Stem cell transplantation: Focus on chronic GVHD
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Animal models of graft-versus-host disease

A B S T R A Cc T

Acute graft-versus-host disease (GvHD) is a severe complication that limits the success of allogeneic
hematopoietic cell transplantation (alloHCT). Most knowledge about the biology of GvHD is derived
from mouse models of this disease and, therefore, a critical analysis of potential advantages and dis-
advantages of the murine GvHD models is important to classify and understand the findings made in
these models. The central events leading up to GvHD were characterized in three phases that include
the tissue damage-phase, the T-cell priming-phase and the effector-phase, when the disease becomes
clinically overt. The role of individual cytokines, chemokines, transcription factor or receptors was
studied in these models by using gene deficient or transgenic mice in the donor or recipient compart-
ments. Besides this, numerous studies have been performed in these models to prevent or treat GvHD.
Several recent clinical trials were all based on previously reported findings made in the mouse model
of GvHD, such as the trials on CCR5-blockade, donor statin treatment, vorinostat treatment or adop-
tive transfer of requlatory T cells for GvHD prevention. The different mouse models for GvHD and graft-
versus-leukemia effects are critically reviewed and their impact on current clinical practice is dis-
cussed.

Learning goals

At the conclusion of this activity, participants should understand that:

- murine GvHD models contributed significantly to the understanding of the cytokine storm and the
release of danger signals during GvHD;

- in humans the allogeneic T-cell response is more heterogenous compared to the inbred mouse
strains where the expansion is more homogenous;

- there are different mouse models for chronic GvHD (cGvHD), such as cGvHD induction by defects
in thymic function, sclerodermatous cGVHD models, and CD4 dependent stimulation of B cells in
systemic lupus erythematosus cGVHD models;

- the different BLI-, MRI- or PET-based methods, as well as imaging at a cellular level, have con-
tributed significantly to gaining a better understanding of the events that lead to the clinical pic-
ture of acute GvHD;

- several clinical trials for GvHD prevention, such as CCR5-blockade or vorinostat treatment, were
motivated by findings from studies of mouse models of GvHD.

as neutralizing monoclonal antibodies against
multiple murine antigens, have led to the use
of mice as a major animal model for GVHD.
However, there are important differences

Mouse models of acute GvHD

The pathogenesis of acute GVHD is most

frequently assessed in the mouse model,
although in the early phase of allogeneic
hematopoietic cell transplantation (alloHCT),
dog models were crucial for understanding the
role of MHC disparity in the 1960s.!
Currently, canine models are still used to
determine the effectiveness of cellular
immunotherapy approaches.? Also non-human
primate models® and rat models* of GvHD
have been characterized and used to gain a bet-
ter understanding of the pathophysiology of
acute GVHD. The advantage of mouse models
is based on multiple gene deficient and trans-
genic animals able to determine the role of
individual genes or factors for GvHD.
Furthermore, mice models represent lower
costs on a per animal basis than those for high-
er vertebrates. Also the availability of labora-
tory reagents tailored for the use in mice, such

between murine GvHD compared to the
human disease that need to be considered crit-
ically when findings from one system are
extrapolated into the other.

In contrast to the clinical situation, condi-
tioning therapy in the mouse models most
frequently involves total body irradiation
(TBI) while few investigators have used
chemotherapy in the mouse for myeloablative
busulfan/cyclophosphamide-based condition-
ing® as well as fludarabine/cyclophosphamide-
based reduced intensity conditioning.
Conversely, in the clinical situation,
chemotherapy is most frequently applied as
conditioning while TBI is applied mainly for
the minority of patient who have acute lym-
phoblastic leukemia. Following conditioning,
the murine recipients receive bone marrow to
re-establish hematopoiesis and T cells derived
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from the spleens of mice on the same genetic background
as the bone marrow to induce GvHD”

However, in humans, the T-cell response is more het-
erogenous compared to the inbred mouse strains where the
expansion is more homogenous. This may be a reason why
some of the findings in mouse models have not been suc-
cessfully translated into clinical trials. This difference is
likely to be responsible for the observation that many pre-
clinical findings cannot be successfully applied to the clin-
ic. One example are cytokine modifications that were test-
ed in murine GvHD. IL-11 promoted T-cell polarization to
a Th2 phenotype, reduced gut permeability, down-regulat-
ed IL-12, and reduced GvHD-related mortality in mice.®?
This approach was then investigated in a phase I/Il dou-
ble-blind, placebo-controlled study of recombinant human
interleukin-11 for mucositis and acute GvHD prevention
in patients.!” Of 10 evaluable patients who received IL-11
in this trial, 4 died by Day 40 and one died on Day 85
because of transplant-related toxicity as patients receiving
IL-11 experienced severe fluid retention.!” This trial was
not able to determine whether IL-11 given in this schedule
can reduce the rate of GvHD, but the unexpected high
mortality showed that a cytokine that was well tolerated
by the mice induced severe side-effects in humans.

In the murine GvHD system, the number, phenotype and
time point of transfer of donor T cells can be modified
according to biological factors."" Also, based on differ-
ences in MHC class I and/or II molecules or multiple
minor histocompatibility antigens, it can be determined
whether the effectors of GVHD are either CD4 or CD8 T
cells or both. Several murine minor mismatch GvHD
models are illustrated in Table 1. The parameters analyzed
in most experimental murine GVHD studies include ani-
mal survival, weight loss, and characteristic symptoms
such as hunchback, diarrhea, and fur changes. Besides the
clinical GVHD score, a histopathological scoring systems
has been established to quantitatively assess the degree of
GVHD severity.>'* When studying GvHD in the mouse,
laboratories must consider differences in mouse vendor,
age, sex, genetic drift, gut microbial flora and transplant
protocols and each can have a marked impact on GVHD
pathophysiology. Nonetheless, the mouse model has
proven to be extremely useful for developing and testing
new treatment approaches.

In order to induce organ specific GvHD, TCR-trans-
genic models have been developed. The specificity of the
T cells in a TCR-transgenic mouse is restricted to a single
peptide epitope that is either constitutively expressed by
the transplanted allogeneic APCs or certain tissue such as
the skin. In a skin-specific GVHD model, K14-mOVA
transgenic mice that express membrane-associated oval-
bumin (mOVA) under the control of a K14 promoter have
been used.!”!8 These mice have also been extended to dou-
ble transgenic mice by crossing them with OT-I mice that
have a TCR recognizing the OVA peptide.!® In this skin-
specific acute GVHD model, the K14-mOVA transgenic
mice develop the disease whereas double transgenic mice
are protected despite injection of CD8* OT-I cells.!
Multiple applications of TCR-transgenic mice have been
described including TCRs directed against H-Y, TEa, TS1
and DO11.10."2! By using these TCR-transgenic mice as
donors the role of antigen affinity during acute GvHD?
was characterized as well as antigen-induced T-cell expan-
sion.?* These TCR-transgenic models aim to overcome the

Table 1. Mouse models for minor histocompatibility anti-
gens.

Donor Recipient T cells mediating GvHD Author (ref.)
B10.BR CBA (D8 Fanning!?
DBA/2 B10.D2 (D8 de La Selle*®
C3H.SW B6 (D8

B10.D2 DBA/2 (D4 Harpert*
B6 BALB/b CD4

limitation of all MHC- and miHA-mismatched transplant
GVHD models which are not suited to determine to which
specific alloantigen the alloreactive T cells responded.
Conversely, these models have the disadvantage of being
highly artificial, because in patients, multiple T-cell clones
with a variety of TCR affinities will expand and mutually
influence each other; an effect that is lost with TCR-trans-
genic donor T cells.

In order to mimic the heterogeneous TCR repertoire of
human T cells, xenogeneic GVHD models have been
developed. Early studies were conducted using non-obese
diabetic severe combined immunodeficiency
(NOD/SCID) mice and resulted in an engraftment of 1-
20% of the human cells,?* indicating that stable engraft-
ment of the hematopoietic system of the disparate species
was a major limitation of this approach. This was particu-
larly true for the SCID model, as these mice still have
active NK cells that reject upon missing self-recognition.
A more successful engraftment was achieved in RAG2-
deficient and IL-2-receptor-y-deficient mice that lack
functional T, B and NK cells.* Another model in which
mice lack T, B and NK cells are NSG mice. Furthermore,
these mice also have reduced function of macrophages and
dendritic cells, and injection of human peripheral blood
mononuclear cells causes acute GVHD in these mice.?
Besides the limited engraftment, a major problem of xeno-
geneic transplants of human PBMCs into immunodefi-
cient mice is the lack of human APCs to process mouse
antigens and present them in the presence of class I MHC
to the incoming human donor T cells which renders this
model artificial.

Mouse models of chronic GvHD

The incidence of chronic GVVHD following alloHCT
has been reported to range from 25% to 75% and is asso-
ciated with significant morbidity and mortality.?” Clinical
cGVHD is an extremely complex and variable immuno-
logical disease, and, therefore, the establishment of
murine models that recapitulate all disease features is very
challenging. Several approaches to induce chronic GvHD
have been performed, such as induction by defects in
thymic function, sclerodermatous (Scl)-cGVHD models
and CD4 dependent stimulation of B cells in systemic
lupus erythematosus (SLE)-cGVHD models.?® A SLE-
c¢GVHD model that has been extensively applied to char-
acterize cGVHD in mice uses adoptive transfer of immune
cells from MHC antigen disparate donors. One model
resulting in a cGVHD phenotype utilizes co-isogenic mice
that differ only in the class II MHC molecule as a result of
a mutant form of the class II I-A locus in MHC.»3
Comparable to clinical cGvHD, the phenotype that arises
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from these models is connected to the generation of
autoantibodies directed against dSDNA, ssDNA, and chro-
matin, and immune-complex glomerulonephritis.3! Also,
parent-into-F1 models have been used to induce cGvHD.
The association of low precursor CTL numbers with
c¢GVHD 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 variable.*? The functional relevance of B-cell activity in
SLE-cGVHD is supported by studies in which B-cell acti-
vation is blocked via inhibition of CD40 ligand?? or block-
ade of T-cell co-stimulation by CTLA4Ig.** However,
despite the similarities to human cGvHD, the relevance of
the murine cGVHD models has been called into question
for a number of reasons. One reason is that profiles of
autoantibody expression in patients with cGVHD are
highly heterogeneous, and include autoantibodies associ-
ated with other collagen vascular diseases,*® which is dif-
ferent in the mouse. Also, the absence of bone marrow-
derived stem cells in the donor inoculum and the absence
of any host immunodepletion prior to cell transfer is very
different from the setting of clinical alloHCT. Overall,
murine models of cGVHD have been useful for a better
understanding of important features in the pathophysiolo-
gy, such as autoantibody production and fibrotic changes.
Nevertheless, important clinical features connected to the
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development of cGVHD in alloHCT patients have so far
not been reproducible in mice.

In vivo imaging modalities to monitor individual
cell populations during GvHD

As the expansion of donor-derived T cells is common to
all settings of acute GvHD, the quantification of this phe-
nomenon is an important parameter to determine efficacy
of therapeutic approaches against GVHD. In vivo T cells
can be quantified by conventional methods including
CFSE dilution® or BrdU uptake, or in vivo expansion of
luciferase transgenic T cells quantified by biolumines-
cence imaging (BLI).*3° Following adoptive transfer,
such labeled T cells can be detected in secondary lymph
nodes, including Peyer’s patches, mesenteric lymph
nodes, and the spleen.®” By using the methods and cross-
ing luciferase transgenic mice*' with gene deficient mice,
the impact of a certain gene for migration or expansion
can be evaluated as was done for IL-18.4? A representative
T-cell expansion in an allogeneic host is shown in Figure
1. While the luciferase-based BLI technique is well suited
for fast dividing cells where the genomic integration of the
reporter gene leads to increased signal intensity upon cell
division, other cell populations such as dendritic cells
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Figure 1. A representative T-cell expansion in an allo-
geneic host.
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(DC) are well suited for magnetic resonance imaging
(MRI)-based tracking. MRI offers high resolution imaging
of specific anatomical regions in vivo following
alloHCT.*® As intracellular nanoparticles are diluted out
when cells divide, MRI is particularly suitable for tracking
DCs and other antigen-presenting cells because these cells
have a low proliferative capacity and are efficient in Ag
uptake.** By employing SPIO-IgG complexes, in our pre-
vious work,* we achieved a high uptake rate of the
nanoparticles via Fc-y R mediated endocytosis, a mecha-
nism that has previously been used to study DC subsets.*’
By SPIO-based cell tracking, we characterized the migra-
tion of total CD11c* DC from a local injection site and
found them to migrate towards lymph nodes of alloHCT
recipients.”* Besides the GVHD setting, DC were effec-
tively tracked by means of MRI following in vivo admin-
istration in mice and in humans.**# Not only cellular
migration, but also the kinetics of ligand or receptor
expression in different immune cell populations can pro-
vide additional valuable information regarding the time
points at which a certain immunomodulatory treatment
may be beneficial for GVHD. To monitor receptor expres-
sion non-invasively in vivo, we have previously used
positron emission tomography (PET)-based imaging with
radioactively labeled ligands in mice developing GvHD 48
With this method, we could determine the level of alpha V
integrin expression during inflammatory neoangiogenesis
in the intestinal tract. Overall pre-clinical imaging of
innate immune responses is a valuable tool to contribute to
the understanding of GvHD biology in order to develop
novel concepts to reduce the rate of GVHD in the clinic.
The association of GVHD and the beneficial GVL effect
was first described in mouse models* and, at the same
time, multiple investigators have searched for avenues to
separate both effects.!%3! One of these very promising
strategies involved the adoptive transfer of regulatory T
cells> or mesenchymal stem cells (MSC).>* The use of
murine GvL models has also led to the identification of
other immune effector cells besides conventional T cells,
such as NK cells, cytokine-induced killer cells (CIK) or
NKT cells.>>7 Also the findings from the various mouse
models of GVHD and GvL have shaped the understanding
of the role of immunodominant epitopes, anti-tumor
effects of donor lymphocyte infusions (DLI), the impor-
tance of alloantigens and cross-presentation on profession-
al antigen presenting cells in GVL.5

To understand cellular migration and accumulation at a
single-cell level, a multicolor light sheet fluorescence
microscopy (LSFM) approach has been reported for
GVHD.® With this method it was first possible to analyze
intact mouse and human tissues by triple-color illumina-
tion. This allowed the investigators to determine changes
in expression patterns of mucosal vascular addressin cell
adhesion molecule-1 (MAdCAM-1) and T-cell responses
in Peyer’s patches during GVHD.® The different BLI-,
MRI- or PET-based methods, as well as imaging at a cel-
lular level, have contributed significantly to a better under-
stand of the events that lead to the clinical picture of acute
GvHD.

Summary and outlook

Mouse models have been important for a better under-

standing of the biology of acute GvHD. Findings from
GVvHD mouse models have been translated into a clinical
context and these have formed the basis of a number of
clinically applied preventive and therapeutic strategies, all
of which justify the use of such models in this field of
research.

In particular, murine GvHD models contributed signifi-
cantly to the understanding of the cytokine storm,' the
release of danger signals,®?> the role of individual
cytokines,*¢7 the role of CD4 and CD8 T cells % regulato-
ry T cells (Tregs),>*%% host DCs* and NK cells™ in
GvHD. Beside the global reduction of cytokine release via
reduced tissue-damaging protocols, the blockade of indi-
vidual cytokines was investigated and data from mouse
models of acute GVHD demonstrated that administration
of an IL-1 receptor antagonist, either immediately after
marrow infusion or immediately prior to the projected
time of onset of acute GVHD, reduced GVHD-related
mortality.”' Later, the role of IL-1 in GvHD was independ-
ently confirmed by another group also using an IL-1
receptor antagonist.”?> A subsequent clinical phase I/II trial
using the recombinant human interleukin-1 receptor with
a significantly shorter half-life as compared to canakinum-
ab demonstrated reduced GvHD severity when the drug
was given in patients who had developed acute GvHD.”
This finding was later confirmed by another study using
an IL-1 antagonist in the therapeutic setting against acute
GvHD.” Unfortunately, the design of anti-IL-1 treatment
was then changed into a prophylactic approach with pre-
emptive treatment from Days -4 to Day 10 after
alloHCT.” In this study, no effect of IL-1 antagonist treat-
ment on the incidence of acute GVHD was observed.”
However, this could be due to the early administration
long before the patient developed acute GVHD, and by the
use of an IL-1 antagonist with a short half-life that had to
be infused continuously.

Another example for a GVHD preventive approach that
was derived from the mouse model was the application of
tolerogenic cell types. Tregs as defined by expression of
CD4, CD25, and forkhead box P3 (FOXP3) were shown
to down-regulate autoreactive lymphocytes, and control
immune responses at multiple cellular layers. The first
studies showing that Tregs can prevent GVHD were per-
formed in mice’27¢ and later developed into the clinic,”
also motivated by the observation that, in humans, Tregs
defects are associated with autoimmunity.” Isolation and
quality assessment studies for adoptive transfer of Tregs to
suppress GvHD had been initiated by Hoffmann et al.”
which showed its feasibility. Another study used bead-
purified Tregs given to patients three days prior to HLA-
haploidentical CD34* cells supplemented with
frozen/thawed mature donor T cells in the absence of any
post-transplant immunosuppression.®® These studies
showed the safety of ex vivo purified natural Tregs, and
found they promoted lymphoid reconstitution and did not
overtly weaken the graft-versus-leukemia effect of the co-
transferred mature T cells.® A clinical trial performed in
the US included 23 patients who received a double umbil-
ical cord blood (UCB) transplant and Tregs expanded
from a third UCB unit.}' The authors reported no infusion-
al toxicity or increased risk for infection relapse or early
mortality, and the incidence of grade II-IV acute GVHD
was reduced compared to 108 historical controls treated
(43% vs. 61%; P=0.05).83! Another important observation
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made in the mouse model was that Interleukin-(IL)2 is
critical for Tregs development, expansion, activity, and
survival 382 To avoid IL-2 depletion, cyclosporine-free
regimens have been studied in the clinic and are still under
investigation.®3 Furthermore, strategies to enhance Tregs
expansion after alloHCT by substitution of IL-2 have been
very successfully applied in patients with chronic
GvHD .3

However, despite these encouraging results,
immunomodulatory cell populations like Tregs and MSCs
that did not lead to the loss of GVL or graft-versus-infec-
tion effects in mouse models with intravenous injection of
tumor cells could reduce these effects in humans. The
location of the tumor may be important to determine how
immunosuppressive Tregs are.!!85 Therefore, carefully
designed clinical studies are needed, and it will be impor-
tant to monitor parameters such as minimal residual dis-
ease burden and CMV copy numbers in patients treated
with Tregs or MSCs.

In the murine GvHD model, the migration of
CCR5*CD8* cells into the liver and gut was shown to be
reduced when an anti-CCRS antibody was applied, which
translated into protection against GvHD-related mortali-
ty.867 These findings were partly confirmed by murine
studies in which mice that are genetically deficient for
Cer5 were used.® Consistent with a role of CCRS5 in
GvHD in humans, certain CCR5 polymorphisms are pro-
tective against GVHD.¥ Motivated by the data from the
mouse models, a single-group phase I and II study on the
preventive effect of effect of the CCRS antagonist maravi-
roc on acute GVHD incidence was performed. This trial
included 38 high-risk patients, and showed that acute liver
and gut GVHD were not observed before Day 100, which
was superior to historical controls.”

Another important trial that was based on findings in the
mouse model assessed the efficacy of vorinostat in combi-
nation with standard GVHD prophylaxis after related-
donor reduced-intensity conditioning.”' In this phase I/II
clinical trial, 50 patients were evaluated, and the authors
reported that vorinostat in combination with standard
GVHD prophylaxis was associated with a lower than
expected incidence of severe acute GVHD.’! Previous
studies by the same group had shown in the mouse model
that vorinostat reduced GvHD severity.”

Overall there are several lines of evidence that findings
in the mouse model of GvHD can have a significant
impact on treatment and prevention strategies used in the
clinic for patients undergoing alloHCT.

References

1. Storb R, Epstein RB, Ragde H, Bryant J, Thomas ED. Marrow
engraftment by allogeneic leukocytes in lethally irradiated
dogs. Blood. 1967;30:805-11.

2. Kornblit B, Leisenring WM, Santos EB, Storb R, Sandmaier
BM. Safety of treatment with DLA-identical or unrelated mes-
enchymal stromal cells in DLA-identical canine bone marrow
transplantation. Chimerism. 2013:4.

3. Shields LE, Gaur LK, Gough M, Potter J, Sieverkropp A,
Andrews RG. In utero hematopoietic stem cell transplantation
in nonhuman primates: the role of T cells. Stem Cells.
2003;21:304-14.

4. Xia X, Liang C, Liu H, Xue F, Hu Q, Chen W, et al. Effects
of Trichostatin A in a Rat Model of Acute Graft-Versus-Host
Disease After Liver Transplantation. Transplantation.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Milan, Italy, June 12-15, 2014

2013;96(1):25-33.

Sadeghi B, Aghdami N, Hassan Z, Forouzanfar M, Rozell B,
Abedi-Valugerdi M, Hassan M. GVHD after chemotherapy
conditioning in allogeneic transplanted mice. Bone Marrow
Transplant. 2008;42:807-18.

Turner BE, Kambouris ME, Sinfield L, Lange J, Burns AM,
Lourie R, et al. Reduced intensity conditioning for allogeneic
hematopoietic stem-cell transplant determines the kinetics of
acute graft-versus-host disease. Transplantation. 2008;86:968-
76.

Zeiser R, Nguyen VH, Hou JZ, Beilhack A, Zambricki EA,
Buess M, et al. Early CD30 signaling is critical for adoptively
transferred CD4+CD25+ regulatory T cells in prevention of
acute graft versus host disease. Blood. 2007;109:2225-33.
Hill GR, Cooke, KR, Teshima T, et al. Interleukin-11 promotes
T cell polarization and prevents acute graft-versus-host dis-
ease after allogeneic bone marrow transplantation. J Clin
Invest. 1998;102:115-23.

Teshima T, Hill GR, Pan L, Brinson YS, van den Brink MR,
Cooke KR, Ferrara JL. IL-11 separates graft-versus-leukemia
effects from graft-versus-host disease after bone marrow
transplantation. J Clin Invest. 1999;104:317-25.

Antin JH, Lee SJ, Neuberg D, Alyea E, Soiffer RJ, Sonis S,
Ferrara JL. A phase I/II double-blind, placebo-controlled study
of recombinant human interleukin-11 for mucositis and acute
GVHD prevention in allogeneic stem cell transplantation.
Bone Marrow Transplant. 2002;29:373-7.

Diirr C, Follo M, Idzko M, Reichardt W, Zeiser R. Graft-ver-
sus-host disease reduces regulatory T cell migration into the
tumour tissue. Immunology. 2012;137:80-8.

Fanning SL, Zilberberg J, Stein J, Vazzana K, Berger SA,
Korngold R, Friedman TM. Unraveling graft-versus-host dis-
ease and graft-versus-leukemia responses using TCR V[3 spec-
tratype analysis in a murine bone marrow transplantation
model. J Immunol. 2013;190:447-57.

de La Selle V, Riché N, Dorothé G, Bruley-Rosset M. CD8+
cytotoxic T cell repertoire implicated in grafts-versus-
leukemia effect in a murine bone marrow transplantation
model. Bone Marrow Transplant. 1999;23:951-8.

Harper JM, Slayback DL, Dobkins JA, Allen RD. A locus on
chromosome 2 influences the development of acute graft-ver-
sus-host disease in a murine model. Bone Marrow Transplant.
1999;23:1183-90.

Kaplan DH, Anderson BE, McNiff JM, Jain D, Shlomchik MJ,
Shlomchik D. Target antigens determine graft-versus-host dis-
ease phenotype. J Immunol. 2004;173:5467-75.

Wilhelm K, Ganesan J, Miiller T, Diirr C, Grimm M, Beilhack
A, et al. Graft-versus-host disease enhanced by extracellular
adenosine triphosphate activating P2X7R. Nat Med.
2010;12:1434-8.

Shibaki A, Sato A, Vogel JC, Miyagawa F, Katz SI. Induction
of GVHD-like skin disease by passively transferred CD8(+) T-
cell receptor transgenic T cells into keratin 14-ovalbumin
transgenic mice. J Invest Dermatol. 2004;123:109-15.
Miyagawa F, Okiyama N, Villarroel V, Katz SI. Identification
of CD3+CD4-CDS- T cells as potential regulatory cells in an
experimental murine model of graft-versus-host skin disease
(GVHD). J Invest Dermatol. 2013;133:2538-45.

Kisielow P, Bliithmann H, Staerz UD, Steinmetz M, von
Boehmer H. Tolerance in T-cell-receptor transgenic mice
involves deletion of nonmature CD4+8+ thymocytes. Nature.
1988;333:742-6.

Sha WC, Nelson CA, Newberry RD, Kranz DM, Russell JH,
Loh DY. Positive and negative selection of an antigen receptor
on T cells in transgenic mice. Nature. 1988;336:73-6.

Grubin CE, Kovats S, deRoos P, Rudensky AY. Deficient pos-
itive selection of CD4 T cells in mice displaying altered reper-
toires of MHC class II-bound self-peptides. Immunity.
1997;7:197-208.

Yu XZ, Albert MH, Anasetti C. Alloantigen affinity and CD4
help determine severity of graft-versus-host disease mediated
by CD8 donor T cells. ] Immunol. 2006;176:3383-90.
Damdinsuren B, Zhang Y, Khalil A, Wood WH, Becker KG,
Shlomchik MJ, Sen R. Single round of antigen receptor signal-
ing programs naive B cells to receive T cell help. Immunity.
2010;32:355-66.

Hoffmann-Fezer G, Gall C, Zengerle U, Kranz B, Thierfelder
S. Immunohistology and immunocytology of human T-cell
chimerism and graft-versus-host disease in SCID mice. Blood.
1993;81:3440-8.

van Rijn RS, Simonetti ER, Hagenbeek A, Hogenes MC, de
Weger RA, Canninga-van Dijk MR, et al. A new xenograft
model for graft-versus-host disease by intravenous transfer of
human peripheral blood mononuclear cells in RAG2-/- gam-

Hematology Education: the education program for the annual congress of the European Hematology Association | 2014; 8(1) | 363 |



19" Congress of the European Hematology Association

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

mac-/- double-mutant mice. Blood. 2003;102:2522-31.

Ito R, Katano I, Kawai K, Hirata H, Ogura T, Kamisako T, Eto
T, Ito M. Highly sensitive model for xenogenic GVHD using
severe immunodeficient NOG mice. Transplantation.
2009;87:1654-8.

Baird K, Pavletic SZ. Chronic graft versus host disease. Curr
Opin Hematol. 2006;13:426-35.

Chu YW, Gress RE. Murine models of chronic graft-versus-
host disease: insights and unresolved issues. Biol Blood
Marrow Transplant. 2008;14:365-78.

Ma Z, Chen F, Madaio MP, Cohen PL, Eisenberg RA.
Modulation of autoimmunity by TLR9 in the chronic graft-vs-
host model of systemic lupus erythematosus. J Immunol.
2006;177:7444-50.

Morris SC, Cheek RL, Cohen PL, Eisenberg RA. Allotype-
specific immunoregulation of autoantibody production by host
B cells in chronic graft-versus host disease. J Immunol.
1990;144:916-22.

Ka SM, Rifai A, Chen JH, et al. Glomerular crescent-related
biomarkers in a murine model of chronic graft versus host dis-
ease. Nephrol Dial Transplant. 2006;21:288-98.

Tschetter JR, Mozes E, Shearer GM. Progression from acute
to chronic disease in a murine parent-into-F1 model of graft-
versus-host disease. J Immunol. 2000;165:5987-94.

Durie FH, Aruffo A. Ledbetter J, Crassi KM, Green WR, Fast
LD, Noelle RJ. Antibody to the ligand of CD40, gp39, blocks
the occurrence of the acute and chronic forms of graft-vs-host
disease. J Clin Invest. 1994;94:1333-8.

Via CS, Rus V, Nguyen P, Linsley P, Gause WC. Differential
effect of CTLA4Ig on murine graft-versus-host disease
(GVHD) development: CTLA4Ig prevents both acute and
chronic GVHD development but reverses only chronic
GVHD. J Immunol. 1996;157:4258-67.

Rouquette-Gally AM, Boyeldieu D, Gluckman E, Abuaf N,
Combrisson A. Autoimmunity in 28 patients after allogeneic
bone marrow transplantation: comparison with Sjogren syn-
drome and scleroderma. Br J Haematol. 1987;66:45-7.
Leonhardt F, Zirlik K, Buchner M, Prinz G, Hechinger AK,
Gerlach UV, et al. Spleen tyrosine kinase (Syk) is a potent tar-
get for GvHD prevention at different cellular levels.
Leukemia. 2012;26:1617-29.

Edinger M, Cao YA, Verneris MR, Bachmann MH, Contag
CH, Negrin RS. Revealing lymphoma growth and the efficien-
cy of immune cell therapies using in vivo bioluminescence
imaging. Blood. 2003;101:640-8.

Zeiser R, Nguyen VH, Beilhack A, Buess M, Schulz S, Baker
J, et al. Inhibition of CD4+CD25+ regulatory T cell function
by calcineurin dependent interleukin-2 production. Blood.
2006;108:390-9.

Hechinger AK, Maas K, Diirr C, Leonhardt F, Prinz G, Marks
R. et L. Inhibition of protein geranylgeranylation and farnesy-
lation protects against GVHD via effects on CD4 effector T
cells. Haematologica. 2013;98:31-40.

Beilhack A, Schulz S, Baker J, et al. In vivo analyses of early
events in acute graft-versus-host disease reveal sequential
infiltration of T cell subsets. Blood. 2005;106:1113-22.
Beilhack A, Schulz S, Baker J, Beilhack GF, Nishimura R,
Baker EM, et al. Prevention of acute graft-versus-host disease
by blocking T-cell entry to secondary lymphoid organs. Blood.
2008;111:2919-28.

Zeiser R, Zambricki EA, Leveson-Gower DB, Kambham N,
Beilhack A, Negrin RS. Host-Derived Interleukin-18
Differentially Impacts Regulatory and Conventional T Cell
Expansion During Acute Graft-versus-Host Disease. Biol
Blood Marrow Transplant. 2007;13:1427-38.

Reichardt W, Diirr C, von Elverfeldt D, Jiittner E, Gerlach UV,
Yamada M, et al. Impact of mammalian target of rapamycin
inhibition on lymphoid homing and tolerogenic function of
nanoparticle-labeled dendritic cells following allogeneic
hematopoietic ~ cell  transplantation. J  Immunol.
2008;181:4770-9.

Verdijk P, Scheenen TW, Lesterhuis WJ, Gambarota G, Veltien
AA, Walczak P, et al. Sensitivity of magnetic resonance imag-
ing of dendritic cells for in vivo tracking of cellular cancer
vaccines. Int J Cancer. 2007;120:978-84.

Benitez-Ribas D, Adema GJ, Winkels G, Klasen IS, Punt CJ,
Figdor CG, de Vries 1J. Plasmacytoid dendritic cells of
melanoma patients present exogenous proteins to CD4+ T
cells after Fc gamma RII-mediated uptake. J Exp Med.
2006;203:1629-35.

de Vries I, Lesterhuis WJ, Barentsz JO, et al. Magnetic reso-
nance tracking of dendritic cells in melanoma patients for
monitoring of cellular therapy. Nat Biotechnol. 2005;23:1407-
13.

47.

48.

49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

63.
64.

65.

66.

67.

68.

Ahrens E, Flores R, Xu H, Morel PA. In vivo imaging plat-
form for tracking immunotherapeutic cells. Nat Biotechnol.
2005;23:983-7.

Leonhardt F, Grundmann S, Behe M, Bluhm F, Dumont RA,
Braun F, et al. Inflammatory neovascularization during graft-
versus-host disease is regulated by av integrin and miR-100.
Blood. 2013;121:3307-18.

Boranic M. Transient graft-versus-host reaction in the treat-
ment of leukemia in mice. J Natl Cancer Inst. 1968;41:421-37.
Schmaltz C, Alpdogan O, Horndasch KJ, Muriglan SJ, Kappel
BJ, Teshima T, et al. Differential use of Fas ligand and perforin
cytotoxic pathways by donor T cells in graft-versus-host dis-
ease and graft-versus-leukemia effect. Blood. 2001;97:2886-
95

Zeiser R, Youssef S, Baker J, Kambhan N. Steinman L,
Negrin RS. HMG-CoA reductase inhibitors (statins) provide
acute-graft-versus-host disease protection by Th-2 cytokine
induction while sparing graft-versus-leukemia activity. Blood.
2007;110:4588-98.

Edinger M, Hoffmann P, Ermann J, Drago K, Fathman CG,
Strober S, Negrin RS. CD4+CD25+ Regulatory T Cells
Preserve Graft-vs-Tumor Activity while Inhibiting Graft-vs-
Host Disease After Bone Marrow Transplantation. Nat Med.
2003;9:1144-9.

Jones SC, Murphy GF, Korngold R. Post-hematopoietic cell
transplantation control of graft-versus-host disease by donor
CD425 T cells to allow an effective graft-versus-leukemia
response. Biol Blood Marrow Transplant. 2003;9:243-56.
Gregoire-Gauthier J, Selleri S, Fontaine F, Dieng MM, Patey
N, et al. Therapeutic efficacy of cord blood-derived mes-
enchymal stromal cells for the prevention of acute graft-ver-
sus-host disease in a xenogenic mouse model. Stem Cells Dev.
2012;21:1616-26.

Nishimura R, Baker J, Beilhack A, Zeiser R, Olson JA, Sega
EI et al. In vivo trafficking and survival of cytokine-induced
killer cells resulting in minimal GVHD with retention of anti-
tumor activity. Blood. 2008;112:2563-74.

Ruggeri L Capanni M, Urbani E, Perruccio K, Shlomchik
WD, Tosti A, et al. Effectiveness of donor natural killer cell
alloreactivity in mismatched hematopoietic transplants.
Science. 2002;295:2097-100.

Morris ES, Macdonald KP, Rowe V, et al. NKT cell-dependent
leukemia eradication following stem cell mobilization with
potent G-CSF analogs. J Clin Invest. 2005;115:3093-103.
Fontaine P, Roy-Proulx G, Knafo L, Baron C, Roy DC,
Perreault C. Adoptive transfer of minor histocompatibility
antigen-specific T lymphocytes eradicates leukemia cells
without causing graft-versus-host disease. Nat Med.
2001;7:789-94.

Reddy P, Maeda Y, Liu C, Krijanovski OI, Korngold R,
Ferrara JL. A crucial role for antigen-presenting cells and
alloantigen expression in graft-versus-leukemia responses.
Nat Med. 2005;11:1244-9.

Brede C, Friedrich M, Jordan-Garrote AL, Riedel SS,
Biuerlein CA, Heinze KG, et al. Mapping immune processes
in intact tissues at cellular resolution. J Clin Invest.
2012;122:4439-46.

Antin JH, Ferrara JLM. Cytokine dysregulation in acute graft-
versus-host disease. Blood. 1992;80:2964-8.

Jankovic D, Ganesan J, Bscheider M, Stickel N, Weber F,
Guarda G, et al. The Nlrp3-inflammasome regulates acute
graft-versus-host disease. J Exp Med. 2013;210:1899-910.
Ferrara JL, Levine JE, Reddy P, Holler E. Graft-versus-host
disease. Lancet. 2009 May 2;373(9674):1550-61.

Reddy P, Teshima T, Kukuruga M, et al. Interleukin-18 regu-
lates acute graft-versus-host disease by enhancing Fas-mediat-
ed donor T cell apoptosis. J Exp Med. 2001;104:1433-40.
Reddy V, Hill GR, Pan L, Gerbitz A, Teshima T, Brinson Y,
Ferrara JL. G-CSF modulates cytokine profile of dendritic
cells and decreases acute graft-versus-host disease through
effects on the donor rather than the recipient. Blood.
2000;69:691-3.

Sykes M, Romick ML, Hoyles KA, Sachs DH. Interleukin 2
prevents graft-versus-host disease while preserving the graft-
versus-leukemia effect of allogeneic T cells. Proc Natl Acad
Sci USA. 1990;87:5633-7.

Wang H, Asavaroengchai W, Yeap BY, Wang MG, Wang S,
Sykes M, Yang YG. Paradoxical effects of IFN-gamma in
graft-versus-host disease reflect promotion of lymphohe-
matopoietic graft-versus-host reactions and inhibition of
epithelial tissue injury. . Blood. 2009;113:3612-9.

Korngold R, Sprent J. Features of T cells causing H-2-restrict-
ed lethal graft-versus-host disease across minor histocompati-
bility barriers. J] Exp Med. 1982;155:872-83.

| 364 | Hematology Education: the education program for the annual congress of the European Hematology Association | 2014; 8(1)



69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

Hoffmann P, Ermann J, Edinger M, Fathman CG, Strober S.
Donor-type CD4(+)CD25(+) regulatory T cells suppress lethal
acute graft-versus-host disease after allogeneic bone marrow
transplantation. J Exp Med. 2002;196:389-99.

Olson JA, Leveson-Gower DB, Gill S, Baker J, Beilhack A,
Negrin RS. NK cells mediate reduction of GVHD by inhibit-
ing activated, alloreactive T cells while retaining GVT effects.
Blood. 2010;115:4293-301.

McCarthy PL, Abhyankar S, Neben S, Newman G, Sieff C,
Thompson RC, et al. Inhibition of interleukin-1 by an inter-
leukin-1 receptor antagonist prevents graft-versus-host dis-
ease. Blood. 1991;78:1915-8.

Hill GR, Teshima T, Gerbitz A, Pan L, Cooke KR, Brinson Y'S,
et al. Differential roles of IL-1 and TNF-alpha on graft-versus-
host disease and graft versus leukemia. J Clin Invest.
1999;104:459-67.

McCarthy PL, Williams L, Harris-Bacile M, Yen J, Przepiorka
D, Ippoliti C, et al. A clinical phase I/II study of recombinant
human interleukin-1 receptor in glucocorticoid-resistant graft-
versus-host disease. Transplantation. 1996;62:626-31.

Antin JH, Weinstein HJ, Guinan EC, McCarthy P, Bierer BE,
Gilliland DG, et al. Recombinant human interleukin-1 recep-
tor antagonist in the treatment of steroid-resistant graft-versus-
host disease. Blood. 1994;84:1342-8.

Antin JH, Weisdorf D, Neuberg D, Nicklow R, Clouthier S,
Lee SJ, et al. Interleukin-1 blockade does not prevent acute
graft-versus-host disease: results of a randomized, double-
blind, placebo-controlled trial of interleukin-1 receptor antag-
onist in allogeneic bone marrow transplantation. Blood.
2002;100:3479-82.

Ermann J, Hoffmann P, Edinger M, Dutt S, Blankenberg FG,
Higgins JP, et al. Only the CD62L+ subpopulation of
CD4+CD25+ regulatory T cells protects from lethal acute
GVHD. Blood. 2005;105:2220-6.

Hoffmann P, Eder R, Kunz-Schughart LA, Andreesen R,
Edinger M. Large Scale In Vitro Expansion of Polyclonal
Human CD4+CD25high Regulatory T Cells. Blood.
2004;104:895-903.

Bennett CL, Christie J, Ramsdell F, Brunkow ME, Ferguson
PJ, Whitesell L, et al. The immune dysregulation, polyen-
docrinopathy, enteropathy, X-linked syndrome (IPEX) is
caused by mutations of FOXP3. Nat Genet. 2001;27:20-1.
Hoffmann P, Boeld TJ, Eder R, Albrecht J, Doser K, Piseshka
B, et al. Isolation of CD4+CD25+ regulatory T cells for clini-
cal trials. Biol Blood Marrow Transplant. 2006;12:267-74.

Di Ianni M, Falzetti F, Carotti A, Terenzi A, Castellino F,
Bonifacio E, et al. Tregs prevent GVHD and promote immune
reconstitution in HLA-haploidentical transplantation. Blood.
2011;117:3921-8.

Brunstein CG, Miller JS, Cao Q, McKenna DH, Hippen KL,
Curtsinger J, et al. Infusion of ex vivo expanded T regulatory

82.
83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Milan, Italy, June 12-15, 2014

cells in adults transplanted with umbilical cord blood: safety
profile and detection kinetics. Blood. 2011;117:1061-70.
Malek T, Bayer AL. Tolerance, not immunity, crucially
depends on IL-2. Nat Immunol Rev. 2004;4:665-70.
Rosenbeck LL, Kiel PJ, Kalsekar I, Vargo C, Baute J, Sullivan
CK, et al. Prophylaxis with sirolimus and tacrolimus + antithy-
mocyte globulin reduces the risk of acute graft-versus-host
disease without an overall survival benefit following allogene-
ic stem cell transplantation. Biol Blood Marrow Transplant.
2011;6:916-22.

Koreth J, Matsuoka K, Kim HT, McDonough SM, Bindra B,
Alyea EP, et al. Interleukin-2 and regulatory T cells in graft-
versus-host disease. N Engl J Med. 2011;365:2055-66.

Diirr C, Pfeifer D, Claus R, Schmitt-Graeff A, Gerlach UV,
Graeser R, et al. CXCL12 mediates immunosuppression in the
lymphoma microenvironment after allogeneic transplantation
of hematopoietic cells. Cancer Res. 2010;70:10170-81.
Murai M, Yoneyama H, Harada A, Yi Z, Vestergaard C, Guo
B, et al. Active participation of CCR5+CD8+ T lymphocytes
in the pathogenesis of liver injury in graft-versus-host disease.
J Clin Invest. 1999;104:49-57.

Murai M, Yoneyama H, Ezaki T, Suematsu M, Terashima Y,
Harada A, et al. Peyer’s patch is the essential site in initiating
murine acute and lethal graft-versus-host reaction. Nat
Immunol. 2003;4:154-60.

Wysocki C, Jiang Q, Panoskaltsis-Mortari A, Taylor PA,
McKinnon KP, Su L, et al. Critical role for CCRS in the func-
tion of donor CD4+CD25+regulatory T cells during acute
graft-versus-host disease. Blood. 2005;106:3300-7.
Bogunia-Kubik K, Duda D, Suchnicki K, Lange A. CCRS5
deletion mutation and its association with the risk of develop-
ing acute graft-versus-host disease after allogeneic hematopoi-
etic stem cell transplantation. Haematologica. 2006;91:1628-
34.

Reshef R, Luger SM, Hexner EO, Loren AW, Frey N., Nasta
SD, et al. Blockade of lymphocyte chemotaxis in visceral
graft-versus-host disease. N Engl J Med. 2012;367:135-45.
Choi SW, Braun T, Chang L, Ferrara JL, Pawarode A,
Magenau JM, et al. Vorinostat plus tacrolimus and mycophe-
nolate to prevent graft-versus-host disease after related-donor
reduced-intensity conditioning allogeneic haemopoietic stem-
cell transplantation: a phase 1/2 trial. Lancet Oncol.
2014;1:87-95.

Reddy P, Sun Y, Toubai T, Duran-Struuck R, Clouthier SG,
Weisiger E, et al. Histone deacetylase inhibition modulates
indoleamine 2,3-dioxygenase-dependent DC functions and
regulates experimental graft-versus-host disease in mice. J
Clin Invest. 2008;118:2562-73.

Hematology Education: the education program for the annual congress of the European Hematology Association | 2014; 8(1) | 365 |





