbers of apoptotic bodies can be seen in the crypts (Fig. 7.5)27+28, while
the terminal phase is characterized by the crypt abcesses and necrosis which
are typically reported in human studies*”-3%31:27, At this time necrosis of
villus enterocytes can also be observed, and these end-stage events may partly
reflect the superimposed effects of ischaemia and/or infection.

It should be noted that, although villus atrophy is the outstanding feature
of severe GVH disease, it occurs in the absence of damage to the villus
enterocytes themselves. In animals the appearance of villus atrophy requires
a particularly intense period of crypt hyperplasia, which reaches its peak
shortly before villus atrophy can be demonstrated (Fig. 7.3). One possible
explanation for this could be that intense crypt hyperplasia creates a hyper-
dynamic, unstable mucosa, which cannot maintain the column of mature
enterocytes necessary for intact villus architecture. An alternative possibility
is suggested by animal experiments, which show that the appearance of villus
atrophy is frequently accompanied by a sudden cessation in crypt cell mitotic
activity (Fig. 7.3). Thus, villus atrophy may reflect immunological injury to
crypt cells which prevents maintenance of epithelial renewal and integrity.

Figure 74 Destructive enteropathy in murine GVH reaction. Many crypts remain long and
hyperplastic, but there is also necrosis of individual enterocytes and severe villus atrophy. The
mucosa is devoid of lymphoid cells (HPE x200)
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Figure 7.5 Apoptic body in a jejunal crypt during the terminal stages of acute GVH disease
in mice ( x3960)

In summary, crypt cells are the principal targets of intestinal GVH disease.
Initially, the immune stimulus produces a proliferative enteropathy characterized
by increased crypt cell proliferation, migration and differentiation, but with
no effects on mature enterocytes. In severe cases this early phase intensifies
rapidly and progresses to a destructive disorder associated with cessation of
crypt cell mitotic activity and crypt necrosis. Only at this stage does villus
atrophy appear, and this is paralleled by apoptosis of crypt stem cells rather
than destruction of villus enterocytes themselves.
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Effects of intestinal GVH disease on non-absorptive elements
of the mucosa

There are few studies of the effects of GVH disease on the non-absorptive
cells of the epithelium, but goblet cell hyperplasia is often seen, presumably
reflecting the local inflammatory response. Destruction of enteroendocrine
cells has also been noted in both experimental and clinical GVH disease
(Table 7.4)”. Acute GVH disease also damages many components of the
extracellular matrix and underlying tissues which are involved in maintaining
the integrity of the intestine, including the epithelial basement membrane,
which disintegrates as villus atrophy develops (unpublished observations).
Swelling of the intestinal vascular endothelium has also been noted in
irradiated mice with severe GVH reaction?’, and haemorrhagic exudates are
present during the terminal stages of intestinal GVH disease*”3. We have
recently found that mice dying of GVH disease have evidence of segmental
ischaemia (unpublished observations), and it seems likely that destruction or
occlusion of the local blood supply contributes to the failure of intestinal function.

Effects of GVH disease on intestinal lymphoid cells and immune
function

Lamina propria

The effects of GVH disease on the systemic immune system are reflected in
alterations in intestinal lymphoid cell populations. As with the epithelial
pathology, the effects on mucosal lymphoid cells occur in two phases. Initial
studies in experimental animals emphasized that severe GVH disease leads
to depletion of mucosal lymphoid cells (Fig. 7.4)>47¢4%5 and a similar
phenomenon is found in humans with acute GVH disease®°. This depletion
of the local immune system can eventually produce marked reductions in
the numbers of plasma cells in the lamina propria®. In contrast, the early
phase of GVH disease is associated with infiltration of the mucosa by
lymphoblasts®¢-¢3. These infiltrating cells are predominantly T lymphocytes
of donor origin which accumulate close to the crypts, and their presence
correlates with the severity of the mucosal damage®’-%®. Both CD4+ and
CDS8+ T cells are present in the infiltrate, but there is some evidence that

Table 7.4 Depletion of enteroendocrine cells during acute GVH disease in mice

Enteroendocrine cells Crypt Villus atrophy
hyperplasia
Villus Crypt
Controls ++ +++ - -
Day 14 GVH disease + + + 4+ + 4
Day 21 GVH disease + +/++ + + ++ +

The number of enteroendocrine cells (determined by immunoperoxidase detection of chromogranin)
both in the villus and crypt epithelium decreases as villus atrophy occurs
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clinical intestinal GVH disease correlates with an excess of CD4+ T cells
in the lamina propria%2.

Epithelium

One component of the lymphocytic infiltration of the gut in GVH disease is
an increased density of intraepithelial lymphocytes (IEL). An increased IEL
count is one of the earliest detectable signs of intestinal GVH disease in
experimental animals (Fig. 7.6A), and it rises in parallel with other proliferative
features of GVH reaction, such as crypt hyperplasia>*>5. As villus atrophy
develops there is a parallel loss of IEL (Fig. 7.6B)**35-38, Studies in mice
indicate that the infiltrating IEL include donor-derived T cells, as well as
radioresistant lymphocytes of host origin. Most of these IEL retain the
unusual CD8 + phenotype which characterizes this population under normal
circumstances®®. In clinical GVH disease, the excess of CD8 + IEL remains
in the rectum and small bowel®?-%°, although one recent report has suggested
there may be a relative increase in the proportion of CD4+ IEL in crypt
epithelium®?. Interestingly, animal studies indicate that GVH disease produces
an increase in the subset of IEL which express the af form of the T cell
receptor and express a heterodimeric CD8 molecule (Table 7.5)7°. These
latter cells appear to represent the progeny of donor-derived CD8+ T
lymphoblasts which infiltrate the lamina propria after activation in the Peyer’s
patches and migration via the thoracic duct®”-¢%:7!, As IEL may produce a
range of cytokines in GVH disease (see below), the presence of activated
donor T cells in this site may have important consequences for the mucosal
pathology.

Other lymphoid cells

The altered populations of mucosal lymphocytes are accompanied by changes
in other lymphoid cells. Depletion of Ia* macrophages and dendritic cells
has been reported in murine GVH disease®® and is a possible factor in
producing dysfunction of the intestinal immune system (see below).

Table 7.5 Effects of GVH disease on subsets of intraepithelial lymphocytes in mice

Marker Percentage 1EL positive
Control GVH disease

CD4+ 13 10
CD3+ 75 80
CD3+ afTcR+ 32 43
CD8ua + 60 70
CD8a+ afTcR+ 18 27
CD8x+ CD8S+ 18 28

There is an increased proportion of T cells expressing the af T cell receptor, together with
increased numbers of CD8 + T cells which express the a— S heterodimeric form of the CD8 molecule
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Hyperplasia of mucosal mast cells occurs in rodent GVH disease, and this
may reflect both recruitment of mature cells and differentiation of precursors
within the mucosa’#67:68:72.73 In parallel, there is an increase in serum levels
of interleukin-3 (IL-3)74, while the intestine and serum show increased levels
of mucosal mast cell specific protease (Fig. 7.7)"%:7375, These changes parallel
the other, early proliferative changes of GVH reaction while depletion of
MMC may occur as villus atrophy progresses (unpublished observations).

Organized lymphoid tissues

The organized tissues of the gut-associated lymphoid tissue (GALT) are also
involved in the intestinal phase of GVH disease and show a similar biphasic
pattern of damage. Depletion and atrophy of Peyer’s patches (PP) is a
characteristic feature of late, acute GVH disease and may contribute to
depletion of mucosal lymphocytes. However, the development of PP in
isografts of fetal small intestine implanted under the kidney capsule is
accelerated in mice with early GVH disease*®, indicating an initial hyperplasia
similar to that found in other lymphoid tissues. In parallel, the crypts
supplying the dome epithelium of PP share the biphasic pattern of crypt
hyperplasia, followed by atrophy, which occurs in villus epithelium’®.

In conclusion, the pattern of damage to intestinal lymphoid tissues parallels
that found in the associated epithelium with an early period of infiltration
by donor T lymphoblasts and proliferation of non-specific effector cells,
followed by depletion of all cell types.
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Figure 7.7 Increased mouse mucosal mast cell-specific protease II levels in the serum and small
intestinal mucosa of adult (CBA x BALB/c)F, mice with proliferative GVH reaction
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Immunological consequences of intestinal GVH disease

The depletion of local lymphoid cells in established GVH disease is associated
with mucosal immunodeficiency, which is manifested by reduced levels of
both secretory and serum IgA levels””. These abnormalities will add to the
generalized immune deficiency seen in GVH disease, and seem likely to be
important factors in the development of secondary intestinal infection.
However, as with other features of mucosal pathology, the late immune
defects are preceded by an early stage of immune enhancement. Thus, total
secretory IgA responses may be increased early in murine GVH disease (Fig.
7.5; Watret and Ferguson, unpublished observations), while immunity to
dietary antigens may be altered. Humans with acute GVH disease have raised
serum antibodies against food proteins*®, while GVH disease in animals
produces enhanced local and systemic immunity to dietary proteins**. These
phenomena could reflect increased absorption of antigen through damaged
mucosa or increased antigen presentation within the systemic immune
system** or by the Ia-expressing enterocytes themselves. Irrespective of the
mechanism involved, there is experimental evidence that the unusually
powerful immune responses to food antigens in GVH disease may produce
a local hypersensitivity reaction which adds to the mucosal damage’®.

MECHANISMS OF INTESTINAL GVH DISEASE

Cellular and genetic basis of intestinal GVH disease

All the consequences of GVH disease are absolutely dependent on recognition
of host alloantigens by donor T lymphocytes. The exact nature of the T cells
responsible for inducing the systemic disease remains controversial, but both
CD8+ and CD4+ T cells can induce GVH disease, depending on the
circumstances’®.

Initial studies of small intestinal GVH disease in mice indicated that CD8 —
T cells played the major role®?, but subsequent work has suggested that both
CD4+ and CD8+ T cells may be required (Fig. 7.8)6%81. Nevertheless,
CD4+ T cells seem to be much more effective, and sometimes are alone
sufficient to induce a full intestinal lesion. In contrast, CD8+ T cells are
rarely capable of causing gut pathology on their own. A similar pattern is
found in experimental studies of colonic GVH disease, where CD4+ T cells
are much more effective inducers of pathology than CD8+ T cells*®. The
two T cell subsets may play different roles in the pathogenesis of intestinal
GVH disease. Thus, CD4+ T cells are sufficient and necessary to induce
several small intestinal alterations, such as the increases in IEL count and
MMC hyperplasia, and alone can produce significant crypt hyperplasia, villus
atrophy and enhanced epithelial expression of Class Il MHC®8-8°, However,
CD8+ T cells are usually required for these last changes to develop fully.

In experimental animals, incompatibility at Class I MHC loci is normally
sufficient and necessary for induction of all aspects of intestinal pathol-
ogy*0-68:80:81 qupporting the principal role of CD4 + T cells. Although Class
I MHC alloantigens can induce intestinal GVH disease under some
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Figure 7.8 Requirement for both CD8 + and CD4+ donor T cells in the induction of intestinal
GVH reaction in (CBA x BALB/c)F, mice. Villus and crypt lengths and CCPR in jejunum of
mice given unseparated, CD4- or CD8-depleted donor cells

circumstances, this usually requires a large number of donor T cells*?, or a
powerful Class I MHC alloantigen which is capable of activating the rare
CD8+ T cells with helper cell function®!. Even under these conditions, Class
I MHC alloantigens are much less efficient than Class II antigens at

stimulating intestinal GVH disease. The ability of non-MHC alloantigens to
induce intestinal GVH disease has not been studied in detail. Nevertheless,
diarrhoea and crypt hyperplasia have been reported in some animal models
of MHC-compatible GVH disease®?, while the relatively high incidence of
intestinal GVH disease after HLA-matched BMT in humans shows that
minor histocompatibility differences must be capable of inducing this form
of pathology.

Together, these findings indicate that Class I MHC-restricted donor
CD4+ T cells are the predominant T cell required for the induction of
intestinal GVH disease. However, Class I MHC-restricted CD8+ T cells
may also be important in amplifying the disease, and may also play a critical
role in particular aspects of the pathology.

Nature of the local immune response in intestinal GVH disease

The fact that Class I MHC-restricted T cells are particularly important for
the induction of intestinal GVH disease does not predict the exact nature of
the pathogenic immune response which causes local tissue damage. In
addition, there is no absolute correlation between the phenotype and function
of individual T cell subsets. This section will discuss the effector mechanisms
which may act locally in the intestine during GVH disease.
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Organ destruction in many forms of immunopathology is often ascribed
to a direct attack on tissue cells by specific cytotoxic T lymphocytes (CTL).
Nevertheless, although T cells with CTL activity have been isolated from
the mucosa of mice with acute GVH disease®®, several pieces of evidence
argue against a role for specific CTL in intestinal GVH disease. First, as
discussed above, epithelial cell destruction is not a feature of intestinal GVH
disease, even when severe mucosal damage is present. Secondly, intestinal
GVH disease in mice can occur in the absence of anti-host CTL in the gut
or other lymphoid tissues®2. Even when CTL can be demonstrated, their
presence often does not correlate with the intestinal pathology®5-5¢-8! while
several immunomodulatory agents can prevent intestinal GVH disease
without inhibiting the generation of CTL®3-®. Colonic GVH disease is also
not affected by treating the donor lymphocytes with a lysosomotropic ester
which prevents the generation of anti-host CTL in vivo*®.

The most persuasive evidence against a role for CTL is that the intestinal
epithelium is damaged in a non-antigen-specific manner. Thus, intestinal
GVH disease occurs in parental strain mice made chimeric for F, bone
marrow cells, despite the fact that the intestinal epithelium of the host animals
remains syngeneic to the parental donor T cells. In contrast, F, mice made
chimeric for parental BM have no evidence of intestinal GVH disease after
injection of parental T cells, indicating that the intestinal epithelium cannot
stimulate GVH disease-inducing T cells®®. The stimulus for this intestinal
GVH disease is allogeneic Class I MHC molecules expressed on BM-derived
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Figure 7.9 Intestinal GVH reaction occurs as a ‘bystander phenomenon’. Mucosal architecture
in grafts of fetal (CBAxBALB/c)F, or CBA small intestine implanted in irradiated
(CBA x BALB/c)F, mice given CBA donor cells. Villus atrophy, as well as increases in CCPR
and crypt length, occur, irrespective of whether the gut grafts are syngeneic to the donor
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cells (‘passenger leukocytes’). Although an earlier study did not find intestinal
GVH disease in F,—parent BM chimeras®®, the ‘bystander effect’ of GVH
disease on the gut has been confirmed by an alternative type of experiment
(Fig. 7.9). In these studies, pieces of fetal small intestine of parental-type
are implanted under the kidney capsule of adult F, hybrid mice. The grafts
develop relatively normally over the space of a few weeks and are infiltrated
by recirculating BM-derived cells of host origin. When a GVH disease is
induced in the F, host animals by injection of parental lymphocytes, the
donor-type grafts develop a full range of intestinal pathology, including crypt
hyperplasia, increases in IEL count, crypt cell apoptosis and villus
atrophy31:54:37:58:65 Once again, these experiments show that the gut itself
does not need to present an allogeneic stimulus to the alloreactive donor
cells for intestinal GVH disease to occur. It seems more likely that the
pathological lesions are due to non-specific soluble mediators released during
a DTH response initially directed at BM-derived cells.

Role of soluble mediators

If intestinal GVH disease can occur in the absence of specific CTL, the
mechanisms responsible for the pathology must be non-specific. There is now
considerable evidence that cytokines released during a local DTH response
are involved (Table 7.6). Mucosal lymphocytes isolated from mice with acute
GVH disease produce several cytokines, including interleukin-2 (IL-2), IL-3
and interferon-y (IFN-y)%7, while acute GVH disease in mice and humans is
associated with increased levels of TNF-a in serum*®87. That at least some
of these cytokines have a primary role in intestinal GVH disease is shown
by the fact that treatment of mice in vivo with antibody directed at IFN-y
prevents all the intestinal consequences of GVH disease, including villus
atrophy, crypt hyperplasia and increased IEL counts®®. Anti-TNF-a antibodies
also ameliorate intestinal GVH disease, but in this case only villus atrophy
and crypt cell apoptosis are prevented, and there is no effect on the early

Table 7.6 Cytokines which have been
implicated in the pathogenesis of intestinal
GVH disease

Depletion inhibits pathology
IFN-y

TNFa«

IL-1

Cytokine exacerbates pathology
IFN-o/f
TGF-p

Cytokine enteropathic
IFN-a/B

TNF-a

IFN-y
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crypt hyperplasia and increased IEL counts?’ (also unpublished results).
Thus, production of IFN-y and TNF-a is an essential prerequisite for
intestinal GVH disease, but these mediators may act at different stages of
the pathology, IFN-y being important for initiating the early proliferative
phase and TNF-a being responsible for the later, destructive lesions. This
hypothesis is supported by the findings that administration of TNF-a
to normal mice produces both crypt hyperplasia and villus atrophy, while
IFN-y causes crypt hyperplasia alone®’.

Other cytokines may also be important for the enteropathy of GVH disease.
Depletion of IL-1a in vivo partially inhibits intestinal GVH disease in mice
(Table 7.7), while treatment of mice with the IFN-a/f inducer, poly-
inosinic:polycytydylic acid (poly-I:C) exacerbates the systemic and intestinal
consequences of acute GVH disease®3. Normal animals given poly-I:C
or IFN-o/f also develop jejunal villus atrophy and crypt hyperplasia (Fig.
7.10)%3, suggesting that IFN-o/f may be an effector molecule in the
enteropathy of GVH disease. These studies suggest that a cascade of different
cytokines may be important in intestinal GVH disease.

Cytokines could induce intestinal damage either by direct effects on
enterocytes or indirectly via effects on other components of the mucosa.
There is now ample evidence that mediators such as IFN-y, TNF-o, IL-1,
IL-6 and IFN-a/f are involved in autoimmunity and other inflammatory
diseases by virtue of direct effects on tissue cells®®. Recently it has been shown
that these actions may extend to the intestine. IFN-y is cytostatic to colonic
carcinoma cells in vitro®*, enhances their expression of secretory component
and of Class I and II MHC molecules®? and alters transport of ions across
the cell membrane®3. IFN-y is also cytostatic to small bowel crypt cells in
vitro, and enhances their expression of MHC molecules (Fig. 7.11). TNF-a
enhances many of these effects of IFN-y (Fig. 7.12)°1:°2 and is itself cytotoxic
to crypt cells in vitro®°. These findings show that enterocytes probably have
receptors for cytokines, and indicate that the role of cytokines in GVH disease
could partly reflect direct effects on epithelial cells.

An additional way in which cytokines could damage the gut directly is by
interfering with the function of mesenchymal cells such as endothelial cells
and fibroblasts. Both these cell types are known to be targets for cytokines
such as TNF-«?® and mesenchymal function is essential for maintenance of

Table 7.7 Effects of anti-interleukin-1 on intestinal GVH reaction

Group Villus length (um) Crypt length (um) CCPR
NRS control 630.9 + 348 819439 54+13
NRS GVH reaction 636.8 + 33.9 110.6 + 4.7** 13.6 +0.6*
Anti-IL1a control 695.3+333 85.6+5.7 60+13
Anti-IL1a GVH reaction 7182+ 145 98.9 + 5* 64+ 1.5

*p<0.02; **p<0.001 vs controls.

Treatment of (CBA x BALB/c)F, mice with rabbit anti-IL1a antibody reduces the crypt
hypertrophy and abolishes the increase in crypt cell production rate which occur in GVH-reactive
mice treated with normal rabbit serum (NRS) as a control
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Figure 7.10 Induction of enteropathy in normal mice by enhancing production of IFN-a/f.

Mice given the IFN-inducer polyinosinic: polycytydylic acid (poly-I:C) develop significant villus
atrophy and crypt hyperplasia compared with controls

normal mucosal architecture®®. Pericryptal fibroblasts seem particularly
likely to be important intermediate targets of cytokine effects, and their
involvement could include production of further inflammatory mediators®°.

Non-specific effector cells in intestinal GVH disease

One of the most important effects of cytokines in the immune response is to
recruit and activate non-specific inflammatory cells, and this provides an
additional way in which cytokines could produce gut damage in GVH disease.
The potential importance of this pathway is suggested by the large number
of macrophages, eosinophils and other inflammatory cells normally present
in the intestinal mucosa. Recent work indicates that depletion of macrophages
or interference with their production of nitric oxide inhibits intestinal GVH
disease in mice (our unpublished observations). As discussed above, hyperplasia
of mucosal mast cells is a feature of many experimental models of GVH
disease. This probably reflects recruitment by IL-3 and not only involves
increased numbers of MMC, but is also accompanied by activation of these
cells, as evidenced by the increased amounts of MMC-specific protease in
the serum and intestinal mucosa of rodents with GVH disease (Fig.
7.8)7%71:73 In addition, the release of protease parallels the development of

124



INTESTINAL GRAFT-VERSUS-HOST DISEASE

00510

=
o5 \

o

03 \\FFN'

§ 10° u/ml TNFa
| \IHFN'
1 10* u/ml TNFa
gl'ﬁ T =
100 1000 10.000
A CYTOKINE CONCENTRATION (U/ml)
8’ 1 §7
Unstained ¥IFN
8 ® H
/ }
\ A e
3 101 1 -3 1ot 10° 10t 102 102 -8
8 g
TNF a Y¥IFN + TNF o
2 } 2
f \ | A
il ik . “Ton
T t 35 13 1o 14 10t 167 167 164

Fluorescence Intensity

Figure 7.11 Direct effects of IFN-y and TNF-« on crypt cells in vitro. IFN-y is cytostatic to
the RIE cell line (A) and induces expression of Class II MHC antigens (B). TNF-«

alone has no effect on growth, but synergizes with the cytostatic effect of IFN-y. It also augments
the effects of IFN-y on Class Il MHC expression

1256



IMMUNOLOGY OF GASTROINTESTINAL DISEASE

crypt hyperplasia and other features of GVH disease’>. However, it seems
that MMC do not act as pathogenic effector cells in intestinal GVH disease,
as mast cell-deficient mice suffer more severe enteropathy during GVH disease
than mice with normal MMC numbers’3. Furthermore, irradiated animals
develop more intense GVH disease, despite their lack of MMC7%7!, Thus,
the hyperplasia of MMC in intestinal GVH disease may actually reflect an
attempt to repair the mucosal damage.

One group of cytokine-dependent non-specific effector cells which does
seem to be of pathogenic importance in intestinal GVH disease are NK cells.
These lymphocytes are activated by several mediators, including TNF-q,
IFN-y and IFN-o/8, and GVH disease in experimental animals is associated
with enhanced NK cell activity both by peripheral lymphocytes and by
intestinal IEL®!:°3:°¢, The enhanced NK activity by IEL parallels the
increased IEL count and crypt hyperplasia in GVH disease®!, and is preceded
by a systemic anti-host DTH response®’. Clinical GVH disease may also be
associated with an increased number of NK cells among IEL®”. That activated
NK cells are an important non-specific effector mechanism in intestinal GVH
reaction is supported by the fact that depletion of NK cells with anti-asialo
Gy: (AsGy,,) antibody prevents crypt hyperplasia in murine GVH disease®®.
This antibody also prevents the enteropathy caused by IFN-a/f in normal
animals, suggesting that the effects of these cytokines depends on their ability
to activate NK cells®®. It should be noted that NK cells may be of most
importance during the early phase of intestinal GVH disease characterized
by crypt hyperplasia. Indeed, the onset of villus atrophy in GVH disease is
associated with complete loss of NK cell activity>4~>¢,

The ways in which NK cells could influence intestinal pathology are
unknown, but could reflect their ability to produce further inflammatory
cytokines®®'1°°. Alternatively, a direct interaction between NK cells and crypt
stem cells could involve the cytolytic machinery of NK cells.

Host factors in intestinal GVH disease

The development of intestinal GVH disease is dependent on the function of
donor T lymphocytes, but several host factors may influence its development.

Intestinal microflora

Several studies have suggested that germ-free animals or animals with a gut
flora consisting entirely of anaerobes have markedly reduced mortality due
to acute GVH disease. In parallel, removal of aerobic gut flora prevents
much of the liver and gut damage normally associated with severe GVH
disease, and these features return after conventionalization!®!'1°2, Deliberate
administration of LPS or E. coli exacerbates systemic GVH disease in mice,
while passive immunization with antibody to E. coli has a mild, beneficial
effect!%%1%4 Together, these findings suggest that Gram-negative aerobes in
the gut flora are critical for the pathogenesis of GVH disease. Nevertheless,
it should be noted that, in animals, the beneficial effect of the germ-free

126



INTESTINAL GRAFT-VERSUS-HOST DISEASE

state is generally small, and applies only to the early stages of acute GVH
disease. Eventually, these animals show mortality rates and pathology which
are similar to, if not higher than, those in conventional hosts!?!:102:105
Furthermore, recent studies have not confirmed initial reports that elimination
of gut flora has a beneficial effect on BMT patients’.

Local infection also does not play a primary role in the development of
intestinal pathology in GVH disease, as intestinal GVH disease develops in
sterile grafts of small intestine implanted under the kidney capsule of mice
with GVH disease (Fig. 7.9)°7-38. Nevertheless, intestinal bacteria could have
two indirect effects. First, it seems probable that direct infection of gut
damaged by the GVH disease will exacerbate the enteropathy. This is
supported by the local abscesses which form round invading organisms late
in GVH disease!®2. Secondly, it has been shown that crypt degeneration
occurs only in sterile explants of gut if these are placed in hosts with a
conventional microflora’!, suggesting that bacterial products may influence
the level of systemic anti-host immune responsiveness. Enterobacteria produce
several agents with adjuvant activity, and it has long been known that animals
with GVH reaction have increased levels of circulating endotoxin*2. Thus,
initial damage to the gut caused by GVH disease may allow increased
absorption of bacterial products which then exacerbate the tissue lesions by
virtue of their ability to enhance ongoing immune responses. A related, but
not exclusive, possibility is that the increased levels of bacterial endotoxin
cause release of TNF-a or other enteropathic cytokines*>:105:106,

Virus infections are extremely common in patients with clinical GVH
disease and Coxsackie virus Al has been shown to cause intestinal damage
in these patients'®”. Mucosal infections with herpes simplex virus and CMV
are not uncommonly superimposed on intestinal GVH disease in humans®*
and CMV clearly enhances the lung disease of GVH disease?2. Thus, both
bacteria and viruses may exacerbate the mucosal pathology of GVH disease.
Finally, intestinal parasites may also colonize the damaged mucosa’** and
it has been shown in mice that GVH disease and giardiasis may produce
synergistic damage in the gut (Gillon, J. and Ferguson, A., unpublished).

Other host factors in intestinal GVH disease

Other endogenous host factors may also influence the evolution of intestinal
GVH disease. Experimental studies have shown that intestinal pathology is
much more severe when the hosts used are irradiated, athymic or very
immature*®:54-3%198 Qpe explanation for these findings may be that certain
host lymphoid cells, such as T lymphocytes or NK cells can resist the
proliferation of alloreactive donor T cells and hence protect the gut!®®,
Alternatively, the intestine of compromised hosts may be unusually susceptible
to the effects of GVH disease. Irradiation has particularly profound effects
on the function and renewal of the intestinal epithelium, while rapid
alterations in mucosal architecture occur during the early neonatal period.
These phenomena may therefore synergize with the enteropathic effects of
GVH disease on the mucosa. Irrespective of the mechanisms involved, the
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exacerbated intestinal GVH disease in compromised hosts has important
implications for the conditioning regimes used in human BMT.

SUMMARY AND CONCLUSIONS

This review has outlined the pathological effects of GVH disease on the
intestine and has attempted to define some of the immunological mechanisms
involved. Figure 7.12 summarizes what we consider to be the most likely
pathogenesis of enteropathy in GVH disease. The scheme assumes that
self-renewing crypt stem cells are the principal target of harmful immune
response which depends on the production of inflammatory cytokines. The
first stage of the disease involves infiltration of the mucosa by activated T
lymphocytes and cytokine-mediated stimulation of crypt cell proliferation.
During this proliferative phase no damage to mature enterocytes can be
observed, and villus atrophy is absent. However, there may be enhanced
expression of Class I MHC antigens and unusually immature enterocytes
may be present on the villus surface, with concomitant alterations in digestion,
absorption and fluid balance. This pattern of enteropathy seems to require
IFN-y-producing cells and may involve IFN-activated NK cells. In mild
cases the intestinal GVH disease may resolve at this stage, but in severe
GVH disease the cryupt hyperplasia progresses to villus atrophy. This still
does not involve damage to enterocytes, but may either reflect an unstable,
hyperdynamic state caused by intense crypt cell mitotic activity or is
secondary to abnormalities in endothelial or fibroblast function. Finally,
apoptosis occurs in crypt stem cells, terminating epithelial cell renewal and
resulting ultimately in mucosal necrosis. These destructive events are associated
with depletion of mucosal lymphoid cells and systemic manifestations of
severe GVH disease such as anaemia. Destructive enteropathy may reflect
the effects of additional cytokines, or synergistic interactions between a
number of mediators. All these changes occur as a ‘bystander phenomenon’,
in which the intestinal tissues do not stimulate the alloreactive response, but
are the targets of non-specific effector mechanisms provoked by stimulation
of donor T cells by bone-marrow-derived leukocytes.

The findings discussed here have several implications for clinical disease.
First, they raise the possibility that immunotherapy targeted at cytokines
might prove useful in treating the intestinal manifestations of GVH disease
after BMT. Antibodies reactive with T cells, adhesion molecules and IL-2
(or its receptor) have all raised interest as possible therapeutic agents for
immunopathological conditions, but all these strategies would carry the risk
of non-specific immunosuppression. We would propose that depletion of
pathogenic cytokines such as TNF-« may be a more specific approach to
this problem.

Elucidating the immunopathogenesis of intestinal GVH disease may also
help understand and treat other forms of tissue damage in GVH disease,
including that found in the liver and skin. GVH disease in these organs has
many similarities to intestinal GVH disease, with marked epithelial abnormalities
and evidence for a pathogenic role for cytokines?%:2®. As intestinal GVH
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Figure 7.12 Mechanisms of enteropathy in GVH reaction. See text for details
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Figure 7.12 (Contd)

disease can be induced and measured readily under experimental conditions,
it may provide a useful means for studying the wider aspects of GVH disease.

Finally, intestinal GVH disease provides important clues to the immuno-
pathogenesis of a variety of clinical diseases. The villus atrophy, crypt
hyperplasia and increased numbers of MMC and IEL reproduces the pattern
of pathology found in several naturally occurring enteropathies, including
coeliac disease, cows’ milk protein intolerance, parasite infections and in
certain areas of Crohn’s disease!!°. In addition, colonic GVH disease has
similarities to the pathology of ulcerative colitis®2. Although GVH disease
is obviously an artificial situation, it demonstrates that the intestine can be
damaged during an immune response initially directed at an unrelated
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antigen, as clearly happens in the majority of the clinical diseases. The evidence
from GVH disease that cytokines can cause enteropathy has been extended
recently by the demonstration of increased local TNF-a production in

inflammatory bowel disease

111 Intestinal GVH disease should provide a

useful means of investigating the pathogenesis of clinical enteropathy under
experimental conditions.
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8
In vitro enteropathy

C. P. BRAEGGER and T. T. MACDONALD

INTRODUCTION

Intestinal damage due to food hypersensitivity is a major cause of gastrointestinal
morbidity in humans, especially in children. In the classical, delayed-onset
intestinal hypersensitivities to dietary antigens (e.g. cereals and milk), the
histopathological features associated with disease are small intestinal villous
atrophy, crypt epithelial cell hyperplasia and crypt hypertrophy. There may
also be abnormalities of surface epithelial cell structure and function. The
clinical consequences of this enteropathy are malabsorption due to decreased
absorptive surface, deficiency of digestive enzymes and steatorrhoea. The
relative inaccessibility of clinical material from the intestine, and the difficulty
in performing time-course studies in patients, has meant that our understanding
of the development of the intestinal lesion in food-sensitive enteropathy is
fragmentary. In addition, the immunological mechanisms which could cause
tissue damage in the gut are not known, due to difficulties in obtaining
lymphocytes from human gut and generating specific immune responses.
There is good evidence to suggest that T cell-mediated immune reactions
can cause gut damage. Diseases such as coeliac disease, cows’ milk protein
intolerance and chronic inflammatory bowel disease (Crohn’s disease) are
associated with increased numbers of lamina propria and intraepithelial T
lymphocytes!-2. In addition, these T lymphocytes show phenotypic markers
of activation and secrete lymphokines. An important question in mucosal
immunology is whether these T lymphocytes are of primary importance in
mediating intestinal damage, or if they represent a secondary phenomenon.
The development of an in vitro model of human fetal intestinal organ culture
described here? has proved to be a useful tool to investigate the relationships
between mucosal T lymphocyte activation and intestinal structure and function.
In vitro culture of jejunal biopsies from coeliac patients has also been of
use in following the consequences of the mucosal cell-mediated immune
response to gluten’. This has the advantage that the responses are
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antigen-specific, but has the problem that the viability of jejunal biopsies in
culture is poor and cultures can be maintained for only 24-48 h before the
specimens become necrotic.

IN VITRO ENTEROPATHY IN HUMAN FETAL ORGAN CULTURE

This model depends on two critical factors: first, that human fetal intestine
can be grown in explant culture for long periods and second, that early in
fetal life the intestine is structurally similar to adult intestine and contains
abundant lymphocytes.

Development of the gut immune system

Gut epithelium

Columnar epithelium and villi develop at 9-10 weeks gestation in the human
fetal gastrointestinal tract®. Crypt formation begins in the proximal small
bowel at 10-11 weeks gestation and develops distally. Paneth cells are present
in crypts at this time and the surface epithelium contains mature goblet cells.

Intraepithelial lymphocytes

Intraepithelial lymphocytes (IEL) cannot be identified morphologically in
human small bowel until 11 weeks gestation, when there are three lymphocytes
for every 1000 epithelial cells®. Their numbers increase thereafter. These
results have been confirmed and extended in more recent immunohistochemical
studies®. At 11 weeks gestation CD3 + IEL can be identified. Some of these
are CD4+ and some are CD8+; however, the numbers are too low to
reliably determine the relative proportions of each subset. CD3 + IEL increase
in number with time (Table 8.1) and by 17-19 weeks there are two to five
CD3+ IEL per 100 epithelial cells. The number of CD8+ lymphocytes

Table 8.1 T lymphocyte subclasses in human fetal ileal epithelium

Age of tissue Number of immunostained cells as a percentage of the number of
epithelial cell nuclei

CD3 CD4 CD8
11 weeks 1.5 14 0.3
12 weeks 1.1 0 0.3
14 weeks 1.8 0.6 09
16 weeks 29 04 13
17 weeks 32 09 2.1
19 weeks 23 0.2 1.1
8 years 15.1 32 13.7

Data adapted from ref. 6
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exceeds the number of CD4+ IEL, as is the case in postnatal bowel. About
50% of fetal IEL are CD4— and CD8—". Cells of this phenotype make up
only 6% of IEL in postnatal gut®.

In postnatal intestine there is a large population of CD3— CD7+ IEL,
which are not T lymphocytes®. These cells are conspicuously absent from
fetal intestinal IEL.

Lamina propria lymphocytes

At the earliest time studied (11 weeks gestation), there are virtually no T or
B lymphocytes in fetal lamina propria. Many of the cells in the lamina propria
have macrophage-like morphology, while others are spindle-shaped®. These
cells are strongly CD45+, HLA-DR +, HLA-DP+, CD4+, and RFD1+.
They are therefore probably macrophages and dendritic cells. The extent of
this non-lymphoid infiltrate increased with the age of the fetus. At 11 weeks
gestation there are clusters of HLA-DR + CD4 + cells in the lamina propria
which may be a Peyer’s patch anlage'®.

At 14 weeks gestation small clusters of T and B lymphocytes are present
in regions of the lamina propria which are also strongly HLA-DR + *°. This
is probably the earliest influx of lymphoid cells into the Peyer’s patch anlage
described above. B lymphocytes are not present outside these clusters in the
lamina propria in many fetuses up to 22 weeks gestation. Plasma cells are
not seen in healthy fetal lamina propria. From 14 weeks gestation, however,
there are numerous CD3+ cells in the lamina propria (Fig. 8.1). Most of
these are CD4+ 6.

Figure 8.1 CD3+ cells in the lamina propria and epithelium of 18-week-old fetal gut.
Immunoperoxidase, x65
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Peyer’s patches

Peyer’s patches (PP) are macroscopically identifiable in fetal human intestine
at 24 weeks gestation''. Even in the fetus they predominate in the ileum as
compared to the jejunum or duodenum. The first identifiable clusters of T
and B lymphocytes, forming around groups of accessory cells, can be seen
at 14 weeks gestation'®. These increase in number and size at 16 weeks
gestation. The T lymphocytes are mostly CD4 + and the B lymphocytes are
surface IgM +, IgD+!% There is no cellular zonation. By 19 weeks
well-defined PP have formed. A striking feature of these is that virtually
every cell in the PP (including T lymphocytes, B lymphocytes and accessory
cells) is major histocompatibility antigen (MHC) Class II positive. The PP
contain well-defined, central B lymphocyte zones containing follicular
dendritic cells. The follicle B lymphocytes are surface IgM +, IgD+ and
express CDS. Surrounding the follicles are well-defined T lymphocyte zones,
most of the cells being CD4 + (Fig. 8.2). A follicle-associated epithelium also
develops by this time, characterized by a more cuboidal epithelium and a
relative sparsity of goblet cells. Putative M-cells have been identified in
follicle-associated epithelium*.

There is no evidence of PP germinal centre formation in healthy human
fetal small intestine. After birth these develop rapidly due to antigenic
stimulation from luminal bacteria’3.

Fetal colon

Fetal colon is different from postnatal colon in that it has villi. The surface

Figure 82 CD3+ cells in a Peyer’s patch of a 19-week-old fetus. Note the occasional T
lymphocyte in the primary follicle. Immunoperoxidase, x260
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epithelial cells also contain the disaccharidases usually only found in the
small bowel in postnatal life. The development of IEL and lamina propria
T lymphocytes follows that of the small bowel; however, there are conspicuously
fewer follicles in colon than in ileum.

Summary

It is clear that by 20 weeks gestation the human intestinal immune system
is well-developed, although in a state of inactivity since it is not exposed to
antigenic stimulus from the lumen.

Organ culture of human fetal small and large intestine

Small explants (1-2mm across) of human fetal gut can be maintained in
organ culture for several weeks with retention of morphology, epithelial cell
renewal and enterocyte function. An in vitro system has therefore been
developed? to study T lymphocyte—epithelial interactions in small and large
intestine. Explants of human fetal intestine (small and large bowel) containing
T lymphocytes (15-20 weeks gestation) can be cultured in the presence of
pokeweek mitogen or monoclonal anti-CD3 antibodies to directly activate
mucosal T lymphocytes in situ.

Evidence for local T lymphocytes activation

T lymphocyte activation can be measured by immunohistochemical staining
for T lymphocyte activation markers such as interleukin-2 receptor (CD25).
CD25 is the a-chain of the interleukin-2 receptor and therefore a useful
activation marker of lymphoid cells. Interleukin-2 receptors are expressed
very early after lymphocyte activation. Lymphokines can also be measured
directly in the culture supernatants.

After 6-72h of culture of 18-22-week-old fetal gut, the explants were
snap-frozen and sections were cut and stained immunohistochemically with
anti-CD25 antibody2. CD25 + cells were not seen in the unstimulated control
cultures. In explants stimulated with anti-CD3 or pokeweed mitogen, CD25 +
cells were detectable in the lamina propria as early as 6 h (Fig. 8.3)!4. Their
number increased until 24h of culture and remained the same thereafter
(Table 8.2). CD25+ cells were rare in the epithelium. Some of the CD25 +
cells were morphologically small and round, with only a small cytoplasm;
others were large and had the appearance of macrophages. The small cells
were CD3 +, CD4 +. Supernatants of stimulated gut cultures (taken on day
2-3 of culture) contained interleukin-2 and interferon-y, whereas unstimulated
cultures had no detectable lymphokine production. The same experiments
were carried out with fetal gut aged 12-14 weeks, which contains no or only
very few T lymphocytes. In this case the addition of pokeweed mitogen or
anti-CD3 induced no CD25 + cells in the lamina propria and no lymphokines
were detectable in the supernatants.
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Figure 83 CD25+ cells in the lamina propria of a 19-week-old fetal gut explant stimulated
with anti-CD3. These cells were not detected in explants cultured in normal medium.
Immunoperoxidase, x400

Consequences of T lymphocyte activation

Mucosal morphology. Examination of the gross appearance of the explants
from 18-20-week-old fetuses treated with pokeweed mitogen or anti-CD3
showed major differences from controls®. In controls the villi were shorter
than usual due to water absorption, but they were clearly visible. In T
lymphocyte-stimulated cultures the surface of the mucosa was obscured by
a layer of cellular debris, but short villi could be seen underneath the debris
(Fig. 8.4a,b). Immunohistochemical analysis of the tissues showed that in
control cultures the villi were tall, and that epithelial cell division (detected
with the monoclonal antibody Ki67) was in the crypts. In contrast in T
lymphocyte-stimulated cultures villi were short and the crypts were hypertrophic.
The most dramatic feature, however, was the increase in epithelial cell
proliferation induced by T lymphocyte stimulation. This was apparent by a
10-fold increase in epithelial Ki67+ cells and a similar increase in the rate
of epithelial crypt cell production as measured by stathmokinetic techniques
(Fig. 8.5a,b).

Table 8.2 Number of CD25+ cells (immunostaining with monoclonal anti-CD25 antibody)
in the lamina propria of fetal small intestinal organ cultures of various ages after culture with
pokeweed mitogen (15 pg/ml) for 3 days; there were no CD25+ cells in the lamina propria of
any of the control organ cultures

Age of tissue (weeks) CD25+ cells/ x40 field
14 0

16 23+13

17 23409

18 125+1.5

20 159+ 44

22 21.3+26

Data adapted from ref. 2
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Figure8.4 Morphological appearance of explants of human small intestine of 18-week gestation,
cultured for 72 h in normal medium (a), and in medium containing 15 pg/ml pokeweed mitogen
(b). In the pokeweed mitogen-treated culture the surface is covered with epithelial debris. x24

Mucosal lymphocytes. As might be expected, the addition of T lymphocyte
mitogens led to an increase in the density of T lymphocytes in the lamina
propria’, (Fig. 8.6a,b). In control cultures, over the initial 72h of culture,
IEL levels decreased dramatically. In contrast, in anti-CD3-treated cultures
IEL levels remained high and even increased in some experiments. These
IEL had the unusual phenotype of CD3+, 4—, 8 —, and most of them used
the aff T cell receptor. Many of these IEL appeared highly motile and could
even occasionally be seen crossing from the epithelium onto the villous surface.
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Figure8.5 Ki67-staining of sections of explants of human fetal small bowel of 18-week gestation,
cultured for 72h in medium alone (a), or in medium containing 15 pg/ml pokeweed mitogen
(b). Notice the morphological changes (villous atrophy), and the intense epithelial cell proliferation
in the crypts in the pokeweed mitogen-treated cultures. Immunoperoxidase. x70

Other epithelial change. The local T lymphocyte inflammatory response also
led to a dramatic increase in HLA-DR expression on lamina propria cells
and crypt epithelial cells, which are usually HLA-DR negative'® (Fig. 8.7).
This was probably due to the local production of interferon-y. Although the
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Figure8.6 CD3+ cells in explants of human fetal small intestine of 18-week gestation, cultured
for 3 days in medium alone (a), or with anti-CD3 (b). Notice the increased number of T
lymphocytes in the anti-CD3-stimulated cultures. Immunoperoxidase. x60

epithelial cells were hyperplastic they were morphologically normal, and no
damage was seen to either crypt or surface epithelial cells in T lymphocyte-
stimulated cultures.

Effects of cyclosporin A. To ensure that the effects were due to activated T
lymphocytes, cyclosporin A was added at the onset of culture to inhibit T
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Figure 8.7 HLA-DR + crypt epithelial cells in 18-week-old fetal gut explants, stimulated with
pokeweed mitogen. Epithelial cells of unstimulated explants were all HLA-DR negative (not
shown). Immunoperoxidase. x260

lymphocyte activation?. This was effective in that in the presence of
cyclosporin A, the number of CD25+ cells in the lamina propria and the
amount of interleukin-2 in the supernatants was diminished. In addition,
cyclosporin A inhibited the mucosal damage and the increase in Ki67 + cells
in the crypts (Table 8.3).

Fetal colon. Similar experiments were carried out using explants of fetal
colon, the only major difference between fetal colon and small bowel being
that goblet cells are much more abundant in the former tissue. The addition
of pokeweed mitogen to explants of 17—20-week-old fetal colon led to CD25 +
cells in the lamina propria. There was also an increase in epithelial cell
proliferation in the glands, which was not so obvious as in the small bowel
because of the higher rate of proliferation seen in control cultures of fetal

Table 8.3 Effect of cyclosporin A on the development of crypt epithelial hyperplasia and the
appearance of CD25+ cells in pokeweed mitogen-treated human fetal small intestinal organ
cultures of 20-week gestation

Ki67+ cells/crypt CD25+ cells/ field

Control 04+0.2 0
Pokeweed mitogen (15 ug/ml) 352427 15.8 +44
Cyclosporin A (15 ug/ml) 1.6+ 0.6 0
Pokeweed mitogen + cyclosporin A 1.0+05 22405

Data adapted from Table 2 of ref. 2
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Figure 8.8 Sections of explants of human fetal colon of 20-week gestation, cultured for 72h
in medium alone (a), and in medium containing 15 pg/ml pokeweed mitogen (b). Notice the
goblet cell depletion in pokeweed mitogen-treated cultures. H&E, x240

colon. The most striking feature, however, of T lymphocyte-stimulated fetal
colon was the rapid decrease in epithelial goblet cells which were replaced
with columnar cells!® (Fig. 8.8a,b).
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ORGAN CULTURE OF JEJUNAL BIOPSIES FROM PATIENTS
WITH COELIAC DISEASE

To study intestinal mucosal function and metabolism in humans, Browning
and Trier developed a method for maintaining human jejunal biopsies with
normal morphology and functional activity in vitro for up to 72h'”. They
demonstrated increased incorporation of tritiated thymidine in biopsies of
patients with coeliac disease when cultured in gluten-containing medium as
compared to biopsies of the same patients when kept in a gluten-free
medium'®, thus showing that the high rate of epithelial cell renewal —
characteristic of untreated coeliac disease — was maintained in vitro.

Biopsies from patients with untreated coeliac disease showed some
improvement when cultured in vitro. There was an increase in enterocyte
height and the height of the brush border, and an increase in alkaline
phosphatase activity. If gluten was added to the cultures, no improvement
was seen'®. The same investigators demonstrated that cortisol added to the
gluten-containing medium could completely reverse the gluten effects, so that
the biopsies improved biochemically and morphologically as in gluten-free
medium?2° (Table 8.4). They later suggested that the use of the in vitro organ
culture model could allow a definitive diagnosis of coeliac disease on a single
biopsy?!; however, this has not proved to be a practical procedure.

To assess the role of different gluten fractions in producing enteropathy
in patients with coeliac disease, the organ culture model was used to test in
vitro cytotoxicity of several gluten fractions, some of them known to be toxic
in vivo*2. None of the gluten fractions tested were cytotoxic in vitro.
Nevertheless, other investigators were able to produce peptides from a-gliadin
which showed cytotoxicity to coeliac biopsies?>.

Table 84 Biochemical and morphological changes of jejunal biopsies in vitro in presence and
absence of gluten and cortisol

Alkaline phosphatase Sucrase Enterocyte
activity (umol glucose/  height (um)
(umol PNP/g g per min)

protein per min)

Normal controls

Oh 400 58 28
24-28 h/—gliadin 580 62 26
24-48 h/+ gliadin 590 64 26
24-48 h/ + gliadin/

+ cortisol 480 n.d. n.d.

Untreated coeliac disease

Oh 100 15 20
24-48 h/—gliadin 400 19 24
24-48 h/ + gliadin 200 10 19
24-48 h/+ gliadin/

+ cortisol 470 n.d. nd.

n.d. = Not done
Data adapted from refs 17 and 18
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Another interesting observation was the demonstration of migration-inhibition
factor (MIF) activity in the culture medium of biopsies from patients with
coeliac disease when cultured with gliadin, but absence of MIF activity when
cultured in the absence of gliadin®. These observations supported the theory
that coeliac disease is caused by a cell-mediated immune response of gut
lymphocytes to gliadin, and that this process causes crypt hyperplasia and
villous atrophy.

CONCLUSIONS

Activated T lymphocytes can be detected by immunohistochemistry using
monoclonal anti-CD25 antibody, which is an in vivo marker of lymphoid
cells that have recently been exposed to their specific antigen presented in
the context of MHC molecules. In the mucosa in some enteropathies,
CD25-positive cells can be found. In Crohn’s disease, CD25-positive cells
are abundant in the lamina propria of the inflamed mucosa, but are absent
in the uninflamed parts of the gut'. Double-staining showed that most of
these cells are T lymphocytes?*. In coeliac disease, CD25-positive cells are
also found in the lamina propria2>. Some infants with intractable diarrhoea
also have increased numbers of activated T lymphocytes in their intestinal
mucosa?®.

The in vitro organ culture model of human fetal intestine has proved to
be a useful instrument to investigate the role of mucosal T cells in the
pathogenesis of small bowel enteropathy. In situ activation of T lymphocytes
causes a severe crypt hyperplasia and villous atrophy, features very similar
to coeliac disease and early stages of small bowel Crohn’s disease. In fetal
colon, activation of T lymphocytes produces additionally a severe goblet
lymphocyte depletion, which can typically be found in ulcerative colitis. These
observations emphasize the important role of lymphocyte-mediated immunity
and T lymphocytes in chronic inflammatory bowel diseases and in food-sensitive
enteropathies such as coeliac disease, and indicate that these cells are of
primary importance and not just a secondary phenomenon.

Organ cultures of jejunal biopsies of patients with coeliac disease and
normal controls also proved to be a useful tool for investigating the
immunological basis of food sensitive enteropathies, although the system is
limited due to short periods of tissue survival in vitro.
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9
Molecular basis of cell migration into
normal and inflamed gut

M. SALMI and S. JALKANEN

The mucosal immune system functions as the first line of defence against
microbes. It includes the gut-associated lymphatic sites and some anatomically
remote tissues such as the lactating mammary gland. The gut-associated
lymphoid tissue consists of organized lymphoid tissues with well-defined B
and T cell areas (Peyer’s patches and appendix) and the lamina propria. The
mucosal immune system has some special features distinct from its non-mucosal
counterparts. For example, IgA is produced in the form of dimers and larger
polymers, and intraepithelial T cells of the mucosal epithelium represent a
unique T cell subpopulation®'?. The special nature of the intestinal immune
system is largely based on selective migration of effector and memory cells
to mucosal sites. A critical step controlling this migration is binding of
lymphocytes to vascular endothelium at sites of lymphocyte exit from the
blood. Several adhesion molecules, both on the lymphocyte and endothelial
cell surfaces, are required for this interaction. In inflammatory conditions,
expression of these molecules may change. Furthermore, some other adhesion
molecules are induced only at sites of inflammation to facilitate the traffic
of lymphocytes and other leukocytes into the tissue. Recently, new molecules
involved in this process have been reported, and functional and other
properties of the known ones have been elucidated in more detail. This review
will focus on the recent progress in research on leukocyte traffic to mucosal
lymphatic tissues both in physiological and inflammatory conditions. Especially,
the molecular interactions between leukocytes and vascular endothelium will
be discussed.
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IMMUNOLOGY OF GASTROINTESTINAL DISEASE
RECIRCULATION PATHWAYS

The starting point for the research on lymphocyte recirculation was the
fundamental discovery of Gowans and Knight®. They found that large
thoracic duct lymphocytes of rat home to intestinal lymphoid tissues when
injected back into the animals, whereas small lymphocytes can enter any
lymphoid tissue of the body. Since this discovery, several elegant in vivo
studies using different animal models have further increased our knowledge
on non-random migration of lymphocytes. These studies have created the
basis for the current concept of lymphocyte recirculation*~”: most mature
lymphocytes recirculate continuously between the blood and lymphoid
organs. They leave the blood by binding to specialized venules, called high
endothelial venules (HEV) in organized lymphatic tissues®. From there, they
drain into efferent lymphatics that return the cells via the thoracic duct back
to the blood circulation. Virgin lymphocytes can freely migrate through
different organs in the body in the search of antigen, but after antigen
activation they selectively migrate to sites where they first encountered their
cognate antigen.

At mucosal sites, after differentiation in the organized lymphoid organs
(Peyer’s patches/appendix) the lymphocytes drain into the intestinal lymphatics,
pass via the mesenteric nodes and enter the thoracic duct and the systemic
circulation. Finally, they leave the blood at mucosal sites. According to the
concept of the common mucosal immune system®:!°, this type of migration
system distributes cells sensitized at one mucosal surface to other mucosal
sites. Its importance is clearly demonstrated by the finding that the lactating
mammary gland secretes antibodies specific to antigens encountered in the
mother’s gastrointestinal tract, thus providing protection for the suckling.
Moreover, after oral immunizations, specific antibodies can be found in
secretions of anatomically distant exocrine glands®.

After entering the intestinal area, most B cells localize in the lamina propria
where they further proliferate and differentiate. In contrast, many T cells
migrate further into the intestinal epithelium. This phenomenon is at least
partially antigen-dependent, because luminal antigens determine the magnitude
of the intraepithelial migration''. On the other hand, intraepithelial lymphocytes
are found before the birth, indicating that the migration can also occur
independently of the antigen'2. Moreover, epithelial homing of y/5 T cells
has been shown to be independent of T cell receptor specificity' 3. Intraepithelial
lymphocytes are usually found along the basement membrane, and can
probably cross it to either direction'. Therefore, it seems possible that the
intraepithelial T lymphocytes re-enter the lamina propria for some
immunoregulatory function. The mucosal recirculation route is illustrated
in Fig. 9.1.

Even though lymphocyte recirculation occurs almost entirely via HEV
and venules functioning like HEV, there is a continuous low-grade migration
of lymphocytes and monocytes from the blood to afferent lymph at vascular
beds in non-lymphoid tissues'>. Interestingly, cells of the memory phenotype
have been found to accumulate in the afferent lymph!®. This indicates that
at least the memory cells are able to use this alternative pathway from the
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CELL MIGRATION INTO NORMAL AND INFLAMED GUT

Figure 9.1 Recirculation pathways of precursors of intraepithelial lymphocytes (IEL) and
lamina propria lymphocytes (LPL). Naive lymphocytes first encounter antigen and differentiate
in the Peyer’s patch. These activated lymphocytes then return back to the blood via the lymphatic
system. Finally, they reenter the mucosa and home into the lamina propria or into the epithelium

blood to non-lymphoid tissues at vascular beds. In contrast, cells of the naive
phenotype accumulate in the efferent lymph, suggesting that their recirculation
pathway mainly is from the blood to lymph nodes via HEV!S.

ASSAYS FOR LEUKOCYTE-ENDOTHELIAL CELL INTERACTION

Interaction between the lymphocyte and the vascular endothelial cell is an
essential step controlling lymphocyte recirculation and their extravasation
to sites of inflammation. Molecular interactions between lymphocytes and
HEYV can be studied using an in vitro assay, originally developed by Stamper
and Woodruff'”. In this assay, lymphocytes are incubated on frozen sections
of lymphoid organs. During this incubation, lymphocytes selectively bind to
HEYV in the tissue. The binding of lymphocytes to HEV in this assay system
has been shown to correlate extremely well to the homing capacity of different
lymphocyte populations in vivo'8. Development of this HEV-binding assay
has been invaluable for human studies because of the experimental limitations
inherent in human in vivo studies. Using this assay the original observation
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