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ABBREVIATIONS

• ACTH: adrenocorticotropin hormone

ADX: adrenalectomized

ASGMl: asialoGMl

BMT: bone marrow transplantation

CRH: corticotropin releasing hormone

GVHD: graft-versus-host disease

GVHR: graft-versus-host reaction

HLA: human leucocyte antigens

HPA: hypothalamus-pituitary-adrenal

IFN-y: interferon-y

IL-: interleukin-

LN: lymphnodes

LPS: lipopolysaccharide

MHC: major histocompatibility complex

NDV: Newcastle Disease Virus

non-ADX: non-adrena1ectomized

PLC: parenta1lymphoid cells

POMC: proopiomelanocortin

TCDBM: T cell depleted bone marrow

TNF-cx: tumour necrosis factor-a
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ABSTRACT

The studies presented in this thesis investigated the mechanism responsible

for glucococorticoid secretion during graft-versus-host disease (GVHD), and

the role of endogenous glucocorticoids on the outcome of the disease.

GVHD was induced in unirradiated FI hybrid mice by an intravenous

injection of parenta1lymphoid cells. Our results demonstrated that the

secretion of glucocorticoids during GVHD was independent of pituitary

adrenocorticotropin hormone (ACTH). However, adrenal hyperactivity was

associated with increased expression ofproopiome1anocortin (POMC) mRNA

in the adrenal glands of GVHD mice. Expression of adrenal POMC

transcripts was not due to mononuclear infiltrates. The transcripts for

interleukin-I2, a cytokine produced by activated macrophages, were also

upregulated in GVHD adrenals. Since macrophages have been shown to

reside in the adrenal glands and produce ACTH, it appeared that resident

adrenal macrophages were activated during GVHD to produce local ACTH

that stimulated the secretion of glucocorticoids, independent of pituitary

ACTH.

We next investigated the role of endogenous glucocorticoids on the

outcome ofGVHD byadrenalectomizing the FI recipient mice before GVHD

induction in order to deplete the source of glucocorticoids. Our results

showed that adr>..nalectomized (ADX), but not non-Ame, FI recipients
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injected with parental lymphoid cells recovered rapidly from symptoms

characteristic of GVHD, aiter a two week manifestation of the disease.

Recovery from GVHD was attributed to the induction of a glucocorticoid

sensitive, asialoGMr and/or CDS+, but not NKl.l+, Fl-anti-parental

effector cell that rejected or eliminated the parental graft, after an initial

period of engraftment. In addition, the effector was not dependent on a

mature thymus and was not renewed after anti-asialoGMl treatment, but

was renewed after glucocorticoid treatment.

We further demonstrated that high levels of glucocorticoids during

GVHD cauSèd severe deficiency of host T cell populations in the lymph

nodes and contributed to the su>,pression oflymph nodes T cells. Taken

together these studies suggest that endogenous glucocorticoids play a

central role in the pathogenesis of GVHD.
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RÉsUMÉ

Les études présentées dans cette thèse traitent du mécanisme responsable

de la sécrétion de glucocorticoïdes durant la maladie du greffon contre l'

hôte (MGCH), ainsi que de l'impact qu'ont les glucocorticoïdes endogènes

sur la maladie. La MGCH a été induite ch~z des souris hybrides FI non­

irradiées parinjection intraveineuse de cellules lym?hoïdes parentales. Nos

résultats ont démontré que la sécrétion de glucocorticoïdes pendant la

MGCH a été indépendante de la corticotrophine hypophysaire. Cependant,

l' hyperactivité surrénale a été associée à l'augmentation de l'expression

d'acide ribonucléique messager (ARNm) de la pro-opiomélanocortine

(FOMC) dans les glandes surrénales des souris atteintes de la MGCH. L'

expression des transcripts surrénaux de POMC n' a pas été due à des

infiltrats mononucléaires. Les transcripts de l' interleukine-12, une

cytokine produite par des macrophages activés, ont aussi été trouvé en

quantité plus abondante dans les surrénales de souris malades de la

MGCH. Puisque la présence de macrophages résidents dans les glandes

surrénales pouvant engendrer de la corticostimuline a été démontrée, il

apparaît que ces derniers aient été activés pendant la MGCH pour produire

localement de la corticotrophine stimulant ainsi la sécrétion de

glucocorticoïdes, indépendemment de la corticostimuline hypophysaire.

Nous avons ensuite étudié le rôle des g!ucocorticoïdes endogènes dans
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la finalité de la MGCH en surrénalectomisant les souris receveuses FI

avant l' induction de la maladie, afin d'éliminer la source de

glucocorticoïdes. Nos résultats ont montré que les receveurs FI

surrénalectomisés (SRX) mais non les non-SRX, injectés avec des cellules

parentales lymphoïdes, ont recouvré plus rapidement des symptômes

caractéristiques de la MGCH, après les deux premières semaines de la

maladie. La récupération lors de la MGCH a été attribuée à l'induction d'

une cellule effectrice sensible aux glucocorticoïdes, asialoGMr, et/ou CD8+,

mais non NKl.r, qui rejette ou élimine la greffe parentale, après une

période initiale de prise de la greffe. En plus, l'effecteur n' a pas été

dépendant d' un thymus mature et n' a pas été renouvelé après un

traitement à l' anti-asialoGMl, mais a été renouvelé après traitement aux

glucocorticoïdes.

Nous avons ensuite démontré que de hauts niveaux de

glucocorticoïdes durant le MGCH ont causé une sévère déficience des

populations de cellules T de l' hôte dans les ganglions lymphatiques et ont

contribué à la suppression des cellules T ganglionnaires. Dans leur

ensemble, ces études suggèrent que les glucocorticoïdes endogènes jO.:lent

un rôle central dans la pathogenèse de la MGCH.
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to the pituitary POMC.
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5. Transcripts for IL-12, a cytokine produced by activated macrophages,

are also upregulated in adrenals of GVHD mice.

6. ADX, but not non-ADX, B6AFl mice iDjected with 2Oxl06 A strain PLC

recover rapicily from GVHD symptoms, after an initial two week

manifestation of GVHD.

7. Recovery from GVHD is mediated by the induction of an Fl-anti­

parental mechanism that rejects or eliminates the parental graft, after

an initial period of engraftment.

S. The Fl-anti-parental mechanism is mediated by an effector cell ofhost

origin that is sensitive to glucocorticoids.

9. The Fl-anti-parental effector cell is ASGMr and/or CDS., but not

NKl.r.
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10. The F1-anti-parental effector cell is not dependent on a mature thymus

and is non-renewable when treated with anti-ASGM1 antibody, but is

renewable after glucocorticoid treatment.

11. High levels of endogenous glucocorticoids during GVHD are

responsible for the severe deficiency of host T cell populations in the

LN of GVHD mice since adrenaiectomy before GVHD induction

protects agtinst the severe 1055 <,fhost LN T cell populations.

12. High levels of endogenous blucocorticoids play an important role in

suppressing T cell functions in the LN of GVHD mice since

adrenalectomy improves LN T cell functions.
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A. GRAFIWERSUS-HOST DISEASE

1. Brief history of graft-versus-host reaction

The phenomenon of the graft-versus-host reaction (GVHR) was first

observed by Murphy in 1916 when he transferred adult chicken splenic cells

into chick embryos and observed a marked enlargement of the spleen (ie.

splenomegaly) in the newbom chicks 10 days after the transplant (1). In

retrospect, splenomegaly became one ofthe ballmarks ofGVHR where it is

mediated by a GVHR as a result of the immunocompetent graft reacting

against the immature recipients. However, splenomegaly was dismissed by

Murphy as a phenomenon of organ-specific growth, a concept endorsed at

that time (1).

The concept ofGVHR was first introduced in early 1950's by Simonsen (2)

and Dempster (3). Both investigators observed independently cells

infiltrating the cortex of allorenal grafts and mistakenly interpreted the

infiltrates as host cells that entered the cortex and were immunologically

attacked by donor cells residing in the renal graft. This immunologica1

reaction was erroneously described as a GVHR, although the true

interpretation of the results was a standard host-versus-graft reaction

where host lymphoid cells were attacking the renal allograft. In 1957,
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Sïmonsen inocu1ated adult chicken blood cells into outbred embryonic

chicks to induce tolerance, but instead induced a lethal disease in many

chicks (4). At the same time, Billingham and Brent also observed high

mortality in some strains of newbom mice that were previously injected

with adult allogeneic splenic cells (5, 6). Both groups of investigators

independently suggested that the recipients died from an immunological

disease inflicted by the grafted cells reacting against the hosts; hence the

concept ofGVHR emerged. The disease was termed "runt disease" because

the recipients experience symptoms of growth retardation (ie. severely

underweight and markcdly undersized) and diarrhea.

Similar characteristics of a GVHR were described by other investigators

using different animal models. Mice rescued with allogeneic bone marrow

after lethal irradiation developped a wasting syndrome that was lethal (7­

9). It was postulated that this syndrome was due to a GVHR and was

called "secondary disease" or ''homologous disease". In addition, injection

of parental lymphoid cells into non-irradiated adult F1 hybrid recipients

also led to a lethal wasting disease that was termed ''F1 hybrid disease"

(10-12). The latter disease was mediated by the parental graft reacting

against histocompatibility antigens ofthe other parent haplotype ofthe F1

hybrid recipient.
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Although all ofthe diseases described above are induced in differe~tanimal

models, they are all caused by a GVHR as a consequence of the graft

reacting against the recipient. In 1962 Sïmonsen defined three criteria that

are necessary to induce a GVHR (13). These are [1] the graft contains

hnmunocompetent cells, [2] antigen disparity between the graft and the

host, and [3] the host is incapable of rejecting the graft. GVHR in animal

models is characterizedby manysymptomsincludingsplenomegaly (14, 15),

severe immunosuppression ofT and B cells (16-18), histopathological injury

to many lymphoid and non-lymphoid organs (19-22), weight loss (10-12),

diarrhea (10-12), morbidity and mortality (23,24). The severity ofGVHR

and the extent of the symptoms depend on several factors: [1] donor cell

dose, [2] age of the host, and [3] degree ofantigen disparity between donor

and host. The symptoms of GVHR are commonly observed after human

bone marrow transplantation (BMT), particularly, after allogenic BMT, and

clinical GVHR is termed graft-versus-host disease (GVHD) (25-27). Over

the years GVHD bas also been employed to describe GVHR in animal

models. Despite the wealth ofknowledge that bas been accumulated over

30 years, GVHD still remains a major complication of BMT, and the

cellular and molecular mechanisms responsible for the disease have not

been fully elucidated.
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2. Experimental models of GVHD

The availability of inbred mice has become an invaluable tool for

immunologists to study GVHD. Two principal murine models have been

studied to provide insight into the mechanisms ofGVHD; an irradiated and

non-irradiated model.

In the first model, the recipient is irradiated which destroys the immune

system prior to reconstitution with either allogenic or semiallogenic bone

marrow (28, 29). This model miroics the clinical setting where the recipient

is also irradiated to eliminate the malignant cells, however, at the cost of

compromising all hematopoiesis including the immune system that requires

reconstitution with bene marrow (30). Irradiation of the recipient prior to

BMT renders the host immunoincompetent and thus the recipient is unable

to reject the grafl; that immunologically reacts against the recipient's

foreign antigens (ie. histocompatibility antigens) to cause GVHD.

Although the irraetated model bas been extensïvely employed by ManY

investigators, the eifects ofthe irradiation alone complicate the underlying

mechanisms ofGVHD. For these reasons, other investigators and our own

laboratory bave employed another model that excludes irradiation. This

model is known as the Parental into FI œ -+ FI) hybrid system. This
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system consists of injecting parentallymphoid cells (ie. spleen and lymph

node cells) into a non-irradiated FI hybrid recipient (10-12). Because

histocompatibility antigens of the FI hybrid recipient are co-dominantly

expressed (31), lymphoid cells from either parent injected into the FI

recipient are normally accepted as self. However, the parentallymphoid

graft recognizes histocompatibility antigens ofthe other parental haplotype

as foreign (ie. non-self) and mounts an immunological reaction, leading to

GVHD. In our laboratory, the P ~ FI model is employed to study strictly

the mechanisms underlying GVHD without the complications ofirradiation.

Manifestation ofGVHD in the P ~ FI model parallels those of the clinical

disease (16-21, 25-27). Furthermore, the severity of GVHD can be

controlled by the genetic disparity between the parental graft and FI

recipient, parental cell dose, and age of the recipient. Induction of GVHD

in this model can he acute with symptoms of severe immunosuppression,

histopathologicallesions to lymphoidand non-Iymphoid organs, weightloss,

diarrhea, hunched posture, piloerection, followed by mortality (16-21). A

less severe form of acute GVHD can also be induced where the 8nima1s

survived but displayed tissue injury and long term immunosuppression (18,

20, 21, 24, 26). Lastly, in certain parental into FI combinations, chronic or

autoimmune GVHD is induced as characterized by B cell hyperactivity and

autoreactive antibodies (32, 33).
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3. Pathogenesis of GVHD

3.1. RoZe ofT ceZls in initiating GVHD

Mature T cells are norma1ly identified based on the expression of cell

surface molecules, CD4 and CD8 (34). CD4+ cells, also known as T-helper

(Th) cells, have further been distinguished as Thl or Th2, based on the

secretion of specifie cytokines (35, 36). Thl cells secrete predominantly

interferon-y (IFN-y) and interleukin-2 (IL-2), in contrast to IL-4, IL-5 and

IL-lO secretion by Th2 cells (35, 36). CDS- cells norma1ly display cytotoxic

or suppressor functions (37), but they may also secrete IL-2 (38, 39). T cells

recognize antigen in association with self-major histocompatibility complex

(ie. H-2) molecules (34, 40). CD8+ cells recognize antigen in the context of

H-2 class I molecules, whereas, CD4+ cells recognize antigen in association

with H-2 class TI molecules. In addition, CD8+ and CD4+ cells respond to

a1logenic class I and TI molecules, respective1y.

There is no doubt that mature T cells present in the bone marrow or

lymphoid cell graft are critica1 in inducing GVHD since elimination of

mature T cells from the graft prevents GVHD (41, 42). The exact T cell

subsetCs) involved in inducing GVHD depends large!y on the

histocompatibility antigen disparity between the donor and recipient. For
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transplants made across a full MHC (ie. class 1 and II), donor CD4+ and

CDS· T cens are each capable ofcausing GVHD, and both subsets together

synergize to induce a more severe disease (43, 44). GVHD induced across

MHC c1ass II diffp.rences only requîres donor CD4+ cells (45). Clones

isolated from MHC class II disparate mixed lymphocyte reaction and

injected into recipient expressing the appropriate class II haplotype have

been shown to cause GVHD (46, 47). In donor and recipient combinations

of MHC class 1 differences, donor CDS+ cells induce GVHD without the

participation of CD4+ cells since purified donor CDS+ cells, in the absence

of donor CD4+ cells, are able to cause GVHD (48, 49). However, the

intensity of the disease is increased when donor CD4+ cells are present in

the graft to potentiate the function of donor CDs+ cells, despite no

differences in MHC class II molecu1es (48, 49). Furthermore, triggering of

endogenous viruses such as herpes simplex, cytomegalovirus, and varicella

zoster during GVHD (50-52) can activate host CD4+ cells which in turn

potentiate the function of donor CDs+ cells, resulting in a more severe

GVHD (53). GVHD across minor histocompatibility differences is induced

mostly by donor CDS+ cells (54), although CD4+ cells do play a role (55).

3.2. Lymphoproliferative phase ofGVHD

S
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The injection of bone marrow or lymphoid cens containing mature T cens

into an anogenic or semiallogenic recipient leads to the activation and

proliferation of donor T cens. Since alloreactive T cens are normally

present at a relatively high frequency (56). recognition of the H-2

alloantigens expressed on the recipient's tissue causes clonaI expansion and

proliferation ofthe alloreactive T cens. Within two days after engraftment,

donor T cens in the spleen undergo massive proliferation, peaking by the

second week ofGVHD induction (57-59). At the same time host T cells are

also increased (57). Although the mechanism of host T cell proliferation

has not been determined, it is postulated that activation (lf endogenous

viruses during GVHD and cytokine production by activated donor T cells

may contribute to increased host T cell proliferation (50-52, 57). The

marked increase of both donor and host T ce11s can account for up to 50%

of the total cells in the spleen (57). In the lymph nodes (~, early

activation of donor CD4+ cells leads to a massive expansion of host B cells

which is largely responsible for the enlargement of the LN during early

GVHD (60, 61). It is p.Jstulated that donor CD4+ ce11s interact with the

MHC class II alloantigens presented by the host B cells, and thus are

activated to produœ growth factors that cause proliferation ofhost B ce11s

in the LN. Following the briefperiod oflymphoproliferation, both donor

and host T œIl numbers decrease dramatically and GVHD is accompanied

by severe T and B cell immunosuppression (16-18) and severe hypoplasia
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of the entire lympho-hematopoietic tissue (58, 62, 63).

3.3. Cytoidne production during GVHD

In response to alloantigens donor CD4+ T cells are activated to secrete

marked increased levels ofIL-2 (57, 64). IL-2 functions both as an autocrine

and paracrine factor to further activate donor T cells. Macrophages are

recruited and activated during GVHD, Ieading to upregulation and

increased production of IL-1 transcripts and protein (65-68). IL-1 mRNA

levels during GVHD, particularly in the skin, have been observed to be

increased severa! hundred fold (69). IFN-y, another CD4+ cytokine, is also

upregulated early during GVHD. Lymphocytes derived from mice

undergoing GVHD have increased express\on of IFN-y transcripts and

produce elevated Ievels ofIFN-y (65, 70). In fact, serum Ievels ofIFN-yare

increased in patients experiencing GVHD following allogenic BMT (71).

IFN-y can be detected in GVHD mice and patients even in the period of

marked reduction of CD4+ cell number and function, suggesting that NK

cells may be the source of the IFN-y. One of the functions of IFN-y is to

activate macrophages to secrete tumour necrosis factor-a. (TNF-a.) (72, 73).

Indeed, serum Ievels ofTNF-a. are increased during GVHD (74), and many

organs tbat are targeted during GVHD contain cells expressing high Ievels
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ofTNF-a. rnRNA (75).

3.4. GVHD-induced immunosuppression

After the briefperiod oflymphoproliferation (57-59), GVHD causes severe

immunosuppression of T and B cell function. The immunosuppression

results in many defective functions including suppressed proliferation to

mitogens, marked decreased responses to third-party antigens and TNP­

modified self, and depressed plaque-forming response to sheep red blood

cells (44, 76-78). Suppression ofT and B cell functions occurs as early as

one week after disease induction, despite normal or increased numbers of

T and B cells. In the first week of GVHD, B cell numbers in the spleen

remain normal (76) and splenic T cell numbers are markedly increased (57).

During this period, prostaglandin E and nitric oxide production by

macrophages is increased, resulting in non-specific immunosuppression

which is reversed by indomethacin, a prostaglandin synthesis inhibitor, and

~-monomethyl-L-arginine,a competitive inhibitor ofnitric oxide (79, 80).

'Recent evidence suggests that elevated levels of glucocorticoids also

contribute ta early immunosuppression by downregulating the levels of

p561ck and p591"yD, two sre family protein tyrosine kinases involved in T cell

activation (81). Activation ofdonor derived CDs+ suppressor cells specifie
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against the host's alloantigens also contributes to early GVHD-indueed

immunosuppression (82-84). High production of IFN-y during GVHD has

profound immunosuppressive effects since anti-IFN-yantibodies added in

vitro to GVHD-derived splenie cells marked1y improved mitogen-indueed

proliferation (85-87). Evidence suggests that the suppressive activity of

IFN-y is associated with non-specifie null eells (ie. non-T and non-NK eell)

that is sensitive to L-leucyl methyl ester, but not to anti-Thyl, treatment

(86,88). As GVHD progresses beyond the second week, a cytotoxie phase

ensues resulting in severe deficiency ofhost T and B cells in the periphery,

further exacerbating the immunosuppressive state (57, 56). The loss ofhost

T and B cells is attributed in part; by the direct attack ofactivated specific

donor-anti-host CD8+ cytotoxic cells (89-91).

Mice that survive the lethal effects of GVHD experience long-term

immmunodeficiency that persists over 5-6 months after disease induction.

This state oflong-term immunosuppression is mediated by defective CD4+

cells as a result of a maturation defect in the GVHD-induced dysplastic

thymus (93, 94). The dysplastic thymus is characterized by the effacement

of the cortico-medullary junction, loss ofHassall's corpuscles, and iDjury to

medullary epithelial cells (93). Since Hassall's corpuscles and the

medullary epithe1ial cells are thought to play an important role in

thymocyte maturation (95, 96), CD4+ thymocytes immigrating from the
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dysplastic thymus are immunoincompetent; they are unable to produce IL-2

and respond to IL-1 (97). However, the function of CD4+ cells recovers

gradually, but only after the thymic medulla bas regenerated (98). Given

the pivotaI role of CD4+ cells in the immune system, it is not surprising

that defective CD4+ cells can cause long-term immunodeficiency.

3.5. Histopathologicallesion during GVHD

Another profound effect of GVHD is extensive injury to tissues rich in

epithelial cells. These include the skin, liver, intestine, thymus, salivary

glands, and pancreas (93, 99-102). There is no doubt that donor T cells are

important for triggeringGVHD (41-49). It is however questionable whether.

donor T cells direct1y mediate histopathological tissue lesions. Activated

donor CD4+ cells bave been identified in many targeted organs early during

GVHD and are believed to recruit other effector cells responsible for

mediating histopathologicallesions (103). AIl nucleated cells express MHC

class l antigens and are therefore susceptible ta attack by donor CDS+ cells.

However, evidence suggests that donor CDS- cells are not necessary for

inducing tissue lesions, although they can contribute to the injury (104,

105). In addition, histological examination reveals very few donor CDS­

cells amongthe infiltratingmononuclear cells (106), and tissue lesions occur

13



•

•

at a period of severe T cell immunosuppression (l04, 105, 108). Instead,

morphologica1 analysis shows that the infiltrates are large granular cells

expressingNK markers such as asialoGMl (ASGMl) (l09). Animal studies

demonstrate that moderate to severe lesions in the pancreas and liver of

GVHD mice is associated with an early and rapid incr~ase in splenic NK

cell activity (l08). Furthermorc, moderate to severe thymic dysplasia is

observed in GVHD miee only when NK cell activity in the thymus is

augmented early and rapidly (110). Intestinal injury during GVHD also

correlates with increased intestinal NKcell activity (105). The studies cited

above suggest that histopathologica1 tissueinjuryduring GVHD is mediated

by effector cells with NK cell activity. The Most convincing evidenee

supporting the role of these NK-like effector cells is derived from studies

using beige mice that display impaired NK cell activity (111). Lymphoid

eells of beige miee injected into the recipient failed to induce moderate to

severe lesions in the liver and pancreas, although GVHD-indueed

splenomegaly, a T-cell mediated event was indueed (112). Further studies

showed that the effector cell was an inducible ASGMr cell with NK cell

activity that required activation before it caused tissue injury. In addition,

elimination of the ASGMr inducible effector cell with anti-ASGM1

antibody prevented tissue injury without affecting GVHD-induced

splenomegaly (113). However, the effector cell was not a classica1 NK cell

despite its ability to lyse NK targets (ie. YAC cells) sinee it displayed
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allospecificity (114). Evidence suggests that the efi'ector cell may be a yO

T cell because lymphoid cells derived from a~ transgenic mice fail to induce

GVHD (115) and anti-yli antibody eliminates the inducible ASGMr+ cell

(Gartner J. G., personal communication). Thus an inducible ASGMr+ NK­

like cell appears to play an important role in mediating histopathological

lesions during GVHD.

The tissue antigens targeted by the infiltrates remain elusive. It is

postulated that upregulated MHC class 1 and II antigens, mediated by

inflammatory cytokines during GVHD, may serve as target antigens (116­

118). Increased expression ofadhesion molecules sucb as ICAM-1, ELAM­

1, AND VACM-1, may also facilitate the entry ofinfiltrates into the GVHD­

targeted organs and contribute to tissue injury (119-120, 124-126).

The raIe of inflammatory cytokines bas also been implicated in mediating

tissue lesions during GVHD. IL-l, IFN-yand TNF-a transcripts are

elevated in many ~rgans targeted during GVHD, including. the skin. lung,

intestine, thymus, and salivary glands (ô9, 75, Kichian et al., manuscript

in preparation). In faet, mice and patients experiencing GVHD display

elevated levels ofIL-1, IFN-yand TNF-ain the serum (68,74,71). Tissue

injury can be neutralized or markedly ameliorated wben the recipients are

treated with antlôodies against these inflammatory cytokines or their
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receptors, providing strong evidence for the role ofIL-1, IFN-yand TNF-a.

in inducing tissue Iesions during GVHD (67, 121-123).

3.6. RoZe ofendotoxin and TTUlCrophages during GVHD

Although T and B cells are severely suppressed during GVHD, macrophages

are activated as demonstrated by an increase in their phagocytic and

bactericidal activity (124), and the production of pathological amounts of

TNF-a. that results in cachexia, septic shock and death (125). Two

important triggering stimuli, IFN-y and lipopolysaccharide (LPS,

endotoxin), are be1ieved to activate macrophages to secrete TNF-a. during

GVHD. Macrophages are primed by IFN-yand are therefore more readily

activated to secrete TNF-a. when exposed to LPS (126, 127). Thus priming

of macrophages by IFN-y results in a significant reduction in the amount

ofLPS needed to trigger macrophage-production ofTNF-a. (126-128). Early

during GVHD donor Th1, CD4+, cells are activated to produce high Ievels

of IFN-y which primes macrophages (125). However, macrophages rema;n

primed at the time ofsevere T cel1 immunosuppression suggesting that NK

cel1s are mainta;n;ng the source of IFN-y (129; Kichian et al., manuscript

in preparation). Indeed, increased levels of IFN-y in the serum of BMT

patients correlate with the severity of GVHD (71). During the course of
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GVHD the gastrointestinal tract is injured, most likely mediated by

inducible ASGMr NK-like cells that infiltrate the gut since elimination of

these cells prevents tissue injury and GVHD-induced mortality (IDS, 112,

113). Hence, E. coli residing in the gut is translocated across the injured

gastrointestinal tract and enters the circulation to provide a source of

endogenous LPS which activates the prime macrophages to secrete

pathologica1 amounts ofTNF-tt that is responsible for the septic shock-like

symptoms of acute GVHD (125, 129). In fact, an increase in LPS is

detected in the serum of GVHD mice at the onset of GVHD-induced

mortality (125, 129, Price et al., manuscript submitted), and elirnination of

the gastrointestinal microflora, the source ofgut LPS, in mice and patients

markedly reduees the severity ofGVHD or prevents the disease (130-135).

Interestingly, miee raisedina germ-free environment do not develop GVHD

(131), and GVHD is less severe in patients kept in a protective laminar flow

environment (135). These studies strongly suggest that gut LPS entering

the systemic circulation via the injured gut plays an important role in the

pathogenesis of GVHD, particularly, in activating primed macrophages to

produce pathogenic amounts ofTNF-a; the final mediator ofmortality in

GVHD Binee anti-TNF-tt antibodies prevent GVHD-indueed septic shock

(123) and ameliorates the symptoms of GVHD (122).
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4. Bone marrow transplantation

Studies ofBMT were first carried out in animal models, mainly in mice and

dogs. At the end ofWorld War II followingthe use ofatomic bombs, there

was a great interest in the effects ofirradiation on living organisms. In the

1950'5, experiments on mice showed that bone marrow was very sensitive

to irradiation and that marrow failure due to irradiation resulted in death

(136-143). However, protection against irradiation was achieved if the

recipient was infused with marrow cells (138-141). It was concluded from

these studies that the transfer of living bone marrow cells provided the

protection against irradiation. In 1961, landmark studies by Till and

McCulloch provided evidence that the bone marrow contained stem cells

which repopulated the entire hematopoietic system and was the basis for

the protection against irradiation (144-146).

Chemotherapy and/or irradiation are used extensively to treat

hematological malignancy, however, they also destroy the bone marrow and

the hematopoietic system. Thus BMT has become the treatment ofchoice

for a number of malignant and nonmalignant blood disorders and more

recently for some solid tumours (147). BMT is also the only treatment for

accidentaI irradiation injury (148). Unlike solid organs which contains

limited number of cells with immunological properties, bone marrow
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contains large number of cells capable of mounting an immunological

reaction. In solid organ transplantation, prevent;on ofgraft rejection is the

main concem, in contrast, to BMT where prevention of GVHD is the

principal goal along with successful engraftment. Clinical allogenic BMT

meets the classical requirements for GVHD put forth by Simonsen; that is,

[1] the recipient is immunoincompetent due te irradiation and is therefore

unable te reject the graft, [2] the graft containi:\ immun\)competent cells,

and [3] antigen disparity exists between the reci~ientand the graft.

Similar te experimental GVHD, clinical GVHD is also induced by mature

T cells contaminating the bone marrow. The major factor goveming the

severity and incidence of GVHD is the genetic disparity between the

recipient and the donor. The highest incidence of GVHD and most severe

forms occurs in patients transplanted with allogenic BMT. For this reason,

optimal matcbing of the major histocompatibility antigens (Human

Leukocytes Antigens, ELA) using .HLA-identical siblings is preferred in

order to reduce the incidence ofGVHD. Unfortunate1y, only 20-25% ofthe

BMT patients will receive HLA-identical bone marrow (149, 150). Gender

differences between the donor and recipient can account for up te a three

fold increase risk of GVHD, especially in situations where the graft is of

female origin and the recipient is male (151, 152). Occurrence ofGVHD in

the female ~ male combination is attributed te the female grafl; reacting
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against the male H-Y antigens (151, 152). Age is another key factor

associated with the development ofacute GVHD (153, 154). Increasing age

of the recipient correlates with a higher incidence ofGVHD (a two-fold risk)

(153. 154). Based on these risk factors, the incidence ofGVHD is between

40-60% for HLA-matched BMT and up to 90% for HLA-mismatched BMT

(155).

GVHD remains one of the major complications to a successful BMT.

Clinical GVHD results in injury to many organs, in particular the skin, gut

and liver (156-162). GVHD patients also develop severe immunodeficiency

that results in lethal sepsis and pneumonia (163, 164). Many strategies are

currently used to control the incidence and severity of GVHD. One

approach is the use of immunosuppressive drugs that target T cells since

T cells contaminating the bone marrow graft induce GVHD.

Corticosteroids, methotrexate and cyc1osporin A are employed in different

combinations to downregulate donor T cell activation and hence decrease

the risk and severity ofGVHD (165-171). A second approach is to deplete

mature T cells present in the bone marrow in order to prevent GVHD.

Animal studies have shown that mature T cells contarninating the bone

marrow are responsible for inducing GVHD (172, 173) and that depletion

ofthese T cells leads to the prevention ofGVHD (174-176). As predicted

from the animal studies, transplantingbone marrow depleted ofT cells into
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human patients markedly decreases the risk and severity of GVHD,

however, there is a greater incidence of graft failure (177-187). The

incidence ofgraft failure increases 10-fold (10-50%) in patients transplanted

with bone marrow depleted of T cells as comparcd to patients with

unmodified marrow graft (181-187). TNF-a has been shown to incrcase in

the serum ofpatients undergoing GVHD and is associated with the severity

of the disease (74, 188, 189). Thus another approach to control GVHD is

to block TNF-a production or function by employing anti-TNF-a antibodies

(122, 123), pentoxyfilline (190-193) and thalidomide (194-198). Although

immunosupprcssive drugs are routine1y employed to manage GVHD, they

also cause unwanted side-effects and further suppress the recipient, often

contributing to complications ofinfection that result in mortality. Despite

the wealth of knowledge on the pathogenesis and management of GVHD,

this disease still remains a serious clinical problem of BMT, especially in

cases of allogenic BMT.

B. NEUROENDOCRINE·!MMUNE INTERACTION

1. Hypotha1amic·pituitary.adrenal axis

Organisms are constantly exposed to externa1 stimuli or stressors which
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can be detrimental for their survival. Fortunately, multiple internal

homeostatic mechanisms are triggered ta allow the host to adapt to the

stress. One of the best characterized homeostatic neuroendocrine systems

in humans and in rodents is the hypothalamic-pituitary-adrenal (HPA) axis.

The HPA axis plays an important roIe in maintaining physiological

homeostasis in response ta stress. Stressor signals activate paraventricu1ar

nuclei in the hypothalamus ta secrete corticotropin releasing hormone

(CRH) inta the portal circulation that connects the hypothalamus ta the

pituitary gland (199, 200). The CRH then stimulates corticotrophs in the

anterior pituitary ta produce biologically inactive proopiomelanocortin. a

precursor hormone of31 kDa, that is cleaved at sites ofdibasic amino acids

by prohormone convertase 1 (201, 202). Cleavage of the POMC molecu1e

results in biologically active adrenocorticotropin hormone (ACTH) and ~­

lipotropin (199-202). ACTH enters the circulation and triggers the adrenal

cortex to secrete cortisol, the major glucocorticoid that is produced in the

human adrenals (203, 204). In rodents, corticosterone is the major

glucocorticoid secreted by the adrenals. In order ta prevent excessive

production ofglucocorticoids, the HPA axis is under the negative feedback

inhibition ofglucocorticoids acting at both the hypothalamus and pituitary

ta downregulate the production ofCRH and POMC, respectively (205-207).
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1.1. Activation orthe HPA axis by the immune system

The HPA axis is activated by numerous types of stressor signals, including

physical and psychological stress. In 1975, Besedovsky and his colleagues

were the first to report that an immune response triggered the rel.:ase of

glucocorticoids. They showed that the activation of the immune system

against various antigens in rats caused increased levels of circulating

corticosterone that were proportional to the magnitude of the immune

response (208). These observations prompted further investigation of the

mechanism(s) responsible for the secretion of glucocorticoids during an

immune response. Mice injected with Newcastle Disease Virus (NDV)

display increased levels ofblood ACTH and corticosterone suggesting that

the HPA axis is activated (209). Furthermore, supematant obtained from

NDV co-cultured with leucocytes also triggers the release of corticosterone

when injected into naive mice (209, 210). Since cytokines are released

during an immune response, it was postulated that IL-1 may play a role in

activating the HPA axis. In fact, anti-IL-1 antibodies added to the

supernatant ofleucocytes co-cultured with NDV neutralized the increase in

blood ACTH and corticosterone (209, 210). In addition, recombinant IL-1

injected into rats and mice causes elevated levels of plasma ACTH and

corticosterone (209, 210). Other cytokines such as IL-2, TNF-lX and IFN-y

failed to induce corticosterone secretion whereas recombinant IL-1 injected
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in10 athymie miee gave the same inereased levels of eorticosterone as in

euthymie eounterparts (210).

Another patent stimulus most extensively studied 10 activate the HPA axis

is LPS. Similar 10 NDV, LPS injected in10 miee and humans activates

macrophages 10 release IL-1 wlùch then triggers the HPA axis resulting in

increased levels of blood ACTH and glucocorticoids (211-213). In vivo

treatment with antibodies against the IL-1 reeeptor abrogates activation of

the HPA axis by LPS, strongly supporting the role of IL-1 as the culprit

(214, 215). It could he argued that other inflamma10ry cytokines such as

TNF-a and/or IL-6 could trigger the HPA axis. However, studies have

shown that TNF-a and IL-6 do not appear 10 activate the HPA axis sinee

anti-TNF-a antibody treatment of LPS-injected miee fails 10 block

corticosterone secretion (216, 217), and corticosterone secretion is not

attenuated in IL-6 deficient mice infected with LPS (218). Taken 1ogether,

these studies suggest that IL-1 production during an immune response

against viruses or bacteria triggers the HPA axis and results in increased

levels ofblood ACTH and glucocorticoids.
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1.2. Immunosuppressive effects ofglucocorlicoids

It is weIl documented that glucocorticoids exert multiple

immunosupprcssive actions. Glucocorticoids cause œIl death of immature

as weIl as mature lymphocytes by inducing apoptosis (219·221).

Glucocorticoids activate genes that encode for endonucleases that fragment

DNA into a '1adder-like" pattern and results in apoptotic cell death (222­

225). IL-2 production, a critical cytokine. involved in T ceU activation is

inhibited by glucocorticoids which interfere with the cooperativity between

NFAT and AP·1, two IL-2 transcriptional factors, thus impairing IL-2

transcription (226, 227). Glucocorticoids also suppress production of

inflammatory cytokines, TNF-ex, IL-6, and IL-1, by inhibiting transcription

(228·230). Glucocorticoids impair severa! macrophage functions including

phagocytosis and, antigen processing and presentation (231).

As discussed above, an immune response againstbacteria orviruses is often

associated with increased levels of circulating glucocorticoids. However,

glucocorticoids retum to basallevels within a few hours to a few days after

an immune response (208, 209, 211, 212). It is postulated that the

secretion ofglucocorticoids aets ta negatively regulate the potentiallethal

production of cytokines. This is supported by evidence showing that

removingthe source ofendogenousglucocorticoidsbyadrenalectomy results
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in mortality of nùce injected with LPS as a consequence of production of

lethal amounts ofinflammatory cytokines, most notably TNF-a (229, 230,

232). Furthermore, injection of anti-CD3 antibodies or superantigens

triggers the secretion of glucocorticoids (233, 234), however, when these

agents are injected into adrenalectomized mice ormice treated with RU486,

a glucocorticoid receptor antagonist, high mortality is observed as a resu1t

of overproduction of T cell cytokines (233). In Iight of these studies,

activation of the HPA axis during an immune response appears to be

beneficial to the host, conversely, chronie elevated levels ofglucocorticoids

is detrimental and leads to astate ofimmunosuppression.

1.3. Production ofPOMC-derived peptides by the immune system

Hormones were once thought to he produced by the classical endocrine

organs. However, it is now well documented over the last decade and a

halfthat many hormones are al80 produced by immune cells (235-238). The

most extensively studied hormones produced and secreted by the immune

system are the POMC-derived peptides. In 1980, Blalock and Smith were

the first ta report that human lymphocytes incubated with NDV in vitro

produeed ACTH-Iike peptides (239). Further studies by the same group

demonstrated that hypophysectomized mice iIijected with NDV displayed

26



•

•

increased levels of corticosterone (240). Splenic cells derived from the

infected hypophysectomized mice were positive for an antibody against

ACTH. Since these mice lacked the pituitary gland, it was concluded that

the secretion of glucocorticoids was not mediated by pituitary ACTH, but

instead, was due te biologically active ACTH secreted by lymphocytes (240).

At that time these results were met with great skepticism, however, they

were soon confirmed by other investigaters. In 1982, Lolait and ms

colleagues observed that a subpopulation ofsplenic macrophages contained

immunoreactive ACTH and (3-endorphin (241), and they later demonstrated

that splenic macrophages iDfected with NDV express the POMC transcripts

(242, 243). NDV is not the only stimulus te cause ACTH production by

immune cells. LPS or CRH incubated with mouse splenic cells aIso induces

increased expression of POMC transcripts and production of ACTH (244,

245). The nucleotide sequence of the POMC transcript is identical te that

ofmouse pituitaryPOMC (245). Inaddition, reverse-phase chromategraphy

showed that the immune-derived ACTH eluted at the same time as

standard syntheticACTH (245). Humanleucocytes incubated with viruses,

LPS or CRH aIso express the POMC transcripts and produce biologica11y

active ACTH (246-252).

'flle levels of ACTH produced by immune cells are low compared te that

secreted by the pituitary and it is thus questionable whether immune-
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derived ACTH can trigger glucocorticoid secretion. Patients with leukemia

have been reported to display high levels of circulating ACTH and show

symptoms of Cushing' s syndrome (253). Leukemic cells taken from these

patients produce high amounts of ACTH in vitro, and there is no post­

mortem evidence of ACTH or cortisol-secreting pituitary or adrenal

adenomas (253). In another report, a patient with an inflammatory mass

experienced high levels ofcircu1ating ACTH and cortisol which returned to

normal levels after removal of the inflammatory mass containing only

leucocytes and fat (254). Thus i:: appears that immune-derived ACTH can

trigger glucocorticoid secretion under pathological conditions. It was also

proposed that ACTH produced by immune cells triggers glucocorticoid

aecretion only when the immune cells are in close proximity to the adrenals.

This is supported by studies demonstrating that LPS-activated splenic ce11s

separsted from adrenal cells by a semipermeable membrane secrete

biological1yactive ACTH to stimulate adrenal cells to secrete glucocorticoids

(255).

2. Stress response during GVBD

The induction of GVHD in mica triggers a stress response that results in

glucocorticoid secretion by the adrenal glands. The role of endogenous
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glucocorticoids during GVHD has been focused mainly on the thymus. Mice

undergoing GVHD experience severe thymic involution (256-258) which is

prevented by surgical adrenalectomy before GVHD induction (256, 257,

.259>, and the involuted thymus returns to normal size by adrenalectomy

during the course of the disease (256, 257). The thymic atrophy is due to

the elimination of the steroid sensitive immature CD4+8+ thymocyte

population (260). These studies strongly suggest that GVHD induces a

stress response that resulted in the secretion of excessive amounts of

glucocorticoids. In facto plasma corticosterone levels are elevated in mice

and rats experiencing GVHD (261, 262). We have previously shown that

mature CD4+ thymocytes fail to acquire steroid resistance as they undergo

maturation in a GVHD-induced dysplastic thymus, and are thus eliminated

by high levels of circulating glucocorticoids (260). In addition, we have

recently reported that in T cells derived from the LN, the levels ofp56c1t

and p59ry", two src family protein tyrosine kinases involved in T cell

activation (263-266), are markedly reduced as earlyas day 12 after GVHD

induction, hence leading to suppression of mitogen-induced T cell

prolüeration (81). However, adrena1ectomy prior to GVHD induction

prevents the downregulation ofthese protein tyrosine kinases in LNT cells,

thus restoring mitogen-induced· T cell proliferation to near normal (81).

These studies suggest that GVHD-induced high levels of circulating

glucocorticoids elimjnste the CD4+s+ and CD4+ thymocyte populations, and
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contribute ta the suppression ofT cells.

c. OBJECTIVES OF THIS THESIS

In the present thesis, we have investigated the mechanism responsible for

the secretion of glucocorticoids in mice undergoing GVHD (Chapter 2).

Furthermore, we have examined the efiects of endogenous glucocorticoids

on theoutcome ofGVHD (Chapter 3 & 4) and on host T cell populations in

the peripherallymphoid organs of GVHD mice (Chapter 5).
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The studies presented in this chapter investigate the mechanism of

glucocorticoid secretion during GVHD.

The study was designed and all experiments were carried out by K E. You­

Ten except for detection ofPOMC transcripts in the adrenals by A. Itié in

collaboration with and supervised by K E. You-Ten; the histological

analysis by T. A. Seemayer; and sequencing of the POMC transcript by R.

G. Palfree. The research was carried out in collaboration with R. G.

Palfree, and supervised by W. S. Lapp.

lThis manuscript bas been published in Clïnical and Experimental

Immunology, 1995, 102 (3): 596.
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SUMMARY

Graft-versus-host disease (GVHD) in animal models induces severe thymic

atrophy as a result ofprolonged secretion ofhigh concentrations ofadrenal

glucocorticoids. In this report, we investigated the mechüIlÏsm responsible

for the persistent stimulation of the-:drenal glands te secrete

glucocorticoids in mice undergoing GVHD. GVHD was induced across the

major and multiple minor histocompatibility antigen difference in

unirradiated C57BLl6 x AFI hybrid mice by the intravenous injection ofA

strain parentallymphoid cells. Our results showed plasma corticosterone

(CS) levels were elevated in association with high concentrations of

corticotropin (ACTH) in both the G'VIIr =md control syngeneic (SYN) groups

on day 9. By days 16 and 24, plasma CS and ACTH in the SYN mice

returned to basallevels. In contrast, plasma CS levels remained elevated

in the GVHD animals on days 16 and 24 despite decreasing concentrations

of plasma ACTH. Reverse transcription-polymerase chain reaction (RT­

PCR) showed severa! fold increase in proopiomelanocortin mRNA in the

adrenal glands ofGVHD mice compared to SYN animals. In addition, high

mRNA levels for murine prohormone convertase 1, the enzyme that cleaves

POMC inta ACTH, were also detected in GVHD adrenals. Histological

analysis of GVHD adrena1s failed to show any sign of adrenalitis, and RT­

PCR of GV".dD adrenals also failed to detect mRNA for in'.erferon-y, a .
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cytokine expres5ed by activated T and NK cells. However, mRNA for

interleukin-12, a cytokine produced by activated macrophages, was

increased in GVHD adrenals suggesting that resident adrenal macrophages

were activated during GVHD. ()ur findings suggest that persistent

elevated levels of plasma glucocorticoids during GVHD could be mediated

by intra-adrenal ACTH produced by resident adrenal :nacrophages

activated as a consequence of GVHD.
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INTRODUCTION

The injection of homozygous parentallymphoid cells into unirradiated FI

hybrid mice results in the development ofgraft-versus-host disease (GVHD)

[1, 2J. GVHD occurs in this model as a consequence oflymphoid cells in the

parental graft reacting against the alloantigens that are encoded by

histocompatibility genes inherited from the other parental strain of the FI

hybrid. Mice undergoing GVHD display many abnormal features inciuding

severe immunosuppression of T and B cells, diarrhea, weight loss,

pathologic lesions in lymphoid and non-lymphoid organs and increased

macrophage activation [3-7].

Another prominent feature of GVHD in mice is stress-mediated

severe thymic involution [8-10] resulting from the complete e1imination of

the steroid sensitive double positive CD4+8+ thymocyte population [11] and

selective elimination of the mature single positive CD4+ thymocyte

population [11]. Thymic atrophy persists for as long as two months after

disease induction [11, 12]. Adrenalectomy before or during GVHD

induction prevents severe thymic ilvolution [8-10] and maintains or

restores normal levels of CD4+8+ and CD4+ thymocyte populations [11].

These findings imply tbat the adrenal glands secrete excessive amounts of

glucocorticoids d''Xing GVHD and indeed, plasma corticosterone (CS)

concentrations have been shown to be elevated during GVHD [13]. In
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addition, we have recently reported that increased endogenous

glucocorticoids during GVHD cause the downregulation ofp561<k and pSgi1u,

two important src-like family protein tyrosine kinases implicated in T cell

signalling, al1d thus resulting in T ceU immunosuppression [14].

One of the most important physiological responses te stress is the

activation of the hypothalamic-pituitary-adrenal (HPA) axis. The stressor

stimulus induces the hypothalamus te secrete corticotropin releasing

hormone (CRH) [15]. CRH in tum stimulates the anterior pituitary to

produce proopiomelanocortin (POMC) [16] which is cleaved by prohormone

convertase 1 (PCl) into biologicaUy active corticotropin (ACTH) [17, 18].

The ACTH enters the circulation and triggers the adrenal cortex to release

glucocorticoids [19]. The HPA axis is regulated by negative feedback

inhibition by glucocorticoids acting at the level of the hypothalamus and

pituitary to downregulate the production of CRH and ACTH respectively

[16, 19].

In this report, we investigated the mechanism responsible for

glucocorticoid secretion in mice undergoing GVHD. Our results

demonstrate that GVHD mica displayed persistent elevated concentrations

cf plasma CS, despite low plasma ACTH levels. Using semiquantitative

reverse transcription-polymerase chain reaction (RT-PCR), we detected a

marked increase in mRNA for POMC in the adrenal glands ofGVHD mice.

In addition, mRNA for mUTine PCI (mPCl) was present in these tissues.
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Histological analysis ofGVHD adrenals failed to show any sign oflymphoid

infiltrates and mRNA for interferon-y (IFN-y). a cytokine specifie for

aetivated T and NK eells, was also not deteeted in the adrenals of GVHD

miee. However. mRNA for the p40 subUIÙt of interleukin-12 (IL-12), a

cytokine specifie for aetiva~d macrophages, was increased in GVHD

adrenals. These findings suggest that the secretion ofCS during GVHD is

independent of pituit2.ry ACTH and may be triggered by paracrine

stimulation oflocal ACTH most likely produced by activated macrophage"

residing in the adrenals.
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MATERIALS AND METlIODS

Animais

Mice of strain A (H2"), C57BU6 (H2b) (B6) and their FI hybrids, B6xAFl

(H2,.,b) (B6AFl) were used. AIl mice were bred and maintained in our

animal colony. Donor A animaIs were 6-12 months old. B6AFI recipient

mice were older than 3 months.

Induction ofGVHD

GVHD was induced by an intravenous (i.v.) injection of30xl06 or SOxl06 A

strain parental Iymphoid ce11s into B6AFI hybrid mice as described

previûusly [6]. The syngeneic control group consisted of B6AFI mice

injected with B6AF1lymphoid ce11s.

Adrenalectomy

B6AFI mice, at 9-10 weeks ofage, were surgiœlly adrena1ectomized (ADX)

under ether anesthesia as described previously [10, 11]. ADX mice were

maintained on physiological saline in lieu ofdrinkingwater for the duration

of the experiment. One month after the surgery ADX mice were injected

with A strain parentallymphoid cells to induce GVHD.

Splenic mitogen assay
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On different days after GVHD inductil)n, splenic cell suspensions were

prepared from B6AFI recipients using RPMI media supplemcnted with 10%

fetal calf serum (Flow Laboratories, Mississauga, Ontario, Canada).

Briefly, 5x105 splenic cells were culturcd for 48 h in triplicate with or

without mitogen in 96-well plates. T cell proliferative responses to

phytohemagglutinin (PHA) (2.5 pglml) (Wellcome Research Reagent

Limited, Dartford, UKl, and B cell responses to lipopolysaccharide (LPS)

(10 pglml) <Sigma, St. Louis, MO) were evaIuatcd by fH] thymidine

incorporation, as described previously [6].

Cortisone acetate treatment

Two days before the mice were sacrificed, ADX GVHD mice were injected

intraperitonea11y with 2.5 mg cortisone acetate (Merck Sharp & Dohme

Canada, Quebec, Canada), in a total volume of 0.5 ml PBS. Control

animaIs were treated with PBS only.

Corticosterone (CS) and corticotropin (ACTH) measurement

AIl mice were handled every day for the duration of the experiment.

Cardiac puncture was performedbetween 0900 and 1000 am while the mice

were under ether anesthesia to remove blood which was collected in tubes

containing EDTA. Plasma was extracted from the blood and aliquots were

frozen at -20"c until assayed. Plasma CS and ACTH levels were
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detcrmined using a radioimmunoassay kit for rats and miee (ICN

Biomedicals, Costa Mesa, CA).

Histology of the liver and adrenal

The liver and 1eR adrenal were carefully removed from each mouse and

plaeed in 10% buffered formalin. The fixed tissues were embedded in

paraffin, seetioned, and stained with hematoxylin-eosin, as previously

described [10]. Stained tissues were examined by light microseopy.

Reverse transcription-polymerase chain reaction mT-peR) and Southem

blotting

On different days after GVHD induction, the right adrenal gland was

careful1y removed from each mouse, snap-frozen in liquid nitrogen and

stored at -70·C until processed. Six to eight adrenals were pooled from each

group and total RNA was isolated using the Single-Step Method of RNA

Isolation by Acid Guanidine Isothiocyanate-Phenol-Chloroform Extraction

described in detail by Chomczynski and Sacchi [20]. The first strand cDNA

synthesis was carried out with 6 J1g total RNA in a total volume of 20 }l1

containing PCR buffer (Bio/Can Scientific, Mississauga, Ontario, Canada),

15 pmole ofantisense primers, 2 mM ofMgC~ 30 units ofRNase inhibitor

(Pharmacia, Uppsala, Sweden), and 12 units of Avian Moloney VlrUS

reverse transcriptase (Pharmacia, Uppsala, Sweden). After the reaction
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was completed. 10 pl of the cDNA synthesis product wns subjected to PCR

in a volume of 50 pl contnining PCR buffer, 10 pmoles of sense primers, 2

mM ofMgCl2' and 1 unit ofTaq DNA polymerase. The PCR was subjected

to 30 cycles in a "Thermal Reactor". AlI reagents for PCR and the Thermal

Reactor were purchased from Bio/Can Scientific (Mississauga. Ontario,

Canada). 10 pl of the amplified PCR product was analyzed on 1% agarose

gel stained with ethidium bromide. The gel was then blotted onto nylon

membranes (Hybond-N. Amersham. Oakville. Ontario. Canada) and

membranes were hybridized with a 32p·labelled specifie oligonucleotide

(5.0x106 cpm). Hybridization products were detected by autoradiography

and scanned with a densitometer (Biolmage. Millipore. Mississauga,

Ontario. Canada).

Nucœotirk sequencing of amplified POMC DNA fragment from GVHD

adrenals

Amplified POMC DNA fragments generated by RT-PCR from RNA of

GVHD adrenals were ligated into the plasmid pCRII using the TA-cloning

system and protocol from Invitrogen Corp. (San Diego. CA). Positive

colonies were identified by colony hybridization with the same 32p-end­

labelled POMC probe used for Southern blot analysis (see below for probe

sequence). Twelve of the positive colonies were picked for plasmid

preparation, restriction, and sequence analysis. Double strand DNA
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sequencino; was performed using the Multi-Pol system (Clontech Labs. Inc.,

Palo Alto, CA).

Primer sequences used for RT-PCR

Antisense primers

5' TCATGAAGCCACCGTAACGC 3' : POMC

5' GTGTATCAGCTTGGTGGAAGG 3': G6PDH (Glucose-6-phosphate

dehydrogenase)

5' CTTCATCTGCAAGTTC'.l'J'I:'=JGC 3': p40 subunit ofIL-12

5' AATCAGCAGCGACTCC'I'I'1*I'CC 3': IFN-y

5' GGTCTCTGTGCAGTCATTGTGC 3' : mPC1

Sense primers

5' CAACCTGCTGGCTTGCATCC 3' : POMC

5' CTAAACTCAGAAAACATCATGGC 3' : G6PDH

5' CGTGCTCATGGCTGGTGCAAAG 3': p40 subunit ofIL-12

5' TGGCTGTTTCTGGCTGTTACTG 3' : IFN-y

5' GGTGAAATTGCCATGCAAGC 3' : mPC1

Oligonucleotide probe sequences used {or Southem blotting

5' CCTACCGGGTGGAGCACTTC 3' : POMC

5' GAGCAGGTGGCCCTGAGCCG 3' : G6PDH
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5' TCTGTCTGCAGAGAAGGTCACA 3' : p40 subunit of lL-12

5' GGAGGAACTGGCAAAAGGATGG 3': IFN-y

5' GGCTACCTCCTACAGCAGTGG 3' : mPCl

82



•

•

RESULTS

1mmunosuppression of T and B cell {unctions in mice undergoing GVHD

~n this report, GVHD was iniluceè across the major and multiple minor

histocompatibility antigen èifferences in unirradiated B6AF1 hybrid mice

by the i.v. injection of A s·train parental lymphoid cells. One of the

hallmarks of GVHD is m:u-ked immunosuppression of T and B cell

functions [3]. To confirm that our mice were experiencing GVHD, immune

function was assessed by the ability of splenic T and B cells to respond to

PRA and LPS, respectively. Figure 1 shows that proliferation to PRA and

LPS was decreased as early as day 7 and was completely suppressed by day

29. These results confirm that T and B cell functions were severely

immunosuppressed in mice undergoing GVHD.

Dissociation between the levels of CS and ACTH in the plasma of GVHD

mice

Previous studies have shown that GVED causes severe thymic involution

which is mediated by the secretion of excessive amounts of adrenal

glucocorticoids [8-10, 12, 13]. Normally, secretion of glucocorticoids is

triggered by pituitaryACTH resulting in elevated concentrations ofplasma

glucocorticoids in association with increased concentrations of plasma

ACTH [14, 15, 18]. Thus to investigate whether glucocorticoid secretion
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during GVHD was mediated by pituitary ACTH, radioimmunoassay was

employed to measure the levels ofACTH and corticosterone in the plasma

ofmice undergoing GVHD. Figure 2 demonstrates that both the syngeneic

(SYN) and GVHD mice displayed elevated concentrations of plasma CS on

day 9, in association with high plasma ACTH. By days 16 and 24, CS and

ACTH returned to basaIlevels in the SYN groups. In contrast, plasma CS

concentrations in GVHD mice remained elevated on day 16 despite

decreasing ACTH. On day 24, high CS levels persisted in GVHD animaIs

with a further reduction in ACTH concentrations. To examine the

possibility that the decreasing concentration of plasma ACTH in GVHD

mice was attributed to the negative feedback inhibition ofhigh circu1ating

CS, plasma ACTH was measured in ADX GVHD mice treated with saline

or cortisone acetate. Our results demonstrated that ADX GVHD mice

treated with saline lacked the negative feedback inhibition ofCS resulting

in very high concentrations of plasma ACTH on day 16 and 24 (Fig. 3).

However, plasma ACTH leve1s decreased dramatically two days after

treatment with cortisone acetate, implying that the pituitary ofGVHD mice

was responding to the negative feedhack inhibition ofhigh circulating CS

(Fig. 3). Similar results were observed in ADX SYN mice treated with

saline or cortisone acetate (resu1ts not shown). Taken together, these

results demonstrate a dissociation between CS and ACTH leve1s in the

circulation of GVHD mice and suggest that persistent high plasma CS
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during GVHD appeared to be independent ofpituitary ACTH.

Increased expression ofPOMe mRNA in the adrenals of GVHD mice

Plasma ACTH levels appeared far too low to stimulate the high amounts

ofCS observed in GVHD mice. Thus we investigated whether the stimulus

for excessive CS secretion during GVHD could come directly from an extra­

pituitary source. We examined the adrenal gland as a potential source of

ACTH production since local secretion of ACTH could act as a paracrine

stimulation of CS secretion. Because ACTH is derived from the POMC

precursor (15-18], production ofACTH within the adrenals was assessed by

using sem5quantitative RT-PCR to detect POMC mRNA and the amplified

POMe fragment was identified by Southern blotting. The POMC fragment

amplified by RT-PCR contained the nucleotide sequence wbich encodes the

ACTH peptide. Weak signals for the POMC fragment were detected in the

adrenals of SYN mice on all of the days assayed (Fig. 4A). In contrast,

densitometryanalysis showed that the amplified POMC fragment was three

ta eleven fold greater in the GVHD adrenals than in the respective SYN

controls on da)"S 7, 15, 22 and 29 (Fig. 4A). However, the control amplified

fragment, G6PDH, was similar in both GVHD and SYN adrenals (Fig. 4A).

These resu1ts were confirmed in another experim.ent where GVHD was

induced by an i.v injection of 5Oxl06 A strain parental Iymphoid cells inta

B6AFI recipients. In this experiment, the amplified POMC fragment was
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five and ten fold greater in GVHD adrenals than in the SYN counterparts

on days 21 and 27, respectively (Fig. 4B). Again, no differences were

observed between the GVHD and SYN adrenals for G6PDH (Fig. 4B). To

confirm that we are detecting only fragments amplified from transcripts of

the reported murine POMC gene [21~, the POMC products ofRT-PCR from

GVHD adrenals were directly ligated into the vector, pCRIT, and

transformant E. coli were sereened by colony hybridization with the same

probe and stringency used for SO:lthem blot analysis. Of 12 positive

recombinants picked randomly for nuc1eotide sequencing, not one was false

positive and all contained the expected POMC fragment sequence (results

not shown). In addition, we detected high mRNA expression ofmPC1, the

enzyme that c1eaves POMC precursor into biologically active ACTH [17, 18],

in both GVHD and SYN groups (Fig. 4A, B). This is not surprising since

the adrenals ofnormal mice contain re1atively high Ievels ofmPC1 mRNA

[22] and the level ofmPC1 does not appear to be regulated by POMC [23].

Collectively, these results showed a marked inereased expression ofPOMC

mRNA and high expression ofmPCl mRNA in the adrenals ofGVHD mice,

suggesting that there might be an increased production of adrenal POMC

that is c1eaved into biologically active ACTH.

Histological analysis of the adrenal glands and lilJers of GVHD mice

During GVHD many lymphoid and non-Iymphoid organs are infiltrated
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with mononuclear cells [5]. Cells of the immune systems are well

documented to express POMC mRNA [24-27]. It is therefore possible that

the increased amount ofPOMC mRNA observed in the adrenals ofGVHD

mice was a result of an infiltrate by immune cells. To test this possibility,

histological analysis was performed on a total of 20 adrenals taken from

GVHD mice on different days after GVHD induction. On all of the days

assayed (days 7, 15,22 and 29) adrenals from all GVHD miCE:: failed to show

any sign of immune cell infiltrates (results not shown). Conversely,

massive infiltrates were observed in the livers of GVHD mice as early as

day 9 and became progressively more severe by day 21 as we have

previously reported (5) (results not shown). These results suggest that the

increased expression of adrenal POMC mRNA was not due to cells

infiltrating the adrenals ofGVHD mice but rather to a resident population

in the adrenals.

Increased mRNA expression of p40 subunit of IL-12 in the adrenals of

GVHDmice

Results in Figure 1 showed a profound immunosuppression ofT and B cell

functions by day 15. However, we and others have previously demonstrated

increased macrophage activity during GVHD [4,28). Although the adrenals

of GVHD mice failed to show any sign of mononuclear cell infiltrate,

resident macrophages have been identified in the adrenals ofnormal mice
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[29J. In addition, activated macrophages have been shown to express

increased levels ofPOMC mRNA and produce biologically active ACTH [25.

26,30J. We therefore investigated whether there was evidenc:l for resident

adrenal macrophages to be activated during GVHD. Using RT-PCR and

Southern blotting, we detected a marked increase in an amplified fragment

of the p40 subunit of IL-12, a specific cytokine induced in activated

macrophages, on days 22 and 29 in the adrenals of B6AF1 mice injected

with 30x106 A strain parental Iymphoid ceUs (Fig. SA). Similar results

were observed on days 21 and 27 in the adrenals ofB6AF1 animaIs injected

with 50X106 A strain parental Iymphoid ceUs (Fig. SB). Furthermore, RT­

PCR failed to detect mRNA for IFN-y, a cytokine produced by activated T

and NK ceUs, in GVHD adrenals (results not shown). These data imply

that macrophages residing in the adrenals ofGVHD mice are activated and

may be expressing increased levels ofadrenal POMC mRNA since activated

macrophages have been reported to produce POMC mRNA and POMC­

derived peptides [25, 26, 30].
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DISCUSSION

In this report, we investigated the mechanism responsible for the secretion

of CS during GVHD. GVHD was induced across the major and multiple

minor histocompaubility antigen differences in unirradiated B6AFI mice

by the injection of A strain parental lymphoid cells. Studies have shown

that the secretion of CS is triggered by pituitary ACTH, leading to

increased plasma CS concentrations in association with increased plasma

ACTH levels [15, 16]. Hence, we measured the concentrations of bath

plasma ACTH and CS during GVHD in order to determine whether

pituitary ACTH was stimulating the secretion of CS. Our results showed

that the basallevel ofCS in the plasma ofcontrol SYN mice was associated

with the basal level of plasma ACTH (Fig. 2). In contrast, plasma CS

remained elevated during GVHD despite decreasing concentrations of

plasma ACTH below basallevels (Fig. 2). A similar observation has been

reported by Khairallah et al. uaing an im!.diated model of GVHD induced

across a minor histocompatibility difference [31]. These investigators also

observed persistent high levels of CS in the presence oflow plasma ACTH

concentrations. The low levels of plasma ACTH could not account for the

high plasma CS concentrations suggesting that secretion of excessive

amounts of CS during. GVHD was independent of pituitary ACTH.

However, the mechanism responsible for the persistenthigh secretion ofCS
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during GVHD was not elucidated.

We therefore investigated whether changes occurring in the adrenal

glands could be responsible for the persistent high levels of plasma CS

during the course ofGVHD. Using semiquantitative RT-PCR, we detected

up to ll-fold increased expression of POMC mRNA in the adrenals of

GVHD mice compared to SYN groups (Fig. 4). High expression of mRNA

for mPC1 was also detected in GVHD adrenals (Fig. 4). Since the adrenals

contain low amount of POMC mRNA and POMC protein [32-34], the

increased POMC mRNA observed in GVHD adrenals strongly suggests that

POMC could be produced locally. In addition, mRNA ofmPC1, the enzyme

that cleaves POMC to re1ease biologically active ACTH [17, 18], was highly

expressed in adrenals of GVHD mice, thus providing evidence that the

intra-adrenal POMC could be cleaved into biologically active ACTH. This

proposaI is consistent with previous reports showing that the adrenals of

other species contain POMC-derived peptides, including ACTH [32-35].

Thus it appears that increased local production of adrenal ACTH during

GVHD could stimulate the adrenal cortex to secrete CS resulting in

persistent elevated levels of CS independent of pituitary ACTH.

Increased POMC mRNAexpression in the adrenals could result from

either an infiltrate of POMC-producing cells or the activation of resident

cells with the potential to produce POMC or both. It is well documented

that T and B cells, and macrophages of mice express POMC mRNA and
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secrete biologically active ACTH [30, 36·38]. However, since we failed to

detect any sign ofadrenalitis and were unable to detect any mRNA for IFN·

"( in GVHD adrenals, it is higbly unlikely tbat the increase in POMC

mRNA observed in adrenals of GVHD mice resulted from immune cells

infiltrating these tissues [5, 39]. Our histological findings are in accord

with Gorer and Boyse who were also unable ta demonstrate any sign of

infiltrates in the adrenals ofGVHD mice, although massive infiltrates were

observed in the liver, pancreas, kidneys, lungs, spleen and lymph nodes

[40]. Interestingly, we detected high expression of mRNA for the p40

subunit of IL-12, a cytokine produced primarily by activated macrophages

[41], in the adrenals of GVHD mice (Fig. 5). We and others have shown

tbat macrophages are activated during GVHD [4, 28] and moreover,

resident macrophages have been identified in the adrena1 cortex ofnormal

mice [29]. Based on these findings, it would appear tbat resident adrenal

macrophages were activated during GVHD and could have produced

sufficient ACTH ta maintain the high production of CS, thus disengaging

control through the HPA axis.

We can only speculate at this time on the stimulus for the production

of intra-adrenal ACTH. Endotoxin (lipopolysaccharide, LPS) has been

reported to stimulate the production ofp40 subunitofIL-12 [41, 42] and we

have demonstrated a marked increase in systemic LPS during the course

of GVHD [4, 43]. In addition, the adrenals can concentrate a higher
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quantity of LPS per gram of tissue than any other organ [44]. Thus it is

seems higlùy likely that, ifLPS is present in the circulation during GVHD

[4,43], it would concentrate in the adrenals, and could stimulate resident

macrophages to produce ACTH. In support ofour hypothesis, macrophages

incubated with LPS have been shown to release increasing amounts of

biologically active ACTH that induced the in vitro secretion of CS from

cultured adrenal cells [30]. The amount of ACTH produced by adrenal

macrophages needs not be sufficient to affect blood levels in order to aet

effectively in local paracrine stimulation of CS secretion. Our findings

support the hypothesis that immune-derived ACTH could stimulate the

adrenals without affecting blood ACTH levels only ifthese immune cells are

in close proximity to the target endocrine tissue [30, 45].

In conclusion, our study provides evidence that local production of

intra-adrenal ACTH during GVHD may stimulate persistent secretion of

adrenal glucocorticoids independentofpituitaryACTH. Although our study

was performed in mice, it is possible that a sirni1ar mechanism could also

he induced in hnman adrenal glands. Recently it was proposed that

activated resident macrophages in human adrena1s may play an important

role in triggering the secretion of glucocorticoids [46, 47]. Thus ACTH

produced by activated resident adrenal macrophages could constitute a

potential paracrine stimulus for glucocorticoid secretionunder physiological
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and/or pathological conditions.
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Fig. 1. Immunosuppression of T and B cell functions in mice undergoing

GVHD. GVHD was induced in B6AF1 hybrid mice by an i.v. injection of

30x10GA strain parentallymphoid cells. Results are presented as mean net

cpm (x103
) ± SE ofS-10 mice per group. Net cpm was calculated as follows:

cpm with mitogen stimulation - cpm without mitogen stimulation.
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Fig. 2. Dissociation between plasma CS and ACTH during GVHD. GVHD

was induced in B6AF1 mice by an i.v. injection ofSOx106 A strain parental

lymphoid cells. On different days after GVHD induction, plasma CS and

ACTH were measured for each animal by radioimmunoassay. Results are

presented as the mean ± SE of 8 mice in the GVHD groups and 5 mice in

the SYN groups. CS levels were significantly reduced on days 16 and 24

compared to day 9 in the SYN groups (P < 0.05). No significant differences

in CS levels were observed between the GVHD groups on days 9, 16 and 24.

ACTH levels were significantly decreased on days 16 and 24 compared to

day 9 in the SYN (P < 0.1) and GVHD (P < 0.001) groups. The student's

t test was used to calculate the statistical significance.
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Fig. 3. Negative feedback inlubition of CS on the secretion of pituitary

ACTH duringGVHD. B6AFI mice were adrenalectomized one month before

an ï.v. injection with 30xl06 A strain parentallymphoid cells. ADX GVHD

mice were treated either with PBS or cortisone acetate (2.5 mg) two days

before blood was collected by cardiac puncture, and plasma ACTH

concentrations were measured by radioimmunoassay. The data are

presented as Mean ± SE of 5·6 mice per group.
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Fig. 4. Increased expression of POMC mRNA in the adrenals of GVHD

mice. GVHD was induced in B6AFl mice injected with either (A) SOxl06

or (B) SOxl06 A strain parentallymphoid cells. SYN groups were B6AFl

mice injected with either SOxl06 or SOxl06 B6AFllymphoid cells. The data

are shown as Southem blot analysis of POMC, mPCl and G6PDH DNA

fragments amplified by RT-PCR from mRNA extracted from adrenals of

SYN (S) or GVHD (G) groups. The positive control (+) is mRNA extracted

from pooled pituitary glands of normal mice and the amplified POMC

fragment was diluted 20 fold for the Southem blotting. G6PDH was used

as control mRNA expression. Each sample was amplified by RT-PCR three

times and on each occasion similar results were obtained. RNA samples

subjected ta PCR without reverse transcription failed ta amplify the pOMe,

mPCl or G6PDH fragment.
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Fig. 5. Increased mRNA expression of the p40 subunit of IL-12 in the

adrenals of GVHD mice. GVHD was induced in B6AF1 mice injected with

either CA) SOx106 or (B) 5Ox106 A strain parentallymphoid cells. The data

are presented as Southem analysis ofamplified p40 subunit ofIL-12 DNA

fragments obtained from adrenals ofSYN CS) and GVHD CG) mice. Positive

control for the p40 subunit ofIL-12 is total RNA extracted from activated

peritoneal macrophages of normal mice.
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CHAPTER3 INDUCTION OF A GLUCOCORTICOID

SENSITIVE Fl-ANTI·PARENTAL MECHANISM

THAT AFFECTS ENGRAFTMENT DURING

GRAFr-VERSUS-HOST DISEASE1

•

The studies presented in tbis chapter examine the effects of endogenous

glucocorticoids on the outcome of GVHD.

The study was designed and all experiments were carried out by K E. You­

Ten except for the histological analysis by T. A. Seemayer; Southem dot

blot analysis by B. Wisse; and NA cell activity by F. M. N. Bertley in

collaboration and supervised by K E. You-Ten. The research project was

supervised by W. S. Lapp.

'This manuscript is in press in the Journal ofImmunology, 1995, 155: 172­

180.
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Induction of a Glucocorticoid Sensitive Fl-antî­

Parental Mechanism that Affects Engraftment during

Graft-versus-Host Disease1

Running Title: Induction of a Steroid Sensitive Fl-anti·Parental

Mecbanjsm

Kong E. You-Ten2,3·, Thomas A. Seemayert , Brent Wisse·, Frederic M. N.

Bertley·, and Wayne S. Lapp·

1>epartment ofPhysiology, McGill University, Montreal, Quebec, Canada

H3G lY6, and tnepartment of Pathology and Microbiology, University of

Nebraska Medical Center, Omaha, NE 68198
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Abstract

Studies have shown that graft-versus-host disease (GVHD) in animal

models induces persistent elevated levels of circulating adrenal

glucocorticoids. In this report, we investigated the effects of endogenous

glucocorticoids on the outcome ofGVHD by adrenalectomizing unirradiated

(C57BIJ6 X A)F1 (B6AF1) mice prior to GVHD induction. GVHD was

induced by injection of20x106 A strain parentallymphoid cells into B6AF1

mice. Our results demonstrated that non-adrenalectomized (non-ADX)

recipient mice experienced features characteristic of GVHD on day 13,

which became progressively more severe by day 18-21. The GVHD features

inc1uded severe immunosuppression, reversaI in the host splenic CD4+/CD8+

ratio, histopathologicallesions in different tissues, and high parental cell

chimerism in the spleens and lymph nodes (LN). In contrast, ADX FI

recipient mice experienced GVHD features on day 13 simi1ar to the non-

ADX counterparts. however. ADX snimals recovered rapidly from GVHD

by day 18-21. Flow cytometry showed that although a relatively high

frequency ofparental cells was detected in the spleens and LN ofADX mice

on day 13. nearlyall ofthe parental cells in the peripherallymphoid organs

disappeared on day 18-21. the time ofrecovery from GVHD. The marked

reduction of parental cells and recovery from GVHD were prevented by
....

treating ADXFI mice with either exogenous g1ucocortiCQid~ anti-asialoGM1
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or anti-CD8, but not anti-NK1.1 antibody. Tbese results suggest that a

dramatic recovery from GVHD was induœd by a cell-mediated steroid

sensitive Fl-anti-parental mechanism. The Fl-anti-parental phenomenon

described herein is different from classical hybrid resistance.
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Homozygous parentallymphoid cells injected into an FI hybrid are

normally accepted as self since histocompatibility antigens are co­

dominantly expressed by the FI hybrid. T cells present in the parental

graft recognize antigens of the other parental haplotype expressed by the

FI hybrid as foreign and as a consequence of such recognition, parental T

cells initiate an immunological reaction that recruits other effector cells

involved in the pathogenesis of graft-versus-host disease (GVHD). GVHD

is a multi-factorial disease consisting ofT and B cell immunosuppression,

cachexia, injury to the lymphoid and non-Iymphoid epithelial tissues,

morbidity and mortality (1-7). In some instances, contrary to the basic

immunogenetic laws of transplantation stated above, FI hybrids prevent

engraftmEmt ofceriain parental grafts including bone marrow, tumour and

lymphoid cells (8-12). This phenomenon is known as hybrid resistance and

in such situations GVHD does not occur (l3, 14).

There is increasing evidence that stimulation of the immune system

induces a stress response that triggers the adrenal glands to secrete

glucocorticoids. !I\jection of various antigens in rats causes an elevated

level of plasma glucocorticoids, proportional to the magnitude of the

immune response (15). The increase in circulating glucocorticoids is also

observed in some viral infections (16), when T cells are activated with

superantigens or anti-CD3 (17), and during an inflammatory response

elicited by endotoxin or n..-1 (18, 19). Due to its immunosuppressive
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properties, glucocorticoid secretion may represent a major effector end point

ofan immune response, consisting ofan important feedback mechanism for

regulating a potentially lethal hyperactivation of the immune system (16­

19). In fact, surgical adrenalectomy or blocking the actions of

glucocorticoids with an antagonist to its receptor enhances mortality of

animaIs injected with inflammatory agents or T cell activators (17, 18). In

addition, the susceptibility of certain animal strains to develop

inflammatory diseases is linked to a defect in the secretion of adrenal

glucocorticoids (20).

During the course ofexperimental GVHD blood glucocorticoid levels

are elevated as a result of adrenal hyperactivity (21, 22). We have

previously shown that GVHD-induced adrenal hyperactivity causes severe

thymie involution and selective elimination of CD4+ thymocytes (23, 24).

In this study we furtber investigated the effects of endogenous

glucocorticoids on the outcome of GVHD in mice. We postu1ated that

elevated levels of blood glucocorticoids during GVHD may negatively

regulate the immune reaction mediated by the donor cells in order to limit

the severity of the disease, and that adrenalectomy may resu1t in a more

severe disease. Our results show the opposite. The iDjection of A strain

parentallymphoid cells into B6AFI recipients with intact adrena1s induces

GVHD which becomes progressively more severe with time.

Adrenalectomized FI recipients also experience GVHD symptoms that
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persist for two weeks, but unexpectedly these animals display a rapid

recovery from GVHD and disappearance of parental cens. Recovery from

GVHD and the disappearance of parental cens are due to the induction of

an Fl-anti-parental response that is sensitive to glucocorticoids. The Fl­

anti-parental reactivity described herein displays unique properties which

set it apart from the classical hybrid resistance phenomenon.

MATERIALS.AND METROns

Animals

Mice of the inbred strains A (H-2"), C57BI16 (E6) (H_2b
), and their FI

hybrids, B6xAFl (H_2b1a
) (B6AFl) were used. AIl mice were bred and

maintained in our animal colony. Donor A anima1s were 6-12 months old.

B6AFI recipients were older than 3 months. Both sexes were employed in

the experiments.

Adrenalectomy

B6AFI mice were adrenalectomized (ADX) at 9-10 wetks of age and were

used at different times after adrenalectomy as indicated in the results

section. Surgical adrenalectomy was performed under ether anesthesia as

120



•

•

described previously (25). ADX mice were maintained on physiological

saline in lieu of drinking water for the duration of the experiment.

Thymectomy

B6AFI mice at 7-8 weeks of age were surgically thymectomized. Two

weeks after recovery from thymectomy the mice were adrenalectomized.

Induction ofGVHD

GVHD was induced as previously described (5). Briefly, single cell

suspensions were prePared from pooled spleens and lymph nodes by gently

tamping them through a 50-mesh stainless steel screen. GVHD was

induced with 20xl06 A strain PareOtallymphoid cells injected i.v. into age­

matched unirradiated ADX and non-ADX B6AF1 hybrid recipients. B6AF1

mice injected with B6AF1lymphoid cells were used as syngeneic contraIs.

Normal B6AF1 mice received no injection.

Mitogen Assays

On different days after GVHD induction, the spleen was removed from

individual B6AF1 recipient and made into a single cell suspension. T cell
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proliferative responses to Con A (Pharmacia, Fine Chemicals, Uppsala,

Sweden) and PHA (Wellcome Research Reagent Limited, Dartford, UK),

and B cell responses to LPS (Sigma) were evaluated by [3H] thymidine

incorPoration, as previously described (5). Briefly, 5xl05 splenic cells were

cultured for 48 hrs in triplicate with or without mitogen in a 96 weIl titer

plates. The plates were pulsed with 1 )lCi/well of(-lH] thymidine for 16 hrs

and then harvested with an automated œll harvester. [3H] thymidine

incorPoration was quantitated on a beta counter (LKB Instruments, Turku,

Finland).

Histology oftM liver and lymph nodes (LN)

The liver was carefu1ly removed from each mouse and fixed in 5% formalin.

The fixed tissues were embedded in paraflin, sectioned, and stained with

hematoxylin-eosin, as previously described (4). Stained tissues were then

examined with a light microscope. The different intensities ofinjury in the

liver were graded as normal, mild, moderate or severe. In a normalliver,

there was no sign ofmononuclear cell infiltrates. In livers with mild injury,

some, but not all, portal tracts contained small number (up ta 10) of

mononuclear cells. With moderate injury all por-:!Ù tracts contained an

increasing number of infiltrates (up to 20). Severe hepatic lesions were

characterized by a large number ofmononuclear cells infiltrating all portal
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tracts. In addition, the hepatic lobule often contained a modest diffuse

mononuc1ear cell infiltrate and rare necrotic hepatocytes.

The axillary and brachial LN were carefully removed from each

mouse and fixed in 5% formalin. The fixed tissues were embedded in

paraffin, sectioned, and stained with hematoxylin-eosin. Stained tissues

were then examined with a light microscope. The different intensities of

injury in the LN were graded as normal, mild, moderate or severe. Mild

injury in the LN featured slight nodal en1argement and mild

immunoblastic'plasmacytic proliferation in paracortical regions. With

moderate injury there was a greater immunoblastic proliferation and

patchy nodal necrosis. Severe iDjury featured massive lymphoid cell

necrosisldepletion and extensive macrophage replacement ofnodal tissua.

Immunofluorescence Staining

On different days after GVHD induction, spleens were removed from

B6AFl recipients and single cell suspensions were made from each spleen.

Staining was performed in 96 well plates. One million cells in a 50 u1

volume ofHanks' balanced salt solution (GIBCO., Grand Island, NY) were

incubated with 50 u1 of the appropriate reagents on ice for 30 mins. M'ter

each incubation the plates were washed twice. Incubation and wasbingwas

repeated for the secondary reagent. Labelled samples were fixed in 1 ml
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of 1% paraformaldehyde and stored at 4°C. The fixed cell samples were

analyzed by a FACScan (Becton-Dickinson, Mountain View, CA) and 5000

flow cytometry events were counted per sample. A selective gate, exciuding

cell debris and erythrocytes, was set using forward light scatter.

Reagents for Flow Cytometry

FITC conjugated anti-H2K" (Clone AF6-88.5), phycoerythrin conjugated

anti-CD4 (Clone YTS 169.4) and biotinylated anti-CD8 (Clone 53-6.7) mAbs

were employed for triple immunofluorescence. AlI mAbs and the secondary

reagent, strepavidin-cychrome, were purchased from Cedarlane, Homby,

Ontario, Canada. AlI reagents were diluted as recommended.

Southern Dot Blot Analysis ofMale Parental Cells in Spleens ofFemale FI

recipients.

Non-ADX and ADX female B6AFI hybrids were injected with 20xl06 male

A strain splenic and LN cells. On day 21, the spleen was removed from

each animal and DNA was extracted from each using standard procedures

(26). Splenic chimerism was assayed by probing for male parental DNA in

female FI spleens, using a cDNA probe (pY2) specific for the male Y

chromosome (a gift from Dr. E. Palmer) (27). Briefly, 5 ug samples ofDNA
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was blotted onto Zeta-Probe membranes (Bio-Rad). Membranes were

hybridized with 32p-labelled probe (7.5x106 cpm) and blots were exposed to

Kodak XAR X-ray film, at -70°C for 1-2 days.

Dot blots were scanned by a densitometer (BioImage, Millipore,

Mississauga, Ontario, Canada) and were compared with known values of

male:female cells consisting of 0:100, 25:75, 50:50, 75:25 and 100:0. The

densitometer reading was able to estimate the % of male cells within a 5­

10% error.

Cortisone acetate treatment

B6AF1 mice were injected i.p. with a single dose of 2.5 mg of cortisone

acetate (Merck Sbarp & Dohme Canada., Quebec, Canada), in a total

volume of 0.5 ml PBS. Control anima1s were treated with PBS only. Two

days after treatment, the mice were injected iv. with 20xl0s A strain

parentallymphoid cells.

Anti-asialoGMl (anti-ASGMl) treatment

B6AF1 mice were injected i.v. with a single dose (70 ug) of anti-ASGM1

antibody (Wako Chemicals, Dallas, Texas). Two days after the treatment,

the animaIs were injected i v. with 2Oxl06 A strain parentallymphoid cells.
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Anti-NKl.l and anti-CD8 treatment

Supematants containing anti-NK1.1 (clone PK 136) or anti-CD8 (clone 2.43)

antibodies were collected and concentrated with ammonium sulfate. B6AF1

mice were injected ï.v. with either 0.5 ml of anti-NK1.1 or anti-CD8

concentrated supematant three times at one day intervals. Two days after

the last treatment, the mice were injected ï.v. with 20x106 A strain parental

lymphoid cells.
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RESULTS

Rapid recouery of immune function from GVHD-induced

immunosuppression

To eIiminate endogenous gIucocorticoids, B6AFI hybrids were surgically

adrenaIectomîzed two months before GVHD was induced with 20xl06 A

strain parentaI Iymphoid œIls. One ofthe ballmarks ofGVHD is profound

suppression of T and B œIl functions (1, 2). In this experlment, immune

function was assessed by the ability of splenic T œIls to respond to Con A

and PRA, and B œlls to LPS. Injection ofA strain parentaI lymphoid cells

into non-ADX FI recipients 100 to GVHD-inducOO immunosuppression on

days 13 and 18-21 as demonstrated in Figure 1. ADX FI mice injected with

parentaI lymphoid œIls were also immunosuppressed on day 13, however,

by day 18-21 most (8110) ofthese animaIs had a near normal responses to

mitogens. The mitogenic proliferative responses of ADX syngeneic mice

were similar to the age-matchOO non-ADX counterparts (Fig. 1). Simi1ar

tindings were observOO on day 21 in recipients adrenalectoIDized for 4: or 12

months (results not shown). Sucb a rapid spontaneous immune recovery

from GVHD-induced immunosuppression bas not been observOO before. In

an earlier study, non-ADX B6AFI recipients injected with 20xl06 A strain

parentaI lymphoid œIls regainOO immune function only 5-6 months after
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GVHD induction (28).

Regression of tissue lesions in the livers and LN ofADX GVHD miœ

Many lymphoid and non-Iymphoid organs develop pathological lesions

during GVHD (3-6). To further evaluate the symptoms of GVHD, we

performed histological examinations on the livers and LN of B6AFI

recipients injected with 20xl06 A strain parentallymphoid cells. Table 1

shows that an increasing number of non-ADX GVHD mice were

experiencing severe lesions in the livers and LN on day 21 compared to day

9 and 13 implying that tissue lesions in non-ADX GVHD mice worsened

with disease progression. In contrast, none of the ADX GVHD mice

exhibited severe hepatic and LN injury by day 21, although approximate1y

halfofthe ADX GVHD anima1s experienced severe tissue lesions on day 13.

Most (7/9) of the anima1s in the ADX GVHD group on day 21 displayed

moderate lesions only and two mice had normallivers and LN, suggesting

that histopathological injury to lymphoid and non-Iymphoid organs of the

.~.DX recipients was regressing.

Recovery ofoost splenic CM and CDS- T œIl populations in ADX GVHD

mice

128



•

•

In the first two weeks ofGVHD, T lymphocytes, predominantly CDS+ cells,

undergo massive proliferation in the spleens leading to an inverted

CD4+/CDS+ ratio (29). Following the proliferative phase, the third and

fourth weeks are designated as "cytotoxic" and consist of a marked

reduction in T cell numbers, in particular, a greater loss ofCD4+ cells and

again the CD4+/CDS+ ratio is reversed (29). In this study, triple

immunofluorescence was employed to identify splenic CD4+ and CDS+ cells

of host (FI, H2K,b positive) origin. Flow cytometry illustrated that host

CD4+ and CDs+ T cells in the spleens ofnon-ADX GVHD mice underwent

changes similar to those reported previously during the proliferative (Fig.

2E-F) and cytotoxic (Fig. 2I-J) phases. Conversely, after an initial

"proliferative" phase on day 13 (Fig. 2G-H), ADX GVHD animaIs on day 18­

21 (Fig. 2K-L) displayed a T cell profile similar to the ADX SYN group (Fig.

2C-D), concomitant with a near normal host CD4+/CDS+ T cell ratio. These

results were reproducible in FI recipients adrenalectomized for 4 or 12

months (data not shown). Collectively, the lack of endogenous

glucocorticoids by surgical adrenalectomy allowed for a rapid recovery from

symptoms characteristic of GVHD.

Marked reduction of parental lymphoid cells after an initial period of

engraftment
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Having established that adrenalectomy ameliorated GVHD, we next

investigated whether the rapid recovery was associated with parental cell

engraftment. Using an antibody against H2K,b antigens, we distinguished

unlabelled A (HZ') strain parental lymphoid cells from labelled host F1

cells. On day 13, high absolute numbers of parental cells were detected in

the spleens ofboth non-ADX GVHD (31.lx106
) and ADX GVHD (22.0x106

)

mice (Table Il). Parental T cells (CD4+ and CD8+ cells) constituted the

majority of the parental cell population in bath GVHD groups on day 13

(Fig. 2E-H & Table Il). As the disease progressed to day 18-21, the

absolute number ofparental T cells was markeclly reduced in both GVHD

groups, however, the number of splenic parental non-T cells (CD4"8" cells)

in non-ADX GVHD animals increased three fold to 14.4x106 (Table Il). In

contrast, parental non-T cells remained very low (2.0x106
) in the ADX

GVHD group (Fig. 2K-L & Table ID. Absence ofparental cells in the lymph

nodes of ADX GVHD mice was also observed on day 18-21 (results not

sbown). Thus at the time ofrecovery from GVHD symptoms, ADX GVHD

mice had very few parental cells in the peripherallymphoid organs.

To further confirm the degree of splenic chimerism, male parental

lymphoid cells were injected into ADX female F1 recipients and the male

parental cells were identified using a cDNA probe (pY2) specifie for the

male Y chromosome (27). Southem dot blot analysis consistently sbowed

that a high proportion (50-60%) ofparental DNA was present in the spleens
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ofnon-ADX GVHD animals on day 21 (Fig. 3). Conversely, the spleens of

ADX GVHD mice contained very little (1ess than 5%) or near background

levels of male DNA (Fig. 3), consistent with the results obtained from flow

cytometry (Fig. 2I-L & Table II). Coincident with the recovery from GVHD,

parental cells in the peripherallymphoid organs ofADX GVHD mice were

markedly decreased by day 18-21, after an initial period of engraftment

that lasted for two weeks. It appears that the recovery from GVHD is

mediated by the induction of an Fl-anti-parental mechanism.

Abrogation ofFI-ami-parental mechanism by cortisone treatment.

ADX, but not non-Ame, FI recipients eliminated the parental lymphoid

cells. Furthermore, non-ADX GVHD mice were shown to display persistent

high levels of plasma corticosterone during the course of the disease (21,

22). We therefore tested whether the Fl-anti-parental mechanism was

sensitive ta glucocorticoids by treating ADXFI recipients with a single dose

ofcortisone acetate two days before GVHD induction. GVHD was assessed

for immunosuppression and splenic chimerism. Cortisone acetate

treatment abrogated the Fl-anti-parentalmecbanism and resultedinlethal

GVHD since aIl of these mice died by day 18 and prior ta death, they

showed the physical features ofaeute GVHD such as weight loss, diarrhea,

hunched posture and piloerection. In addition, cortisone acetate-treated
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ADX GVHD animals were severely immunosuppressed and displayed high

splenie ehimerism (26.0%) on day 13 (Table IID. Immunosuppression in the

eorti~"ne aeetate-treated ADX GVHD group on day 13 was not due ta the

treatment sinee splenie T and B eell mitagenie responses of syngeneie ADX

miee treated with cortisone. v.œr~ similar.ic. syngeneie ADX miee treated

with saline (results not shown). These results strongly suggest that the Fl­

anti-parental mechanism is sensitive ta glueocortieoids.

Phenotypic characterization of the effector cell mediating the Fl·anti­

parental response.

Studies were next carried out ta determine the cellular basis for the FI­

anti-parental response. In other models of Fl-anti-parental reactivity in

vivo, the effector cell is sensitive ta anti-ASGMI treatment (30). To test

this possibility ADX FI :recipients were iDjected with anti-ASGMI antibody

two days prior ta GVHD induction. As previously reported (31, 32), splenic

NK cell activity against YAe-1 target cells was abrogated two days after

treatment with anti-ASGMI antibody (Table lID. Furthermore, this

treatment abolished the Fl-anti-parental mechanism leading ta severe

immunosuppression and a high degree ofsplenic cbimerism (17.4%) on day

18 (Table lID. These studies imply that the Fl-anti-parental mechanism

is mediated by an ASGMr effector celle Since NK cells are sensitive ta
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anti-ASGMI treatment we tested the possibility whether the FI-anti­

parental efi"ector cell was an NK cell. Because other cell types are also

sensitive to anti-ASGMI treatment (33, 34), we opted to use a more specific

antibody against NK cells. As previously documented (35, 36), an antibody

against the NKl.I antigen specifically e1jmjn ates NK cell activity.

Therefore, ADX FI recipients were treated with anti-NKl.I antibody (clone

PK136) two days before injection ofparentallymphoid cells. Two days after

treatment with anti-NKl.I antibody splenic NK cell activity against YAC-I

target cells was e1jmjn ated (Table M, however, the F1-anti-parental

mechanism was not affected. ADX FI mice treated with anti-NKl.I

antibody and injected with parental lymphoid cells did not experience

GVHD-induced immunosuppression and displayed an absence of parental

chimerism on day 21 (Table M. It could be argued that the anti-NKl.1

treatment affected the ability of the parental lymphoid cells to induce

GVHD. This is not the case Bince non-ADX FI recipients injected with

anti-NK1.1 antibody were immunosuppressed and exhibited high splenic

chimerism (26.8%) on day 21 (Table M. Although the Fl-anti-parental

mechanism is sensitive to anti-ASGMI treatment, it is not sensitive to anti­

NKl.l treatment thus, implicating the role of an ASGMr effector that is

not an NK cell.

Our laboratory reœntly reported a significant reduction in the

incidence ofCnS"', but not CD4+, T cells in the spleens ofmice treated with
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anti-ASGMI antibody (37). Therefore, to further characterize the

phenotype of the FI-anti-parental effector, ADX FI recipients were

thymeetomized (TX) and treated with anti-CD8 antibody. Thymeetomy was

performed simply to prevent the possibility of new CD8+ eells emerging

from the thymus after treatment with anti-CD8 antibody. Flow cytometry

showed that this treatment elim;nates 95-97% of host CD8+ T cells in the

spleens (Table lV). Anti-CD8 treatment of TX ADX recipient mice

abrogated the FI-anti-parental mechanism resulting in severe

immunosuppression and high percent ofsplenie chimerism (23.3%) on day

21 (Table lV). Taken together, the F1-anti-parental mechanism appears to

be mediated by an effector cell population(s) that islare suppressed or

deleted in the presence ofhigh levels ofglucocortieoids.

DISCUSSION

Previous reports demonstrated that an;ma1s undergoing GVHD secrete

excessive amounts of adrenal glucocorticoids into the circulation (21, 22).

In this report, the effects of endogenous adrenal glucocorticoids on the

outcome ofGVHD in mice was investigated. We showed that unirradiated

non-ADX B6AF1 anima1s injected with 20x106 A strain parentallymphoid
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cells experienced symptoms characteristic of GVHD on day 13, which

became progressively more severe on day 18-21. ln contrast, ADX B6AF1

recipients injected with the same dose ofA strain parentallymphoid cells

displayed symptoms characteristic of GVHD in the first two weeks,

however, the ADX recipients recovered rapidly from GVHD by day 18-21.

Coincident with the recovery from GVHD was the disappearance ofnearly

all of the parental cells in the spleens and LN, after an initial two week

period ofengraftment as measured by flow cytometry and Southem dot blot

analysis. The parental cells appeared ta be markedly decreased by an F1­

anti-parental mechanism that was sensitive to steroid treatment and

treatment with either anti-ASGM1 or anti-CD8 antibody, but not anti­

NKl.1 antibody.

In vivo FI reactivity against lymphoid cells of certain parental

strains is a well documented phenomenon known as hybrid resistance (8­

12). However, F1-anti-parental reactivity described herein exhibits unique

properties that sets it apart from hybrid resistance. First, ADX B6AF1

hybrids were able ta elim;nste A strain parentallymphoid cells, whereas

hybrid resistance by the B6AF1 hybrids is directed against B6 (H-2b), but

not A (H-2"), strain parental cells (38, 39). Second, the F1-anti-parental

response in our model occurs three weeks after engraftment, in contrast,

hybrid resistance occurs within 48 hours (10, 38, 39). Third, ADX F1

hybrids injected with parentallymphoid cells experienced symptoms ofan
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early GVHD, however, GVHD symptoms do not appear in hybrid resistance

(13, 14). Fourth, the F1-anti-parental mechanism in our model was

sensitive to corticosteroids, conversely, hybrid resistance is not (40). Fifth,

the F1-anti-parental eifector cell in our model was not sensitive to anti­

NK1.1, whereas it is in hyblid resistance (35, 41). Therefore, it would

appear that the F1-anti-parental phenomenon observed in this study has

not been previously described and it is not mediated by the classical hybrid

resistance mechanism.

Dennert et al. has implicated an eifector T cell in the rejection of

allogeneic marrow, however, the eifector cell displayed unique features in

that the precursor cell was CD3+CD8"NKr which differentiated into a

CD3+CDS+NKl" cell (42-44). However, since we were able to eliminate the

precursor eifector cell by anti-CDS, but not anti-NK1.1, antibody

pretreatment, the precursor cell described by us was therefore NK1·CDs+.

Thus, it seems highly unlikely that the F1-anti-parental eifector cell

described by us is the same as the one described by Dennert et al. We do

not know from the present results whether we are dealing with a single

effector cell or the interaction of two or more different cells. To our

knowledge a cortisone sensitive ASGMrCDS+NKl.l" cell has not been

described previously in the periphery. Thus the Fl-anti-parental

mechanism might involve one cell that is ASGMr and anotber that is

CDS+; either or both may be sensitive to glucocorticoids. It will now be
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necessary to perform reconstitution experiments using purified cell

populations in order to identify the different cells involved and their precise

phenotype.

It is interesting that parental cells were markedly decreased after an

initial period of engraftment and after induction of GVHD. This suggest

that the Fl-anti-parental mechanism was induced during the early GVHD

(ie. first two weeks). The mechanism responsible for inducing the F1-anti­

parental response is unknown. One possibility is that the F1-anti-parental

effector cells (CDS·) must reach a sufliciently high number in order to cause

the reduction ofparental cells by day 1S-21. This critical number might be

achieved as a result of F1-anti-parental effector cell proliferation in

response to lymphokines, including IL-2, IL-3, IFN-yand GM-CSF, secreted

by activated parental T cells in the first two weeks of GVHD (45, 46). In

fact, our results showed an increased number ofFI (host) CDS- cells on day

13 (Fig. 2H), consistent with the findings of other investigators who

demonstrated thatFI (host) CDS"' cells unciergo massive proliferation in the

second week of GVHD (29). It is thus possible that one function of the

expanded FI CDS- population is to regulate the immune reaction mediated

by the parental cells. In the absence ofadrena1 glucocorticoids these CDS·

cells become more reactive against the parental cells. Another possible

mechanism in the induction of the F1-anti-parental response is clctivation

of the parental cells to express surface molecules, which may serve as
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target antigens recognized by the F1-anti-parental effector cell (47-49).

Thus we speculate that a variety of lymphokines produced during early

GVHD and/or target antigens expressed on activated parental cells might

play a role in inducing the F1-anti-parental response resulting in a marked

decrease of parental cells by day 18-2l.

On examination ofthe different parental populations (H21{i> negative)

in the spleens ofADX GVHD mice compared to non-ADX counterparts, our

results suggest that parental T cells did not appear to be targeted by the

F1-anti-parental mechanism. An. increase in parental T cells was observed

up to day 13 followed by a rapid decrease in both GVHD groups by day 18­

21 (Fig. 21-L & Table ID. Similar observations were described by Hakim

et al. showing splenic parental T cells ofnon-ADX GVHD mice underwent

proliferation in the first two weeks of GVHD, followed by a drastic loss of

parental T cells in the third week of GVHD (29). Conversely, our results

demonstrate thatparental non-T cells (CD4"8") were the parental population

targeted by the Fl-anti-parental effector cell, as demonstrated by the

observations thatvery few parental non-T cells were detected in the spleens

of ADX GVHD on day 18-21 (Fig. 2K-L & Table II), in comparison to a

marked increase in the non-ADX GVHD group (Fig. 21-: & Table ID. This

observation would argue against the veto phenomenon as being responsible

for the elimination of parental cells since FI veto cells target parental T

cells (ie. CTL precursor) (50-52). The injection ofparental spleen, but not
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lymph node, cells into unirradiated FI hybrids can give rise to long term

stable chimerism, thus demonstrating that hematopoietic stem cells are

present in the spleens of adult mice (53, 54). Since parental splenic cells

were used to induce GVHD, the loss of parental non-T cells is likely to

include stem cells present in the parental graft. This suggests that the Fl­

anti-parental effector cell MaY target stem cells and thus prevent long-term

engraftment and chimerism.

An important question that needs to be addressed is whether the Fl­

anti-parental mechanism observed in ADX B6AFI recipients also exists in

non-ADX counterparts. When non-ADX FI mice were treated with

cortisone two days before injection ofparentallymphoid cells theyexhibited

physical traits ofa more severe GVHD as compared to PB8-treated animals

(Table III). In addition, Ghayur et al. showed that non-ADX B6AFI mice

treated witb. cortisone two days before injection of B6 lymphoid cells

experienced a more severe GVHD and an enbanced number offluorescein­

labelled B6 cells was recovered from the spleens of cortisone-treated

animals (3). Taken together, our results and those reported by Ghayur et

al. suggest that the Fl-anti-parental effector cell is present in non-ADX FI

mice and is regulated by basallevels ofglucocorticoids, however, situations

in which the levels ofendogenous glucocorticoids are elevated, the FI-anti­

parental effector cell is deleted or suppressed. This is consistent with the

findings that high splenic chimerism persisted on day 18-21 in non-ADXFI
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recipients injected with parentallymphoid cells and that these non-ADX F1

recipients animals did not recover from GVHD. Elevated levels of

glucocorticoids in the circulation ofnon-ADXF1 mice during GVHD (21, 22)

would likely suppress or delete the F1-anti-parental eifector cell resulting

in GVHD and persistent chimerism on day 18-21. Hence, the F1-anti­

parental eifector cell appears to function in F1 mice with intact adrenals,

but is regulated by endogenous glucocorticoid production.

It is of interest ta note that an earlier report demonstrated that F1

mice adrenalectomized before injection of parental cells recovered rapidly

from symptoms of an early GVHD (55). In addition, other investigators

have shown that treatment witb metyrapone, a drug that blocks

glucocorticoids production, significantly reduced GVHD and prolonged

survival ofF1 recipients injectedwitb parental cells, whereas, untreated F1

animals died from GVHD-induced mortality (56). Although the mecbanism

responsible for GVHD amelioration in these studies was not determined,

our results would suggest that a steroid sensitive F1-anti-parental

mecbanism may bave been induced and therefore allowed the F1 recipients

to recover from GVHD.
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Table J. Histologicallesions in the Iiver and LN of non-ADX and ADX GVHD miceop

Jntensity of lesions (frequency/tolal)

Groups Days afler Organs
GVHD examined Normal (%) Mild (%) Moderate (%) Severe (%)

induction

Non-ADX SYN - Uver 3/3 (100) 0/3 0/3 0/3
LN 3/3 (100) 0/3 0/3 0/3

ADX SYN - Uver 3/3 (100) 0/3 0/3 0/3
LN 3/3 (100) 0/3 0/3 0/3

Non-ADX GVHD 9 Uver 0/6 2/6 (33.3) 3/6 (50.0) 1/6 (16.7)
LN 1/6 (16.7) 1/6 (16.7) 3/6 (50.0) 1/6 (16.7)

ADXGVHD 9 Uver on ln (14.3) sn (71.4) ln (14.3)
LN on on 6n (85.7) ln (14.3)

Non-ADX GVHD 13 Uver 0/6 0/6 4/6 (66.7) 2/6 (33.3)
LN 0/6 0/6 3/6 (50.0) 3/6 (50.0)

ADXGVHD 13 Uver on ln (14.3) 2n (28.6) 4n(57.1)
LN on ln (14.3) 3n (42.9) 3n (42.9)

Non-ADX GVHD 21 Uver on ln (14.3) 2n (28.6) 4n (57.1)
LN on ln (14.3) ln (14.3) sn (71.4)

ADXGVHD 21 Uver 2/9 (22.2) 0/9 7/9 (77.8) 0/9
LN 2/9 (22.2) 0/9 7/9 (77.8) 0/9

°86AFI recipient mice were adrenalectomized 4 months before Lv. injection of either 20xlO6 A strain parental (GVHD) or 86AFI
(SYN) lymphoid ceUs.

6TIte different intensities of lesions in the Iiver and LN are described in greater detail in the Malerials and Melltods section.
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Table Il. Incidence and absolute numbers of donor T and non-T cell populations in the spleens of GVHD mice"

Incidence of Donor Cells as Absolule Number of Donor CeUs'
% mean (SE) x106 mean (SE)

Groups Days Splenic CD4+ CDS' CD4'S'b CD4' CDS' CD4"S' Total
aflerGVHD Cellularity

induction mean xllf (SE)

Non-ADX (7)4 13 115.3 12.7 9.6 4.7 14.6 lU 5.4 31.1
(11.9) (O.S) (0.5) (0.7) (1.6) (1.6) (O.S)

ADX' (7) 13 IS6.5 3.4 6.0 2.4 6.3 11.2 4.5 22.0
(lS.7) (0.5) (1.2) (0.0) (1.2) (2.9) (0.0)

Non-ADX (10) IS-21 S9.7 1.6 2.9 16.1 1.4 2.6 14.4 IS.4
(26.0) (0.6) (1.0) (3.3) (0.5) (1.0) (1.4)

ADX (10) IS-21 249.3 0.3 0.2 O.S 0.7 0.5 2.0 3.2
(16.1) (0.2) (0.1) (1.1) (0.3) (0.2) (1.0)

"Ali B6AFI mice were injected Lv. with 20xllf A strain parentallymphoid cells.
~e incidence of CD4'S' cells was obtained as: % total number of donor cells - (% donor CD4' + % donor CDS').
'TIte absolute number of donor cells was calculated as: (Splenic cellularity X Incidence)/IOO
4Number of mice per group in parentheses.
'Mice were adrenalectomized IWo months before GVHD was induced.
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Table III. Effects of cortisone acetate or anti-ASGMI treatment on the FI-anti-parental mechanism".b,<

Experimental group Days aft~r Splenic mitogenic responses Splenic chimerism
GVHD induction as % of normal (mean ± SE) as % of parental

cells (mean ± SE)

•

Saline (3)4

Cortisone acetate (5)

Anti-ASGMI (3)

Con A PHA LPS

13 12.5 ± 8.5 3.8 ±4.4 -8.9 ±8.6 8.7 ± 1.3

13 -2.0 ±0.1 -3.0 ± 0.5 -3.5 ± 1.1 26.0 ± 4.9

13 -2.0 ± 0.1 -2.0 ± 0.5 -3.0 ± 1.1 32.5 ±2.8

Saline (6)

Cortisone acetate

Anti-ASGMI (6)

18

18

18

66.3 ± 10.8

NA'

5.1 ± 5.2

65.0 ± 9.3

NA

5.4 ± 5.5

58.8 ± 10.0

NA

5.0 ± 1.9

3.1 ± 1.0

NA

17.4 ± 4.6

"Ali B6AFI mice were adrenalectomized 2 months before GVHD induction with 20x106 A strain parental Iymphoid cells.
bMice were treated either with cortisone acetate or anti-ASGMI antibody two days before GVHD was induced.
'Two days after anti-ASGMI treatment splenic NK ccII activity against YAC-l target cells \Vas eliminated.
4Number of mice per group in parentheses.
'Not available due to mortality.
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Table IV. Phenotypic charactcrization of the FI-anti-parental effector cell"

Experimental Treatmentb Splenic mitogenic responses
group as of % nomlal (mean ± SE)

CON A PHA LPS

Non-ADX (5)' PDS 8.1 ± 3.0 1.7 ± 2.0 0.4 ± 1.5

Non-ADX (5) Anti-NKI.1 4 II.1±6 4.9 ± 4.0 3.0 ± 1.0

TX' Non-ADX (5) PDS 8.1 ± 3.4 1.7 ± 2.0 0.4 ± 1.5

TX Non-ADX (4) Anti-CDs' 3.1 ± 0.5 0.3 ± 0.3 4.9 ± 1.6

ADX' (6) PDS 73.5 ± 10.2 78.4 ± 14.6 81.8 ± 8.3

ADX (5) Anti-NKI.1 75.5 ± 3.1 89.4 ± 9.6 50.9 ± 8.8

TX ADX (6) PDS 73.6 ± 10.2 78.4 ± 14.7 81.8 ± 8.3

TX ADX (3) Anti-CD8 5.7 ± 2.0 7.2 ± 3.0 11.0 ± 10.0

Splenic chimerism
as % of parental

cells (mean ± SE)

16.4 ± 4.8

26.8 ± 5.6

15.0 ± 4.9

13.3 ± 5.1

o
o
o

23.3 ± 6.1

•

"Ali D6AFI mice were injected with 20xlQ6 A strain parentallymphoid cells to induce OVHD and were sacrificed 21 days later.
J-rreatment was given two days before OVHD was induced.
'Number of mice in parentheses.
'7wo days after anti-NKI.1 treatment splenic NK cell activity against YAC-I target cells was eliminated.
'Thymectomy (TX) was performed two weeks before adrenalectomy.
'F1ow cytometry showed that two days after anti-CD8 treatment 95-97% of the splenic CD8· T cell population WIIS eliminated.
'Adrenalectomy was performed four months before OVHD induction.
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Figure 1. Rapid recovery of immune function following GVHD-induced

immunosuppression. The data are presented as the percent of the mean :l:

SE of the respective control groups injected with syngeneic cells. Each

GVHD group had 7-10 mice. Mean mitogenic responses in cpm (x104
) of

non-adrenalectomized (non-ADX) B6AFl mice injected with syngeneic cells

were: Con A 16.3 :l: 0.28, PRA 12.1 :l: 0.12 and LPS 5.7 :l: 0.03 and ADX

B6AF1 mice injected with syngeneic cells were: Con A 13.3 :l: 0.26, PRA 9.8

:l: 0.15 and LPS 5.2 :l: 0.06. The student's i test was used to ca1culate the

statistica1 significance, (***) p <0.001, of ADX GVHD mice compared to

non-ADX GVHD animals on day 18-21.
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Figure 2. Incidence of host CD4+ and CD8+ T cell populations in the

spleens of non-ADX and ADX GVHD mice. T cells of F1 origin (H_2b1
") arc

labelled for anti-H2Ir>, in contrast, to unlabelled parental (H-2") cells.

Representative FACScan profiles are illustrated as (A, B) Non-ADX SYN,

(C, D) ADX SYN, Œ, F) Non-ADX GVHD on day 13, (G, H) ADX GVHD on

day 13, (1, J) Non-ADX GVHD on day 18 and (K, L) ADX GVHD on day 18.

The percent of host CD4+ or CD8+ T cells is shown in the upper right

quadrant of each profile. The host CD4+/CDs+ T cell ratio for each group

is represented by the values to the right of the FACScan profiles.
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Figure 3. Detection of male chimerism in spleens of female B6AF1

recipients using a cDNA probe specifie for the male Y chrt>mosome. Age­

matched female non-ADX and ADX B6AF1 recipients were injeeted Lv with

20x106 male A strain parental lymphoid eells. On day 21 after GVHD

induction DNA was extracted from the spleen of each mouse. Using

Southem dot blot analysis parental male DNA was deteeted using a cDNA

probe specifie for the male Y chromosome. Each dot blot represents an

individual animal. DNA extracted from the spleens ofnormal male (d') and

female \~) B6AF1 mice were used as positive and negative eontrols

respeetively. A probe specifie for B-actin was used as control and showed

no significant differences between non-ADX and ADX GVHD groups

(results not shown).
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CHAPTER4 NON-RENEWABLE EX:!'RATHYMIC DERIVED FI­

ANT:::·PARENTAL EFFECTOR CELL THAT

CAUSES RECOVERY FROM MURINE GRAFT­

VERSUS-HOST DISEASE1

•

The studies presented in this chapter is a follow up ofChapter 3 to further

characterize the properties of the F1-anti-parental effector œll.

lThis manuscript bas been submitted to the Journal ofImmurwlogy.
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Abstract

We have previously demonstrated that adrenalectomized (ADX), but not

non-ADX, (C57BL'6 X A)Fl (B6AFl) mice recovered rapidly from graft­

versus-host disease (GVHD) as a result of the induction cfa glucocorticoid­

sensitive Fl-anti-parental mechanism that was mediated b~' an effecwr cell

that eliminated the parental graft, after an initial period of engraftment.

The Fl-anti-parental effector cell was sensitive to anti-asialoGMl (ASGMl)

and anti-CDS, but not anti-NKl.l treatment. Since the FI-anti-parental

effector cell was CDS"", we further investigated whether the effector cell was

thymic derived. B6AFI hybrid mice were thymectomized (TX) at 6-7 weeks

of age and were treated with either cortisone acetate (CA) or anti-ASGMI

antibody two weeks later, followed by adrenalectomy two days after

treatment with either CA or anti-ASGMI antibody. Five months after

adrenalectomy GVHD was induced with an injection of 2Oxl06 A strain

parentallymphoid cells. Evidence for the induction ofthe Fl-anti-parental

mechanism was a lack ofGVHD symptoms as characterized by the recove!:I

from immunosuppression, normal number of host CD4+ and CDS+ T cell

populations in the peripheraIlymphoid organs, and near absence of donor

cells by day 21 after GVHD induction. Our results demonstrate that the

Fl-anti-parental effector cell was renewed 5 months after CA treatment in

TX ADX B6AFI recipients and allowed recovery from GVHD. Conversely,
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the effector cell was not renewed even 5 months after anti-ASGM1

treatment in either TX or sham-TX ADX B6AF1 recipients, thus resulting

in GVHD. Taken together these results suggest that the F1-anti-parental

effector cell was not dependent on a mature thymus and was renewed after

glucocorticoids, but not after anti-ASGM1, treatment.
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Introduction

The injection of parentallymphoid cells (PLC) into FI hybrid mice

normally results in graft-versus-host disease (GVHD). GVHD is a complex

disease with multisymptoms including severe immunosuppression ofT and

B cell functions, injury to lymphoid and non-Iymphoid tissues, alterations

of the T cell populations in the lymphoid organs, cachexia, diarrhea,

morbidity and mortality (1-8).

ln a recent report, we demonstrated that adrenalectomized (ADX)

(C57BI16 X A)F1 (B6AF1) hybrid mice injected with 20x106 A strain

parental lymphoid cells (PLC) experienced GVHD symptoms on day 13,

however, these animaIs recovered rapidly from GVHD by days 18-21 (9).

ln contrast, non-ADX B6AF1 mice injected with the same dose of PLC

experienced GVHD symptoms on day 13 which progressively worsened by

days 18-21. The rapid recovery from GVHD in ADX B6AF1 recipients was

attributed to the induction of an Fl-anti-,arental mechanism that

('liminated the parental graft, after an initial period of engraftment. The

F1-anti-parental mechanism was mediated by an effector cell ofhost origin

(ie. B6AF1) that was sensitive to glucocorticoids. In additi:m, the eifector

cell population was present in both ADX and non-ADX B6AFl recipients,

however, it was e1;minated by high levels of circulating glucocorticoids

during GVHD in non-ADX Fl recipients experiencing the disease (9). In
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the absence of the adrenal glands, the Fl-anti-parental mechanism was

induced after an initial period of engraftment, resulting in the elimination

of the parental graft and recovery from GVHD (9). Furthermore, treatment

with various antibodies showed that the Fl-anti-parental effector cell was

sensitive to anti-asialoGMl and anti-CD8, but not anti-NKl.l, treatment

(9).

The in vivo rejection or elimination ofcertain parentallymphoid cells

by the FI hybrid recipient is a weIl documented phenomenon known as

hybrid resistance (10, 11). However, the F1-anti-parental mechanism

described in our recent report displays properties which sets it apart from

the classical hybrid resistance. Hybrid resistance in B6AF1 recipients is

demonstrated ooly against B6 (H2b), but not against A (H2a), strain PLC

(12, 13), whereas, the F1-anti-parental mechanism we have recently

described is against A strain PLC. In addition, hybrid resistance is not

sensitive ta glucocorticoids and is mediated by an effector cell that is

NKl.t+ (14-16). In contrast, the F1-anti-parental mechanism in our mode!

is sensitive ta glucocorticoids and is mediated by an NK1.1" effector cell.

Lastly, elimination of the parental graft occurs within 48 hours after

engraftment in hybrid resistance (10, 11, 17, 18), however, the parental

graft in our system is e1iminated in the third week after engraftment.

Thus, the newly described F1-anti-parental mechanismis different from the

classical hybrid resistance.
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In our reeent report the efi'eetor eell mediating the F1-anti-parental

mechanism was CDS· (9). ~-Ienee, in the present study we investigated

whether the F1-anti-parental efi'eetor eell was thymie derived. Our results

demonstrated that the efi'ector eell was not dependent on a mature thymus

and was renewable after glueoeortieoids, but not after anti-ASGM1,

treatment.
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Materials and Methods

Animais

Mice of the inbred strains A (H2"), C57BI16 (E6) (H2b), and their FI

hybrids, B6xAFl (H2b1a
) (E6AFl) were used. AIl mice were bred and

maintained in our animal colony. Donor A strain animals were 6-12

months old. B6AFI recipients were older tban 6 weeks of age. Both sexes

were empIoyed in the experiments.

Experimental protocol

The following experimental protocol is illustrated in Fig. 1. B6AFI mice

were surgical1y thymectomized or sham-thymectomized at 6-7 weeks ofage.

Two weeks later, the mice were treated either with 2.5 mg of cortisone

acetate (Merck Sharp & Dohme Canada., Quebec, Canada) or 70 ug anti­

asialoGMl antibody (Wako Chemicals, Dallas, Texas), followed two days

Iater by surgical adrenalectomy. Adrenalectomized mice were maintained

on physiological saline in lieu of drinking water for the duration of the

experiment. Five months after adrenalectomy GVHD was induced with an

i.v injection of20xl06 A strain parental Iymphoid cells (PLC) (ie. spleen and

LN cells). B6AFI mice injected. with B6AFIIymphoid cells were used as

syngeneic contraIs. Surgical procedures were performed as previously

described (7, 8).
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Mitogen assays and flow cytometry

On day 21 after GVHD induction, the spleen was removed from individual

B6AF1 recipient and made into a single cell suspension. Splenic T cell

proliferative responses te phytohemagglutinin (PHA) (Wellcome Research

Reagent Limited, Dartford, UK), and B cell responses to lipopolysaccharide

(LPS) (Sigma) were evaluated by fH] thymidine incorporation, as

previously described (5). In addition, 1x106 splenic cells were labeled with

FITC conjugated anti-H2Kb (Clone AF6-88.5), phycoerythrin conjugated

anti-CD4 (Clone YTS 169.4) and biotinylated anti-CD8 (Clone 53-6.7) mAbs

as previously described (9). AlI mAbs and the secondary reagent,

strepavidin-cychrome, were purchased from Cedarlane, Homby, Ontario,

Canada. Labeled samples were analyzed by a FACScan (Becton-Dickinson,

Mountain View, CA) and 5000 t10w cytometry events were counted per

sample. A selective gate, excluding cell debris and erythrocytes, was set

using forward light scatter.
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Results

The Fl-anti-parental effeetor eell was not thymie derived and non­

renewable.

We have recently reported that an Fl-anti-parental effector cell was

indueed in ADX B6AFI recipients ta cause recovery from GVHD by days

IS-21 (9). In the present report, experiments were performed to determine

if the Fl-anti-parental effector cell was thymic derived sinee it was CDS+.

We first examined whether thymectomy alone had any effect on the Fl­

anti-parental e1Fector cell. B6AFI mice were th)'lIlectomized (TX) at 6-7

weeks of age, followed two weeks later by adrenalectomy. Five months

after adrenalectomy GVHD was indueed with 20xl06 A strain PLC. As we

and others have previously demonstrated, GVHD causes severe

immunosuppression, high splenic chimerism and marked reduction in the

host T eell populations (9, 19). Thus, on day 21 after GVHD induction,

GVHD symptoms were assessed by the ability of splenic T and B cells to

proliferate to PHA and LPS, respectively. In addition, we have identified

splenic T cell populations using mAbs against CD4 and CDS antigens, and

have employed an anti-H2K" mAb to distinguish host (ie. B6AFl, H2""')

cells from donor A (H2") cells. Results from Table 1 showed that TX ADX

B6AFI miee had a marked increased proliferation of splenic cells in

response to PHA and LPS, displayed near normal numbers of host CD4+
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and CDS- T cell populations in the spleen and exhibited very low splenic

chimerism. In contrast, injection of the same parental dose in TX B6AFI

mice with intact adrenals (ie. TX non-ADX) resulted in GVHD symptoms

on day 21 as demonstrated by severe immunosuppression, severe deficiency

of host CD4+ T cell population in the spleen and high splenic chimerism

(Table 1). These results suggest that thymectomy alone did not affect the

Fl-anti-parental efi"ector œIl and are in accord with our previous findings

that adrenalectomy induœs an Fl-anti-parental mechanism which allows

the recipients to recover from GVHD symptoms by clay 2l.

Having established that thymectomy alone did not affect the Fl-anti­

parental €ffecwr cell, we next investigated whether the effector cell

required a mature thymus for renewal after depletion with either

glucocorticoids or anti-ASGMI treatment. To test this possibility, the

following experimental protocol was designed (Fig. 1). B6AFI miœ were TX

and two weeks later they were treated with either CA or anti-ASGMI

antibody in order te e1irn;nate the Fl-anti-parental effector cell. Two days

after either CA or anti-ASGMI treatment, adrenalectomy was performed,

and 5 months after adrenalectomy GVHD was induced by an injection of

20xl06 A strain PLC. In agreement with our previous results, the Fl-anti­

parental effector cell was abrogated with CA two days before GVHD

induction resulting in GVHD-induœd immunosuppression on day 21

(results not shown) (9), however, it was renewed in most (6/8) TX ADX
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animaIs 5 months after CA treatment, leading to recovery from GVHD

symptoms on day 21. Recovery from GVHD was assessed by near normal

responses to PHA and LPS, near normal numbers of splenic host T cell

populations, partieularly CD4+ T cells, and low splenic chimerism (Table 2).

The findings that the Fl-anti-parental effector cell was renewable 5 months

after being eliminated with CA treatment, even in the absence ofa mature

thyous, suggests that the effector cell was not dependent a mature thymus

for renewal after glucocorticoid treatment.

In aceord with our previous results, the Fl-anti-parental effector cell

was abolished with anti-ASGMI treatment two days before GVHD

induction and resulted in GVHD-induced immunosuppression on day 21

(results not shown) (9). In contrast to the CA-treated groups, the Fl-anti­

parental effector cell remained absent in both SHTX ADX and TX ADX

recipients even 5 months after treatment with anti-ASGMI antibody,

resulting in GVHD symptoms on day 21 after disease induction (Table 2).

GVHD symptoms were characterized as severe suppression ofsplenic T and

B cells, severe deficiency of splenic host CD4+ cells, and high splenic

chimerism. These results suggest that the Fl-anti-parental effector cell

was not renewed 5 months after anti-ASGMI treatment. Because the

effector cell was not renewed in ADX recipients with an intact thymus (ie.

SHTX ADX mice), this further implies that the effector cell was not thymic

dependent. Taken together the above results suggest that the Fl-anti-
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parental effector cell was not dependent on a mature thymus and was

renewable 5 months after glucocorticoids treatment. but not after anti­

ASGMI treatment.

Discussion

In our recent report, we demonstrated that ADX, but not non-ADX,

B6AFl mice injo?cted with 20x106 A strain PLC recovered rapidly from

GVHD symptoms by days 18-21, after an initial two week manifestation of

GVHD (9). The rapid recovery from GVHD symptoms was attributed to the

elimination orthe parental graft by an F1-anti-parental mechanism, after

an initial period ofengrafl;ment (9). The F1-anti-parental mechanism was

mediated at least in part by an effector cell that was sensitive to

glueocorticoids, anti-ASGM1 and anti-CD8, but not anti-NK1.1, treatment

(9).

In the present report, we investigated whether the F1-anti-parental

effector celI was thymie derived since it was CDS- (9). Our results showed

that the Fl-anti-parental effector cell was e1jmjnated two days after CA

treatment, but was renewed 5 months after the treatment, even in the

absence orthe thymus. Conversely, the F1-anti-parental effector eell was
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not renewed 5 months after anti-ASGMI treatment despite the presence of

the thymus. Thus the effector cell èoes not appear to be depe:ldent on a

mature thymus. This raises the possibility that the CDS' effector cell may

be derived from an extrathymie environment. Numerous investigators have

shown that CDS' eells are present in the spleen of athymie nude miel.' and

that CDS' eells do not neeessarily require a thymus to mature (20-23).

Furthermore, precursors of CDS+ eells derived from athymie miel.' can

mature in an extrathymie environment and beeome funetional CDS+ eells

with self-MHC restricted cytotoxicity (24-26). Based on these studies, it is

quite possible that the CDs+ effector cell eould be derived &om a preeursor

cell that matures in an extrathymie environment.

It is ofinterest to observe that the Fl-anti-parental effeetor eell was

not renewed even 5 months after anti-ASGMI treatment. One possible

interpretation of these results is that the effector eell is derived &om a

precursor call that is ASGMI+. This is supported by evidence showing that

ASGMI antigens are expressed on preeursor eells such as precursor CTL

(27-29). In addition, studies have shown that the ASGMr preeursor CTL

give rise to mature effector CTLs and that e1imination ofthe preeursor CTL

leads to a reduetion in cytotoxie activity (27, 2S). It is therefore coneeivable

that the Fl-anti-parental ASGMr preeursor cel1 differentiates into the

mature Fl-anti-parental effector eell. Furthermore, our previous report

revealed that the effector cel1 was also ASGMr (9). Thus treatment with

anti-ASGMI antibody appears to eliminate both the effector and preeursor
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œil, leading to a permanent loss of the Fl-anti-parental mechanism

suggesting that the Fl-anti-parental effeetor eell may be derived from a

stem eell that is also ASGMr. However, studies have shown that anti-

ASGMI treatment does not result in a permanent elimination ofprecursor

CTL sinee eytotoxicity activity returns to normal (27, 30, 31). It is thus

possible that the Fl-anti-parental effector cell is derived from a separate

lineage than eonveutional CDS- CTL.

Unlike the anti-ASGMI treated groups, our results showed that the

Fl-anti-parental effector eell was renewed 5 months after glueocorticoid

treatment. Although we do not know t.~e exact time when the Fl-anti-

parental effector cell is renewed after glucocorticoid treatment, studies have

shown that the high doses ofglucocortieoids injected into miee are cleared

from the body within two weeks after the injection (32, 33). This would

suggest that the Fl-anti-parental cell could be renewed as early as two

weeks after glucocorticoid treatment. A possible explanation for the

renewable oftheFl-anti-parental effectorcell afterglucocorticoid treatment

is that the Fl-anti-parental precursor cell is resistant to glucocorticoids

whereas the effector cell is DOt. This is quite feasible sinœ precursor B

cells in the bone marrow have been shown ta be glucocorticoid resistant,

while mature B cells are glucocorticoid sensitive C34, 35). The Fl-anti-

parental precursor cell could differentiate into the effector cells if the

effector cells are elirnjnated by glucocorticoids, henœ renewing the pool of........~ ..

effector cells. The Fl-anti-parental effector cell may therefore be regu1ated
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by physiologicallevels ofendogenous glucocorticoids where it is eliminated

or suppressed by high levels of circulating glucocorticoids but is renewed

when glucocorticoids return to basallevels.

In our previous report, we showed that the Fl-anti-parental effector

cell appears to target parental non-T cells (9). The injection of parental

splenic cells into unirradiated FI recipient can give rise to long term

chimerism since the spleen contains haematopoietic stem cells (36, 37).

Because parental splenic cells were employed to induce GVHD, elimination

ofthe parental non-T cells is likely to include the stem cells in the parental

graft. This implies that the Fl-anti-parental effector cell may also target

haematopoietic stem cells present in the bone marrow and may play a role

in late rejection ofT cell depleted bone marrow grafts after an initial period

of engraftment (38-40). Studies have shown that late rejection of T cell

depleted marrow grafts correlates strongly with an increase in circulating

CD8+ cells of host origin (41-43). Since T cell depletion of bone marrow

grafts markedly reduces the incidence ofGVHD, immunosuppressive drugs

such as steroids are rarely used as posttransplant treatment in controlling

GVHD (38-43). Interestingly, severa! groups ofinvestigators observed that

treatment of patients with steroids after transplantation with T cell

depleted bone marrow causes the disappearance ofhost CDs+ and reverses

late graft rejection (44-46). It was proposed that the late graft failure may

be reversed by treatment with steroids (44-46). Based on these studies, the

CDs+ Fl-anti-parental effector cell described in our system may also be
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involved in late rejection ofT cell depleted bone marrow.
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TABLE I. Effeet of thymectomy on the Fl-anti-parental cell rejection

Mitogen-induced proliferation of Absolute number of splenic
splenic cells (xI01

) [% SYN) host T cell populationsb(xW")
Treatment"

Groups" TX ADX PHA LPS CD4+ CD8' Splcllic
chimcrism (%)

SYN - - 47.4 ± 8.3 41.8 ± 1.5 23.0 ±4.6 20.0 ±7.9 ND'
(2) (100) [100]

SYN + - 65.0 ±5.8 43.2 ±0.3 21.2 ± 1.9 15.5 ±4.4 ND
(2) [100] (l00]

GVHD - - 4.8 ± 2.6 -1.7 ± 1.0 3.3 ± 0.9 13.9 ± 2.7 22.5 ±5.4
(6) [10.2 ±5.5] [-4.1 ± 2.4]

GVHD + - 5.3 ± 3.3 2.3 ±7.6 5.1 ± 2.2 16.4 ± 3.3 18.5 ± 4.9
(8) [8.2 ±5.1] [5.3 ± 7.6]

SYN - + 88.0 ± 1.0 44.5 ±4.1 26.4 ±0.9 20.4 ± 3.0 ND
(2) [100] [100]

SYN + + 80.1 ± 2.0 39.3 ± 10.4 21.7 ± 2.7 20.6 ± 3.7 ND
(2) [100] (l00]

GVHD - + 60.6 ± 13.5 27.8 ± 7.3 32.9 ± 8.1 37.8 ±4.9 3.0 ± 1.7
(6) [68.9 ± 15.3] [62.5 ± 16.4]

GVHD + + 44.7 ± 5.1 23.2 ± 5.8 18.3 ± 2.4 24.7 ± 2.6 0.8 ± 0.7
(12) [59.9 ± 6.3] [59.0 ± 14.8]

"B6AFI mice were TX or SHTX at 6-7 weeks of age. followed two weeks later by adrenalectomy. Five months aCter adrenaleelOmy
GVHD was induced with 20xlOO A strain PLC and mice were sacrificed on day 21 aCter disease induction. Number of mice pcr group
is in parenthesis. Data are presented as the mean ± SE.
bAbsolute number was calculated as foUows: (Splenit.: cellularity X Incidence)/I00.
'ND: not done.
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TABLE Il. Long tenu effect of CA and anti-ASGMI treatment on the FI-anti-parental cell rejeclion.

Mitogen-induced proliferation of Absolute number of splenic
splenic cells (xI01) [% SYN) hosl T ccII populationsb (xIO")

Groups' TX' Treatment' PHA LPS CD4+ CD8+ Splenic
chimerism ('ff.)

SYN (2) - CA 110.4 ± 6.0 40.6 ± 4.2 38.1 ± 1.4 23.3 ± 5.3 ND'
(100)) (100)

SYN (2) + CA 47.9 ± 19.5 41.8 ± 6.1 10.0 ± 1.4 8.9 ± 4.5 ND
(100] (100]

GVHD - CA 42.6 ± 13.7 20.7 ± 6.5 27.1 ± 7.5 33.2 ± 3.2 3.7 ± 1.5
(5) [38.5 ± 5.4] [50.9 ± 16.0]

GVHD + CA 34.7 ± 88.3 36.3 ± 6.6 22.0 ± 2.2 35.1 ± 4.9 0.8 ± 0.7
(6) [88.3 ± 16.3] [86.8 ± 15.8]

SYN (2) - ASGMI 86.9 ± 12.5 51.2 ± 2.1 17.4 ± 2.6 15.2 ± 3.1 ND
[100] [100]

SYN (2) + ASGMI 60.9 ± 15.7 32.4 ± 5.9 25.3 ± 4.6 17.4 ± 1.9 ND
(100] (100]

GVHD - ASGMI 14.1 ± 5.5 2.6 ± 3.7 5.4 ± 2.6 20.0 ± 1.8 24.4 ± 6.2
(7) [16.2 ± 6.4] [5.0 ± 7.3]

GVHD + ASGMI 4.1 ± 1.9 -1.5 ± 0.8 3.8 ± 0.7 20.8 ± 3.1 11.2 ± 3.6
(10) [6.8 ± 3.1] [-2.5 ± 1.3]

'B6AFI mice were TX (+) or SHTX (-) at 6·7 weeks of age and treated with CA or anti-ASGMI treatment two wecks laler. Ail
B6AFI mice were ADX two days after either CA or anti-ASGMI trealment and GVHD was induced 5 months later wilh 20xlO" A
strain PLC (see Fig. 1). Mice were sacrificed on day 21 after GVHD induction. Number of micc per group is in parenthesis. Data
were obtained from two separate experiments and are presenled as the mean ± SE.
bAbsolute number is calculated as follows: (Splenic ccllularity X Incidence)/Ioo.
CND: not done.
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Fig. 1. Experimental protocol. B6AFI mice were surgically thymectomized

(TIC) at 6-7 weeks of age. Two weeks later, the mice were treated either

with 2.5 mg of cortisone acetate (Merck Sharp & Dohme Canada., Quebec,

Canada) or 70 uganti-asialoGMI (anti-ASGMI) antibody (Wako Chemicals,

Dallas, Texas), followed two days later by surgical adrenalectomy.

Adrenalectomized (ADX) mice were maintained on physiological saline in

lieu of drinking water for the duration of the experiment. Five months

after adrenalectomy GVHD was induced with an i.v injection of 20xl06 A

strain parental lymphoid cells (PLC) (ie. spleen and LN cells). On day 21

after GVHD induction, the mice ",ere sacrificed and the spleen was

removed for assay.
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CHAPTER5 THE ROLE OF ENDOGENOUS

GLUCOCORTICOIDS ON HOST T CELL

POPULATIONS IN THE PERIPHERAL

LYMPHOm ORGANS OF MICE UNDERGOING

GRAFT-VERSU8-HOST DISEASE1

•

The studies in this chapter investigate the effects of endogenous

glucocorticoids on host T cell populations in the peripherallymphoid organs

dllring GVHD.

tnlis manuscript is in press in Transplantation, 1995.
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ABSTRACT

We have previously demonstrated thatimmature CD4+S+ and mature CD4+

thymocyte populations were selectively eliminated during murine graft­

versus-host disease (GVHD) as a consequence of elevated levels of

endogenous glucocorticoids. In this report, we investigated whether the

marked reduction ofCD4+S+ and CD4+ thymocyte populations would affect

host CD4+ and CDS+ T cell populations in the spleens and lymph nodes

(LN) of mice undergoing GVHD. GVHD was induced in (C57BLl6xA)Fl

(B6AFl) mice by injecting A strain parentallymphoid cells. Using an

antibody against H2K,b antigens, labelled host B6AFI cells were

distinguished from unlabelled donor A cells. Our results demonstrated a

marked deficieney ofhost CD4+ and CD8+ T cells in the spleens and lymph

nodes (LN) of GVHD mice on day 21 after GVHD induction. The severe

reduction ofhost T cell populations in the peripherallymphoid organs did

not appear to result from the "Hmination of CD4+8+ and CD4+ thymocyte

populations. However, adrenalectomybefore GVHD induction reversed the

severe loss of both host CD4+ and CDs+ T cell populations in the LN of

GVHD mice on day 21, whereas, cortisone treatment of adrenalectomized

(ADX) GVHD mice resulted in reduction ofhost LN CD4+ and CDs+ T cell

populations similar to that observed in non·adrenalectomized (non-ADX)

GVHD animals on day 21. In addition, adrenalectomy markedly improved

the proliferative response of LN T cells to mitogens when compared to
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immunosuppressed T cells from the LN of non-ADX GVHD mice. In

contrast, adrenalectomy did not reverse splenic T cell immunosuppression

and the marked reduction of splenic host T cell populations during GVHD.

These results suggest that high levels ofendogenous glucocorticoids during

GVHD play a central role in mediating severe deficiency of host T cell

populations and inducing severe T cell immunosuppression in the LN, but

not in the spleen, of GVHD mice.
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INTRODUCTION

We have previously demonstrated that mice undergoinggraft-versus­

host disease (GVHD) experience severe thymic involution in association

with thymic dysplasia (1-3). As a consequence ofGVHD-induced stress, the

adrenal glands secrete excessive amounts of glucocorticoids (4-6) which

eliminate the steroid sensitive immature CD4+8+ thymocyte population,

resulting in severe thymic involution (7). Surgical adrenalectomy prior to

GVHD induction prevents thymic involution (7, 8), and adrenalectomy

during the course ofGVHD returns the involuted thymus to normal (9, 10).

ln addition, we have shown that mature CD4+ thymocytes fail to acquire

steroid resistance as they undergo maturation in a GVHD-induced

dysplastic thymus (7). Consequently, the CD4+ thymocytes are selectively

e1iminated in the presence of high levels of endogenous glucocorticoids

during GVHD, and thus adrena1ectomy before GVHD induction prevents

the elimin ation of the CD4+ thymocyte population (7).

In the present study, we investigated whether the elimin ation of

CD4+8+ and CD4+ thymocyte populations during GVHD would affect host

CD4+ and CDs+ T cell populations in the spleens and lymph nodes (LN) of

GVHD mice. GVHD was induced in unirradiated B6AFI hybrid recipients

by an intravenous injection ofA strain parentallymphoid cells. Our results

demonstrated that severe deficiency ofhost (ie. FI origin) CD4+ and CDs+
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T cell populations in the peripherallymphoid organs during GVHD do not

appear to result from the eiimination of CD4+S+ and CD4+ thymocyte

populations. However, bigh levels of glucocorticoids during GVHD play a

central role in suppressing T cell functions and in markedly decreasing the

total number ofhost CD4+ and CDS+ T ce1l populations in the LN, but not

in the spleen, of GVHD mice.

MATERIALS AND METHODS

Animals. Mice ofthe inbred strains A (H2"), C57BI16 (B6) (H2b
), and their

FI hybrids, B6xAFl (HZ"&) (B6AFl) were used. AIl mice were bred and

maintained in our animal colony. Donor A anjmals were 6-12 months old.

B6AFI reci.pients were older than 3 months. Both sexes were employed in

the experiments.

Thymectomy (TX) and Sham-thymectomy (SH-TX). B6AFI mice were

thymectomized at 12 weeks of age under ether anaesthesia as previously

described (11). At the conclusion of the experiment each animal was

autopsied to determine the adequacy of the surgical thymectomy. Sham­

thymectomy was also performed on B6AFI mice as control for the surgery.
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Adrenalectomy. B6AFI mice were adrenalectomized (ADX) at 9-10 weeks

of age and were used 2-3 months after adrenalectomy. Surgica1

adrenalectomy was performed under ether anesthesia as described

previously (7,8). ADX mice were maintained on physiologica1 saline in lieu

of drinking water for the duration of the experiment.

Induction of GVHD. GVHD was induced as previously described (3, 4).

Briefly, single cell suspensions were prepared from pooled spleens and

lymph nodes by gently tamping them through a 50-mesh stainless steel

screen. GVHD was induced with either 30, 35 or 50xl06 A strain parental

lymphoid cells iDjected Lv. into age-matched unirradiated ADX and non­

ADX B6AFI hybrid recipients. B6AFI mice iDjected with B6AFllymphoid

cells were used as syngeneic controls. Normal B6AFI mice received no

iDjection.

Mitogen Assays. On different days after GVHD induction, the spleen was

removed from individual B6AFl recipient and made into a single cell

suspension. T cell proliferative responses to Concanavalin A (Con A)

(Pharmacia, Fine Chemica1s, Uppsala, Sweden) and phytohemaglutinin

(PHA) (Wellcome ResearchReagent Limited, Dartford, UK) were evaluated

by ('lH] thymidine incorporation, as previously described (3). Brief1y, 5xl06

splenic cells were cultured for 48 hrs in triplicate with or without mitogen
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in a 96 weB titer plates. The plates were pulsed with 1 )lCi/well of [3H]

thymidine for 16 hrs and then harvested with an automated cell harvester.

[3H] thymidine incorporation was quantitated on a beta counter (LKB

Instruments, Turku, Finland).

Immunofluorescence Staining. On different days after GVHD induction,

spleens and LN were removed from B6AF1 recipients and made into single

cell suspensions. Stajnjng was performed in 96 well plates. One million

cells in a 50 ul volume of Hanks' balanced salt solution (GffiCO., Grand

Island, NY) were incubated with 50 ul ofthe appropriate reagents on ice for

30 mins. After each incubation the plates were washed twice. Incubation

and washing was repeated for the secondary reagent. After the final wash,

the samples were fixed in 1 ml of 1% paraformaldehyde and stored at 4°C.

The fixed cell samples were analyzed by a FACScan (Becton-Dickinson,

Mountain View, CA) and 5000 tlow cytometry events were counted per

sample. A selective gate, excluding cell debris and erythrocytes, was set

usingfurw~dli~tsœtte~

Reagents for Flow Cytometry. FITC conjugated anti-H2K." (Clone AF6-88.5),

phycoerythrin conjugatedantî-CD4 (Clone YTS 169.4) and biotinylated anti­

CD8 (Clone 53-G.7) monoclonal antibodies (mAbs) were employed for triple

immunotluorescence. AU mAbs and the secondary reagent, strepavidin-
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cychrome, were purchased from Cedarlane, Hornby, Ontario, Canada. AlI

reagents were diluted as recommended.

Corticosterone (CS) Measurement. AlI mice were handled each day for the

duration of the experiment. On day 21 after GVHD induction, cardiac

puncture was performed while the mice were under ether anesthesia.

Blood was collected in tubes containing EDTA between 0900 and 1100 br.

Plasma was extracted from the blood and aliquots were frozen at -20°C

until assayed. Plasma corticosterone levels were determined by using a

radioimmunoassay kit for rats and mice (ICN Biomedica1s, CA) and the

procedure was followed as instructed.

Cortisone Acetate (CA) Treatment. B6AF1 mice were injected i.p. with a

single dose of2.5 mg ofcortisone acetate (Merck Sbarp & Dohme Canada.,

Quebec, Canada), in a total volume of 0.5 ml saline.
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RESULTS

Effect of endogenous glucocorticoids on thymocyte populations in mice

undergoing GVHD. A prominent feature of GVHD is stress-mediated

thymic involution (1, 7, 9, 10). In this report, GVHD was induced in

unirradiated B6AF1 hybrid mice with an i.v. injection of 35x10· A strain

parental lymphoid cens. Our results showed that on day 9 after GVHD

induction, the steroid sensitive immature CD4+8+ populationwas decreased,

leading ta a reduced thymie cellularity in non-ADX GVHD mice (Table 1).

By day 24 a greater reduction ofthe CD4+8+ thymocyte population resulted

in severe thymie involution. In addition, the mature CD4+, but not CD8+,

thymocyte population was selectively elimjnated by day 24, thus leading ta

a decrease of the CD4+/CD8+ thymocyte ratio (Table 1). Coincident with

thymie involution, plasma corticosterone (CS) levels weI'E' elevated on days

9 and 24 (Table 1). Surgical adrenalectomy before GVHD induction

markedly decreased the levels of plasma CS and abrogated thymic

involution and maintained normal numbers ofCD4+8+ and CD4+ thymocytes

(Table 1). These results are in accord with our previous reports (1, 7, 8)

and confirm that GVHD induced in our mice causes the adrenal glands ta

secrete excessive amounts of glucocorticoids resulting in severe thymie

involution in association with a marked reduction of CD4+8+ and CD4+

thymocyte populations.
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Marked reduction of Mst CD4'" and CDS- T cell populations in the spleen

and LN of mice undergoing GVHD. Having established that CD4+S+ and

CD4· thymocyte populations were selectively eliminated in our GVHD mice

(Table 1), we next investigated whether the host (ie. B6AFI origin) T cell

populations in the spleen and LN of GVHD mice would follow a similar

fate. In this study, the peripheral T cell populations were identified using

monoclonal antibodies (mAbs) against CD4 and CDS antigens. In addition,

an anti-H2K> mAb was employed to distinguish labelled host B6AFI cells

from unIabelled donor A cells, as previously reported by Hakim et al. (12).

Our results showed that the absolute number of splenic host CD4+ T cells

was markedly reduced in the first two weeks of GVHD (ie. days 7 and 14),

in contrast, to an increase ofthe host CDS- T cells (Table 2). Furthermore,

the decrease ofhost CD4+ T cells occurred as early as day 7 after GVHD

induction (Table 2), which preceeded the e1imination of CD4+ thymocytes

(Table 1). Similar changes were observed in the LN ofGVHD mice where,

after an early inerease on day 7, host CD4+ and CDS- T cells were

deereased on day 14 (Table 2). By day 21, both host CD4+ and CDS- T cell

populations in the spleens and LN of GVHD mice were severe1y deficient.

Owing to greater loss of host CD4+ T cells than CDS+ T cells, the host

CD4+/CDS- T cell ratio wu reversed (ie. 0.2-0.4:1) (Table 2). These findings

showed that host CD4+ and CDS- T cell populations in the spleens and LN

of GVHD mice were markedly deficient by the third week of GVHD.
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Effect ofthymectomy on host T cell populations in the spleen and LN ofmice

undergoing GVHD. We next investigated the possible meehanism(s)

responsible for the severe deficiency ofhost T eell populations in the spleen

and LN of GVHD miee. Table 1 demonstrated that GVHD miee

experieneed severe thymie involution resulting from the elimination of the

CD4+8+ and CD4+ thymocyte populations. We therefore explored the

possibility that GVHD-indueed thymie involution may cause a funetional

thymeetomy which was responsible for the depletion of peripheral host T

cell populations dur.ng GVHD. To test this possibility, BSAFI mice were

thymectomized (TIC and GVHD was indueed with 20x106 A strain parental

lymphoid cells 5 months after thymeetomy. Our results showed that TX

GVHD miee displayed a severe 1055 of splenie host CD4+ T cell population

and an inverted host CD4+/CDg+ T cell ratio on day 21 (Table 3). In

addition, thymectomy of normal mice after 5 months caused a non-specifie

decrease in the CD4+ and CD8+ T eell populations in the spleen, however,

without altering the splenie CD4+/CD8+ T eell ratio (Table 3), implying that

thymectomy alone could not cause reversaI ofthe CD4+/CD8+ T cell ratio in

the spleen. Taken together, these findings suggest that the marked

decrease of host CD4+ and CDg+ T eell populations in the peripheral

lymphoid organs of GVHD mice did Dot appear to result from the

elimin atioD of CD4+g+ and CD4+ thymocytes.
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RaIe ofendogenous glucocorticoids on peripheral host T cell populations in

GVHD mice. We next examined whether endogenous glucocorticoids may

be involved in the marked reduction ofhost T ceIl populations in the spleen

and LN of GVHD mice since the levels of plasma CS were elevated during

GVED (Table 1) (4-6). To study this possibility, B6AF1 mice were

adrenalectomized (ADX) two months before GVHD induction. Although

adrenalectomy prevented thymic involution and maintained normallevels

of T cell subsets in the thymus (Table 1) (7), it did not prevent the severe

reduction ofhost CD4+ and CDS+ T cel1s in the spleen ofGVHD mice on day

21 (Table 4). In the first two weeks of GVHD, host CD4+ and CDs+ T cel1

populations in the spleens ofADX GVHD mice underwent changes similar

to non-ADX GVHD animaIs. By day 21 host CD4+ and CDs+ T cel1s in the

spleen ofADX GVHD mice were markedly reduced to values similar to non­

ADX GVHD counterparts (Table 4). In contrast, adrena1ectomy appeared

to protect against the severe loss ofhost CD4+ and CDS+ T cel1 populations

in the LN of GVHD mice (Table 4). In the first week of GVHD (ie. day 7),

host CD4+ and CDS+ T ce1l populations in the LN of ADX GVHD mice

(Table 4) increased to values simi1ar to non-ADX GVHD animaIs (Table 3).

However, by day 21 host CD4+ and CDS+ T ce1ls in the LN of ADX GVHD

mice decreased to values similar to ADX SYN control mice (Table 4),

whereas, host LN T ce1ls in non-ADX GVHD animaIs were markeclly

reduced when compared to non-ADX SYN control animaIs (Table 2).
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Although the decrease of host LN CD4+ and CD8+ T cells in ADX GVHD

mice on day 21 was significant, the reduction was, however, slight when

compared ta the marked reduction of splenic host T cell populations (Table

4). To reproduce the effects of high endogenous glucocorticoids, ADX

GVHD mice were treated with a single high dose of cortisone acetate (CA).

Our results showed that CA treatment of ADX GVHD caused a severe

deficiency of host LN T cell populations on day 21 (Table 5) similar to the

untreated non-ADX GVHD counterparts (Table 2). These results were

reproducible in ADX B6AF1 recipients injected with 30 or 50x:iOG A strain

parentallymphoid cells (results not shown). Thus these findings suggest

that the marked reduction ofhost CD4+ and CDs+ T cells in the LN, but not

in the spleen, of GVHD mice was mediated largely by high levels of

endogenous glucocorticoids.

Effect of endogenous glucocorticoids on T cell functions in the peripheml

lymphoid organs. Studies were next conducted to determine the effects of

endogenous glucocorticoids on T cell functions in the spleen and LN of

GVHD mice, as assessed byin vitro thymidine incorporation in response to

Con A and PHA T cell mitogens. Mitogen-induced proliferation of T cells

in the spleen and LN of non-ADX GVHD mice was decreased as early as

day 7 and was severely suppressed as the diseasc progressed to day 21 (Fig.

lA, B). Adrenalectomy failed to prevent severe T cell immunosuppression
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in the spleen of ADX GVHD mice since T cell mitogenic responses were

equally suppressed when compared to non-ADX GVHD counterparts (Fig.

lA). In contrast, adrenalectomy marked1y improved the proliferative

responses ofLN T cells on days 14 and 21 (Fig. lB). It appears that during

the first three weeks of GVHD, high levels of endogenous glucocorticoids

play a major role in suppressing T cell functions in the LN, but not in the

spleen, of GVHD mice.

Degree of chimersim in the peripheral lymphoid organs of non-ADX and

ADXGVHD mice. Severa! studies have shown that donor cells are actively

involved in suppressingT cell functions and e1jmjnating host T cells during

GVHD (13-16). To examine whether the presence of donor cells in the

spleen of GVHD mice may account for the dysregulation and dysfunction

of host splenic T cell populations, we compared the degree ofchimerism in

the spleens and LN of GVHD mice by employing an anti-H2K,b mAb to

distinguish unlabelled A donor cells from labelled B6AF1 host cells. Our

results demonstrated that high splenic chimerism was present in the spleen

ofboth non-ADX and ADX GVHD mice on aIl ofthe days studied (Table 6).

Conversely,low chimerism was detected in the LN ofboth GVHD groups.

Thus the high degree of splenic chimerism may account for the marked

reduction and suppression ofhost T cells in the spleen of GVHD mice.
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DISCUSSION

We have previously demonstrated that GVHD mice experienced severe

thymic involution and elimination of the CD4+S+ and CD4+ thymocyte

populations (l, 2, 7, S). In this report, we examined whether the marked

reduction ofthe CD4+S+ and CD4+ thymocyte populations would affect host

T cell populations in the spleens and LN ofmice undergoing GVHD. GVHD

was induced in B6AF1 mice by an ï.v. injection of A strain parental

lymphoid cells. Using a mAb against H2Kb antigens, labelled host (ie.

B6AF1) cells were distinguished from unlabelled donor A cells. Our

findings showed that the marked reduction ofhost CD4+ and CDS+ T cell

populations in the spleens and LN ofGVHD miee on day 21 did not appear

to result from GVHD-induced thymic atrophy Binee thymectomy had no

effect on the depletion of these peripheral host T cell populations during

GVHD (Table 3), and the decrease ofhost CD4+ T cells in the spleen on day

7 (Table 2) preeeeded the elimination of CD4+ thymocytes (Tables 1).

Interestingly, the severe defiency ofhost T cell populations in the LN, but

not in the spleen, ofGVHD mice appeared to be mediated by high levels of

endogenous glucocorticoids Binee adrenalectomy prior to GVHD induction

reversed the drastic decline ofhost LN CD4+ and CDS+ T cell populations

(Table 4). Furthermore, CA treatment of ADX GVHD mice (Table 5)

redueed the host LN T cell populations to values similar to those observed
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in untreated non-ADX GVHD mice (Table 2).

The kinetics of host T cens in the LN of GVHD mice parallels the

activation of peripheral T cens in response to superantigens (17-19).

Injection of superantigens into normal mice causes a large number of

peripheral CD4+ and CD8+ T cells to proliferate fonowed by a rapid decline

in the responsive T cens as a consequence of cell death (20). The rapid

decline of superantigen-activated T cens appears to be mediated by an

increase secretion of glucocorticoids that causes apoptotic cell death (21,

22). In the present study and those reported by others, the levels ofCS in

the plasma of non-ADX GVHD mice were elevated as early after the first

week and up to a month after GVHD induction (4-6). Thus persistent

elevated levels of glucocorticoids during GVHD (Table 1) may induce

apoptotic cell death of proliferative host T cells in the LN, resulting in

severe deficiency ofthese cells by day 21.

We have recently demonstrated that adrenalectomy before GVHD

induction prevents the glucocorticoid-mediateddownregulation ofp561ckand

p59f1n, two src family protein tyrosine kinases involved in T cell signalling

(23-26), and thus restores mitogen-induced T cell proliferation to near

normal (27). In this report, adrena1ectomy reversed the severe suppression

ofmitogen-induced proliferation ofT cell in the LN on days 14 and 21 (Fig.

lB). T cell immunosuppression in the LN ofnon-ADX GVHD mice, when

compared to ADX GVHD animal'l, could not be due to a decrease in T cell
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number since the incidence of T cells in the LN of non-ADX GVHD mice

were similar in ADX GVHD counterparts (Table 4). It is most likely that

downregulation of p561ck and p59ryn kinases mediated by high levels of

endogenous glucocorticoids is responsible for the immunosuppression of T

cells in the LN on days 14 and 21. We observed that adrenalectomy of

GVHD mice markedly improved, but did not restore. the proliferative

responses of T cells to normal values. This suggests that endogenous

glucocorticoids are not the only factors involved in T cell

immunosuppression. It has been demonstrated that interferon-y (IFN-y)

and nitric oxide (NO) production during GVHD suppresses mitogen-induced

proliferation ofT cells, whereas, anti-IFN-y antibody or L-NJ-monomethyl

arginine. a specifie inhibitor ofnitric oxide synthesis, highly ameloriates T

cell proliferation (28, 29). Although other factors are involved in T cell

immunosuppression. our study suggest that elevated concentrations of

circulating glucocorticoids during GVHD appear to play a central role in

inducing T cell immunosuppression in the LN of GVHD mice.

In contrast to the LN, a marked decrease of splenic host T cells on

day 21 (Table 2) was not entirely due to endogenous glucocorticoids since

adrenalectomy did not reverse the severe deficiency of splenic host T cells

(Table 4). It appears that host T cells in the LN, but not in the spleen, are

sensitive to high levels of endogenous glucocorticoids during GVHD,

suggesting that the LN and spleen may have different degrees ofsensitivity
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to glueoeortieoids. Although the meehanism responsible for the differential

degree of sensitivity of the spleen and LN to glueoeotieoids during GVHD

is unknown, it is possible that GVHD caused a specifie marked reduetion

of heat shoek protein 90 (hsp90) in the spleen. The actions of

glueoeortieoids are mediated by the glucoeorticoid reeeptor, however, in its

UIÙiganded (ie. inactive) form the glucoeortieoid receptor requires

association with hsp90 to be functional (30, 31). Studies have shown that

higher level ofhsp90 in an organ is associated with increased sensitivity of

that organ to glueocorticoids (32). Moreover, when hsp90 is marked1y

reduced glueocorticoid receptor function is deficient although glucocortieoid

is bound to the receptor (33). Interestingly, Vamvakopoulos et al.

demonstrated that chronie stress induces a specifie marked reduction of

hsp90 in the liver and spleen, but, not in the brain, thymus, testis or

adrenal glands (34). In addition, these investigators showed that the

specifie marked decrease of hsp90 in the 61>leen and liver is not mediated

by high levels ofglucocorticoids and propose that the marked reduction of

hsp90 in the spleen and liver could desensitize these organs to

glueocorticoids (34). Based on these studies, we specu1ate that GVHD

induces chronie stress which may cause a specifie marked reduction of

hsp90 in the spleen, but not in the LN, thereby rendering host splenie T

cells less sensitive to glucocorticoids.

The mechanism(s) responsible for the severe decrease ofsplenie host
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CD4" and CDS" T cell populations, however, remains unknown. Indirect

evidence suggests that the induction ofFas antigen on T cells mediated by

cytokines such as IFN-yand tumour necrosis factor-a could lead to apoptic

cell death (35). As early as the first week of GVHD, interleukin-2, IFN-y

and tumour necrosis factor-a are markedly upregulated (36, 37). Hence,

these cytokines could stimulate host T cells to increase expression of Fas

antigen, and may result in increased susceptibility of host T cells to

apoptotic cell death.

Interestïngly, a relative1y high number ofdonor cells was detected in

the spleens of both non-ADX and ADX GVHD mice throughout the three

week period of GVHD, whereas the LN contained very few donor cells

(Table 6). Parental-anti-Fl cytotoxic donor cells are generated in the spleen

ofGVHD mice and are involvedin the elimination ofhost parental cells (15,

16, 3S). In addition, T cell functions during the first three weeks ofGVHD

are active1y suppressed by suppressor cells of donor origin (13, 14) and

suppressor factors such as IFN-y, nitric oxide and prostaglandin (2S, 29,

39). Hence, high leve1s of donor cells in the spleens ofboth non-ADX and

ADX GVHD mice could e1iminate splenic host T cells by day 21 and could

induce severe splenic T cell immunosuppression on days 14 and 21, without

affecting LN host T cells•
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Table 1. Effeet of endogenous glucoconicoids on the different thymocyte populations during GVHD'

Groups Days after Plasma Thymic % Incidence of Ratio of Absolute number' of
GVHD CS levels cellularity thymocyte populations CD4'/CD8' thymocyte populations

induction (ng/ml) (x106
) (x106

)

CD4' CDS' CD4'S' CD4' CD8' CD4'8'

Non-ADX -- 83.4 34.7 12.7 7.1 75.0 1.8 4.4 2.4 26.0
SYNc ±6.4 ± 1.6 ± 0.9 ±0.6 ±1.1 ±O.l ±0.2 ± 0.1 ± 1.6

ADX -- 27.9 50.1 11.1 5.2 78.3 2.3 5.6 2.6 39.4
SYN ±9.2 ± 13.4 ± 1.0 ± 1.5 ±2.8 ±0.3 ± 1.5 ±0.8 ± 11.1

Non·ADX 9 190.0 23.3 12.6 9.7 71.2 1.3 3.1 2.3 16.5
GVHD4 ± 15.S ± 1.4 ±2.6 ±0.3 ±3.4 ±0.2 ± 0.7 ±0.2 ± 0.9

ADX 9 25.1 55.8 13.9 6.1 75.0 2.3 7.8 3.4 41.9
GVHD ± 10.7 ± 6.1 ±O.7 ±0.3 ±0.9 ± 0.1 ±1.1 ±0.3 ± 4.5

Non·ADX 24 378.0 8.6 27.S 33.7 44.2 0.8 2.4 2.9 3.8
GVHD ± 82.2 ±4.0 ±7.2 ± 3.9 ±4.7 ±0.2 ±0.6 ±0.3 ± 0.4

ADX 24 13.1 40.6 16.2 7.6 71.0 2.1 6.6 3.1 28.7
GVHD ±5.6 ± 8.7 ± 1.3 ±4.9 ±8.4 ±0.2 ±0.5 ±0.2 ± 8.6

'Data arc present as the mean ± SE of 4-5 mice per group.
bAbsolute number was calculated as (% Incidence x Thymic cellularity)/IOO.
cSYN groups are B6AFI mice injeeted Lv. with 35xlO6 B6AFI strain Iymphoid cells.
"OVHD groups arc B6AFI mice injeeted Lv. with 35xlW A strain parentallymphoid cells.
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Table 2. Host T cell populations in the spleen and LN of non·ADX GVHD mice on different days after GVHD induction"

Groups Organ Days after Cellularity % Incidence of host T Absolute number of host T
assayed GVHD (x106) eell populations cell populations (x106

)

induction

CD4+ CD8+ CD4+ CD8'

SYN Spleen - 97.8 ± 7.9 20.9 ± 1.1 12.7 ± 0.6 20.7 ± 2.3 12.5 ± 1.2

GVHDb Spleen 7 161.0 ± 15.4 5.6 ± 0.2 16.5 ± 0.7 9.0 ± 1.6 26.0 ± 1.4

GVHD Spleen 14 81.8 ± 11.5 10.6 ± 0.8 28.2 ± 2.0 8.6 ± 1.44 23.3 ± 1.4

GVHD Spleen 21 45.0 ± 4.8 2.9 ± 0.3 15.5 ± 0.9 1.3±O.lc 7.0 ± 0.9c

SYN LN - 28.6 ± 2.2 40.9 ± 1.4 28.4 ± 0.6 11.5 ± 0.9 8.0 ± 0.6

GVHD LN 7 77.7 ± 5.0 24.6 ± 0.5 22.0 ± 0.7 19.2± 1.6 17.1 ± 1.2

GVHD LN 14 22.8 ±4.9 22.9 ± 1.7 34.0 ± 0.9 5.6 ± 1.6 7.7 ± 1.6

GVHD LN 21 5.6 ± 1.5 14.2 ± 1.7 38.6 ± 2.0 0.9 ± O.4d 2.1 ± 0.6d

•

'Data are presented as the mean ± SE of 4-5 miee per group.
bGVHD was indueed in B6AFI mice injected i.v with 35xl~ A strain parenlallymphoid eells.
"Host splenic CD4+ (p < 0.001) and CD8+ (p < 0.02) T cell populations in non-ADX GVHD mice on day 21 were significantly
decreased when compared to non-ADX SYN group. The sludent's t test was used to calculate the statistieal significanœ.
dRost LN CD4+ (p < 0.001) and CD8+ (p < 0.001) T cell populations in non·ADX GVHD mice on day 21 were significantly decreased
when compared to non-ADX SYN group. The student's t test was used to calculate the statistical signifieanee.
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Table 3. Effeet of thymectomy on host T cell populations in the spleen of GVHD mice'

•
Groupsb Cellularlty % Incidence of host T Absolute numbers of

cell populations 1 host T cell populations

CD4+ CD8+ CD4+ CD8+

Ratio of host
CD4+/CD8+

SHTXC NORMAL

TXcNORMAL

TX GVHDd

121.5 ± 8.5

108.0 ± 22.5

57.5 ±3.5

18.8 ± 2.6

14.9 ± 1.0

4.2 ± 0.3

16.2 ±5.4

11.6 ±2.8

19.8 ±2.9

23.1 ±4.7

15.9 ± 2.3

2.4 ±0.3

20.1 ± 7.9

11.9 ± 0.4

11.2 ±0.9

1.3 ±0.3

1.3 ±0.3

0.2 ±0.0

'Data are presented as the mean ± SE of 4-5 mice per group.
bAil mice used were of the B6AFI strain.
cSham·thymeetomy (SHTX) and thymectomy (TX) were performed 5 months before the day of assay.
"GVHD was induced with 20x106 A parental strain Iymphoid cells and mice were sacrificed 21 days aCter GVHD induction.
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Table 4. Effeet of adrenaleetomy on host T cell poulations in the spleen and LN of mice undergoing GVHD'

Groupb Organ Days after Cellularity % Incidence of host T cell Absolute number of host
assayed GVHD (xI06) populations T cell populations (x \06)

induction

CD4' CD8' CD4' CD8'

SYN Spleen - 149.6 ± 14.0 21.0 ± 2.0 12.1 ± 1.7 31.6 ± 3.2 18.4 ± 2.9

GVHDc Spleen 7 134.3 ± 9.8 6.3 ±0.4 15.8 ± 1.2 8.5 ± 0.9 21.2 ± 2.2

GVHD Spleen 14 87.0 ± 6.7 11.6 ± 0.7 33.3 ± 1.4 9.9 ± 0.5 28.8 ± 2.3

GVHD Spleen 21 87.0 ± 8.5 3.6 ± 0.6 15.7 ± 2.4 2.7 ± O.4d 7.2 ± 0.9d

SYN LN - 44.7 ± 3.2 35.7 ± 0.8 28.4 ± 0.7 15.9 ± 1.2 12.6 ± 0.9

GVHD LN 7 82.3 ± 8.8 21.3 ± 0.9 20.5 ± 0.7 17.7 ± 2.2 17.0 ± 2.1

GVHD LN 14 49.2 ± 7.7 25.5 ± 1.2 33.0 ± 1.2 12.9 ± 2.4 16.0 ± 2.3

GVHD LN 21 33.7 ± 3.8 27.9 ± 1.4 25.5 ± 2.1 9.4 ± 1.\' 8.5 ± 1.\'

•

'Data pre presented as the mean ± SE of 4·6 mice per group.
bAU mice were adrenalectomized 2 months before GVHD induction.
COVHD was induced in B6AFI mice injeeted i.v. wilh 35xlO6 A strain parental Iymphoid cells.
dHost splenic CD4' (p < 0.001) and CD8' (p < 0.01) T cell populations in ADX GVHD mice on day 21 were significantly reduced
when compared to ADX SYN animais. The student's t test was used to calculate the statistical significance.
'Host LN CD4' (p <0.05) and CD8' (p < 0.05) T cell populations in ADX GVHD mice on day 21 were significantly deereased when
compared to ADX SYN animais. The slUdent's t test was used to ca1culate the statistical significance.
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Table 5. Effeet of cortisone treatment on host T cell numbers in the LN of ADX GVHD mite'

Groupsb Days aCter Cellularity % Incidence of host T cell Absolule number of host
GVHD (x106

) populations T cell populations (x 10·)
induction

CD4+ CDS' CD4' CDS'

SYN - 3.4 ± 0.94 34.6 ± 1.9 32.9 ± 1.4 1.2 ±0.3 1.1 ±0.27

GVHDc 7 3S.6 ±5.7 IS.3 ±0.6 21.3 ± 1.0 7.2 ± 1.3 S.3 ± 1.5

GVHD 14 20.3 ±6.4 22.9 ± 1.1 31.1 ± 1.6 4.6 ± 1.4 6.0 ± 1.7

GVHD 21 S.2 ± 2.8 24.6 ± 2.2 40.6 ± 1.7 1.9 ±0.6 3.5 ± 1.3

'DaIa are presenled as the mean ± SE of 4-6 mice per group.
bAil ADX mice were trealed i.p. wilh a single dose of 2.5 mg cortisone acetale 2 days before they were sacrificed.
<GVHD was induced in B6AFI mice injeeted i.v. with 35x106 A stmin parenlal lymphoid cells.
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Table 6. Donor cell chimerism in the peripheral Iymphoid organs of mice undergoing GVHD'

Groupsb Days aCter Splenic chimerism LN chimerism
GVHD induction -----------

Percent Absolule number Perccnt
(x106

)

Non·ADX 7 10.9 ± 0.7 17.5 ± 2.2 6.1 ± 0.3

ADXc 7 7.0 ± 0.7 9.4 ± 2.2 3.9 ± 0.2

. AbsolulC numbcr
(xw")

4.7 ± 0.2

3.2 ± 0.2

Non-ADX

ADX

Non-ADX

ADX

14

14

21

21

39.3 ± 3.6

33.5 ± 1.5

24.4 ± 2.7

34.3 ± 4.5

31.9 ± 2.9

29.1 ± 1.1

10.9 ± 2.6

29.8 ± 2.3

8.1 ± 2.0

7.1 ± 1.1

5.0 ± 0.3

3.4 ± 0.4

3.3 ± 0.4

4.9 ± 0.5

0.28 ± 0.1

1.1 ± 0.1

'Data are presented as the mean ± SE of 4·6 mice per group.
bAil groups were experiencing GVHD which was induced in B6AFI mite injected Lv. 35x106 A strain parenlallymphoid cells.
cAdrenalectomy was performed two months before GVHD induction.
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Fig. 1. Effect ofadrenalectomy on peripheral T cell function during GVHD.

Data are presented as mitogen-induced proliferation ofT cells derived from

the spleens (Fig. lA) and LN (Fig. lB) ofnon-adrena1ectomized (NADX) or

adrenalectomized (ADX) SYN (8) and GVHD (G) mice. ADX and NADX

mice were age-matched. Adrenalectomy was performed two months before

GVHD induction. The student's t test was used to calculate the statistical

significance of ADX GVHD mice compared to NADX GVHD animals on

days 7 (* p <0.2), 14 (** p <0.001) and 21 (*** p <0.5).
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CHAPTER6

DISCUSSION
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A. SUMMARY OF RESULTS

The results presented in this thesis examine the mechanism of

glucocorticoid secretion during GVHD, and the role of endogenous

glucocorticoids on the pathogenesis of the disease.

Radioimmunoassays show that persistent elevated plasma corticosterone

levels during GVHD are independent ofpituitary ACTH, however, plasma

corticosteronc levels coincide with marked increased expression ofPOMC

mRNA in the adrenals of GVHD mice. Transcripts for IL-12, a cytokine

produced by activated macrophages, are also upregulated in GVHD

adrenals, without any sign of mononuclear infiltrates. In addition, the

transcripts for mPC1, the enzyme that cleaves POMC into biologically

active ACTH, are highly expressed in the GVHD adrenals. Macrophages

have been shown to secrete biologically active ACTH (1, 2) and to reside in

the adrenals of normal mice (3). Thus these results suggest that resident

adrenal macrophages are activated during GVHD to produce local ACTH

that stimulates glucocorticoid secretion.

Having established a possible mecbanism of glucocorticoid secretion in

GVHD mice, the role of endogenous glucocorticoids on the pathogenesia of

the· disease was investigated by adrenalectomizjng B6AFl recipients 2-5
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months before GVHD induction with 20xl06 A strain PLC. Our results

show that adrenalectomy allows the B6AFI recipients to recover rapidly

from symptoms characteristic of GVHD. after an initial two week

manifestation of GVHD. The rapid recovery from GVHD is attributed to

the induction ofa glucocorticoid sensitive Fl-anti-parental mechanism that

eliminates or rejects the parental graft, after an initial period of

engraftment. The effector œIl mediating the Fl-anti-parental mechanism

is ASGMr and/or CDS+ but not NKl.r. Furthermore, the effector cell is

not dependent on a mature thymus and is renewable 5 months after

glucocorticoid treatment, but not after anti-ASGMI treatment.

Further studies indicate that the glucocorticoid-sensitive F1-anti-parental

mechanism can be overcome with increasing donor doses. ADX B6AF1

recipients injected with 35 or SOx106 A strain PLC did not display the

glucocorticoid sensitive F1-anti-parental mechanism and experience a more

severe GVHD as observed by a greater mortality rate by day 14 in the ADX

GVHD group when compared to non-ADX GVHD counterparts. In addition,

our results show that levels of plasma glucocorticoids during GVHD play

a central role in mediating severe deficieney of host T œIl populations in

the LN, but not in the spleen, of GVHD miœ.
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The results presented in this thesis have been discussed in the appropriate

chapters. The following discussion will instead focus on the more

speculative interprctations ofthe work from this thesis, in particularly, how

endogenous glucocorticoids affect our understanding ofthe immune system

and how they may play an important role in the pathogenesis of

autoimmune diseases.

B. PROTECTIVE EFFECTS OF ENDOGENOUS

GLUCOCORTICOmS

Numerous reports have shown that the secretion of endogenous

glucocorticoids during an immune response is beneficial to the host.

Infection with bacteria, viruses or superantigens results in the production

of a variety of cytokines, including IL-l, IL-2, IL-6, and TNF-a (4-6). The

immune rcsponse is often associated with an increased secretion of

glucocorticoids that returns to basallevels after a few hours to days (4, S,

7-10). It is postulated that glucocorticoid secretion during an immune

rcsponse aets to downrcgulate the production of cytokines by controlling

transcriptional, translations! and secretion (S, 9, 11-13), hence protecting

the host from the lethal effects of cytokine overproduction. This is

supported by the findings that LPS injected"into ADX rodents induces the
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production of lethal amounts of inflammatory cytokines, leading to septic

shock (9, 14). Furthermore, injection of anti-CD3 antibodies and

superantigens into ADX mice or mice treated with RU486, a glucocorticoid

receptor antagonist,leads to mortality mediated by overproduction ofT cell

cytokines (5). In light of these studies, a similar scenario can explain the

increased mortality observed in ADX B6AF1 recipients injected with 35 or

50x10GA strain parentallymphoid cells (Chapter 5). More than 50% of the

ADX GVHD mice died by day 14 compared to less than 10% of non-ADX

GVHD animaIs. Prior to death the GVHD mice displayed physical traits

characteristic of sepsis suggesting that mortality was mediated by GVHD·

induced septic shock. In fact, TNF-a, the mediator ofseptic shock, is highly
-,

induced in many tissues and is increased in the serum during GVHD (15·

17), whereas, treatment of GVHD recipients with anti-TNF-a. markedly

improves the symptoms ofGVHD (18, 19). Plasma levels ofglucocorticoids

are elevated as early as day 5 after GVHD induction, the period when

donor T cells are activated to induce the disease (20, 21). This increase in

glucocorticoid secretion early during GVHD can negatively regulate donor

T cell activation and cytokine production, thereby limiting the severity of

the disease. In addition, glucocorticoid release may aIso downregulate the

production oflethal amounts ofinflammatory cytokines, most notably TNF-

ex. The depletion of endogenous glucocorticoids by surgical adrenalectomy

therefore results in increased activation of donor T cells and production of
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pathological amounts of cytokines that are lethal to the GVHD hosts.

Glucocorticoid secretion is normally triggered by pituitary ACTH, which in

tum is stimulated by hypothalamic CRH (22, 23). Negative feedback

inhibition by glucocorticoids acting at the anterior pituitary and

hypothalamus ensures that the levels of glucocorticoids in the circulation

are not chronically elevated. Our findings show that in GVHD mice the

local immune-adrenal axis is activated to cause chronic secretion of

glucocorticoids. In this case, as will be discussed below, the activation of

the local immune-adrenal axis during GVHD and in other pathological

situations can be detrimental to the hosto

C. A MODEL OF IMMUNE·ADRENAL AXIS

1. Virus and LPS stimulation of the immune-adrenal axis

Chapter 2 provides evidence that a local immune-adrenal axis is induced

during GVHD to trigger the re1ease of glucocorticoids independent of

pituitary ACTli. We propose that LPS (ie. gut E. coli) translocates across

the injured gut into the circulation and activates resident adrenal

macrophages to produce local ACTH which in turn stimulates the secretion
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of glucocorticoids. Sucb a mechanism may also occur in other pathological

situations wherc there is a dissociation between glucocorticoid secretion and

pituitary ACTH. In patients with chronic endotoxemia plasma cortisol

levels are persistently elevated (24-26), and in bumed victims the levels of

plasma cortisol are also increased (27, 28). However, the levels of plasma

ACTH in these pathological conditions are normal or subnormal, suggesting

that glucocorticoid secret1C'n may be independent ofpituitary ACTH. The

trauma ofthe bum causes gut E. coli to translocate across the gut wall into

the circulation, providing the source ofLPS (29). Thus similar to patients

with chronic endotoxemia, bumed victims are chronically exposed to LPS.

In light of our findings in chapter 2, the dissociation betwcen plasma

cortisol and ACTH concentrations in bumed victims and in patients with

chronic endotoxemia might also he attributed to LPS stimulating adrenal

macrophages to produce ACTH which acts locally to trigger the secretion

of cortisol. This hypothesis is supported by the observations that resident

macrophages are present in hnman adrenals (30) and human immune cells

are activated with LPS ta produce biologically active ACTH (31-34).

Besides LPS, viruses are weIl documented to activate immune cells ta

produce POMC transcripts and ta secrete biologically active ACTH (l, 2, 35­

37). Numerous endogenous viruses are activated during GVHD (38-40) and

can therefore provide another possible stimulus for local ACTH production
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by adrenal macrophages. GVHD-induced endogenous viroses, such as HSV,

EBV, and/or CMV, can activate adrenal macrophages ta produce ACTH that

triggers the release of glucocorticoids. Interestingly, several studies have

reported a chronic stress state in patients infected with the Human

ImmunodeficiencyVirus (HIV). These patients display an increase in basal

plasma cortisollevels (41-43), however, with parallel decreases in plasma

ACTH levels, suggesting that cortisol secretion may not be stimulated by

pituitary ACTH (41). The mechanism for the cortisol secretion in HIV­

infected patients is unknown. Since resident macrophages have been

identified in human adrenals (30) and macrophages of HIV-infected

patients serve as important reservoirs of the virus (44), infected adrenal

macrophagesmay be stimulated ta secrete local ACTH that causes cortisol

secretion.

2. Immunosuppressive effects mediated by the local immune-adrenal axis

The release of glucocorticoids is normally under the negative feedback

inhibition of high circulating glucocorticoids acting at both the

hypothalamus and anterior pituitary to downregulate CRF and ACTH

production, respectively (22, 23). In contrast, ACTH production by

activated adrenal macrophages does not appear to be subjected to
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glucocorticoid-mediated negative feedback inhibition since POMC

transcripts in GVHD adrenals remain highly expressed despite elevated

levels of circulating glucocorticoids. The loss of the negative feedback

inhibition results in chronic elevated levels ofglucocorticoids which can be

detrimental to the hosto Glucocorticoids are weIl known to have multiple

immunosuppressive effects. High levels of endogenous glucocorticoids

inhibit T cell functions by downregulating the production ofIL-2 (45) and

the levels ofp56lck and p59fyn, two src family tyrosine kinases involved in

T cell activation (46), inhibit macrophage phagocytic functions, as weIl as

antigen processing and presentation (47), block the synthesis of

inflammatory cytokines including IL-l, IL-6 and TNF-a (48), decrease NI{

cell activity (49), and induce programmed cell death in immature T and B

precursors and in mature T and B lymphocytes (50, 51). We propose that

gut-derived LPS and/or activation of endogenous viroses provide the

stimulus for adrenal macrophages to produce ACTH. Thus chronicinfection

with bacteria or viroses can continuously activate adrenal macrophages to

produce local ACTH which maintains persistent elevated levels of

glucocorticoids. The sustained adrenal hyperactivity therefore renders the

host severely immunosuppressed,leading to the appearance ofopportunistic

superinfections. The induction of the local immune-adrenal axis may

provide an explanation for the severe imunosuppression often observed in

certain viral and bacterial infections (4, 7, 35). In addition, this mecbanism
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may also perpetuate the i=unodeficiency observed in patients infected

with HIV.

C. A MaDEL OF LATE GRAFT FAILURE

BMT is the treatment of choice for many hematological malignancies,

i=unodeficiencydiseases, aplastic anemia and radiation injury (52). Even

in fully HLA-matched bone marrow transplant recipients, GVHD remains

a major complication including morbidity and mortality (52, 53). The

incidence of GVHD is even greater in HLA-mismatched BMT (52, 53).

Over the years, severa! strategies were used to control or ameliorate

GVHD. Drugs such as methotrexate, cyclophosphamide, cyclosporin A and

corticosteroids are routinely employed to control GVHD by interfering with

donor T cell activation and proliferation (52-55). However, doses at which

these drugs control GVHD also cause unwanted side-effects including

interstitiallung disease, mucositis, and nephrotoxicity (56-58). Despite the

use of these drugs, at least 15% of BMT patients die of complications

related to GVHD indicating the need for a more effective way ofpreventing

or controlling the disease (59-61).

Experimental studies in rodents show that mature T cells present in the
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bone marrow are responsible for inducing GVHD (62, 63) and GVHD does

not occur when the graft is devoid of mature T cells (64-66}. Further

studies in other animal models also demor..strate that prevention of GVHD

can be achieved by removing T cells from the bone marrow (67-69). Based

on these animal models, numerous centres carry out transplantation of T

cell depleted bone marrow (TCDBM) in human patients. As predicted, the

incidence and severity of GVHD are markeclly reduced (70-75).

Unfortunately, the rate of graft failure or rejection of recipients

transplanted with HLA-matched allogenic TCDBM increases to 10%, and

50% with HLA-mismatched allogenic TCDBM, in contrast to 1-5% of

patients receiving unmodified bone marrow (71-73, 76, 77). Most of the

cases of graft failure occurs 7 days and up to 200 days after an initial

period of engraftment implying that graft failure is a late phenomenon.

The exact mechanism ofgraft failure is unknown. It is postulated that the

different techniques used to deplete T cells from the bone marrow cause

stem cell damage and hence promote graft failure. This is not the case

since graft failu~edoes not occur in patients transplanted with autologous

bone marrow devoid ofT cells by the same depleting techniques utilized for

allogenic bone marrow (78). Instead, residual host resistance is believed to

be the principal mechanism responsible for graft failure or rejection.

In chapter 3 we describe a late graft rejection mechanism mediated by the
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induction ofa CD8+ efi'ector cell ofhost origin that is sensitive to high levels

of glucocorticoids. The efi'ector cell in our model appears to target donor

non-T cells, most likely including hematopoietic stem cells present in the

splenic graft. This suggests that the efi'ector cell may also target

hematopoietic stem cells p:-esent in the bone marrow and may play a role

in the late rejection ofTCDBM. Interestingly, many groups ofinvestigators

observed that there is an increase of CDS- cells of host origin among the

peripheral blood mononuclear cells emerging at the time oflate graft failure

after TCDBM transplantation in human patients (79·85). The lack of

GVHD occurrence in clinical TCDBM transplantation circumvents the use

ofimmunosuppressive drugs such as corticosteroids. Two studies in which

prednisolone was used resulted in the disappearance of the activated host

derived CD8+ cells and the reversaI ofgraft failure (83, 84, 86). The host­

anti-donor CD8+ cells appear to be resistant to the pretransplant

conditioning regiment consisting of total or partial irradiation and

cyclophosphamide (83, 84, 86). The clinical findings are supportive ofour

studies, showing that treatment of the recipient mice with high dose of

exogenous glucocorticoids elimin ates the host-anti-donor CDS- effector cell

and promotes engraftment. Thus it seeJI'lS that a glucocorticoid sensitive

CDS- effector cell ofhost origin is activated after TCDBM transplantation

and mediates late graft failure. As mentioned above, corticosteroi.ds are

rarely utilized in TCDBM transplantation because of the low incidence of
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GVHD. In light of these studies, corticosteroids should be used more

readily for patients transplanted with TCDBM in order to eliminate the

glucocorticoid-sensitive host-anti-èonor CDS+ effector cells and thus promote

engraftment without the risk of GVHD occurrence.

Graft failure is rarely observed in patients with unmodifieci BMT, although

GVHD is a major complication. This may be explained on the basis of the

elimination of the host-anti-donor CDS+ cells with high doses IIf

corticosteroids used to control GVHD. Furthermore, in patients receiving

unmodified BMT without being treated with exogenous glucocorticoids,

GVHD can trigger the local immune-adrenal axis to secrete high amounts

of glucocorticoids which then eliminatel: the host-anti-donor effector CDS+

cells and abrogates graft failure.

E. A MODEL OF AUTOIMMUNITY: synthesis of our results

Despite the wealth ofknowledge ofthe immune system. the pathogenesis

of autoimmune diseases still remains obscure. Autoimmune diseases are

pathological conditions in which the immune system is activated to react
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to the host tissues and inflicts injuries. No single theory or mechanism can

explain the development of autoimmune diseases. At least four factors

have been postulated; genetic, viral, endocrine and

psychoneuroimm!lIlological. In the present discussion, a speculative

hypothesis will be put forth on the role of the endogenous glucocorticoids

in the pathogenesis of autoimmune diseases.

In the Parental ~ FI model, the parentallymphoid cells react vigorously

against the FI hybrid tissues. Since the parentallymphoid cells share the

same MHC antigens as the FI hybrid, they are recognized as self and are

not rejected by the FI hybrid. Bence, the immune reaction of the parental

lymphoid cells against the FI tissues is perceived by the FI hybrid as an

autoreaction. In fact, GVHD can result in the development of

autoimmunity and autoimmune diseases (87-92). Resclts from chapters 3

and 4 show that a glucocorticoid sensitive FI effector cell is induced to

elimiml.te the parental graft, suggesting the FI-anti-parental mechanism

may be activated to e1imin ate autoreactive cells (ie. parental lymphoid

cells). It is of interest to note that the FI-anti-parental effector cell is

CDS+, and CDS-- suppressor/cytotoxic cells are shown to suppress or lyse

autoreactive cells (93, 94). We therefore specu1ate that the physiological

role of the FI-anti-parental CDS-- effector cell may be to protect against

autoimmunity and the development of autoimmune diseases. Bence,
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elimination or suppression of the efi'ector cell by glucocorticoids can result

in the development of autoimmune diseases. Interestingly, autoimmune

diseases tend to develop with age, and the basallevels ofglucocorticoids are

also increased with age due to a defect in the glucocorticoid-mediated

negative feedback inhibition (95-99). The increase in basal levels of

glucocorticoids may suppress or eliminate the CD8+ efi'ector cells that

protect against autoimmunity, thereby, contributing to the development of

autoimmune diseases with aging. This hypothesis is in accord with

findings that CD4+ cells stay at a relatively constant level in adult and

senescent stages, while CDS-- cells gradually decline with aging (100).

Autoimmune diseases are also more often diagnosed in persons exposed to

chronic stress (101-107). Based on our hypotbesis. the chronic stress

triggers the persistent release of glucocorticoids in the circulation to

suppress or eliminate the CDS-- efi'ector cells that protect against

autoimmunity, thus l~ding to the development of autoimmune diseases.

The results obtained in the studies ofendogenous glucocorticoids on GVHD

have revealed an alternate pathway ofglucocorticoid secretion that may he

important in the =derstanding of the pathogenesis of certain viral and

bacterial infections. In addition, a speculative mode! bas been constructed

to associate the role of endogœ.ous glucocorticoid witb the development of

autoimmune diseases. These findings give rise to new questions about the
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interaction ofthe endocrine and immune systems and in particular, how the

endocrine system may regulate autoimmunity.

248



• REFERENCES

1. Blalock, J.E. 1994. The syntax of immune-neuroendocrine

communication. 1mmunoL Today 173: 504.

2. Blalock, J.E. 1994. The immune system. Our sixth sense. The

lmmunologist 2: 8.

3. Hume, DA, Halpin, D., Charlton, H., and Gordon, S. 1984. The

mononuclear phagocyte system of the mouse defined by

immunohistochemical localization of antigen F4I80: Macrophages of

endocrine organs. hoc. NatL Acad. Sei. USA. 81: 4174.

4. Besedovsky, H.O., and deI Rey, A. 1989. Mechanism of virus-induced

stimulation of the hypothalamus-pituitary-adrenal axis. J. Steroid

Biochem. 34: 235.

5. Gonzalo, JA, Gonzalez-Garcia, A., Martinez-A., C., and Kroemer, G.

1993. Glucocorticoid-mediated control of the activation and clonaI

deletion ofperipheral T cells in vivo. J. Exp. Med. 177: 1239.

•

6.

7.

Tilders, F.J.H., DeRiJ"k, R.H., Van Dam, A-M., Vincent, VAM.,

Schotanus, K., and Persoons, HA 1994. Activation of the

hypothalamus-pituitary-adrenal axis by bacterial endotoxins: routes and

intermediate signals. PsycJwneuroendocrinology 19: 209.

Rivier, C., Chizzonite, R., and Vale, W. 1989. In the mouse, the

activation of the hypothalamus-pituitary-adrenal axis by a

lipopolysaccharide (endotoxin) is mediated through interleukin-1.

Endocrinology 125: 2800.

249



• 8. Besedovsky, H., Sorkin, E., Keller, M., and Müller, J. 1975. Changes in

hlood hormone levels during the i=une response. Proc. Soc. Exp. Biol.

Med. 150: 466.

9. Evans, G.E., and Zuckerman, S.H. 1991. Glucocortieoid-dependent and­

independent mechanisms involved in lipopolysaecharide tolerance. Eur.

J. ImmuTUJl. 21: 1973.

10. Besedovsky, H.a., deI Rey, A., Sorkin, E., and Dinarello, CA 1986.

I=unoregulatory feedhack between interleukin-1 and glueoeorticoid

hormones. Science 233: 652.

11. Wick, G., Hu, Y., Schwartz, S., and Kroemer, G.1993. I=unoendocrine

eo=unication via the hypothalamic-pituitary-adrenal axis in

autoi=une diseases. Endocr. Rev. 14: 539.

12. Bateman, A., Singh, A., Kra!, T., and Solomon, S. 1989. The immune­

hypothalamic-pituitary-adrena1 axis. Endocr. Rev. 10: 92.

13. Barber, A.E., Coyle, SM., Marano, MA, Fischer, E., Calvano, S.E.,

Fong, Y., Moldawer, LL., and Lowry, S.F. 1993. Glucocorticoid therapy

alters hormonal and cytokine responses to endotoxin in man. J.

ImmuTUJl. 150: 1999.

14. Flower, R.J., Parente, L., Perisco, P., and Salmon, JA 1986. A

eomparisonofthe aeute inflammatoryresponse in adrenalectomized and

sham-operated rats. Br. Phannacol. 87: 57.

15. Neste!, F.P., Priee, K.S., Seemayer, TA, and Lapp, W.S. 1992.

Macrophage priming and lipopolysaccharide-triggered release oftumor

necrosis factor IX during graft;-versus-host disease. J. Exp. Med. 175:

• 250



•
4050

16. Hirokawa, Mo, Takatsu, H., Niitsu, H., Nishinari, T, Nimura, To, ltoh,

T., Chubachi, A., Miura, 1., Yoshida, K., Endo, Y., and Miura, A. 1989.

Serum tumor necrosis factor-a levels in allogeneic bone marrow

transplant recipients with aeute leukemia. Tohoku J. Exp. Med. 159:

237.

17. Symington, F.W., Pepe, M.S., Chen, A.Bo, and Deliganis, A. 1990. Serum

tumour necrosis factor alpha associated with aeute graft-vcrsus-host

disease in humans. Transplantation 50: 518.

18. Hervé, P., Flesch, M., Tiberghien, P., Wijdenes, J., Racadot, E.,

Bordigoni, E., Plouvier, E., Stephan, J.L., Bourdeau, H., Holler, E.,

Lioure, B., Roche, C., Vilmer, E., Demeocq, F., Kuentz, M., and Cahn,

J.Y. 1992. Phase I-ll Trial ofa monoclonal anti-tumor necrosis factor a

antibody for the treatment ofrefractory severe aeute graft-versus-host

disease. Blood 79: 3362.

19. Shalaby, M.R., Fendly, B., Sheehan, K.C., Schreiber, R.D., and

Ammann, AJ. 1989. Prevention of the graR-versus-host reaction in

newbom mice by antibodies to tumor necrosis factor-alpha.

Transplantation 47: 1057.

20. Khairallah, M., Spach, C., Maitre, F., and Motta, R. 1988. Endocrine

involvement in minor (non-H-2) graft-versus-host reaction in mice:

Dissociated efi'ect on corticosterone and aldosterone plasma levels.

Endocrinology 123:1949.

21. Hoot, G.P., Head. J.R., and Griffin, W.S.T. 1983. Increased free plasma

corticosterone and adrenal hyperactivity associated with graR-versus-

• 251



host disease. Transplantation 35: 478.

• 22. Feek, C.M., Marante, D.J., and Edwards, C.R.W. 1983. The

hypothalamic-pituitary-adrenal axis. Clin. Endocrin. Metab. 12: 597.

23. Lundband, J.R., and Roberts, J.L. 1988. Regulation of

proopiomelancortin gene expression in pituitary. Endocr. Rev. 9: 135.

24. Drucker, D., and Shandling, M. 1985. Variable adrenocortical function

in acute medical illness. Critical Care Medicine 13: 477.

25. Vadas, P., Pruzanski, W., Stefanski, E., Ruse, J., Farewell, V.,

McLaughlin, J., and Bombardier, C. 1988. Concordance of endogenous

cortisol and phospholipase ~ levels in gram-negative septic shock: A

prospective study. J. Lab. Clin. Med. 111: 584.

26. Hinds, C.J., Evans, S.F., Varley, J.G., Tomlin, S., and Rees, L.H. 1985.

Neuroendocrine and cardiovascular changes in septic shock and after

cardiac surgery: effect ofhigh-dose corticosteroid therapy. Circulatory

Shock 15: 61.

27. Vaughan, G.M., Becker, RA, Allen, J.P., Goodwin, C.W., Pruitt, BA,

and Mason, A.D. 1982. Cortisol and corticotrophin in burned patients.

J. Trauma 22: 263.

28. Evans, E.I., and Butterfield, W.J.H. 1951. The stress response in the

severely burned. Mn. Surg. 134: 588.

29. Deitch, E.A., and Berg , RD. 1987. Endotoxin but not malnutrition

promotes bacterial translocation of the gut flora in burned mice. J.

Trauma 27: 161.

~ 252



•
30. Gonzalez-Hernandez, JA, Bornstein, S.R., Elhart-Bornstein, M.,

Geschwend, J.E., AIder, G., and Scherbaum, WA 1994. Macrophages

within the human adrenal gland. CeU Tissue Res. 278: 201.

31. Harbour-McMenamin, D., Smith, E.M., and Blalock, J .E.1985. Bacterial

lipopolysaccharlde induction of leukocyte-derived corticotropin and

endorphins.lnfec.lmm. 48: 813.

32. Buzzetti, R., McLoughlin, L., Lavender, P.M., Clark, A.J.L., and Rees,

L.H. 1989. Expression ofpro-opiomelanocortin gene and quantification

ofadrenocorticotropic hormone-like immunoreactivity in human normal

peripheral mononuclear cells and lymphoid and myeloid malignancies.

J. Clin. Invest. 83: 733.

33. Reder, A.T. 1992. Regulation of production of adrenocorticotropin-like

proteins in human mononuclear cells.lmmunology 77:436.

34. Smith, EM., Morrill, A.C., Meyer III, W.J., and Blalock, J.E. 1986.

Corticotropin releasing factor induction of leukocyte-derived

i=unoreactive ACTH and endorphins. Nature 321:26.

35. Smith, E.M., Meyer, W.J., and Blalock, J.E. 1982. Virus-induced

corticosterone in hypophysectomized mice: a possible lymphoid adrenal

axis. Science 218: 1311.

36. Lolait, S.J., Lim, A.T.W., Toh, B.H., and Funder, J.W. 1984.

I=unoreactive j3-endorphin in a subpopulation of mouse spleen

macrophages. J. Clin. Invest. 73:277.

37. Westly, H.J., Kleiss, A.J., Kelley, K.W., Wong, P.K.Y., and Yuen, P.-H.

1986. Newcastle disease vïrus-infected splenocytes express the

• 253



proopiomelanocortin gene. J. Erp. Med. 163: 1589.

• 38. Cray, C., and Levy, R.B. 1990. Virus-associated i=une responses in

mice undergoing GVHR exacerbated by concurrent MCMV infection.

Transplantation 50: 1027.

39. Cray, C., and Levy, R.B. 1990. The presence ofinfectious virus but not

conventional antigen can exacerbate graft-versus-host reactions. Scand.

J. Immun.oL 32: 177.

40. Ringden, O. 1992. Correlation of pretransplant viral serology and

complications ofbone marrow transplantation.Ann.. HematoL 64 Suppl:

A143.

41. Villette, J.M., Bourin, P., Doinel, C., Mansour, 1., Fiet, J., Boudou, P.,

Dreux, C., Roue, R., Debord, M., and Levi, F. 1990. Circadian variations

in plasma levels ofhypophyseal adrenocortical and testicu1ar hormones

in men infected with Human Immunodeficieney Virus. J. Clin.

Endocrin.oL Metab. 70: 572.

42. Chrïsteff, N., Michon, C., Goertz, G., Hassid, J., Matheron, S., Girard,

P.M., Coulaud, J.F., and Nunez, EA 1988. Abnormal free fatty acids

and cortisol concentrations in the serum of AIDS patients. Eur. J.

Cancer Clin. OncoL 24: 1179.

43. Membreno, L., Irony, I., Dere, W., Klein, R., Biglieri, E.G., and Cobb, E.

1987. Adrenocortical function inAcquired Immunodeficieney Syndrome.

J. Clin. Endocrin.oL Metab. 65: 482.

44. Schnittmann, S.S., Psallidopoulos, M.C., Lane, H.C., Thompson, L.,

Baseler, M., Massari, F., Fox, C.H., Sa1zman , N.F., and Faucï, A.S.

• 2M



•

•

45.

46.

47.

48.

49.

50.

51.

1989. The reservoir for HIV-I in human peripheral blood is a T eell that

maintains expression of CD4. Science 245: 305.

Schwartz, R.H. 1990. A cell culture model for T lymphocyte clonaI

anergy. Science 248: 1349.

Desbarats, J., You-Ten, K.E., and Lapp, W.S. 1995. Levels ofp56J
•
k and

p59li'n are reduced by a glueocortieoid-dependent mechanism in graft­

versus-host reaction indueed T œIl anergy. CeU. ImmunoL 163: 10.

Hirschberg, H., Hirschberg, T., Nousiainen, H., Braathen, L.R., and

Jaffe, E. 1982. The efi'eets of corticosteroids on the antigen presenting

properties of human monocytes and endothelial eells. Clin. ImmunoL

ImmunopathoL 23: 577.

Chensue, S.W., Terebuh, P.D., Remick, D.G., Scales, W.E., and Kunkel,

S.L. 1991. In vivo biologie and immunohistochemical analysis of

interleukin-1 alpha, heta, and tumornecrosis factor during experimental

endotoxemia. Kinetics, Kupffer cells expression and glucocortieoid

effeets. Am. J. PathoL 138: 395.

Holbrook, N.J., Cox, W.1., and Homer, H.C. 1983. Direct suppression of

natural killer activity in human peripheral blood leukocyte cultures by

glucocorticoids on its modulation by interferon. Cancer Res. 43: 4019.

Golstein, P., Ojcius, D.M., and Young, J.D-E. 1991. CeU death

mechanisms and the immune system. ImmunoL Rev. 121: 29.

Zubiaga, A.M., Munoz, E.. and Huber, B.T. 1992. IL-4 and IL-2

selectively rescue Th ceU subsets from glucocorticoid induced apoptosis.

J. ImmunoL 146: 1072.

255



•
52. Storb, R., and Thomas, E.D. 19&3. Allogeneic bone marrow

transplantation. Immunol. Rev. 77: 71.

53. Thomas, E.D., Storb, R., Clift, R.A., Fefer, A., Johnson, F.L., Neiman,

P.E., Lerner, KG., Glucksberg, H., and Buckner, C.D. 1975. Bone

marrow transplantation. N. Engl. J. Med. 29: 832.

54. Powles, R.L., Clînk, H.M., Spence, D., Morgenstern, G., Watson, J.G.,

Selby, P.J., Woods, M., Barrett, A., Jameson, B., Sloane, J., Lawler,

S.D., Kay, H.Eld., Lawson, D., McElwain, T.J., and Alexander, P. ::'980.

Cyclosporin A to prevent graft versus host disease in man af'.e.·

allogeneic bone marrow transplantation. Lancet i: 327.

55. Storb, R., Deeg, J., Whitehead, J., Appelbaum, F., Beatty, P., Bensinger,

W., Buckner, C.D., Clift, R., Donery, K, Farewell, V., Hansen, J., Hill,

R., Lum, L., Martin, P., McGuflïn, R., Sanders, J., Stewart, P., Sullivan,

K, Witherspoon, R., Yee, G., and Thomas, E.D. 1986. Methrothexate

and cyclosporine compared with cyclosporine alone for prophylaxis of

acute graft versus host disease after marrow transplantation for

leukemia. N. Engl. J. Med. 314: 729.

56. Deeg, H.J., Storb, R., Thomas, E.D., Flournoy, N., Kennedy, M.S.,

Banaji, M., Appelbaum, F.R., Bensinger, W1., Bucltner, C.D., Clift, R.A.,

Doney, K, Fefer, A., McGuflin, R., Sanders, J.E., Singer, J., Stewart, P.,

Sullivan, KM., and Wl-iterspoon, R.P. 1985. Cyclosporine as prophylaxis

for graft-versus-hostdisease: a randomized study in patients undergoing

marrow transplantation for acute nonlymphoblastic leukemia.Blood 65:

1325.

57. Kennedy, M.S., Yee, G.C., McGuire, T.R., Leonard, T.M., Crowley, J.J.,

and Deeg, H.J. 1985. Correlation of serum cyclosporine concentration

~ 256



•
58.

with renal dysfunction in marrow transplant recipients. Transplantation

40: 249.

Weiner, RoS., Bortin, M.M., Gale, RP., Gluckman, E., Ray, H.E.M.,

Kolb, H.J., Hartz, A.J., and Rimm., A.A. 1986. Interstitial pneumonitis

after bone marrow transplantation: assessment of risk factors. Annal.

Intem. Med. 104: 168.

59. Glucksberg, H., Storb, R, Fefer, R., Buckner, C.D., Nei,nan, P.E., Clift,

RA., Lemer, K.G., and Thomas, E.D. 1974. Clinica1 manifestations of

graft-versus-host disease in human recipients of marrow from HLA­

matched sibling donors. Transplantation 18: 295.

60. Storb, R., Prentice, RL., and ThOIIl8S, E.D. 1977. Treatment ofaplastic

anemia by marrow transplantation from HLA-identica1 siblings.

Prognostic factors associated with graft-versus-host disease and

survival. J. Clin. Invest. 59: 525.

61. Thomas, E.D., Buckner, C.D., Banaji, M., Clift, RA., Fefer, A., Floumoy,

N., Good~l1, B.W., HickmsD, RO., Lemer, K.G., Neiman, P.E., Sale,

G.E., Sanders, J.E., Singer, J., Stevens, M., Storb, R., and Weiden, P.L.

1977. One hundred patients with acute leukemia treated by

chemotherapy, total body irradiation, and allogeneic marrow

transplantation. Blood 49: 511.

62. Komgold, R., and Sprent, J. 1983. Surface markers ofT cells causing

lethal graft-versus-host disease in mice. In: Gale, R.P. ed. Recent

advances in bone marrow transplantation. p.199. New York. Liss.

63. Trentin, J.J., and Judd, K.P.1973. Prevention ofacute graft-versus-host

(GVH) mortality with spleen-absorbed antithymocyte globulin (ATG).

257



•
Transplant. Proc. 5: 865.

64. Rodlt, H., Thierfclder, S., and Eulitz, M. 1974. Anti-Iymphocytic

antibodies and marrow transplantation. III. Effect ofheterologous anti­

brain antibodies on aeute secondary disease in mice. Eur. J. ImmU1wL

4: 25.

65. Korngold, R., and Sprent, J. 1978. Lethal graft-versus-host disease after

bone marrow transplantation across minor histocompatibility barriers

in mice. Prevention by removing mature T cells from marrow. J. Erp.

Med. 148: 1687.

66. Vallera, D., Solde>ing, C., Carlson, G., and Kersey, J. 1981. Bone

marrow transplantation across major histocompatibility barriers in

mice. Transplantation 31: 218.

67. Rodt, H., Kolb, H., Netzel, B., Rieder, G., Belohradsky, J.B., Haas, R.J.,

and Thierfelder, S. 1979. GVHD suppression by incubation of bone

marrow grafts with anti-T-œll globulin: effect in the canine model and

application to c1inica1 bene marrow transplantation. Transplantation 11:

962.

68. Kolb, H.J., Reider, 1.. Rodt, H., Netze1, B., Grosse-Wilde, H., Scholz, S.,

Schaffer, E., Kalb, H., and Thierfelder, S. 1979. Antilymphocytic

antibodies and marrow transplantation. VI. Graft-versus·host tolerance

in DLA-incompatible dogs after in vitro treatment ofbone marrow with

absorbed antithymocyte globulin. Transplantation 27: 242.

69. Wagemaker, G., Vriesendorp, HM.. and van Bekkum, D.W. 1981.

Successfulbene marrowtransplantstionacross majorhistocompatibility

barriers.in rhesus monkeys. Transplant. Proc. 13:875.



•
70. Waldmann, H., Hale, G., Cividalli, G., Weshler, Z., Manor, D.,

Rachmilewitz, E.A., PolliaIt, A., Or, R., Weiss, L., Samuel, S., Brautbar,

C., and Slavin, S. 1984. Elimination of graft.-versus-host disease by in­

vitro depletion of alloreactive lymphocytes with a monoclonal rat anti­

human lymphocyte antibody (Campath-1). Lancet ii: 483.

71. Martin, P.J., Hansen, J.A., Buckner, C.D., Sanders, J.E., Dceg, H.J.,

Stewart, P., Applebaum, F.R., Clift., R., Fefer, A., Witherspoon, R.P.,

Kennedy, M.S., Sullivan, KM., Flournoy, N., Storb, R., and Thomas,

E.D. 1985. EfTects of in vitro depletion of T cells in HLA identica1

allogeneic marrow grafts. Blood 66: 664.

72. Mitsugasu, R.T., Champlain, R.E., Gale, R.P., Ho, W.G., Lenarsky, C.,

and Wintson, D. 1986. Treatment of donor bone marrow with

monoclonal anti-T cell antibody and complement for the prevention of

graft.-versus-host disease. A prospective, randomized, double blind trial.

Am. Intern. Med. 105: 20.

73. Filipovitch, AH., Vallera, DA, Youle, R.J., Quinones, R.R., Neville,

D.R., and Kersey, ,J.H. 1984. Ex-vivo treatment of donor bone marrow

with anti-T-cell imm .notoxins for prevention of graft.-versus-host

disease. Lancet i: 469.

74. Herve, P., Cahn, J.Y., and Flesch, M. 1987. Successfu1 graft..veraus-host

disease prevention without graf1; fallure in 32 HLA identica1 allogeneic

bone marrow transplantation with marrow depleted of T cells by

monoclonal antibodies and complement. Blood 69: 388.

75. Pollard, C.M.. Powles, R.L.. Millar, J.L., Sbepherd, V., Milan, S.,

Lakhani, A., Zuiable, A., Treleaven, J., and Helenglass, G. 1986.

Leukaemic relapse following Campath-l treated bone marrow

• 259



transplantation for leukaemia. Lancet ü: 1343.

• 76. Thomas, E.D., Buckner, C.D., Banaji, M., Clift, RA., Fefer, A., Flournoy,

N., Goodell, B.W., Hickman , R.O., Lerner, K.G., Neiman, P.E., Sale,

G.E., Sanders, J.E., Singer, J., Stevens, M., Storb, R., and Weiden, P.L.

1977. One hundred patients with acute leukemia treated by

chemotherapy, total body irradiation and allogenic marrow

transplantation. Blood 49: 511.

77. Dinsmore, R., Kirkpatrick, D., Flomenberg, N., Gulati, S., Kapoor, N.,

Shank, B., Reid, A., Groshen, S., and 0' Reilley, R.J. 1983. Allogeneic

bone marrow transplantation for patients with acute lymphoblastic

leukemia. Blood 62: 381.

78. Martin, P.J., and Kernan, N.A. 1990. T-cell depletion for the prevention

of graft-vs-host disease. In Grafi-vs-H(I~ Disease Immunology,

Pathophysiology, and Treatment. eds. Burakoff, S.J., Deeg, H.J.,

Ferrara, J., and Atkinson, K. p. 371. Mercel Dekker, Ine. New York and

Basel.

79. Donohue, J., Homge, M., and Kernan, N.A. 1993. Characterization of

cells emerging at the time of grafl; failure after bone marrow

transplantation from an unrelated marrow donor. Blood. 82: 1023.

80. 0' Reilley, R. J., Collins, N.H., Kernan, N.A., Brochsteïn, J., Dinsmore,

R., Kirkpatrick, D., Siena, S., Kreever, C., Jordan, B., Shank, B., Wolf,

L., Dupont, B., and Reisner, Y. 1985. Transplantation of marrow­

depleted T cells by soybcan lectin agglutination and E-rosette

depletion: Major histocompatibility complex-related graft resistance in

leukemic transplant recipients. Transplant. Froc. 17: 455.

~ 260



•
81. Bordignon, C., Keever, C.A., Small, T.N., Flomenberg, N., Dupont, B.,

0' Reilley, RJ., and Kernan, NA 1989. Graft failure after T-œll­

depleted h,,unan leukocyte antigen identical marrow transplantation for

leukemia. II. In vitro a.'1alyses of host effect mechanisms. Blood 74:

2237.

82. Fleischhauer, K., Kernan, NA, 0' Reilley, RJ., Dupont, B., and Yan!;;,

S.Y. 1990. Bone marrow allograft rejection by host-derived alloeytotoxic

T lymphocytes recognize a single amino acid at position 156 ofthe HLA­

B44 class l antigen. N. Eng. J. Med. 323; 1818.

83. Sondel, P.M., Bozdech, M.J., Trigg, M.E., Hong, R, Finlay,J.L., Kohler,

P.C., Longo, W., Hank, JA, Billing, R., Steeves, R, and Flynn, B. 1985.

Additional immunosuppression allows engraftment following HLA­

mismatched T œIl depleted bone marrow transplantation for leukemia.

Transplant. Proc. 17: 460.

84. Kernan, N. A., Bordignon, C., HelIer, G., Cunningham, 1., Castro­

Malaspina, H., Shank, B., Flomenberg, N., Burns, J., Yang, S.Y., Black,

P., Collins, N.H., and 0' Reilley, RJ. 1989. Graft failure after T-cell­

depleted human leukocyte antigen identical bone marrow transplants

for leuke~a: 1. Analysis of risk factors and results of secondary

transplants. Blood 74: 2227.

85. Kernan, NA, Flcmenberg, N., Dupont, B., and 0' Reilley, RJ. ll:187.

Graf!; rejection in recipients of T-cell-depleted HLA-nonidentical

marrow transplants for leukemia. Identification of host-derived

antidonor allocytotoxic T lymphocytes. Transplantation 43: 842.

86. Bunjes, D.. Heit, W., Scbmeiser, T., Wein8eth, M., Carbonell, F..

Porzsolt, F., Raghvachar, A., and Heimpel, H. 1987. Evidence for the

• 261



involvement ofhost-derived OKT8-positive T cells in the rejection ofT-

• depleted, HLA-identical bene marrow grafts. Transplantation 43: 501.

87. Rolink, A.G., and Gleichmann, E. 1983. Allosuppressor and T cells in

acute and chronic graft-vs-host (GVH) disease. III. Different Lyt

subsets ofdonor T cells induce different pathological syndromes. J. Exp.

Med. 158: 546.

88. Gleichmann, E., Pals, S.T., P..olink, A.G., Radaszkiewicz, T., and

Gleichmann, H.1984. Graft-versus-hostreactions. dues to etiopathology

of a spectrum of immunological diseases. Immunol. Today 5: 324.

89. Harper, S.E., Roubinian, J.R., and SeamaD , W.E. 1987. Regulation of

autoimmunity and donor œIl engraftmentbyrPcipientLyt2+ cells during

the graft.-versus-host reaction. J. Exp. Med. 166: 657.

90. Morris, S.C., Cheek, R.L., Cohen, PL., and Eisenberg, RA. 1990.

Autoantibodies in chronic graft versus host result from cognate T-B

interactions. J. Exp. Med. 171: 503.

. 91. FiaJ.:kow; P.J., Gilchrist, C., and Allison, A.C. 1973. Autoimmunity in

chronic graft.-versus-host disease. Clin. Exp. ImmunoL 13:479.

92. Gleichmann, E., and GleicbmaDD , H.1985. Pathogenesis ofgraft-versus­

host reactions (GVHR) and GVH-like diseases. J. Invest. DennatoL 85:

115s.

93. Nakamura, M.C., and Nakamura, R.M.1992. Contemporary concepts of

autoimmunity and autoimmune diseases. J. Clin. Lab. AnaL 6: 275.

94. Miller, K.B., and Schwartz, R.S. 1982. Autoimmunity and suppressor T

~ 262



•
lymphocytes. Adv. Intern. Med. 27: 281.

95. Blichert-Toft, M. 1975. Secretion ofcorticotrophin and somatotrophin by

senescent adenohypophysis in man. Acta. Endocrinol. (CopenhJ [Suppl]

195: 111.

•

96.

97.

98.

99.

100.

101.

102.

Blichert-Toft, M., Hippe, E., and Jensen, H.K. 1967. Adrenal cortical

function as reflected by the plasma hydrocortisone and urinary 17­

ketogenic steroids in relation to surgery in elderly patients. Acta. Chir.

Scand. 133: 591.

Landfield, P.W., Waymire, J.C., and Lynch, G. 1978. Hippocampal aging

and adrenocorticoids: quantitative correlations. Science 202: 1098.

Dekosky, S., Scheff, S., and Cotman, C. 1984. Elevated corticosterone

levels. A mechanism for impaired sprouting in the aged hippocampus.

NeuroenCÙJcrinology 38: 33.

Riegle, G.D. 1973. Chronie stress on adrenlleortical reponsiveness in

young and aged rats. NeuroenCÙJcrinology 11: 1.

Hirokawa, K., Utsuyama, M., Kasaï, M., and Kur.ashima, C. 1992. Aging

and autoimmunity. Acta Pathologica Japor..ca 42: 537.

Homo-Delarche, F., Fitzpatrick, F., Christeff, N., Nunez, E., Bach, J.F.,

and Dardenne, M. 1991. Sex, steroids, glucocorticoids, stress, and

autoimmunity. J. Steroid Biochem. Molec. BioL 40: 619.

Leclere, J., and Wryha, G. 1989. Stress and autoimmune endocrine

diseases. Honn. Res. 31: 90.

263



103. Koehler, T. 1985. Stress and rheumatoid arthritis: a survey ofempirical

evidence in man and animal studies. Psyehosom. Res. 29: 655.

104. Otto, R., and Mackay, I.R. 1967. Psychosocial and emotional disturbance

in systemie lupus erythematosus. Med. J. Aust. 21: 488.

105. Wallace, D.J. 1987. The role of stress and trauma in rheumatoid and

systemic lupus erythematosus. Semin. Arthritis Rheum. 16: 153.

106. Kisch, E.S. 1985. Stressful events and the onset of diabetes mellitus.

Israel J. Med. Sei. 21: 356.

107. Linn, M.W., Linn, B., Skyler, J.S., and Jensen, J. 1983. Stress and

immune function in diabetes mellitus. Clin. Immun. Immurwpath. 27:

223.

• 2~




