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TCRBC T cell receptor-(J-chain constant region
TCRBV T cell receptor-P-chain variable region
X-BM X-irradiated and bone marrow reconstituted



Introduction

This thesis originated from an attempt to develop an experimental model of human

scleroderma in terms of microvascular changes and dermal histology. The model of

Cyclosporin A induced autoimmunity, originally called syngeneic graft-versus-host disease,

yielded in its chronic phase histological changes, indistinguishable from cutaneous scleroderma

in man. The present study addresses the question how these changes are brought about in

terms of immunological mechanisms involved. It was at the beginning of this study apparent

that in the generation of these lesions both the thymus and the peripheral T cells were involved.

For induction of disease Lewis rats are lethally X-irradiated, rescued with syngeneic bone

marrow, and next given Cyclosporin A, an immunosuppressive drug, for 6 weeks; disease

develops a few weeks after cessation of Cyclosporin A therapy. Since thymectomies prior to

irradiation prevent disease, the source of the autoreactive T cells had to be the thymus. It was

also clear however, from adoptive transfer studies with autoreactive T cells from Lewis rats

suffering from Cyclosporin A induced autoimmune disease, that disease could not be

transferred unless the peripheral autoregulatory T cell circuit of the normal Lewis recipient rats

was first eliminated with X-irradiation or Cyclophosphamide. Thus the model required the

presence of autoreactive thymus derived T cells on the one hand and a deficient or aberrant

peripheral autoregulatory T cell circuit on the other hand. This topic is covered in Chapter 1

which presents a review of the literature.

The role of the thymus in this model was examined in Chapters 2, 3 and 4. In Chapter

2 we determined at which point in time the autoreactive T cells leave the thymus; the question

being whether or not these autoreactive cells leave the thymus during CsA therapy: throughout

medication or at a defined time span. We wanted to know in addition, whether or not X-

irradiation of the thymus itself was necessary for disease to develop.

In Chapter 3 we addressed the question how Cyclosporin A manages to increase the

output of the thymus of autoreactive T cells, and asked specifically the question whether or not

this was brought about by elimination of the medullary dendritic cells of the thymus. For if this

was the case, interference with negative selection would have an immunohistological basis. In

addition, dendritic cells, from normal and Cyclosporin A treated Lewis rats, were isolated from

the thymus and tested for biological function m vi/ro.
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Chapters 5 and 6 deal with the peripheral T cells. In Chapter 5 we examined the

peripheral autoregulatory T cell circuit of Lewis rats which are susceptible to disease, and

Brown Norway rats which are resistant to it; the reasoning being that given the observation that

the effect of Cyclosporin A on the thymus of Brown Norway and Lewis rats was

indistinguishable, resistance to or susceptibility to the disease had to be determined by the

peripheral autoregulatory T cell circuit.

In Chapter 6 finally, we addressed the question which autoreactive T cells cause the

disease in a model of adoptive transfer studies, which allows the undisturbed expansion of the

adoptively transferred T cell subset.
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Introduction

The major aim of the immune system is to protect the individual against infections and to

avoid at the same time autoimmunity. The accurate discrimination between pathogens and

self-antigens, i.e. the difference between an immune response and tolerance, is based on

specific recognition by receptors on lymphocytes; surface-bound immunoglobulins in the

case of B cells and T Cell-antigen Receptors (TCR) in case of T cells. An enormous diversity

in immunoglobulins and TCR, achieved by random rearrangement of DNA segments coding

for the receptor, results in foreign- and self-antigen recognizing receptors. Hence, selective

mechanisms are required to eliminate the potentially self-reactive receptor bearing cells and

to retain potentially useful but harmless lymphocytes, in the context of self-recognition.

Autoimmunity is the consequence of an inappropriate, yet conventional, immune response

against self-antigens for which tolerance was not established, or if established, breaks down.

Human autoimmune diseases can be divided roughly into two categories: organ specific

autoimmune diseases and systemic autoimmune diseases, depending on whether or not the

response is directed against antigens localized in particular organs. Studies of human

autoimmune diseases are hampered by the fact that most patients are seen when disease is

already clinically manifest. However, the mechanisms underlying autoimmunity can be
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studied in animal models of disease resembling human autoimmunity. There are a few

spontaneous animal models for autoimmune diseases such as diabetes (the non-obese diabetic

(NOD) mouse and the diabetic-prone Bio-Breeding (DP-BB) rat), thyroiditis (the obese

chicken), systemic lupus erythematosus (the MRL-lpr and the New Zealand Black mice) and

scleroderma (the tight skin (TSK) mouse and Line 200 chicken). These models offer the

opportunity to study pathogenesis of disease and effector mechanisms. For some other

autoimmune diseases there are no spontaneous models and models equivalent to human

autoimmune diseases have to be induced. There are two types of experimentally induced T

cell mediated autoimmune diseases; antigen induced and more or less "physiological"

models. Antigen induced models, such as collagen-induced arthritis (CIA), adjuvant arthritis

(AA) and experimental allergic encephalomyelitis (EAE), are induced by introducing an

antigen equal to or mimicking the autoantigen. In addition, these models require an adjuvant

that elicits a strong immune response. The antigen-specific autoreactive T cells are offered an

ideal environment with abundant presence of the autoantigen and "professional" antigen

presenting cells (APC). The immunization will allow expansion of the autoreactive cells and

disease will develop.

On the other hand there are the more or less "physiological" autoimmune models,

induced by irradiation or neonatal thymectomy (neo-Tx). These models are not induced by

immunization but are based on the activation of already present autoreactive T cells. These

cells are not directly activated by the antigen but become active by eliminating a large part of

the normal regulatory and suppressive T cell population. The Cyclosporin-A induced

Autoimmunity model, described by Glazier et al. (1) and referred to as CsA-AI, has in

common with these "physiological" models that it is not caused by immunization. This model

is induced by high dose X-irradiation and syngeneic bone marrow transplantation (BMT), in

combination with Cyclosporin-A (CsA) therapy.

The peripheral T cell circuit is built up according to an apparently simple principle;

during T cell ontogeny in the thymus useful cells are retained, useless cells are discarded by

neglect and harmful cells are destroyed or inactivated. As valid and simple as this principle

seems, every individual harbours autoreactive T cells in the periphery, albeit in a low

frequency. T cells, reactive to a scala of autoantigens can be found and yet, autoimmune

disease is not a common phenomenon. However, some individuals are prone to develop

autoimmune diseases due to T cells reacting against self-antigens. Special circumstances

have to be created for the autoreactive T cells to exert their autoaggressive activity. In this

overview, possible mechanisms, involved in development and activation of autoreactive T

cells, will be discussed using the CsA-AI model. The purpose of this review is to compile

diverse concepts on the mechanisms acting in the thymus and the periphery in CsA-AI.

Aberrant thymic selection, a prerequisite for CsA-AI, will be discussed related to normal
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self-tolerance induction in the thymus. Next peripheral mechanisms will be discussed in

terms of regulatory versus effector cells.

Cyclosporin-A induced Autoimmunity

CsA induced Autoimmunity (CsA-AI) may provide additional insight in peripheral T cell

development and some of the requirements for development of autoimmune disease. CsA-AI

is a remarkable experimental model because it is induced with the immunosuppressive drug

CsA that is normally used to prevent allograft rejection, to suppress ongoing autoimmune

diseases and to suppress Graft-versus-Host disease (GvH) after allogeneic BMT.

Experimental CsA-AI is readily induced in Lewis rats, 5 to 6 weeks of age, subjected to

lethal 8.5 Gy X-irradiation. The haemopoetic stem cell damage is corrected by syngeneic

BMT or autologous BM engraftment, by shielding one of the hindlegs during X-irradiation.

Starting on the day of syngeneic BMT, within 24 hours after X-irradiation, the rats are treated

daily with low dose CsA (7.5 to 15 mg/kg) for several weeks. About 2 weeks after cessation

of the CsA treatment the rats will develop macroscopic signs of disease indistinguishable

from GvH. Severe weight loss is an early parameter of development of disease and is

accompanied in chronologic order by erythroderma (an intense red discolouration of the skin

observed on the ears, nose and footpads), dermatitis (inflammation of the skin, noticed as a

brown discoloured and ruffled fur) and alopecia (severe hairloss), which are observed during

the first 6 weeks in the acute phase of disease. The late chronic phase of disease, after about

12 weeks and thereafter, is microscopically characterized by deposition of collagen in the

dermis. Proper recovery of the hair follicles is absent; the rats remain almost hairless (2).

The CsA-AI model is of interest for 3 reasons. First, induction of CsA-AI is

therapeutically used in leukemia patients. Second, the chronic phase of CsA-AI in the Lewis

rat resembles Scleroderma, an autoimmune disorder in man. And third, CsA-AI provides a

model to study the development of more or less "physiological" autoimmunity.

Leukemia patients are often subjected to high dose X-irradiation or treatment with

cytostatic drugs. After the anti-cancer therapy has destroyed the majority of the leukemic

cells and also the patient's haemopoetic stem cells, reconstitution with allogeneic BM is

required. The best suited, i.e. best MHC matched, donor available will be used. Still,

development of allogeneic GvH may occur and immuno-suppressive therapy becomes

necessary. However. CsA therapy after BMT can have conflicting results. Like in the Lewis

rats, CsA therapy may lead to development of a CsA-AI like (i>. GvH like-) syndrome.

Omitting immuno-suppressive therapy may result in the development of T cell mediated

GvH caused by T cells derived from the donor BM; CsA treatment is given to suppress this

disease but may paradoxically, see above, also bring it about (3). Human CsA-AI as well as

GvH both have deleterious and beneficial effects. The deleterious effect is the destruction of
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tissues by infiltrating T cells. The beneficial effect resides in the fact that GvH has anti-

leukemic potential, so-called graft versus leukemia effect, possibly because of the MHC class

II molecule being the target antigen. Analogous to GvH, it has been suggested that a non-

polymorphic determinant of the MHC class II molecule is also the autoantigen in rat CsA-AI

(4, 5). Human CsA-AI after BMT (induced after allogeneic, syngeneic or autologous BMT)

is already tested for it's usefulness as an anti-cancer therapy and has shown regression of

leukemia in some of the patients (3, 6-9). Knowledge of CsA-AI may provide a handle to

control post BMT GvH and still retain T cell reactivity with anti-leukemic properties.

CsA-AI resembles Scleroderma, an autoimmune disorder in man (10). The etiology of

Scleroderma is unknown and there is little knowledge of the autoaggressive effector cells.

Three animal models resembling Scleroderma exist; allogeneic BMT induced GvH showing

the typical vascular changes (11), the TSK-mouse (12) and the Line 200 chicken (13). Lewis

rat CsA-AI also shares similarities with this autoimmune disease. The late chronic phase of

CsA-AI is characterized by extensive collagen depositions in the skin lesions (2), and T cell

infiltrates in the epidermis, mostly CD8 T cells (14), phenomena that are observed in

Scleroderma as well.

Finally, CsA-AI is not induced by immunization with a known antigen, but is based upon

aberrant T cell development. The disease is caused by T cells and the requirement of the

thymus has unequivocally been established. The T cells causing this syndrome are formed

during CsA-therapy. When disease is clinically manifest, CsA-AI can be adoptively

transferred to secondary syngeneic recipients provided regulatory cells are eliminated by X-

irradiation or cyclophosphamide. While CsA-AI is readily induced in Lewis rats, Brown

Norway (BN) rats are resistant (15). Taking these observations together, CsA-AI provides a

tool to study T cell development (maturation and tolerance induction) and to determine some

of the prerequisites for autoimmune diseases.

The thymus in CsA-AI

77ie ro/e o/f/ie f/rymu.s The thymus plays unequivocally a key role in CsA-AI. Thymectomy

prior to X-irradiation completely prevents development of CsA-AI and the presence of an

intact thymus is obligatory during at least the first 2 weeks of CsA treatment (16, 17). X-

irradiation of the thymus itself is, however, not required (17). The radiation dose required to

induce CsA-AI eliminates almost all peripheral lymphocytes and thymocytes. Hence, the

effector T cells must be generated in the thymus after X-irradiation and leave the thymus

during CsA therapy (17). The development of TCRa(}+ T cells, the effector cells in CsA-AI,

will be discussed. For the sake of brevity, extra-thymic T cell development as well as

development of the 78 T cell lineage, are not discussed.
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77r>7mc se/ecr/on Inside the thymus thymocytes develop into functional T cells. During

maturation the thymocytes travel through the thymus and the intrathymic journey of

developing thymocytes can be viewed as a series of educational experiences. The normal

thymus can be divided in a cortical and a medullary area, each with specific stromal cells and

thymocytes. The cortex is filled with the CD4CD8 double positive (DP) thymocytes, whereas

the medulla contains predominantly CD4 or CD8 single positive (SP) thymocytes. The

expression of the TCR is upregulated during maturation: CD4CD8 DP have an intermediate

expression of TCRaP whereas the CD4 and CD8 SP thymocytes have a high expression of

TCRap. Normal thymocyte populations contain approximately 80 to 90 % CD4CD8 DP

thymocytes and less than 20 % CD4 or CD8 SP thymocytes (Fig. 1, 2a & c).

CD8

Figure 1. Rat thymocyte maturation: (1) Bone
marrow-derived cells enter the thymus as
CD4CD8 TCR triple negative cells. (2) Via
the CD4CD8+TCR" stage they become (3)
CD4CD8 DP and begin to express TCRap".
(4) The final stage is formed by the CD4 or
CD8 SP TCRa|}+ thymocytes.

CD4

The major function of the thymus is to test thymocytes for their usefulness, »'.e. self-MHC

restriction together with non-self antigen recognition. Hereto thymocytes need surface

expression of a functional TCR and expression of MHC class I and II on surrounding stromal

cells (18, 19). Once the thymocytes express functional TCRa(3 on their surface, they become

subject t o selection. I n principle, thymocytes have t o pass two selection filters; positive

selection favouring the cells able to recognize antigen in the context of self-MHC molecules,

and negative selection to eliminate or inactivate thymocytes bearing TCR recognizing self-

antigen in the context of self-MHC molecules (20). Elimination of self-reactive thymocytes

would require the presentation of many self-antigens and multiple testing of thymocytes that

encounter antigen-MHC complexes presented by the thymic stromal cells. Introduction of

non-thymic antigens into the thymus indeed results in tolerance induction, albeit in principle

only via the MHC class II molecule. Allograft rejection is prevented by intrathymic injection

of allogeneic splenocytes or even allogeneic MHC class I and II peptides (21) and
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Figure 2. Tri-colour flowcytometry analysis of thymocytes stained for expression of CD4 (mAb ER2), CD8

(mAb 0X8) and TCRaP (mAb R73). Based on expression of CD4, CD8 and TCRaP, thymocytes can be sub-

divided in 4 populations as described in figure 1. In control thymuses about 10 to 20 % of the thymocytes are

CD4 or CD8 SP TCRaphigh as depicted in the upper-left dotplot for CD4 and CD8 expression and lower-left

histogram for TCRaP-expression. Upon CsA therapy (7.5 mg/kg administered daily for 4 weeks) the number of

these mature thymocytes is severely decreased as can be noted in the upper-right CD4. CD8 dotplot and lower-

right TCRaP-histogram. The experimental design is described in chapter 3.

development of diabetes in DP-BB rats is prevented by intrathymic transplantation of

syngeneic Langerhans islets (22). Selective mechanisms to prevent autoimmunity can use

self-antigens presented in the thymus even if they are presented only in minute amounts (23).

However, although the blood thymus barrier is not absolute (18, 19, 24, 25), it is not

plausible that the thymus is able to present all self-antigens to all thymocytes. However, not

only the TCR specificity determines the fate of the thymocyte but affinity/avidity of the TCR

for the MHC/peptide complex plays a major role as well. This would allow testing in few

events, by combined or separate positive and negative selection (Fig. 3). Selection, positive

or negative, is dependent upon the signal rendered by the TCR's affinity/avidity for the self-

MHC antigen complex. An intermediate or higher signal, on an arbitrary scale, will result in
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positive selection and continuation of development (area B & C). Absent or only minor

interaction with self-MHC results in an inadequate signal and the thymocytes will not

continue maturation; cell death occurs by neglect (area A). At the other side of the scale, a

high signal, is indicative for high affinity/avidity of the TCR for self-MHC/self-antigen equal

to self-reactivity. The high signal leads to apoptosis or programmed cell death and self-

reactive thymocytes are hereby clonally deleted (area C).

There is ample evidence for the affinity/avidity model based on TCR transgenic mice and

clonal deletion of "forbidden" p-chain variable region (BV) families due to endogenous

mouse mammary tumor virus (Mtv) superantigens. Selection by affinity is not only driven by

the TCR itself, but is also dependent on the accessory molecules CD4 and CD8. Mice,

transgenic for a single antigen-specific TCR, demonstrate that given a single TCR-

specificity, the density of CD8 molecules on the cell surface determines whether the

thymocytes will be positively selected or deleted (27). This indicates that the fate of the cell

is dependent upon the total signal of the interaction between TCR and CD4 or CD8 with the

MHC molecule. The X-axis of figure 3 can therefore be replaced by the intracellular signal,

achieved by cross-linking of TCR and accessory molecules to the MHC molecules. On the

other hand, Mtv superantigens cause clonal deletion by linking the TCR BV to the MHC

class II molecule, thereby mimicking TCR-antigen recognition, irrespective of the antigen

positive selection

deletion

affinity of thymocytes for
self MHC/peptide complexes

Figure 3. Affinity/avidity model for thymic selection. Interaction of the thymocyte TCR with MHC-peptide

results in an intracellular signal, responsible for the fate of the thymocyte. Only thymocytes with moderate

affinity/avidity for the MHC-peptide complex will become fully mature thymocytes (area B). Thymocytes with

low affinity/avidity (area A) will die by neglect. Thymocytes with a high affinity/avidity will be clonally deleted

via apoptosis (Area C). Adapted from J.I. Eliot, Imm. Rev. 135, 1993 (26)
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that is presented by the MHC class II molecule. Every Mtv strain has different affinities for

the different BV families. Inbred mouse strains with their specific Mtv superantigens

therefore show different TCR BV deletion patterns. This provides a unique tool to determine

whether clonal deletion is active inside the thymus or in the periphery.

Although there is no consensus as to whether positive and negative selection occur at the

same time and the same location in the thymus, it is generally held that positive selection

occurs in the cortex when CD4CD8 DP TCRap'""="™diate expressing thymocytes react with

the cortical epithelium, whereas negative selection is caused by interaction of the CD4 or

CD8 SP TCRotphigh thymocytes with medullary dendritic cells. This was elegantly

demonstrated in j/m in mice; direct evidence for apoptosis due to negative selection was

obtained by crossing TCR BV5 transgenic mice to I-E+ and I-E" mice. I-E+ mice are known

to eliminate TCR BV5+ T cells whereas I-E" mice do not. Only in the medulla of I-E+ x TCR

BV5 transgenic mice many apoptotic thymocytes were observed, whereas the cortex of I-E+

x TCR B V5 was similar to the cortex of I-E" x TCR B V5 (28). The absence of certain B V-

families (due to endogenous Mtv superantigens) in both the CD4 and CD8 SP medullary

thymocyte population, but not in the CD4CD8 DP cortical thymocyte population, however, is

indicative for negative selection in the CD4CD8 DP stage (29). Still, this does not define the

localization where negative selection, based on BV-family expression, occurs. Dendritic

cells, thought to be involved in negative selection are mainly present in the cortico-medullary

region, the extensive border between cortex and medulla, i.e. in the area of transition of DP to

SP thymocytes. The role of medullary epithelial cells has been addressed in double

transgenic mice. DBA (H-2^ haplotype) mice expressed the transgenic MHC class I H-2 K^

molecule under control of the bovine keratin type IV promotor, and a second transgene

encoding for a TCR specific for the H-2 K*> antigen. The keratin type IV promotor induced

expression of the H-2 K^-antigen on peripheral keratinocytes and also on thymic medullary

epithelial cells. This resulted in the induction of anergy, not deletion, in the CD8 SP TCR-

transgenic thymocyte population (30). Thymocytes that enter the medulla, which are

probably already positively selected, can undergo negative selection either by clonal deletion

or induction of anergy.

Cyc/o5pon'n-i4 and f/ie f/rym<« CsA has a clearcut effect on the thymic stroma and its cells.

First there is the effect of CsA therapy on thymic size and thymocyte numbers. CsA therapy

decreases the total number of thymocytes, although the most profound effect is observed on

the medullary thymocytes; the relative numbers of CD4 and CD8 SP TCRaP^igh thymocytes

are strongly decreased (Fig. 2b & d). Second, there is the effect on thymic morphology. The

medulla disappears almost completely and medullary MHC class II expressing cells are

reduced (31, 32). Relatively large area's void of epithelium are found in the center of the
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thymic lobuli, where normally the medulla is located (33). These area's now contain small

cortex-like thymocytes. Suggestions have been offered to explain the reduced numbers of

medullary thymocytes and the defective intrathymic tolerance induction. Upon CsA therapy

cortical thymocytes emigrate to the periphery where the thymocytes mature in the absence of

intrathymic selection mechanisms (34-36), or absence of MHC class II expression by

medullary stromal cells prevents proper negative selection, and thymocytes leave the thymus

unselected. However, we were not able to detect increased emigration of thymocytes upon

CsA administration. On the contrary, we observed a decrease in thymic output using a CsA-

dosage that is sufficient to cause autoimmune disease in the syngeneic BM chimaeras

(Chapter 5). Furthermore, the reduced medulla of CsA treated rats still contains dendritic

cells and medullary epithelial cells (33). Immunohistology revealed that the stromal cells are

phenotypically not altered. In addition, dendritic cells, isolated from CsA treated rats, are

phenotypically and functionally not different from dendritic cells isolated from control rats

(37). Therefore, the few remaining medullary thymocytes can still be subjected to negative

selection.

CsA has a direct effect on thymocyte maturation; the immunosuppressive drug not only

effectively blocks the proliferation of mature peripheral T cells, but also blocks thymocyte

maturation from conical CD4CD8 DP thymocytes into medullary CD4 and CD8 SP

thymocytes (38-40). CsA inhibits T cell activation by interacting with the intracellular route

of signalling following ligation of the TCR. Upon binding of CsA to cyclophylin the newly

formed immunophylin-drug complex binds next to calcineurin. This tri-molecular complex is

able to block the translocation of the cytoplasmic component of the transcription factor NF-

AT to the nucleus and eventually results in inhibition of cytokine synthesis (reviewed by

Schreiber and Crabtree, (41)). Since TCR-ligation is not restricted to mature T cells in the

periphery, but is also required for maturation and selection of thymocytes, it is plausible that

CsA has profound effects on thymocyte maturation. The intracellular signal that results from

interaction of the TCR with the MHC/peptide complex is down-regulated by CsA. However,

the intracellular signal is an important event in thymocyte maturation. Now, only the

thymocytes that react with high affinity for the MHC-peptide complex, and consequently will

respond with a higher intracellular signal, will be positively selected (Fig. 4); the positive

selection window shifts towards a higher affinity. Consequently, less cells will be positively

selected and migrate to the medulla. In the medulla some thymocytes that would normally

receive a lethal clonally deleting signal will now survive due to their higher affinity. The

result is (1) less positive selection and (2) survival of cells with a higher affinity for the

presented MHC-peptide complexes. The net result is impaired clonal deletion and

thymocytes bearing high affinity TCR are able to enter the periphery. Indeed normal clonally

deleted T cells, detected by the expression of "forbidden" TCR BV families, are reappearing
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positive selection

deletion

affinity of thymocytes for
self MHC/peptide complexes

Figure 4. Affinity/avidity model for thymic selection. CsA-administration decreases the intracellular signal upon

thymocyte TCR/MHC-peptide interaction. Positive selection (area B in Fig. 2) is now shifted towards a higher

affinity to compensate for the decreased intracellular signal. Thymocytes in area A and B| are not positively

selected, whereas thymocytes in B2 and Ci (under normal conditions the negative selection area) are positively

selected. Only thymocytes in C2 are negatively selected. Altogether less thymocytes are selected with an

average higher affinity. Adapted from J.I. Eliot, lmm. Rev. 135, 1993 (26)

in the medullary thymocyte population and periphery after CsA therapy (38, 39).

CsA causes a decrease in mature medullary thymocytes because of the decreased survival

of cortical thymocytes by positive selection. The constitution of the entire medulla is highly

dependent on the presence of mature SP TCRaP^'gh thymocytes. Degeneration of the

medulla is observed in naturally immune deficient animals such as severe combined immune

deficiency (SCID-) mice (42) as well in experimentally induced immune deficient RAG-1,

TCRa, 8, (3 or p/8 knock out mice, reviewed by Ritter and Boyd (43). Reconstituting the

immune deficient animals with TCRap"'S" thymocytes results in the generation of a normal

medulla, both in terms of size and stromal cells (44). The two stromal components of the

thymic medulla, i.e. epithelium and dendritic cells, show striking similarities to each other in

a way that, at least in the mouse, re/6, a gene otherwise specific for mature peripheral

dendritic cells, is critical in the coordinated activation of genes necessary for the

differentiation of both cell types (45). It is therefore possible that CsA, by directly inhibiting

thymocyte maturation, indirectly causes degeneration of the entire thymic medullary

microenvironment.
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In summary, the thymus offers the thymocyte an environment to test the usefulness of the

TCR. The TCR presented inside the thymus has to answer to MHC recognition with an

"intermediate" signal. It is doubted whether the entire self-antigen repertoire is represented in

the thymus, but the thymus is probably capable to present many self-antigens that are related

to normal cellular functions. Organ- or site-specific antigens may be absent in the thymus.

Thymic selection is therefore not complete, however, intrathymal selection decreases the

frequency of autoreactive T cells. Inhibition of thymic negative selection, as caused by CsA,

results in a increased frequency of normally clonally deleted T cells. Additional peripheral

tolerizing mechanisms will be required.

The periphery in CsA-AI

Per/p/iera/ To/era/ice verms Autoi'mmum'ty Under normal circumstances potentially

autoreactive T cells escape from the thymus, but these cells will not bring about an

autoimmune response. Peripheral mechanisms such as extrathymic deletion, anergy induction

and active suppression by regulatory T cells prevent autoimmunity. Even when increased

numbers of autoreactive T cells escape into the periphery, autoimmunity does not develop

since autoreactive T cells have to encounter their antigen in the context of the right MHC

molecule together with costimulatory signals. Absence of this secondary signal prevents

proper T cell activation and causes either clonal deletion or anergy; both mechanisms cause

functional tolerance. These peripheral regulatory mechanisms have been demonstrated in

double transgenic mice. TCR transgenic mice, with a TCR recognizing the MHC class I H-2

K^ molecule, were crossed with mice transgenic for the expression of this MHC class I H-2

K .̂ Different promoters were used to regulate the expression of this H-2 K^ molecule. These

promotors are site/organ related (the GFAP promotor results in H-2 K^ expression on neuro-

ectodermal cells, the keratin promotor in expression on epithelial cells, the albumin promotor

in a constant expression in the liver and the promotor for C-reactive protein induces H-2 K*>

expression in the liver only after systemic LPS infusion) and therefore cause expression in

different locations and in different amounts (46). All these different models yielded tolerance

by deletion or anergy, albeit there were different levels (reversible or irreversible) of anergy.

In addition it was shown that anergic T cells themselves can make other T cells anergic as

well by competing for APC surface and locally produced IL2 (47).

T cell-mediated suppression as such is a known phenomenon, but its underlying

mechanisms are still matter of debate. Regulatory T cells are not clearly defined, although in

several experimental autoimmune models regulatory T cells have been demonstrated that

prevent development of autoimmunity. These regulatory cells constitute a normal part of the

total peripheral T cell population. In adoptively transferred gold-salt induced autoimmunity
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CD8 T cells have regulatory properties (48). In autoimmune models such as diabetes, EAE

and inflammatory bowel disease a regulatory role is attributed to the balance between Thl

a n d T M c e l l S . WJH;«;SV»S' .;:•:=;:;;•::.• •

In order to develop autoimmune disease, a triggering event is necessary. In man e.g.

intraveneus administration of IL2 may cause hypothyroidism, probably by a breakdown of

tolerance to thyroglobulin, thus causing autoimmune thyroiditis (49). Induction of

experimental autoimmune diseases in animals require a major change in the immune status of

the animal. Antigen-induced autoimmune models require adjuvants that elicit a strong local

immune response. The more "physiological" autoimmune models require drastic changes

such as neonatal thymectomy or high dose X-irradiation. Both kinds of models appear to

depend on increasing the frequency of autoaggressive T cells relative to the regulatory T

cells.

Events that may be important in order to develop autoimmune disease are discussed on

the basis of CsA-AI in relation to other autoimmune diseases. Three aspects are observed in

CsA-AI; (1) disease is T cell mediated and the thymus is only required during CsA-therapy,

(2) CsA-AI can be adoptively transferred to syngeneic recipients by T cells provided the

recipients are depleted for peripheral T cells and (3) not all strains are susceptible.

T ce//s ami Cs/4-A/ CsA-AI is induced by a combination of increased output of

autoreactive T cells and an incomplete recovery of the total peripheral T cell population.

CsA-AI is easily transferred to secondary syngeneic animals. Two major requirements for

adoptive transfer of disease are (1) full-blown development of disease in the donor and (2) X-

irradiation of the recipient. Since disease is manifest in the donor, effector T cells are already

generated and activated. Sufficient effector T cells are present in the lymph nodes (chapter 6)

or spleen to adoptively transfer disease to syngeneic recipients. If, however, T cells isolated

from a healthy normal rat are added to the effector T cells in a ratio of 2:1 (normal

cells:effector cells) no disease will develop. Further studies on the "protective" property of

normal T cells have yielded two important findings. First, protection is abrogated if the

normal T cells are depleted of CD45RC negative Th cells (50). CD45RC is a high molecular

weight isoform of the leukocyte common antigen (LCA) CD45, recognized by the

monoclonal antibody OX22 (51), and expressed by part of the CD4 and CD8 T cells. Second,

the ability to protect against CsA-AI can be increased by immunizing rats with 2,000 rad X-

irradiated syngeneic CsA-AI effector cells (52). Protection is now achieved by adding T cells

from "immunized" donors in a ratio of 0.67:1 of normal cells:effector cells, which is a

threefold enhancement of protection. The latter study attributes a regulatory role to the CD4

T cell population, without further defining expression of CD45RC.
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CD4 Th cells can be divided into Thl and Th2 cells, functionally characterized by the

production of specific cytokines and the type of immune response the subsets are involved in.

Thl cells produce mainly IL2, IL12, IFNy and TNFa and are involved in cellular immune

responses such as delayed type hypersensitivity, whereas Th2 cells produce IL4, IL5 and

IL10 and provide help to B cells (53). In rats, CD4 Th cells can be divided into CD45RC

positive and negative populations. Expression of CD45RC correlates well with the cytokine

pattern described for Th 1 cells (54) and CD45RC+ Th cells have autoimmune properties with

respect to CsA-AI, wasting disease and diabetes (50, 55, 56). CD45RC" Th cells are

protective in a way that these cells, when adoptively transferred, prevent development of

CsA-AI, wasting disease or autoimmune diabetes. Expression of RT6, an alloantigen surface

molecule in the rat, also discriminates two Th cell subsets. Like CD45RC, RT6 distinguishes

between Th cells with a regulatory and Th cells with an autoimmune character. RT6+ Th

cells are the regulatory cells and are producers of IL2 and IL4 but not IFNy. RT6" Th cells are

on the other hand producers of IL2 and IFNy and have no protective properties in T cell

mediated autoimmunity such as diabetes (57-59). Development of autoimmunity appears to

be dependent upon a disturbed balance between CD45RC+ and CD45RC" or RT6' and RT6+

Th cells. The combination of RT6 and CD45RC to describe regulatory Th cells was used for

the first time in radiation-induced diabetes in the non-diabetogenic PVG RT1" rat strain.

Regulatory Th cells could be characterized by expression of RT6 and absence of CD45RC

expression (56).

We used a similar approach to study Lewis rats subjected to induction of CsA-AI.

According to a model proposed by Kampinga et al. (60), Thl-like cells are phenotypically

characterized by expression of CD45RC and no expression of RT6. Activation of this Th cell

subset (by cross-linking of the TCR in the presence of syngeneic dendritic cells) induces the

production of IL2 and IFNYmRNA, a trait which is unique for this Th cell subset (chapter 5).

On the other hand, Th2-like cells express RT6 but not CD45RC. This Th2-like CD45RC",

RT6+ Th subset is phenotypically equal to the regulatory Th cell described by Fowell et al.

(56). In Lewis rats the ratio between the phenotypically defined Thl like and Th2 like cells is

about 1:3, and upon development of CsA-AI this ratio is reversed in favour of the Thl like

cells, resulting in a ratio of 2:1 (chapter 5), indicating that the reversal of the Thl:Th2 ratio,

in favour of the Thl-like cell population, is a critical determinant for development of CsA-

AI.

Lewis rats are highly susceptible for induction of CsA-AI; the Brown Norway (BN) rat

strain on the other hand is resistant. In BN rats, which do not develop CsA-AI, the expansion

of CD45RC+, RT6- Th cells does not occur. The susceptibility for CsA-AI is not related to

the MHC haplotype of the strain used. The Lewis IN (a Lewis-congenic with the same MHC

haplotype as the BN, RT1") is susceptible, whereas the BN1L (a BN congenic with the Lewis
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MHC haplotype RTl') is resistant. Susceptibility is therefore related to non-MHC antigens.

The resistance, as determined by the BN non-MHC antigens is a dominant trait since

LewisxBN Fl hybrids are completely resistant to CsA-AI like the BN (unpublished results).

With respect to the Thl:Th2 ratio's Lewis and LewislN rats are similar and so are BN and

BN1L rats. The regulatory role that has been attributed to the CD45RC", RT6+ Th2 like

population correlates well with the resistance to CsA-AI in BN and BN1L rats. In mice,

CD45RB, the high molecular weight form of LCA, analogous to rat CD45RC, also

discriminates between regulatory and autoreactive T cells, as described in relation to

inflammatory bowel disease (61, 62).

While BN rats are resistant to induction of T cell mediated diseases such as EAE, AA and

CsA-AI, they are very susceptible for the antibody mediated Mercury-Chloride induced

autoimmunity (63). Here an inversed situation exists: the effector cells are found within the

CD45RC- T cells, whereas protection is obtained with normal CD45RC+ T cells (64). It has

phenotypically been shown that the large differences in the CD45RC+RT6-: CD45RCRT6+

ratio is different between rat strains, but not between age and sex matched individuals within

a given inbred rat strain (65). The observed CD45RC+RT6:CD45RCRT6+ ratio correlates

well with susceptibility for cell or antibody mediated experimental autoimmune models in

the respective rat strains (65).

in CsA-A/ The skin lesions in CsA-AI are characterized by infiltrating T cells

in the epidermis and hair follicles, and the expression of MHC class II by the keratinocytes.

Expression of MHC class II is only observed if infiltrating T cells are locally present. The T

cell infiltrates consist of both CD4 and CD8 T cells.

The phenotype of the effector T cell is matter of debate. Several studies have tried to

define the culprit T cell. Lewis rat skin biopsies, taken during the acute phase of disease,

revealed the presence of predominantly CD4+ lymphocytes (66), or equal numbers of CD4+

and CD8+ lymphocytes co-localizing with TCRcc(i+ lymphocytes in the epidermis (14).

Experimental settings that allowed manipulation of the putative effector T cells also revealed

contradicting results. Adoptive transfer studies showed effector T cells to be present in the

CD4 population (67), or in the CD8 population (68), whereas another study claimed the

requirement of both CD4 and CD8 T cells (50). /n vivo depletion with mAb against CD4 or

CD8 after adoptive transfer showed that CD8 depletion completely abrogated disease

whereas CD4 depletion strongly delayed onset of disease (5). In all these experiments,

development of CsA-AI after adoptive transfer was used as a read-out system for effector T

cell potential. The recipient rats, however, were not thymectomized and the role of T cells

developing after irradiation was not studied. We tried to determine effector T cells by

adoptive transfer of lymph node cell-suspensions, isolated from rats suffering from acute
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CsA-AI, I'M vifro depleted for either CD4 or CD8. Cell-suspensions were next infused into X-

irradiated thymectomized recipients. Since I'M vi'/ro depletion never yields 100% depletion,

the recipients were in vivo depleted by repeated mAb injections after adoptive transfer.

Development of disease was monitored macroscopically, microscopically and by tri-colour

flowcytometry (chapter 6). This study revealed development of CsA-AI after adoptive

transfer in the almost complete absence of either CD4 or CD8 T cells. Even in this

experimental setting complete depletion of CD4 or CD8 T cells was not achieved. But it is

not plausible to attribute development of disease to the contaminating T cell subset. This

would mean that the minute contamination of CD4 T cells could give specific "help" to the

CD8 T cells similar to a few contaminating CD8 T cells that give specific "help" to CD4 T

cells. A more comprehensible way to explain development of CsA-AI, after adoptive transfer

in the absence of CD4 or CD8 T cells, is to attribute equal characteristics to CD4 and CD8

effector T cells. More and more evidence is emerging that CD4 and CD8 T cells can fulfil

similar functions in the immune response such as cytokine production and cytotoxic activity

(69).

Other autoimmune models have been described to be dependent on both CD4 and CD8 T

cells. Radiation-induced diabetes and thyroiditis in thymectomized and X-irradiated PVG rats

is completely blocked by CD8 depletion. Infusing CD8 T cells from normal healthy donors,

however, allows development of disease (56). This indicates that the CD8 T cell population,

required for induction of disease, is not necessarily a population subjected to autoreactive T

cell-promoting manipulations. In the spontaneous diabetes developing NOD mouse and

DP/BB rat the requirement of both T cell subsets has also been described (59, 70). However,

a recent report on the use of autoreactive T cell clones, adoptively transferred to both X-

irradiated syngeneic NOD and NOD-SCID mice, shows that diabetes develops in the absence

ofCD4T cells (71).

I'M CS^-A/ Increased thymic output of self-reactive T cells does not cause

autoimmunity as was demonstrated in rats and mice treated with CsA only (33, 38). After

CsA-therapy in mice so-called "forbidden" TCR BV-families reappear in the periphery but

no disease develops (38). In another experiment, shielding of the MHC class II molecules, by

I'M vivo treatment with saturating doses of MHC class II reactive mAb, inhibits clonal

deletion. Prolonged antibody administration into DBA/2 or (DBA/2 x C57BL/6) Fl results in

the presence of BV6 T cells in the periphery which are normally absent. As long as the MHC

class II is blocked the BV6 T cells are present. When tested in a syngeneic "mixed leukocyte

reaction' there is a marked proliferative response and an expansion of the BV6 T cell

population, i.e. these T cells are not tolerant. Abrogation of the mAb administration does not

yield any signs of autoimmune disease but eliminates the B V6 T cells in the periphery within
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3 weeks. However, two models are described where the presence of self-reactive BV families

coincides with development of autoimmunity. One model is the neonatal thymectomized

BALB/c mouse, where BV5 T cells are observed in peripheral blood and lymph nodes (72).

The other model is the X-irradiated, syngeneic BM reconstituted and CsA-treated mouse

model, induced like the Lewis rat CsA-AI, using BALB/c, C57B16, DBA/2 and C3H/He

strains (73). Whether the "forbidden" BV-bearing T cells, that appear in mouse CsA-AI, play

a role themselves in development of autoimmunity is questionable, but the presence of these

cells is indicative for impaired thymic selection (74). Repeated total lymphoid irradiation of

mice, with shielding of the long bones, lung and skull, elicits organ specific autoimmune

diseases such as thyroiditis and gastritis (reviewed by Sakaguchi and Sakaguchi (75)). In

PVG rats thyroiditis and diabetes are the result of repeated X-irradiation after thymectomy

(76). The similarity between the 2 latter models and the models of impaired clonal deletion is

that the peripheral T cell pool is diminished. However, there is no direct relation between

impaired thymic selection and autoimmunity in the latter models. It can be argued whether a

decreased T cell number is a key to development of autoimmune disease as observed in the

lymphopenic diabetic-prone BB rat (77, 78).

It has been demonstrated that peripheral autoreactive T cells by themselves are no cause

of autoimmunity. If however, potentially autoreactive T cells enter a periphery that is

depleted of normal T cells, and therefore encounter no suppressor T cells, only peripheral

clonal anergy or clonal deletion remain as tolerizing mechanisms. But the few T cells that

exist after neonatal thymectomy or X-irradiation may escape these tolerizing mechanism

because these cells may have different migratory patterns or are prone to meet APC with a

higher incidence because there are fewer T cells to compete with (reviewed by Bonomo et al,

(79)). The fact that CD45RC+, RT6" Th cells are also transiently expanded in X-irradiated

Lewis rats may be related to an empty environment and a temporary lack of regulatory cells.

We were able to demonstrate the production of IL2 and IFNy mRNA by CD45RC+, RT6" Th

cells. This is a unique trait and defines this cell as Thl-like cells. As soon as the periphery

becomes inhabited by new T cells, the ratio between CD45RC+RT6" and CD45RCRT6+ is

normalized, and no autoimmunity develops. This is in line with the model proposed by Perez

et al (80), who describe the irreversible switch from Thl to Th2 and not vice versa. This

process allows a rapid Thl cell-mediated immune response, later on controlled by Th2 cells

that downregulate the Thl response, and promote a humoral response. This model explains

autoimmunity in terms of a Thl response that is not followed by a Th2 response. Neo-natal

thymectomy and repeated X-irradiation promote increased frequency of autoreactive T cells

and in the mean time prevent proper recovery. In CsA-AI, after irradiation, peripheral T cell

recovery is impaired by CsA in two ways: 1) CsA inhibits thymocyte maturation, resulting in

slow peripheral recovery, and 2) CsA inhibits negative thymic selection, resulting in an
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increased frequency of potentially autoreactive T cells (38-40). The disturbed peripheral T

cell repertoire transiently exhibits increases in T cells of the Thl type, which persist upon

CsA treatment (chapter 5). A lack of regulatory cells combined with an increased frequency

of autoreactive T cells in the CD4 and CD8 subsets enhances CsA-AI development as soon

as the inhibitory effect of CsA is taken away.

A dichotomy of CD4 T cells, known as Thl and Th2 cells, has also been described for

CD8 cells (69). The consequence of this duality is that both CD4 and CD8 T cells can be

driven in their response to exhibit typical Thl or Th2 characteristics. The role of cells

producing IL2, IFNy, as described in CsA-AI and other autoimmune models (56, 81, 82),

may, therefore, reside in skewing both CD4 and CD8 T cells towards a cell-mediated

immune response. Once effector cells are generated in sufficient quantity within these

subsets, they can persist in their autoaggressive behaviour and generate new lesions upon

adoptive transfer, provided regulatory mechanisms of the normal recipients are eliminated

prior to transfer (16, 50, 52, 67).

Conclusions

CsA-AI is only induced by the combination of X-irradiation and CsA therapy. The

immunosuppressive effect of CsA seems to be most important in the thymus. It appears that

CsA therapy has no direct effect on the stromal cells. Although decreased in number, the

stromal cells are still able to provide the micro-environment that is important for negative

selection. CsA acts directly on the thymocytes by interfering with the intracellular signal

upon activation via the TCR, and thereby alters the fate of the thymocytes during maturation.

The net effect of CsA is a decrease in the number of mature thymocytes with an overall

higher affinity for the MHC/peptide complexes. Hence, autoreactive thymocytes will survive

and migrate into the periphery.

The periphery plays a dominant role in development of CsA-AI. X-irradiation is critical

to condition the periphery. Only if the periphery is void of regulatory cells, CsA-AI can

develop. Already during CsA therapy, thymus derived autoreactive thymocytes enter the

periphery. As long as CsA is present, the autoreactive T cells accumulate and remain

quiescent. After CsA therapy is stopped, CsA-AI will develop and autoreactive T cells are

demonstrable in lymph nodes, spleen and in the lesions. The expansion of Thl-like

CD45RC+, RT6" cells is critical for CsA-AI to develop. Whether or not this will occur is

genetically controlled, but is not related to the MHC haplotype. Activation of these Thl-like

cells results in production of IL2 and IFNy, which in addition may lead to further skewing of

other T cells, including CD8 T cells, to respond in a similar fashion. As soon as disease is

clinically manifest, effector T cells are demonstrable within the CD4 and CD8 T cell
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population by adoptive transfer. CsA-AI develops after adoptive transfer without prior

activation of the putative effector T cells. There is no evidence for restricted usage of any

TCR BV family. The autoantigens in CsA-AI are unknown, but both CD4 and CD8 T cell

populations contain effector T cells. Since virtually all Lewis rats, subjected to X-irradiation

and CsA therapy develop similar disease it is suggested that the autoantigen(s) are related to

epithelial cells antigen(s) expressed in the thymus and in the skin.
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Summary
The thymus-dependent model of Cyclosporin A-induced autoimmunity (CsA-AI) in the
Lewis rat requires a lethal total body X-irradiation and rescue with syngeneic or autologous
bone marrow and Cyclosporin A (CsA) administration for at least 4 weeks; two to 3 weeks
after cessation of CsA, the animals develop a graft-versus-host like disease. The obligatory
role of the thymus in the etiology of CsA-AI has been established unequivocally, but the way
in which disease is thymus dependent is topic of debate.
In the present study we demonstrate that the model of CsA-AI requires the presence of a
thymus for at least 2 weeks after total body irradiation and CsA administration but that X-
irradiation of the thymus itself is not necessary to bring about disease. Transplantation of
neonatal thymus shows, in addition, that in the absence of X-irradiation of the thymus, CsA-
therapy is required to generate autoreactive cells, but that disease occurs only if peripheral
autoregulatory cells are eliminated by X-irradiation.
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Introduction . ' ^ • vS!

In Lewis rats the combination of lethal X-irradiation, syngeneic bone marrow transplantation

(BMT), and a 4-week course of CsA administration causes, upon withdrawal of CsA, the

development of an autoimmune disease (Cyclosporin A induced autoimmunity [CsA-AI])

resembling allogeneic graft-versus-host disease (GVH) (1, 2). The presence of an initially

intact thymus and the irradiation of that thymus are required for CsA-AI to occur (3, 4). The

disease can be adoptively transferred with TCRa(J+ T cells, provided that, prior to adoptive

transfer, the peripheral autoregulatory T cell circuit of the recipient is eliminated by total

body irradiation or cyclophosphamide (5). It is widely held that following X-irradiation and

bone marrow grafting, the ensuing recapitulation of ontogeny in the thymus, including

negative selection, is interfered with by CsA, thus resulting in leakage of autoreactive T cells

into the periphery (6, 7). In the mouse, the peripheral occcurence of T cells bearing self-

reactive T cell receptors as determined by the use of monoclonal antibodies recognizing

specific "forbidden T cell Receptor (i-chain variable region (TCR BV)" has been

demonstrated after CsA treatment (6, 8, 9). The down-regulation of MHC class II antigens in

the thymic medulla, such as observed after CsA administration, particularly has been thought

responsible for the lack of tolerance induction (10). Upon use of high dosages of CsA,

medullary dendritic cells (DC) have been claimed to disappear immunohistochemically (11-

13); using lower dosages of CsA, sufficient to cause CsA-AI, substantial numbers of

medullary dendritic cells are demonstrable immunohistochemically (14). Also, after isolation

of these DC from thymus suspensions, they showed no altered phenotype or function (15).

An alternative hypothesis holds that CsA may generate autoreactive T cells in the thymus by

interfering with selection because CsA prevents apoptosis (16, 17). However, CsA treatment

by itself does not elicit CsA-AI in the Lewis rat. Total body irradiation is thought to eliminate

a peripheral autoregulatory circuit; additionally, it may damage the thymic stroma or prolong

the CsA-induced alterations and thereby interfere with thymic selection (18). Finally, after

cessation of CsA medication, the thymic output of potentially autoreactive versus

autoregulatory cells may be differentially influenced by X-irradiation and CsA treatment

(19).

We therefore examined the necessity of irradiation (both on the thymus and the

periphery) and CsA treatment for the induction of CsA-AI separately. First, we determined

the time span in which the presence of the thymus was required in order to generate sufficient

autoreactive cells to induce CsA-AI. Second, we investigated the extent to which irradiation

and/or CsA treatment could induce prolonged or permanent changes in the thymic stroma

that could be held responsible for the induction of CsA-AI. We determined next whether

irradiation of the thymus was essential or alternatively that only peripheral irradiation
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damage was required. Finally, the suggested delay in thymic output of autoregulatory T cells

versus the presence of autoreactive T cells upon CsA administration without irradiation was

examined.

Materials & Methods
Art/maA? Female inbred Lewis rats (RT11) were obtained from the Central Animal Facility of
the University of Limburg, the Netherlands. The animals were maintained under specific
pathogen free conditions until use and had free access to food and water. Rats were 6 weeks
of age at the start of the experiment.

Pro/ocoZ/or tfie /nt/wcfton o/C&4-A7 Rats were given 8.5 Gy X-irradiation at 0.5 Gy/min.,
using a Rontgen irradiation machine (Philips MU15GF/225 kV, Hamburg, Germany) one
day prior to syngeneic BMT. Recipient rats were given 6x10^ viable nucleated syngeneic
bone marrow cells intravenously into a tail vein as previously described (20). Starting from
the day of BMT the rats received subcutaneously 7.5 mg CsA/kg per day for 28 days. CsA, a
kind gift from Sandoz Pharma Ltd., Basel, Switzerland, was dissolved in olive oil at a
concentration of 7.5 mg/ml. In the experiments, where indicated, the X-irradiated syngeneic
BM reconstituted, CsA-treated (X-BM CsA-) rats, were compared to X-BM OO-rats (X-
irradiated, syngeneic BM reconstituted and olive oil treated), CsA-rats (only CsA-treated
rats) and OO-rats (olive oil only-treated rats).

77ry/necfowH'e.s Rats were thymectomized on different time points as indicated. Rats were
intubated and maintained on artificial respiration while under ketamine (Nimatek 50 mg/kg,
i.m.) and xylazine (Sedamun 6 mg/kg, s.c.) anesthesia. The thorax was opened and all
prepericardial soft tissue inclusive of the thymus was removed; the thorax and skin were
closed with 4-0 suture. Sham thymectomized rats were operated in a similar fashion, except
that the thymus was not removed.

77iymws 7Van.y/?/a«fafi0H Thymic lobes were obtained aseptically from neonatal syngeneic
donors less than 24 hr old. These were used without further treatment. One lobe of thymus
tissue was grafted beneath the capsule of each kidney of recipients thymectomized earlier.
Thymic lobes of adult syngeneic donors were obtained aseptically within 48-hr after total
body irradiation (8.5 Gy) of the donor. One lobe of the remaining thymic stroma was grafted
under the kidney capsule of both kidneys of thymectomized recipients.

Scoring/or CM-4/ During the course of CsA treatment, all animals appeared healthy. After
withdrawal of CsA, development of CsA-AI was assessed daily by examination of the rats
for signs and symptoms of disease, including erythroderma, dermatitis, alopecia and weight
loss (table I) (21).
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Table I: Symptoms of CsA-AI

Symptoms of Cyclosporin A induced Autoimmunily

E

D

A

T

Erylhroderma of the acra (hyperemia of the skin of the ears, feet and tail)

Dermatitis, usually starting with brown/red discoloring of the fur of the neck and inside of the front

and/or hind legs. Expansion is restricted to the ventral part of the body.

Alopecia

Thin fur, usually dorsal as a consequence of slowly progressive disease or partial recovery from

alopecia

Results

T/rywiec/cwry prevents Dweaje To determine the requirement of the thymus in time,

irradiated and bone marrow reconstituted rats were given CsA and and were next subjected to

thymectomy or sham-thymectomy on days -1, 4, 8, 12, 14, 16, 21, 28, 35, and 42 after BMT.

On each given day, groups of 10 rats were thymectomized; CsA was continued up to day 42

after BMT in 5 rats and discontinued on the day of thymectomy in the remaining 5 rats. The

latter protocol was also applied to sham-thymectomized rats. Rats thymectomized on day -1 ,

4, or 8 after BMT did not develop symptoms of CsA-AI for over 100 days, regardless of

continuation for up to 42 days or cessation of the CsA therapy on the day of thymectomy

(Table II). Only some rats thymectomized on day 12, 14, or 16 after BMT developed CsA-

AI; other rats in these cohorts remained free of symptoms. In contrast, CsA-AI developed in

almost all rats that were subjected to thymectomy or sham-thymectomy on days 21-42 after

BMT, regardless of the duration of CsA treatment after TX. These data show that induction

of CsA-AI required the presence of the thymus for at Ieastl2 days after BMT. Abrogation of

CsA administration on the day of thymectomy or continuation up to 42 days after BMT does

not influence the development of CsA-AI.

7Vic Disease can HO/ fee fransp/awfea' £>v X-/rraa7ated ana" CyA-frajted" 77iy/n«'c 5/roma To

detect a prolonged effect of irradiation and CsA administration on the thymic stroma, rats

were irradiated and given CsA or OO for 21 days after BMT. On day 21, the rats were again

irradiated with 8.5 Gy. thus eliminating all thymocytes. The remaining thymic stroma was

used for transplantation under the kidney capsule into rats, thymectomized earlier. These

recipient rats were irradiated one day before transplantation of thymic stroma and received

syngeneic bone marrow on the day of transplantation. These recipients were next given either

CsA or OO for 21 days (table III) and were assessed daily for development of disease.

Disease did not develop in rats transplanted with CsA-treated thymic stroma and given OO

after transplantation. In rats transplanted with either CsA or OO-treated thymic stroma, and
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Table II: Thymectomy

Treatment

Thymeclomy

Sham thymectomy

None

Thymectomy

Thymectomy

Thymectomy

Thymectomy

Thymectomy

Thymectomy

Sham thymectomy

Thymectomy

Thymectomy

Sham thymectomy

Thymectomy

Thymectomy

prevents disease

Time of surgery alter

BMT (days)

-1

4

8

12

14-16

21-42

n

5

5

5
5
5
5
5
5
5
5

9

9

9

17

19

Course of CsA

after BMT (days)

42

42

42

42

4

42

8

42

12

12

42

14-16

14-16

42

21-42

-

Incidence and symptoms

ofCsA-AI(seetablel)

0/5

5/5

5/5

0/5

0/5

0/5
0/5
2/5

2/5

3/5

7/9

6/9

3/9

17/17

17/19

D(5), A(5)

D(5), A(5)

E(2), D(2)

E(2), D(2)

T(3)

D(7), A(7)

E(1),D(5),A(5)

E(2),D(1),A(1)

D(17),A(17)

D(17),A(17)

Table HI: Disease can not be transplanted by X-irradiated and CsA-treated thymic stroma

Treatment of thymic stroma donors Trealment of thymic stroma recipients Incidence of CsA-AI

X-BM + 21 days CsA Irradiation

X-BM+ 21 days CsA Irradiation

X-BM+ 21 days OO Irradiation

Thymectomy + X-BM + 21 days OO 0/3

Thymectomy + X-BM + 21 days CsA 2/4

Thymectomy + X-BM + 21 days CsA 3/3

given CsA after transplantation, CsA-AI did develop. The highest incidence and most severe

signs of disease were found in rats that received the 00-treated thymic stroma and were next

given CsA. These data show that the disease-inducing effects of irradiation and CsA

treatment on the thymus are not transferred with pretreated thymic stroma.

77rym/c //radian'on /.? no? regM/red/or /nc/ucft'on o/Dwease The role of thymic irradiation in

eliciting CsA-AI was examined in two different experiments. First we explored whether

radiation damage in the thymus could result in the output of autoreactive T cells prior to

restoration of the peripheral autoregulatory T cell circuit. Hence, thymectomies were

performed 7, 10, and 14 days after total body irradiation and syngeneic BMT without CsA
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administration. Disease did not develop in any of theseanimals, which indicates that thymic

radiation damage does not disturb the recapitulation of thymic ontogeny including negative

selection. In the second experiment, we determined whether X-irradiation of the thymus is

essential for the generation of autoreactive T cells. Recipient rats were thymectomized,

subjected to total body X-irradiation and BMT, and then received unmanipulated neonatal

thymus transplants beneath the kidney capsule; the recipients were then treated with CsA for

28 or 42 days (table IV). Neonatal thymus transplantation after irradiation resulted in high

incidence of disease with a severity comparable to control rats, in which CsA-AI was induced

according to the standard protocol. Rats transplanted with neonatal thymus lobes before X-

irradiation developed a very low incidence of very mild disease. These results show that

irradiation of thymic tissue is not required for the induction of CsA-AI. In fact, thymuses that

were not manipulated gave a more severe disease. As a control experiment, we determined

whether neonatal thymuses leak autoreactive T cells into the periphery. Neonatal thymus

lobes were transplanted into previously thymectomized and irradiated rats and treated with

OO only. None of these rats developed signs of CsA-AI within a period of 8 weeks after

BMT.

Table IV: Thymic Irradiation is not required for induction of CsA-AI

Treatment

None

None

Thymectomy + thymus transplantation

Thymectomy + thymus transplantation

Thymectomy + thymus transplantation

Thymeclomy + thymus transplantation

Thymectomy + thymus transplantation

Time of surgery after BMT

(days)

n

Thymectomy Thymus
transplantation

-

-

-I

-1

-1

-1

-I

-

-

-1

-1

+1

+1

+1

6

6

6

5

5

7

5

Course of CsA

after BMT

28 days

42 days

28 days

42 days

28 days

42 days

42 days OO

Incidence and

symptoms of CsA-AI

(see table I)

6/6 E(5), D(5)

5/6 E(5), D(5)

3/6 E(3)

1/5 E(l)

5/5 E(5), D(3)

6/7 E(6), D(5)

0/5

7ota/ Ztorfy /mw/j'afion is re^M/red/or f/ie /m/ivc/ion o/D/sease Although CsA administration

by itself appears to be sufficient to interfere with thymic selection resulting in the output of

autoreactive T cells, Beschorner et al. (19) have suggested that CsA could also cause a delay

in the thymic output of autoregulatory T cells. To determine whether total body irradiation

was required, rats were also treated with CsA for 5 weeks without prior irradiation and BMT.
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When CsA administration was stopped, animals were thymectomized to prevent the

restoration of the peripheral autoregulatory circuit. In two separate experiments, no CsA-AI

symptoms developed in any of the animals, which indicates that peripheral irradiation is

required for the elimination of the autoregulatory cells.

Discussion

Thymectomies performed at different time points after irradiation and CsA treatment

revealed the obligatory presence of the thymus for at least 12 days. It has been established

previously that the presence of the thymus is required for 14 days only (4); shorter periods

have not been tested. Although disease occurred after CsA administration for only 12-14 days

after BMT, disease manifested itself more frequently and also more severely after

prolongation of CsA administration for another week. Previous analysis of thymic

architecture and thymocyte population by immunohistochemistry has revealed that the

damage of irradiation is repaired between day 7 and 14 after syngeneic BMT (14), Extending

the period of CsA administration (even up to 12 weeks after BMT), however, has no clear

effect on the incidence or severity of CsA-AI (2). Recovery of negative thymic selection or

generation of counteractive cellular circuits from about 3 weeks after BMT onward are

possible explanations for this observation. In adoptive transfer studies, thymocytes harvested

from thymectomized animals at different time points during CsA treatment were not able to

transfer disease (22), which indicates that only low numbers of autoreactive effector cells are

present in the thymus or that, alternatively, expansion in the periphery is required. These

results demonstrate that sufficient autoreactive T cells are generated in the thymus within 12

days after BMT and that they are able to leave the thymus under CsA administration soon

after generation.

X-irradiation and CsA treatment are considered mainly to effect the thymic stroma (10,

18). Both medullary epithelial cells and medullary dendritic cells have been reported to be

altered or even to have disappeared upon CsA administration (12, 13), thus interfering with

thymic selection. Transplantation of irradiated and/or CsA-pretreated thymic stroma into

thymectomized recipients resulted only in CsA-AI, provided the recipients were irradiated

and treated in addition with CsA. Recent studies have shown that CsA interferes directly with

thymocyte maturation and that the effect on stromal cells is secondary to the strong reduction

in mature T cells in the thymic medulla (23). A more appropriate explanation of our results is

the hypothesis that regardless of pretreatment of the thymic transplants, the autoreactive

thymocytes escape apoptosis because of the CsA treatment (16, 24) and next enter the
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periphery (6, 8, 9). Hence, the presence of CsA is obligatory during thymocyte maturation in

order to generate autoreactive T cells.

Irradiation by itself seems not to affect thymocyte selection, since thymectomies

performed up to 2 weeks after irradiation without prior CsA treatment did not lead to CsA-

AI. On the other hand, irradiation is required for the development of disease. Repeated low

dose total body irradiation without CsA administration results in development of autoimmune

diseases, both in rat (25) and in mice (26). Fowell and coworkers demonstrated that repeated

low dose X-irradiation induced diabetes; this could be prevented by injection of CD4+ OX22"

RT6+ T cells (the mAb 0X22 recognizes CD45RC (27), a high m.w. isoform of CD45, the

Leukocyte Common Antigen, whereas RT6 is an allotypic marker present on rat CD4 and

CD8 T cell subsets (28, 29)). In T cell-mediated experimental autoimmune models, special

attention has been paid to OX22+ or RT6- CD4 T cells as effector cells and 0X22" or RT6+

CD4 T cells as regulatory cells (25, 30). Functional studies on OX22+ or RT6- cells revealed

that these cells have Thl-like properties, whereas the 0X22" or RT6+ cells are more like Th2

cells (30-32); this has resulted in a phenotypical characterization of Thl and Th2 cells in the

rat (33). Whether or not autoimmunity will develop appears to be determined by the balance

between Thl as effector cell and Th2 as regulatory cell type. Also in CsA-AI, it has been

shown that in normal rats a radiosensitive autoregulatory Th cell population resides in the

periphery which can prevent development of disease (34); this population has been identified

as a OX22" CD4 T cell population (35). The fact that 0X22" T helper cells are more

radiosensitive compared with the Thl population (25) supports the hypothesis that these are

the regulatory cells in radiation-induced autoimmunity. In the CsA-AI model, the expression

of markers discriminating between Thl and Th2 is described in Chapter 5. Indeed there is a

skewing in the Thl/Th2 ratio in favour of the Thl-like CD4 T cells in comparison to control

rats.

Results show that the thymus itself does not require irradiation in order to induce CsA-

AI. Transplantation of newborn thymus lobes into thymectomized recipients after irradiation,

but before CsA administration, consistently induced CsA-AI. Control experiments using

normal newborn thymuses without CsA administration failed to induce autoimmunity; this

suggests that, in the rat, in contrast to some strains of mice, clonal deletion by the thymus of

possible autoreactive T cells involved in development of CsA-AI is efficient (36, 37). This

result may appear to be in contrast to results reported by Glazier et al (3). Their study

established that shielding of the thymus during irradiation prevents the development of CsA-

AI. However, shielding of the thymus also prevents irradiation of the thymus associated

lymph nodes as well as parts of the lungs. Since the lungs are known to contain large

amounts of T cells (38), it may well be that shielding the thymus from irradiation protects a
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substantial part of the peripheral autoregulatory T cells. Also Sakaguchi and Sakaguchi (39)

showed that transplantation of unirradiated, but CsA-pretreated thymuses into nude mice

results in various organ-specific autoimmune phenomena. These CsA-pretreated thymic lobes

still contain the thymocytes that have matured in the presence of CsA and which enter the

periphery of the recipient after transplantation; a periphery void of peripheral T cells. Taken

together, X-irradiation seems to be essential only in the sense that is has to destroy the

peripheral autoregulatory circuit. In conclusion, our results show that only the combination of

total body irradiation and CsA administration is capable of inducing CsA-AI. The role of the

thymus in CsA-AI seems to be the production of T cells which have undergone aberrant

selection under influence of CsA; X-irradiation of the thymus is not required. Provided the

peripheral autoregulatory circuits are eliminated these autoreactive, thymus-derived T cells

are able to cause autoimmune phenomena.
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Summary
Cyclosporin A (CsA), a potent inhibitor of T cell activation, has been shown to have several
effects on thymocyte maturation, thymic stromal cells, and the generation of autoreactive T
cells. In Lewis rats, combination of lethal irradiation, syngeneic bone marrow transplantation,
and a 4-week course of CsA administration causes the development of an autoimmune disease
(CsA-AI) resembling allogeneic graft-versus-host disease. This occurs upon withdrawal of
CsA, provided the thymus receives irradiation and is present during CsA treatment. In this
study, the separate effects of irradiation or CsA treatment on thymic stromal cells and
thymocytes, compared to the combinatory effects, were examined using immuno-
histochemistry and tri-colour flowcytometric analysis.

CsA treatment causes an involution of the thymic medulla and a strong reduction of the cell
number of thymocytes and stromal cells residing in the medulla. However, within the
remaining medullary area, changes in cell distribution and antigen density on these cells were
not observed. Irradiation on the other hand causes a strong depletion of thymocytes. The
thymocyte population is recovered within 2 weeks and a cortical and medullary region can be
distinguished. CsA treatment in combination with irradiation results in a strongly inhibited
recovery of the medulla during CsA treatment, whereas the cortex recovers to normal size and
morphology. The presence of the medullary dendritic cells and epithelial cells is reduced
proportionally to the small size of the medulla. However, the distribution of these stromal cells
is normal. During the CsA administration, the thymuses from irradiated and CsA-treated rats
are very similar to thymuses from CsA-treated rats. In conclusion, no changes specific for
irradiation plus CsA treatment have been observed. Regarding the distribution and size of
medullary stromal cells and residing thymocytes, thymuses from irradiated and CsA-treated
rats hardly differ from the thymuses from rats treated only with CsA. Therefore, irradiation
seems essential in the generation of CsA-AI by eliminating suppressor cell circuits in the
periphery.
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Introduction ,;

The fungal metabolite Cyclosporin-A (CsA) is a very potent immunosuppressive drug that pre-

dominantly acts on T cell-dependent responses (1). It is effectively used in preventing graft

rejection and graft-versus-host disease (GVH) secondary to allogeneic bone marrow

transplantation (BMT). Although CsA is also very useful in inhibiting the progression of

several autoimmune diseases, surprisingly, autoimmune phenomena may rise upon withdrawal

of CsA treatment under certain conditions. Rats treated with CsA after lethal irradiation and

consecutive syngeneic BMT develop GVH-like lesions after CsA administration is stopped (2);

in humans too, similar lesions have been reported after autologous BMT (3). The crucial role

of the thymus in the induction of this CsA-induced autoimmunity (CsA-AI) has unequivocally

been established (4, 5).

Immunosuppression with CsA not only effectively blocks the proliferation of mature

peripheral T cells, but also blocks thymocyte maturation (reviewed byRitter and Boyd, 1993)

(6). Maturation of cortical CD4CD8 double-positive (DP) thymocytes into medullary CD4 and

CD8 single-positive (SP) thymocytes is strongly inhibited (7-9). Immunohistochemical

analysis of CsA-treated thymuses from rodents shows a relatively small medulla, in which the

loss of medullary thymocytes is accompanied by a loss of medullary stromal cells (10-12) and

formation of large area's denuded of MHC class II positive epithelial cells (13). The medullary

stromal cells, consisting of epithelial cells, macrophages (M0) and dendritic cells (DC), play

an important role in negative selection of autoreactive cells. The absence or functional alteration

of medullary stromal cells has been suggested to lead to the escape of possible autoreactive

cells to the periphery and the development of autoimmunity (11, 14, 15).

Although upon CsA administration in the rat autoreactive T cells are generated (16) and in

the mouse the peripheral occurrence of T cells bearing self-reactive T-cell receptors (TCR) as

determined by the use of mAb's recognising specific "forbidden TCR (3-chain variable region

(BV)", has been demonstrated (8), only the combination of CsA and irradiation evokes CsA-

AI in the rat. Lethal irradiation, in terms of complete bone marrow depletion, has numerous

effects on the immune system, but syngeneic BMT normally leads to an almost complete

recovery of the thymus (17-19). Irradiation wipes out almost the whole thymocyte population,

whereas the thymic stromal cells are relatively radio-resistant. Shielding of the thymus during

irradiation prevents disease both in rat (20) and in mouse (21). It has been suggested that both

whole-body irradiation including the thymus and CsA treatment have effects on the thymus

essential for the induction of CsA-AI. Alternatively, post-CsA prevention of thymic recovery

by thymectomy in unirradiated rats consistently evokes CsA-AI (22). This implies that the

effect of irradiation can be replaced by thymectomy after the CsA treatment, suggesting that a

normal thymic microenvironment after CsA is neccessary to reestablish self-tolerance through

autoregulatory cells.
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In our rat model, the combination of CsA and irradiation evokes CsA-AI. So this study

was designed to determine the differential effects of CsA and irradiation on the thymus, as

compared to the combinatory effects. The attention was focused on (1) the presence and

immunohistochemical properties of the thymic stroma with special reference to the medullary

DC and epithelial cells and (2) the number and phenotype of thymocytes during and after CsA

treatment. Furthermore, the disease-inducing effects of the separate treatments in combination

with thymectomies were determined.

Materials and methods
/immaAs Female inbred LEW rats (RTl') were obtained from the Central Animal Facility of
the University of Limburg, the Netherlands. The animals were maintained under specific
pathogen free conditions until use and had free access to food and water. Rats were 6 weeks of
age at the start of the experiment.

r/ie //2</ucrion O/C?A-/4/ Rats were given 8.5 Gy X-irradiation at 0.5 Gy/min.,
using a Rontgen irradiation machine (Philips MU15GF/225 kV, Hamburg, Germany) one day
prior to syngeneic BMT. Recipient rats were given 6x10? viable nucleated syngeneic bone
marrow cells intravenously into a tail vein as previously described (23). Starting from the day
of BMT the rats received subcutaneously 7.5 mg CsA/kg per day for 28 days. CsA, a kind gift
from Sandoz Pharma Ltd., Basel, Switzerland, was dissolved in olive oil at a concentration of
7.5 mg/ml. In the experiments, where indicated, the X-irradiated syngeneic BM reconstituted,
CsA-treated (X-BM CsA-) rats, were compared to X-BM OO-rats (X-irradiated, syngeneic
BM reconstituted and olive oil treated), CsA-rats (only CsA-treated rats) and OO-rats (olive oil
only-treated rats).

Rats were thymectomized on different time points as indicated. Rats were
intubated and maintained on artificial respiration while under ketamine (Nimatek 50 mg/kg,
i.m.) and xylazine (Sedamun 6 mg/kg, s.c.) anesthesia. The thorax was opened and all
prepericardial soft tissue inclusive of the thymus was removed; the thorax and skin were
closed with 4-0 suture. Sham thymectomized rats were operated in a similar fashion, except
that the thymus was not removed.

Experi»i«i/a/ Design In the first experiment, the immunohistochemistry of the thymus was
studied. Rats that were X-irradiated and given syngenic bone marrow (X-BM) and CsA-treated
according to the previously mentioned protocol (X-BM CsA), were compared to three different
control groups; rats irradiated and syngeneic bone marrow reconstituted and treated with olive
oil only (X-BM OO), rats only treated with CsA (CsA) and rats administered olive oil only
(OO). Two rats from each group were sacrificed at 48 hr after irradiation and consecutive BMT
and thereafter weekly starting from day 7 for up to 8 weeks.
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In a second experiment, the thymocyte population was studied by flowcytometry. Rats
were treated similarly. The thymuses were collected at the same time points and prepared for
flowcytometry.

The third experiment was designed to evaluate the disease-inducing effects of the separate
treatments in combination with thymectomies. Thymectomies were performed on three
different time points (days 7, 10 and 14) after irradiation and consecutive BMT (X-BM OO-
rats) or directly after the cessation of a four weeks course of CsA administration (CsA-rats).

A/onoc/o«a/ A«rjfcorfi'ei The mouse anti-rat monoclonal antibodies (mAb) used for
immunohistochemistry are specified in table I. 1A29 was kindly provided by Prof. M.
Miyasaki (Tokyo, Japan). The ED-series were kindly provided by dr. CD. Dijkstra
(Amsterdam, the Netherlands). The set of HIS mAb's were kindly provided by dr. J.
Kampinga (Groningen, the Netherlands). W3/25 and the OX mAb's were obtained from
European Collection of Animal Cell Cultures (Salisbury, UK). 0X62 was kindly provided by
dr. M. Brenan (Oxford, UK), and R73 was kindly provided by Prof. Th. Htinig (Wiirzburg,
Germany). RCK102 was obtained from Organon Teknika (the Netherlands).

The thymus was snap frozen in isopentane and used for cryosections.
Four to six um-thick thymus cryosections were cut, air dried, and stored at -20 °C. All
thymus-sections were stained using a two step immuno-peroxidase technique after acetone
fixation. Sections were incubated for 60 min. with mAb in the appropriate dilution. After
washing in PBS, slides were incubated with a 1:200 dilution of rabbit anti-mouse Ig
peroxidase conjugate (DAKO, Denmark) in PBS with 0.5% (w/v) bovine serum albumin
(BSA, Sigma) and 3% (v/v) normal rat serum for 30 min. After washing with PBS, the
sections were stained for peroxidase activity with 3,3'-diaminobenzidine-tetrahydrochloride
(Sigma, St. Louis, MO) (0.5 mg/ml, in Tris-HCl buffer (pH7.6) , containing 0.02% (v/v)
H2O2). Control sections were incubated in the same way omitting the first-step mAb.
Subsequently, the sections were counterstained with hematoxylin, dehydrated, and covered
with Entallan (Merck, Germany).

F/owcyfomefry The thymus was teased apart and passed through a 100(i-mesh nylon gauze

and collected in balanced salt solution supplemented with 2% heat-inactivated new born calf

serum. These cells were kept on ice until all samples were collected. The thymocytes were spun

down (316 g, 10 min., 4°C), resuspended in PBS containing 0.5% BSA, and counted in a

Biirker Hemocytometer while viability was assessed by trypan blue exclusion. For tri-colour

flowcytometry, 5x10^ cells per sample were centrifuged in a 96-well microtiter-plate (236 g, 3

min, 4°C) and resuspended in 20 ul PBS containing 0.5% BSA, 10 mM NaN3 and the

following conjugated mAb's: ER2 (38) conjugated to FITC (a kind gift from dr. B. de Geus,

Leiden, the Netherlands) recognising the rat CD4 antigen, OX8 conjugated to PE (Caltag,

Hycult, Uden, the Netherlands) recognising the rat CD8 antigen and R73 conjugated to biotin

(a kind gift from Prof. Th. Hiinig, Wiirzburg, Germany) recognising the rat TCRaP and that
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Table I

m.Ab Antigen and Expression in the Thymus Reference

1A29 ICAM-1, present on DC and epithelium (24)

EDI Macrosialin.present in M0 and DC (25)

ED2 Cortical M0 (25)

ED8 Complement receptor type 3, present on DC, M0 and granulocytes (26)

ED 19 CTES III'

ED20 CTES II

HIS37 CTES I (27)

HIS38 CTES III (27)

HIS39 CTES II (27)

HIS45 medullary thymocytes (28)

0X6 MHC class II (RT1B), present on DC, epithelium and M0 (29)

0X7 Thy 1.1 present on thymocytes (30)

0X8 CD8, present on all cortical and a subset of the medullary thymocytes (31)

0X18 MHC class I (RT1 A) present on all cells with high expression on (32)

epithelium. M0 and DC

0X19 CD5, pan T cell marker present on all ihymocytes (33)

0X39 Interleukin 2 receptor, present on T blasts and DC (34)

0X62 Integrin like structure, present on DC (35)

R73 T cell receptor 0$ (36)

RCK102 all types of keratin, not species specific

W3/35 CD4, present on all cortical thymocytes, a subset of medullary (37)

thymocytes and M0

is detected in a second step labelling by the streptavidin conjugated fluorochrome Cy-Chrome
(Pharmingen, USA). By using these three labelled mAb's together with the appropriate
controls and by using optimal settings and compensation, the expression of CD4, CD8, and
TCRocP was determined on a FACSort (Becton Dickinson).

Results

77JVHH« A/orp/jo/ojjy ««</ 77iymocyfe Mwifor The thymus was morphologically assessed for

the relative size of the medulla and for thymocyte density within the cortex and medulla

withhematoxylin and eosin sections. The thymocyte number was determined by counting

single- cell suspensions in a Biirker hemocytometer.

CTES : cluster of thymic epithelial staining
CTES I pan epithelial cells
CTES II subcapsular/perivascular and the majority of medullary epithelial cells
CTES III cortical epithelial cells including thymic nurse cells (TNC)
CTES IV Hassall's corpuscles and all medullary epithelial cells
CTES V Hassall's corpuscles and, sometimes, a surrounding halo of medullary

epithelial cells
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Total body irradiation with 8.5 Gy caused a collapse of the thymic architecture and a strong

reduction of thymocytes within 48 hr. Whereas the medulla seemed only slightly affected, the

cortical thymocytes had completely disappeared. One week after irradiation, there was hardly

any cortex or medulla detectable, but as soon as 2 weeks after irradiation, a new cortex was

formed together with a small medulla.

Two days after irradiation, the total number and viability of thymocytes were very low.

During the 2 weeks following irradiation, thymocyte cell number increased from 1.2 x 10^ at

week one to ± 40 x 10^ at week 2. Thereafter, the cell number increased much slower (Fig. 1).

This thymocyte recovery was in harmony with morphological restoration of the thymus. There

was a little difference in total thymocyte number between X-BM CsA or X-BM OO-rats, but

the differences in cortex/medulla ratio were drastic. Two weeks after irradiation the medulla in

the X-BM CsA-thymus was very small compared to X-BM 0 0 and OO-thymuses but

resembled the CsA-thymus. As soon as one week after the daily administration of 7.5 mg

CsA/kg a reduction of thymic medullary area was noticed in CsA-thymuses. Two weeks after

the initial administration, the reduction was maximal and remained the same at least until one

week after the 4-week course of CsA-administration had been terminated, both in X-BM CsA

and CsA-thymuses. The cortical area recovered within 2 weeks after irradiation and seemed to

be unaffected by CsA in X-BM CsA-thymuses.

total number of thymocytes x 10'
200-,

150-

100-

50-

.CsA-AI

2
CsA

5 6 7 8
weeks after BMT

Figure I: Average of total number of viable thymocytes isolated from two thymuses per group (OO-thymuses;

open squares. CsA-thymuses; open circles. X-BM OO-thymuses; closed squares. X-BM CsA-thymuses; closed

circles) al the time indicated. Cell numbers were assessed using a Burker Hemocytometer. From week 6 and later

when CsA-AI becomes manifets 2 rats, tree of macroscopical signs (X-BM CsA) and 2 rats with clear signs of

dermatitis (X-BM CsA-AI ; dotted line) were assessed.
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ftc CW/5 We used a set of mAb's reactive with DC in the thymic medulla. Most of these

mAb's, however, are not specific for DC but additionally react in the thymus with epithelial

cells (0X6, OX 18, 1A29), M0 (EDI, ED8, 1A29, 0X6, OX 18), or thymocytes (0X18). The

diffuse staining patterns of the mAb's recognizing epithelial cells or M0 besides DC in the

thymic medulla made it difficult to distinguish between the different cell types. Especially the

mAb's OX39 and 0X62, which in the thymic medulla recognize specifically DC, appeared to

be very useful for the identification of this cell type.

As mentioned before, in X-BM CsA-rats the thymic architecture was perturbed by

irradiation and the medulla recovery was strongly inhibited by the CsA treatment. As in X-BM

OO-thymuses, the effects of irradiation were very drastic; one week after irradiation a clearly

detectable medulla was absent. Although the DC antigens were present, it was impossible to

determine whether it concerned cell debris or viable cells. Morphologically, normal cells

expressing 0X6, OX 18, OX39, or 0X62 were not detectable in the medulla. However, in X-

BM CsA-rats, a small medulla could be detected as soon as 2 weeks after irradiation (Fig. 2).

The medulla of X-BM CsA-thymuses was of comparable size as in CsA-thymuses. OX62 and

OX39-positive cells were present in a normal distribution in the medulla, as was the expression

of MHC class I and II, ICAM-1, EDI and ED8. Therefore, the expression of these markers is

very indicative for the presence of DC in X-BM CsA-thymuses, as well as CsA-thymuses

from 2 weeks after irradiation onwards. In X-BM OO-thymuses as soon as 2 weeks after

irradiation normal distribution and expression of medullary DC antigens was seen (Fig. 2).

A partial recovery of the medullary size in X-BM CsA and CsA-thymuses was observed at

2 weeks after cessation of the CsA treatment together with a recovery of medullary stromal

cells expressing EDI, ED8, OX6, 0X18, OX39, and OX62.

77J>7?IIC £p;7/ie//W CWAy A panel of mAb's recognizing thymic epithelium was used to examine

different subsets of epithelial cells. The mAb's HIS37 and RCK102, both pan epithelial cell

markers in the thymus, visualized 3 different area's with regard to the presence and

morphology of epithelium: (1) the medulla with epithelial cells most abundantly present in the

cortico-medullary region, (2) the cortex with the fine reticular epithelium, and (3) the epithelial

free area's closely located to the capsule surrounding the thymus and the protruding septae.

Furthermore, the mAb's HIS38 and ED 19 recognize cortical epithelial cells, whereas HIS39

and ED20 are specific for medullary epithelium. The epithelial cells are also detected by the

earlier mentioned mAb's OX6, OX 18 and 1A29.

In X-BM CsA-rats, the cortical restoration seemed normal. HIS38 as well as ED19 clearly

showed the cortical area, which was very extensive after two weeks. However, a combination

of changes in thymic architecture was observed (see table II). The epithelial free area's close to
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Figure 2: Thymuses from X-BM CsA (A,C and E) and X-BM OO (B, D and F) rats isolated at 2 weeks after
irradiation and BMT. Cortex-medulla border is indicated by dotted line; M : medulla, C: cortex. A and B; DC as

recognised by mAb 0X62. C and D; IL2 receptor present in the medulla on DC as recognised by mAb OX39, E

and F; Macrosialin, present in M0 and DC as recognised by mAb EDI.
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Table II

OO-treated

CsA-trealed

X-BM OO-treated

X-BM CsA-treated

thymocyte numbers

(fig. 1)

normal; steady

normal; steady

decreased, slow and

incomplete recovery

decreased, slow and

incomplete recovery

relative amount of

TCRap*"^ cells (fig. 4)

normal; about 10%

decrease untill week 3,

slow recovery

normal from week 2

decrease till week 3, slow

recovery

epithelial free area's related to

the septea the medulla

normal

normal

flat

flat

absent

present

absent

present

the septae and capsule became very flat. Furthermore, after 2 weeks, vast area's void of

epithelium developed surrounding the medulla. The medulla remained relatively small as

determined by the medullary epithelium markers HIS39 and ED20. Thymuses from X-BM

CsA-rats showed no difference in the epithelium cell pattern compared to CsA-thymuses at 2

weeks after irradiation, except for the absence of the flat epithelial free area's close to the septae

and capsule in the CsA-thymuses. Overall, these changes were especially clearly visualised by

the mAb OX6, recognising MHC class II present on epithelial cells, M0, and DC (Fig. 3). In

X-BM OO-rats, irradiation damage seemed restored within two weeks. Typically, the epithelial

free ares's close to the septae and capsule were very flat as in X-BM CsA-thymuses, but the

epithelial free area's around the medulla were not observed.

A/acro/?/iage\y The presence of M0 was examined with the mAb's EDI (monocytes, M0, and

DC) and ED2 (cortical M0). In X-BM CsA and X-BM OO-thymuses, 48 hr after irradiation,

in the cortex the relatively radio-resistant M0 were packed very densely against each other due

to the disappearance of cortical thymocytes. As soon as 2 weeks after irradiation, EDI and

ED2-positive M0 were normally distributed throughout the cortex, both in X-BM CsA and X-

BM OO-thymuses. In CsA-thymuses, ED2 distribution in the cortex was not disturbed by

CsA. ED2-positive cells never were observed in the medulla, as identified by the localization of

the morphological difference between cortical and medullary thymocytes, in any of the thymus

sections of all four groups we studied. In the epithelial free area's surrounding the medulla,

EDI and ED2-positive cells were present in a normal distribution, comparable to the EDI and

ED2 distribution in the cortex. The distribution of EDI-positive M0 in the medulla was normal

2 weeks after irradiation and seemed unaffected by the CsA treatment.
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Figure 3: Thymuses from OO (A,B), CsA (CD), X-BM 0 0 (E,F) and X-BM CsA (G,H) rats at 2 and 4 weeks

after initiation of the experiment. Sections were stained with mAb 0X6 recognising MHC class II (RT1B)

present on epithelial cells and DC. A, C, E and F; week 2; B, D, F and G; week4. (e: epithelial free area's void

of MHC class II, c: cortex with fine reticular epithelium, and m: medulla with DC and epithelium) In C and D

(CsA) and G and H (X-BM CsA) arrows are indicating the small medulary remnants.

The thymocytes have been studied with 0X19, R73 (both expressed low in the

cortex and high in the medulla), HIS45 (specific for medullary thymocytes), OX8, and W3/25

(in the cortex all thymocytes are positive, whereas in the medulla, approximately two-third is

W3/25-positive and one-third is OX8-positive). The antigen expression recognised by these

mAb's was not changed in any of the observed thymic sections at any time. The only

difference was observed in the distribution. In X-BM CsA-thymuses 2 weeks after irradiation,

a normal cortex and a small medulla could be detected like in CsA-thymuses. In the epithelial

free area's in the vicinity of the medulla, as formed by the CsA treatment, and in the epithelial

free area's close to the septae and capsule, the thymocytes had a cortical phenotype. In X-BM

0 0 and OO-thymuses the distribution was normal. Overall, the distribution described was

according to the stromal cell distribution defining cortex and medulla. After cessation of the

2
CsA

OO
CsA
X-BMOO
X-BM CsA

relative number of TcRaB-high thymocytes

5 6 7 8
weeks after BMT

Figure 4: Relative number of TCRap"'"^ thymocytes. Every week thymocytes were assessed for their

expression of CD4. CD8 and TCRap using tri-colour flow-cytometry. Rats were treated with CsA from week 0

up to week 4. Using a life gate 10,000 cells per sample were analysed. Per group two thymuses were analysed

and the average relative amount of TCRap''"S'' thymocytes is shown. OO-thymuses were assessed from week 0,

thymuses of CsA, X-BM OO and X-BM CsA-rals were tested from week I until week 8.
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CsA treatment both X-BM CsA and CsA-thymuses gradually recovered as stated above,

and the distribution of cortical and medullary thymocytes resembled the normal situation. At

the onset of disease, a disturbance in thymic morphology was observed affecting cortex and

medulla (as described by Beschorner et al. (16)). This was associated with a reduction of

thymocyte number (Fig. 1) and a decrease of thymic size.

00 X-BM CsA

Figure 5: By tri-colour flowcytometry the CD4, CDS and TCRaP expression of thymocytes, isolated from

thymuses at week 4, was assessed. Using a lite gate 10.000 cells per sample were analysed. The first column

shows the analysis of a control thymus (OO), in the second column a CsA treated thymus (CsA) is analysed,

and in the third column a thymus from an irradiated and CsA treated rat (X-BM CsA) is analysed. In the upper

panels the total expression of TCRap is shown. The middle panels show the dot plot analysis for CD4 (FITC)

and CDS (PE) for the same thymocyte populations. Per quadrant the TCRaP expression is depicted in the lower

panels as CD4 CD8+ in quadrant 1. CD4+CD8+ in quadrant 2. CD4 CD8 in quadrant 3 and CD4+CD8' in

quadrant 4. Notice the presence of TCRaP'''*'' cells in quadrant 1 and 4 of the OO-thymus and the absence in Ihe

CsA and X-BM CsA-thymuscs due to the strong decrease of CD4 and CD8 SP thymocytes. rather then not

expressing TCRaP by these cells.
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By tri-colour flowcytometry, we studied the thymocyte populations with respect to the

antigens CD4, CD8, and TCRccp. In X-BM CsA-thymuses the number of TCRa|Jhigh

thymocytes remained very low during CsA administration (Fig. 4), whereas in X-BM OO-

thymuses the strong depletion of the thymocytes was overcome as soon as 2 weeks after

irradiation (Fig. 4). In CsA-thymuses the TCRaP^'gh thymocytes also deminished upon CsA

administration (Fig. 4). Tri-colour analysis showed that in X-BM CsA and CsA-thymuses the

medullary CD4 and CD8 SP TCRaP^'gh thymocytes disappeared, whereas the cortical

CD4CD8 DP TCRaP'"'«™ediaie thymocytes were unaffected (Fig. 5). After the CsA treatment

was stopped, the number of CD4 and CD8 SP TCRaph'gh cells started to normalize in X-BM

CsA and CsA-thymuses. As CsA-AI developed, the total number of thymocytes was reduced,

but the relative number of CD4 and CD8 SP TCRaP^'gh cells remained the same. All these

changes in thymocyte population were in accordance with the changes observed by

immunohistochemistry.

77ie E)5%c/s o/7V!ymecf0/m'e.s /*e//o/7n«/ a/i'er /rnu/iafion or CM frea/wew/ To evaluate the

effects of an abrogated recovery after irradiation or CsA treatment only, thymectomies were

performed. Because the presence of the stromal microenvironment recovers in the second week

after irradiation, the possible generation of autoreactive T-cells during this period was

evaluated by thymectomies, preventing subsequently the generation of regulatory T-cells in the

thymus. At days 7, 10, and 14 after irradiation and consecutive BMT each time, 3 X-BM OO-

rats were thymectomized and daily observed for the development of CsA-AI. None of these

animals developed macroscopical signs of CsA-AI within a period of 3 months after

thymectomy.

In order to test the alternative hypothesis that the effect of irradiation can be replaced by

thymectomy after the CsA treatment, two groups of 12 CsA-rats were thymectomised at

day 28 directly after a continuous course of CsA administration. Again, no macroscopical

signs of CsA-AI developed within a period of 3 months after thymectomy.

Discussion

The induction of CsA-AI requires the combination of lethal irradiation and syngeneic bone

marrow reconstitution and the treatment with CsA for a given period. Early after irradiation, the

thymus morphology is very much perturbed. Because the thymocyte population has almost

completely disappeared, stromal cells are densely packed. Therefore, the presence and

distribution of specific stromal cell types are difficult to determine immunohistochemically.

Two weeks after irradiation the thymus is repopulated with thymocytes and a morphologically
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distinguishable cortex and medulla are formed. Whereas the cortex morphology and size are

normal, the restoration of the medulla is strongly inhibited by the CsA treatment. The presence

of the medullary DC and epithelial cells is reduced proportionally to the small size of the

medulla; however, the distribution of these stromal cells in the shrunken medulla is normal.

The effects of CsA on the thymus are still obscure. CsA causes a strong involution of the

thymic medulla and a reduction of DC in a dose-dependent manner (39). There is increasing

evidence that CsA interferes with the early steps in T cell activation by inhibiting the

transcription of genes involved in cytokine production (1). Similar events occur in the

maturation steps from cortical double-positive thymocytes into single-positive medullary

thymocytes. A cascade of activation events is supposed to be essential in which several

cytokines are produced (reviewed by Ritter and Boyd, 1993 (6). It has been shown that the

medullary stroma is highly dependent upon the presence of TCRaf^'Sh thymocytes (40,41).

A cytokine-driven network of factors produced by stromal cells and thymocytes might be very

important for the maintenance of the medulla. The development of medullary DC probably is

dependent on the production of cytokines, such as GM-CSF and IL2. Therefore, an effect on

thymocyte maturation probably also involves an influence on DC maturation and turnover. On

the other hand, the thymocytes are highly dependent on the stromal cells for their selection. It

has been suggested that the absence of stromal cells in CsA-treated thymuses is responsible for

the leakage of autoreactive cells to the periphery. In this study, we showed that the antigenic

density and distribution of these stromal cells are not disturbed. Thus, the role of CsA in

inhibiting negative selection is not explained by this activity of CsA. It has been described that

CsA also inhibits apoptosis (42-44). Therefore, it seems likely that thymocytes that are no

longer allowed to become activated due to the presence of CsA escape apoptosis and leave the

thymus unselected. Although CsA treatment causes the formation of "forbidden TCR BV"

possible autoreactive T-cells (8, 45), CsA treatment alone is not sufficient to cause disease

(22).

After irradiation and BMT, the presence of the thymus is essential during the first two

weeks of CsA administration for the development of CsA-AI (4, 5). During this period the

effects of irradiation must be overcome, and a strong influx of thymocytes is observed. The

presence of medullary DC is hard to determine and it is tempting to suggest that a lack of

negative selection might occur during this period due to the absence of DC. However, DC are

relatively radio resistant (19) and thymectomies of X-BM OO-rats at 7, 10, or 14 days after

irradiation and BMT did not induce autoimmune phenomena. Hence, the T-cells that mature

early after irradiation in X-BM OO-rats do not form an autoreactive population capable of

inducing autoimmunity as they do in X-BM CsA-rats.
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Our data show morphological changes in thymic architecture, especially in the distribution

of cortex and medulla. However, it seems that there are no essential differences found in

thymuses from X-BM CsA-rats compared to CsA-rats, regarding the presence of thymic

stromal cells. Cells essential for thymic selection are present, and the phenotype of the stromal

cells and thymocytes is normal. At the onset of disease, the thymus seems to be one of the

organs affected in CsA-AI. Thymus morphology shows that this effect probably is not

mediated by corticosteroids as induced by a stress-response, but that the thymus is one of the

target organs of CsA-AI (16). Although we know that the thymus is allowed to recover after

irradiation, albeit in an altered fashion due to CsA administration, very often no thymic

remnants are found in the late acute phase of disease. In X-BM CsA-rats, thymectomies

performed directly after the cessation of CsA administration do not influence the course of

disease, indicating the essential role for the thymus early after irradiation during CsA treatment,

but not in the period thereafter. Inability to recover after CsA cessation, however, is not an

explanation for development of disease as stated by others (22), because in our study

thymectomies performed directly after the cessation of CsA treatment in CsA-rats does not

cause CsA-AI. Because irradiation is essential to evoke CsA-AI, it is likely that there is an

additional effect on the peripheral immune system that normally suppresses effectively

autoreactive T-cells leaking from the thymus during CsA treatment. The role and characteristics

of this peripheral counterpart in the induction of CsA-AI are described in chapter 5.
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Summary
Cyclosporin A (CsA) induces a graft-versus-host-like disease (GVHD) in lethally irradiated
Lewis rats reconstituted with syngeneic bone marrow. The role of the thymus in the generation
of disease has been unequivocally established. It has been suggested that the CsA induced
disappearance of thymic dendritic cells (DC) is responsible for the generation of the
autoaggressive cells. In this study we quantify the loss of DC upon />j v/vo CsA administration
in normal and bone marrow-reconstituted rats using an isolation technique. The phenotype of
the DC is determined using monoclonal antibodies (mAb) recognizing antigens which are
expressed on thymic medullary DC. Furthermore, the functional aspects are assessed by
determining the antigen presentation capacity. Short-term CsA exposure clearly affects the
number of DC isolated from the thymus in a concentration dependent manner. However, in all
instances a substantial number of DC can be isolated from CsA treated animals. These isolated
DC exhibit an identical phenotype and function as DC isolated from control animals. Therefore
the partial deficiency of DC can not be held as essential for loss of tolerance.
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Introduction
Cyclosporin A (CsA) is a fungal metabolite with potent immunosuppressive properties.

Paradoxically, under certain circumstances CsA may also induce autoimmune disease (1,2).

Lethally irradiated Lewis rats reconstituted with syngeneic bone marrow and given CsA for 4

weeks develop, after withdrawal of CsA, thymus dependent autoimmune disease (CsA-AI)

(1). The symptoms of disease, as well as the histologic lesions, are similar to those seen in

acute graft-verus-host disease (GVHD) after allogeneic bone marrow transplantation (1-3).

Several studies have demonstrated an essential role for the thymus in the induction of CsA-

AI (1, 4, 5). Daily administration of the immunosuppressive drug CsA causes strong

involution of thymic medulla due to a maturation arrest of double positive thymocytes in the

cortex (6). In the mouse CsA treatment alone has been shown to result in the generation of

autoreactive T cells (7). However, the defective clonal deletion in the thymus is not sufficient

for triggering CsA-AI. The presence of regulatory T cells in the periphery prevents the

development of CsA-AI. Therefore, total body irradiation is essential for induction of disease

by destroying this suppressor circuit. Besides the effect of CsA on the thymocytes, the Major

Histocompatibility Complex (MHC) class H-positive cells as well as the EDI-positive cells are

almost completely absent in the rat thymic medulla after CsA administration (8, 9). The absence

of these antigens has been associated with the disappearance of the medullary dendritic cells

(DC). Thymic DC are considered to have a major role in thymocyte maturation as well as in

tolerance induction by clonal deletion (10). Therefore the observed reduction in medullary DC

has been thought responsible for the generation of autoreactive T-cells during CsA

administration.

In our model of CsA-AI we use comparatively low concentrations of CsA in order to affect

T cell development in the thymus and do not observe the complete disappearance of DC in the

thymic medulla using immunohistochemical methods (11). Since IN 5i"n< DC are difficult to

detect whereas IN v/7ro DC are more easily identified by their morphological features, we have

quantitated the CsA-induced changes in DC number using an isolation technique. Therefore

rats were treated for up to two weeks with various concentrations of CsA in combination with

or without previous irradiation and bone marrow transplantation (BMT). DC were purified

after collagenase digestion of the thymus using density gradient centrifugation. Low density

cells were identified as DC based on morphological characteristics (irregular-shaped, eccentric

nucleus, and extensive cell processes) and strong expression of MHC class I and II antigens.

In addition the DC were phenotypically and functionally characterized.
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Materials and Methods
An/wia/i Female inbred LEW rats (RTl') were obtained from the Central Animal Facility of
the University of Limburg, the Netherlands. The animals were maintained under specific
pathogen free conditions until use and had free access to food and water. Rats were 6 weeks of
age at the start of the experiment.

Cyc/osporm A CsA, a gift from Sandoz Pharma. Ltd., Basel, Switzerland, was dissolved in
olive oil (00) at a concentration of 7.5, 15, and 30 mg/ml. Rats were weighed daily and
received 7.5, 15, or 30 mg CsA/kg (= 1 ml/kg) subcutaneously for the time indicated (CsA-
rats). Control animals daily received 1 ml OO/kg (OO-rats). Three to 4 animals were examined
for each time point and CsA-concentration.

//rad/af/ow and feone marrow fransp/antaft'on (BA/7") Rats were given a lethal dose of 8.5 Gy at
0.5 Gy/min using a Rontgen irradiation machine (Philips MU15F/225 kV, Hamburg,
Germany). The next day rats received 6x10? viable syngeneic bone marrow cells, collected
from tibias and femurs, intravenously into a tail vein. Starting from the day of BMT rats daily
received olive oil only (X-BM OO) or 7.5 mg CsA/kg (X-BM CsA) for 14 days.

The reactivity with and function of the antigens recognized by the mAb
used for immunocytochemistry are listed in table I. OX-6 (MHC class II antigens) (12), OX-18
(MHC class I antigens) (13), and OX-39 (CD25, IL-2 receptor) (14) were obtained from the
ECACC (Salisbury, England); OX-62 (recognizing an integrin-like antigen specific for DC)
(15) was kindly provided by Dr. M. Brenan (Oxford, England); EDI (CD68, macrosialin) (16)
and ED8 (Complement Receptor type 3, CD1 lb/CD18) (17) were kindly provided by Dr. CD.
Dijkstra (Amsterdam, The Netherlands); and i A29 (CD54, ICAM-1) (18) was kindly provided
by Dr. M. Miyasaka (Tokyo, Japan).

De/u/W/ic ce// iso/a/10;; DC were isolated from thymus using a modification of the method
described previously (17). The thymus was cut into small pieces and incubated for 90 min with
5 mg collagenase (Collagenase CLS III, 116 U/mg, Worthington, New Jersey, U.K.) and 0.1
mg DNase (Deoxyribonuclease DP, 1729 U/mg, Worthington) in 10 ml RPMI-1640
supplemented with penicillin/streptomycin and glutamine at 37OC. The suspension was gently
pressed through nylon gauze and cultured overnight in RPMI-1640 supplemented with 2 mM
glutamine, 100 U/ml penicillin, 100 Ug/ml streptomycin, and 10% FCS, henceforth designated
as culture medium. Then the non-adherent cell fractions were put onto 14.5% (w/v) Nycodenz
gradients (Nycomed A.S., Oslo, Norway) in RPMI-1640 with 3% serum and 5mM EDTA to
prevent cell clustering. These gradients were centrifuged at 600 g at 200C for 20 min, and the
low density cells were collected from the interphases. These cells were cultured again for 2 hrs
to remove the remaining macrophage contamination and the non-adherent cells were further
enriched for DC on a second Nycodenz gradient as described above.

T cells were prepared from rat lymph node cell suspensions by passage over
nylon wool columns to deplete B cells and adherent cells, as described before (19). An indirect
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Table I.

mAb

List of mAb reactive with Dendritic Cells

Antigen Function Reference

OX-6
OX-18

OX-39

OX-62

EDI
ED8
1A29

MHC Class 11
MHC Class I

CD25 (IL-2R)

Integrin

CD68 (Macrosialin)

CR3 (CDllb/CD18)

CD54(ICAM-1)

Antigen Presentation
Antigen Presentation

Binding IL-2

Adhesion ?

Antigen processing ?
Adhesion

Adhesion

(12)
(13)

(14)

(15)
(16)

(17)

(18)

method with Sheep anti mouse IgG coated magnetic beads (Dynal, Oslo, Norway) in
combination with the mAb OX6 (MHC class II) and OX 12 (K-light chain) was used to remove
the contaminating non-T-cells. T-cells were used as responder cells in the proliferation assays.

Cytocentrifuge preparations made from freshly isolated cells were air-
dried and fixed in a mixture of acetone and formaldehyde (40:1) for 10 sec. Slides were
washed in PBS and incubated for 60 min with ascites or culture supernatants, diluted in PBS
with 0.5% BSA. After washing in PBS, slides were covered with a 1:200 dilution of Rabbit
anti mouse Ig peroxidase (Dakopatts, Copenhagen, Denmark) in PBS with 0.5% BSA and 3%
normal rat serum for 30 min. After washing with PBS, the slides were stained for peroxidase
activity with 3,3'-diaminobenzidine-tetrahydrochloride (Sigma, St. Louis, MO) (0.5 mg/ml in
Tris-HCl buffer (pH 7.6), containing 0.01% H2O2). Control slides were incubated in the same
way, omitting the first step or using an isotype-matched irrelevant control mouse antibody. At
least 200 cells were counted on each preparation.

F/owcytomerry Single-cell suspensions were directly incubated for 30 min on ice with mAb
diluted in PBS containing 0.5% BSA and 10 mM sodium azide (PBSAA). All incubations
were performed in the presence of 5 mM EDTA to prevent cell clustering. After washing in
PBSAA cells were incubated for 30 min on ice in a 1:100 dilution in PBSAA of FITC-
conjugated Goat anti mouse Fab2 fragments (Cappel, Organon Teknika, Boxtel, The
Netherlands). After washing with PBSAA cells were examined for fluorescence with a
FACSort (Becton Dickinson) and analyzed with Lysys II software. Gating for the DC
population was performed on the basis of the combination of forward versus sideward scatter
profile, high expression of MHC class II antigens, and low autofluorescence.

Accessory /Uwiy The response of purified LEW T-cells to PHA was measured by culturing
1x105 T-cells in 0.2 ml culture medium with PHA (1 mg/well; Difco, Detroit, USA) and
various numbers of 2000 rad-irradiated LEW thymic DC in flat-bottom microtiter plates. After
48 hours, cells were pulsed with 0.25 mCi [-̂ H]TdR (Amersham International, Amersham,
UK), were harvested 24 hours later and analyzed in a liquid scintillation counter.
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reac/io/i (A/L/?J The allogeneic MLR was performed by culturing purified
BN T-cells (1x10^ or 2x10^) in 0.2 ml culture medium with various numbers of 2000 rad-
irradiated LEW thymic DC in round-bottom microtiter plates. After 48 hours, cells were pulsed
with 0.25 mCi pH]TdR, harvested 24 hours later and analyzed in a liquid scintillation counter.

Results
DC were enriched from an enzymatically digested thymus cell suspension by density gradient

centrifugation. After overnight culturing large clusters of DC with thymocytes could be

observed floating in the culture flasks. During the separation on Nycodenz gradients clustering

of thymocytes with DC was prevented by the presence of 5 mM EDTA. Macrophages and

epithelial cells were removed by two adhesion steps. The remaining DC population had a purity

varying between 70-90% as determined initially by morphological characteristics (irregular-

shaped, eccentric nucleus, and extensive cell processes) (Fig. 1). Immunocytochemical

staining revealed that these cells also strongly expressed MHC class I and class II molecules.

The contaminating population as determined on cytocentrifuge preparations was essentially

composed of thymocytes; only few macrophages (<5%) were encountered. The average yield

per thymus was about 6 x 105 DC. The average yield and purity of the DC population did not

vary significantly between control animals of 6 to 8 weeks of age.

Figure 1. Cytocentrifuge preparations of isolated thymic DC immunocytochemically stained for the expression

of MHC class II (A) or OX-62 (B). Thymic DC strongly express MHC class II antigens on their surface through

which the extensive processes are clearly visible. The OX-62 staining is rather weak on the major subset of the

thymic DC.
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DC isolated from CsA treated animals showed no morphological differences. Furthermore,

no change in density of the DC, which might have influenced the yield by using gradient

centrifugation, was observed by examining whether the high density cells were contaminated

with cells showing dendritic morphology. Moreover, thymic DC tend to cluster strongly with

thymocytes in suspension. Hardly any of such clusters were observed in the high density

population. In cases that low numbers of DC were isolated the macrophage contamination was

increased to ±10%. However, these macrophages had a swollen appearance and could easily

be distinguished from DC.

/w vivo CsA administration of 7.5 mg/kg during a period of 14 days clearly affected the

number of DC isolated from the thymus in two independent experiments. In the first week of

treatment there was a slight decrease of 20-30%. From day 10 onwards the effect was the

strongest with a decrease of about 50-60% (Fig. 2A). In one of the two experiments a slight

but significant (p<0.01) recovery was observed from day 10 to day 14. Furthermore, the effect

of CsA concentration on the number of isolated DC was determined at two different time

points: 10 days and 14 days. The lowest CsA concentration (7.5 mg/kg) revealed that,

compared to controls, only 40-50% of DC were isolated at day 10 and 14. The two highest

CsA concentrations (15 and 30 mg/kg) resulted at both time points in the isolation of only 20-

30% of control DC numbers. This dosis-effect relation revealed a concentration dependent

effect on the decrease in DC number. The maximal effect was obtained with 15 mg CsA/kg

(Fig. 2B).

Since irradiation and syngeneic BMT are required in addition to the CsA treatment in order

to induce CsA-AI, we also determined the effect of irradiation, alone (X-BM OO) or in

combination with 7.5 mg CsA/kg (X-BM CsA), on the depletion of thymic DC. Two weeks

after irradiation and BMT DC were isolated from X-BM OO-rats (n=3), X-BM CsA-rats

(n=5), and OO-rats (n=2). Compared to the controls in both instances (X-BM OO and X-BM

CsA) 70-80% of the thymic DC were depleted (not shown).

In order to determine possible functional deficits of the thymic DC by CsA administration

we determined the phenotype of the isolated cell population using immunocytochemistry on

cytocentrifuge preparations and FACS analysis. Therefore we focussed on mAb that recognize

antigens which are expected or known to be important for the function of thymic DC (Table I).

All these mAb are reactive with the DC in the thymic medulla.

The DC isolated from control animals strongly expressed MHC class I and II antigens as

determined by reactivity with respectively mAb OX-18 and OX-6. The expression of these

antigens was used besides morphological criteria (irregular-shaped, eccentric nucleus, and

extensive cell processes) for the identification of DC. Therefore, more or less by definition, all

the DC were positive for OX-6 (Fig. 1A) and OX-18. The same stands for the DC isolated
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Figure 2A. The effect in time of m vivo CsA administration on the number of thymic DC. Control animals

received vehicle only, whereas experimental animals received 7.5 mg CsA/kg daily. Two separate experiments

are shown.

Figure 2B. The effect of CsA concentration on the number of thyrnic DC. Animals were treated with 0 (vehicle
only), 7.5, 15, or 30 mg CsAAg daily for 10 days (squares) or 14 days (circles).

The number of DC obtained in the experimental groups (n=3 or n=4) is presented as the percentage (±SD) of the

mean of the control group (n=3). Statistical differences (Student's / test) between the respective control and

experimental groups are indicated (*p<0.001, **p<0.01; ***p<0.05; or not significant (ns)).

from CsA treated animals. In none of these suspensions, however, cells with dendritic

morphology lacking MHC class I or II expression, were observed on cytocentrifuge

preparations. Most of the cells with dendritic morphology stained immunocytochemically with

the mAb OX-39 (CD25, IL-2R), OX-62 (integnn), EDI (CD68, macrosialin), and 1A29

(CD54, ICAM-1). Although the mAb EDI is known as a pan-macrophage marker it also reacts

with DC in a very specific way: staining of DC is restricted to a small spot near the nucleus in
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Table

mAb

II. Effect of //i v/vc;

0 mg/kg

CsA

CsA

Administration

7.5 mg/kg

on the

CsA

Phenotype of Thymic

15 mg/kg CsA

C/ia/Wr 4

Dendritic Cells

30 mg/kg CsA

OX-6*
OX-18*

OX-39"

OX-62'*

EDI"
ED8"

IA29"

82 ± 3 %
76 ±4%
57 ±2%
81 ±4%
87 ±4%
16 ±4%
96 ±2%

70 ± 3%
70 ±3%
64 ±6%
78 ± 1%
91 ±3%
15 ±2%
93 ± 1%

65 ± 3%
66 ±2%
59 ±5%
77 ±6%
83 ±2%
17 ±5%
96 ± 1%

75 ± 2%
71 ±3%
59 ± 5%

ND
ND
ND
ND

Phenotype of thymic dendritic cells as determined by immuno-cytochemistry on cytocentrifuge preparations.

Dendritic cells were isolated from animals that had been treated with different concentrations of CsA for 14 days.

Dendritic cells were identified on the basis of morphological characteristics (irregular-shaped, eccentric nucleus,

and extensive cell processes). 'Since MHC class I and II are expressed by all dendritic cells, results for these

markers are presented as percentages of the total cell population (+ SD). "Results obtained with the other

markers are presented as percentages of the dendritic cell population (± SD). ND, not determined.

contrast to the overall cytoplasm staining in macrophages. Only a minor subpopulation stained

with the mAb ED8 (CR3, CD1 lb/CD18). //i v/vo CsA administration did not influence the

phenotype as determined on cytocentrifuge preparations of the isolated DC: nor at different time

points (not shown), neither with different CsA concentrations (Table II).

FACS-analysis was performed to determine eventual differences in the level of antigen

expression. In the FACS-analysis the morphological criteria for identification of DC were

lacking. However, most contaminating thymocytes could be excluded by gating for DC on the

basis of the forward versus sideward scatter profile, whereas impurity caused by macrophages

was eliminated by excluding autofluorescent cells from the DC gate. These gating procedures

resulted in an increase in MHC class II expression from ±75% to more than 95%, whereas

about 60% of the original cell number was recovered within the DC gate.

Phenotypic characterization of thymic DC by FACS analysis revealed strong expression of

MHC class I and class II antigens, as well as CD54 (ICAM-1) on nearly all DC. Intermediate

antigen levels were detected by the mAb OX-39 (CD25, IL-2R) and OX-62, staining the

majority of DC, and ED8 (CR3, CD1 lb/CD18), staining a minor subpopulation. EDI (CD68,

macrosialin) expression was not observed by FACS-analysis. /n v/vo CsA administration did

not influence the DC phenotype with respect to number of positive cells or staining intensity

(Fig.3).

In order to examine possible functional effects of I/I vivo CsA administration the efficiency

of thymic DC in the induction of T-cell proliferation was determined in an accessory assay and

an MLR. In the absence of thymic DC as accessory cells, LEW T-cells failed to respond to
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Figure 3. Effect of m vivo CsA administration on the cell surface phcnotypc of rat thymic DC. In the left
column the shaded profiles show the expression of the indicated marker by thymic DC of control animals
receiving vehicle only, whereas in the middle column the shaded profiles show the expression of the indicated
marker by thymic DC of experimental animals that had received 7.5 mg CsA/kg daily for 10 days. The black
line in both left and middle column indicates the control staining of rat thymic DC. In the right column the
expression of the indicated marker by thymic DC of control (black line) and experimental animals (shaded
profile) are compared.
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Figure 4. Functional characterization of thymic DC upon in vivo CsA administration. The accessory activity

was examined by determining the PHA-induced T-cell proliferation. Various numbers of LEW DC were cultured

with 10' LEW T-cells and 1 mg/well PHA (upper and lower left diagrams). In order to determine the capacity of

the DC to induce an allogeneic MLR various numbers of LEW DC were cultured with 1x10' or 2x10-'' BN T-

cells (upper and lower right diagrams respectively). In the first experiment (upper diagrams) thymic DC of

control animals (open squares) were functionally compared with thymic DC obtained from animals that had been

treated daily with 7.5 mg/kg for 14 days (open triangles). In the second experiment (lower diagrams) thymic DC

of control animals (open squares) were functionally compared with thymic DC obtained from animals two weeks

after BMT only (closed squares) or in combination with daily 7.5 mg/kg CsA administration (closed triangles).

Means of triplicate values are given.

PHA (<300 cpm). Irradiated thymic DC (104) alone or in the presence of PHA also failed to

incorporate [?H]TdR (<400 cpm). The presence of thymic DC was also required for the

incorporation of pH]TdR in BN T-cells (<300 cpm). In the first experiment thymic DC of

control animals were functionally compared with thymic DC obtained from animals that had

been treated daily with 7.5 mg/kg for 14 days. In the second experiment thymic DC of control

animals were functionally compared with thymic DC obtained from X-BM OO-rats and X-BM

CsA rats two weeks after BMT (X-BM OO) and 7.5 mg/kg CsA administration (X-BM CsA).

Both experiments revealed that the proliferative response in the accessory assay as well as in

the MLR was dependent on the thymic DC number. DC isolated from control or experimental

animals resulted in comparable T-cell responses (Fig. 4). In the accessory assay the pH]TdR

incorporation in both experiments was about 4000 cpm with as few as 102 DC and up to

80,000 cpm with 104 DC. In the MLR of the first experiment (1x105 BN T-cells) the pH]TdR
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incorporation was about 600 cpm up to 35,000 cpm for respectively 102 DC and 104 DC. In

the second MLR experiment (2x105 BN-Tcells) the pHJTdR incorporation was about 5000

cpm up to 50,000 cpm for respectively 102 DC and 104 DC.

Discussion
Rat thymic DC have been isolated by separation of the low density fraction following an

isolation protocol slightly modified from the one described previously (17). The yield, purity

and phenotype are mainly in agreement with the results obtained by others in the rat (20, 21)

and mouse (22, 23). In accordance with these studies rat thymic DC express high levels of

MHC class I and class II molecules. CD25 (IL-2R) expression on thymic DC is still

controversial (21, 23, 24). It is suggested that CD25 expression on thymic DC is upregulated

upon culture as has been reported for rat veiled cells (25). However, it should be noted that in

the rat mAb OX-39 labels a subpopulation of medullary DC /« s/7« (14) and therefore the CD25

positive DC we isolated may very well represent this subpopulation. The rat macrophage and

DC marker EDI (CD68, macrosialin) stains DC only intracytoplasmic. Consequently reactivity

could only be observed in cytocentrifuge preparations. Since macrophages show EDI reactivity

throughout the cytoplasm, whereas DC isolated from lymphoid tissues show only light

granular spots restricted to a distinct area in the cytocenter, EDI is a very suitable marker for

the identification of DC i>z vifro (26). In addition we used the mAb OX-62, reacting with the

majority of the isolated thymic DC. Although this marker is not restricted to this cell type the

labeling correlates with DC forming a diffuse network in the thymic medulla (15).

Furthermore, the isolated DC are very efficient accessory cells and induce strong T-cell

proliferative responses in an allogeneic MLR comparable to DC isolated from the thoracic duct

lymph (27).

Upon /'« vivo CsA administration our results show a concentration dependent decrease in

DC number, but it never results in a complete disappearance of DC. These results seem to

contradict earlier findings that CsA causes an almost complete loss of DC in the thymic medulla

as determined in JJ7M by MHC class II or EDI expression (8, 9). Although thymic DC express

the MHC class II surface antigen and the EDI cytoplasmic antigen (17), respectively epithelial

cells and macrophages can have these same characteristics. Identification in .si/M of DC

therefore may be very difficult in the diffuse labelling of the medulla. Since the decrease in DC

number in our experiments never exceeds 70-80%, it can be argued that the remaining 20-30%

concernes precursor cells. These precursor cells are probably not observed as such /'« JJ7M, but

are able to mature during overnight culturing as applied in our isolation procedure. Rather

comparabe to the DC data presented here, Milicevic et al. recently demonstrated that especially
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the mature medullary epithelial cells are lost upon CsA treatment, while the less mature survive

(28). However, using among others the mAb OX-39 and OX-62 in SI7H we were stil able to

identify substantial numbers of DC in the thymic medulla of irradiated and CsA treated animals

(11). These findings indicate that in vivo CsA administration not fully removes the mature

thymic medullary DC.

Although we do see a strong decrease in DC number, we also find a slight recovery during

CsA administration within 2 weeks. Ultrastructural observations by De Waal et al. revealed that

this recovery concerns new DC immigrants with an immature character, i.e. absence of Birbeck

granules, and the lack of coated vesicles with amorphous or membranous contents (29). The

identity of this precursor is still obscure. Predominantly immature macrophages are present

along the blood vessels in the corticomedullary region of the thymus. It has been suggested that

these corticomedullary macrophages represent precursors for the cortical macrophage as well as

for the medullary DC (30). Recently it appeared that thymic DC and T-cells develop

simultaneously in the thymus from a common precursor population (31).

In order to determine possible functional deficits we first determined the phenotype of the

isolated thymic DC. /n vivo CsA administration appeared not to influence the phenotype.

Especially the expression of adhesion molecules like CD54 (ICAM-1), CR3 (CD1 lb/CD18),

and possibly the integrin-like OX-62 antigen may be important in the interaction between DC

and thymocytes. The significance of the CD25 (IL-2R) expression on thymic DC is still

obscure. CD25 is suggested to be involved in T-cell activation, but may also trigger DC

maturation (25). The suggestion, based on the phenotypic analysis, that the function of thymic

DC is not influenced upon in v/vo CsA administration is confirmed by additional functional

studies. Neither accessory activity nor the capacity to induce an allogeneic MLR are affected.

From our results we like to conclude that the observed disturbance of T-cell maturation by

CsA is not caused by a complete disappearance or phenotypic and functional change of the

thymic medullary DC. It is more likely that the CsA induced absence of mature T-cells in the

thymic medulla interferes with the maintenance and maturation of the medullary DC, as has

been shown to be the case for growth of medullary epithelial cells (32). CsA inhibits

expression of early T cell activation genes among which besides IL-2 also GM-CSF is affected

(33). Lack of these cytokines may cause the disturbed DC number within the thymic medulla.

Nevertheless, DC numbers may increase within 2 weeks while CsA treatment is still going on.

The notion that DC recover in the thymus during CsA treatment is consistent with reports

indicating that the thymus is essential for the induction of CsA-AI during the first 2 weeks of

CsA therapy, but not thereafter (4).

Altogether the DC are far from completely depleted upon CsA administration and the

antigen expression and function remain the same. Thus, in the model of CsA-AI the altered



75

negative selection is not caused by CsA-induced depletion of DC. It remains obscure whether

the observed reduction in the first 2 weeks of CsA administration can be held responsible for

the generation of autoreactive T cell inducing CsA-AI. Since CsA also blocks apoptosis (34,

35), it is more likely that autoreactive thymocytes escape apoptosis and finally are able to leave

the thymus.
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Summary
Lethally irradiated Lewis rats reconstituted with syngeneic bone marrow and given
Cyclosporin-A (CsA) for a 4 week period, develop, upon withdrawal of CsA, a graft-versus-
host like disease, so called CsA induced Autoimmunity (CsA-AI). This T cell mediated
autoimmune disease is thymus dependent; it is generally held that this disease is a consequence
of aberrant T cell recovery brought about by Cyclosporin-A.

In this study we determined mononuclear cell subsets phenotypically by tri-colour
flowcytometry. A strong decrease in recent thymic emigrants (RTE; Thyl.l+, TCRaP+) was
observed as a consequence of CsA treatment eventually resulting in decreased absolute
peripheral T cell numbers. In these rats no altered CD4 : CD8 T cell ratio was observed prior to
onset of CsA-AI; CD4+ and CD8+ non T cells consisted predominantly of monocytes
(CD4dim+, TCRa(3-) and natural killer cells (CD8+, TCRaf}) respectively.

Lewis rats, X-irradiated, syngeneic bone marrow reconstituted and treated with CsA,
showed a marked and persistent, relative expansion of mature CD45RC+, RT6- Th cells. In
contrast, Brown Norway rats treated in a similar fashion, or Lewis rats subjected to either CsA
treatment or X-irradiation did not show a comparable expansion of mature CD45RC+, RT6- Th
cells, nor did these animals develop CsA-AI. The CD45RC+, RT6- Th cells produced IL2 and
moreover constituted the only Th subset producing IFNy upon stimulation and therefore were
considered as Thl like effector cells. These results are consistent with the view that a persistent
preponderance of Thl cells and not the mere presence of autoreactive cells determines whether
or not clinically manifest CsA-AI will occur.
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Introduction >M;5> > . , ,», | j

The development of the so called autoimmune Graft versus Host disease in Lewis rats, lethally

irradiated and reconstituted with syngeneic bone marrow, and next given a 4 week treatment

with Cyclosporin-A (CsA), is T cell mediated (1 -3). Although the effect of lethal irradiation on

the hematopoietic cells is corrected by syngeneic bone marrow transplantation (BMT), T cell

recovery is impaired and far from complete under concomittant CsA administration. The

development of autoimmune disease after use of the immuno-suppressive drug CsA is

supposed to be due to the inhibition of intra-thymic negative selection of self reactive

thymocytes during CsA administration (4,5). If this were the case increased numbers of recent

thymic emigrants (RTE) in the periphery, as observed by others after CsA administration (6-8)

might preceed the development of disease. The autoreactive T cells which induce this graft

versus host like disease are demonstrable by adoptive transfer experiments and disease can be

succesfully transferred by CD4+ cells (9), CD8+ cells (10) or by combinations of CD4+ and

CD8+ cells (11), provided an autoregulatory T cell circuit in the recipient is first eliminated by

X-irradiation (12). In addition, in animals developing CsA-AI an increase in peripheral blood

CD4+ cells precedes the onset of clinical disease (13). It has been shown, however, that in the

rat both CD4 and CD8 are not T cell specific and are also expressed on monocytes and NK

cells respectively (14, 15). Finally not all strains of rats (16) or mice (17-19) which are

subjected to X-irradiation, BMT and CsA-therapy develop disease although CsA impairs

thymocyte maturation (20, 21) and selection (22-24) regardless of strain.

Based on studies involving function and development of peripheral T cells in the rat

Kampinga et al. have constructed a concept for rat Th cell development in which several

maturational stages can be discriminated based on the expression of Thy 1.1, CD45RC and

RT6 (25). Thy 1.1 is a marker for RTE which is lost within two weeks after they enter the

periphery (26, 27). RTE first start to express RT6, an allotypic T cell marker (28), and after

losing Thy 1.1 reactivity, the expression of CD45RC, a high molecular weight isoform of

CD45 is induced together with the RT6 expression (26). Upon activation CD45RC and RT6

expressions are lost (29, 30). Thereafter Th cells differentiate into CD45RC+RT6- or

CD45RC-RT6+ memory cells, with proposed Thl like and Th2 like activity respectively.

CD45RC+ Th cells have been shown to produce predominantly IL2 and IFNy, whereas the

lymphokine production of the CD45RC- subpopulation consists mainly of IL4 and IL10 (31).

In previous studies balances between CD45RC+ and CD45RC" Th cells or RT6+ and RT6" Th

cells were demonstrated to regulate susceptibility and development of autoimmune disease (11,

31-35). Th cells capable of inducing T cell mediated autoimmune disease are found within the

CD45RC+ or RT6~ subset whereas suppressor activity is found among the CD45RC" or RT6+

Th cells (11, 26, 33, 36-38). Altogether, in the rat the combinatory expression profiles of RT6
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and CD45RC enable the identification of four mature (Thy 1.1") Th cell subsets with

presumptive properties: CD45RC+RT6+ naive Th cells, CD45RC-RT6" activated Th cells,

CD45RC+RT6" Thl like memory cells and CD45RCRT6+ Th2 like memory cells.

Thus, given identical impairment of negative thymic selection by CsA, the differences

between Lewis rats, which are susceptible to induction of disease, and BN rats which are

resistant (16) might reside in different ratio's of Th cell populations upon induction of CsA-AI.

Therefore, in this study we addressed the following four questions. Are increased numbers of

RTE demonstrable in rats in the induction phase of CsA-AI, that is prior to cessation of CsA

medication? Is the disease associated with altered CD4 : CD8 ratio's in peripheral blood? Is

development of disease associated with a skewing towards CD45RC+, RT6" Th cells and do

these cells produce Thl associated cytokines?

Materials and Methods
•Ani/na/s Female inbred Lewis (RTl') and Brown Norway (BN, RT1") rats were obtained
from the Central Animal Facility of the University of Limburg, the Netherlands. The animals
were maintained under specific pathogen free conditions until use and had free access to food
and water. Rats were 6 weeks of age at the start of the experiment.

Pro/oco//or r/?e /«J«c7/'o/i o/CsA-/!/ Rats were given 8.5 Gy X-irradiation at 0.5 Gy/min.,
using a Rontgen irradiation machine (Philips MU15GF/225 kV, Hamburg, Germany) one day
prior to syngeneic BMT. Recipient rats were given 6x10^ viable nucleated syngeneic bone
marrow cells intravenously into a tail vein as previously described (2). Starting from the day of
BMT the rats received subcutaneously 7.5 mg CsA/kg per day for 28 days. CsA, a kind gift
from Sandoz Pharma Ltd., Basel, Switzerland, was dissolved in olive oil (OO) at a
concentration of 7.5 mg/ml. In the experiments, where indicated, the X-irradiated syngeneic
BM reconstituted, CsA-treated (X-BM CsA-) rats, were compared to X-BM OO-rats (X-
irradiated, syngeneic BM reconstituted and olive oil treated), CsA-rats (only CsA-treated rats)
and OO-rats (olive oil only treated rats).

Anrtfrcutie.? The biotinylated mAb R73 (TCRocp) (39) and supernatants of the
mAb's V65 (TCRY5) (40), 341 (CD8ap\ specific for Tcyt/suppr. cells) (15) and NK
(equivalent to mAb 3.2.3. (41); Dr. E. Krause and Prof. Th. Hiinig, personal communication)
were kindly provided by Prof. Th. Hiinig (University of Wiirzburg, Germany). The
biotinylated mAb ER2 (CD4, expressed by Th cells and macrophages) (42) was kindly
provided by Dr. B. de Geus (TNO, Leiden, The Netherlands). The biotinylated mAb ED8
(CR3, present on macrophages and granulocytes) (43) was kindly provided by Prof. CD.
Dijkstra (Free University of Amsterdam, the Netherlands). The hybridoma cell-line producing
3G2 (RT6.1; RT6 alloantigen expressed in Lewis) (44) was kindly donated by Prof. K.
Wonigeit (Medische Hochschule, Hannover, Germany). The hybridoma cell-line producing
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GY1/12 (RT6.2; RT6 alloantigen expressed in BN) (45) was kindly donated by Dr. G.
Butcher (Department of Animal Physiology, Babraham, UK). HIS25 (CD45RC; LCA-isotype
present on all Tcyt/suppr, part of Thelper- and all B-cells) (46) and HIS51 (Thy 1.1, within the
TCRaP+ cell population specific for RTE) (47) were produced by the Department of
Histology, University of Groningen, the Netherlands. W3/25 (CD4) (48), 0X6 (RT1B; MHC
class II) (49), 0X22 (CD45RC) (50) and OX35 (CD4) (14) were obtained from the European
Collection of Animal Cell Culture (Salisbury, UK). PE conjugated OX8 (CD8ococ,
Tcyt/suppr.-cells and natural killer cells) (51) was obtained from Pharmingen (San Diego, CA,
USA). Biotinylation or conjugation with FITC or APC of the mAb's were performed using
standard protocols.

o/ce// s«.s/?ert.«ons Rats were exsanguinated under ether anaesthesia via the aorta
or by heart puncture with a syringe containing 100 (il heparin (10,000 U/ml, Leo
Pharmaceutical Products, Weesp, the Netherlands) or blood was repeatedly collected via the
retro-orbital vein plexus. The peripheral blood leukocyte (PBL) cell number was determined in
Turk solution with a Biirker Haemocytometer or with a Coulter Counter (Coulter Electronics).
The erythrocytes in the buffy coats were lysed with NH4Cl-buffer (0.155 M NH4C1, 0.01 M
KHCO3, 0.1 mM EDTA , pH7.4) after which the cells were spun down at 316 g for 10
minutes at 4 °C and resuspended in PBS containing 0.5% W/V bovine serum albumin (PBS-
BSA) (BSA, Sigma, St.Louis, MO, USA).

Cervical and mesenteric lymph nodes were pooled, teased apart and passed through a 100
mesh nylon gauze and collected in PBS-BSA. The lymph node cells (LNC) were spun down
(316 g, 10 min., 4°C) and resuspended in PBS-BSA. All cell suspensions were counted in a
Biirker Haemocytometer while viability was assessed by Trypan Blue exclusion.

Five xlO^ cells per sample were centrifuged in a 96 well microtiter-plate (236
g, 3 min, 4°C) and resuspended in PBS-BSA containing 10 mM NaN3 and conjugated mAb.
The combined expression of CD4 (FITC), CD8 or Thy 1.1 (PE) and TCRafj (biotin-
conjugated, stained in a second step with streptavidin-Cy Chrome, Pharmingen, San Diego,
CA, USA) on PBL and/or LNC was determined on a FACSort (Becton Dickinson, Etten
Leur, the Netherlands). The cells were run using the LYSYS II software package (Becton
Dickinson), and 10,000 events were acquired in list mode with gating on viable mononuclear
cells using the forward light scatter (FSC) and side light scatter (SSC) parameters. Analysis
was performed using the same software.

When unlabeled primary antibodies were used in combination with CD4 and CD8
expression, PBL were incubated consecutively with: 1. the unlabeled mAb, 2. FITC
conjugated Goat anti Mouse Fab2 (Cappel, Organon Teknika Corp., West Chester, PA, USA)
3. excess irrelevant mouse mAb in order to block free binding sites of the Goat anti Mouse
Fab2, 4. PE conjugated OX8 and biotinilated ER2, and 5. streptavidin Cy-Chrome. After each
incubation excess reagents were removed by extensive washing.

When a Coulter ELITE flowcytometer (Coulter Epics, Hyaleah, USA) was used cells were
stained with mAb conjugated to FITC, APC, PE or biotin and stained in a second step
incubation with either streptavidin-PE (SBA, Birmingham, AL, USA) or streptavidin-APC
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(Gibco BRL., Gaithersburg, MD, USA). Cell samples were labelled with combinations of
directly conjugated mAb reactive with CD4, CD8, TCRaP, Thy 1.1, CD45RC and RT6. To
determine the Th subsets, as acquired by CD4, Thy 1.1, RT6, and CD45RC expression, 2 tri-
colour stainings are required (CD4-Thy 1.1-RT6 and CD4-CD45RC-RT6) since coexpression
of Thy 1.1 and CD45RC has been reported to be negligible (26). CD4 T cells were
distinguished from CD4+ monocytes based on a lower forward light scatter profile and higher
CD4 expression by Th cells. To determine the relative sizes of the different CD4 T cell subsets
30,000 to 50,000 cells were recorded. The analysis was done using the ELITE analysis
software.

A transversal section of spleen and cervical lymph nodes mounted in
a piece of liver was snap frozen in isopentane and used for cryosections. Six (im thick cryo-
sections were cut, air dried and stored at -20 °C. All sections were fixed in aceton and
subsequently stained using a two step immuno-peroxidase technique as described previously
(21); next the sections were counterstained with hematoxilin, dehydrated and covered with
Entallan (Merck, Germany).

/so/anon o/ C£W 7 ce// jutaefs To study the different CD4 subsets for cytokine expression,
mesenteric and cervical LNC were isolated from normal 8 week old Lewis rats. The lymph
nodes were first teased apart in Dulbecco's balanced salt solution (DBSS) with 10% iFCS and
penicillin (100 U/ml) and streptomycin (100 Ug/ml) and flushed through a 100 mesh nylon
gauze. Cells were fractionated over a nylon wool column (Fenwall Laboratories, Deerfield, IL)
to enrich for T cells as previously described (52). Finally non-T cells and CD8+ cells were
depleted by negative selection using mAb OX8 (CD8aa), 341 (CD8ap) and OX6 (RT1B) and
subsequently Sheep anti Mouse IgG-coated magnetic beads (Dynal, Oslo, Norway). The
depletion was checked by flowcytometry. More than 97% of the cells were CD8-, CD4+ and
TCRa|3+. Next, the cells were stained with mAb OX22 (CD45RC) and 3G2 (RT6.1). These
cells were sorted on a FACStar (Becton Dickinson). Two x 105 cells with the
CD45RC+RT6.1+, CD45RCRT6.1+, CD45RC+RT6.1- or CD45RCRT6.1- phenotype were
collected.

Cy/o/t/ne f C7? The cytokine mRNA production of the sorted CD4+ Th cell subsets was
determined by RT-PCR after ;>i W/ro activation of the respective subsets. Cells were stimulated
by cross-linking of the TCR by the mAb R73 in the presence of spleen dendritic cells. Tissue
culture plates (96 well flatbottom, Costar) were coated with Rabbit anti Mouse Ig (DAKO) and
next incubated with mAb R73 (TCRaP) or UD15 (irrelevant isotype matched control mAb).
Spleen dendritic cells were isolated as described before (43) and were used as accessory cells
(5 x 10̂  dendritic cells/well). The respective T cell subsets (5 x 10* cells/well) were added and
subsequentially analyzed for cytokine mRNA production or proliferation. To determine
proliferation, cells were cultured for 72 hours and pulsed with pH]-thymidine for another 18
hours. Cells were harvested on fibreglass filters and [^HJ-thymidine incorporation was
measured.
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G3PDH (53):

IL2 (54):

IL4 (55):

IL10 (56):

and IFNy(57):

sense :

anti-sense

sense

anti-sense

sense

anti-sense

sense

anti-sense

sense

anti-sense

Total RNA was isolated after 16 hours culture by extraction with RNAzol (Cinna Biotex,
USA) and next transcribed into cDNA using reverse transcriptase (Gibco Brl.). Aliquots of
cDNA were made up to a final volume of 20 u.1 containing 0.2 mM of dATP, dCTP, dGTP
and dTTP each, 50 mM KC1, 10 mM Tris-HCl (pH 9.0 at 25 °C). 1.5 mM MgCl2, 0.01%
gelatin, 0.1% Triton X-100,40 ng of primers and 0.5 U AmpliTaq DNA polymerase I (Perkin
Elmer, Cetus) and subjected to 24, 27 or 30 cycles (in case of G3PDH) or 27, 30 or 33 cycles
(in case of rat cytokines) of 15 seconds at 94°C, 30 seconds at 60°C and 1 minute at 72°C
followed by one cycle of 7 minutes at 72°C using the PE9600 PCR apparatus (Perkin Elmer).
The number of cyles we used was within the range of exponential DNA amplification. G3PDH
and rat cytokine primers were based on published DNA sequences and are as follows:

5'-ACCACAGTCCATGCCATCAC-3'

5'-TCCACCACCCTGTTGCTGTA-3'

5'-AGCAAAAGCrrTCACrTGGAAGAC-3'

5-TGAGATGATGCnTGACAGATGGC-3'

5'-GGGCTrCCAGGGTGCrTCGCAAAT-3',

5'-TTCAGTGTrGTGAGCGTGGACn:A-3'

5'-TGCCAAGCCrTGTCAGAAATGATCAAG-3'

5'-GTATCCAGAGGGTCTTCAGCrTCrcrC-3' ,

5'-ATCTGGAGGAACrGGCAAAAGGACG-3'

5-CCrTAGGCTAGATTCTGGTGACAGC-3'.

In all experiments controls without template were included for the detection of false positive
PCR reactions. Resultant PCR products were visualized on an ethidium bromide stained 2%
agarose gel under UV light.

Results

/Ifoo/u/e WM/nfors q/"ree«if tfry/nic emigrants are d'ecreasea' in CsA /rea/«/ Lewis raw Since

CsA is known to interfere with T cell development in the thymus, we asked the question

whether CsA causes an altered thymic output into the periphery. In the rat it has been shown

that peripheral TCRa(i+ T cells are Thy 1.1 negative and only T cells that have left the thymus

recently, i.e. within 7 days, do express Thy 1.1 (26, 27). Therefore peripheral blood was

repeatedly collected on the indicated time and Thy 1.1 expression was determined in

combination with TCRafj.

In CsA-(treated) rats thymic output is progressively suppressed resulting in an almost

tenfold decrease in TCRaf3+, Thy 1.1+ RTE (0.04 x 10& cells/ml) compared to OO-(treated)

rats (0.36 x 10^ cells/ml) (Table IA). This decrease in thymic output resulted in a prolonged

lower T cell number in CsA-rats compared to OO-rats (Table IB). Total body X-irradiation

yielded very low leukocyte numbers during the first 2 weeks after syngenic BMT. Therefore

the X-BM rats were analyzed starting from week 2. In X-BM CsA-rats at week 2 the number

of RTE was 0.02 x 10^ cells/ml, comprising about 30% of the peripheral blood T cells



/f/i /F7V7>roduci'/ig - 77i ce/As 85

whereas in X-BM OO-rats the number of RTE was 0.09 x 10° cells/ml, comprising about 36%

of all peripheral T cells (Table IA & B). Four weeks after X-irradiation and syngeneic BMT in

both X-BM CsA- and X-BM OO-rats over 10% of the peripheral T cells were Thyl.l+; in

absolute numbers however the X-BM CsA-rats had about 6 times less RTE and TCRap+ T

cells compared to X-BM OO-rats, and this persisted until development of disease. Eventually

the decreased output of RTE in X-BM CsA-treated rats resulted in a decreased recovery of the

peripheral T cells. • • : , ••;

These results show that CsA treatment alone results in suppression of thymic output and in

combination with X-irradiation and syngeneic BMT in inhibition of restoration of the

peripheral T cell population.

Table IA: Absolute number of RTE / ml peripheral blood x

day after syngeneic BMT 14 28 42

OO

CsA

X-BM OO

X-BM CsA

0.4810.07
0.7610.23

N.D.
N.D.

0.6010.05
0.1710.04

N.D.
N.D.

0.4210.06
0.0210.01
0.09+0.04
0.0210.00

0.3610.08
0.0410.04
0.2310.07
0.0410.00

0.3310.10
0.2510.06
0.2210.03
0.0510.10

Table IB: Absolute number of T cells / ml peripheral blood x 10 6

day after syngeneic BMT 3 7 14 28 42

OO

CsA

X-BMOO
X-BM CsA

3
4

.15+0.

.6211.

N.D.

N.D.

26
37

4.65+0.48
3.3910.42

N.D.

N.D.

4.2510.29
1.8210.40

0.3110.14

0.07+0.01

4.0211.01
1.6710.47

2.0910.60

0.3110.08

5
2

3

0

.2210.81

.7510.75

.3210.16

.76+0.18

Abbreviations; OO. olive oil treated for up to 28 days; CsA, Cyclosporin A-treated for up to 28 days; X-BM

OO, X-irradiated, syngeneic bone marrow reconstituted and treated with olive oil for up to 28 days, X-BM CsA,

X-irradiated, syngeneic bone marrow reconstituted and treated with Cyclosporin A for 28 days; N.D., not

determined.

7 ce// recovery as determined fry CD4 am/ CDS e*pre55Jon In order to investigate

the CD4 and CD8 expression on peripheral T cells in Lewis rats subjected to the protocol for

induction of CsA-AI, tri-colour flowcytometry was performed using mAb reactive with CD4,

CD8aoc and TCRocp. Rats were sacrificed and peripheral blood and mesenteric and cervical

lymph nodes were collected as described. Two weeks after X-irradiation and syngeneic BMT

the relative amount of TCRap+ cells in peripheral blood of X-BM OO- and X-BM CsA-treated
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rats was still less than 10 % of the mononuclear leukocytes. In X-BM OO-treated rats the

TCRocp+ cells rapidly expanded thereafter and normalized to approximately 70 % of the

mononuclear cells within 6 weeks. The recovery of T cells in X-BM CsA-treated rats was

strongly suppressed, and even at 8 weeks after BMT, eg. 4 weeks after cessation of CsA-

therapy, the T cell population was less than 40 % of the mononuclear cells (Fig. 1 A). In the

unirradiated CsA-rats a progressive decrease of the number of T cells to 50 % of the

mononuclear cells was observed, which remained until 2 weeks after cessation of CsA

administration. Thereafter the T cell population recovered and was within normal limits at week

combinatory effects in X-BM CsA-rats resulted in an incomplete recovery of the T cell

population (Fig. IB).

100% -|

B 100% -i

80%

60%

40%-

20%-

0%

peripheral blood T cells

lymph node T cells

8-,
' • &

0 1 2 3 4 5 6 7 8
CsA

Figure IA and B: Phenotypic analysis of peripheral blood and lymph node T cells.

Weekly, starting from 2 weeks after X-irradiation and syngeneic BMT (X-BM), expression ofTCRaP within the

mononuclear cells was analyzed by FACS on peripheral blood (figure A) and lymph node cells (figure B) of two

rats from each group, i.e. X-BM CsA- (open circles). X-BM OO- (open triangles). CsA- (closed circles) or OO-

rats (closed triangles). OO- and CsA-rats were assessed from the beginning of the experiment. The amount of T

cells per rat tested, is expressed as the percentage of total mononuclear cells. The average per control group is

represented as a solid line; the average of the X-BM CsA group is depicted by the dotted line.
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Both in PBL and LNC the ratio of single positive (SP) CD4+ : CD8+ TCRa(i+ T cells was

about 4 : 1 in OO-rats. Only at 2 weeks after syngeneic BMT in X-BM OO- and X-BM CsA-

rats the ratio was elevated to 6 : 1 and 7.5 : 1 respectively (Fig. 2A & B). Later on, the X-BM

OO-and X-BM CsA-rats showed a ratio of 4 : 1. - T.^ ' , ' .>*? . - •

Besides the CD4 : CD8 cell ratio within the TCRa(3+ PBL and LNC the relative amount of

CD4CD8 double positive (DP) and CD4CD8 double negative (DN) T cells was determined. In

X-BM CsA-rats there was an increase in CD4CD8 DP T cells during CsA administration but

they never exceeded 10% of the total T cell population. On the other hand, there was a relative

increase up to 30% in DN T cells during CsA administration which was normalized to less than

10%, however, upon onset of disease (data not shown). :-'*U •

~> peripheral blood CD4/CD8 T cell ratio
o

B lymph node CD4/CD8 T cell ratio

Figure 2A and B: Phenotypic analysis of peripheral blood and lymph node CD4/CD8 Tcell ratio.

Weekly, starting from 2 weeks after X-irradiation and syngeneic BMT (X-BM). the ratio of CD4+TCRa|5+ cells

over CD8*TCRa(3+ cells was determined by FACS in peripheral blood (figure A) and lymph node cells (figure

B) of two rats from each group, i.e. X-BM CsA- (open circles), X-BM OO- (open triangles), CsA- (closed

circles) or OO-rats (closed triangles). OO- and CsA-rats were assessed from the beginning of the experiment.

The average per control group is represented as a solid line; the average of the X-BM CsA group is depicted by

the dotted line.
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Because the analysis revealed high numbers of CD4+ and CD8+ TCRafi- cells in X-BM

CsA-rats we further characterized these cells. PBL, isolated 4 weeks after BMT and CsA

therapy, were analyzed for CD4 and CD8 expression combined with the expression of

TCRaP, TCR78, CR3, NK antigen and CD8afi heterodimer (Fig. 3). About 88% of the CD8

SP cells expressed an NK cell specific antigen, whereas only 12% were T cells expressing

TCRaP or CD8ap. TCRy8 cells were hardly identified within the CD8 SP subset. CD4CD8

DN cells were predominantly negative for the markers used. The CD4CD8 DP cells nearly all

expressed the monocyte marker CR3. Expression of TCRap and CD8aP was less then 10%.

Apparently the monocytes expressed both CD4 and CD8aoc and T cells were almost absent in

the CD4CD8 DP subset. Also the CD4 SP population consisted mainly out of CR3+

monocytes. Only 18% expressed TCRaP; 78 T cells were not detected.

TCR-alfa beta
reg i on 1

TCR-ganma delta *
region 1

CD8-alfa beta

region 1

. i.' ,»•<">.

TCR-alfa beta
region S

i t * i S l*»

natural killer

region 1

region 1

regioh^;^.., •

j \

CD8-alfa beta '

region 3

region 3

region 4

TCR-alfa beta
region 3

TCR-alfa beta
region 4

natural killer

region 2

CD4

TCR-gamma delta *
region 4

CR3
region 4

Figure 3: Analysis of peripheral blood mononuclear cells in X-BM CsA-rats by tri-colour flowcytometry.

Expression of TCRap. TCR-/5, CD8ap. NK, and CR3 on CD4 SP, CD8 SP, CD4CD8 DN and CD4CD8 DP

peripheral blood mononuclear cells.
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In addition, T cell recovery after X-irradiation and syngeneic BMT was assessed by

immunohistology. In spleen and lymph nodes from X-BM OO- and X-BM CsA-rats, 2 weeks

after BMT, few TCRap+ cells were present. Four weeks after BMT the T cell area's in the X-

BM OO-rats had completely recovered, whereas the T cell area's in X-BM CsA-rats remained

very small and recovered only slightly in the 4 weeks after cessation of CsA treatment. The

compartimentalization of the lymphoid organs was normal. In unirradiated CsA-rat tissues, T

cell area's were decreased in size during and 2 weeks after CsA administration compared to

OO-rats. In T cell area's of spleen and lymph node sections, obtained from X-BM CsA-rats,

hardly any Thy 1.1+ lymphocytes were seen. Overall the findings of histological analysis of

spleen and cervical lymph nodes corresponded with those of flowcytometry analysis.

In summary, CsA treatment caused a strong reduction of T cell recovery in X-BM CsA-

rats. This recovery was obscured by the large amount of TCRap- cells expressing CD4 or

CD8, which were further characterized as monocytes and NK cells respectively. Furthermore,

monocytes appeared to express both CD4 and CD8. No changes in CD4 : CD8 T cell ratio's

were observed, but during CsA administration the relative amount of DP and DN TCRap*

cells was increased in X-BM CsA-rats. However, absolute numbers of DP and DN T cells

were low and at the onset of disease the relative amount of these cells had declined to normal.

o/C&4-;4/ res/</^ ;'n a re/af/ve increase o/ CD45#C+/?7V5" 77i ce//s /n /lie C.&4-A/

Leww ra/ To assess the development of the CD4 Th subsets in the course of

induction of CsA-AI, flowcytometry was performed with the tri-colour combinations

CD4/CD45RC/RT6 and CD4/Thy 1.1/RT6.

As described above, CsA partially abrogates thymic output resulting in decreased numbers

of RTE. Furthermore, the analysis of peripheral Th cell phenotypes in X-BM CsA-rats showed

a decrease of the percentage of CD45RC, RT6 DP Th cells in favour of CD45RC, RT6 DN Th

cells. This was most prominent at the onset of disease. Control groups always had a

preponderance of CD45RC, RT6 DP over DN Th cells (Table II).

With respect to the presumed Thl like and Th2 like memory cells, recognized as

CD45RC+RT6" and CD45RCRT6+ respectively, in X-BM OO-rats, a strong relative increase

in CD45RC+RT6" Th cells was observed 4 weeks after the start of the experiment, whereas the

CD45RC-RT6+ Th cells remained unaffected. The increase in CD45RC+RT6" Th cells was

even more pronounced in X-BM CsA-rats. The striking difference between the X-BM OO- and

X-BM CsA-rats became most evident 2 weeks after cessation of the CsA therapy. Especially

when evaluating the CD45RC+RT6" : CD45RCRT6+ Th cell ratio it appeared that this ratio

reversed in favour of the CD45RC+RT6" Th cells in X-BM CsA-rats (Thl : Th2 = 2.83, Table

II), whereas the ratio was almost restored to normal in X-BM OO-rats (Th 1 : Th2 = 0.68). The

experiment has been repeated twice revealing the same results. Given the low absolute numbers
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Table IT: CD4

Week 4

RTE*

Naive

Activated

Thl

Th2

Thl /Th2

Week 6

RTE

Naive

Activated

Thl

Th2

Thl /Th2

T cell subsets

LEW rats

OO'

n=2

17.4%

58.4%

8.5%

4.8%

11.0%

0.44

n=2

19.0%

49.0%

12.5%
4.1%

15.5%
0.26

in LEW and

CsA

n=2

3.3%

77.8%

6.7%

4.1%

8.3%

0.49

n=2

8.5%

67.5%

12.7%

2.5%

8.9%

0.28

BN rats

X-BMOO

n=2

24.4%

32.7%

16.2%

17.1%

9.7%

1.76

n=2

16.3%

39.1%

19.2%

10.4%

15.2%

0.68

X-BM CsA

n=3

10.59!

22.1%

33.2%

25.4%

8.9%

2.85

n=3

8.1%

14.0%

50.6%

20.1%

7.1%

2.83

BN rals

OO

n=3

13.0%

36.5%

31.1%

3.0%

16.4%

0.18

n=l

12.8%

39.1%

10.7%

2.8%

31.0%
0.09

X-BM CsA

n=2

4.8%

18.8%

68.6%

1.9%

5.9%

0.32

n=5

15.2%

19.7%

25.4%

1.5%

29.3%

0.05

Rowcytometry analysis of peripheral blood Th cells in LEW and BN rats during CsA therapy (Week 4) and

thereafter (Week 6).

' OO (olive oil treated), CsA (Cyclosporin-A treated), X-BM OO (X-irradiated, syngeneic BM reconstituted and

olive oil treated) and X-BM CsA (X-irradiated, syngeneic BM reconstituted and CsA treated).

^ Phenotypic descrimination of CD4+ TCRaP+Th cell subsets according to Kampinga et al [25): RTE

(Thyl.I+), Naive (Thy 1.1", CD45RC\ RT6*), Activated (Thy 1.1", CD45RC, RT6). Thl (Thy 1.1",

CD45RC+, RT6") and Th2 (Thyl.T, CD45RC", RT6+).

of T cells in X-BM CsA-rats, all Th subsets were decreased in terms of absolute numbers.

Nevertheless, these results show that only the combination of CsA plus X-irradiation resulted

in a persistent reversal of the CD45RC+RT6": CD45RCRT6+ (Thl : Th2) ratio.

res/startf Brawn Norway rate SMOW no ;rtcrai.ye in CD45/?C+/?r6" 77i ceZ/s a/ter X-

yngenm- BAf7"am/ CxA /rea/men/ In order to determine peripheral blood T cell

development in CsA-AI resistant BN rats, we performed flowcytometry analysis on PBL of

unirradiated OO- and X-BM CsA-BN rats. Like in Lewis rats, X-BM CsA-BN rats showed a

reduction of CD4+ RTE. Furthermore, as compared to OO-BN rats, the X-BM CsA-BN rats

revealed a strong increase in CD45RC, RT6 DN Th cells up to 70% 4 weeks after BMT.

However, 2 weeks after cessation of CsA administration the number of CD45RC, RT6 DN Th

cells was reduced (Table II).
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The CD45RC+RT6": CD45RCRT6+ ratio in OO-BN was in favour of CD45RCRT6+ Th

cells (0.18 : 1 to 0.09 : 1). In X-BM CsA-BN a relative strong decrease in CD45RCRT6+ was

observed at week 4 while the CD45RC+RT6" Th cells were only slightly decreased. However,

the CD45RC+RT6": CD45RCRT6+ ratio in the X-BM CsA-BN did not reverse (Thl : Th2 =

0.32, Table II) and was restored to normal values 2 weeks after cessation of CsA

administration by a strong increase in CD45RCRT6+ Th cells (Thl : Th2 = 0.05). In

conclusion these experiments revealed that in the resistant BN rats, subjected to the protocol for

induction of CsA-AI, no skewing towards CD45RC+RT6" Th cells occurred.

fr 77i ce//* produce a /i/g/i affiown/ o/Vnter/ero/iym/WVA wpon m v/fro acriva/ion

To characterize cytokine mRNA production by the mature Thy 1.1 - Th subsets described above,

the different subsets were isolated. Since X-BM CsA-rats with clinical manifest CsA-AI have

only very few T cells and isolation of sufficient Th cells of each subset from CsA-AI diseased

rats appeared to be extremely difficult, CD4+ TCRa(3+ cells were isolated from normal Lewis

rats. The cells were sorted based on their expression of CD45RC and RT6 in four different

populations proposed to represent Thl like (CD45RC+RT6-), Th2 like (CD45RCRT6+), naive

Th (CD45RC+RT6+) and activated Th cells (CD45RCRT6). In order to establish the

production of IL2, IL4, IL10 and IFNy mRNA by these Th subsets the cells were harvested 16

hours after activation, and mRNA production was determined by RT-PCR. As a control for

activation of the Th cells, proliferation was assessed in parallel cultures.

Activation by cross-linking of the TCR in the presence of spleen dendritic cells resulted in

all subsets in the formation of blast like cells and in extensive proliferation after a culture period

of 72 hours (Fig. 4A). CD45RC+RT6" cells cultured in the presence of dendritic cellls but

without cross-linking of the TCR also formed blast like cells and incorporated [^H]-thymidine.

To establish mRNA levels of G3PDH and rat cytokines, RT-PCR was performed as

described. The amount of G3PDH mRNA was comparable in all samples (Fig. 4B). All 4 Th

cell populations produced IL2 mRNA after 16 hours of stimulation with TCR cross-linking

mAb (Fig. 4C). No IL2 mRNA was detectable in the CD45RC+RT6" subset cultured for 16

hours in the presence of control mAb, in spite of the activated state indicated by proliferation

and blast like morphology after 72 hours of culture. The CD45RCRT6+ subset produced

relatively little IL2 mRNA. A striking difference, however, was observed for the production of

IFNy. Only CD45RC+RT6- Th cells, activated by TCR cross linking, produced a detectable

amount of IFNy mRNA (Fig. 4D). The amount of IL4 mRNA and IL10 mRNA was equally

low in all samples as assessed under UV light. There was no clear difference between the 4

different subsets, either activated or cultured on mock antibody. Additional phosphor imaging

analysis of southern blots of the PCR products, hybridized with specific [32p]-labelled probes,
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did not reveal upregulation of IL4 or ILIO mRNA in any of the R73 activated Th subsets

compared to control Th cell subsets (data not shown). Dendritic cells produced no detectable

amounts of cytokine mRNA. Altogether the CD45RC+RT6" Th subset, i.e. the Th subset

which is relatively expanded in CsA-AI diseased Lewis rats, was distinct from the other

populations by the high expression of IFNy mRNA upon stimulation by cross-linking of the

TCR in the presence of spleen dendritic cells.

Figure 4: CD4 T cells were isolated from lymph nodes from one control LEW rat, sorted based on the

expression of CD45RC and RT6 and cultured in the presence of spleen dendritic cells and TCR cross-linking

mAb (R73) or mock mAb. The proliferative response of Th cell subsets was determined by ['H]-thymidine

incorporation in the final 18 hours of 90 hour culture (Fig. A). Stimulation Index (S.I.) was calculated as the

['H]-thymidine incorporation of each Th cell subset, cultured in the presence of mAb R73 (hatched bars), devided

by the ['H]-thymidine incorporation afterculture in the presence of mock mAb (open bars).

The production of cytokine mRNA was determined by RT-PCR of sorted Th cells cultured for 16h as described

above. Resultant PCR products were seperated on an ethidium-bromide stained 2% Agarose gel and visualized

under UV light. The gels show the result of 27 PCR cycles in case of G3PDH (Fig. B) or 33 PCR cycles in

case of IL2 (Fig. C) and IFNy (Fig. D). Lanes: M: length marker. -: negative control (only shown for IFNy,

D), 1: CD45RC+, RT6" Th (Thl cells according to the model of Kampinga et al. [251) cells cultured with mock

mAb. 2: CD45RC+, RT6 Th (Thl) cells cultured with mAb R73, 3: CD45RC, RT6+ Th (Th2) cells cultured

with mock mAb, 4: CD45RC\ RT6+ Th (Th2) cells cultured with mAb R73, 5: CD45RC+, RT6+ (naive) Th

cells cultured with mock mAb, 6: CD45RC+. RT6+ (naive) Th cells cultured with mAb R73, 7: CD45RC ,

RT6" (activated) Th cells cultured with mock mAb. 8: CD45RC", RT6' (activated) Th cells cultured with mAb

R73.
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Proliferative response of Th cell subsets

140 -|

CD45RC*RT6' CD45RCRT6* CD45RC*RT6* CD45RC-RT6'
Th1 like Th2 like naive activated

SI = 1.50 SI = 11.54 SI = 43.25 SI = 45.54
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The main findings of this study are fourfold. First, a strong decrease in recent thymic

emigrants (RTE) is demonstrable in the periphery of Lewis rats treated with CsA. Next, CsA-

AI in Lewis rats is not associated with increases in CD4+ T cells but is associated with a

persistent reversal of the CD45RC+RT6": CD45RC-RT6+ ratio as a result of a relative

increase of the CD45RC+RT6- Th subset. In BN rats such a reversal is absent which supports

the notion that the ratio of CD45RC+RT6": CD45RCRT6+, i.e. the ratio of Thl : Th2 cells,

determines susceptibility to disease in Lewis and resistance in BN rats. Finally, the

CD45RC+RT6" Th cells are the only Th cells able to produce substantial amounts of message

for IFNy. Therefore these cells are considered Th 1 cells.

Our results contradict 2 previous observations: the leakage of cortical thymocytes into the

periphery (7, 8) and the delayed recovery of CD4 cells in experimental rats suggesting the

importance of Th cells (13). Tri-colour flowcytometry for examination of CD4 and CD8

expression in combination with TCRocp enabled us to determine CD4+ and CD8+ T cells. In

this way the majority of CD4CD8 DP cells was identified as CR3+ monocytes instead of

cortical thymocytes. Furthermore, our analysis of Thy 1.1 expression, a marker for RTE (25-

27), on peripheral T cells demonstrated that CsA decreases thymic output. Yet, autoreactive

cells are generated as shown in Lewis rats in CsA-AI, in spite of the fact that there is a

decreased thymic output. With respect to the suggested selective effect of CsA on CD4+ cells

our results demonstrate that the majority of CD8+ cells are NK cells, whereas most CD4+ cells

are monocytes. Altogether, CD4 and CD8 T cells are equally affected resulting in an unaltered

CD4 : CD8 T cell ratio. A slight relative increase in CD4CD8 DP T cells is observed, but

absolute numbers are not elevated when compared to the controls. The absolute numbers of

CD4CD8 DN T cells on the other hand is elevated compared to the controls. However, the DN

T cells play no role in development of CsA-AI, as has been demonstrated by adoptive transfer

of DN T cells from diseased CsA-AI rats into thymectomized X-irradiated recipient rats

(Chapter 6). Overall it seems that at the onset of disease the relative distribution of T cell

subsets as defined by CD4, CD8 and TCRccP expression is comparable to the normal situation

except for the low number of T cells.

Many reports have shown that the CD4+ T cell subset can be subdivided by the expression

of CD45RC and RT6. These populations have counter-regulatory properties with respect to

autoimmunity, including CsA-AI (11, 31-33, 36, 38, 58, 59). In vivo manipulation of the

balance between these subsets by depleting antibodies reactive with CD45RC or RT6 as well as

adoptive transfer of the respective T cell subpopulations in Diabetic Prone/BioBreeding

(DP/BB) rats has shown that within the RT6+ population a protective population resides,

whereas CD45RC+ cells aggravate the course of disease (33, 38). Adoptive transfer studies in
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the model of CsA-AI have shown that adding normal splenocytes or lymph node cells to

effector cells derived from diseased rats prevents development of disease (12). The responsible

autoregulatory cells were CD45RC- T cells (11). Phenotypical analysis of peripheral T cell

maturation (25), established from vascular thymus transplantation studies within RT7 congenic

rat strains, revealed the presence of 5 different CD4 T cell subsets, including Th cells co-

expressing CD45RC and RT6. Therefore the expression of CD45RC or RT6 can not, by itself,

represent a homogenous Th cell population. Kampinga et al postulated a model in which

CD45RC+RT6+ DP represent naive Th cells, while CD45RC+RT6" and CD45RCRT6+ form

Thl and Th2 like cells respectively (25). In this study we demonstrate prior to CsA-AI the

stable reversal of the CD45RC+RT6: CD45RCRT6+ ratio (i.e. Thl : Th2 ratio) in favour of

CD45RC+RT6" in the susceptible Lewis. This reversal is caused by a relative expansion of the

CD45RC+RT6" Th cell subset. BN rats subjected to the same protocol for induction of CsA-AI

did not show an expansion of CD45RC+RT6" nor a reversal in the CD45RC+RT6": CD45RC

RT6+ ratio.

Upon 1/1 vi/ro stimulation by cross-linking of the TCR, CD45RC+RT6" Th cells produce

mRNA coding for the cytokines IL2 and IFNy. IFNy is a key cytokine in macrophage

activation and induction of MHC clas II upregulation on epithelial cells, two aspects observed

in the target organs of CsA-AI (60). Moreover, the production of IL2 in combination with

IFNy is a confirmation of the model of Kampinga with respect to the identification of Thl cells

by the CD45RC+RT6" phenotype.

We were unable to detect an upregulation of IL4 or IL10 mRNA upon stimulation in any of

the 4 Th cell subpopulations although all 4 subsets reacted to TCR cross-linking in the presence

of dendritic cells with formation of a blast like morphology and production of IL2 mRNA. The

freshly isolated CD45RC~RT6~ DN Th cells apparently do not represent currently activated Th

cells since, in the absence of cross-linking of the TCR, they produced no cytokines nor

developed a blast like morphology. This might be because activated Th cells in the rat are

known to express MHC class II as well as CD8 and therefore may be eliminated by the

negative selection procedures used. In conclusion our results define only the CD45RC+RT6-

Th cells as Thl cells.

While BN rats are resistant to induction of T cell mediated diseases such as experimental

allergic encephalomyelitis. rheumatoid arthritis, and CsA-AI, they are very susceptible for the

antibody mediated Mercury-Chloride induced autoimmunity (61). Here an inversed situation

exists: the effector cells are found within the CD45RC- T cells, whereas protection is obtained

with normal CD45RC+ T cells (59). It has been shown that there are large differences in the

CD45RC+RT6-: CD45RCRT6+ ratio between different rat strains, but not between age and

sex matched individuals within a specific inbred rat strain (35). These results of
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CD45RC+RT6-: CD45RCRT6+ ratios correlate well with susceptibility for cell or antibody

mediated experimental autoimmune models in the respective rat strains (35).

The question remains what mechanism results in the development of CsA-AI. Several

models have revealed that under physiological circumstances potentially autoreactive T cells are

present. Repeated low dose (i.e. not lethal) total body X-irradiation results in the development

of thyroiditis (62) and diabetes (38) in thymectomized rats and a scala of organ specific

autoimmune phenomena in mice (63). Furthermore, depletion of RT6+ cells in Diabetes

Resistant (DR) BB rats leads to the development of diabetes (33). Moreover, in the mouse CsA

has been shown to result in "forbidden V-beta" bearing T cells in the thymus and periphery by

interference with negative selection (22, 23). But the mere presence of autoreactive T cells, as

caused by CsA therapy, does not result in autoimmunity (64). As mentioned above special

circumstances are required (repeated low dose X-irradiation or depletion of RT6+ cells), which

also result in a relative increase of autoreactive T cells. CsA-AI has in common with irradiation

induced autoimmunity and diabetes in the DP BB rat that the animals are rendered relatively

lymphopenic (32). Our results show that high dose X-irradiation induced lymphopenia in

Lewis rats results in a transient increase of Thl cells. As stated by Perez et al. (65) it is

tempting to see Thl as principal effector cells and Th2 as regulatory cells that control Thl

mediated inflammation. Furthermore, they predict that Thl cells arise early during T cell

differentiation, and may be induced to convert into regulatory Th2 cells. The resistance or

susceptibility of certain strains to induction of autoimmune disease may therefore reside in the

potency of the periphery to enhance the shift from Thl to Th2 activity. This is illustrated by our

results in CsA-AI; a disease in Lewis rats mediated by CD4+ Thl effector cells.
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Summary
Lethally-irradiated Lewis rats reconstituted with syngeneic bone marrow and given
Cyclosporin-A for 4 weeks develop a GvH-like disease upon withdrawal of CsA. Autoreactive
T cells inducing this thymus-dependent autoimmune disease, termed CsA-AI, are demonstrable
by adoptive transfer, provided regulatory cells in recipient rats are eliminated. Earlier studies
have not unequivocally defined the effector T cells responsible for development of CsA-AI.
Some of these studies suggest that both CD4 and CD8 T cells are required, while other studies
indicate disease transfer by CD4 or CD8 T cells only.

To further clarify this issue, it was necessary to study putative effector T cells in a well-
defined setting. Hence, adoptive transfer studies were designed wherein the effect of the T cells
of interest could be studied without being influenced by T cells of unwanted origin.
Accordingly, recipient rats were thymectomized prior to irradiation, lymph node cells (LNC)
from diseased donor rats were depleted of CD4 or CD8 cells before adoptive transfer, and
recipients were treated w vivo with CD4- or CD8-depleting mAb.

The results showed that CsA-AI developed after adoptive transfer with LNC, depleted of
either CD4 or CD8 cells. Analysis of PBL and histologic specimens confirmed the absence of
the depleted subset. In both instances, the typical MHC class II expression on keratinocytes,
and the presence of ED1+ macrophages, were identical to the lesions in the primary donors,
where both CD4 and CD8 T cells were present. Analysis of the T cell Receptor P-chain
variable region (BV) repertoires revealed that their expression patterns in LNC of diseased
donors or recipients was comparable to that in normal thymus or LNC; hence, there was no
restricted BV repertoire. Taken /« /o/o, our observations indicate that CsA-AI involves both
CD4 and CD8 T cells, and that either of these subsets per re can generate identical macroscopic
and microscopic signs of disease.
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Introduction • i-

Cyclosporin-A (CsA), a fungal metabolite, is widely used for its immunosuppressive activity

in the treatment of allograft rejection and graft-versus-host disease (GvHD) after allogeneic

bone marrow transplantation (BMT). In contrast with immunosuppression, CsA can also

induce autoreactivity, as shown in Lewis rats wherein transient treatment with CsA after total

body irradiation and syngeneic BMT results in a systemic autoimmune disease (1, 2). This

CsA-induced autoimmunity (CsA-AI) is T-cell-mediated and requires an intact thymus during

the first two weeks of CsA administration (3, 4). It is evident that autoreactive T cells are

produced in the thymus and migrate into the periphery during CsA administration (4). Total

body irradiation is essential for CsA-AI development, perhaps acting by eliminating the

regulatory T cell circuit in the periphery.

To characterize the immunopathologic mechanism of CsA-AI, the disease-inducing capacity

of T cells and of their subsets has been studied using a variety of approaches. First, phenotypic

analysis of peripheral blood lymphocytes (PBL) revealed suppression of the CD4 cell

population during CsA treatment, and reappearance of CD4 cells coincided with development

of clinical CsA-AI symptoms, suggesting that the cells responsible for disease induction reside

in the CD4 population (2). However, this is refuted by the observation that CD8 T cells are

also affected by CsA in a manner similar to CD4 cells (Chapter 5). Second,

immunohistochemical studies of the skin, a major target organ, have shown that the epidermis

is predominantly infiltrated by CD4 cells (5, 6) during the acute phase of CsA-AI, whereas

another study indicated equal numbers of CD4 and CD8 T cells (7). Adoptive transfer

experiments are a third method to identify T effector cells, but the results have been conflicting.

Sorokin et al. transferred disease with as few as 3 x 10^ CD4 LNC from animals with acute

CsA-AI (3), while Fischer et al. demonstrated a requirement for both CD4 and CD8 T cells (8),

and Hess et al. showed that transfer of large numbers (>3 x 10') of splenic CD8 cells was

sufficient to induce CsA-AI in the secondary recipients, whereas CD4 cells were ineffective

(9). However, in co-transfer of small numbers of CD4 cells, lower numbers of CD8 cells were

required for disease transfer (9). The fourth method is z'w v/'vo depletion of CD4 or CD8 cells

with monoclonal antibodies (mAb) after adoptive transfer of CsA-AI with T cells. In this

approach, CD8 depletion completely abrogated disease, while CD4 depletion strongly delayed

the onset, and decreased disease severity (10). Taken together, the specific role of CD4 and

CD8 T cells in the effector mechanism of CsA-AI remains a topic of debate.

In this study, we reevaluated this question by performing adoptive transfer studies under

rigorous cell separation regimens. The T cell subsets used were obtained by negative selection

i« vi/ro and clearly defined by tri-colour flow cytometry. Furthermore, adoptive transfer of

such cells was performed in thymectomized recipients that received anti-CD4 or anti-CD8
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treatment to prevent new thymic output and eliminate minor contaminants remaining after in

v/rro selection. Recipients were monitored for disease onset and T cells in peripheral blood and

skin biopsies were analyzed for phenotypic composition as well as T cell Receptor (TCR) P-

chain variable region (BV) expression profiles. The results indicate that either T cell subset is

sufficient for CsA-AI transfer, and that these autoreactive cells exhibit no discernable restriction

in the BV they display.

Materials & Methods
Ani'maA? Female inbred Lewis rats (RTl') were obtained from the Central Animal Facility of
the University of Limburg, the Netherlands. The animals were maintained under specific
pathogen free conditions until use and had free access to food and water. Rats were 6 weeks of
age at the start of the experiment.

Proroco//or //ie //irfwcftort o/CsA-/!/ Rats were given 8.5 Gy X-irradiation at 0.5 Gy/min.,
using a Rontgen irradiation machine (Philips MU15GF/225 kV, Hamburg, Germany) one day
prior to syngeneic BMT. Recipient rats were given 6x10^ viable nucleated syngeneic bone
marrow cells intravenously into a tail vein as previously described (11). Starting from the day
of BMT the rats received subcutaneously 7.5 mg CsA/kg per day for 28 days. CsA, a kind gift
from Sandoz Pharma Ltd., Basel, Switzerland, was dissolved in olive oil at a concentration of
7.5 mg/ml. In the experiments, where indicated, the X-irradiated syngeneic BM reconstituted,
CsA-treated (X-BM CsA-) rats, were compared to X-BM OO-rats (X-irradiated, syngeneic
BM reconstituted and olive oil treated), CsA-rats (only CsA-treated rats) and OO-rats (olive oil
only-treated rats).

^ 7ra«s/er r?/ Csvl-A/ LNC were harvested from animals 2 to 3 weeks after
withdrawal of CsA when macroscopic signs of CsA-AI, i.e., dermatitis and severe weight
loss, were evident. Putative effector cells were infused together with syngeneic bone marrow
cells (6x10') into irradiated secondary recipients. Where indicated, thymectomies were
performed in the secondary recipients the week prior to adoptive transfer. While under
ketamine (Nimatek 50 mg/kg, intramuscularly) and xylazine (Sedamun 6 mg/kg,
subcutaneously) anesthesia, rats were intubated and maintained on artificial respiration. The
thorax was opened and all prepericardial soft tissue consistent with thymus was removed; the
thorax and skin were closed using 4-0 suture. Since i/i vifra depletion of T cell subsets never
resulted in complete elimination of the respective subset, the T cells were further depleted i/i
v/vo by intravenous injection on days 0, 2, 4, 6 and 8 with 0.5 mg mAb OX-38 (anti-CD4) or
0.3 mg OX-8 (anti-CD8) per rat.

Scoring/or CsA-//i</wced and /Wo/?/ive/v-7>wi.s/<?rred Autoi'mmum'ty All animals appeared
healthy during the course of CsA treatment. After CsA withdrawal or adoptive transfer,
development of CsA-AI was daily assessed by examination for symptoms of disease, including
erythroderma (hyperemia of the skin of the ears, feet and tail), dermatitis, alopecia and weight
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loss. At regular intervals, ear biopsies were taken for microscopic evaluation of disease, with
the presence of T cell infiltrates in the epidermis and hair follicles, infiltration and activation of
macrophages, and induction of MHC class II antigens on the keratinocytes considered as
positive signs of ongoing disease (7).

For immunohistochemistry, the mAb R73 (TCRafj) (12), R78 (TCR
BV8S2), B73 (TCR BV8S5), G101 (TCR BV10) (13) and 341 (CD8aP heterodimers) (14)
were kindly provided by Prof. Th. Hiinig (Wurzburg, Germany), HIS42 (TCR BV16) (15)
was kindly donated by Dr. J. Kampinga (University of Groningen, The Netherlands), the mAb
EDI (inflammatory macrophages; CD68) and ED2 (resident tissue macrophages) (16) were
kindly provided by Prof. CD. Dijkstra (Free University Amsterdam, The Netherlands) and the
hybridomas producing the mAb W3/25 (CD4) (17) and 0X6 (MHC class II; RT-1B) (18) were
obtained from the European Collection of Animal Cell Cultures (ECACC, Salisbury, England).
For FACS analysis, the mAb 0X35 (CD4) (19) conjugated to FITC, the mAb 0X8 (CD8aa)
(20) and HIS51 (Thy 1.1) (21) conjugated to PE, and the mAb R73 (TCRotp) conjugated to
biotin were purchased from Pharmingen (San Diego, California, USA). For IH vifro depletion,
the mAb ER2 (CD4) (22), kindly provided by Dr. B. de Geus (TNO Leiden, The
Netherlands), 0X8 (ECACC), 341 and 0X6 were used. For /n v/vo depletion of T cell
subsets, the mAb OX-38 (CD4, ECACC) (19) and 0X8 were employed.

Lymp/i M?de Ce// SU^I/IS/OR,? /or Adopf;ve 7>art.s/<?r Lymph nodes (cervical, mesenterial
and axillary) of animals with clear macroscopic pathology of CsA-AI, or control age-matched
rats, were pooled and teased apart in Dulbecco's balanced salt solution. The tissue was either
first enzymatically digested with collagenase CLS III (0.5 mg/ml; Worthington, New Jersey,
UK) and DNase (0.1 mg/ml; Worthington) for 30 min at 37°C and flushed through a 100-mesh
nylon gauze, or was directly passed through 100-mesh nylon gauze. To remove dead cells, a
discontinuous Percoll gradient of 30% and 80% (Pharmacia, Uppsala, Sweden) was used and
interface cells were collected. Cells were fractionated over nylon wool (Fenwall Laboratories,
Deerfield, IL) to enrich for T cells, as previously described (23). Finally, cell populations were
negatively selected using mAb and, subsequently, sheep-anti-mouse IgG-coated magnetic
beads (Dynal, Oslo, Norway). As a positive control, 5x10^ viable unselected LNC were
adoptively transferred to secondary recipients. The percentage of CD4 and CD8 cells was
determined in both the initial LNC population and in the LNC populations obtained after
depletion. The absolute number of injected CD4 or CD8 cells was equal to the absolute injected
number of the same T cell subset in the initial LNC population used as a positive control.

Flow cytometry and immunohisto-chemistry were
performed as described previously (24). Expression of CD4, CD8 or HIS51 and TCRap on
PBL (obtained via the retro-orbital plexus) and LNC (obtained as described above) was
determined using LYSYS II software (Becton Dickinson); 10,000 events were acquired in list
mode with gating on viable Iymphoid cells using the forward light scatter (FSC) and side light
scatter (SSC) parameters, or with gating on viable TCRaP+ Iymphoid cells using the FSC and
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FL3 parameters. Immunohistochemistry substrate for the peroxidase conjugate was 3-amino-9-
ethyl carbazole (Sigma) followed by counterstaining with hematoxilin.

WVose protec/ion assay Total RNA was isolated from normal rat thymus and lymph nodes
and the ear of diseased CsA-AI donor and recipient rats in Guanidinium Thiocyanate buffer
(Stratagene, La Jolla, CA) as described (25). Rat-specific probes were prepared using
oligonucleotide primers derived from sequences of 20 Lewis rat BV genes (26). The probes,
ranging in size from 95 to 285 base pairs, were pooled into 2 probe sets (27). Using the T7
promotor, the mixed probes were used as templates to synthesize antisense RNA with T7 RNA
polymerase (Promega) in the presence of ['2p]-UTP, as described (28). TCR fj-chain constant
region (BC) probe was separately transcribed to anti-sense RNA and served as an internal
standard. The probe set and BC were labelled to =5,000 and 250 cpm/uridine residue,
respectively. This mix was hybridized for 16 hrs at 56°C with 2 to 6 u.g total RNA isolated as
described (28).

In the ear biopsy RNA samples, the amount of specific TCR mRNA was too low for
detection, thus cDNA was synthesized from total RNA using M-MuLV reverse transcriptase
(Gibco BRL, Grand Island, New York) and an oligo (dT) 12-18 primer. The resultant cDNA
was G-tailed by terminal deoxytransferase (TdT, Boehringer, Mannheim) in 0.75 U.M C0CI2
and 0.5 (lM dGTP. One third of the purified product was subjected to PCR amplification by
Taq polymerase (Promega, Madison, Wisconsin).

After three initial cycles (94°C/20 sec, 55°C/30 sec. and 72°C/90 sec) using T7 poly(dC)
(5'-GCCAGTGAATTGTATACGACTCACTATAGGAGATCCCCCCCCCCCCCC-3') and BC external
primers (5'-AGGCCTCCGCACTGATGTTCTGTGT-3'), T7 anchor primer (5'-
CAGGTTTGGGTGAGTCCTCTGACCAGT-3') was added and the reaction continued for an additio-
nal 25 cycles (94°C/20 sec, 60°C/35 sec. and 72°C/90 sec). The resultant PCR product was
extracted and subjected to a second PCR amplification using T7 anchor and BC internal (5'-
CAGGTTTGGGTGAGTCCTCTGACCAGT-3') primers for 15 cycles (94°C/20 sec, 60°C/35 sec.
and 72°C/90 sec). The final PCR product was treated with proteinase K, phenol/chloroform-
extracted and ethanol-precipitated to obtain RNase-free conditions. Aliquots of the amplified
samples were used as templates for synthesizing sense RNA using T7 RNA polymerase in the
presence of [^S]UTP for quantitation of the final product. All specimens were amplified in
duplicate for verification of results. The RNA samples obtained via amplification were mixed
with the labelled probe sets, as described above.

After RNase A (5 u.g/ml) and RNase Tl (lOU/ml) treatment, "protected" double-stranded
probe:target mRNA hybrids were phenol/chloroform-extracted, ethanol-precipitated, and
electrophoresed after denaturation on a standard 6% polyacrylamide sequencing gel. Dried gels
were autoradiographed on Kodak XAR film with intensifying screens at -70°C for 16-24 hrs
and quantified as described (27).
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Adoptive 7"ra«i/.?r o/CsA-A/ K r-Ce//-Z)epen</eH/ To establish the T-cell dependency of CsA-

AI, adoptive transfer of purified T cells from CsA-AI animals was performed. Cervical and

mesenteric lymph nodes were collected from 11 donors with evident weight loss, dermatitis,

and confirmed histologic epidermal T cell infiltration. T cells were adoptively transferred to

secondary recipients in four different concentrations: 1.5x10^ (n=3), 6x10^ (n=3), 2x10^

(n=3), and 6x10^ (n=3). Disease developed in a dose-dependent fashion, as exemplified by the

relative weight loss (Fig. la). Recipients of 1.5x107 ̂ d 6x10^ T cells displayed erythroderma

and severe dermatitis, whereas recipients of 2x10^ T cells developed erythroderma and mild

dermatitis. Two of 3 recipients of 6x10^ T cells developed erythroderma, and one also had

signs of very mild dermatitis. In addition to the qualitative differences, there was also a clear

delay in disease onset when lower numbers of T cells were transferred to secondary recipients

(Fig. lb).

A relative weight

130%-,

120%-

110%-

100%-

90%-

80%
14 21 28

alopecia-.

dermatitis-

erythroderma -

14 21 28
Days after irradiation

Figure 1; Development of CsA-AI upon adoptive transfer of enriched T cells. Lymph node T cells were purified

using a Percoll gradient, nylon wool column, and negative depletion using the mAb OX-6 in combination with

magnetic beads. The obtained T cell population was >95% pure as determined by expression of TCRa|3. (A)

Average relative weight changes after X-irradiation, syngeneic BMT together with adoptive transfer of CsA-AI

derived T cells (closed circles 1.5x10^ cells. n=3, closed squares 6x10* cells, n=3, open circles 2x10* cells, n=3,

open squares 6x10^ cells, n=3). (B) Average development of CsA-AI associated macroscopical symptoms.
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Trans/cr o/ CsA-A/ fcy CD4 or CD5 7" Ce/As /tesu/fs /n Temporary A&sertce o/ f/ie

ubse/ Since non-T cells, cotransferred with the putative effector T cells, did not

alter the disease outcome (data not shown), a pilot experiment was performed to establish the

role of T cell subsets. Viable LNC were obtained by discontinuous Percoll gradient

centrifugation, CD4 or CD8 T cells were incubated with ER2 (CD4) or 341 (CD8a(J) and OX8

(CD8aa) and depleted with magnetic beads. Adoptive transfer of LNC enriched for the CD4

or CD8 subset resulted in macroscopic and histologic development of CsA-AI. Regardless of

the enriched T cell population transferred, the T cell infiltration in the epidermis of experimental

rats consisted of CD4 and CD8 cells, and did not differ from that observed in control rats

receiving whole LNC suspensions. Furthermore, flow cytometric analysis of T cells in

peripheral blood revealed that the CD4/CD8 ratio was restored to normal in recipients of either

subset 16 days after adoptive transfer. This finding might be explained by selective expansion

of the minor contamination of the subsets by the opposite type of cells, or by new thymic
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Figure 2; Development of CsA-AI upon adoptive transfer of CD4 or CDS depleted LNC into thymectomized

rats. LNC suspensions were prepared by using enzymatic digestion of the lymphoid tissue. Next CD4+ or CD8+

T cells were depleted with magnetic beads after incubation with ER2 (CD4) or 341 (CD8ocp") and OX8

(CD8aa). The LNC populations were adoptively transferred into thymectomized recipients. (A) Average relative

weight changes after X-irradiation. syngeneic BMT together with adoptive transfer of CsA-AI derived CD4 or

CD8 depleted LNC (circles 5x10' total LNC, n=3, squares 14.3x10* CD8 depleted T cells, n=4, triangles

5.5x 10* CD4 depleted T cells, n=5). (B) Average development of CsA-AI associated macroscopical symptoms.
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output. Since nearly 20% of the peripheral blood CD4 cells at day 16 post transfer expressed

Thy 1.1 (not shown), a marker for recent thymic emigrants in the rat (29, 30), the observed

recovery was caused, in part, by such emigrants. To circumvent interference by these cells,

adoptive experiments with CD4- or CD8-enriched LNC were performed in thymectomized rats.

Again, control and experimental rats developed equally severe CsA-AI-associated pathology

(Fig. 2), and the epidermis of CD4- and CD8-depleted LNC recipients was heavily infiltrated

by both CD4 and CD8 cells 4 weeks after adoptive transfer. In fact, there was a preponderance

of CD8 cells in recipients of CD8-depleted LNC. Phenotypic analysis of peripheral blood T

cells 12 days after adoptive transfer, when the first clinical CsA-AI manifestations were

observed, revealed recovery of the CD4/CD8 ratio (Table 1) with a relatively high incidence of

CD4/CD8 double-negative (DN) TCRajJ"*" cells. Thymectomy apparently did not prevent

recovery of the depleted subset, probably due to the continuing contamination of the transferred

LNC suspension by the inefficiently depleted subset.

Table I: CD4/CD8 T cell ratio in adoptive transfer to thymectomized secondary recipients

% of T cel ls '

% of CD4+T cells'"

%ofCD8+Tcells<'

% of DP T cells d

% of DNTcells'*

CD4/CD8T cell ratio

LNC populations used for Adoptive

whole LNC

37.1

67.9

23.1

3.3

5.7
2.8

Transfer *

CD4 depleted

40.5

2.0

89.4

0.7

7.9

<0.1

CDS depleted

53.4

96.0

0.2

0.9

2.9

>100

peripheral blood T cell populalior

whole LNC

Adoptive Transfer ^

CD4 depleted

recipients (n=3) recipients (n=5)

5.9

59.9

30.5

3.8

5.8

2.0

5.3

16.2

41.1

0.9

41.8

0.4

i 12 days after

CD8 depleted

recipients (n=4)

5.2
41.3
10.1
3.4

45.2
4.1

" Lymph node cells from clinical manifest CsA-AI donors were isolated, devidcd in three aliquols, and depleted

cither for CD4 cells, CDS cells or used undcpleted as positive control. LNC suspensions were prepared by

enzymatic digestion of the lymphoid tissue. Next CD4 or CD8 cells were depleted with magnetic beads after

incubation with ER2 (CD4) or 341 (CDSctp) and OX8 (CD8act) respectively. Purity of obtained LNC

suspensions was determined by tri-colour flowcytometry.

** When disease was clinical manifest in all three groups (day 12 after adoptive transfer) peripheral blood was

isolated and assessed by tri-colour flowcytometry for T cell distribution.

' % of T cells is defined as the percentage of cells expressing TCRotp.

<" % of CD4 SP, CD8 SP. CD4/CD8 DP or CD4/CD8 DN cells within the TCRaP+ cell population

flof/i CD4 «m/ CDS c<?//.s seprtrareh' i/idi/re C.V-4-A/ K/HWI a</«/7f/ve rra/is/<?r The data above

showed that the presence of the thymus and small contaminations by either CD4 or CD8 cells

in the transferred LNC resulted in a T cell infiltrate in the skin consisting of both subsets.

Thereafter, after adoptive transfer of depleted LNC into thymectomized recipients, mAb were
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administered intravenously to further deplete any emerging CD4 or CDS cells. Control and

experimental animals developed severe CsA-AI-associated pathology (Fig. 3), and disease

commenced at the same time in both groups. In CD4 or CDS cell recipients, there was a slight

delay before full disease development (Fig. 3). Recipients of CD8 cells developed dermatitis

earlier than the CD4 counterparts. Phenotypic analysis of T cells in peripheral blood 10 days

after adoptive transfer, when the first clinical manifestations of CsA-AI were observed, and at

18 days post-transfer, showed that the CD4/CD8 ratio was not restored to normal (Table II).

Again, a relatively large number of CD4/CD8 DN T cells was detectable. The epidermis of both

CD4- and CD8-depleted LNC recipients was heavily infiltrated by TCRaP* cells at 11 and 18

days after adoptive transfer. Staining of serial sections with CD4 and CD8a(i-reactive mAb

revealed that the T cell infiltrate was devoid of the depleted T cell subset (Fig. 4).
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Figure 3; Development of CsA-AI upon adoptive transfer of CD4 orCD8 depleted LNC. LNC suspensions were

prepared by using enzymatic digestion of the lymphoid tissue. Next CD4* or CD8* T cells were depleted with

magnetic beads after incubation with ER2 (CD4) or 341 (CD8ap") and OX8 (CD8aa). The LNC populations

were adoptively transferred into thymectomized recipient rats and next given m vivo depleting mAb. (A) Average

relative weight changes after X-irradialion, syngeneic BMT together with adoptive transfer of CsA-AI derived

CD4 or CD8 depleted LNC (circles SxlO? total LNC. n=2, squares 14.2x10* CD8 depleted T cells. n=5.

triangles 5.5x10* CD4 depleted T cells, n=3). (B) Average development of CsA-AI associated macroscopical

symptoms.
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Table II: CD4/CD8 T cell ratio in adoptive transfer to thymectomized secondary recipients
receiving /'/i v;Vo depleting mAb post transfer

LNC populations used for Adoptive

Transfer"

peripheral blood Tcell population 12 days alter

Adoptive Transfer •>

whole LNC CD4 depleted CD8 depleted whole LNC CD4 depleted CDS depleted

recipients (n=3) recipients (n=5) recipients (n=4)

% of T cells '
% of CD4+Tcells'"

%ofCD8+T cells'"

% of DP T cells <•

% of DNT cells'"

CD4/CD8 T cell ratio

36.7
77.4

16.7

2.9
3.0
4.7

37.4
6.1

84.3

4.2
5.4

<0.l

76.2
98.3
0.2
0.5
1.0

>IOO

6.2
45.8

43.9

2.0

8.3

1.0

5.7
2.4

50.1

0.5

47.0

<0.1

1.1
67.6

1.7

1.9

28.8

39.8

• Lymph node cells from clinical manifest CsA-AI donors were isolated, devided in three aliquots, and depleted

either for CD4 cells. CDS cells or used undepleted as positive control. LNC suspensions were prepared by

enzymatic digestion of the lymphoid tissue. Next CD4 or CDS cells were depleted with magnetic beads after

incubation with ER2 (CD4) or 341 (CD8aP) and OX8 (CD8aa) respectively. Purity of obtained LNC

suspensions was determined by tri-colour flowcytometry.

*" When disease was clinical manifest in all three groups (day 12 after adoptive transfer) peripheral blood was

isolated and assessed by tricolour flowcytometry for T cell subset distribution.

' % of T cells is defined as the percentage of cells expressing TCRctp".

J % of CD4 SP, CD8 SP. CD4/CD8 DP or CD4/CD8 DN cells within the TCRa()+ cell population

Figure 4; Infiltrating CD4 or CDS T cells in the epidermis from X-irradiated, thymectomized rats given CD8-

depleted LNC (Fig. 4 A to C) or CD4-depleted LNC (D to F). After adoptive transfer the rats were treated with

CDS or CD4 depleting mAb respectively. At 18 days after adoptive transfer when disease was clinical manifest

ear biopsies were taken. Section A and D, stained with mAb ami TCRap" (R73), shows T cells in the

epidermis. Section B and E, stained with mAb anti CD4 (W3/25), shows large macrophages in the dermis and

CD4 T cells in the epidermis, present in section B (CD4 recipient) and almost absent in section E (CDS

recipient). Section C and F. stained with mAb ami CD8otp (341). shows CDS T cells in the epidermis of

section F (CDS recipient) which arc absent in section C (CD4 recipient). Abbreviations: c. central cartillage

layer; d, dermis; e, epidermis.
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7" ce//s are no/ /«vo/vei/ i« //»e iWucd'ofl o/ CsA-A/ As described above,

analysis of PBL of thymectomized and irradiated rats receiving CD4- or CD8-depleted LNC

revealed a relative increase of DN TCRaP+ cells (see Tables 1 and 2). To establish the possible

role of these DN T cells, LNC of rats with clear macroscopic signs of CsA-AI were harvested,

depleted of CD4 and CD8 cells, and the suspension subjected to FACS analysis. Thereafter,

6.2x10^ DN T cells, equal to the absolute number in the initial LNC suspension, was

adoptively transferred into thymectomized recipients. CD4 and CD8 depletion was not

complete, and 12.2% of the initial CD4 and 3.6% of the initial CD8 T cell population was

cotransferred. To ensure deletion of these single-positive cells, rats were given depleting mAb

to both CD4 (0X38) and CD8 (0X8) on days 0, 2, 4, 6, 8 and 10 after adoptive transfer.

FACS analysis of the recipients 22 days after adoptive transfer showed an average of 3.8%

TCRaP+ cells in peripheral blood, =86% of which were DN T cells, and =14% were single-

positive (CD4 or CD8). At 45 days after adoptive transfer, TCRa(3+ cells increased to 5.2%,

80% being DN T cells, 13% CD4, and 7% CD8 T cells. Absolute numbers of CD4 and CD8

cells were low, but those of DN T cells (+1.42 x 10^ cells/ml) were only slightly elevated

compared to those of normal, irradiated and thymectomized rats or rats receiving total LNC

from donors with signs of CsA-AI (unpublished data). Three of 5 rats developed very mild

dermatitis 42 days after adoptive transfer. Ear biopsies revealed the presence of TCRaP+ and

CD4+ lymphocytes in the dermis and epidermis. As demonstrated by the T cell dose-response

curve in this study, the development of mild dermatitis after 42 days in 3 recipients can be

explained by contaminating CD4 cells. Therefore, DN, TCRap""" cells are not responsible for

CsA-AI.

or CDS ce//s/rom CM-freaf«/ raw or/rowi X-irrad'iated' /rea/ed rate do no/ aa"o/7//ve/v

/rans/er disease CsA-AI is induced by a combination of total body irradiation and CsA

treatment. We tested whether separate treatments with either component caused development of

autoreactive T cells that could induce CsA-AI upon adoptive transfer after i« vi'/ro depletion of

either CD4 or CD8 cells. Rats given CsA only or irradiation plus the solvent only do not

develop disease, but they were sacrificed as soon as disease developed in rats that in parallel

had received both irradiation and CsA. CD4- and CD8-depleted LNC were injected into

thymectomized recipients in amounts equal to the initial LNC suspensions from irradiated or

CsA-treated donors. None of these rats developed signs of disease within 6 weeks after

adoptive transfer, and microscopic analysis of the skin showed no infiltrates of T cells or MHC

class II expression on keratinocytes (not shown).
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/n/i//ra/»ig 7" re/As ar<? accompaniW /»• i?i/7ammatory macrop/irtges a«J M//C c/aji //

express/on fry fcera//noc;yre.y Rats were biopsied after adoptive transfer in all the above

experiments. Even during erythroderma, the early phase of acute CsA-AI, TCRaP"*" cell

infiltrates were detectable in the epidermis. When whole LNC suspensions were transferred,

serial sections showed that these epidermal infiltrates were CD4+ and CD8+ cells. Infiltrating

ED1+ macrophages, which also express CD4, were observed in the dermis, and in the outer

rim of the hair follicles. The CD4-expressing cells in the epidermis, however, were clearly T

cells, since EDI* macrophages were never detected in the epidermis. CD8 expression in the

epidermis consisted of cytotoxic/MHC class I-restricted T cells, since they were detected with

the mAb 341, reactive with CD8ap heterodimer, present only on cytotoxic/MHC class I-

restricted T cells (Fig. 4). Expression of MHC class II on keratinocytes in the epidermis and

macrophages in the dermis was observed only if infiltrating T cells were present locally. The

resident ED2"*" macrophages in the dermis appeared swollen, but their numbers were not

increased and they did not infiltrate the epidermis. These phenomena were observed in all

diseased animals whether they were given subset-depleted LNC or whole LNC suspensions.

In the case of adoptive transfer or CD4- or CD8-depleted LNC to thymectomized and post-

transfer in v/vo mAb-treated recipients, the only difference observed was the absence of the

depleted T cell subset in the epidermis.

//if 7ce// /teceptor BV repertoire /« Ay/np/? rcode- and .f£/n-/>i/7//rarin£ 7"

ce/As We determined the TCR BV repertoire to establish whether CsA-AI-mediating T cells

have a restricted composition. RNA was extracted from normal thymus (n=2) as a baseline for

the naive, unselected, repertoire and compared with that of normal LNC (n=2), LNC of CsA-

Al-diseased rats (n=2), and LNC of CD4 (n=2) or CD8 recipients (n=2).

In the RNase protection assay, all BV families were present at comparable ratios in normal

thymocytes and normal LNC as well as LNC from diseased donors and recipients (Fig. 5). In

diseased CsA-AI donors and diseased CD4 or CD8 recipients, no family was exclusively or

consistently overexpressed in peripheral lymphoid organs, indicating that the BV repertoire in

diseased animals is unbiased. The BV repertoire could not be measured in the infiltrated ear of

diseased rats by the classical RNase protection assay due to the low amount of TCR-specific

mRNA. However, such an assessment was possible if BV-specific anchor PCR amplification

preceded the classical assay. Analysis of 3 biopsy specimens (2 from CsA-AI donors and one

from a CD4 recipient) revealed the presence of most BV families. BV 14 was increased in one

CsA-AI donor and BV13 and BV15 were increased in a CD4 recipient. Moreover, analysis of

ear biopsies from CsA-AI rats (donors and recipients of CD4 and CD8 cells) with a few
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available TCR BV mAb (BV8S2, BV8S5, BV10 and BV16) revealed that the respective BV

were represented at frequencies similar to those of normal rat peripheral T cells (data not

shown).

Discussion

The main findings of this study on the characterization of effector T cells in CsA-AI are

twofold: first, CsA-AI can be successfully transferred by both CD4 and CDS TCRocfi"'" cells,

as confirmed by the absence of the reciprocal subset in peripheral blood and skin biopsies of

the affected secondary recipients. Although both T cell subsets cause identical lesions, about 3

times as many CD4 than CD8 cells were required for similar kinetics and disease severity,

indicating that the CD8 population was more effective. Second, the CD4 and CDS populations

from recipient rats with clinically evident CsA-AI have complete BV repertoires comparable to

those of the CsA-AI donors and of normal lymph node T cells and thymocytes, thereby making

it unlikely that any particular B V specificity is more important for disease induction.

This study attributes an effector role to CD4 and CD8 T cells provided they are isolated

from clinically-manifest CsA-AI donors and administered to thymectomized, irradiated

recipients. Whether these T cells are depleted for non-T cells, or depleted for CD4 or CD8 cells

does not affect the outcome since all recipients developed CsA-AI. In the donor rats, CD4 and

CD8 T cells were equally endowed with autoimmune potential, and both subsets were

demonstrable in the skin lesions (7). Thus, both T cell subsets appear to be involved in the

induction phase of CsA-AI in the primary donors. In several autoimmune models, ;.e.

spontaneous diabetes in mice (31) and rats (32), and in radiation-induced autoimmune diabetes

and thyroiditis (33), it has been demonstrated that both CD4 and CD8 cells are required for

disease development, although CD8 cells isolated from prediseased syngeneic donors do

permit diabetes development.

Figure 5; (A) Auloradiogram of a ral TCR BV-RNase protection assay. TCR BV distribution in normal thymus

(lanes 1, 2 & 12, 13) and lymph nodes (lanes 3, 4 & 14, 15), obtained from rat used as BM donor, CsA-AI
diseased donor rat lymph nodes (lanes 5, 6 & 16, 17), and lymph nodes isolated from thymectomized rats

receiving CD4 depleted LNC, i.e. CD8 recipient (lanes 7, 8 & 18. 19), or CD8 depleted LNC, / c . CD4

recipient (lanes 9, 10 & 20, 21) and next given in v/Vo depleting anti CD4 or CD8 depicting mAb respectively.

CsA-AI donor and recipient lymph nodes were isolated when disease was clinical manifest. Spleen from a

normal Lewis ral from a different breeding stock was taken as an external control (C; lanes 11 & 22). Rat

mRNA from the indicated tissues is hybridized to anti-sense ['-P]-labeled RNA strands in two different sets each

containing BV2 and p-chain contanl region (BC). Lanes 1 to 11 contain BV2, 6, 8S1. 8S3. II, 12, 13. 16, 18

and BC. Lanes 12 to 22 contain BV2. 3S3, 4, 8S2. 9, 10, 14, 15, 19, 20 and BC.

(B) Histogram of the average percentage of TCR BV families. TCR BV family mRNA expression, shown in

autoradiogram Fig. 5A. was quantitaled and expressed as the percentage of total TCR BV repertoire. The

histogram shows TCR BV distribution in normal thymus (n=2), normal lymph node (n=2), CsA-AI donor
lymph node (n=2). CD4 T cell recipient lymph node (n=2) and CDS T cell recipient lymph node (n=2).
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Once CsA-AI is established, mesenterial, cervical and axillary lymph nodes are enriched

with autoreactive CD4 and CD8 T cells with the ability to migrate into the epithelium of the

skin. The lesions caused by CD4 or CD8 cells are indistinguishable and may thus be caused by

similar mechanisms. IFNy is a key cytokine in enhancing MHC class II expression and

macrophage activation, both hallmarks of CsA-AI, and there is ample evidence that CD4 Th

cells are not the only cells producing high amounts of cytokines. CD8 cells have been

demonstrated to produce cytokines equal to, or better than, CD4 cells in man (34) and rat (35).

A dichotomy of the CD4 cells, known as Thl and Th2 cells, has also been described for CD8

cells (36). The consequence of this duality is that both CD4 and CD8 T cells can be driven in

their response to exhibit typical Thl or Th2 characteristics. In CsA-AI-diseased rats, there is a

relative expansion of Th cells, phenotypically distinguished by expression of CD45RC and

absence of RT6, which functionally exhibit Thl characteristics, i.e. expression of IL2 and

IFNymRNA, and expansion of these Thl cells appears to determine the presence or absence of

disease (submitted). The role of Thl cells, described in CsA-AI and other autoimmune models

(37), may, therefore, reside in skewing the CD4 and CD8 T cells towards a cell-mediated

immune response. Once effector cells are generated in sufficient quantity within these subsets,

they can persist in their autoaggressive behaviour and generate new lesions upon adoptive

transfer, provided regulatory mechanisms of the normal recipients are eliminated prior to

transfer (3, 8, 38, 39). The fact that CD8 cells are better IFNy producers than CD4 T cells (35)

may explain why about three times more CD4 than CD8 cells are required to cause similar

disease.

Many autoimmune models, such as experimental allergic encephalomyelitis (40) and

collagen induced arthritis (41), show restricted TCR BV usage in the autoreactive effector cells.

However, unlike many autoimmune models, CsA-AI is not induced by immunization, but is

based on aberrant T cell recovery after total ablation by high-dose irradiation. We could not

detect aberrations in the BV repertoires of lymph node- or skin-infiltrating T cells, using the

RNase protection assay and immunohistochemistry in diseased donors or recipients of CD4-

and CD8-depleted LNC. This contrasts with the report by Fischer and colleagues (42), who

identified the exclusive presence of BV8S5 and BV12 in the peripheral blood of secondary

recipients by RT-PCR using BV-specific primers and attributed an effector role to the BV8S5-

expressing T cells based on disease ablation following depletion of these cells. In agreement

with our findings, humans subjected to an anti-cancer treatment protocol that induces CsA-AI

also do not display consistent BV distortions (43).

Development of CsA-AI depends on the genetic background of the rat strain as well as the

absence of regulatory T cells (3,4, 8, 38,44). After irradiation, peripheral T cell recovery may

be impaired by CsA in two ways: 1) CsA may inhibit thymocyte maturation, resulting in slow
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peripheral recovery, and 2) CsA may inhibit negative thymic selection, resulting in an increased

frequency of potentially autoreactive T cells (45-47). The disturbed peripheral T cell repertoire

transiently exhibit increases in T cells of the Thl type, which persist upon CsA treatment

(submitted). A lack of regulatory cells combined with an increased frequency of autoreactive T

cells in the CD4 and CD8 subsets enhances CsA-AI development and further perpetuates the

Thl response. The TCR BV repertoire in these effector populations is, however, not biased.
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Summary

Cyclosporin-A induced autoimmunity is an experimental model of disease that can be readily

induced in young Lewis rats. This model is discussed in Chapter 1, in the context of intra-

thymic T cell development, including positive and negative selection, and peripheral tolerance

versus autoimmunity. The most conspicuous target organ in this model is the skin; its acute

and subacute pathology includes, in chronological order, erythroderma (reddening of the skin),

dermatitis (inflammation of the skin seen as a brownish discolouring), and alopecia (severe hair

loss). This pathology has striking similarity with Graft-versus-Host disease (GvH), a disease

observed after transplantation of allogeneic bone marrow into immuno-compromised

recipients. The development of GvH-like pathology in this experimental model is remarkable

because the disease is induced by procedures which are used to prevent GvH in man after bone

marrow transplantation (BMT). Those procedures in man are firstly the use of allogeneic but

fully matched major histocompatibility complex (MHC) marrow, and secondly, Cyclosporin-A

therapy. Cyclosporin-A (CsA) is an immunosuppressive drug used clinically to prevent

allograft rejection, to suppress ongoing autoimmune diseases and to prevent GvH after

allogeneic BMT.

Although the GvH-like disease in Lewis rats resembles clinically GvH seen in man after

BMT, the animal disease is not caused by mismatches for major or minor histocompatibility

complex antigens. In the rat model, disease is brought about by total body irradiation of 8.5 Gy

followed by a syngeneic (MHC identical) BMT; next CsA is given for a 4 to 6 week period.

After stopping CsA, disease develops in the susceptible Lewis strain. In the rat model,

syngeneic BMT is not necessary since disease also develops when a hindleg of the rat is

shielded during X-irradiation, and thereby allows rescue by autologous bone marrow

reconstitution. This observation led to two conclusions. First, the GvH-like disease in the rat

could not be due to MHC mismatches and was therefore of an autoimmune nature; hence the

disease is called CsA autoimmune disease (CsA-AI). This description is not quite correct

either, because CsA given for a 6 week period does not cause disease when the rat is not

conditioned by prior X-irradiation. The second, and as we will show 'erroneous', conclusion
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was that the thymus had to be in the field of X-irradiation. This conclusion was supported by

the fact that CsA-AI is thymus dependent: thymectomy prior to X-irradiation and CsA-therapy

prevents disease and autoreactive, thymus derived T cells are the effector cells as shown by

adoptive transfer studies. These adoptive transfers are only successful, however, when the

auto-regulatory (T) cells in the recipient are first eliminated by X-irradiation or

Cyclophosphamide administration. It is clear then, that for disease to develop one needs not

only the generation of autoreactive thymic derived T cells, but also suppression or modulation

of a peripheral regulatory T cell circuit. In this thesis we have examined both the events in the

thymus and in the periphery.

In Chapter 2, we first asked the question at which point in time the autoreactive T cells leave

the thymus. In order to address this question serial thymectomies were performed in rats,

subjected to total body X-irradiation (8.5 Gy), with a rescue with 6x10^ syngeneic bone

marrow cells, and next given CsA (7.5 mg/kg/day) for up to 6 weeks. When not

thymectomized, these rats develop, 2 to 3 weeks after cessation of CsA, CsA-AI.

Thymectomies performed within 8 days of X-irradiation prevented CsA-AI. Thymectomies

performed on day 12 or thereafter allowed development of disease. However, incidence and

severity increased between day 12 and 21 thymectomies. From day 21 on, no further increase

in severity and incidence was observed. Thus within 2 weeks after X-irradiation, the thymus is

repopulated and autoreactive cells have moved into the periphery under CsA-therapy, and

indeed continuation of CsA treatment for up to 6 weeks after thymectomy did not influence

disease. We next asked the question whether or not the thymus had to be in the field of X-

irradiation. For this purpose, Lewis rats were first thymectomized; they were next X-irradiated

(8.5 Gy), given syngeneic bone marrow cells, two syngeneic neonatal thymus lobes

transplanted under the renal capsule, and CsA. These rats develop CsA-AI after cessation of

CsA medication given for 4 or 6 weeks, showing that the thymus is necessary -without

transplantation of thymic lobes no disease develops- but X-irradiation of the thymus is not

required.

Given that X-irradiation of the thymus is not required to bring about disease we next asked the

question in Chapter 3 how CsA brings about thymus derived autoreactive T cells into the

periphery. CsA has been shown to interfere with intrathymic selection. This -the literature

holds- is due to a disappearance of the MHC class II antigens in the thymic dendritic cells, or

alternatively, due to a decrease of these dendritic cells altogether; either way resulting in

defective negative selection. This, at any rate, was assumed to explain the appearance of

"forbidden" T cells (in terms of T cell receptor (TCR) p-chain variable region (BV) usage) into
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the periphery of mice treated with CsA. In order to address this question, Lewis rats were

treated with CsA and/or X-irradiation. The effect of treatment on thymic stromal cells

(including dendritic cells), and thymocyte population was examined in terms of histology,

immunohistochemistry and thymocyte phenotype by means of tricolour staining of the

thymocytes followed by flowcytometric analysis. Using fluorescent labeled monoclonal

antibodies (mAb) to CD4, CD8 and TCRap, the thymocyte population can be divided into

cortical (relatively immature) CD4CD8 double positive (DP) TCRaP'"'*rmediaie expressing

cells, and medullary (more mature) CD4 or CD8 single positive (SP) cells which are

TCRaphigh. X-irradiation followed by syngeneic BMT resulted in a severe depletion of

thymocytes, but the thymus had returned to normal in terms of all parameters mentioned above

in a 2-week period. A different picture emerged when CsA (7.5 mg/kg/day) was added to this

regimen. First, CsA by itself, or given after prior X-irradiation and syngeneic BMT, caused a

remarkable decrease in size of the medulla of the thymus (involution), including a decreased

number of medullary dendritic cells without, however, influencing their expression of MHC

class II antigens; and although the medulla has decreased remarkably in size, the antigen

distribution and density of the remnant epithelial cells and dendritic cells did not differ from

normal.

CsA treatment led also to a sharp decrease in CD4 and CD8 SP thymocytes, brought

about by a maturation arrest of the cortical CD4CD8 DP thymocytes. The combination of X-

irradiation and CsA allowed a recovery of cortical thymocytes but not of the medullary ones.

These observations were inconsistent with the notion that the appearance of peripheral

autoreactive and thymic derived T cells in CsA-AI was due to an altered thymic medullary

microenvironment.

We therefore asked the question in Chapter 4 whether or not CsA influenced the function of

the thymic dendritic cells. For this purpose CsA, in doses of 7.5 to 30 mgr/kg/day, was given

to Lewis rats for a 2 week period; next the number and function of the thymic dendritic cells

was measured in vifro in terms of accessory function and capacity to induce allogeneic

lymphocyte proliferation. CsA decreased the number of dendritic cells; but these cells were

entirely normal in terms of membrane antigens, accessory cell activity and capacity to induce

allogeneic T cell-proliferation. These results are incompatible with the view that CsA selectively

interferes with thymic dendritic cells. They support rather the view that the medullary

involution is secondary to a maturation arrest of the cortical thymocytes. Since the integrity of

the medulla requires the presence of mature thymocytes, in the absence of an inflow of SP

thymocytes into the medulla, involution of the medulla occurs.
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Although autoreactive T cells apparently are thymus derived, CsA alone does not induce

disease. Peripheral mechanisms for tolerance induction are additionally involved in CsA-AI.

This indicates that CsA-AI is principally due to a failure of peripheral T cell regulation and

suppressor circuits. Therefore we turned from the thymus to the periphery.

Peripheral T helper (Th) cell-dependent immune responses develop into Thl or Th2

responses. The difference between these two is made on the basis of secreted cytokines. The

Thl response includes the delayed type hypersensitivity reaction and is characterized by the

secretion of interleukin 2 and interferon y, whereas the Th2 response uses other cytokines, e.g.

IL4 and IL10, and provides B cell help. It has now become clear that preponderance of Th2

cells may suppress Th 1 responses, and the reverse, and that this effect is brought about by

cytokines. In addition, it is postulated that in Th cell mediated autoimmune models, a skewing

of peripheral T cells in favour of Th2 may prevent disease, and the reverse facilitates it. In the

model of CsA-AI the peripheral skin lesions appear histologically to be Thl (delayed type

hypersensitivity) mediated.

In Chapter 5 we determined the thymus dependent, peripheral T cell maturation in relation to

development of CsA-AI. Thymic output can be assessed by determining the number of

Thy 1.1+ (a marker for young, i.e. less then 14 days old, rat T cells) TCRaP+ recent thymic

emigrants (RTE). X-irradiation induced a peripheral T cell depletion completely reversed in a 6

week period. CsA caused a decrease in RTE which was also observed in rats subjected to X-

irradiation with syngeneic bone marrow rescue and CsA therapy; the latter showed decreased

numbers of T cells until CsA-AI; CD4 and CD8 T cells were equally decreased. In CsA-AI

rats, however, TCRap" cells were observed expressing CD4, CD8 or both. The majority of

the CD8+ TCRap- cells were identified to be NK cells. The CD4+ and CD4CD8 DP TCRa(3"

cells were demonstrated to be mostly monocytes as defined by the expression of CR3.

In order to be informed about Thl and Th2 subset distribution, the CD45RC and RT6

antigens were used; in rats Thl-like cells are postulated to carry the marker CD45RC but lack

RT6, whereas Th2-like cells show the reverse. Lewis rats developing CsA-AI, showed a

marked and persistent relative expansion of mature Thl-like cells (CD45RC+, RT6~) resulting

in a reversal of the Thl;Th2 ratio in favour of the CD45RC+, RT6" Thl-like cell subset; in

Brown Norway rats, which are resistant to induction of CsA-AI, the ratio of Thl:Th2 cells did

not reverse. Lewis rats subjected to either X-irradiation or CsA therapy did not show increases

of Thl comparable to CsA-AI. We demonstrated that the CD45RC+, RT6" Th cells isolated

from normal Lewis rats produced IL2 mRNA, and moreover, constituted the only Th subset

producing interferonv mRNA on stimulation, indicating their Thl nature. Altogether, this
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suggests that susceptibility or resistance to CsA-AI requires, apart from thymic derived

autoreactive T cells, a skewing of the Th 1 :Th2 balance in favour of Th 1.

In Chapter 6 we have addressed the issue of the autoreactive T effector cells, and their TCR

BV-repertoire, in adoptive transfer studies. The literature on this issue is conflicting since by

means of adoptive transfer studies the disease has been transferred with CD4 cells by some, by

CDS cells by others, whereas again others claimed the requirement of both CD4 and CD8 cells.

There is consensus that the recipient needs to be conditioned by X-irradiation or

Cyclophosphamide treatment; adoptive transfers with T cells, derived from Lewis rats with

acute CsA-AI, into normal Lewis rats does not yield disease. The autoregulatory T cell circuit

of the recipient has to be first deleted.

To determine the efficacy of autoreactive CD4 and CD8 T cells, the adoptive transfer

studies were carried out in a well defined experimental protocol. For this purpose the recipient

rats were first thymectomized, next X-irradiated and given syngeneic marrow; by this

manoeuvre the adoptively transferred cells could not be contaminated by new thymic output of

the thymus of the recipient. Next, lymph nodes of animals with CsA-AI were harvested,

prepared into single cell suspensions, depleted of either CD4 or CD8 cells, and were next

infused intravenously into the recipient; when CD4 T cells were adoptively transferred the

recipient received also in vivo depleting mAb to the CD8 subset, and when CD8 T cells were

transferred mAb to CD4 was given. After adoptive transfer, when the rats developed disease,

the transferred cells were monitored by flowcytometry of peripheral blood and skin biopsies

were taken for immunohistologic analysis. CsA-AI developed after adoptive transfer of either

CD4 or CD8 T cells in the absence of the depleted subset. Both CD4 and CD8 transfers caused

similar lesions with similar kinetics. The enhanced MHC class II expression on keratinocytes,

and the presence of ED1+ macrophages was identical to the lesions observed in the primary

donors. The difference was that in the primary donor the skin lesions contain both CD4 and

CD8 T cells, whereas in the lesions from adoptive transfers either CD4+ TCRraf}* cells or

CD8+ TCRaP+ cells were present. These results show that phenotypically completely

different T cell subsets cause identical lesions: in other words, dissociation of presumed

phenotype-related function and J« vivo biological effect. How this is brought about is entirely

speculative.

We analysed in addition the TCR repertoire in terms of the B V-usage. This revealed the

patterns of TCR BV expression in the lymph node cells from rats with CsA-AI and recipients

of adoptive transfer (developing disease in the absence of either CD4 or CD8 T cells) to be

comparable to that of normal Lewis thymocytes or lymph node cells. Also the epidermal T cell

infiltrates in recipients of adoptively transferred cells showed no preferential use of TCR BV
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families. These results do not support the view that CsA-AI results from a peripheral expansion

of T cell populations in terms of TCR B V usage.

The work presented in these chapters may be shortly summarised as follows.

CsA-AI is the result of aberrant T cell development after X-irradiation and CsA therapy.

CsA has a clearcut effect on thymic architecture and thymocyte maturation; a decrease in the

number of mature thymocytes and, secondary to this effect, involution of the medulla.

Although all stromal cells are still present and seem to be able to provide the micro-environment

that is important for negative selection, upon CsA therapy autoreactive thymocytes are

generated. CsA acts directly on the thymocytes, by interfering with the intra-cellular signal

upon activation via the TCR, and thereby altering the fate of the thymocytes during maturation.

Because of impaired selection, among the thymocytes that have survived both positive and

negative selection, the frequency of autoreactive thymocytes is increased.

X-irradiation is obligatory to condition the periphery. Provided the periphery is void of

regulatory cells, CsA-AI can develop. Already during CsA therapy, thymus derived

autoreactive T cells enter the periphery, and after CsA therapy is stopped, CsA-AI will

develop. Autoreactive T cells are demonstrable in lymph nodes, spleen and in the lesions.

Expansion of CD45RC+, RT6",Th 1-like cells is critical for CsA-AI to develop. Whether or not

this will occur is genetically controlled. Activation of the Th 1-like cells results in IL2 and IFNy

production, which in addition may lead to further skewing of other T cells, including CD8 T

cells, to respond in a similar fashion. When disease is clinically manifest, effector T cells are

demonstrable within the CD4 and CD8 T cell population by adoptive transfer. There is no

evidence for restricted usage of any TCR BV family. The antigen in CsA-AI is unknown, but

both CD4 and CD8 T cells populations contain effector T cells. Since virtually all Lewis rats,

subjected to X-irradiation and CsA therapy develop similar disease it is suggested that the auto-

antigen(s) are related to epithelial cell antigen(s) expressed in the thymus and in the skin.



Samenvatting

Cyclosporine A-geinduceerde autoimmuniteit is een model voor autoimmuunziekte in mens en

proefdier en het kan op eenvoudige wijze gegenereerd worden in de Lewis rat. Dit model wordt

beschreven in Hoofdstuk 1, in de context van de intrathymale T eel ontwikkeling, welke

positieve en negatieve selectie omvat, en perifere tolerantie versus autoimmuniteit. Het meest in

het oog springende doelwit-orgaan in dit model is de huid; de acute en subacute huidpathologie

omvat in chronologische volgorde erythroderma (intense roodverkleuring van de huid),

dermatitis (ontsteking van de huid, gekenmerkt door een bruinverkleuring) en alopecia

(kaalheid door haarverlies); en wanneer de ziekte chronisch wordt is deze niet te onderscheiden

van cutane humane scleroderma in histologische zin. Deze pathologie toont grote overeenkomst

met de Graft-versus-Host reactie (GvH), een fenomeen dat wordt waargenomen bij immuun-

deficiente ontvangers na allogene beenmergtransplantatie. De ontwikkeling van de GvH-achtige

pathologie in dit experimentele model is op het eerste gezicht zeer opmerkelijk. Immers dit

model wordt geinduceerd onder condities die bij de mens normaliter worden gebruikt om GvH

na beenmergtransplantatie te voorkomen. De eerste voorwaarde die wordt toegepast is het

gebruik van volledig compatibel beenmerg (bij inteelt proefdierstammen aangeduid als syngeen

of genetisch identiek beenmerg). De tweede voorwaarde is het gebruik van Cyclosporine A,

een immunosuppressief geneesmiddel dat gebruikt wordt om orgaan-afstoting na transplantatie

tegen te gaan, om verschillende autoimmuunziekten te onderdrukken en om een GvH-reactie

na allogene beenmergtransplantatie te voorkomen.

Alhoewel de GvH-achtige ziekte in de Lewis rat overeenkomsten vertoont met klinische

GvH bij de mens na beenmergtransplantatie, is de ziekte bij het proefdier niet het gevolg van

incompatibiliteit in de transplantatie-antigenen, bepaald door de Major Histocompatibility

Complex (MHC) en nonMHC antigenen. Er wordt immers gebruik gemaakt van syngene

beenmergdonoren. In het rattemodel wordt de ziekte geinduceerd door middel van een letale

lichaamsbestraling van 8,5 Gy, een dag later gevolgd door syngene beenmergtransplantatie.

Hierna worden de ratten behandeld met CsA gedurende 4 tot 6 weken. Ongeveer 2 weken

nadat de CsA behandeling is gestaakt ontwikkelt zich de ziekte in de hiervoor gevoelige Lewis

rattestam. In het rattemodel kan syngene beenmergtransplantatie ook vervangen worden door
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het afschermen van een van de achterpoten tijdens de bestraling. Hierdoor kan het beenmerg

zich via het beschermde autologe beenmerg weer herstellen. Ook dan kan de ziekte weer

ontstaan. Deze observaties hebben geleid tot twee conclusies. Ten eerste, de GvH-achtige

ziekte in de rat is niet het gevolg van MHC of nonMHC antigen incompatibiliteit en heeft

derhalve een autoimmuun karakter. Daarom is gekozen voor de naam Cyclosporine A (CsA)

geinduceerde autoimmuniteit, kortweg CsA-AI. Deze naamgeving is echter ook niet geheel

correct; CsA alleen, gegeven gedurende zes weken, induceert geen ziekte. Het is noodzakelijk

dat de ratten vooraf worden geconditioneerd door letale bestraling. De tweede conclusie, en

zoals wij zullen aantonen 'foute' conclusie, die werd getrokken was dat de thymus binnen het

veld van bestraling moet liggen. Deze conclusie werd gestaafd door het feit dat CsA-AI

afhankelijk is van de aanwezigheid van de thymus. Thymectomie, uitgevoerd voor bestraling

en CsA behandeling, zal het ontstaan van CsA-AI verhinderen. Voorts is aangetoond door

middel van transfer studies dat de effector cellen autoreactieve T cellen zijn, afkomstig uit de

thymus. T eel transfer experimenten leveren alleen ziekte in de ontvanger als de ontvangers

vooraf gedepleteerd worden van perifere, rijpe T cellen, hetzij door letale bestraling, hetzij door

behandeling met Cyclophosphamide. Het is duidelijk dat voor de ontwikkeling van CsA-AI

niet alleen autoreactieve, uit de thymus afkomstige T cellen nodig zijn, maar ook een modulatie

(onderdrukking of verwijdering) van de regulerende perifere T eel populaties. In dit

proefschrift worden de effecten beschreven die plaats vinden in de thymus en in de periferie in

relatie tot het ontstaan van CsA-AI.

In Hoofdstuk 2 vragen wij ons af op welk moment de autoreactieve T cellen de thymus

verlaten. Om deze vraag te kunnen beantwoorden zijn gedurende de CsA behandeling

thymectomien uitgevoerd in Lewis ratten die vooraf bestraald zijn met een dosis van 8,5 Gy,

syngeen beenmerg hebben gekregen en vervolgens behandeld werden met CsA gedurende

maximaal 6 weken. De ratten die niet gethymectomeerd werden, ontwikkelden ongeveer 2 a 3

weken na de beeindiging van de CsA behandeling CsA-AI. Wanneer echter een thymectomie

werd uitgevoerd binnen 8 dagen na de bestraling ontstond er geen ziekte. Thymectomien

uitgevoerd op dag 12 of later leidden wel tot het ontstaan van CsA-AI. Voorts bleek dat de

incidentie en de mate van ernst van CsA-AI namen toe wanneer thymectomien later werden

uitgevoerd, met een maximale incidentie en ernst van vanaf 21 dagen. Dit betekent dat binnen 3

weken na bestraling de thymus alweer thymocyten bevat en dat autoreactieve T cellen

gedurende de CsA behandeling de thymus verlaten en naar de periferie gaan. Vervolgens is de

vraag gesteld of het bestralen van de thymus daadwerkelijk noodzakelijk is voor het induceren

van CsA-AI. Hiervoor zijn Lewis ratten gethymectomeerd, vervolgens bestraald en voorzien

van syngeen beenmerg. Gelijktijdig met de beenmergtransplantatie zijn onbehandelde thymus

lobjes, afkomstig van neonatale syngene ratten, onder het nierkapsel geplaatst. Wanneer deze
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ratten vervolgens met CsA behandeld werden gedurende 4 tot 6 weken ontstond CsA-AI. Dit

experiment toont aan dat de thymus nodig is, maar dat bestraling van de thymus zelf niet

noodzakelijk is voor het ontstaan van ziekte.

Met het gegeven dat bestraling van de thymus niet nodig is om CsA-AI te induceren zijn we

vervolgens in Hoofdstuk 3 gaan kijken hoe CsA het ontstaan van autoreactieve, uit de

thymus afkomstige T cellen induceert. Het is beschreven dat CsA interfereert met intrathymale

selectie processen. In de literatuur is dit toegeschreven aan de afname van MHC klasse II

antigenen op de dendritische cellen in de thymus, of aan de afname van de dendritische cellen

zelf. Beide mechanismen zouden leiden tot het ontstaan van een aberrante negatieve selectie. Dit

zou de verklaring kunnen zijn voor het ontstaan van perifere "verboden" T cellen ("verboden"

in de zin van expressie van bepaalde variabele (J-keten families (BV) van de T eel receptor

(TCR)) zoals waargenomen in muizen behandeld met CsA. Om deze vraag te beantwoorden

zijn Lewis ratten behandeld met CsA en/of 8,5 Gy bestraling. Het effect van de behandeling op

het thymus stroma, inclusief de dendritische cellen, en het effect op de thymocyt populatie

werd bepaald door middel van histologie, immunohistochemie en flowcytometrie. De thymocyt

populatie kan worden onderverdeeld in corticale, relatief onrijpe CD4CD8 dubbel positieve

(DP) TCRafi zwak positieve cellen (TCRaP'ntermediaic), en medullaire, meer rijpe CD4 of

CD8 enkel positieve (SP) cellen die TCRa(3 hoog positief (TCRafJhigh) zijn. 8,5 Gy bestraling

in combinatie met syngene beenmergtransplantatie leidt in eerste instantie tot een depletie van

thymocyten, echter de thymus is, in de zin van de bovengenoemde parameters, 2 weken na

bestraling weer normaal. Een totaal ander beeld wordt echter waargenomen wanneer CsA

behandeling (7,5 mg/kg per dag) wordt toegepast. CsA behandeling op zichzelf of in

combinatie met bestraling en beenmergtransplantatie leidt tot een duidelijke afname van de

grootte van de medulla in de thymus (involutie) en tot een afname van het aantal medullaire

dendritische cellen. De expressie van MHC klasse II op de stromale cellen wordt echter niet

beinvloed; hoewel de medulla aanzienlijk afneemt in grootte blijft de verdeling en dichtheid van

de antigeen expressie op het overblijvende medullaire epitheel en de dendritische cellen

hetzelfde.

CsA behandeling leidt tevens tot een dramatische afname van de CD4 en CD8 SP

thymocyten, wat wijst op een maturatie arrest van de onrijpere CD4CD8 DP thymocyten. De

combinatie van bestraling met CsA behandeling verhindert niet het herstel van de corticale

thymocyten in de thymus maar remt wel in sterke mate het herstel van de medullaire CD4 en

CD8 SP TCRafJhigh thymocyten. Deze observaties zijn in tegenspraak met de gedachte dat het

bestaan van perifere autoreactieve, uit de thymus afkomstige T cellen het gevolg is van een

veranderd micromilieu in de thymus medulla.
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De vraag die hieruit volgt is of CsA de functie van de thymus dendritische cellen bei'nvloedt.

Die wordt behandeld in Hoofdstuk 4. Om deze vraag te kunnen beantwoorden zijn Lewis

ratten behandeld met toenemende doses CsA (7,5; 15 en 30 mg/kg per dag) gedurende 2

weken. Vervolgens is het aantal dendritische cellen per thymus bepaald door de cellen te

isoleren en is in v/7ro bepaald of deze cellen nog in staat zijn te functioneren als "accessory" eel

of om allogene T cellen tot proliferatie aan te zetten. CsA behandeling leidt tot een dosis

afhankelijke afname van het aantal gei'soleerde dendritische cellen. Deze gei'soleerde

dendritische cellen wijken echter niet af van controle dendritische cellen voor wat betreft de

expressie van membraan antigenen, de mate van "accessory" activiteit of het induceren van

allogene T eel proliferatie in een zogenaamde "mixed leukocyt reaction'. Deze resultaten zijn

niet verenigbaar met het idee dat CsA selectief interfereert met thymus dendritische cellen. De

resultaten ondersteunen daarentegen eerder de gedachte dat de medullaire involutie, inclusief de

afname van de dendritische cellen, secundair het gevolg is van de sterke maturatie arrest van de

corticate CD4CD8 DP thymocyten. Aangezien beschreven is dat de integriteit van de medulla

afhangt van de aanwezigheid van rijpe thymocyten, is bij een afname van instroom van nieuwe,

rijpe SP thymocyten in de medulla involutie van de medulla het gevolg.

Autoreactieve T cellen zijn klaarblijkelijk afkomstig van de thymus. Echter de behandeling met

CsA op zich leidt niet tot het ontstaan van ziekte. Regulatoire perifere mechanismen spelen dan

ook een belangrijke rol in het al dan niet ontstaan van CsA-AI, wat aangeeft dat CsA-AI in

principe het gevolg is van een niet adequaat functionerend regulatoir perifeer T eel circuit. Om

dit aspect nader te onderzoeken zijn we van de thymus naar de periferie gegaan.

Perifere T helper (Th) cel-afhankelijke immuun responsen ontwikkelen zich in een Thl

of Th2 respons. Beide responsen worden functioned onderscheiden op basis van de

geproduceerde cytokines. De Thl respons omvat de vertraagd type overgevoeligheidsreactie en

wordt gekenmerkt door de productie van onder andere Interleukine (EL) 2 en Interferon (IFN)

Y, terwijl de Th2 respons onder andere gebruik maakt van de cytokines IL4 en IL10 en

betrokken is bij B eel hulp. Het is duidelijk geworden dat een overheersende Th2 respons in

staat is om een Thl respons te onderdrukken; het omgekeerde is eveneens het geval. Deze

onderlinge remming wordt gestuurd door de geproduceerde cytokines. Verder is het idee

geopperd dat in Th eel afhankelijke autoimmuun modellen een verschuiving van de perifere T

cellen in het voordeel van Th2 cellen ziekte kan voorkomen, terwijl het tegenovergestelde juist

autoimmuniteit kan veroorzaken of verergeren. In het CsA-AI model vertonen de huidlaesies

histologisch karakteristieken van een vertraagd type overgevoeligheidsreactie en duiden op een

Thl respons.
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In Hoofdstuk 5 bestuderen we de thymus afhankelijke, perifere T eel rijping in relatie tot de

ontwikkeling van CsA-AI. De hoeveelheid recente thymus emigranten (RTE) in de periferie,

c.q. de mate van thymale productie, kan worden gemeten door het aantal Thy 1.1 +TCRa(Jhigh

cellen te bepalen (Thy 1.1 -expressie is in de rat een kenmerk voor jonge T cellen die de thymus

korter dan 14 dagen verlaten hebben). Bestraling leidt tot een volledig verdwijnen van perifere

T cellen, hetgeen weer hersteld is 6 weken na de beenmergtransplantatie. CsA behandeling

alleen resulteert uiteindelijk in een afname van het aantal RTE. Hetzelfde wordt ook

waargenomen bij de combinatie van bestraling, beenmergtransplantatie en CsA behandeling.

Deze combinatie leidt echter tot een ernstige remming van het herstel van de perifere T eel

populatie tot aan het ontstaan van CsA-AI. Het aantal CD4 en CD8 T cellen is in gelijke mate

afgenomen. In CsA-AI ratten worden cellen waargenomen die geen TCRaP tot expressie

brengen maar wel CD4, CD8 of beide. De meerderheid van deze CD8+ TCRocp- cellen bleken

NK cellen te zijn, terwijl de CD4 en CD4CD8 DP TCRa(3" cellen gekarakteriseerd zijn als

monocyten.

Om meer te weten te komen over de verdeling van Thl en Th2 cellen is gebruik

gemaakt van de membraan markers CD45RC en RT6. Men veronderslelt dat in de rat Th 1 -

achtige cellen CD45RC+ zijn maar geen RT6 tot expressie brengen, terwijl Th2-achtige cellen

juist geen CD45RC op het oppervlak hebben maar wel RT6. Lewis ratten die CsA-AI

ontwikkelen, laten een duidelijke en blijvende toename, relatief ten opzichte van andere Th

cellen, van rijpe Thl-achtige (CD45RC+, RT6) cellen zien hetgeen leidt tot een omkering van

de Thl:Th2 ratio in het voordeel van de Thl-achtige cellen. Wanneer gekeken wordt in Brown

Norway ratten, die ongevoelig zijn voor de inductie van CsA-AI, dan valt op dat ten gevolge

van bestraling en CsA behandeling de Thl:Th2 ratio niet omkeert in het voordeel van de Thl-

achtige cellen. Deze omkering wordt ook niet waargenomen in Lewis ratten die alleen bestraald

zijn of alleen met CsA behandeld zijn. Verder laten we in dit hoofdstuk zien dat normale Lewis

CD45RC+, RT6- Th cellen in staat zijn om IL2 en, typisch voor alleen deze Th cellen, IFNy

mRN A te produceren na»'« vifro stimulatie. Dit is een cytokine patroon karakteristiek voor Th 1

cellen. Daarmee is voor deze phenotypisch gekarakteriseerde Th cellen aangetoond dat deze

Thl cellen zijn. Samenvattend wijzen deze bevindingen erop dat gevoeligheid, of juist

ongevoeligheid, voor CsA-AI niet alleen afhangt van uit de thymus afkomstige autoreactieve T

cellen, maar ook afhangt van een perifere verschuiving van de Thl:Th2 ratio in het voordeel

van Thl.

In Hoofdstuk 6 wordt gekeken naar de autoreactieve T cellen en het gebruik van het TCR B V

repertoire door middel van adoptieve transfer studies. In de literatuur zijn tegenstrijdige

resultaten beschreven, in die zin dat in adoptieve transfer studies CsA-AI kon worden

overgebracht met alleen CD4 cellen, terwijl anderen juist rapporteerden dat CD8 cellen nodig
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B, terwijl weer anderen meldden dat zowel CD4 als CD8 cellen nodig zijn voor een

saccesvolle overdracht van ziekte. Er is in ieder geval concensus dat de ontvanger

geeondiitoneerd dient te worden met bestraling of Cyclophosphamide behandeling; adoptieve

traasfers met T cellen, geisoleerd uit Lewis ratten met acute CsA-AI, naar normale Lewis ratten

letdl noott tot het ontstaan van ziekte. Het autoregulatoire T eel circuit van de ontvanger dient

vooraf verwijderd te worden.

Om de efficientie te kunnen bepalen waarmee CD4 en CD8 T cellen ziekte kunnen

overbrengen zijn adoptieve transfer studies uitgevoerd met een goed gedefinieerd protocol.

Ontvanger ratten zijn vooraf eerst gethymectomeerd, vervolgens bestraald en voorzien van

syngeen beenmerg. Door deze behandeling wordt voorkomen dat na transfer de ingespoten T

cellen gecontamineerd worden met nieuwe T cellen afkomstig van de thymus. Van Lewis

ratten, met duidelijke klinische verschijnselen van acute CsA-AI, werden de mesenteriale,

cervicale en axillaire lymfe knopen verzameld en verwerkt tot eel suspensies. Deze suspensies

werden vervolgens ;'w v;7ro gedepleteerd van CD4 of CD8 positieve cellen en daarna

ingespoten in de geconditioneerde ontvanger ratten. De ontvangers van CD4 T cellen werden

daarna behandeld met monoclonale antilichamen (mAb) die in vivo CD8+ cellen depleteren;

CD8 T eel ontvangers kregen CD4 depleterende mAb toegediend. Na de transfer, op het

moment van ziek worden, werden de doorgespoten T cellen bestudeerd; het perifere bloed met

behulp van flowcytometrie en de huid biopsien door middel van immunohistochemie. Zowel na

de transfer van alleen CD4 als alleen CD8 T cellen ontwikkelde zich CsA-AI in de ontvanger

ratten in de afwezigheid van de vooraf gedepleteerde T eel subset. De laesies die ontstaan na

transfer van CD4 of CD8 T cellen zijn niet van elkaar te onderscheiden; niet in kinetiek noch in

microscopische of macroscopische parameters die getoetst zijn. De geinduceerde MHC klasse

II expressie op keratinocyten en de aanwezigheid van ED1+ macrofagen in CD4 en CD8

ontvangers was identiek aan die in de laesies zoals die waargenomen werden in donoren. Het

enige waarneembare verschil was de aanwezigheid van CD4 en CD8 positieve TCRaP* cellen

in de donoren, terwijl in de ontvangers alleen CD4+ TCRa|}+ of alleen CD8+ TCRa(J+

aanwezig waren. Deze resultaten laten zien dat phenotypisch geheel verschillende T eel subsets

vergelijkbare laesies kunnen veroorzaken: met andere woorden, er is een discrepantie tussen de

veronderstelde phenotypisch gerelateerde functie en het werkelijke in v/vo biologische effect.

Hoe dit ontstaat is vooralsnog speculatief.

Verder is het TCR repertoire bepaald aan de hand van het TCR BV gebruik. Dit laat zien

dat het TCR B V repertoire in de lymfe knopen van ratten met acute CsA-AI en de ontvangers in

adoptieve transfer studies (die ziekte ontwikkelden in afwezigheid van hetzij CD4 hetzij CD8 T

cellen) vergelijkbaar was met die van normale Lewis thymocyten of lymfe knoop cellen. Ook

de epidermale T eel infiltraten in de ontvangers van de adoptief overgebrachte T cellen

vertoonden geen preferentieel gebruik van TCR BV families. Deze resultaten ondersteunen niet
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de gedachte dat CsA-Ai het resuitaat is van pcrifere expansie van T cellen in sic xin van TCR

BV gebruik.

Het werk zoals dat gcprcsenteerd is in deze hoofdstukken kan als volgt kort warden

samengevat.

CsA-AI is het gevolg van een afwijkende T eel ontwikkeling na bestraling en CsA

behandeling. CsA heeft een duidelijk effect op de thymus arehitectuur en thymocyt rijping: een

afname van het aantal rijpe ihymocyten en secundair hieraan een involutie van de medulla,

Alhoewel alie stromale cellen aanwezig zijn en het aannemelijk is dat dczc nog in staat zijn het

micromilieu te vormen dat nodig is voor negatieve selectie, worden ten gevolgc van de CsA

behandeling autoreactieve T cellen gevormd. CsA heeft een direct effect op de thymocyten

doordat CsA interfereert met het intra-cellulaire signaal dat volgt op activatie via de TCR en

daardoor grijpt CsA in op het resuitaat van de selectie van de thymocyten gedurende de rijping.

Tengevolge van de verstoorde selectie zal uiteindelijk binnen de thymocyten die zowel de

positieve als de negatieve selectie hebben overleefd de frequentie van autoreactieve thymocyten

zijn toegenomen.

Bestraling is nodig voor het conditioneren van de periferie. Alleen wanneer de perifere

regulatoire T cellen verwijderd zijn, kan CsA-AI ontwikkelen. Al tijdens de CsA behandeling

zullen thymocyten uit de thymus naar de periferie migreren en nadat de CsA behandeling is

gestaakt, zullen de autoreactieve T cellen CsA-AI veroorzaken. Autoreactieve T cellen zijn dan

aantoonbaar in de lymfe knopen, de milt en in de laesies. Expansie van CD45RC+, RT6~ Thl-

achtige cellen is kritisch voor de ontwikkeling van CsA-AI. De activatie van de Thl-achtige

cellen leidt tot productie van IL2 en IFNy, wat op zichzelf weer kan leiden tot een verdere

verschuiving van andere T cellen, inclusief de CD8 T cellen, om op een gelijke wijze te

reageren bij activatie. Op het moment dat de ziekte klinisch manifest is, zijn effector T cellen

aantoonbaar binnen zowel de CD4 als de CD8 T eel subsets door middel van transfer studies.

Er zijn geen aanwijzingen voor een beperkt TCR B V familie gebruik. Het antigeen in CsA-AI

is onbekend maar zowel de CD4 als de CD8 T cellen zijn betrokken als effector T eel.

Aangezien feitelijk alle Lewis ratten, na te zijn behandeld met bestraling en CsA, dezelfde ziekte

ontwikkelen suggereert dit dat het (de) autoantigen(en) verband houdt met epitheliale antigenen

die voorkomen in de thymus en in de huid.
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