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Abstract

Chronic graft-versus-host-disease (cCGVHD) is a major barrier of successful allogeneic hematopoietic
stem cell transplantation (allo-HSCT), with highly variable clinical presentations. The
pathophysiology of cGVHD remains relatively poorly understood. The utilization of murine models
to study cGVHD encompasses experimental challenges distinct from those that have been
successfully used to study acute GVHD (aGVHD). Nevertheless, despite these challenges, murine
models of cGVHD have contributed to the understanding of cGVHD, and highlight its mechanistic
complexity. In this article, insights into the pathophysiology of cGVHD obtained from murine studies
are summarized in the context of their relevancy to clinical cGVHD. Despite experimental
limitations, current and future models of murine cGVHD will continue to provide insights into the
understanding of clinical cGVHD and provide information for new therapeutic interventions.

Introduction

Chronic graft-versus-host disease (cGVHD) remains a significant barrier to successful
allogeneic hematopoietic stem cell transplantation (allo-HSCT). The incidence of cGVHD
foIIowmg allo-HSCT ranges from 25-80% and is associated with significant morbidity and
mortallty despite the fact that cGVHD is also associated with a lower relapse rate presumably
due to graft versus tumor effects2. Clinical manifestations of cGVHD are highly variable with
respect to organ involvement and extent, and further complicated by different methodologies
of clinical scoring to define disease severlty These challenges in cGVHD have been addressed
in a series of efforts in the clinical communlty -8 1tis now recognized that cGHVD is a distinct
clinical entity from acute GVHD (aGVHD) and not merely an temporal extension of the
latter9. Pathophysiologically, in aGVHD, necrotic changes to target organs (skin, liver, and
gastrointestinal tract) predominate the pathologic phenotype. In contrast, fibrosis and chronic
inflammation of target organs, often including the same target organs in aGVHD, are the
pathologic hallmarks of cGVHD!. These differences in the phenotypic outcomes, which
largely parallel manifestations in humans, delineate murine models of aGVHD and cGVHD
(Table 1). Not surprisingly, the immune mechanisms that are implicated in the induction and
propagation of cGVHD have been shown to be distinct from those of aGVHD.

cGVHD evolves as a consequence of dysregulated alloreactive reactions between donor-
derived immune cells and host cell populations. In contrast to aGVHD, the immune
mechanisms leading to the development of cGVHD remain more incompletely understood.
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There are a number of factors that account for this. First, the clinical features of cGVHD until
recently, with the establishment of the National Institutes of Health Consensus Project on
cGVHDS3, have not been defined in a systematic and objective fashion so that assessments of
cGVHD have varied from institution to institution. Second, the clinical features of cGVHD
themselves are highly variable and mimic, but not completely replicate, a variety of
autoimmune and immunodeficient diseases, each with distinct pathophysiologic mechanisms.
Third, the delayed onset of cGVHD is in many cases complicated by comorbidities of allo-
HSCT, such as immune deficiency due to chronic immunosuppressive therapy, infections, end-
organ damage, and disease relapse, which serve to alter the natural history of cGVHD.

Importantly, defining the pathophysiology of cGVHD has been complicated by the absence of
animal models that completely recapitulate the disease or its clinical setting, in contrast to
aGVHD where murine models of major and minor histocompatability (MHC) mismatched
HSCT have provided a relatively comprehensive picture of its pathophysiology as a clinical
diseasel0. Several factors contribute to the difficulty of studying an animal model of cGVHD.
To date, no animal model described encompasses all of the features observed in clinical
cGVHD. Furthermore, the clinical relevance of animal models of cGVHD based on preparative
regimens, composition of the donor graft, genetic backgrounds of donor and host animals, post-
transplant immune suppression, and post-transplant events has been frequently called into
question. Despite these limitations, the study of available models of cGVHD has provided
insights with respect to the pathogenesis of clinical cGVHD that correlates with clinical
observations. Furthermore, observations derived from studies in these murine models have
identified potential therapeutic strategies in the management of clinical cGVHD.

The purpose of this review is to describe murine models that have been used in the study of
cGVHD, the immunologic mechanisms that underlie each of the graft-versus-host reactions
(GVHR) that lead to the cGVHD phenotypes, and their relevancy to clinical cGVHD. These
models are divided into three broad classifications (Table 2), based on phenotype and
immunologic mechanism, which encompass the majority of murine cGVHD models that have
been described to date. For each, descriptions on how the model is established, their salient
phenotypes and pathophysiologic mechanisms, and their relevancy to clinical cGVHD are
discussed.

CD4 Stimulated B-Cells and Autoantibody Production in SLE-cGVHD

Biology

One model that has been extensively utilized in the study of cGVHD in mice involves adoptive
transfer of immune cells from MHC antigen disparate donors. While the use of MHC-
mismatched cell transfers in most cases result in a phenotype resembling lethal acute GVHD,
in a number of models the transfer of MHC-mismatched cells resulted in a phenotype that
resembles clinical systemic lupus erythematosus (SLE), hereafter termed SLE-cGVHD. Most
involve parent-into-F1 combinations, resulting in mismatches in both class I and class 11 MHC,
whereby unfractionated peripheral immune cells are adoptively transferred into non-irradiated
host mice. Another model resulting in a similar phenotype as the parent-into-F1 model utilizes
coisogenic mice that differ only in the class Il MHC molecule as a result of a mutant form of
the class 11 1-A locus in MHC11-13, The phenotype that arises from these models is
predominated by the generation of autoantibodies directed against dSDNA, ssDNA, and
chromatin, and immune-complex gIomerqunephritisl4!15. Progressive idiopathic pneumonia
syndrome (IPS) has also been reported in a parent-into-F1 model of GVHD16:17,

The immunologic mechanisms that result in the SLE-like phenotype in this model have been
characterized and shown to be distinct from the mechanisms resulting in aGVHD in several
ways (Figure 1). First, the common characteristic of the mouse strain combinations used in the
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SLE cGVHD models involve disparities in class 11 MHC, indicating that stimulation of CD4
T-cellsare importantin SLE-cGVHD18, Thiswas exemplified by experiments involving strain
combinations involving mutants in class I and class Il MHC. Lymph node cells and splenocytes
from B6 mice were administered into non-irradiated (B6 x bm1)F1 hosts containing a mutated
allele in class | MHC or (B6 x bm12)F1 hosts containing a mutated allele in class Il MHC.
Whereas the B6 into (B6 x bm1)F1 transplant resulted in mild cGHVD, the B6 into (B6 x
bm12)F1transplantresulted in asignificant cGVHD characterized by autoantibody production,
increased splenic weights, and higher numbers of antibody producing cells. In contrast,
disparities in both MHC class | and class 11, i.e. B6 into (om1 x bm12)F1, resulted in anaGVHD
phenotypelg. Depletion of the donor inoculum of CD8 T-cells but not CD4 T-cells resulted in
autoantibody formation and immune-complex glomerulonephritis, while both CD4 and CD8
T-cells were required for aGVH p20,21

Although CD4 T-cells have been shown to be critical in the induction of SLE-cGVHD, CD8
T-cells appear to play an immunomodulatory role in that the balance between CD4 and CD8
determines the ultimate GVHD phenotype in this model. In support of this, the most commonly
studied strain combination resulting in SLE-cGVHD involves the administration of DBA2
(H-29 haplotype) splenocytes into (B6 x DBA2)F1 hosts (H-2°4 haplotype) despite the fact
that there is complete mismatch at both MHC class | and class Il alleles. Paradoxically, adoptive
transfer experiments in the reciprocal direction, i.e. B6 splenocytes into (B6 x DBA2)F1 hosts,
results inan aGVHD phenotypelg. One factor that may account for this is the lower frequency
of precursor cytotoxic T-lymphocytes (CTL) in the DBA2 compared to the B6 inoculum?2,
The association of low precursor CTL numbers with cGVHD and high precursor CTL numbers
with aGVHD has been demonstrated in other parent into F1 models, although the course and
severity of the GVHD phenotype is variableZ3. In addition to the notion that a paucity of host
alloreactive CD8 T-cells helps determine the GVH phenotype, DBA2 derived CD8 T-cells
generate relatively weak in vitro allogeneic responses, and more recent studies suggest that
induction of CD8 anergy results in the shift from an aGVVHD phenotype to an SLE-cGVHD
phenotype24'25. Finally, shifting the cytokine balance in SLE-cGVHD from Th2 predominant
to Th1 predominant using systemic administration of 1L-12 at the time of adoptive transfer
resulted in the suppression of autoantibody production, normalization of host splenicBand T
cells, restoration of donor anti-host aIIoreactivity26, and decreased severity of immune-
complex glomerulonephriti527.

CD4 T-cell activation and their interactions with antibody producing B-cells has been a major
focus of investigation in describing the pathophysiology of SLE-cGVHD. Distinct from
aGVHD that is predominated by the activation and proliferation of type 1 helper T-cells (Th1),
producing IL-2 and IFN-y, CD4 T-cell activation in SLE-cGVHD results in the production of
type 2 helper T-cells (Th2) producing the cytokines IL-4 and 1L-1028:29 that contribute to
polyclonal B-cell activation (Table 1). The importance of B-cell activity in SLE-cGVHD is
supported by a number of studies where B-cell activation is disrupted, including blockade of
CD40 Iigand3o, blockade of T-cell co-stimulation by CTLA4Ig3 , stimulation of the tumor
necrosis factor receptor superfamily member 4—lBB32, and the aforementioned skewing
towards a Th1 predominant phenotype with administration of 1L-12. In these studies, inhibition
of T-cell dependent antibody production resulted in reversal of the SLE-cGVHD phenotype.
Similarly, promoting host B-cell persistence by transferring perforin deficient T-cells in the
aGVHD model of B6 into gBG x DBA2)F1 hosts resulted in a shift to a GVHD phenotype
resembling SLE-cGVHD33,

Progression of SLE-cGVHD can occur by a number of mechanisms. First, B-cells, being
efficient antigen presenting cells (APC), present multiple epitopes of an individual antigen in
the context of its class I MHC, and can activate multiple clones of helper T-cells. These
epitopes include reprocessed antigens or peptides derived from immunoglobulins, both of
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which are cross-reactive with the original epitope. Activation of these T-cells, in turn, can
further promote B-cell activation and autoantibody production against a progressively broader
range of host-derived epitopes. In thls way, the generation of humoral responses against host
antigens is continuously perpetuated 4-37 Another proposed mechanism of SLE progression
involves the inability to completely clear apoptotic cells following GVHR from secondary
immune organs, thus providing an additional source of autoantigens and further driving
autoantibody production?’8

Correlations to Clinical cGVHD

The relevance of the parent-into-F1 SLE-cGVHD model to clinical cGVHD has been called
into questions for a number of reasons. First, the absence of bone marrow derived stem cells
in the donor inoculum and the absence of any host immunodepletion prior to cell transfer is
inconsistent with the setting of clinical allo-HSCT. Second, while some features of cGVHD
following allo-HSCT mimic SLE, the similarities are not absolute. For example, the profile of
autoantibody expression in patients with cGVHD are highly heterogeneous, and includes
autoantibodies associated with other collagen vascular diseases3940. Moreover, the reported
InCIdence of renal complications attributable to cGVHD following allo-HSCT is relatively
lowl41 . Third, the phenotype in the SLE-cGVHD model arises from interactions between
donor-derived CD4 T-cells and host-derived B-cells, whereas donor-derived B-cells do not
appear to be involved in the pathogenesisl3. Similar interactions between T-cells and B-cells
have not been defined in the clinical setting of mixed chimerism, and have not been consistently
observed in other models of murine cGVHD (see below).

Despite these limitations, the SLE-cGVHD model has contributed to the understanding of
clinical cGVHD in a number of ways. First, the model highlights the importance of B-cells in
contributing to the SLE-cGVHD phenotype. In addition to the demonstration of autoantibodies
in clinical cGVHD39:40 , patients with extensive cGVHD were more likely to have faster B-
cell recovery and detectable autoantibodies following allo- HSCT42. Treatment of patients with
refractory cGVHD with anti-CD20 chimeric monoclonal antibody (rituximab) resulted in
objective improvements in cGVHD4L, Finally, the SLE-cGVHD model could provide insights
into interactions between host and donor immune cells that occur during immune recovery
from allo-HSCT following reduced mtens%/ conditioning (RIC) where transient or chronic
states of mixed chimerism are common# . For example, in a murine model of MHC
mismatched allo-HSCT utilizing RIC, there was an association between the establishment of
mixed chimerism, high levels of autoantibody production, and persistence of host B-cells 46,
To date, however, clinical correlates of these observations have not been firmly established.

Pro-Fibrotic Pathways in Sclerodermatous (Scl)-cGVHD

Biology

Another model that has been extensively used in the study of cGVHD in mice involves the
adoptive transfer of donor immune cells, usually unfractionated splenocytes, into sublethally
irradiated host mice that are MHC matched but mismatched at loci encoding minor
histocompatibility antigens (miHA). The most common strain combination utilizes
unfractionated splenocyte or purified T-cell populations from B10.D2 (H-29) into BALB/c
(H-2%) hosts. Significant experimental model differences between the B10.D2 into BALB/c
transplants and the parent into F1 SLE-cGVHD model exist (Table 2). First, transplant
conditions differ in that the B10.D2 into BALB/c model involves irradiation of the host and
the co-administration of donor bone marrow in addition to splenocyte populations, resulting
in full donor lymphoid chimerism. Thus, the effector arms of GVHD in the Slc-cGVHD model
are predominantly of donor origin in contrast to the mixed chimerism that is established in the
SLE-cGVHD models. Moreover, with pre-transplant radiation, tissue damage and local
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inflammation in target organs of cGVHD may play a role in the onset and severity of the
cGVHD phenotype. Second, the resulting observed phenotypes are substantially different from
SLE-cGVHD. In contrast to autoantibody production observed in the SLE-cGVHD model, the
B10.D2 into BALB/c model results in a phenotype that encompasses many features of
autoimmune scleroderma. (For this reason, miHA mismatched transplants resulting in a
sclerodermatous phenotype hereafter will be referred to as the Scl-cGVHD model.) Fibrotic
changes of the skin and other organs including the gastrointestinal tract and the liver are the
phenotypic hallmarks in Slc-cGVHD, which are detectable approximately 21 days following
transplant, and are characterized by loss of dermal fat, hair follicle destruction, mononuclear
cell infiltration, and increased collagen deposmon4 . Additional manlfestatlons include weight
loss proportional to the donor cell |nnoculum47 and fibrosis of the Iung , liver and bile
duct#9-51 and parotid salivary gland . Autoantibody production does not appear to play a
prominent role in the Scl-cGVHD maodel, although immunoglobulin deposition at the dermo-
epidermal junction and in the kidney has been observed4:93, Significant mortality is observed
as early as six weeks following transplant depending on the pre-transplant radiation dosed4

The known pathophysiologic mechanisms involved in the Scl-cGVHD model are illustrated
in Figure 2. Not surprisingly, given the distinct phenotypes between the Slc-cGVHD and SLE-
cGVHD maodels and the differences in scientific approach, their pathophysiologic mechanisms
differ as well. Initially following transplantation, occurring as early as seven days post-
transplant and about 14 days prior to the onset of skin lesions, inflammatory signals are released
from damaged tissue, including the chemokines MCP-1, MIP-1a, and RANTES. As a result,
infiltration of donor-derived mononuclear infiltration cells, consisting of monocytes and
activated macrophages as well as T-cells, occurs. Activated macrophages isolated from
sclerodermatous skin lesions are notable for increased expression of scavenger receptors such
as ScR-A and MARCO, which in addition to their functions in phagocytosis can also participate
in antigen presentation55 56, The elevation of chemokine expression in situ is accompanied
by changes in the ex ression of adhesion molecules in target organs and their ligands on
inflammatory cells®’. For example, compared with syngeneic transplant controls, expression
of the cellular adhesion molecules VCAM-1 and ICAM-1is increased in cGVHD target organs,
including the skin, liver, and gastrointestinal tract. Concomitantly, expression of the ligands
for these VCAM-1 and ICAM-1, o4 integrin (as part of VLA- 4) and LFA-1 respectively, which
are expressed by activated lymphocytes, are also increased®8:99, The importance of the role
of adhesion molecules in initiating cGVHD was further demonstrated by the systemic
administration of monoclonal antibodies directed against VCAM-1 prior to and following
transplant. Mice treated with the antibody had S|%n|f|cantly reduced mortality and morbidity
due to Scl-cGVHD compared to untreated mice®

Investigation into the role of antigen presenting cells (APC) and their interactions with T-cells
in Scl-cGVHD suggests a complex interplay between donor derived and recipient derived cell
populations. With respect to T-cells, donor-derived naive CD4 T-cells alone are sufficient and
necessary to generate Scl-cGVHD, consistent with the SLE-cGVHD murine model and clinical
observations that CD4 T-cells play an important role in cGVHD; CD8 T-cells, as well as the
effector/memory fraction of CD4 T-cells are insufficient to induce cGVHD61-63 The role of
CD4 T-cells in cGVHD is further supported in a murine model of cGVHD progressing from
aGVHD. Alloreactive CD4 T-cells generated in the setting of aGVHD when transferred into
lethally irradiated secondary hosts, resulted in a cGVHD phenotype . With respect to APC,
in contrast to miHA mlsmatched models of murine aGVHD, which are primarily dependent
on host APC for its initiation®5, both donor and host APC are capable of eliciting cGVHD in
the Scl-cGVHD model. Moreover, using donor-host strain combinations deficient in
costimulatory molecules on APC, the requirements for APC function in Scl-cGVHD differ
with respect to target organ. While both donor and recipient APC were sufficient to induce
skin cGVHD, donor APC were found to be the primary inducers of gut cGVHD. Costimulatory
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requirements of T-cells were also different between organs in that both CD80/86 and CD40
costimulation of allospecific T-cells was required for initiation of gut cGVHD, whereas
CD80/86 alone was sufficient to induce skin cGVHDS6. From these studies, it is apparent that
differential patterns of inflammation at the various target tissues and subsequent T-cell
activation in draining lymph nodes play an important role in defining the pattern of host and
donor derived APC and T-cell recruitment, and that this process appears to be tightly
regulated67768.

Genetic factors that define the presentation and recognition of miHA appear to be critical
determinants in Scl-cGVHD manifestations. Transplants involving donor-recipient strain
combinations that differ with respect to the pattern of immunodominant antigen presentation
dictated by MHC haplotype can produce both aGVHD and cGHVD phenotypes. For example,
transplant of different B10 donor strains into MHC-matched BALB recipient strains where the
only difference among the transplant pairs was in MHC haplotype expression yielded distinct
GVHD phenotypes. Specifically, B10 (H-2P) into BALB.B (H-2P), B10.BR (H-2K) into
BALB.K (H-2%), and B10.D2 (H-29) into BALB/c (H-29) transplants differed in clinical
outcome in that the first two transplant pairings resulted in systemic GVHD characterized by
diarrhea and hunched posture and little in the way of sclerodermatous skin changes that is
characteristic of the B10.D2 into BALB/C transplant pairing. Transplants involving donor B10
hybrids and recipient BALB hybrids, e.g. (B10 x B10.D2) F1 (H-2P9) transplanted into
(BALB.B x BALB/c)F1 (H-2P9) recipients, resulted in a co-dominant expression of the
haplotype specific GVHD phenotypes in that recipient mice had both systemic and Scl-cGVHD
manifestations®°. Analogously, patterns of T-cell receptor (TCR) expression can also
potentially play a role in effecting the phenotype of GVHD. To illustrate this, the transfer of
splenocytes derived from DBA2 mice into sublethally irradiated BALB/c recipients results in
a cGVHD phenotype that includes both autoantibody production observed in the DBAZ2 into
(B6 x DBA2)F1 model of SLE-cGVHD, but also the fibrotic changes characteristic of the
B10.D2 into BALB/c model of Scl-cGVHD®3, TCR repertoires between DBA2 mice and
B10.D2 mice differ with respect to the expression of endogenous mouse mammary tumor virus
superantigens resulting in deletion of TCR V[ gene segments, which in turn confer different
patterns of immune responses depending on the target antigen70’7l. The diversity in TCR-
MHC:peptide combinations in these models likely play a major role in the diversity of clinical
cGVHD. Moreover, expression of genes other than those involved in antigen presentation and
recognition may play a role in affecting the phenotype of cGVHD'2.73,

Fibrosis constitutes the ultimate outcome of the allogeneic immune response in Scl-cGVHD.
TGF-pB plays a critical role in the generation of fibrotic changes in the skin, and shares
commonality with other models of fibrosis attributed to TGF-f signaling. TGF-p is secreted
by activated macrophages in an inactive form non-covalently bound to latency-associated
protein (LAP). Following cleavage from LAP, TGF- binds to its receptor on fibroblasts, and,
via signaling mediated by SMAD proteins, modulates collagen synthesis that leads to
fibrosis’4. In murine Scl-cGVHD, disruption of the TGF-p signaling pathway using anti-TGF-
B antibodies or by systemic administration of LAP significantly reduces the severity of skin
disease?8:75,76, Additionally, TGF-B mediated fibrosis is controlled by Th2 CD4 T-cells and
is counter-regulated by Th1l CD4 T-cells. The production of TGF- by activated macrophages
may explain the exacerbation of Scl-cGVHD in mice receiving splenocytes from mice
receiving G-CSF as a model of allogeneic peripheral blood stem cell transplant (allo-PBSCT),
where the severity of skin fibrosis is influenced by the myelomonocytic fraction of the donor
graft and is correlated with the degree of cutaneous CD11b+ cell infiltration’ 7»78. While the
role of TGF-p in mediating the skin changes Scl-cGVHD has been well-characterized, other
cytokines secreted by Th2 CD4 T-cells may have important roles in modulating fibrosis. For
example, IL-13 has been shown to be a major mediator of fibrosis, either by directly stimulating
fibroblasts to produce collagen, or by indirectly stimulating macrophages through the IL-13
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receptor to produce TGF-B74. Consistent with this, based on sequential gene expression
analysis in the skin of Scl-cGVHD mice®’, IL-13 expression is elevated in the early phases of
cGHVD, although the precise nature of IL-13's functional role in fibrosis in this model remains
to be defined.

In addition to the interactions between T-cells and monocytes/macrophages that regulate
fibrosis, there is evidence generated from the Scl-cGVHD model that mast cells and eosinophils
may play arole in the induction of collagen synthesis leading to fibrosis. In vitro studies suggest
that both cell types can effect fibroblast proliferation and collagen production79. In the skin
of Scl-cGVHD mice, mast cell infiltration and degranulation that temporally correlated with
the onset of skin fibrosis was observed 47:80, Eosinophilic infiltration of the liver was also
reported in this model8L. Furthermore, treatment with the mast cell stabilizer nedocromil
sodium prior to and following B10.D2 into BALB/c transplant resulted in amelioration of skin
cGVHDS82, While the mechanisms involving interactions among mast cells, eosinophils, T-
cells, and fibroblasts in Scl-cGVHD remain undefined, the murine Scl-cGVHD model provides
an experimental platform to investigate these interactions and identify additional targets for
the treatment of fibrosis.

In addition to the pro-fibrotic pathways as a major manifestation in murine Scl-cGVHD, defects
in immune responses have also been observed. For example, in a parent into F1 model of
cGVHD, immune responses to viruses were impaired due to impaired tissue-specific homing
of antigen-specific T-cells, which may partly explain the increased incidence in opportunistic
infections in patients with cGVHD83. CD4+ CD25+ regulatory T-cells may also play an
important role in the progression of disease phenotype. Reconstitution of BALB/c RAG
knockout recipients with donor B10.D2 CD4+ CD25+ depleted T-cells resulted in a more
severe cGVHD phenotype than unfractionated CD4+ cells. Moreover, supplementation of the
donor graft with either donor or host derived CD4+ CD25+ cells ameliorated the cGVHD
phenotype84. However, the mechanisms by which regulatory T-cells modulate Scl-cGVHD
remain undefined.

Correlations to Clinical cGVHD

The Scl-cGVHD model shares many phenotypic features with the sclerodermatous form of
clinical cGVHD, which, in combination with poor performance status, thrombocytopenia,
hepatic dysfunction, and progressive cGVHD onset from prior aGVHD, is an unfavorable
prognostic factor for survival 5,86 The incidence of sclerodermatous cGVHD among all long-
term survivors of allo-HSCT is estimated to be 3-10%, although both its incidence and severity
could be expected to rise with the increasing numbers unrelated donor transplants being
performed and the increased use of mobilized peripheral blood as a stem cell source87-90,
Sclerodermatous cGVHD has also been reported following donor leukocyte infusions (DLI)
for relapsed diseasegl, consistent with the murine models Scl-cGVHD in which mature post-
thymic T-cells are required for its pathogenesis.

Fibrosis is a feature frequently observed in multiple organs in clinical cGVHD other than
skin92:93, There is also evidence that the mediators of fibrosis described in the murine Scl-
cGVHD are similar to that observed in clinical cGVHD. In vitro stimulation of human
mononuclear cells with allogeneic fibroblasts and IL-4, which, like IL-13 is a pro-fibrotic
cytokine, results in increased collagen synthesis. Addition of IL-12, a potent inducer of Thl
activation, suppressed this production94. Serum levels of TGF-p are increased in patients with
cGVHD following allo-HSCT. Interestingly, inallo-PBSCT, in contrast to allo-BMT, which
is associated with an increased incidence and severity of cGVHD attributed to the increased
numbers of T-cells in the donor allograft89796, the incidence of GVHD was correlated with
the number of myelomonocytic-committed CD34+ progenitorsg7, potentially providing an
increased source of TGF-B, although there was no distinction made between aGVHD and
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cGVHD. Elevations in IL-13 were observed in the bronchoalveolar lavage fluid of recipients
of lung transplants with bronchiolitis obliterans®8, further suggesting the importance of this
cytokine in promoting fibrotic processes during cGVHD. These clinical observations serve to
provide a rationale for cytokine-directed therapy in sclerodermatous cGVHD®. Finally,
stimulatory autoantibodies to the platelet derived growth factor (PDGF) receptor have been
found in patients with extensive sclerodermatous cGVHD as well as patients with systemic
sclerosis that was associated with increased collagen gene expressionloovlol. Whether these
stimulatory autoantibodies exist in murine Scl-cGVHD models remains to be determined.

One limitation to the murine Scl-cGVHD model is that it generally parallels a severe form of
clinical cGVHD that is found in only a subset of allo-HSCT recipients with cGVHD. The
clinical spectrum of clinical cGVHD is extremely broad with respect to severity and extentl
3,9, and cutaneous manifestations of cGVHD are likewise highly variable102, Moreover, the
clinical manifestations of cGVHD may be influenced by iatrogenic factors including
preparative regimen and stem cell source44.89,103,104 1t \yould be of interest if the spectrum
of cGVHD phenotypes can be recapitulated in murine cGVHD maodels that incorporate these
clinically relevant variables. Finally, as was previously detailed, genetic heterogeneity in stem
cell donors and recipients play a critical role in determining cGHVD phenotype. While this
factor cannot be fully recapitulated in murine models, the use of inbred mouse trains in
combinatorial donor-recipient transplant pairings provides insight into the influence of miHA
mismatch on the clinical outcome of allo-HSCT with respect to GVHD, and may serve as a
model to identify the nature of individual miHA determinants that are important in the
development of cGVHD.

cGVHD Caused by Defects in Thymic Function

Biology

The thymus, in addition to being the primary site of T-cell development, is also a major site of
tolerance induction to self-antigens through the negative selection of auto-reactive T-cell
clones. Negative selection is regulated thro%gh tissue restricted antigen expression on thymic
epithelial cells and thymic dendritic cells105, Because of its role in central tolerance, the
thymus is viewed as an organ critical for the initiation and propagation of GVHD by the
production of auto-reactive T-cells resulting from impaired negative selection following
treatment-related or immune mediated damage. Evidence for this comes in part from the
observation that mice thymectomized during the neonatal period spontaneously develop multi-
organ autoimmune diseasel06.

While murine models of aGVHD have directly shown that the thymus is indeed structurally
and functionally adversely affected by the presence of donor-derived alloreactive immune
cells107-110 the effects of cGVHD on thymic function are less clear. While some clinical
studies have associated cGVHD with impairment of thymic function111-113 others have
attributed the low numbers of recent thymic emigrants seen in clinical cGVHD to their impaired
survival in the peripheral immune system rather than decreased thymic functionl14. vet
another possibility is that bone marrow derived T-cell progenitors are unable to effectively
home to the thymus in the setting of cGVHDS3, Additionally, the role of thymic dysfunction
itself on the pathogenesis of cGVHD in humans has not been clearly established.

Interestingly, the murine models described in this review thus far have not clearly defined a
thymic role in the induction of cGVHD. In the DBA2 into (B6 x DBA2)F1 model of SLE-
cGVHD, there were no apparent effects on thymic cytoarchitecture and T-cell development in
contrast to the B6 into (B6 x DBA2)F1 model of aGVHD198, Similarly, in the miHA
mismatched murine Scl-cGVHD models, thymic production of donor-derived T-cells was not
necessary for induction of the phenotype. In the B10.D2 into BALB/c model, donor bone
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marrow cells alone without post-thymic T-cells did not result in cGVVHD associated phenotypic
changesGG, while administration of DBA2 splenocytes and bone marrow cells into
thymectomized BALB/c hosts did not change the incidence or severity of cGVHD when
compared to thymus-intact mice. However, in these mice, thymic cellularity was adversely
affected by cGVHD, although more specific parameters of thymic function such as the
enumeration of recent thymic emigrants by T-cell receptor excision circle quantitation or
evaluations of T-cell receptor repertoire diversity were not performed53.

A murine model of cGVHD attributed to thymic dysfunction has recently been described,
whereby lethally irradiated C3H/HeN recipients received T-cell depleted bone marrow from
MHC-mismatched B6 mice deficient in MHC class Il antigens (B6 H-2 Ab17). As a
consequence of impaired thymic negative selection resulting from the absence of MHC class
I1 on host-derived thymic dendritic cells (DC), many features clinical cGVHD were observed.
These features included sclerodermatous skin changes, weight loss, bile duct loss and fibrosis,
inflammation and mononuclear cell infiltration of the salivary glands, and increased mortality
(Figure 3). Transplantation of B6 H-2 Ab17- bone marrow into thymectomized recipients did
not result in cGVHD while transplantation of wild-type B6 bone marrow resulted in a less
severe cGVHD phenotype. Furthermore, adoptive transfer of CD4 T-cells generated in the
cGVHD mice and donor APC into secondary irradiated C3H/HeN recipients resulted in the
cGVHD phenotype. Thymic regulatory T-cell production was not affected but was insufficient
to inhibit cGVHD. Autoantibody production was not reported in this model113,

To date, the B6 H-2 Ab1”- into C3H/HeN transplant model is the only one described that
directly links aberrant thymic function with induction of a cGVHD phenotype, and suggests a
role for donor-derived APC as an important variable in modulating central tolerance and
peripheral stimulation of donor-derived T-cells against host antigens following allo-HSCT,
although the exact mechanism is not known. While the model demonstrates that the complete
abrogation of negative selection of CD4 T-cells induces cGVHD, a number of caveats related
to the role of the thymus in cGVVHD are worth considering. First, none of the murine models
of cGVHD involving genetically unmodified mice has provided evidence of impaired negative
selection that would lead to cGVHD. It remains to be seen whether experimental conditions
exist that result in observable thymic dysfunction contribute to or alter the cGVHD phenotype
in these models. Second, the clinical relevance of the B6 H-2 Ab1”~ into C3H/HeN transplant
model is limited by the fact that thymic function is perpetually impaired by the absence of
MHC class Il antigen on APC beyond the period when complete regeneration of thymic
function occurst19. It is not clear, for example, whether there exists a temporal “window” of
thymic damage followed by recovery during which deficits in negative selection are necessary
and/or sufficient to induce cGVHD. Moreover, it is not known if the thymus in the B6 H-2
Ab17 into C3H/HeN transplant model is itself a target of GVHD, since negative selection is
not only mediated by donor derived DC, but also host medullary thymic epithelium105. Finally,
the clinical relevance of this model is unclear given that thymic function declines with age and
is questionably present in older individuals undergoing allo-HSCT who develop cGVHD.
Nevertheless, observations from this model suggest that enhancements in thymic function
following allo-HSCT through the administration of positive thymic regulators may play a role
inameliorating clinical cGVH D64, Clinical studies involving administration of positive thymic
regulators in the post-transplant setting will be able to more fully characterize the role of thymic
dysfunction in the induction and/or progression of cGVHD.

Concluding Remarks

Clinical cGVHD is an extremely complex and diverse disease, which makes the establishment
of murine models that recapitulate all features of the disease difficult to establish. Murine
models of cGVHD have been useful in identifying many of the pathophysiologic mechanisms

Biol Blood Marrow Transplant. Author manuscript; available in PMC 2008 May 12.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chu and Gress

Page 10

involved in autoantibody production and fibrotic changes, two features commonly found in
cGVHD. However, important clinical variables attributed to the development of cGVHD in
humans are difficult to accurately reproduce in mice and to date no murine model encompasses
all of them. Additionally, methods in reduced intensity conditioning and the use of mobilized
peripheral blood stem cells, which have been shown to influence the incidence and spectrum
of clinical cGVHD, have yet to be recapitulated in murine models. Similarly, cGVHD evolved
from aGVHD, which has potentially important implications in defining the role of thymic
function in cGVHD, has also yet to be modeled in mice. As the clinical spectrum of cGVHD
continues to be characterized in a systematic way with respect to clinical features, pathologic
examination, and biomarkers, it is likely that novel murine transplant models will be
successfully developed to recapitulate these features, and identify additional potential targets
for therapeutic intervention in the management of clinical cGVHD.
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Figure 1. Murine SLE-cGVHD

Illustrated are the events presumed to occur in the DBA2 into (B6XxDBA2)F1 model of SLE-
cGVHD. DBA2 CD4 T-cells are stimulated by host (B6xDBA2)F1 APC through interactions
between peptide presented in the context of host class Il MHC. Activation of CD4 T-cells in
turn stimulate host B-cells to produce autoantibodies. In addition, B-cells could stimulate
additional donor CD4 T-cells through antigen reprocessing and presentation in the context of
its class 11 MHC. In this way, the generation of autoantibodies against a progressively wider
range of epitopes is perpetuated.
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Figure 2. Murine Scl-cGVHD

Illustrated are the events presumed to occur in the B10.D2 into BALB/c miHA mismatched
transplant model. Tissue damage results in the upregulation in inflammatory mediators and
chemoattractants in target tissue and in adhesion molecules in monocytes and donor-derived
T-cells. Upon activation by donor and/or host APC (not shown in the figure), CD4 T-cells are
recruited into target tissue and signal activated macrophages to produce TGF-f by way of 1L-13
signaling. TGF-B, in turn, binds to its receptor in fibroblasts resulting in increased collagen
synthesis, resulting in fibrosis. In addition to stimulation of collagen by fibroblasts through
TGF-p signaling, CD4 T-cells can directly stimulate collagen synthesis by fibroblasts through
IL-13 signaling. Clinical data demonstrating the role of stimulatory autoantibodies against the
platelet derived growth factor (PDGF) receptor are also shown, but their role in murine cGVHD

has not yet been demonstrated.
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Figure 3. cGVHD Caused by Thymus Dysfunction

The thymus is critical for central tolerance. Damage to the thymus by radiation and/or
infiltration of donor alloreactive T-cells results in thymic damage that leads to impaired
negative selection and T-cell development as modeled by transplantation of thymic DC lacking
class Il MHC. Impaired negative selection leads to the development of host derived donor
reactive T-cells, which, upon activation with donor derived APC, leads to cGVHD.
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Table 1
Experimental Readouts in Murine Models of Acute and Chronic GVHD
Acute GVHD Chronic GVHD
. Death . Longer-term Survival

Severe Acute Morbidity (weight loss, decreased activity)

Tissue Pathology Consistent With Necrosis in Target Organs
(Gastrointestinal tract, Liver, Skin)

Th1 Cytokines (IFN-y, TNF-a, IL-1p)

Immune Deficiency

Anti-host CTL Reactivity

Chronic Morbidity

Chronic Inflammatory Changes and Fibrosis
(Sclerodermatous Skin Changes)

Th2 Cytokines
Autoantibody Production

Lack of Anti-host CTL Reactivity
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