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1 Abstract

IgE-mediated allergy is a hypersensitivity disorder whose prevalence is still increasing.
IgE is produced by plasma cells after class switching which requires T cell help,
costimulation and Ty2 cytokines. To date, immunotherapy is the only causative treatment
but, next to limited effectiveness, it harbors risks such as anaphylaxis or additional
sensitization. Therefore, development of strategies for tolerance induction towards
allergens remains a desirable goal. Here we examined costimulation blockade and
molecular chimerism as two potential solutions.

Costimulation blockade prolongs graft survival in transplantation but its potential in the
treatment of allergy still has to be fully investigated. Recently, OX40L was suggested to
play an important role in Ty2-mediated and memory T cell responses. We therefore
analyzed the tolerizing potential of blocking OX40L alone or in addition to CD28 and
CD40L blockade in a well-described model of IgE-mediated allergy using clinically
relevant major allergens. Blocking OX40L alone had no therapeutic effect. Combination of
anti-CD40L/CTLA4Ig significantly delayed production of allergen-specific antibodies. T
cell response was suppressed even after established antibody production. Additional anti-
OX40L treatment to anti-CD40L/CTLA4Ig showed no synergistic effect.

In the second part of my work we examined molecular chimerism as a promising concept
in tolerance induction, which is brought about through the transplantation of autologous
hematopoietic cells genetically modified in vitro to express a disease-causing antigen.
Recently, our group has published a proof of principle study showing robust long-term
tolerance towards the grass pollen allergen, Phl p 5, through molecular chimerism. Since
allergens are structurally and functionally different, we investigated whether molecular

chimerism establishes tolerance towards the major birch pollen allergen, Bet v 1. VSV-Bet



v 1-GFP transduced BMC were transplanted into preconditioned recipients. Engraftment
of allergen-expressing stem cells was supported by inhibition of CD26 and tracked by the
reportergene GFP. Molecular chimerism was detectable throughout long-term follow-up,
preventing sensitization even after repeated challenges with Bet v 1. Production of Bet v 1-
specific antibodies was completely abrogated throughout follow-up. Moreover, Bet v 1-
specific T cell proliferation was suppressed.

Our findings show that combined costimulation blockade including OX40L blockade at
the time of immunization with an allergen delays but does not prevent the humoral allergic
response. In contrast, molecular chimerism induced robust long-term tolerance. Chimerism
is a promising strategy to achieve life-long tolerance on the B-, T cell and effector cell

levels towards a wide range of allergens.



2 Zusammenfassung

Die IgE—mediierte oder Soforttyp Allergie ist eine Erkrankung mit steigender Tendenz.
Zurzeit ist die einzige kausale Therapieform die spezifische Immunotherapie. Allerdings
bestehen auch Risiken, wie etwa Neusensibilisierungen oder Anaphylaxie. Stabile und
lebenslange Toleranzinduktion wére eine ideale Prophylaxe und Therapie. Um dieses Ziel
zu erreichen wurden zwei verschiedene Ansétze untersucht, Kostimulationsblockade und
molekularer Chimérismus.

Blockade von Kostimulationssignalen mittels spezifischer Antikdrper hat in der
Transplantation zu vielversprechenden Ergebnissen gefiihrt. Diese Arbeit setzt sich mit der
Kostimulationsblockade in der Allergiepravention und Therapie auseinander. Bei der Ty2
Immunantwort werden unter anderem die Zahl und Funktion der Gedéchtniszellen durch
das Kostimulationsmolekiil OX40L reguliert. Welche Rolle OX40L im murinen Allergie-
Modell spielt, wurde durch Blockierung dieser Interaktion analysiert. Es wurde auch eine
mogliche synergistische Funktion von OX40L mit, CD28 (CTLA4Ig) und CD40L (anti-
CDA40L) untersucht.

Blockierung von OX40L hatte keinen Einfluss auf die allergen-spezifischen
Antikorperproduktion oder die T-Zell Antwort. Wogegen die Kombination von anti-
CD40L/CTLA4Ig zu einer supprimierten T Zell Antwort und signifikant verzégerter
humorale allergische Sensibilisierung fiihrte.

Eine andere Strategie, Toleranz zu induzieren ist der molekulare Chidrismus. Molekularer
Chimérismus wurde schon erfolgreich in einem Allergie-Mausmodell mit dem Allergen
Phl p 5 gezeigt. Da Allergene strukturell und funktionell unterschiedliche Proteine sind,
wurde diese Methode mit Bet v 1, dem Hauptbirkenpollenallergen, umgesetzt. Ein Bet v 1-

GFP Konstrukt wurde in himatopoetische Stammzellen eingeschleust und anschlie8end in



vorbehandelte, syngene Maduse transplantiert. Durch erfolgreiches Engraftment von
allergen-exprimiernden Blutzellen im Empfinger wurde Langzeittoleranz gegen dieses
Allergen erzielt. Die behandelten Maiuse waren tolerant gegen wiederholte
Immunisierungen. Uber den gesamten Verlauf entwickelte sich keine allergen-spezifische
T-Zell Antwort und auch kein allergen-spezifisches IgE. Dariiber hinaus konnte keine
Effektorzellaktivitit durch das Serum induziert werden.

Diese Ergebnisse zeigen, dass OX40L-Blockade keine Auswirkung auf die Ty2 Antwort in
unserem Modell hat. Wogegen die Blockade von CD40L/CD28 zu einer stark verzogerten
Immunantwort fiihrt. Stabile Toleranz auf zellulirer und humoraler Ebene gegeniiber
einem Allergen konnte nur mit molekularem Chimérismus erreicht werden. Es konnte
gezeigt werden, dass molekularer Chimérismus in der Allergie auch mit strukturell und

funktional unterschiedlichen Allergenen erfolgreich angewendet werden kann.



3 Introduction

3.1 IgE-Mediated Allergy (Type I Allergy)

Hypersensitivity is a term which describes disorders caused by immune responses. Four
different types of hypersensitivity are classified by Coombs and Gell according to the
effector mechanisms of the immune response. The first type is the immediate type
hypersensitivity, or IgE-mediated hypersensitivity. Its hallmark is the production of
antigen-specific immunoglobulin E (1). IgE binds to the surface of mast cells and
basophils, this leads to the release of a variety of pharmacoactive inflammatory mediators.
These mediators cause the typical allergic symptoms which appear as local allergic
rhinitis, allergic asthma, ocular allergy, allergic skin inflammation or, in worse cases, in
systemic anaphylaxis (2). More than 20% of the population are abnormally responsive to
allergens. Immediate type hypersensitivity is described in more detail later. The second
type of hypersensitivity is antibody mediated (IgG, IgM) and results in complement
activation and recruitment of inflammatory cells. The third type is caused by immune
complexes of circulating antibodies (IgM, IgG), also recruiting the complement system.
The fourth and last type is mediated by T cells. T lymphocytes kill target cells or activate
effector mechanism of delayed type hypersensitivity (3).

The present thesis focuses on the immediate type hypersensitivity or IgE-mediated allergy.

3.1.1 Allergens

Type 1 allergy is provoked by a single antigen, an allergen. Allergens are common
environmental proteins and chemicals. They do not stimulate the innate immune response,

which would lead to a Tyl response. There is as yet no known common structure or



function which is characteristic for allergens. Many allergens have low molecular weight,
glycosylation and are highly soluble in body fluids. Some of them are enzymes like
phospholipase A (bee venom) and the cysteine protease (house dust mite). Allergens
provoke an immune response through repeated exposure. Healthy individuals can also
produce allergen-specific antibodies but they develop IgM or IgG and only low levels of
IgE. Therefore, they do not develop the typical allergic symptoms common in atopic

patients (3).

3.1.2 Atopy

Atopy is the genetic predisposition to develop IgE-mediated allergy. The greatest
susceptibility is given when hereditary and environmental factors come together.
Susceptibility for the development of allergy and asthma were found together with genes
triggering the immune system and directing to CD4 " cell differentiation (e.g. TLR2, TLR4,
STAT3) and regulation of Ty2-cell differentiation and effector function (e.g. GATA3, IL-
4, 1L-13, IL-5). Moreover, susceptibility to asthma was found in genes associated with
mucosal immunity, epithelial biology and lung function (4). HLA genes might also play an
important role in susceptibility to allergy. Increased IgE responses are associated with
HLA-DR, -DQ and -DP polymorphism. Polymorphic residues are located within or next to
the antigen-binding cleft, contributing to antigen presentation and T cell recognition.
However, expression of the disease-associated HLA does not necessarily cause allergy
because it is designed by several factors (4).

Interestingly, CD4" cells of healthy and atopic individuals recognize the same T-cell
epitopes. Both develop allergen-specific Tyl cells, Ty2 cells and IL-10 secreting T

regulatory cells (Tg1). It is the balance of the different T cell subsets which causes the



allergic phenotype. An atopic individual would display a dominant Ty2 cell response,

secretion of IL-4 and suppression of regulatory cells (5) and therefore develop allergy.

3.1.3 Sensitization Phase and Memory Induction

In order to provide a short overview of the development of IgE-mediated allergy, the
allergic disease can be divided into sensitization phase and memory induction, immediate
phase type 1 reaction and late phase allergic inflammation (6).

Sensitization to an allergen occurs after the first contact. The antigen enters through the
epithelia. Dendritic cells capture and process the antigen and transport it to the draining
lymph node. As the allergen is brought in from extracellular space it is presented by MHC
class II molecule to naive T cells. Primed allergen-specific Ty2 cells release 1L-4 and IL-
13, leading to IgE class switch in B cells. B cells require the costimulatory signal of CD40
and IL-4 for heavy chain isotype switching. Moreover, the Ty2-produced cytokines 1L-4,
IL-5, IL-9 and IL-13 mediate development, survival and recruitment of eosinophils and
mast cells, and lead to hypersecretion of mucus.

IgE circulates as a bivalent antibody and binds to the high affinity FceRI receptor on mast
cells and basophils. IgE also binds to a lower affinity FceRII (CD23) at the surface of B
cells. Binding of IgE to FceRI/Il amplify the process of allergen uptake by APC and
presentation of peptides to CD4" cells. B cells undergo differentiation and secrete IgE as

plasma cells (Fig. 1) (6).
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Figure 1: Mechanism of allergic reactions (6)

3.1.4 Immediate Phase Reaction

Allergen-specific IgE attaches to FceRI/Il on mast cell, eosinophils and basophils.
Crosslinking of the bound IgE by an allergen leads to release of vasoactive substances,

lipid mediators, chemokines and various cytokines.
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Mast cells, basophils and eosinophils are essential elements of immediate hypersensitivity.
These cells contain cytoplasmic granules (e.g. histamine, serine poteases), lipid mediators
(e.g. prostaglandine D2, leukotriene) and cytokines (e.g. IL-4, IL-5, TNF-a) that induce
inflammation (2).

Mast cells are derived from progenitors in the bone marrow. Immature mast cells migrate
to the peripheral tissue and undergo differentiation. The typical Ty2 cytokines IL-4 and IL-
5 upregulate expression of FceRI and promote proliferation. Mast cells contribute to the
immediate phase reaction as well as to late-phase reaction.

Basophils are circulating granulocytes; they represent a separate lineage. Basophils express
FceRI and FceRIl. They produce leukotriens and histamine like mast cells, but no
prostaglandin or IL-5. Recruitment to inflammatory sites contributes to the immediate
hypersensitivity by release of IL-4 and IL-13.

Tu2 cells also secrete IL-5, IL-9 and IL-13, increasing mucus production and activating
eosinophils. IL-5 recruits eosinophils to allergic sites of inflammation. Differentiation and

proliferation of eosinophils is also mediated by IL-5 (Fig. 1) (2).

3.1.5 Late Phase of the Allergic Reaction

The late phase reaction of immediate hypersensitivity starts about four hours after allergen
exposure and lasts up to 48 hours. Late phase reaction is manifested by the production of
IL-4, IL-5, IL-9 and IL-13 by allergen-specific T cells, survival and recruitment of
eosinophils, differentiation of mast cells and hypersecretion of mucus. Production of IFNy
and tumor necrosis factor together with CD95 ligand (Fas ligand) on Tyl cells lead to

apoptosis of epithelial cells and impaired barrier function (Fig. 1) (6).



3.2 Current Therapies of IgE-Mediated Allergy

3.2.1 Treatment of Symptoms

The typical allergic symptoms induced by inhalation of allergens such as plant pollen and
house dust mite are manifested in the upper respiratory tract. The symptoms appear as
allergic rhinitis, coughing, sneezing, difficulty in breathing and conjunctivitis. They are
most commonly medicated with anti-histamines. Ingested allergens lead to food allergies
causing vomiting, diarrhoea and enhanced peristalsis. Food allergens such as peanuts and
shellfish can trigger severe systemic reactions even in very small quantities. Urticaria, a
symptom of the skin, is also often associated with food allergy. These symptoms are also
medicated with anti-histamines.

In worse cases, a systemic response can lead to anaphylaxis. Life threatening systemic
anaphylaxis is characterized by fall in blood pressure caused by vasodilatation and can be
treated with epinephrine, glucocorticoids and antihistamines (3).

Repeated immediate hypersensitivity and late phase reactions can induce bronchial asthma.
The bronchial inflammation is characterized by eosinophil infiltration, reversible airway
obstruction and bronchoconstriction. The most important bronchoconstricting mediators
are leukotriens C; and its breakdown products. The treatment aims to reverse
inflammation, e.g. with corticosteroids and relaxation of airway smooth muscles.

Leukotriene inhibitors block the bronchoconstricting effect.

3.2.2 Allergen-Specific Immunotherapy (SIT)

Allergen-specific immunotherapy is the only causative and antigen-specific approach
currently available for the treatment of allergy. The curative characteristics of low dose

allergen-application were discovered about a hundred years ago. SIT consists in the
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repeated application of the sensitizing allergen in increasing doses, modulating the
immune response towards the allergen. The ratio of Tyl cells to Ty2 cells is renewed to
favour Tyl cytokines.

SIT alters the response of APC, T cells, B cells and the number and function of effector
cells. APC, especially dendritic cells play a major role in tolerance induction. Immature
dendritic cells mediate tolerance when they encounter and present an antigen in the
absence of a danger signal. Repeated stimulation of T cells with immature DC lead to the
generation of a regulatory cell population, the Trl cells. These cells secrete the
immunodulatory cytokine IL-10. IL-10 production is also increased in APC, monocytes
and macrophages. IL-10 mediate T cell anergy, increase regulatory cells and cytokines like
TGFB. IL-10 also modulates the function of effector cells by inhibiting further activation
and production of IL-5 and IgE. Following SIT, production of allergen specific IgG
increase. Induced IgG compete with IgE, if the same epitopes are recognized and therefore
reduce IgE-mediated degranulation of mast cells and basophils. Moreover allergen
presentation to T cells over IgE is decreased, so IgE producing B cells lose their signals for
affinity maturation. In human patients SIT mainly results in production of IgG1 and IgG4.
IgG4 does not induce the complement cascade and has anti-inflammatory characteristics
(6).

Nowadays SIT is optimized by different protocols such as routes of administration. Routes
of administration can be subcutaneous injection, sublingual, epicutaneous or, in recent
protocols intralymphatic (7-8).

Furthermore, modifications of SIT, such as the replacement of allergen extracts with
recombinant allergens are also under investigation. Currently, allergen extracts are widely
used, although these extracts can cause various side effects. In contrast, recombinant

allergens allow standardization of the amount and quality of the allergen. Thus, the
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occurrence of other allergens, which harbour the risk of additional sensitization, can be
avoided in the extracts. A number of studies exist which investigate modification of
recombinant allergens. This technique would allow the reduction of allergenicity by
changing IgE epitopes. Allergens can be optimized in the laboratory for optimal efficiency
in SIT with minimal risk of side effects.

In a clinical study, hypoallergenic derivates of the major birch pollen allergen, Bet v 1,
were used for treatment. The derivates were designed to exhibit reduced allergenic
activity. Treatment led to enhanced allergen-specific IgG production in patients.
Administration of the genetically engineered allergen diminished production of IgE
towards the natural allergen during the birch pollen season (9).

Another strategy to reduce IgE-mediated side effects of SIT is the treatment with T cell
peptides. T cell peptides represent only fragments of the native allergen and therefore
reduced allergenicity. Treatment was shown to decrease systemic Tyl and Ty2 cells,
induce regulatory cells and production of IL-10.

First clinical trials with the cat allergen Fel d 1 were accompanied by frequently adverse
effects caused by T cell recognition, however clinical efficacy was observed. The adverse
effects were diminished through the use of a peptide mix with shorter peptides. Again a
significant improvement of disease could be detected after challenge with cat dander
allergen extracts. The protocol was optimized and a peptide vaccine was developed which
consists of seven different peptides. The new vaccine was well tolerated and is under

further investigation (10).
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3.2.3 Future Perspectives for Treatment and Prevention

To investigate further potential strategies for causative treatment of allergen we translated
two promising protocols from transplantation to IgE-mediated allergy, chimerism and
costimulation blockade. The following studies examine mainly preventive approaches.

In transplantation and autoimmunity, successful therapies were achieved by blockade of
costimulatory molecules, which contribute to full activation, B cell class switch and
tolerance induction. Manipulation of these interactions has the potential to alter the
immune response and induce non-responsiveness towards antigens. Costimulatory
molecules, their families and how they contribute to a Ty2 response are briefly described
below.

Induction of tolerance by chimerism has achieved promising results in transplantation and
autoimmune diseases. This protocol is able to provide stable tolerance without the need of
constant medication. An overview of chimerism is given in the next chapter where the

potential of molecular chimerism in allergy is discussed.

3.3 Costimulatory Molecules in Allergy

Full T cell activation needs two independent signals, the T cell receptor stimulation by
antigen-MHC complex and a second interaction by costimulatory molecules. Signal
transduction needs the interaction of ligands to membrane bound molecules. Costimulatory
molecules can provide activating and inhibitory signals. Recently, many new
costimulatory molecules have been described and the two signal model has become more
complex. Costimulatory molecules can be divided into groups according to their structure,

like B7:CD28 superfamily and TNF/TNFR family.
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3.3.1 CD28 Superfamily

The CD28 superfamily consists of seven structurally related ligands: CD80 (B7.1), CD86
(B7.2) — both binding to CD28 and the cytotoxic T-lymphocyte-associated antigen 4
(CTLA4) furthermore, the programmed death-1/2 ligands (PD-L1, PD-L2) which bind to
PD-1, the inducible costimulatory molecule ligand (ICOS-L) binding ICOS and lastly B7-
H3 and B7-H4, where the receptors have not yet been identified. Binding mediates

costimulatory (CD28, ICOS) or coinhibitory (CTLA4, PD-1) signals (11, 3).

e ((1:’]__7);10) (31;26) ICOS-L PD-L1I PD-L2  B7-H3  B7-H4
3
o 8 T o £ & & &
R < R R N B
Lo G0 GO NCIoN
T cell CTLA-4  CD28 1COS PD-1 ? ?

- Sis 4k -

Figure 2: B7:CD28 family. Seven known B7 ligands are expressed on APCs. The ligands
are transmembrane proteins, consisting of two Ig-like domains, V-like and C-like.
Receptors are expressed on T cells. The transmembrane proteins harbour a single variable

domain and a cytoplasmic tail.

CD80/CD86 is expressed on APC, DC, macrophages and B cells. Low levels of CD86 can
be found on resting B cells, DC and macrophages. Activation of cells results in enhanced
CD86 expression and de novo expression of CD80. CD80/CD86 deficient mice have

profound deficits in humoral and cellular immune responses.
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CD28 is constitutively expressed on T cells. CD28 mainly engages during initiation and
amplification of the immune responses. Engagement enhances antigen-specific
proliferation and cytokine production. TCR stimulation in the absence of CD28 signalling
was initially shown by CD28 blockade in vitro and induces classical T cell anergy (11).
Binding of CD80/CD86 to CTLA4 (CD152) provides an inhibitory signal to T cells (12).
CD80 binds with higher affinity to CTLA4 and CD86 to CD28. CTLA4 is a master switch
for peripheral tolerance; it is upregulated upon activation. CTLA4 deficient mice develop
multiple organ autoimmune pathologies and lymphoproliferative disease due to defects in
immune regulation (12).

CD28-deficient mice are unable to express Ty2 cytokines or produce IgE and IgG1. The
development of asthma was blocked and levels of IL-4, serum IgG1 and IgE were reduced.
Interestingly, blockade of CTLA4 in CD28-deficient mice restores lung inflammation in a
model of allergic airway inflammation. But the inflammation was qualitatively different as
that in wild type mice, cell infiltrates consisted of lymphocytes and lack eosinophils;

suggesting an inhibitory role of CTLA4 in this model (13).

3.3.2 TNF/TNFR - Family

The tumor necrosis factor family receptor (TNFR) consists of OX40 (CD134), CD40, 4-
1BB (CD137), CD30 and CD27. These molecules are induced or upregulated on the T cell
surface hours or days after antigen recognition. Signals seems to take part in controlling
the ongoing immune response in respect of continued cell division, prevention of excessive

cell death, number of effector T cells and proportion of memory cells.
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3.3.2.1 0X40 - OX40 Ligand Pathway

0X40 (CD134) is transiently expressed after activation of naive T cells starting after about
12 — 24 hours, peak of expression is reached after about 3 days. Memory and effector T
cells are able to re-express OX40 4 hours after reactivation (14). OX40 Ligand (OX40L,
gp34 or CD252) is expressed hours to days after activation on APC (dendritic cells, B
cells, macrophages), endothelial cells, mast cells, activated NK cells and also on
responding CD4 T cells themselves (15). OX40L expression can be triggered by CD40
stimulation (16) or thymic stromal lymphopoietin (TSLP) (17). The OX40 pathway plays a
critical role in the late primary T cell immune response and also in the generation and
survival of memory T cells. OX40 transmits an anti-apoptotic signal, Bcl-2, Bel-xLL and
survivin, and prevents excessive T cell death (16).

0X40 deficient mice are severely impaired in their ability to generate a Ty2 response. In a
model of OVA induced airway disease, OX40 deficient mice exhibited diminished lung
inflammation, reduced mucus production and eosinophilia infiltration. Moreover the
typical Ty2 cytokines IL-4, IL-5 were reduced in bronchoalveolar lavage, and IgE levels in
serum were diminished (18).

Seshasayee et al. investigated the role of OX40 pathway in a mouse model by blocking
OX40L or depleting OX40L positive cells. Lung inflammation was induced by intranasal
TSLP and anti-OX40L antibody was administrated, DC activated by TSLP expressed
OX40L. Treatment resulted in significantly reduced levels of Ty2 cytokines (IL-4, IL-5,
IL-13), reduced numbers of lymphocytes in BAL and also IgE and IgGl in serum.
Furthermore, blockade of OX40L in allergic asthma in rhesus monkeys led to reduction of
effector/memory CD4 T cells, IL-5 and IL-13 in the BALF (17).

The activating potential of OX40 has been described in several studies. OX40 antibody

(OX86) has been observed to break peripheral tolerance when mice were immunized with
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soluble peptide (19). Administration of OX86 can trigger an immune response towards
tumor cells, which is possibly due to the abrogation of Treg function. OX86 treatment was
even more effective than CD25 depletion in regard to anti-tumor response (20).
Furthermore, breaking tolerance by LPS was shown to be dependent on OX40 interaction
(21).

FoxP3" Tregs constitutively express OX40, OX40 has been shown to abrogate the
suppressive effects (22). OX40 engagement inhibits TGFB-mediated conversion of CD4"

cells to FoxP3 regulatory cell (23).

3.3.2.2 CDA40 — CD154 Pathway

CDA40L (gp39, CD154) is expressed primarily on activated T cells but also on B cells and
platelets. CD40 is constitutively expressed on B cells, macrophages and DCs and is
upregulated upon activation (24). CD40/CD40L interaction is sufficient for T cell
dependent immunoglobulin heavy chain class switching, development of memory B cells,
formation of germinal centers, activation and maturation of DCs, upregulation of MHC
molecules and costimulatory molecule and increased inflammatory cytokine production.
The importance of CD40L in humoral immunity is highlighted in patients with hyper IgM
X-linked syndrome. Patients have profound defects in the generation of T cell dependent
antibodies and isotype class switching (25).

In allergy, CD40/CD40L interaction is fundamental for development of allergen-specific
antibodies. The interaction is only necessary during allergic sensitization. The time from
CDA40L blockade to allergen challenge had no effect on the amount of allergen-specific
antibodies. On the contrary, T cell response was diminished regardless of whether CD40L

was blocked due to sensitization or challenge (26).
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3.4 Tolerance Strategies in Allergy

3.4.1 Costimulation Blockade

As described above, many costimulatory molecules exist with different and partly
overlapping functions. The molecules guide the specification, strength and duration of the
immune response. More and more, costimulatory molecules offer the possibility of

modulating the immune response.

3.4.1.1 Prominent costimulation blockades

0OX40 is a promising target in the creation of new therapeutic strategies for allergic
inflammation, autoimmune disease, graft-versus-host diseases and anti-tumor-treatment.
OX40L blockade is currently being assessed in a clinical trial of allergen-induced airway
obstruction in adults with mild allergic asthma (NCT00983658). Blockade of the OX40
pathway inhibits activated cells which would allow specific targeting of activated effector
T cells. While some studies suggest that long-term application would be necessary in
diseases such as EAE, this would entail an undesireable suppression towards other
inflammatory processes. Triggering the OX40-OX40L interaction was shown to be
successful in cancer treatment (27).

Also blocking CD40L is widely and effectively employed in animal models prolonging
allograft survival and preventing acute rejection (28). In autoimmune disease, blockade of
CD40 interaction can abrogate or suppress the disease, especially in diseases with
fundamental preponderance of B cells like systemic lupus erythematosus and myasthenia
gravis (29). In a murine allergy model, blockade of CD40L led to prevention of

sensitization and suppressed T cell response (26).
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Figure 3: Schematic drawing of T cell-APC interaction with the costimulatory molecules
CD40 and B7. Blockade of CD40-CD40L with anti-CD40L (MR1) prevents the activating
signal. Blockade of B7 by CTLA4Ig prevents the interaction to CTLA4 (inhibitory signal)

and CD28 (activating signal) (30-31).

Translation to human application is still an unmet goal. Human anti-CD154 antibodies
were associated with severe thromboembolic complications in a clinical phase I trial,
therefore, the clinical trial was put on hold, however, encouraging murine studies are
ongoing (32). The adverse effect was caused by the function of CD40L in stabilizing
thrombi. CD40L -/- mice exhibit unstable thrombi but exhibit a normal phenotype.
Therefore investigations targeting CD40 are underway (24).

An outstanding way to block the CD28 pathway is through the chimeric protein CTLA4
immunoglobulin (CTLA4Ig). CTLA4Ig prevents the interaction of CD80/CD86 and
CD28. Moreover, CTLA4Ig leads to a production of indolamine 2,3-dioxygenase (IDO) in
APC which breaks down tryptophan, resulting in suppression of T cell proliferation and

cell death.
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In transplantation, blockade of CD28 signalling by CTLA4Ig was shown to prevent acute
allograft rejection and induce donor-specific transplantation tolerance in certain strains
(33). While the results in rodent models were very promising, the effect in non-human
primates was moderate on allograft survival. CTLA4Ig, abatacept, was more effective in
treatment of autoimmunity disease such as rheumatoid arthritis or psoriasis vulgaris. A
second generation CTLA4Ig was developed (LEA29Y, belatacept) with a higher affinity to
CD86 which has been successfully tested in a clinical phase III study (34).

The prominence of the CD28 pathway led to efforts in developing more specific treatment
possibilities by targeting CD28 directly. However, a superagonistic CD28 antibody
implementation had a fatal outcome in a clinical phase I trial. The antibody was considered
for a possible treatment of chronic lymphocytic B cell leukemia. Six healthy volunteers
experienced systemic inflammation following administration of the anti-CD28 antibody.
Previously, the antibody had been successfully tested in non-human primates, the fatal

consequences in humans could not have been predicted on the basis of this study (24, 35).

3.4.1.2 Synergy between CD40/CD28 and OX40

Blockade of a single costimulatory molecule may have a redundant function in the
development of an immune response. Synergistic effects are often described. In the
following section the synergy between CD40, CD28 and OX40 pathways are discussed, as
it is these costimulatory molecules that are subject to the ensuing investigations.

In transplantation some models are resistant to the otherwise potent effect of CD28/CD40L
blockade. Interestingly, OX40L was discovered to mediate CD28/CD40L independent
rejection. In CD28/CD40L double knock out mice blockade of OX40L induced successful

prolongation of skin graft survival (36).
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Synergy of CD28 and CDA40 has been reported in many studies. In a model of Ty2-
mediated contact hypersensitivity (CHS), administration of CTLA4Ig led to inhibition of
primary response, but secondary response was little affected. Interestingly, CTLA4Ig
together with anti-CD40L during the primary response induced long-lasting
unresponsiveness also towards secondary response in Ty2-mediated CHS. These results
indicate a synergistic function of CD28 and CD40L pathway in a Ty2 response (37). In
systemic lupus erythematosus, coadministration of anti-CD40L and CTLA4Ig led to
significant improvement of the disease in contrast to treatment with only one molecule
blocked (38).

In transplantation, the combined blocking of both costimulatory pathways has also led to
long term survival of skin and cardiac allografts in fully MHC-mismatched model, while
blockade of only one molecule, CD40L or CD28, has led to only slightly prolonged
tolerance (39). Furthermore, costimulation blockade of CD28 and CD40 are able to induce
mixed chimerism and long term allograft acceptance without cytoreductive treatment of
the host (40).

CD28 deficient mice express OX40 on T cells after activation but expression is delayed
and OX40L is minimally induced on APC. Costimulation of CD28 deficient T cells can be
circumvented by OX40L expression on stimulated B cells which can provide CD28-
independent costimulatory signals to T cells (41).

In an EAE model of CD28-deficient mice, antagonistic anti-OX40L therapy protects mice
from EAE (induced by double immunization) but anti-OX40L treatment alone did not
protect wild type mice. These data suggest that OX40 interaction can act as alternative
costimulatory pathway and mediate CD28 independent immune responses (42). These

results also support a redundant role of costimulatory molecules.
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3.4.2 Chimerism

The following short overview of chimerism discusses cellular chimerism in the
transplantation setting first, followed by molecular chimerism in transplantation,

autoimmune disease and allergy.

Cellular Molecular
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Figure 4: Difference between cellular and molecular chimerism. Cellular chimerism
describes the coexistence of donor and recipient HSC, leading to tolerance towards donor
organs. Molecular chimerism describes the coexistence of genetically modified recipient

HSC and recipient HSC, tolerizing towards the new antigen.

3.4.2.1 Cellular Chimerism

Today, transplantation of organs is the therapy of choice for end-stage organ failure.
However, long-term graft acceptance is hindered by immunological barriers and chronic
rejection is a widespread complication. Patients are dependent on life-long

immunosuppressive treatment. Besides the advantageous effects of immunosuppressive
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drugs to prevent graft loss, unspecific suppression of the immune systems leads to
increased morbidity and mortality and chronic graft rejection can still occur. A state of
immunological tolerance without the loss of a functioning immune system is the major
goal in transplantation medicine.

A promising approach is tolerance induction by a state of hematopoietic chimerism, also
known as mixed cellular chimerism; this describes a state of coexistence of hematopoietic
donor and recipient cells in the host. Once stable chimerism is induced, the immune
system can also accept solid organ grafts from the BMC donor without further
immunosuppressive treatment. To induce hematopoietic chimerism over MHC barriers,
intense and cytotoxic treatment of the recipient previous to BMT is usually necessary.

Host conditioning in early experiments was based on myeloablation and T cell depletion.
The development of costimulation blockers could obviate the need for myeloablation and
global T cell depletion (43). Irradiation could only be avoided with the use of huge doses
of BMC in combination with costimulatory blocking antibodies (anti-CD40L, CTLA4Ig),
inducing long-term macrochimerism (40). However, these BMC doses are not feasible for
clinical application.

Regulatory T cells were identified to play an important role in BMT. The cells are critical
during the early phase but appear to be dispensable for maintenance of chimerism (44).
Regulatory T cells are supported by costimulation blockers, like CD40L blockade, which
was found to be dependent on CD4 CD25" cells (45). Moreover, regulatory cells gained
prominence as they allowed the development of protocols with less toxic host
conditioning. Replacement of cytoreductive treatment was achieved with a clinically
feasible BMC dose combined with anti-CD40L, CTLA4lg, a short-course of rapamycin

and cotransfer of regulatory T cells in a murine model (46-47).
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Chimerism-induced tolerance includes both central and peripheral tolerance mechanisms.
Central tolerance is established by donor bone-marrow derived dendritic cells, which
migrate into the thymus and contribute to negative selection of newly developing
thymocytes. Pre-existing donor reactive T cells undergo peripheral deletion early after
BMT induced by costimulation blockade. Deletion was demonstrated to be thymus-
independent, passive cell death as well as activation-induced cell death played an
important role (30-31).

The chimerism induction protocol is still very toxic so that there are few studies on
deliberate induction of chimerism in the clinical setting. Megan Sykes and colleagues
published a study with six patients suffering from end-stage renal disease due to multiple
myeloma. The patients simultaneously received kidney and BMT from HLA identical
siblings. Chimerism was transient in four patients and turned into full chimerism in two
patients, which also developed GVHD. Three patients remain operationally tolerant
without any immunosuppression after a reported follow-up of up to 7 years. All in all, the
study showed that renal allograft tolerance could be achieved with combined kidney and
BMT (48).

In a subsequent study, David Sachs and colleagues showed successful transplantation of
HLA single haplotype mismatched kidney transplants together with bone marrow. In four
of five patients renal function remained stable after stopping immunosuppressive
treatment. In one patient irreversible humoral rejection led to organ loss (49).

These results show that translation to the clinical setting is possible but still harbours many
potential hurdles. A less toxic recipient treatment protocol would allow more clinical
investigations and would also open the possibility to applying this concept to a broader

range of diseases.
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3.4.2.2 Molecular Chimerism

Not only in transplantation is chimerism a promising strategy towards establishing
tolerance. Tolerance induction by chimerism would also be a causative treatment for
autoimmunity and allergy. Molecular chimerism is induced by transplantation of ex vivo
genetically-modified cells expressing the disease-causing antigen into a syngeneic

recipient.

3.4.2.2.1 Molecular Chimerism in Transplantation

Nowadays, stable tolerance can be achieved by molecular chimerism in rodent and large
animal models introducing MHC class I and MHC class II molecules. Long-term tolerance
can only be achieved by persistent expression and presentation of the retroviral integrated
gene on hematopoietic cells. Therefore, hurdles such as stable retroviral transduction, in
vitro culture of HSC and engraftment of modified cells had to be overcome.

In a transplant model of molecular chimerism, lethally irradiated mice were transplanted
with modified cells, expressing a disparate MHC class I. Chimeric mice developed
chimerism and accepted skin grafts with the disparate MHC class I, where skin grafts
represent the most stringent model in transplantation (50).

Jacomini and his team identified mature T cells as tolerizing cell population in a non-
myeloablative pre-conditioning regime. Cells were originated from congenic mice, which
were disparate in MHC class I (K* — K®). Chimerism could be induced successfully and
skin graft survival was followed over 100 days (51).

Presensitization is a major problem in transplantation, however, in all these models,
chimerism was induced in mice which were not presensitized. Xenotransplantation could
be a solution to organ shortage, but the human immune system harbours natural

xenoantibodies towards gal carbohydrates. Recipients would thus be presensitized. As a
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mouse model, aGT-/- knockout mice are used; they lack aGT and therefore the gal
carbohydrate. These mice produce natural anti-aGal antibodies similar to humans.
Chimerism was established successfully in oGT-/- knockout mice. B cells were
successfully tolerized even in presensitized mice. Anti-aGal antibody production was
stopped even after challenge with aGal-expressing cells. Furthermore, in a non-
myeloablative murine model, heart acceptance over 100 days was followed after
chimerism induction (52).

Although numerous studies on molecular chimerism have been carried out in the mouse
model, there are few data regarding chimerism in large animal models.

Transplantation of autologous MHC class II transduced cells in a swine model led to
chimerism and graft survival of subsequent transgene matched renal allograft (53).

In a non-human primate xenotransplantation model, molecular chimerism was established
with autologous cells transduced with swine MHC class II genes in baboons. Expression of
the transgene was transient and could be detected for 6 weeks, the proviral DNA was
detected up to 123 weeks. Baboons were grafted with MHC class II matched renal and
skin xenografts. Anti-Gal IgM and IgG were reduced at the day of transplantation;
however, grafts were rejected after 8-22 days. Reduced production of non-anti-Gal IgG
was observed (54).

Rhesus macaques also display a low serum level of preexisting anti-Gal IgM and IgG
similar to human anti-Gal antibodies. In monkeys transplanted with autologous aGT
transduced BMCs chimerism was still detectable after 5 months. Anti-Gal antibody
production could be inhibited after immunization with porcine cells. IgM antibodies to

other porcine xenoantigens were produced at similar levels in the chimeric monkeys (55).
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3.4.2.2.2 Molecular Chimerism in Autoimmune Disease

Autoimmune diseases are an immune response towards self antigens resulting in pathology
and clinical disease dependent on the culprit antigen. In some autoimmune disease models
where a single defined antigen is known to cause disease, molecular chimerism can be
applied. Induction of tolerance towards a specific antigen through chimerism has been
achieved in autoimmune disease models such as type 1 diabetes, multiple sclerosis and
autoimmune gastritis. Moreover, successful data were gained in the therapeutical
approach.

NOD mice develop spontaneous type 1 diabetes. A successful preventive approach uses
molecular chimerism to induce a protective MHC class II by transplantation of genetically
modified HSC. Chimeric mice lose the susceptibility to develop diabetes (56).

The murine model of multiple sclerosis is experimental autoimmune encephalomyelitis
(EAE). EAE is a T-cell mediated autoimmunity; mice develop a CD4" T cell response
when immunized (with e.g. myelin basic protein, MBP). The disease manifests in
ascending paralysis caused by demyelination and inflammation. Molecular chimerism was
able to abrogate the induction of EAE even after repeated challenge in a preventive and
therapeutic approach (57-58). These results were verified in different studies but there was
also a study with disappointing results. Myelin basic protein-expressing BMC failed to
induce tolerance or prevent susceptibility although the protein expression was verified

(59).

3.4.2.2.3 Molecular Chimerism in Allergy

Since molecular chimerism has been shown to induce tolerance in autoimmune disease

models in preventive as well as in curative approaches, we investigated the potential in

-27 -



IgE-mediated allergy. Allergens are well characterized molecules and are therefore
suitable candidates for molecular chimerism.

The first proof of principle experiment of molecular chimerism was done with Phl p 5, the
major allergen of Phleum pratense (timothy grass). Phl p 5 is a highly immunogenic and
clinically relevant respiratory allergen. For molecular chimerism, BMC were transduced
with a retrovirus encoding the allergen Phl p 5 fused to a signal peptide and a
transmembrane domain, thus, the allergen was membrane-anchored. Transduced BMCs
were transplanted into syngeneic recipients preconditioned with a lethal dose of total body
irradiation and T cell depleting antibodies one day prior BMT. The anti-CD40L-antibody
was injected directly after BMT into recipients. Six weeks after BMT, the mice were
repeatedly immunized with Phl p 5 adsorbed to aluminium hydroxide (and a second
allergen as specificity control) within a time-span of three weeks. Expression of Phl p 5
within the peripheral blood of the recipients was assessed during the whole follow-up and
was found to be detectable up to 40 weeks. Phl p 5-specific antibody levels in chimeric
mice were not detectable throughout the whole follow-up in contrast to antibodies towards
the control allergen. Moreover, T cell reactivity in response to the allergen Phl p 5 was
prevented, thus, B-cell, T-cell and tolerance at the effector level could be established (60).
In conclusion, a stable long-term tolerance towards the allergen Phl p 5 was induced
through molecular chimerism.

Since allergens vary in their structure, function and source, we investigated whether
molecular chimerism can be induced towards a Phl p 5-unrelated allergen. Therefore, we
used the major birch pollen allergen, Bet v 1 (of the birch Betula verrucosa). More than
96% of tree pollen allergic individuals recognize Bet v 1, and over 60% exclusively

display Bet v 1-specific IgE. Besides its frequent occurrence, Bet v 1 is a further cause of
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symptoms because of the high cross-reactivity to food allergens like soy (61), cherry (62),

celery (63) and others.

Molecular chimerism would be a promising tool to prevent type I allergy by induction of

stable long-lasting tolerance (chapter 4.1.2).
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4 Aim of the Thesis

IgE-mediated allergy is a steadily rising disease. To date, the only causative treatment is
allergen-specific immune therapy, while other current treatments primarily focus on
allergic symptoms. Further prevention of IgE-mediated allergy is still a challenging goal.
The specific aim of my thesis was to investigate two preventive approaches in a murine
model, the blockade of costimulation molecules and induction of molecular chimerism.
One potent immunomodulating strategy is the blockade of costimulatory molecules. Non-
responsiveness towards alloantigens can be induced by costimulation blockade e.g. in allo-
transplantation. Effective approaches are not clinically applicable so far. Therefore we
aimed to investigate the potential suppressive effect of blocking the costimulatory
molecule OX40L. OX40L was recently shown to play an important role in the
development of a full Ty2 response. Moreover, the combination of blockade of different
molecules (CD28/CD40L) additional to OX40L blockade was tested to assess the potential
bypass of OX40L.

We have recently shown that molecular chimerism induces stable tolerance towards one
allergen in a preventive approach. Since allergens differ in their function and structure we
investigated whether this approach can be extended to several allergens from different
sources. Therefore we chose the well described clinically highly relevant major birch-

pollen allergen Bet v 1 as a possible candidate for induction of tolerance.

-30 -



S Papers

5.1 Original Papers

5.1.1 Anti-OX40L Alone or in Combination with anti-CD40L and CTLA4Ig Fails to

Inhibit the Humoral and Cellular Response to a Major Grass Pollen Allergen

Martina Gattringer,* Ulrike Baranyi, " Nina Pilat-Michalek, " Karin Hock, ) Christoph

Klaus, Haley E. Ramsey, Rudolf Valenta,” and Thomas Wekerle"

" Div. of Transplantation, Dept. of Surgery, Medical University of Vienna, Austria
" Div. of Immunopathology, Dept. of Pathophysiology, Center of Physiology and

Pathophysiology, Medical University of Vienna, Austria

Keywords: Costimulation, suppression, allergy, costimulation blockade, 0X40

Running title: Anti-OX40L does not prevent IgE-mediated allergy

Address correspondence to: Thomas Wekerle, MD, Div. of Transplantation, Dept. of
Surgery, Vienna General Hospital, Waehringer Guertel 18; 1090 Vienna, Austria
Phone: +43 1 40400 5621; Fax: + 43 1 40400 6872

E-Mail: Thomas.Wekerle@meduniwien.ac.at

-31 -



Abstract

IgE-mediated allergy is a common disease characterized by a harmful immune response
towards an otherwise harmless antigen. Induction of specific immunological non-
responsiveness towards allergens would be a desirable goal. Blockade of costimulatory
pathways is a promising strategy to modulate the immune response in an antigen-specific
manner. Recently OX40 (CD134) was identified as a costimulatory receptor important in
Th2 mediated immune responses. Moreover, synergy between OX40 blockade and
‘classical’ costimulation blockade (anti-CD40L, CTLA4Ig) was observed in models of
alloimmunity. Here we investigated the role of the OX40 pathway in an established murine
model of IgE-mediated allergy in which BALB/c mice are immunized with the clinically
relevant grass pollen allergen Phl p 5. Early or late blockade of OX40 (anti-OX40L mAb)
did not modulate the allergic response on the T cell, humoral or effector cell levels,
whereas early administration of a combination of anti-CD40L/CTLA4Ig delayed the
allergic immune response. Antibody-production could not be inhibited after repeated
immunization independent of long-term suppressed T cell response. Additional blockade
of OX40 had no detectable supplementary effect. Delayed response was partly mediated
by regulatory T cells as depletion of CD25" cells led to restored T cell proliferation. To
conclude our results, the allergic immune response towards Phl p 5 was independent of
0X40. No synergistic function of 0X40 to CD40L/CD28 could be detected. According to
the literature OX40 is more effective in T cell mediated disease like allergic lung
inflammation. In contrary blockade of CD40L/CD28 led to non-responsiveness of T cells

without prevention of antibody production.
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Introduction

IgE-mediated allergy is a hypersensitivity disorder whose prevalence is still increasing (1).
The main feature of type I allergy is the development of IgE which is bound on mast cells.
Crosslinking by an allergen leads to the release of cytokines and vasoactive substances,
causing the typical allergic symptoms (2). A desirable but still unmet goal would be the
induction of antigen-specific immunological non-reactivity towards these antigens.
Blockade of costimulatory molecules is a promising approach to modulate the immune
response. Induction of an immune response requires engagement of the T cell receptor
simultaneously with costimulatory molecules. One of the first discovered costimulation
molecules was CD28. Ligation of CD28 is important for activation of T cells. Missing
CD28 signalling leads to anergy, what means functional deficiency of T cells (3). Another
well-known costimulation molecule is CD40. Interaction of CD40 - CD40L is required for
generation of high titers of isotype-switched antibody, survival, maturation and allograft
rejection (4). Blocking CD40L is widely and effectively employed in animal models
prolonging allograft survival and preventing acute rejection (5). More effective is the
blockade of both, CD28 together with CD40 in diminishing allo-immunity (6).

In recent years, OX40 was shown to participate in Th2 mediated immune responses (7-8).
0X40, a member of the TNF/TNF-R superfamily, has a critical role in the late primary T
cell response and in the generation and survival of memory T cells. Stiiber and Strober
observed decreased production of IgGl, IgG2a, IgG2b and IgG3 when anti-OX40
antibodies were administered together with TNP-KHL immunization, provoking a T cell-
dependent immune response. T cell independent immune responses were not influenced
(9). In OVA induced lung inflammation blockade of OX40L was able to attenuate disease

with suppressed production of IgE, IgG and decreased Th2 cytokines after anti-OX40L
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treatment (10). Anti-OX40L was currently tested in a clinical trial for allergen-induced
airway obstruction in adults with mild asthma (NCT00983658).

0X40 is also expressed on regulatory T cells (Tregs). Tregs of OX40-deficient mice are
present in normal numbers and function whereas OX40 ligation on mature T cells
abrogates Treg function and conversion. In some studies enhanced OX40 stimulation
preferentially converts T cells to memory cells instead of Tregs (11-12). So OX40 is not
only a costimulatory molecule to activated effector T cells but also negatively regulates
FoxP3" Tregs.

Synergistic functions of OX40L to the costimulatory molecules CD28 and CD40L have
been reported in the literature in various models (13-15). For example CD28 interaction
was shown to be necessary for high and early expression of OX40 and OX40L (16-17). In
transplantation, CD40L blockade-induced cardiac allograft acceptance can be overridden
by agonistic OX40 antibodies (14). Another model describes that mice, resistant to
CD28/CDA40L blockade exhibit prolonged skin graft survival when OX40L is blocked
(18).

In experimental autoimmune encephalomyelitis (EAE) OX40L was shown to be able to
bypass CD28 independent development of disease. Blockade of OX40L in CD28 deficient
mice prevented induction of EAE (19).

In allergy, blockade of CD28 and CD40L during allergic sensitization and ongoing disease
was assessed. Blocking CD40L prevented allergic sensitization but had no influence when
administrated to already sensitized mice. Blocking CD28 (CTLA4Ig) early or late had no
influence on the humoral response but allergen-specific T cell proliferation was diminished

(20).
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In order to delineate the potential of costimulatory molecules in IgE-mediated allergy, we
applied a well-defined mouse model of IgE-mediated allergy, focusing the humoral
response (20).

Our results demonstrate that OX40 is negligible for an IgE-mediated allergic response
towards Phl p 5. Surprisingly this effect was not caused by redundant function of OX40 to
CD40 or CD28. Interestingly, blockade of the costimulatory molecules CD28 and CD40L
led to delayed humoral response contrary to long-term extended T cell non-responsiveness.
These findings together with published data of OX40 underline that maybe OX40 mainly
takes part in T cell mediated responses like allergic lung inflammation. Moreover there is
lots of potential in modulation of immune responses by costimulatory molecules in allergy

but the effect mainly targets T cells as humoral immunity is only temporary suppressed.

Material and Methods

Animals

Female BALB/c mice were obtained from Charles River (Sulzfeld, Germany). All mice
were housed under specific pathogen free conditions and were used between 6 and 12
weeks of age. All experiments were approved by the local review board of the Medical
University of Vienna, and were performed in accordance with national and international

guidelines of laboratory animal care.

Recombinant Allergens and Immunization

Purified recombinant (r) timothy grass pollen allergen (rPhl p 5) and birch pollen allergen
(rBet v 1) were obtained from Biomay (Vienna, Austria). Mice were immunized
subcutaneously with 5 pg rPhl p 5 (major grass pollen allergen) and in selected groups

with 5 ug rBet v 1 (major birch pollen allergen), adsorbed to AI(OH); (Alu-Gel-S, Serva,
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Ingelheim, Germany). Immunization started at day 0 and was repeated every three weeks

(days 0, 21, 42, ...) till the end of follow-up.

Costimulation Blockade

Treatment with anti-CD40L (MR1) and human CTLA4Ig (abatacept, 0.5 mg/mouse) was
given by intraperitoneal (i.p.) injection early (days 0, 2, 4) or late (days 21, 23, 25) (20).
OX40L was blocked by i.p. injection of RM134 (0.5 mg/mouse) early (days 0, 2, 4, 8) or
late (days 21, 23, 25, 29) (18). For depletion of CD25" cells a cytotoxic anti-CD25 mAb
(PC61) was given i.p. at days 0 (0.5 mg/mouse), 4 and 8 (0.25 mg/mouse) or days 21, 25,
29. In combination to anti-CD40L/CTLA4Ig/anti-OX40L treatment CD25" cells were
depleted at day 16 (PC61, 1 mg/mouse). Anti-CD40L and anti-OX40L were purchased
from BioXCell (West Lebanon, NH, USA), hCTLA4lg (abatacept) was generously

provided by Bristol-Myers, Squibb Pharmaceuticals (Princeton, NJ, USA).

Flow Cytometry and Antibodies

For analysis of Tregs mAbs with specificity against CD4 (RM4-4) and CD25 (7D4) were
used. Antibodies were conjugated to FITC and PE and detected in FL1 and FL2. Surface
staining was performed according to standard procedures and flow cytometric analysis was
done on a Coulter Cytomics FC500. CXP software (Coulter, Austria) was used for

acquisition and analysis.

ELISA
To measure antigen-specific antibodies in the sera of immunized mice ELISAs were
performed as described previously (21). Blood samples were taken from the tail vein and

serum was stored at -20°C until analysis. Plates were coated with rBet v 1 or rPhl p 5 (5
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png/ml), sera were diluted 1:20 for IgE, 1:100 for IgM, IgA, IgG2a, IgG3 and 1:500 for
IgG1, bound antibodies were detected with monoclonal rat anti-mouse IgE, IgG1, 1gG2a,
IgG3, IgA and IgM antibodies (BD Pharmingen) diluted 1:1000 and a HRP-coupled goat
anti-rat antiserum (Biosciences, UK) diluted 1:2000. The substrate for HRP was ABTS (60
mM/I citric acid, 77 mM/l Na,HPO4 x 2H,0, 1.7 mM/l ABTS (Sigma-Aldrich, MO), 3
mM/l H,0;). Absorbance was measured at 405 nm (0.1 s) and 490 nm (0.1 s). For

calculation values obtained at 490 nm were abstracted from 405 nm values.

Lymphocyte Proliferation Assay

Spleens were removed under sterile conditions and homogenized. Single cell suspension
was filtered through a 70 pm Nylon cell strainer to remove remaining tissue. Erythrocytes
were removed by adding cold lysing buffer (Red Blood Cell Lysing Buffer, Sigma-
Aldrich). Cells were diluted to a final concentration of 5 x 10° cells/well, 2 pg/well
allergen-stimulant was added and 0.5 pg/well Concanavalin A (Sigma-Aldrich) as control.
The 96 well-plates were incubated at 37°C, 5% CO,. On day 4, 0.5 pCi H® thymidine
([methyl-3H] Thymidine, Amersham) per well were added. Sixteen hours later cells were
harvested and thymidine uptake was measured in a beta counter (Beta scintillation liquid,

Wallac) (21).

Rat Basophile Leukaemia (RBL) Cell Degranulation Assay

RBL-2H3 cell subline was cultured as described previously (22), in RPMI 1640 medium
(Biochrome AG, Berlin, Germany) containing 10 % fetal calf serum. 6 x 10* cells were
plated in 96 well tissue culture plates (Greiner, Bio-One, Germany), loaded with 1:30
diluted mouse sera and incubated for 2 hours at 37°C and 5 % CO,. Supernatants were

removed and the cell layer was washed 2x with Tyrode’s buffer (137 mM NaCl, 2.7 mM
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KCL, 0.5 mM MgCl,, 1.8 mM CaCl,, 0.4 mM NaH,PO4, 5.6 mM D-glucose, 12 mM
NaHCO;, 10 mM HEPES and 0.1% w/v BSA, pH 7.2). Preloaded cells were stimulated
with rPhl p 5 or rBet v 1 (0.03 pg per well) for 30 min. at 37°C. The supernatants were
analyzed for B-hexosaminidase activity by incubation with the substrate 80 uM 4-
methylumbelliferyl-N-acetyl-3-D-glucosamide (Sigma-Aldrich) in citrate buffer (0.1 M,
pHA4.5) for 1 hour at 37°C. The reaction was stopped by addition of 100 pl glycine buffer
(0.2 M glycine, 0.2 M NaCl, pH 10.7) and the fluorescence was measured at Aey: 360/Aep:
465 nm using a fluorescence microplate reader (Wallac, Perkin Elmer, Vienna, Austria).
Results are reported as percentage of total 3-hexosaminidase released after addition of 1 %

Triton X-100. Determinations were done in triplicates.

Statistical analysis
Means, standard deviations (SD) and standard error of the mean (SEM) were calculated for
statistical documentation. P values were calculated with an unpaired two tailed T-test.

Values of p < 0.05 were considered as statistical significant.
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Results

Blockade of OX40L has no detectable effect on the humoral and cellular response towards
Phip 5

To investigate the role of OX40, a well characterized model of IgE-mediated allergy was
employed in which BALB/c mice are repeatedly immunized with recombinant Phl p 5
(days 0, 21) (table I: group A, untreated control group). Groups of mice (n=6/group)
received anti-OX40L mAb early, at the time of first immunization (group B) or late, at the
time of second immunization (group C). Consistent with previous reports (20), untreated
immunized mice (control group) produced high levels of allergen-specific IgE, 1gGl,
IgG2a, IgA and IgM (Fig. la—1f). Treatment with anti-OX40L early or late had no
detectable effect on the levels of allergen-specific antibody production (Fig. la—1f).

The impact of anti-OX40L treatment was further demonstrated using RBL cell
degranulation assay. RBL cells were sensitized by transfer of serum, challenge with Phl p
5 led to a release of B-hexosaminidase in the control group. Anti-OX40L treatment did not
affect mediator release in in vitro RBL assays (Fig. 1g).

We further investigated the T cell response to Phl p 5 by in vitro T cell proliferation
assays. Splenocytes of immunized controls strongly proliferated in response to Phl p 5.
Treatment with anti-OX40L early or late did not significantly reduce the proliferative
response (Fig. 1h).

According to these data, blockade of OX40L does not significantly alter the primary or

secondary immune response towards Phl p 5.

Blockade of OX40L has no additive effect when combined with anti-CD40L and CTLA4Ig

The OX40 pathway is described in the literature to act synergistically with the

costimulatory molecules CD40 and CD28 (16, 18-19). To investigate the effect of
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blocking OX40L in combination with CD40L (anti-CD40L) and CD28 (CTLA4Ig)
blockade, groups of mice were treated early with anti-CD40L/CTLA4Ig (group D) with or
without additional anti-OX40L (group E). Mice receiving anti-CD40L/CTLA4Ig showed
significantly delayed allergen-specific antibody production compared to the control mice.
IgE levels were increased after the third immunization (by day 63, Fig. 2a). Also the other
Ig isotypes (IgG1, IgG2a, 1gG3, IgA, IgM) were significantly suppressed for at least that
long, in case of IgG2a and IgG3 even longer (day 84, Fig. 2b-2f). Unexpectedly, additional
treatment with anti-OX40L had no detectable additive effect on the course or levels of
allergen-specific antibody production.

IgE reactivity was assessed in RBL assays as described previously. B-hexosaminidase
release was due to IgE levels (Fig. 2g). No significant difference was observed when mice
were treated with anti-CD40L/CTLA4Ig or additional anti-OX40L.

T cell proliferation in response to Phl p 5 was significantly suppressed (Fig. 2h) in anti-
CD40L/CTLAA4Ig treated mice in comparison to the control group. Again no difference
was detectable in mice treated additionally with anti-OX40L.

Late treatment with anti-CD40L/CTLA4Ig had no effect on an already ongoing allergic
response (20). Since anti-OX40L, in contrast, was effective in modulating a primed
response in models of allotransplantation (13), we tested the effect of anti-OX40L in
addition to anti-CD40L/CTLA4Ig (late) in a primed allergic response (group F). Allergen-
specific IgG1, IgG2a levels stayed constant after second immunization and late treatment.
IgE and IgA were unaffected by late administration of anti-CD40L/CTLA4Ig/anti-OX40L
(data not shown).

Early treatment with anti-OX40L had no additional effect on the prolonged non-
responsiveness achieved with anti-CD40L/CTLA4Ig. No synergistic effect of blocking

OX40L was discovered in this model focusing humoral allergy response. Also late
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administration of anti-CD40L/CTLA4Ig/anti-OX40L had no effect on IgE, as levels staed

constant.

CD25 positive cells partly mediate costimulation blockade induced suppression

Our results demonstrate that blocking CD40L, CD28 and OX40L results in non-
responsiveness towards Phl p 5. Blocking CD40L acts in part through the induction of
Tregs, as shown in a transplant model (23). To shed some light on the mechanism of this
immune modulation we investigated the role of CD25" T cells, T regulatory cells (Tregs).
Therefore, CD25" cells were depleted shortly before the second immunization (day 16) of
anti-CD40L/CTLA4Ig/anti-OX40L early treated mice (group H). Delayed antibody
production in response to the allergen was reversed by depletion of Tregs. The reversing
effect was first detected at day 63 and still significant at day 84 (Fig. 3a). In T cell
proliferation assays, mice treated with anti-CD40L/CTLA4Ig/anti-OX40L exhibited
significantly suppressed T cell proliferation (week 15), whereas proliferation was
completely restored by depletion of CD25" cells (Fig. 3b).

Influence of Tregs alone on Phl p 5 immunization was investigated by single CD25"
depletion early or late (group I and J). Allergen-specific IgE levels were not influenced and
comparable to those of the control group. No influence of CD25" depletion alone on
antibody production was detected (Fig. 3c). Successful depletion of CD25" was verified in
flow cytometric analysis (Fig. 3d).

Tregs are activated in an antigen-specific manner but their suppressive function is reported
to be antigen non-specific (24). Therefore, we designed an experiment to test whether
Tregs activated with one allergen suppress the immune response towards another,
unrelated allergen, Bet v 1 (major birch pollen allergen). Mice were immunized with Phl p

5 and treated with anti-CD40L/CTLA4Ig +/- anti-OX40L early. Three weeks later mice
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were immunized with Phl p 5 and additionally Bet v 1 (group L and M). Double
immunized control mice (group K) developed Bet v 1-specific IgE after the first
immunization. Noteable, IgE levels of immunized mice, treated with anti-
CD40L/CTLA4lg +/- anti-OX40L early exhibited a delayed immune response, also
towards Bet v 1. Bet v 1-specific IgE levels were significantly suppressed till day 63 (Fig.
3e). Once again, no significant difference between mice receiving anti-OX40L or not was
detected.

In Fig. 3f Bet v 1-specific f-hexosaminidase release of RBL cells (week 12) was assessed.
Sera of mice treated with anti-CD40L/CTLA4Ig +/- anti-OX40L early led to diminished
Bet v 1-specific release. Notable, depletion of CD25" cells (group N) reversed the effect
partly, B-hexosaminidase release was comparable to the double immunized control group.
Also T cell proliferation in response to Bet v 1 was investigated. Proliferation was
significantly lower in anti-CD40L/CTLA4Ig +/- anti-OX40L treated groups than in the
double immunized control group. Depletion of CD25" cells was able to restore
proliferation partly but significant (Fig. 3g).

These results demonstrate that regulatory cells, induced by anti-CD40L/CTLA4Ig
modulate the allergic response towards Phl p 5 in an antigen non-specific manner,

although the effect on the T cell level was more pronounced.

Persistent in vivo antibodies are capable to delay humoral response towards Phl p 5

Delayed immune response towards Bet v 1 is partly mediated by Tregs as shown in Fig.
3g. To exclude the possibility of immunosuppression caused by remaining anti-
CD40L/CTLA4Ig/anti-OX40L in the sera, we investigated how long blocking antibodies
stay therapeutically effective after in vivo administration. Anti-CD40L/CTLA4Ig/anti-

OX40L were injected into naive mice three weeks before the first immunization with Phl p
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5 (group G) and compared with the control group (A) and mice receiving anti-
CD40L/CTLA4lg/anti-OX40L early (group E).

As previously observed control mice produced high levels of IgE after the first
immunization and mice treated with anti-CD40L/CTLA4Ig/anti-OX40L early exhibited
delayed development of IgE (day 63). Surprisingly mice receiving antibody treatment
three weeks before the first immunization also showed delayed antibody production. In
both cases allergen-specific antibodies developed upon the immunization 6 weeks after
anti-CD40L/CTLA4Ig/anti-OX40L treatment, independent of the time of the first
immunization (d 0) (Fig. 4a). Thus, a suppressive effect on antibody production was still
detectable three weeks after costimulation blockade.

Interestingly, T cell proliferation was different. Proliferation was only suppressed when
mice received anti-CD40L/CTLA4Ig/anti-OX40L early together with the first
immunization. Delayed immunization led to normal T cell proliferation in response to the
allergen Phl p 5 (Fig. 4b).

These results indicate that the remaining antibodies are still capable to delay the humoral
immune response whereas for suppression of T cell response simultaneous treatment and

immunization is obligatory.
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Discussion

OX40L is currently discussed in the literature as a potent costimulatory molecule
triggering Th2 responses. These findings are further investigated in a clinical trial for
allergen-induced airway obstruction in adults with mild asthma (NCT00983658).

We investigated the effect of costimulation blockade, especially blockade of
0X40:0X40L pathway in IgE-mediated allergy. Surprisingly, our results did not reveal
any influence of OX40 pathway blockade on the allergic response towards Phl p 5. Early
or late blockade of OX40L did not significantly influence humoral, T cell or effector cell
response.

In T cell mediated diseases, like allergic lung inflammation, OX40 pathway was shown to
play an important role in antibody and cytokine production as well as T cell responses. The
present model focuses on the humoral response, which seems to be independent of OX40L
signalling (Fig. 1).

Moreover, we wanted to investigate potential synergy of OX40 to CD28 and CD40L, as
synerigstic effects are described in the literature (15) (18). Therefore the potency of a
costimulation blockade based combination-therapy (anti-CD40L/CTLA4Ig/anti-OX40L)
was tested in the humoral allergy model. Blockade of CD40L led to similar results as
shown in the literature, prevention of allergic sensitization and suppressed T cell response
(data not shown). We also investigated the effect of combined blockade of CD40:CD40L
and CD28:B7 pathway by anti-CD40L/CTLA4Ig treatment. Consistent with published
data, T cell response was suppressed. But contrary to the literature of the humoral response
(20), antibody production was prevented for several weeks. But additional effect of
blocking CD28 and CD40L was observed in many other models like in transplantation (6)

and murine allergic contact dermatitis (25).
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As we aimed to investigate the synergistic potential of OX40L, we analyzed the effect of
anti-OX40L together with anti-CD40L/CTLA4Ig treatment. Nevertheless no effect due to
additional anti-OX40L treatment was observed in our experiments (Fig. 2). These data
suggest that OX40L plays a negligible role in emerging an allergic response towards Phl p
5. Moreover OX40L did not bypass delayed development of allergen-specific antibodies in
anti-CD40L/CTLA4lg treated mice. Notably, also IgE production was only delayed,
despite the longterm suppressed T cell response induced by costimulation blockade. As
IgE is the reason for mast cell degranulation and subsequent allergic symptoms, reduction
IgE production would be desirable.

Combined treatment of mice with anti-CD40L/CTLA4Ig had a significant suppressive
effect. We wanted to gain insight into the underlying mechanism. So we further
investigated the role of regulatory cells in the combinational treatment with anti-
CD40L/CTLA4Ig/anti-OX40L. The suppressive effect of anti-CD40L in allergy is partly
caused by CD4'CD25" cells, as depletion of CD25" cells reverse suppression to some
extent (data not shown). Importance of CD25" cells was shown in our model of
CD40L/CTLA4lg/anti-OX40L treatment, where these cells maintained T cell
unresponsiveness and depletion restored proliferation (Fig. 3b). Moreover, allergen-
specific IgE was significantly higher in mice treated with CD25" depleting Ab.

As regulatory T cells can suppress non-specific, upon TCR-specific activation; we
investigated suppression towards an additional administrated allergen, Bet v 1.
Nonspecific suppression was shown by delayed antibody production and suppressed T cell
proliferation. Bet v 1-specific IgE production was similar to Phl p 5-specific antibody
production (Fig. 3g).

To test whether delayed antibody production is not caused by persistent serum levels of in

vivo antibodies, mice were immunized three weeks after in vivo antibody treatment.
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Interestingly antibody production was delayed, even when mice were treated three weeks
before the immunization (Fig. 4a). Suggesting that unspecific suppression of antibody
production was shown to result from persisting anti-CD40L and CTLA4Ig in the sera. In
the literature, application of 3 x 250ug anti-CD40L (MR1) was demonstrated to be still
biological active (5%) 3 weeks after administration (26). Furthermore, CTLA4lg was
found to be functionally active 5 weeks after treatment (6 x 200 pg). These data suggest
that prolonged costimulation blockade-based suppression of allergic response was induced
but no permanent tolerance (27). Interestingly, only antibody production was effected by
unspecific immunosuppression. Persisting anti-CD40L/CLTA4Ig/anti-OX40L in the sera
of mice did not affect T cell response. T cell response was suppressed only when mice
were immunized at the day of in vivo antibody treatment.

In allergy, regulatory T cells were shown to inhibit allergic disease. Tregs secrete the
immunoregulatory cytokine IL-10, capable to indirectly modulate allergen-specific B-
cells. Also in peptide-immunotherapy T cells were shown to play a protective role. We
have shown that antibodies were produced despite non-responsive T cells, whereas the
effect of induced regulatory cells has to be further investigated in vivo.

All in all, costimulation blockade can only provide limited suppression of the allergic
immune response, mainly effective during sensitization. Currently, the only causative
therapy of allergy is specific immunotherapy, modulating the allergic immune response.
The only approach to induce longterm robust tolerance is molecular chimerism (28-29).

But this therapy is still in an early development state of proof-of-principle testing.
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Figures and Tables

Figure 1: Blockade of OX40L has no detectable effect on the allergen-specific response in
an IgE-mediated allergy model.

Serum samples were collected at baseline (preimmune, d 0), three weeks after the first
immunization (d 21) and three weeks after the second immunization (d 42). Allergen-
specific antibody production was analyzed by ELISA (IgE, IgG1, IgG2a, 1gG3, IgA, IgM).
Three groups (described in table I) are shown on every diagram a — f. Immunized mice
(group A, designated as control group), immunized mice with early anti-OX40L treatment
(day 0, 2, 4, 8, group B) and immunized mice with late anti-OX40L treated mice (day 21,
23, 25, 29, group C). Antibody levels are displayed as OD values in box-and-whisker
plots, 6 mice per group are shown. (g) To analyze the effector function of IgE in the sera,
allergen-specific B-hexosaminidase release of serum coated RBL cells in response to Phl p
5 was assessed of the control group or groups with anit-OX40L early and anti-OX40L late
treatment. Serum samples of day 0, 21, 42 were tested and are represented in a scatter plot
(n=6). (h) T cell reactivity was tested in a proliferation assay, (week 7). Bars represents
means of 6 mice per group with SEM, immunized mice without treatment or treated with

anti-OX40L early or anti-OX40L late. Legends are shown in the figure.

Figure 2: OX40L blockade together with anti-CD40L/CTLA4Ig treatment has no
detectable additional effect

Shown are three groups, control group (group A), immunized mice treated early with anti-
CD40L/CTLA4lg (group D) and mice treated early with anti-CD40L/CTLA4Ig/anti-
OX40L (group E) (n=6). Serum samples were collected every three weeks for a follow-up
of 15 weeks. Results of group D and E are representative for two and three independent

experiments, respectively. Allergen-specific antibody levels of different isotypes were
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analyzed over the whole follow-up. a) shows Phl p 5-specific IgE, b) IgG1, ¢) IgG2a, d)
IgG3, e) IgA and f) IgM. OD values are represented in box-whiskers blots. Effector
function of IgE was analyzed in RBL assays. f-hexosaminidase release in response to Phl
p 5 of serum coated cells, collected to the different time points is shown in a box-and-
whiskers plot (n=6). Fig. 2g presents the whole follow-up of the control group, of
immunized mice treated early with anti-CD40L/CTLA4Ig and mice treated early with anti-
CD40L/CTLA4Ig/anti-OX40L. To analyze the tolerizing effect on allergen-specific T
cells, proliferation was analyzed at about week 15 and mean SI values of 6 mice per group

are shown in a column bar graph with SEM (h).

Figure 3: Depletion of CD25 positive cells restores allergic T cell response

Effect of CD25" cells was assessed by depletion at day 16, 5 days before the second
immunization. Shown are a), control group (group A), anti-CD40L/CTLA4Ig/anti-OX40L
(early) treated mice (group E) and same regime with CD25" cell depletion (group H).
Serum samples were collected every three weeks. Allergen-specific IgE levels are depicted
in OD values (n=6) and presented in box-and-whiskers plot. One of two independent
experiments is shown. b) T cell proliferation was assessed in response to Phl p 5 at week
15, suppressed proliferation was restored when CD25" cells were depleted in the antibody
treated group. Mean SI values of 6 mice per group are shown in a column bar graph with
SEM. ¢) Influence of CD25" cell depletion in allergen-specific IgE production was tested.
Groups of mice received anti-CD25 early (group I) or late (group J) and IgE levels were
compared to the control group. Mean OD values are shown in a box-and-whiskers plot.
Depletion of CD25" was verified in flow cytometric analysis (d). To analyze Treg function
mice were immunized with additional Bet v 1 starting at day 21 (group K, L, M, N, n=6).

Serum samples of double immunized mice were collected (group K) and represent the
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control group in this graph. Further groups shown are mice treated with anti-
CD40L/CTLA4Ig (group L), anti-CD40L/CTLA4Ig/anti-OX40L (group M) and the last
group with CD25 depletion on day 16 (group N). OD values of Bet v 1-specific IgE are
shown in a box-and-whiskers blot, groups are described in the figure e. f) shows the -
hexosaminidase release of serum coated RBL cells in response to Bet v 1 at week 12.
Groups are described in the figure. g) T cell proliferation was assessed at week 12 (n=3).

Shown are mean Bet v 1-specific SI values with SEM in a column bar graph.

Figure 4: Potency of remaining anti-CD40L/CTLA41g/anti-OX40L three weeks before
immunization

a) Remaining function of circulating anti-CD40L, CTLA4Ig and anti-OX40L was tested
by administration 21 days prior the first immunization. Three different groups were
followed, the control group (group A), mice treated with anti-CD40L/CTLA4Ig/anti-
OX40L early (group E) and mice receiving the same treatment at day -21 (group G).
Serum samples were collected as depicted in the diagram. Shown is a box-and-whisker
plot with OD values (n=6). b) T cell response of mice receiving antibodies at day -21 was
analyzed at week 12 and compared to the other groups in a T cell proliferation assay. Mean

values of 3 mice with SEM are shown.
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Table I: Immunization and treatment protocol

Groups Immunization Treatment
Phlp5 Betv 1 anti-OX40L CTLA4Ig anti-CD154 anti-CD25
A +
B + early
C + late
D + early early
E + early early early
F + late late late
G start day 21 early early early
H + early early early 16
I + 0,4,8
J + 21, 25,29
K + start day 21
L + start day 21 early early
M + start day 21 early early early
N + start day 21 early early early 16

Groups of BALB/c mice (6/group) were immunized with the allergen rPhl p 5 and/or rBet
v 1 adsorbed to aluminium hydroxide, in a span of three weeks (days 0, 21, 42, ..).
Additional mice were treated with anti-CD40L (early, days 0, 2, 4 or late, days 21, 23, 25)
and CTLA4Ig (early, days 0, 2, 4 or late, days 21, 23, 24) and/or anti-OX40L (early, days

0, 2, 4, 8 or late, days 21, 23, 25, 29) and/or anti-CD25, days of antibody administration

are described in the table. Group A is used as control group.
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Figure 2
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Figure 3
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Abstract

Background Molecular chimerism is a promising strategy to induce tolerance to disease-
causing antigens expressed on genetically modified haematopoietic stem cells. The
approach was employed successfully in models of autoimmunity and organ
transplantation. Recently, we demonstrated that molecular chimerism induces robust and
lasting tolerance towards the major grass pollen allergen Phl p 5.

Objective Since allergens are a group of antigens differing widely in their function, origin
and structure we further examined the effectiveness of molecular chimerism using the Phl
p S-unrelated major birch pollen allergen Bet v 1, co-expressed with the reporter GFP.
Besides, inhibition of CD26 was used to promote engraftment of modified stem cells.
Methods Retrovirus VSV-Betv1-GFP was generated to transduce 5-FU-mobilized BALB/c
hematopoietic cells to express membrane-bound Bet v 1 (VSV-GFP virus was used as
control). Myeloablated BALB/c mice received Betvl-GFP or GFP expressing bone
marrow cells, pre-treated with a CD26 inhibitor. Chimerism was followed by flow
cytometry. Tolerance was assessed by measuring allergen-specific isotype levels in sera,
RBL assays and T-cell proliferation assays.

Results Mice transplanted with transduced BMC developed multi-lineage molecular
chimerism which remained stable long-term (>8 months). After repeated immunizations
with Bet v 1 and Phl p 5 serum levels of Bet v 1-specific antibodies (IgE, IgG1, IgG2a,
IgG3 and IgA) remained undetectable in Betv1-GFP chimeras while high levels of Phl p 5-
specific antibodies developed. Likewise, basophil degranulation was induced in response
to Phl p 5 but not to Bet v 1 and specific non-responsiveness to Bet v 1 was observed in
proliferation assays.

Conclusions and Clinical Relevance These data demonstrate successful tolerization

towards Bet v 1 by molecular chimerism. Stable long-term chimerism was achieved under
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inhibition of CD26. These results provide evidence for the broad applicability of molecular

chimerism as tolerance strategy in allergy.

Keywords: Molecular chimerism, tolerance, allergy
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Introduction

The immune system protects the body from harmful events, but the immune response can
become destructive in case of an overwhelming response to otherwise harmless antigens.
Such exaggerated immune responses can result in autoimmune diseases or allergy. In case
of transplantation, donor-specific immune responses can mediate graft loss. Specific non-
responsiveness towards the disease-causing antigens in these settings can be achieved by
the induction of chimerism by hematopoietic stem cell transplantation. Successful
application of this approach has been shown in mouse models for allotransplantation and
autoimmune diseases [1-2].

In case of cellular chimerism, allogeneic hematopoietic stem cells (HSC) are transplanted
into an appropriately conditioned host. This strategy has been used to induce donor-
specific tolerance and permanent acceptance of allogeneic grafts in transplantation in the
mouse model as well as in the clinical setting [3-4]. The remaining toxicity of host
preconditioning and the risk of graft versus host disease, however, currently still prevent
this strategy from widespread clinical application. Molecular chimerism presents an
alternative in which only the disease causing antigens are integrated into (autologous)
hematopoietic cells. HSCs, genetically modified to express the antigen(s) of interest, are
transplanted in a syngeneic setting. Transplantation of bone marrow cells (BMC)
expressing an allogeneic MHC class I led to long-term skin graft acceptance of MHC class
I disparate skin grafts [5-6]. Molecular chimerism was also successfully tested in
autoimmune diseases like experimental autoimmune encephalomyelitis (EAE), type I
diabetes [7-8] and autoimmune gastritis [9]. Induction of disease was prevented and even
remission of ongoing disease was achieved in some settings. In EAE, the mouse model for
multiple sclerosis, different antigens were used for expression in syngeneic BMC [10-12].

Interestingly, not every protocol was able to induce tolerance in EAE [13].
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Type I allergy is caused by IgE-mediated responses towards well defined antigens, making
it a technically suitable candidate for molecular chimerism. Recently we successfully
applied the concept of molecular chimerism in a mouse model for type I allergy using the
grass pollen allergen Phl p 5 [14]. Allergens originate from a broad variety of sources like
animal dander, tree pollen or dust mites. The common features of allergens are still largely
unknown [15] and there is great diversity in structure and function. Therefore the
effectiveness of the molecular chimerism strategy needs to be confirmed with an allergen
unrelated to Phl p 5, ruling out that molecular chimerism’s effectiveness is limited to
certain protein families. Bet v 1 is such a Phl p 5-unrelated protein, belonging to
pathogenesis-related protein family 10 [16]. It is the major allergen of the birch pollen of
the birch Betula verrucosa, located in the cytoplasm of birch pollen grains [17]. It is of
particular clinical relevance, as more than 96% of tree pollen allergic individuals recognize
Bet v 1, and more than 60% exclusively display Bet v 1-specific IgE [18]. Bet v 1 is also
causing symptoms because of the high cross-reactivity to food allergens in soy, cherry,
celery and others [16, 19-21]. In regard of its clinical relevance we chose the Phl p 5-

unrelated allergen Bet v 1 for our investigations.

In the present study engraftment of transduced cells was supported by inhibition of CD26
which was shown to promote HSC engraftment in other models. Optimized homing would
allow transplantation of lower numbers of transduced cells. BMC were pretreated with the
CD26 inhibitor (Diprotin A), shown to inhibit CD26 specifically. CD26 would otherwise
cleave CXCLI12 (SDF-1a) and prevent the interaction with CXCR4 which is critical for
homing of BMC [22-23]. Moreover the integrated cDNA of the allergen Bet v 1 was fused

to an IRES-eGFP construct to allow better tracking of the transplanted BMC.
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Materials and Methods

Animals

Female BALB/c mice were obtained from Charles River (Sulzfeld, Germany). All mice
were housed under specific pathogen-free conditions and were used between 6 and 12
weeks of age. All experiments were approved by the local review board of the Medical
University of Vienna, and were performed in accordance with national and international

guidelines of laboratory animal care.

Retroviral constructs and virus production

A retroviral construct was created for transduction of murine cells to express the allergen
Bet v 1 in a membrane-anchored fashion. Three different plasmids were used for
transfection, MD.G (envelope expression plasmid), encoding for vesicular stomatitis virus
G (VSV)-G protein, MLV (murine leukemia virus) encoding for viral proteins gag pol and
MMP-Bet v 1-TMD-IRES-eGFP. The plasmid pMMP-Bet v 1-TMD-IRES-eGFP was
composed of the Bet v 1 cDNA (accession number X15877) [24], and an IRES-eGFP side
flanked by long terminal repeats (LTR). Previously cDNA of Bet v 1 (pMW172 [25]) was
fused to a murine Ig signal sequence (S) and a transmembrane domain (TM) (pDisplay,
Invitrogen, Carlsbad, CA) by overlapping PCR technique [26]. Overlapping primers were
used to fuse the sequences: Ncol restriction site and start ATG fused to S: 5" GGC G CC
ATG GAG ACA GAC ACA CTC CTG-3"; S fused to cDNA of Bet v 1: forward 5'-TCC
ACT GGT GAC GGT GTT TTC AAT TAC-3, reverse 3'-GTA ATT GAA AAC ACC
GTC ACC AGT GGA-5"; cDNA of Bet v 1 fused to the TMD: forward 5'-GAT GCC
TAC AAC GCT GTG GGC CAG-3’, reverse 3'-CTG GCC CAC AGC GTT GTA GGC
ATC-5"; TMD fused to a Xhol restriction site and a stop codon. pMMP-IRES-eGFP was

used as control. For virus production 293T (human embryonic kidney cell line) cells were
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cotransfected with the three plasmids using calcium phosphate precipitation method [27].
Viral supernatant was concentrated by ultracentrifugation (33620 x g for 2h), replication
deficient viruses are named VSV-Bet v 1-GFP and VSV-GFP (control virus). Titers were

evaluated by infection of NIH 3T3 (murine fibroblast cell line) cells.

Bone marrow transduction and transplantation

Bone marrow transduction (BMT) was performed as described previously [14, 28].
Briefly, bone marrow of 5-FU-treated BALB/c mice [29] was collected and transduced
with VSV-Bet v 1- GFP or control virus VSV-GFP three times with multiplicity of
infection of 2.4 and 2.8. One day before BMT, recipients received 8 Gy total body
irradiation and a depleting dose of anti-CDS8 (2.43; 0.5mg/mouse) and anti-CD4 (GK1.5;
0.5mg/mouse) mAbs [30]. On the day of reconstitution mice were transplanted with
2.5x10° transduced BM cells [31]. For induction of Bet v 1-GFP or GFP chimerism, BMC
were additionally incubated with SmM Diprotin A (Sigma-Aldrich) at 37°C for 15 min
[22]. Immediately after BMT mice received anti-CD40L mAb (MR1; 0.5mg/mouse) [30].

All in vivo mAbs used in vivo were purchased from BioXCell (West Lebanon, NH, USA).

Recombinant allergens and immunizations

Purified recombinant (r) birch pollen allergen (rBet v 1) and timothy grass pollen allergen
(rPhl p 5) were obtained from Biomay (Vienna, Austria). All groups of mice were
immunized subcutaneously (s.c.) with Sug rBet v 1 and Sug rPhl p 5, adsorbed to AI(OH);

(Alu-Gel-S, Serva, Ingelheim, Germany) [32] at weeks 6, 9, 12, 22 and 37.

- 63 -



Flow cytometric analysis

To detect transduced cells among various leukocyte lineages, white blood cells were
stained with PE-conjugated antibodies against CD3, B220, Mac-1, CD45.2 and isotype
controls (Abs from BD Pharmingen) and analyzed by flow cytometry (FCM). Two-colour
FCM was used to determine the percentage of GFP positive cells of particular lineages.
The percentage of transduced cells was calculated as the net percentage of GFP positive
cells among leukocyte lineages. To detect Bet v 1 expression on GFP-positive cells, Bet v
1 polyclonal antiserum against rBet v 1 was purified from rabbit serum by a protein G
column (Pierce). Polyclonal anti-Bet v 1 IgG was biotinylated and developed with PE
streptavidin (PEA, BD Pharmingen). A Beckman Coulter (Werfen, Austria) flow
cytometer (FC500) was used for acquisition, and Beckman Coulter CXP software (for

FC500) was used for analysis of flow cytometric data.

ELISA

To measure antigen-specific antibodies in the sera of immunized mice ELISAs were
performed as described previously [33]. Plates were coated with rBet v 1 or rPhl p 5
(S5pg/ml), sera were diluted in PBS/0.05% Tween 1:20 for IgE, 1:100 for IgM, IgA, IgG2a
and IgG3 respectively and 1:500 for IgGl. Bound antibodies were detected with
monoclonal rat anti-mouse IgM, IgGl, IgE, IgA, IgG2a and IgG3 antibodies (BD
Pharmingen) diluted 1:1000 and a HRP-coupled goat anti-rat antiserum (Biosciences, UK)
diluted 1:2000. The substrate for HRP was ABTS (60mM/I citric acid, 77mM/l Na,HPO,4 x

2H,0,1.7mM/1 ABTS (Sigma-Aldrich, MO), 3mM/I H,05).
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Lymphocyte proliferation assay

Spleens were removed under aseptic conditions and homogenized. Single cell suspensions
were filtered through a 70um nylon cell strainer to remove remaining tissue. Erythrocytes
were removed by adding cold lysing buffer (Red Blood Cell Lysing Buffer, Sigma-
Aldrich). Cells were diluted to a final concentration of 2x10° cells/ml and triplicates of
100ul/well were seeded in 96-well round-bottom plates. Stimulants were added at a
concentration of 2ug/well allergen and 0.5pug/well concanavalin A (Sigma-Aldrich) used
as proliferation control. The plates were incubated at 37°C, 5% CO,, on day 4, cells were
pulsed with 0.5uCi H’ thymidine ([methyl-3H] thymidine, Amersham) per well. Sixteen
hours later cells were harvested and thymidine uptake was measured in a beta counter

(Beta scintillation liquid, Wallac).

Rat basophil leukaemia (RBL) cell degranulation assay

RBL-2H3 cell subline was cultured as described previously [14]. Aliquots of 4x10*
cells/well were plated in 96-well tissue culture plates (Greiner, Bio-One, Germany), loaded
with 1:50 diluted mouse sera in completed RPMI medium and incubated for 2 hours at
37°C and 5% CO,. Supernatants were removed and the cell layer was washed with 2x
Tyrode’s buffer (137mM NaCl, 2.7mM KCL, 0.5mM MgCl,, 1.8mM CaCl,, 0.4mM
NaH,POy4, 5.6mM D-glucose, 12mM NaHCO;, 10mM HEPES and 0.1% w/v BSA, pH
7.2). Preloaded cells were stimulated with rPhl p 5 or rBet v 1 (0.03pg per well) for 30 min
at 37°C. Supernatants were analyzed for B-hexosaminidase activity by incubation with the
substrate  80uM 4-methylumbelliferyl-N-acetyl-B-D-glucosamide (Sigma-Aldrich) in
citrate buffer (0.1M, pH4.5) for 1 hour at 37°C. The reaction was stopped by addition of
100ul glycine buffer (0.2M glycine, 0.2M NaCl, pH 10.7) and the fluorescence was

measured at Aex:360/Aey:465nm using a fluorescence microplate reader (Wallac, Perkin
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Elmer, Vienna, Austria). Results are reported as percentage of total B-hexosaminidase
released after addition of 1% Triton X-100. Determinations were done in triplicates and

are displayed as mean values with standard deviations (SD).

Immunofluorescence microscopy

Transduced NIH 3T3 cells were grown on gelatine coated glass slides. Cells were washed
twice with PBS, fixed for 10 min with 3% paraformaldehyde and incubated with antiserum
of rabbits immunized with rBet v 1 and rPhl p 5 were diluted 1:200 and stained with
fluorochrome-conjugates as secondary antibodies (goat a-rabbit IgG Alexa-Fluor 546nm,
Invitrogen, Oregon, USA). Samples were treated with ProLong Gold antifade reagent
(Molecular probes, Invitrogen, Oregon, USA). Samples were analyzed with confocal laser

scanning microscope LSM 510 Meta (Zeiss, Jena, Germany).

Statistical analysis
Mean, SD and standard error of the mean (SEM) were calculated for statistical
documentation. P values were calculated with an unpaired two tailed T-test. Values of p <

0.05 were considered as statistical significant (* p < 0.05, ** p <0.01, *** p <0.001).

- 66 -



Results

Surface expression of Bet v 1 in mammalian cells

For production of retroviral particles the fusion gene S-Bet v 1-TMD was cloned into a
viral vector (p)MMP-IRESeGFP) containing an IRESeGFP site flanked with long terminal
repeats, resulting in pMMP-Bet v 1-TMD-IRESeGFP. pMMP-IRESeGFP without the
transgene was used as control vector (Fig. la). Viral particles were produced by
cotransfection with pMLV, pMD.G and pMMP-Bet v 1-TMD-IRESeGFP or control
pMMP-IRESeGFP in 293T cells resulting in VSV-Bet v 1-GFP and VSV-GFP. Co-
expression of Bet v 1 and GFP was confirmed after transduction of NIH 3T3 with VSV-
Bet v 1-GFP by flow cytometry (data not shown). Moreover localization of Bet v 1 was
analyzed by immunofluorescence microscopy and clearly showed surface-expression of
Bet v 1 and cytoplasmic co-expression of GFP (Fig. 1b). As control NIH 3T3 cells were
transduced with VSV-Phl p 5 and stained with a Phl p 5-specific rabbit antiserum (Fig. 1b)

[14].

Induction of molecular chimerism in BMC chimeras

Based on our previous work that long-term molecular chimerism can be established with
modified BMC [14], we examined the induction of chimerism by transplantation of VSV-
Bet v 1-GFP transduced BMC. Since GFP is co-expressed with Bet v 1 (Fig. 1b), GFP was
used as a surrogate marker for Bet v 1 expression in flow cytometry when analyzing levels
of Bet v 1-chimerism. /n vitro transduction of BMC with VSV-Bet v 1-GFP virus led to
4.5% GFP-positive cells (transduction with VSV-GFP control virus led to 25.6% positive
cells) (Fig. 2a). Transduced cells were additionally treated with Diprotin A (a CD26
inhibitor) prior to transplantation which was described to enhance homing and engraftment

of BMCs [22]. To avoid rejection of modified transplanted cells, recipients were irradiated
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(8 Gy total body irradiation), T cell depleted (anti-CD4, anti-CDS8, 0.5mg/mouse) and
treated with the costimulation blocker anti-CD40L (0.5mg/mouse) (Fig. 2b).

Preconditioned recipients received 2.5x10° transduced BMCs [31].

Chimerism was successfully induced in all recipients (4/4 Bet v 1-GFP chimeras, 4/4 GFP
chimeras). Mean leukocyte chimerism of Bet v 1-GFP (% GFP") was 3%, 15 weeks post
BMT and remained relatively stable throughout the follow-up of 35 weeks (Fig. 2c).
Moreover, chimerism was of multi-lineage nature and as it was detected in T cells (CD3"),
B cells (B220") and myeloid cells (Mac-1"). Although the transduction efficiency was low
in the Bet v 1-GFP chimeric group, the modified allergen-expressing cells were detectable
in FCM through the whole follow-up (Fig. 2¢). Chimerism was higher in the group that
received GFP- transduced BMCs (e.g. leukocyte chimerism 19%, 15 weeks post BMT,
Fig. 2d) correlating with the higher transduction efficiency (~25%). The experiment was
terminated at week 40, at this time point cells in spleen (B220", CD3", CD45.2") and bone
marrow (B220°, Mac-1", CD45.2") were subjected to FCM analysis. GFP positive cells
were found in every tested lineage in both spleen and BM in recipients of both groups
(GFP positive leukocytes in spleens of Bet v 1-GFP chimeric mice: 1.4%, 1.8%, 19.5%,

4.2% and GFP chimeric mice: 33.6%, 26.6%, 31.2%, 27.4%).

These data provide evidence that transplantation of Diprotin A-treated Bet v 1-GFP-
transduced BM leads to long-term molecular chimerism. Chimerism remained remarkably
stable over time while chimerism levels declined in our previous study without CD26

inhibition [14].
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Molecular chimerism prevents Bet v [-specific antibody production

BALB/c mice were repeatedly immunized with AI(OH); adsorbed rBet v 1 and rPhl p 5 as
specificity control (weeks 6, 9, 12, 22 and 37 after BMT) (Fig. 2b). To assess the humoral
response to these two allergens, immunoglobulin isotypes IgE, IgA, IgM and IgG subtypes
were measured in a Bet v 1-specific ELISA (Fig. 3 left column) or Phl p 5-specific ELISA
(specificity control; Fig. 3 right column). Non-BMT immunized mice and GFP chimeric
mice, produced Bet v 1 specific IgE and Phl p 5-specific IgE after immunization with the
recombinant allergens (w9 to w40). In contrast, Bet v 1-GFP chimeras failed to produce
IgE over the whole follow-up even after repeated immunizations. The specificity of
unresponsiveness is shown by Phl p 5-specific ELISAs, in which Bet v 1-GFP chimeric
mice were able to produce IgE in response to the control allergen Phl p 5. Likewise, no Bet
v 1-specific IgG1l could be detected in Bet v 1-GFP chimeric mice in contrast to the
control groups (Fig. 3b). Moreover IgG2a, IgG3 and IgA levels of Bet v 1-specific
antibodies were not detectable in Bet v 1-GFP chimeric mice (Fig. 3c, d, e). Bet v 1-
specific IgM was elevated in Bet v 1-GFP chimeric mice after BMT (in contrast to control
group and GFP chimeras), however levels of [gM remained constant in spite of repeated
allergen challenge (Fig. 3f). A similar pattern was also observed in our previous study
transducing Phl p 5. In general control mice without BMT (Fig. 3, white bars) showed a
more rapid allergen-specific humoral response than BMT controls, probably due to the
toxicity of BMT protocol. These results demonstrate that long-term stable tolerance was

established at the humoral level in molecular chimeras.
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Basophils, loaded with sera of Bet v I-GFP chimeric mice degranulate only in response to
the control allergen Phl p 5 but not to Bet v 1

Tolerance on the effector cell level was assessed in rat basophilic leukaemia cell (RBL)
assay. -Hexosaminidase release of basophils triggered by sera of Bet v 1-GFP chimeric
mice was significantly lower in response to rBet v 1 compared to sera of GFP chimeric
mice or immunized mice that did not receive BMT (control group; Fig. 4a). Sera of Bet v
1-GFP chimeric mice were still able to mount B-hexosaminidase release in response to rPhl
p 5 (Fig. 4b). On the contrary, sera of control mice and GFP chimeric mice were able to
induce B-hexosaminidase release in response to both allergens, rBet v 1 and rPhl p 5. Thus

allergen-specific tolerance was induced also at the effector cell level

T cell tolerance in Bet v 1 chimeras

To test tolerance on the T cell level proliferation assays were performed at week 40 (Fig.
5). Unseparated splenocytes were stimulated with rBet v 1 and rPhl p 5. Splenocytes of Bet
v 1-GFP chimeric mice (Fig. 5, black bars) proliferated in response to rPhl p 5 (Fig. 5b)
but not in response to rBet v 1 (Fig. 5a). Splenocytes of GFP chimeric mice (Fig. 5, grey
bars) showed proliferation in response to both allergens. Hence, Bet v 1-specific T cell

tolerance is induced in Bet v 1-GFP chimeric mice.
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Discussion

In a proof-of-principle study performed with the major timothy grass pollen allergen Phl p
5, we have previously shown that molecular chimerism is a possible strategy for
prevention of IgE-mediated allergy through induction of durable tolerance [14]. Given the
available literature that molecular chimerism is not universally successful but fails to
induce tolerance towards some antigens [13], we felt it necessary to investigate whether
molecular chimerism is capable of tolerizing an unrelated allergen. In the current study,
tolerance towards the allergen Bet v 1 was established. Our results provide evidence that

molecular chimerism is working also for different types of allergen families.

To promote engraftment of transduced cells — which only accounted for 4.5% of total
BMC:s in the current study — we used Diprotin A (CD26 inhibitor). Diprotin A is described
to enhance homing and engraftment even of low numbers of transduced BMC [22]. The
beneficial effect was demonstrated by transplanting limited numbers of HSC which were
retrovirally transduced with an allogeneic MHC class I gene and transplanted into lethally
treated mice. The results of the current study show that multilineage chimerism was
successfully induced over a long-term follow-up despite low transduction efficiency,
underlining the fact that retrovirally transduced stem cells engrafted [22]. Only 4.5%
transduced cells of 2.5x10° BMC were sufficient to induce stable chimerism when
engraftment was enhanced by Diprotin A treatment. In fact, chimerism was more stable

than in previous experiments without Diprotin A.

Investigation of levels of different immunoglobulin isotypes showed successful induction

of tolerance on the B cell level. Production of IgE was successfully suppressed over the

whole follow-up, likewise no Bet v 1-specific production of IgG1, IgG2a, IgG3 and IgA
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was detected after BMT treatment or repeated allergen challenge. IgM levels, however,
were elevated after transplantation of Bet v 1-transduced BMC, even before immunization
with recombinant Bet v 1. These antibodies had no detectable untoward effect on the
longterm outcome as chimerism remained stable. Interestingly, this phenomenon has also
occurred in our previous experiments with Phl p 5-transduced BM [14], in which only
limited time points were analyzed. Here, we show that IgM levels rise after BMT
independent of immunization. Likely, IgM production is due to a T cell-independent
response which is induced by BMT and surface expression of an allergen. Notably,
elevated levels of allergen-specific IgM were not observed in chimerism studies
investigating the cytoplasmatic (as opposed to cell surface) expression of an allergen
(Baranyi et al, manuscript submitted). Notably, no class switch was induced after contact
with the Bet v 1-positive BM or recombinant allergen indicating that T cell help was

suppressed.

For clinical translation of this tolerizing protocol, several hurdles need to be overcome,
including the toxicity of irradiation, the hazards currently associated with retroviral
transduction and the risk of anaphylaxis. The development of minimally toxic conditioning
regimens is a major focus of research in the area of cellular chimerism [1, 34]. Irradiation-
free protocols have recently become feasible even for the transplantation of MHC-
mismatched BMT and should thus be an attainable goal for allergen-transduced BM as
well. Current concerns regarding the proto-oncogenic potential of retroviral transduction of
HSCs could be alleviated in the future through the development of advanced transduction
techniques [35]. Anaphylaxis can be avoided through the use of hypoallergenic derivatives

for transduction [36].
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While many problems still have to be solved, induction of tolerance is a much needed goal
for the treatment of allergies [37]. Molecular chimerism is a promising approach in this
context. Its potential has been shown in many different mouse models [38]. Moreover,
clinical observations of tolerance induction through cellular chimerism in transplant
patients underline the potential of chimerism as future treatment strategy [3, 39].

In conclusion, the present study supports the further development of the molecular

chimerism approach for tolerance in IgE-mediated allergy.
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Figure Legends

Figure 1: Vector constructs and localization of Bet v I in the murine cell line, NIH 3T3.

(a) Schematic drawing of pMMP-based retroviral vector encoding Bet v 1 fused to a signal
peptide (S) and a transmembrane domain (TMD), resulting in S-Bet v 1-TMD construct.
The start codon was inserted with a Ncol site, the stop codon was inserted immediately
after the Xhol site and fused to IRESeGFP, resulting in MMP-Bet v 1-TMD-IRESeGFP.
The control vector, MMP-IRESeGFP is shown below. LTR, long terminal repeat, SD
splicing donor, SA splicing acceptor. (b) Immunofluorescence of transduced NIH 3T3
cells, expressing Bet v 1 on the cell surface and GFP in the cytoplasm (upper image) or Phl

p 5 on the surface of cells (lower image). Allergens are shown in red.

Figure 2: Transduction efficiency of BMCs and stable long-term chimerism.

(a) Transduction efficiency of infected BMC was analyzed by GFP expression in FCM.
On the left side VSV-Bet v 1-GFP infected BMC are shown, exhibiting a transduction
efficiency of 4.5% and on the right side a histogram of the control group is shown, where
25% of VSV-GFP infected cells were transduced. Black lines in the histograms represent
non-transduced cells (b) Experimental design of the in vivo experiment. Mice were treated
with anti-CD4 mAb (0.5mg, d -1), anti-CD8 mAb (0.5mg, d -1) and total body irradiation
(8 Gy on d -1). Transduced BMCs were transplanted on day 0, BM recipients additionally
received anti-CD40L (MR1, 0.5mg, d 0). Mice were immunized with rBet v 1 and rPhl p 5
(specificity control) starting 6 weeks after BM reconstitution and challenged 9, 12, 22 and
37 weeks after BMT. Stable multilineage chimerism was detected by GFP expression in
FCM analysis of Bet v 1-GFP chimeric mice (¢) and GFP chimeric mice (d) every 5 weeks

over a follow-up of 40 weeks. Mean multilineage chimerism was analyzed in B cells
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(B220=e=), T cells (CD3=m= ), myeloid lineages (Macl===) and whole lymphocyte

population (CD45.2=%= ). Mean values of 4 mice/group are shown.

Figure 3: Suppressed Bet v [-specific antibody production in Bet v I-GFP chimeric mice

Antibody isotypes were detected by ELISA, 6 different time points are shown. Left side
columns show Bet v 1-specific antibody levels and right columns show Phl p 5-specific
antibody levels. Three groups of mice were tested: immunized mice without BMT (n = 5,
0), GFP chimeric mice (n = 4, O) and Bet v 1-GFP chimeric mice (n = 4, ). Week 0
represents baseline antibody levels of mice previously to treatment; week 6 shows
antibody levels after BMT and week 9, 12, 22, and 40 show the ongoing development. OD
values corresponding to allergen-specific levels of (a) IgE, (b) IgGl, (¢) IgG2a, (d) IgG3,
(e) IgA and (f) IgM are shown (y-axes). Data shown represent mean values with SD
obtained from 4 to 6 mice, significant statistical differences (* p <0.05, ** p <0.01, *** p

<0.001) are indicated.

Figure 4: Tolerance towards the allergen Bet v I on the B cell level

-Hexosaminidase release of rat basophilic leukaemia cells coated with serum of the
different groups (n=4) in response to rBet v 1 (a) or rPhl p 5 (b) was analyzed. Three
different groups were tested, immunized mice without BMT (n = 5, O), GFP chimeric
mice (n = 4, O) and Bet v 1-GFP chimeric mice (n = 4, W), Data shown are the mean
values with SD obtained from 4 to 6 mice per group, significant statistical differences (* p

< 0.05) are indicated.

-78 -



Figure 5: Tolerance towards the allergen Bet v I on the T cell level

Splenocyte proliferation assays were performed 40 weeks after BMT, immunized mice
without BMT mice were used as controls (n = 4, U). GFP chimeric mice (n = 4, O) are
shown in grey and Bet v 1-GFP chimeric mice (n =4, B) in black. Cpm values in response
to Bet v 1 are shown in (a) and to Phl p 5 in (b). Data shown are the mean values with

standard error of the mean (SEM) obtained from 4 mice per group.
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Abstract

Background Development of antigen-specific preventive strategies is a challenging goal in
IgE-mediated allergy. We have recently shown in proof-of-concept experiments that
allergy can be successfully prevented by induction of durable tolerance via molecular
chimerism. Transplantation of syngeneic hematopoietic stem cells genetically modified to
express the clinically relevant grass pollen allergen Phl p 5 into myeloablated recipients
led to high levels of chimerism (i.e. macrochimerism) and completely abrogated Phl p 5-
specific immunity despite repeated immunizations with Phl p 5.

Objective It was unclear, however, whether microchimerism (drastically lower levels of
chimerism) would be sufficient as well which would allow development of minimally
toxic tolerance protocols.

Methods Bone marrow cells were transduced with recombinant viruses integrating Phl p 5
to be expressed in a membrane-anchored fashion. The syngeneic modified cells were
transplanted into non-myeloablated recipients that were subsequently immunized
repeatedly with Phl p 5 and Bet v 1 (control). Molecular chimerism was monitored by flow
cytometry and PCR. T-cell, B-cell and effector-cell tolerance was assessed by allergen-
specific proliferation assays, isotype levels in sera and RBL assays.

Results Here we demonstrate that transplantation of Phl p 5-expressing bone marrow cells
into recipients having received non-myeloablative irradiation resulted in chimerism
persisting for the length of follow-up. Chimerism levels, however, declined from transient
macrochimerism levels to persistent levels of microchimerism (followed for 11 months).
Notably, these chimerism levels were sufficient to induce B-cell tolerance as no Phl p 5-
specific IgE and other high affinity isotypes were detectable in sera of chimeric mice.
Furthermore T-cell and effector-cell tolerance were achieved.

Conclusion and Clinical Relevance Low levels of persistent molecular chimerism are
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sufficient to induce long-term tolerance in IgE-mediated allergy. These results suggest that
it will be possible to develop minimally toxic conditioning regimens sufficient for low

level engraftment of genetically modified bone marrow.

Key words: Molecular chimerism, allergen Phl p 5, membrane-expression, T-cell

tolerance, B-cell tolerance,
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Introduction

IgE-mediated allergy is a hypersensitivity disease and a growing problem in developed
countries. Development of antigen-specific therapeutic and preventive strategies implies
fundamental knowledge of antigens causing allergy (i.e. allergens). In the last decades a
variety of allergens has been cloned, characterized and three-dimensional structures have
been decoded [1, 2]. Currently, the only antigen-specific, disease-modulating and long-
lasting treatment can be provided by allergen-specific immunotherapy (SIT). An obvious
risk of SIT using crude allergen-containing extracts is that of provoking a systemic allergic
reaction which may lead to fatalities [3, 4]. Therefore prevention would be a desirable goal
especially for individuals with high risk. It remains an unmet challenge to develop
tolerance strategies that avoid the occurrence of pathogenic immunological responses
towards allergens. Although some prophylactic approaches such as mucosal tolerance have
been explored [5] additional strategies are necessary to avoid T cell priming and antibody

production (mainly IgE).

Molecular chimerism is a strategy to induce tolerance by transplantation of autologous (or
syngeneic in experimental models) hematopoietic stem cells (HSC) genetically modified to
express the disease-causing antigen [6, 7]. This approach has been demonstrated in
predominantly Tyl-dependent models of organ transplantation as well as in selected
autoimmune disease models [8, 9]. Induction of T cell tolerance has been demonstrated in
several studies in molecular chimerism suggesting central T cell tolerance and peripheral
regulation [10-14]. Nevertheless, only few studies in molecular chimerism exist regarding
humoral responses towards the introduced antigens [15, 16]. In a proof-of-concept study
we showed for the first time that molecular chimerism is a promising tool for prevention of

IgE-mediated allergy [17]. However, intense preconditioning of recipients [i.e.
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myeloablative total body irradiation (TBI)] is a major hurdle for clinical application.

The degree of conditioning (e.g. the dose of irradiation) directly correlates with the
ensuing chimerism levels. However, the minimum level of chimerism necessary to induce
tolerance still remains unclear. Donor bone marrow transplantation (BMT) into a
conditioned host establishing mixed cellular chimerism (denoting a state of
macrochimerism with a donor fraction >1% <100 %) reliably leads to immunological
tolerance towards a donor allograft in several settings including clinical pilot trials [18-23].
In contrast, the spontaneous persistence of “passenger” leukocytes after organ
transplantation (i.e. microchimerism), seems to have no causal role in graft acceptance [24,
25]. Moreover, in experimental models microchimerism is not sufficient for tolerance
induction towards MHC-mismatched grafts [26, 27]. Contrarily, microchimerism can lead

to the tolerization of certain antigens (i.e. viral antigens) [28, 29].

In the study presented herein we investigated if both, B cell- and T cell-tolerance towards a

clinically relevant major allergen can be achieved with a reduced-intensity BMT protocol

which results only in low molecular chimerism.
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Materials and Methods

Animals

Female BALB/c mice were purchased from Charles River Laboratories (Sulzfeld,
Germany). All mice were housed under specific pathogen-free conditions and were used
between 6 and 12 weeks of age. All experiments were approved by the local review board
of the Medical University of Vienna, and were performed in accordance with national and

international guidelines of laboratory animal care.

Retroviral constructs and production of retroviruses

To generate membrane-anchored Phl p 5, full length Phl p 5 was fused to a signal sequence
and a transmembrane domain (TMD) (both pDisplay, Invitrogen, Carlsbad, CA) by
overlapping PCR technique as described in Baranyi et al [17] As control vector, the
membrane-anchored GFP was fused to a signal sequence and a transmembrane domain by
overlapping PCR technique as described above. Primer sequences are as follows: leader

peptide: 5°-GGCGCCATGGAGACAGACACACTCCTG-3°, 5’-CTTGCTCACGTCACCAGT-3 eGFP:
5’-ACTGGTGACGTGAGCAAG-3’, 5’-GCCCACAGCTCTAGATCC-3’

TMD: 5°>-GGATCTAGAGCTGTGGGC-3’, 5°>-CCGGCCTCGAGCTAACGTGGCTTCTTCTG-3’

PCR product was cloned into the retroviral vector pMMP Ncol and Xho I sites resulting in
pMMP-GFP-TM. The start codon was inserted with the Nco I site, the stop codon was
inserted with the Xho I site. For virus production plasmids pMMP-Phl p 5-TM or pMMP-
eGFP-TM, VSV-G protein and pMLV, encoding for viral proteins gag and pol, were co-
transfected using the calcium phosphate method into 293 T cells resulting in VSV-Phl p 5-
TM or VSV-GFP-TM viruses [30]. Viral supernatants were concentrated by

ultracentrifugation (16500 rpm 2h).
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Retroviral transduction of bone marrow cells

BALB/c donor mice were injected i.p. with 5-fluorouracil (150mg/KG) 7 days before BM
isolation. Mice were sacrificed and BM was harvested from tibiae, femurs, humeri and
pelvis [31]. BM cells were cultured and transduced with VSV-Phl p 5-TM or transduced

with VSV-GFP-TM as described in [17] with a multiplicity of infection (MOI) of 5 [32].

Bone marrow transplantation

One day before BMT, recipients received 6 Gy total body irradiation (TBI) and a depleting
dose of anti-CD8 (2.43; 0.5mg/mouse) and anti-CD4 (GK1.5; 0.5mg/mouse) monoclonal
antibodies (mAb). On the day of reconstitution mice were transplanted with 4x10°
transduced BM cells i.v. After BMT mice received anti-CD40L mAb (MRI;
0.5mg/mouse). Anti-CD4, anti-CD8 and anti-CD40L were used as they were shown to
enhance engraftment of transduced BM. All mAb used in vivo were purchased from

BioXCell (West Lebanon, NH).

Recombinant allergens and immunization of mice

Purified recombinant (r) timothy grass pollen and birch pollen allergens (rPhl p 5, rBet v
1) were obtained from Biomay (Vienna, Austria). All groups of mice were immunized s.c.
with 5 pg rPhl p 5 and Sug rBet v 1 adsorbed to aluminum hydroxid (Alu-Gel-S, Serva,

Ingelheim, Germany) as described previously [33].

Flow cytometric analysis
Non-specific Fcy receptor binding was blocked with mAb against mouse FeyII/III receptor
(CD16/CD32). Phl p 5 polyclonal antiserum against full length rPhl p 5 was purified from

rabbit serum (Charles River) by a protein G column (Pierce, Rockford, USA) according to
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the manufacturer’s instructions. Polyclonal anti-Phl p 5 IgG was biotinylated and
developed by counterstaining with phycoerythrin streptavidin. To detect Phl p 5'-
expressing cells among various leukocyte lineages white blood cells were stained with
FITC-conjugated antibodies against CD4, CDS8, B220, Mac-1 and isotype controls (all
antibodies from Pharmingen, San Diego, CA) and analyzed by flow cytometry. Propidium
iodide staining was used to exclude dead cells. Two-color flow cytometric analysis was
used to determine the percentage of Phl p 5-expressing cells of particular lineages. The
percentage of Phl p 5" cells (i.e. molecular chimerism) was calculated by subtracting
control staining from quadrants containing Phl p 5" and Phl p 5 negative cells expressing a
particular lineage marker, and by dividing the net percentage of Phl p 5" cells by the total
net percentage of Phl p 5" plus Phl p 5 negative cells of that lineage as described in [17].
An Cytomics FC500 flow cytometer (Coulter Werfen, Austria) was used for acquisition
and the CXP software (Coulter Werfen, Austria) was used for analysis of flow cytometric

data.

Isolation of genomic DNA and detection of Phl p 5-specific products

Genomic DNA of splenocytes was isolated as described in [29]. A 250-bp Phl p 5-specific
product was amplified and sequenced (for confirmation) using primers: Phl p 5 fw: 5°-
CTGCAGGTCATCGAGAAGGT-3’, Phl p 5 rev: 5’-TTTCAGTGCGGTCTCAAAGA-3’,
B-actin fw: 5’-TGGAAATCCTGTGGCATCCATGAAAC-3’. B-actin specific primers: B-
actin rev. 5’-TAAAACGCAGCTCAGTTACAGTCCG-3’. PCR products were separated

on a 5% Acrylamidgel (Bio-Rad) in 1xTBE and visualized by EthBr.

ELISA

To measure allergen-specific antibodies in the sera of immunized mice ELISAs were
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performed as described previously [34]. Plates were coated with rPhl p 5 (S5pg/ml), sera
were diluted 1:20 for IgE, 1:100 for IgM, IgA, IgG2a and IgG3 respectively and 1:500 for
IgG1. Bound antibodies were detected with monoclonal rat anti-mouse IgM, IgG, IgE,
IgA, IgG,, and IgG; antibodies (Pharmingen, San Diego, CA) diluted 1:1000 and a HRP-
coupled goat anti-rat antiserum (Amersham, Biosciences, UK) diluted 1:2000. The
substrate for HRP was ABTS (60mM/I citric acid, 77mM/l Na,HPO,4 x 2H,0, 1.7mM/1

ABTS [Sigma, St. Lois, MO.], 3mM/1 H,0,).

Lymphocyte proliferation assay

Spleens were removed under aseptic conditions (week 44) homogenized and erythrocytes
were lysed. Suspended splenocytes were plated into 96-well round-bottom plates at a
concentration of 2x10° cells / well in triplicates and stimulated with concanavalin A (Con
A; 0.5pg/well, Sigma), rPhl p 5 (2pg/well) and rBet v 1 (2pg/well). On day 5 cultures
were pulsed with 0.5uCi/well [’H]thymidine (Amersham, Biosciences, UK) and harvested
approximately 16 hours thereafter. The proliferative response was measured by
scintillation counting. The stimulation index (SI) was calculated as the ratio of the mean
proliferation after allergen stimulation and medium control values.

Rat basophil leukaemia (RBL) cell degranulation assay

RBL-2H3 cell subline was cultured as described previously, in RPMI 1640 medium
(Biochrome AG, Berlin, Germany) containing 10 % fetal calf serum. Aliquots of 4x10*
cells were plated in 96 well tissue culture plates (Greiner, Bio-One, Stuttgart, Germany),
loaded with 1:50 diluted mouse sera and incubated for 2 hours at 37°C and 5 % CO2.
Supernatants were removed and the cell layer was washed with 2x Tyrode’s buffer (137
mM NaCl, 2.7 mM KCL, 0.5mM MgCl,, 1.8mM CaCl,, 0.4mM NaH,PO,4, 5.6mM D-

glucose, 12mM NaHCO;, 10mM HEPES and 0.1 % w/v BSA, pH 7.2). Preloaded cells
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were stimulated with optimal concentrations of rPhl p 5 or rBet v 1 (i.e., 0.03pug per well)
for 30 min. at 37°C. The supernatants were analyzed for B-hexosaminidase activity by
incubation with the substrate 80uM 4-methylumbelliferyl-N-acetyl-B-D-glucosamide
(Sigma-Aldrich, Vienna, Austria) in citrate buffer (0.1M, pH4.5) for 1 hour at 37°C. The
reaction was stopped by addition of 100ul glycine buffer (0.2M glycine, 0.2M NaCl, pH
10.7) and the fluorescence was measured at Aex: 360/Ay,: 465nm using a fluorescence
microplate reader (Wallac, Perkin Elmer, Vienna, Austria). Results are reported as
percentage of total B-hexosaminidase released after addition of 1 % Triton X-100.

Determinations were done in triplicates and are displayed as mean value + SD.

Statistical analysis

The reported p-values are results of two-sided Student's T tests. P-values < 0.05 were

considered statistically significant. Error bars indicate standard deviations (SD).
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Results

Transplantation of Phl p 5-transduced BM cells in non-myeloablatively conditioned
syngeneic recipients

A previously established murine model was used to determine whether long-term tolerance
in IgE-mediated allergy can be induced via molecular chimerism under non-myeloablative
host conditioning [17]. The molecularly well-defined, clinically relevant major timothy
grass pollen allergen Phl p 5 was retrovirally transduced into HSC to be expressed on the
cell surface. BM cells (BMC) of BALB/c mice (treated with 5-FU seven days earlier) were
transduced with recombinant virus VSV-Phl p 5-TM in vitro. As control the reporter gene
GFP was fused to an signal peptide and a transmembrane domain and cloned into the
retroviral vector pMMP and retroviruses VSV-GFP-TM were produced as described in
[17, 35] (Fig. la). Transduction of VSV-Phl p 5-TM and VSV-GFP-TM showed an
efficiency of 7% Phl p 5- and 6% GFP-expression, respectively on the surface of BMC as

determined by flow cytometry (Fig. 1b).

BMT of Phl p 5- transduced cells leads to low level chimerism in an irradiation reducing
protocol

BALBY/c recipients, known to be a high IgE responder strain [analogous to the susceptible
(atopic) human phenotype] [36] were preconditioned with non-myeloablative TBI of 6 Gy
in addition to T cell-depleting antibodies and anti-CD40L mAb which were shown to
enhance BM engraftment [37]. Levels of molecular Phl p 5-chimerism were determined by
flow cytometry (FCM) at multiple time points (weeks 3, 6, 15 and 23) after BMT (Fig.2a).
Although mean levels of Phl p 5-positive cells within the myeloid line were clearly
macrochimeric at week 15 (1.51% + 0.44%), blood cells expressing Phl p 5 declined over

time to less than 1% in most (7 of 10) mice, the cut-off level commonly defined as
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indicating microchimerism [29]. Mean levels of Phl p 5 positive cells at week 23 post
BMT were only 0.7 % £ 0.9% in myeloid subtypes. Similarly, within the B cells
chimerism was 0.67% = 0.5 % at week 23 (vs. 1.81% £ 1.11% 6 weeks after BMT) and
within CD4+ T cells 0.67% £ 0.29% (n=10). These levels of expression reached the
detection limit in FCM. Indeed, by FCM none of the chimeric mice showed any Phl p 5+
CDS8 cells at week 23. Therefore macrochimerism was no longer detectable at 23 weeks

post BMT and hence FCM analysis was not performed thereafter (Fig. 2a).

To distinguish between the possibilities that molecular chimerism either persisted at lower
levels or disappeared (i.e. were of transient nature), Phl p 5-specific PCR was performed at
the end of follow up (week 44; Fig. 2b). Chromosomal DNA of splenocytes, described to
develop similar chimerism levels as BM, was isolated at the time of sacrifice [17]. In
recipients transplanted with Phl p 5-transduced BMC (n=10), Phl p 5-specific products
were detectable in 9/10 mice suggesting that Phl p 5-expressing cells were still available
and chimerism was persistent. In chromosomal DNA of splenocytes of one Phl p 5-BM
transplanted mouse (Fig. 2b, marked with *) no Phl p 5-specific PCR-product could be
detected suggesting that chimerism in this mouse might have been lost. Thus, almost all

recipients of Phl p 5-transduced BM developed persistent microchimerism.

B cell tolerance in low level Phl p 5-chimeric mice

Recipients of syngeneic Phl p 5-transduced BMC (n=10) were immunized with
recombinant (r) Phl p 5 and the unrelated major birch pollen allergen Bet v 1 at weeks 6, 9
and 12 after BMT [17]. To assess if low level chimerism is sufficient to induce humoral
tolerance, sera of chimeric mice were tested for Phl p 5-specific antibodies by ELISA (Fig.

3-5). Eight of 10 recipients developed no detectable amounts of Phl p 5-specific IgE, IgG;
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or IgA, while recipients of GFP-transduced BM and naive controls developed high levels
(Fig. 3a and 4a). Interestingly, in chromosomal DNA of one mouse developing low level
Phl p 5-specific IgE and IgG; no Phl p 5-specific product was detectable suggesting that
loss of chimerism in this mouse had led to loss of tolerance (Fig. 2b*). In contrast, mice of
all groups developed high levels of Bet v 1-specific IgE, IgG, and IgA (Fig. 3a and b, 4a
right panels). Interestingly recipients of Phl p 5-tranduced BMC developed high amounts
of Phl p 5-specific IgM, a phenomenon also observed in recipients of Phl p 5-transduced
BMC after myeloablative conditioning [17]. Bet v 1-specific IgM levels were similar in all
groups of mice (Fig. 4b right panel). None of the 10 mice receiving Phl p 5-transduced
BMC developed detectable Phl p 5-specific IgG,, or IgG; (Fig. 5 a and b left panels) at late
time points but high levels of Bet v 1-specific IgG antibody levels (Fig. 5a and b right
panels). These results demonstrate that low-level persistent Phl p 5 molecular chimerism

leads to long-lasting humoral tolerance.

Tolerance at the T cell level in low chimeric recipients

To assess if recipients of Phl p 5-transduced BM showed T-cell unresponsiveness towards
Phl p 5, splenocytes of these mice were isolated at the end of follow up (week 44) and
stimulated with r Phl p 5 in in vitro proliferation assays. Phl p 5-chimeric mice (n=10)
showed a significantly reduced proliferation rate upon Phl p 5 stimulation compared to
control groups (Fig. 6). These results demonstrate that Phl p 5-chimeric mice are tolerant

at the T cell level.

Unresponsiveness at the effector cell level in sera of Phl p 5-chimeric mice

The rat basophilic leukaemia (RBL) cell degranulation assay allows evaluation of

activation and mediator release of effector cells in vitro [38]. To determine if Phl p 5-
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chimeric mice are tolerant at the effector cell level, RBL cells were loaded with sera of
recipients of Phl p 5-transduced BMCs, or sera of control groups and stimulated with rPhl
p 5 or rBet v 1. Phl p 5-specific release of B-hexosaminidase was induced when cells were
loaded with sera of control groups (Fig. 7a), whereas sera of Phl p 5-chimeric mice did not
induce Phl p 5-specific release above the spontaneous release similar as when cells were
loaded with pre-immune sera. Bet v 1-specific release was detectable in sera of all groups
of mice (Fig. 7b). Thus, recipients of Phl p 5-transduced BMC showed tolerance towards

Phl p 5 at the effector cell level.
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Discussion

Here it is shown that low levels of molecular chimerism following non-myeloablative
recipient conditioning are sufficient for tolerance induction in IgE-mediated allergy. These
results may be considered as an important step for advancing allergen-specific gene
therapy towards clinical application in allergy. In preclinical studies stable long-lasting
macrochimerism is required for robust tolerance towards alloantigens but the minimum
level of chimerism has not been defined. However, about 2 % of myeloid chimerism at late
time points post BMT is sufficient to induce tolerance in some murine protocols [39, 40].
In molecular chimerism protocols levels of 1% - 5 % of persistent leukocyte chimerism
were required to maintain tolerance towards skin grafts in an MHC I-congeneic and an
experimental autoimmune encephalitis (EAE) model [9, 14, 26]. Therefore
macrochimerism seems to be indispensable for induction of long-term tolerance in cellular
and molecular chimerism protocols. Yet it was found that microchimerism was sufficient
for maintaining peripheral tolerance towards a viral antigen [29], but not MHC antigens

[26].

Transient mixed macrochimerism seems to be sufficient also for operational tolerance in
clinical pilot trials. Following combined kidney and BMT taken from an HLA-mismatched
donor, macro- and microchimerism became undetectable after some weeks [20, 22].
Mechanistically, it was suggested recently that regulatory T cells may play an early role
during the lymphopenic period in tolerance induction, while deletion or anergy
mechanisms might be responsible for long-term tolerance in clinical studies [41].
Similarly, in mice regulation contributes to tolerance induction early after BMT, while
clonal deletion of donor-reactive T cells is the main mechanism maintaining tolerance

long-term [40, 42]. These data are encouraging in that transient chimerism might be
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sufficient (with further less toxic preconditioning protocols) for tolerance induction also
for IgE-mediated allergy.

Molecular chimerism is a gene-therapeutic approach integrating transgenes into HSC with
viral vectors. Gene therapeutic trials in infants suffering e.g. from SCID-X1 (X-linked
severe combined immune deficiency) were successfully transferring modified viral
transgene-integrated autologous HSCs but with the risk of severe immunological side
effects by insertional mutagenesis in some patients resulting from the gene transfer vector
used. Therefore ongoing research is focusing on improving safety and efficiency of
different gene transfer systems [43]. An alternative to the gene-therapeutic approach
integrating transgenes would be coupling of allergens to hematopoietic cells. In fact, in a
recently published study prevention of food allergy was demonstrated by fixing proteins
from whole peanut extracts to syngeneic splenocytes before transfer into recipient mice.
After several oral challenges with these extracts mice were at least partially tolerant (no
specific IgE but IgG;) towards these extracts short term indicating that prevention of

allergy using allergen-modified stem cells may be a feasible strategy [44].

In our approach we show that non-myeloablative recipient conditioning leads to robust B-
cell tolerance by persistent low level chimerism avoiding the production of any high
affinity Phl p 5-specific isotypes, mainly Phl p S5-specific IgE. Additionally no
anaphylactic activity was triggered by this approach as determined in commonly accepted
basophil in vitro assays testing for allergenic activity. Interestingly, Phl p 5-specific IgM
was produced in detectable amounts but no class switch recombination seems to occur
possibly due to the lack of T-cell help [45]. In mice, IgG; and IgE antibodies are both
generated during T cell-dependent B cell responses mediated by Th2 lymphocytes, 1gG2,

and IgG;, in contrast, by Th1 lymphocytes [46-48]. Here we demonstrate tolerance at the B
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cell level regarding Phl p 5-specific IgE and IgG; as well as complete avoidance of Phl p
5-specific IgG,, and IgG; production, suggesting that both Thl and Th2 cells were
tolerized.

The allergen Phl p 5 is a highly immunogenic and allergenic protein even when expressed
in mammalian cells and therefore a very stringent model for induction of tolerance via
molecular chimerism [7]. This approach can be extended to a variety of different allergens.
In fact we have data suggesting that tolerance can also be induced to the unrelated allergen
Bet v 1 with this approach (Gattringer et al, submitted). Also tolerance induction against
several clinical allergens should be possible because it has been demonstrated that
functional or hypoallergenic hybrid allergens/allergen derivatives can be constructed by
fusion of the DNAs coding for several different allergens [49-51]. It should therefore be
possible to transduce stem cells with DNA constructs coding for several allergens or
immobilize hybrid molecules consisting of several allergens on their surfaces for tolerance
induction. Furthermore, intracellular expression of allergens or the use of hypoallergenic
derivatives allows to targeting selectively either T cells alone or both, T and B cells and

thus risks of allergic sensitization or anaphylaxis can be potentially minimized.

Our findings show a robust tolerance protocol that permanently prevents IgE-mediated

allergy and may advance molecular chimerism strategies towards clinical application for

the prevention of allergy.
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Figure Legends

Figure 1: Expression levels of membrane anchored Phl p 5 and GFP in retrovirally
transduced BM

(a) Schematic representation of pMMP-Phl p 5-TM retroviral construct and pMMP-eGFP-
TM retroviral construct. Full length Phl p 5 and eGFP were fused to a leader peptide (S)
and a transmembrane domain (T) and ligated into retroviral vector pMMP. LTR-long
terminal repeats. (b) Expression levels of membrane-anchored Phl p 5 (left histogram) and
membrane-anchored GFP as control (right histogram) in BM cells before BMT

demonstrated in flow cytometric analysis. Dashed lines represent untransduced cells.

Figure 2: Phl p 5-chimerism is detectable in flow cytometry at early and PCR at late time
points

(a) Phl p 5-specific expression within lineages of WBC as indicated was detected by flow
cytometry at early time points. Data represent the mean % of Phl p 5 chimerism in
recipients of Phl p 5-transduced BM (n=10). Arrows in grey indicate time points of FCM
analysis, arrow in black indicates PCR analysis at 44 weeks post-BMT. Note: Phl p 5-
expressing CD4+ and CD8+ cells became detectable only 6 to 15 weeks after BMT due to
delayed recovery of T cells after administration of T-cell depleting antibodies (b) Upper
gel: Phl p 5-specific PCR-products (lane 1-4) shown in genomic DNA of recipients
transplanted with GFP-transduced BM (GFP-transduced) and recipients of Phl p 5-
transduced BM (Phl p 5-transduced; lane 5 to 14). In chromosomal DNA of mouse 9 (lane
13) no Phl p 5-specific product was detectable (*). Lower gel: Lane 1-14 show B-actin
specific PCR-products in genomic DNA of splenocytes of recipients of GFP-transduced

BM (lane 1-4) and Phl p 5-transduced BM (lane 5-14).
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Figure 3: Lack of Phl p 5-specific IgE and IgG; in Phl p 5-chimeric mice

Allergen-specific IgE and IgG, levels in sera of recipients of Phl p 5-transduced BM
(n=10), sera of recipients of GFP-transduced BM (n=4) and sera of non-transplanted
immunized mice (n=5), were demonstrated before (pre imm), and after BMT (week
9,12,15,37 and 44) and analyzed by ELISA. Mean antibody levels (+SD) are shown for
each group. (a) Left panel: Phl p 5-specific IgE levels. Right panel: Bet v 1-specific IgE
levels. (b) Left panel: Phl p 5-specific IgG; levels. Right panel: Bet v 1-specific IgG;
levels. P-values for Phl p 5-specific IgE and IgG; in sera of recipients of Phl p 5-

transduced BM versus recipients of GFP-transduced BM are demonstrated.

Figure 4: Phl p 5-chimeric mice do not develop Phl p 5-specific IgA but IgM

Allergen-specific IgA and IgM levels in sera of recipients of GFP-transduced BM (n=4),
recipients of Phl p 5-transduced BM (n=10) and non-BMT sensitized mice (n=10) were
analyzed by ELISA at late time points (weeks 37 or 44, pooled data) compared to pre
immune (pre imm) sera. Mean antibody levels (+SD) are shown for each group. (a) Right
panel: Phl p 5-specific IgA levels. Right panel: Bet v 1-specific IgA levels. (b) Left panel:
Phl p 5-specific IgM levels. Right panel: Bet v 1-specific IgM levels. P-values for Phl p 5-
specific IgA and IgM in sera of recipients of Phl p 5-transduced BM versus recipients of
GFP-transduced BM are demonstrated and recipients of Phl p 5-transduced BM versus

non-transplanted immunized mice.

Figure 5: Phl p 5-chimeric mice do not develop Phl p 5-specific IgG,, and IgG3
Allergen-specific antibody levels in sera of recipients of GFP-transduced BM (n=4),
recipients of Phl p 5-transduced BM (n=10) and non-BMT sensitized mice (n=10) were

analyzed by ELISA at late time points (weeks 37 or 44, pooled data) compared to pre

-102 -



immune (pre imm) sera. Mean antibody levels (+SD) are shown for each group. (a) Left
panel: Phl p 5-specific IgG, levels. Right panel: Bet v 1-specific 1gG,, levels. (b) Left
panel: Phl p 5-specific IgGs levels. Right panel: Bet v 1-specific IgG; levels. P-values for
Phl p 5-specific IgGz, and IgG; in sera of recipients of Phl p 5-transduced BM versus

recipients of GFP-transduced BM are demonstrated.

Figure 6: T-cell non-responsiveness of splenocytes of Phl p 5-chimeric mice.

Splenocytes of recipients of GFP-transduced BM (n=4), Phl p 5-transduced BM (n=10),
non-transplanted sensitized mice (n=5) and naive mice (n=3) were stimulated with r Phl p
5. Proliferation rates are shown for splenocytes of each group after H’-labeled thymidine
incorporation and demonstrated by Phl p 5-specific stimulation indices (SI). P-values for
recipients of Phl p 5-transduced versus recipients of GFP-transduced BM are

demonstrated.

Figure 7: Complete lack of Phl p 5-specific effector cell degranulation in Phl p 5-chimeric
mice

RBL cells were loaded with sera of Phl p 5-chimeric mice (n=10) collected at time points
indicated, sera of recipients of GFP-transduced mice (n=4) and sera of non-BMT
immunized mice and the corresponding preimmune sera (pre imm). Subsequently cells
were challenged with r allergens. (a) Phl p 5-specific release of B-hexosaminidase. (b) Bet
v l-specific release of B-hexosaminidase. The mean percentages of allergen-specific -
hexosaminidase release (+ SD) are shown for each group. P-values for recipients of Phl p

5-transduced versus recipients of GFP-transduced BM are demonstrated.
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5.1.4  Tolerization of a Type I Allergic Immune Response through Transplantation

of Genetically Modified Hematopoieitic Stem Cells

Tolerization of a Type I Allergic Immune Response through
Transplantation of Genetically Modified Hematopoietic
Stem Cells'

Ulrike Baranyi,* Birgit Linhart,” Nina Pilat,* Martina Gattringer,* Jessamyn Bagley,*
Ferdinand Muehlbacher,* John Iacomini,” Rudolf Valenta,>" and Thomas Wekerle?*

Allergy represents a hypersensitivity disease that affects >25% of the population in industrialized countries. The underlying type
I allergic immune reaction occurs in predisposed atopic individuals in response to otherwise harmless Ags (i.e., allergens) and is
characterized by the production of allergen-specific IgE, an allergen-specific T cell response, and the release of biologically active
mediators such as histamine from mast cells and basophils. Regimens permanently tolerizing an allergic immune response still
need to be developed. We therefore retrovirally transduced murine hematopoietic stem cells to express the major grass pollen
allergen Phl p 5 on their cell membrane. Transplantation of these genetically modified hematopoietic stem cells led to durable
multilineage molecular chimerism and permanent immunological tolerance toward the introduced allergen at the B cell, T cell, and
effector cell levels. Notably, Phl p 5-specific serum IgE and IgG remained undetectable, and T cell nonresponsiveness persisted
throughout follow-up (40 wk). Besides, mediator release was specifically absent in in vitro and in vivo assays. B cell, T cell, and
effector cell responses to an unrelated control allergen (Bet v 1) were unperturbed, demonstrating specificity of this tolerance
protocol. We thus describe a novel cell-based strategy for the prevention of allergy. The Journal of Immunology, 2008, 180:

8168-8175.

he pathophysiological hallmark of type I allergy is the

Th2 cell-driven production of IgE against otherwise

harmless Ags (i.e., allergens) in predisposed atopic indi-
viduals (1, 2). IgE-mediated allergy manifests itself clinically ei-
ther locally (e.g., as hay fever, allergic asthma, or food allergy) or
systemically, as is the case in anaphylaxis. Although infrequent,
anaphylaxis is an acute life-threatening condition (e.g., induced by
food allergens or insect venoms) (3). Allergy is mainly being
treated symptomatically by various drugs that are associated with
considerable side-effects and cost.

Allergen-specific immunotherapy, whereby increasing doses of
the sensitizing allergen are repeatedly administered in the form of
crude extracts, is used in selected patients and is currently the only
allergen-specific treatment of allergy (4). However, allergen-spe-
cific immunotherapy is associated with limited eftectiveness and
substantial risks, as exemplified by anaphylactic reactions or ther-
apy-induced sensitization to additional allergens (5). Today, the
molecular structure of the most common allergens has been re-
vealed, and advanced experimental allergen-specific strategies
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have been developed (6). They include the use of allergen-derived
T cell epitope-containing peptides (7), genetically engineered al-
lergens (5), and DNA-based forms of treatment (8). Several ex-
perimental approaches for tolerance induction in allergy have also
been explored but are characterized by limited robustness and rel-
atively short-lived eftects (9—11). So far no robust allergen-spe-
cific tolerance approach has been reported that permanently pre-
vents allergy.

It is one of the main features of the immune system to be tol-
erant toward self (12). A major mechanism of self-tolerance is
mediated by subpopulations of hematopoietic cells expressing self-
Ags (13, 14). This principle has been emulated in organ transplan-
tation by introducing donor hematopoietic stem cells (HSC)* into
the recipient in a way to create a chimeric state in which recipient
and donor bone marrow (BM) coexist, thereby inducing tolerance
toward donor (allo)-Ags (15, 16). Alternatively, disease-associated
Ag(s) can be introduced into an individual by transplanting autol-
ogous (i.e., in the experimental rodent setting syngeneic) HSC af-
ter they have been genetically modified in vitro to express the
relevant Ag(s), leading to so-called molecular chimerism (17).
Where successful, regimens relying on hematopoietic chimerism
are characterized by a state of Ag-specific tolerance that is partic-
ularly robust and long-lasting.

Molecular chimerism models have been used experimentally to
tolerize an allogeneic immune response (using single MHC Ags)
(18, 19), a xenogeneic response (introducing the enzyme «-1,3-
galactosyltransterase) (20), and selected autoimmune responses
(21, 22). However, other studies have failed to achieve tolerance in

' Abbreviations used in this paper: HSC, hematopoietic stem cell; BM, bone marrow;
BMT. BM transplantation: r, recombinant; RBL, rat basophil leukemia; SI, stimula-
tion index; VSV, vesicular stomatitis virus.

Copyright © 2008 by The American Association of Immunologists, Inc. 0022-1767/08/$2.00
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FIGURE 1. Efificient retroviral transduction of BM with membrane-
bound allergen. A, Schematic representation of the MMP-Phl p 5-TM ret-
roviral construct. Phl p 5 was fused to a signal peptide (S) and a trans-
membrane domain (TM). LTR represents long terminal repeats; SD and
SA, splicing donor and splicing acceptor. The drawing is not to scale. B,
Histogram depicting flow-cytometric analysis of Phl p 5 expression on the
surface of VSV-Phl p 5-transduced BM immediately after transduction
(solid line). Dashed line represents mock-transduced BM. One of two sim-
ilar experiments is shown.

particular autoimmune disease models (23) and have even en-
hanced the susceptibility for disease development. No studies at-
tempting tolerization of the distinct allergic immune response
through molecular chimerism have been reported so far.

We wanted to investigate whether the immune response of IgE-
mediated allergy can be tolerized by transplantation of syngeneic
HSC expressing an allergen.

Materials and Methods

Animals

Female BALB/c mice were purchased from Charles River Laboratories.
All mice were housed under specific pathogen-free conditions and were
used between 6 and 12 wk of age. All experiments were approved by the
local review board of the Medical University of Vienna and were per-
formed in accordance with national and international guidelines of labo-
ratory animal care.

Retroviral constructs and production of retroviruses

To generate membrane-anchored Phl p 5, full-length Phl p 5 (accession
number X74735) was fused to a signal sequence and a transmembrane
domain (both pDisplay, Invitrogen) by overlapping PCR technique (24).
The original signal sequence of Phl p 5 was replaced by the murine Ig
signal sequence pDisplay. Primer sequences are used as follows: leader
peptide: 5'-GGCGCCATGGAGACAGACACACTCCTG-3', 5'-GTAAC
CGAGATCGGCGTCACCAGTGGA-3'; Phl p 5: 5'-ACTGGTGACGCC
GATCTCGGTTAC-3', 5'-GCC CAC AGC GAC TTT GTA GCC ACC-
3"; transmembrane domain: 5'-TACAAAGTCGCTGTGGGC-3', 5'-GG
CGGATCCTAACGTGGCTTCTTCTG-3". PCR product was cloned into
the retroviral vector pMMP Ncol and BamHI sites, resulting in pMMP-Phl
p 5-TM. The start codon was inserted with the Ncol site: the stop codon
was inserted with the BamHI site. For virus production plasmids, pMMP-
Phl p 5-TM, pMD.G, encoding for vesicular stomatitis virus (VSV)-G pro-
tein, and pMLV, encoding for viral proteins gag and pol, were cotrans-
fected using the calcium phosphate method (25) into 293 T cells, resulting
in VSV-Phl p 5-TM viruses. Viral supernatants were concentrated by ul-
tracentrifugation (33,620 X g for 2 h). Mock viruses were produced in the
same manner using empty pMMP vector.
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FIGURE 2. Transplantation of syngeneic HSC retrovirally transduced

to express Phl p 5 leads to high levels of permanent multilineage molecular
chimerism. A, Schematic drawing of the experimental in vivo protocol for
the transplantation of Phl p 5-transduced BM. Preconditioned BALB/c
mice received 2—-4 X 10° transduced BM cells. Mice were repeatedly im-
munized s.c. with rPhl p 5 and Bet v I at weeks 6, 9, 12, and 22. At the end
of follow-up, BM of chimeras was isolated and transplanted into secondary
preconditioned recipients. B, Percentages of Phl p 5% cells among various
leukocyte lineages were determined in blood by two-color flow cytometry
in recipients of Phl p 5-transduced BM (n = 3) at multiple time points and
are presented as means. Results from one of two independent similar ex-
periments are shown. C, In secondary recipients the molecular chimerism
within the Mac-1" and B220" populations was analyzed in peripheral
blood 15 wk after secondary BMT (right panels). A representative plot of
one secondary recipient is shown. Left panels show white blood cells of a
naive BALB/c mouse as control.

Retroviral transduction of BM cells

BALB/c donors were injected i.p. with 5-fluorouracil (150 mg/kg) 7 days
before BM isolation (26). Mice were sacrificed and BM was harvested
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Recipients of Phl p 5-transduced BM are specifically tolerant toward Phl p 5 at the B cell level. Allergen-specific Ab levels in sera of

recipients of Phl p 5-transduced BM (1 = 10), mock-transduced BM (n = 3), and non-BMT immunized mice (n = 10) were analyzed by ELISA at the
indicated time points. Mean Ab levels (+SD) are shown for each group. Dotted horizontal lines represent the baseline preimmune (pre imm) allergen-specific
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from tibiae, femurs, humeri, and pelvis. BM cells were cultured and trans-
duced with VSV-Phl p 5 or mock transduced as described by Bagley et al.
(27) with a multiplicity of infection of 3-5.

BM transplantation (BMT)

One day before BMT, recipients received 8 Gy total body irradiation and
a depleting dose of anti-CD8 (2.43; 0.5 mg/mouse) and anti-CD4 (GK1.5;
0.5 mg/mouse) mAbs. On the day of reconstitution mice were transplanted
with 2—4 X 10° transduced BM cells i.v. After BMT mice received anti-
CD40L mAb (MR1; 0.5 mg/mouse). Anti-CD4, anti-CDS8, and anti-CD40L
were used. as they were shown to enhance engraftment of transduced BM
(28). All mAbs used in vivo were purchased from BioExpress.

Recombinant allergens and immunization of mice

Purified recombinant (r) timothy grass pollen and birch pollen allergens
(rPhl p 5, rBet v 1) were obtained from BIOMAY. All groups of mice were
immunized s.c. with 5 ug rPhl p 5 and 5 pg rBet v 1 adsorbed to aluminum
hydroxide (Alu-Gel-S, Serva) as described previously (29).

Secondary BMT

Forty weeks atter BMT, BM cells were harvested from primary recipients
and transplanted into secondary BALB/c mice preconditioned like primary
recipients (described above). Each secondary recipient received 3 X 107
BM cells harvested from one chimera.

Flow cytometric analysis

Nonspecific Fcry receptor binding was blocked with mAb against mouse
Feyll/II receptor (CD16/CD32). Phl p 5 polyclonal antiserum against full-
length rPhl p 5 was purified from rabbit serum (Charles River Laboratories)
by a protein G column (Pierce) according to the manufacturers’ instruc-
tions. Polyclonal anti-Phl p 5 IgG was biotinylated and developed with PE
streptavidin. To detect Phl p 5" -expressing cells among various leukocyte
lineages, white blood cells were stained with FITC-conjugated Abs against
CD4, CDS, B220, Mac-1, and isotype controls (all Abs from BD Pharm-
ingen) and analyzed by flow cytometry. Propidium iodide staining was
used to exclude dead cells. Two-color flow cytometric analysis was used to
determine the percentage of Phl p 5-expressing cells of particular lineages.
The percentage of Phlp 57 cells (i.e., molecular chimerism) was calculated
by subtracting control staining from quadrants containing Phl p 5" and Phl
p 5™ cells expressing a particular lineage marker, and by dividing the net
percentage of Phlp 57 cells by the total net percentage of Phl p 5* plus Phl
pS cells of that lineage as described (30). Mice were considered chimeric
if they showed at least 1% Phl p 5* cells within the myeloid lineage and
at least one lymphoid lineage. An EPICS XL-MCL flow cytometer (Beck-
man Coulter) was used for acquisition, and EXPO32 ADC software (Ap-
plied Cytometry Systems) was used for analysis of flow cytometric data.

ELISA

To measure Ag-specific Abs in the sera of immunized mice, ELISAs were
performed as described previously (31). Plates were coated with rPhl p 5
(5 pg/ml), sera were diluted 1/20 for IgE, 1/100 for IgM, IgA, TgG2a, and
IgG3, respectively, and 1/500 for IgG1, and bound Abs were detected with
monoclonal rat anti-mouse IgM, IgG1, IgE, IgA, 1gG2a, and IgG3 Abs (BD
Pharmingen) diluted 1/1000 and a HRP-coupled goat anti-rat antiserum
(Amersham Biosciences) diluted 1/2000. The substrate for HRP was ABTS
(60 mM/L citric acid, 77 mM/L Na,HPO, X 2H,O, 1.7 mM/L ABTS
(Sigma-Aldrich), 3 mM/L H,0,).

Lymphocyte proliferation assay

Spleens were removed under aseptic conditions (weeks 29/40) and homog-
enized. Suspended splenocytes were plated into 96-well round-bottom
plates at a concentration of 2 X 10 cells/well in triplicates and stimulated
with Con A (0.5 pg/well, Sigma-Aldrich), tPhl p 5 (2 ug/well), and rBet
v 1 (2 pg/well). On day 5 cultures were pulsed with 0.5 uCi/well [*H]thy-
midine (Amersham Biosciences) and harvested ~16 h thereafter. The pro-
liferative response was measured by scintillation counting. The stimulation
index (SI) was calculated as the ratio of the mean proliferation after aller-
gen stimulation and medium control values (32, 35).
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Rat basophil leukemia (RBL) cell degranulation assay

RBL-2H3 cell subline (33) was cultured as described previously (34) in
RPMI 1640 medium (Biochrom) containing 10% FCS. Cells (4 X 10%)
were plated in 96-well tissue culture plates (Greiner Bio-One), loaded with
1/50 diluted mouse sera, and incubated for 2 h at 37°C and 5% CO..
Supernatants were removed and the cell layer was washed with 2X Ty-
rode’s buffer (137 mM NacCl, 2.7 mM KCI, 0.5 mM MgCl,, 1.8 mM CaCl,,
0.4 mM NaH,PO,, 5.6 mM p-glucose, 12 mM NaHCO;, 10 mM HEPES,
and 0.1% (w/v) BSA (pH 7.2)). Preloaded cells were stimulated with rPhl
p SorrBetv 1 (0.03 pg/well) for 30 min at 37°C. The supernatants were
analyzed for B-hexosaminidase activity by incubation with the substrate 80
uM 4-methylumbelliferyl-N-acetyl-B-D-glucosamide (Sigma-Aldrich) in
citrate buffer (0.1 M (pH 4.5)) for | h at 37°C. The reaction was stopped
by addition of 100 ul glycine buffer (0.2 M glycine, 0.2 M NaCl (pH 10.)7)
and the fluorescence was measured at A.,: 360/A,,,,: 465 nm using a fluo-
rescence microplate reader (PerkinElmer Wallac). Results are reported as
percentage of total B-hexosaminidase released after addition of 1% Triton
X-100. Determinations were done in triplicates and are displayed as mean
values + SD.

Cutaneous type I hypersensitivity reaction

Thirty weeks after BMT, mice were injected i.v. with 100 ul of 0.5%
Evans blue (Sigma-Aldrich). Subsequently, 30 wl of rPhl p 5 and rBet v 1
(0.5 ug/ml each, diluted in PBS) were injected intradermally into the
shaved abdominal skin as described previously (35). As positive control,
the mast cell-degranulating compound 48/80 (20 wg/ml, Sigma-Aldrich)
was injected intradermally whereas PBS was injected as a negative control.
Twenty minutes after injection, mice were sacrificed and the blue color
intensity of a positive skin reaction due to vascular permeability was com-
pared with the individual positive and negative control on the inverted skin.

Statistical analysis

The reported p values are results of Wilcoxon-Mann-Whitney U test and
exact significances. SPSS statistical software system 14.0 was used for
calculations. Values of p < 0.05 were considered statistically significant.
Error bars indicate SDs.

Results
Membrane-anchored expression of an allergen on murine BM
after retroviral transduction

We generated a membrane-anchored fusion protein of full-length
Phl p 5 (Phleum pratense 5, timothy grass), (36), one of the most
relevant respiratory allergens. The fusion gene was cloned into
retroviral backbone pMMP (37) (Fig. 1A). Transient cotransfection
of plasmids carrying viral structural proteins and VSV-G protein
envelope and pMMP-Phl p 5-TM into 293 T cells resulted in VSV-
Phl p 5-TM pseudotyped recombinant retroviruses (27). BALB/c
donors were treated with 5-fluorouracil, and BM was isolated 7
days later, cultured ex vivo, and transduced with VSV-Phl p 5-TM
retrovirus. Following transduction, 35 and 55% of BM cells, re-
spectively (in two independent experiments), expressed Phl p 5 on
their membrane (Fig. 1B).

Long-term molecular chimerism after transplantation of
allergen-transduced HSC

Transduced BM cells were transplanted into preconditioned
BALBY/c recipients (Fig. 2A). The percentage of cells expressing
Phl p 5 among various leukocyte lineages (i.e., molecular chimer-
ism) was determined in blood by flow cytometry at multiple time
points after BMT. All mice transplanted with Phl p 5-transduced
BM (n = 10) developed high levels of chimerism in all tested
lineages (e.g., 11% Phl p 5 B cells and 22% Phl p 5* T cells, 25
wk post-BMT). Multilineage chimerism persisted throughout fol-
low-up (>39 wk) (Fig. 2B). Comparable levels of chimerism in

Ab level (collected 6 wk after BMT). A, Phl p 5-specific and Bet v 1-specific IgE levels: B, Phl p 5-specific and Bet v 1-specific 1gG1 level: C—F, Phl p
and Bet v 1-specific Ab levels IgA, 1gG2a, 1gG3, and IgM at the indicated time points. Values of p for recipients of Phl p 5-transduced BM vs recipients
of mock-transduced BM are shown. Results are from pooled data of two independent experiments.
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FIGURE 4. Recipients of Phl p 5-transduced BM are specifically toler-
ant toward the Phl p 5 at the T cell level. Results from in vitro allergen-
specific proliferation assays performed at the time of sacrifice (weeks 29/
40). Splenocytes of naive age-matched mice (n = 3), recipients of Phl p
S-transduced BM (n = 4), and non-BMT immunized mice (n = 7) were
stimulated with rPhl p 5 (A) and rBet v 1 (B). Columns represent the mean
stimulation indices (SI + SD) from two independent experiments.

recipients of Phl p 5-transduced BM were also found in spleen and
BM at the time of sacrifice (data not shown). Recipients of mock-
transduced BM did not show any detectable Phl p 5 expression on
leukocytes (data not shown). Persistent multilineage chimerism be-
yond 39 wk in recipients of Phl p 5-transduced BM is indicative of
successful transduction and engraftment of HSC (38). To directly
test whether HSC had been successfully transduced with Phl p
S-integrating recombinant retroviruses, we harvested BM cells
from Phl p 5 chimeras 40 wk post-BMT and transplanted them into
myeloablatively irradiated secondary BALB/c recipients (n = 3).
Multilineage chimerism was again detectable and persisted for the
length of follow-up (15 wk after secondary BMT, Fig. 2C), demon-
strating that HSC had indeed been transduced to express Phl p 5 and
had successfully engrafted and survived in the primary recipients.

Specific absence of Phl p 5-specific humoral responses in
recipients of Phl p 5-transduced BM

To assess whether tolerance was induced, we used an established
model in which Phl p 5-immunized BALB/c mice develop charac-
teristics of clinical type I allergy such as production of allergen-spe-
cific IgE, other allergen-specific isotypes, and IgE-mediated effector
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FIGURE 5. Recipients of Phl p 5-transduced BM are specifically toler-
ant toward Phl p 5 at the effector cell level as determined in vitro. Results
are from in vitro mediator release assays. RBL cells were loaded with sera
collected at the indicated time points from Phl p 5 chimeras (n = 10),
recipients of mock-transduced BM (n = 3), and non-BMT immunized mice
(n = 10). Loaded cells were incubated with rPhl p 5 (4) or rBet v 1 (B).
The mean percentages of allergen-specific B-hexosaminidase release
(+SD) are shown. p values for recipients of Phl p 5-transduced vs recip-
ients of mock-transduced BM are shown. Pre imm, preimmune.

cell degranulation (29, 39). Following this protocol we sensitized
BMT recipients through repeated immunization with the recombinant
allergens Phl p 5 and an unrelated control allergen, the major birch
pollen allergen Bet v 1 (Fig. 24). No Phl p 5-specific IgE was de-
tectable in sera of any of the Phl p 5 chimeric mice throughout fol-
low-up as determined by ELISA (Fig. 34). In contrast, Phl p 5 chi-
meric mice developed high levels of Bet v I-specific IgE
postimmunization (Fig. 3A4). Recipients of mock-transduced BM (n =
3) and non-BMT immunized mice (i.e., naive mice treated with the
same immunization regimen but not receiving BMT, n = 10) devel-
oped high levels of IgE in response to both allergens. Likewise, Phl p
5 chimeras developed no Phl p 5-specific IgG1, whereas recipients of
mock-transduced BM and non-BMT immunized mice showed high
levels of Phl p 5-specific IgG1 upon repeated immunizations (Fig.
3B). Bet v 1-specific IgG1 levels were comparably high in all groups
of mice. Similar results were obtained for allergen-specific IgA,
1gG2a, and 1gG3 (Fig. 3C-E). Phl p 5-specific low-affinity IgM could
be detected in sera of Phl p 5 chimeras (Fig. 3F) reminiscent of natural
autoantibodies directed against self-Ag (40). Thus, transplantation of
Phl p 5-transduced BM led to specific tolerance toward the allergen at
the B cell level, preventing the production of allergen-specific IgE and
other high-affinity isotypes.

Specific T cell unresponsiveness in recipients of Phl
p S-transduced BM

In the course of an IgE-mediated allergic immune reaction, APCs
induce activation and proliferation of allergen-specific T cells (1,
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FIGURE 6. Recipients of Phl p 5-transduced BM are specifically toler-
ant toward the Phl p 5 at the effector cell level as determined by type I
allergen-specific skin responses in vivo. Mice were injected i.v. with Evans
blue dye and subsequently rPhl p 5 and rBet v 1 were injected intrader-
mally into abdominal skin. Injection of the mast cell-degranulating com-
pound 48/80 resulted in blue staining (positive control), whereas PBS re-
sulted in no staining (negative control). The blue color intensity of the
allergen-specific response was compared with the individual positive and
negative controls. Reactions were assessed on the inverted abdominal skin.
D, Scheme of intradermal injection. Representative skin sections of naive
mice (n = 4) (C), non-BMT immunized mice (n = 5) (A), and Phl p 5
chimeras (n = 7) (B) are shown.

2). We therefore determined T cell responsiveness in in vitro pro-
liferation assays by stimulating splenocytes isolated from recipi-
ents of Phl p 5-transduced BM with Phl p 5 and Bet v 1. The
lymphocytes were isolated at the end of follow-up from chimeric
mice of two independent experiments 40 wk and 29 wk after BMT,
respectively (Fig. 4). Proliferation in response to Phl p 5 was re-
duced by 90% in recipients of Phl p 5-transduced BM cells com-
pared with proliferation of splenocytes from non-BMT immunized
mice (stimulation indices of 21 vs 219, p = 0.006) (Fig. 4A). In
contrast, the proliferation response to Bet v 1 was high both in Phl
p 5 chimeras and non-BMT immunized controls (Fig. 4B). Thus,
recipients of Phl p 5-transduced BM showed allergen-specific T
cell tolerance.

IgE-mediated degranulation of basophils and mast cells is
specifically abolished in recipients of Phl p 5-transduced BM

Cross-linking of IgE on tissue mast cells and basophils by aller-
gens results in local release of inflammatory mediators (including
histamine) that cause many symptoms of the acute phase of an
allergic reaction (41). We therefore analyzed effector cell function
in vitro and in vivo. In an RBL degranulation assay, sera from Phl
p 5 chimeras and control groups were loaded onto RBL cells, and
mediator release (3-hexosaminidase as surrogate marker for his-
tamine (33)) was measured after challenge with allergen. In recip-
ients of Phl p 5-transduced BM no mediator release was detectable
in response to Phl p 5 whereas release occurred upon challenge
with Bet v 1 (Fig. 5). Non-BMT immunized mice and recipients of
mock-transduced BM cells showed mediator release in response to
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both Phl p 5 and Bet v 1. To investigate anaphylactic activity of
skin mast cells in vivo, we measured allergen-specific immediate-
type hypersensitivity responses by intradermal allergen challenge
and Evans blue staining. No positive skin reaction was detectable
after intradermal challenge with Phl p 5 in 6 of 7 tested Phl p 5
chimeric mice, whereas a positive reaction was visible in all mice
upon Bet v | challenge (Fig. 6B). Non-BMT immunized mice
showed positive skin reactions to both allergens (Fig. 6A4). In con-
trast, naive BALB/c mice did not show any mast cell skin reaction
upon allergen challenge (Fig. 6C). The results from these in vitro
and in vivo assays reveal that recipients of Phl p 5-transduced BM
developed allergen-specific tolerance at the effector cell level.

Discussion
The data presented herein provide “proof-of-concept” that toler-
ance toward an allergen can be induced through transplantation of
genetically modified BM. This novel approach for tolerizing a type
I allergic immune response has two unique characteristics: perma-
nence and robustness. Tolerance persisted for the length of fol-
low-up (40 wk). As our data point to the successtul engraftment of
HSC transduced with the allergen, it appears safe to assume that
molecular chimerism would persist for the physiological lifespan
of the recipient and would continue to maintain tolerance. With
this approach all relevant levels of a type I allergic immune re-
sponse, namely T cells, B cells, and effector cells, were rendered
specifically tolerant toward the immunogenic grass pollen allergen
used in these experiments for BM transduction. Notably, allergen-
specific IgE, IgG subtypes, and IgA remained undetectable
throughout follow-up. Besides, T cell responses and effector cell
responses toward the allergen could not be detected. A comparably
complete degree of tolerance has, to the best of our knowledge, not
been reported with other experimental or clinical approaches that
have been used for allergy treatment or prevention.
Allergen-specific immunotherapy, the only causative treatment
of allergy currently available in the clinical setting, was suggested
to lead to immunomodulation of T cell responses in large part
through the induction of a Thl shift and the generation of regula-
tory T cells. Additionally, the humoral response is affected by the
induction of high levels of allergen-specific IgG (and other iso-
types), which is then competing with allergen-specific IgE (4). At
the experimental level, dominant T cell epitope-containing
polypeptides of three different allergens were administered intra-
nasally in a murine mucosal tolerance approach. After subsequent
sensitization with allergens, allergen-specific humoral and effector
cell responses were merely reduced but not completely prevented
(10). Another recently published approach relied on the blockade
of the ICOS-ICOS ligand pathway, which induced regulatory T
cells and inhibited OVA-induced airway hyperreactivity, but
OVA-specific IgE was still detectable (9). A fusion protein con-
sisting of an allergen and a truncated Fcyl portion that was de-
signed for the purpose of immunomodulation was shown to inhibit
allergen-induced basophil and mast cell degranulation by co-
crosslinking of FceRI and Fcy receptors (follow-up ~6 wk), but it
did not prevent Ab production (11). Overall, the causative ap-
proaches described in the literature so far, as exemplified above,
led to immunomodulation and reduction of an allergic reaction, but
not to the complete, permanent absence of all relevant levels of an
allergen-specific immune response. Molecular chimerism, in con-
trast, establishes such a state of complete tolerance toward an al-
lergen. Although detailed mechanistic studies are beyond the scope
of this paper, we consider it likely that central tolerance plays a
critical role in our model, as it does in all chimerism-based pro-
tocols (16). However, nondeletional mechanisms, in particular T
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regulatory cells, might also be of importance, as we have recently
shown in an allogeneic mixed chimerism model (42, 43).

Previously it had been shown that molecular chimerism can be
used to tolerize allogeneic and xenogeneic immune responses, not
only in rodents, but also in large animals (20, 27, 44). This concept
failed, however, in a specific autoimmune model for unclear rea-
sons (23). Thus, while molecular chimerism overall is a highly
attractive tolerance approach, its effectiveness needs to be individ-
ually assessed for each particular immune response, and regimens
potentially need to be adapted accordingly. To the best of our
knowledge, none of the reported molecular chimerism studies has
investigated IgE responses and none has used allergens.

Transplantation of retrovirally transduced BM has been able to
correct life-threatening lymphoid and myeloid immunodeficiencies
in the clinical setting (45, 46), but it was associated with serious
side effects (47). However, substantial advances in vector design
are continuously being achieved so that safe vectors may some day
become available (47, 48). Molecular chimerism relies on the
transplantation of autologous BM modified to differ in a single Ag
(or at most a small, limited number of Ags), thereby avoiding
graft-vs-host disease, one of the gravest risks associated with al-
logeneic BMT and cellular chimerism. Minimally toxic regimens
for recipient conditioning have recently been developed for the
experimental transplantation of allogeneic BM that could eventu-
ally also be used for the molecular chimerism approach (15, 30, 49,
50). Besides, autologous and allogeneic BMT have become a
therapeutic option in selected clinical cases of autoimmune dis-
ease, and the range of indications for which BMT is a valid
treatment is expected to increase substantially during the com-
ing years (51, 52).

According to advances made in the field of molecular allergen
characterization, a limited number (~30) of major and clinically
relevant allergens can be defined that cover the most relevant al-
lergen sources (6). Using the recently described hybrid technology
it should be possible to engineer a few hybrid molecules (5-6) that
may be sufficient to tolerize populations against the most common
allergen sources in certain areas (53).

The concept presented herein provides a novel cell-based ap-
proach for tolerizing a type I allergic immune response through
transplantation of genetically modified hematopoietic cells. As
most relevant allergens have been cloned, this approach may the-
oretically be used for the prevention of many common forms of
allergy.
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Abstract

Background: Expression of allergens in human cells is a pre-
requisite for the development of antigen-specific cell thera-
py in IgE-mediated allergy. We developed a strategy how the
clinically relevant major grass pollen allergen Phl p 5 can be
efficiently secreted or expressed on the surface of human
cells with preserved allergenic activity. Methods: The cDNA
of Phl p 5 was fused to a leader peptide with or without a
transmembrane domain and both constructs were ligated
into a mammalian expression vector. Transfection of these
plasmidsinto human cells resultedina membrane-anchored
or secreted version of Phl p 5, respectively, as determined by
ELISA or flow cytometric analysis. Results: Both the secreted
and membrane-anchored Phl p 5 proteins bound IgE from
allergic patients in an immunoblot assay and induced spe-
cific histamine release and CD203c upregulation in basophils
of grass pollen-allergic patients. Proliferation of peripheral

blood mononuclear cells from Phl p 5-allergic individuals
was induced upon stimulation with both variants of Phlp 5
expressed in human cells similar to recombinant Phl p 5.
Conclusions: Secreted and membrane-anchored Phl p 5 ex-
pressed in human cells preserved B cell as well as T cell epi-
topes and may be used to develop and test various cell-
based strategies for allergen-specific immunomodulation
and to delineate the tolerance mechanisms involved therein.

Copyright @ 2011 5. Karger AG, Basel

Introduction

Allergen-specific immunotherapy is the only caus-
ative treatment in IgE-mediated allergy so far, but pre-
vention of allergy is still an unmet goal. Transplantation
of hematopoietic stem cells that have been genetically
modified to express disease-causing antigens, such as
auto- and allo-antigens, is a therapeutic strategy to in-
duce tolerance towards these disease-causing antigens.
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Robust long-term B and T cell tolerance has been demon-
strated with this molecular chimerism approach in ex-
perimental models including allergy [1, 2]. Therefore, ex-
pression of functional disease-causing antigens is a criti-
cal prerequisite for the exploration of a chimerism-based
tolerance strategy for any specific disorder.

Allergens are highly immunogenic, exposing a num-
ber of IgE-binding sites (B cell epitopes) on the surface
[3]. T cell epitopes, in contrast, are small peptides result-
ing from proteolytic processing of allergens and their
presentation via MHC molecules. Allergens are antigens
derived from a wide range of sources such as plants,
mammals, moulds and hymenoptera. The immunologic
properties and allergenic activities of allergens may vary
dramatically depending on their fold, posttranslational
modification, state (i.e. monomeric vs. oligomeric), dose
and site of entry into the body [4, 5]. Therefore, allergens
expressed in cellular systems must be compared with a
reference allergen equaling the natural allergen in order
to understand the mechanisms underlying strategies for
cell-based allergen-specific immunomodulation and to
further develop cell-based therapies.

Phlp 5 is one of the most potent and frequent environ-
mental allergens affecting 80% of grass pollen-allergicin-
dividuals. Recombinant (r) Phl p 5 equals the immuno-
logical properties and allergenic activity of the corre-
sponding natural Phl p 5 allergen [6].

We constructed fusions of Phl p 5 with a leader peptide
for secretion and an additional transmembrane domain
for surface anchoring of the allergen for expression in hu-
man cells. We studied the allergenic activity of Phl p 5
expressed in human cells determining IgE-binding, me-
diator release and T cell reactivity.

Materials and Methods

Constructs

cDNA sequence (aa 25-313) of Phl p 5 (accession number
X74735) was fused toa signal sequence and a transmembrane do-
main (TMD) (both pDisplay, Invitrogen, Carlsbad, Calif., USA)
by overlapping PCR technique [7]. Primer sequences were used as
follows: leader peptide: 5'-GGCGCCATGGAGACAGACACAC-
TCCTG-3', 5'-GTAACCGAGATCGGCGTCACCAGTGGA-3,
Phl p 5: 5-ACTGGTGACGCCGATCTCGGTTAC-3, 5'-GC-
CCACAGCGACTTTGTAGCCACC-3', TMD: 5-TACAAAGT-
CGCTGTGGGC-3', 5-GGCGGATCCTAACGTGGCTTCTTC-
TG-3". PCR products were cloned into the vector pcDNA3.1(-)
(Invitrogen) under the control of a CMV promoter using EcoRI
and BamHI sites resulting in p Phl p 5-TM or p Phl p 5. Positive
clones were confirmed by DNA sequencing (VBC Biotech,
Vienna).
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Cell Culture and Transfection

HEK (human embryonic kidney) 293 T cells were grown in
DMEM media including 10% FCS and antibiotics. 5 X 10° and
2 % 10° cells were grown in 6-well plates or 10-cm dishes (Fal-
con, Becton Dickinson, Franklin Lakes, N.J., USA) and transfect-
ed (1-10 pg) using the Ca,PO, transfection method or trans-
duced resulting in efficient surface expression of Phl p 5 as de-
scribed previously [8, 9].

Recombinant Allergens, Antibodies

Purified recombinant timothy grass pollen allergen (¢Phl p 5)
was obtained from BIOMAY (Vienna, Austria). Phl p 5-specific
polyclonal antibodies were used as described in [9].

Immunoblotting

Cell extracts, cell culture supernatants of transfected cells and
tPhl p 5 were separated on a 16% SDS-polyacrylamide gel and
blotted onto nitrocellulose membrane. Sera from timothy grass
pollen-allergic individuals, non-Phl p 5-allergic donors and
healthy donors were diluted 1:10 and used to probe nitrocellulose-
blotted extracts and supernatants from Phl p 5-expressing 293 T
cells. Extracts and supernatants of 293 T cells transfected with
empty vector were used as a negative control (mock). Bound IgE
was detected with '2*I-labelled anti-human IgE (Phadia, Uppsala,
Sweden) [10].

ELISA

Amounts of secreted Phl p 5 in supernatants of p Phl p 5- and
p Phl p 5-TM-transfected 293 T cells were quantified by Phl p
5-specific ELISA as described in Focke et al. [11].

Flow Cytometric Analysis

Biotinylated polyclonal Phl p 5-1gG was used as described in
Baranyi etal. [9] and developed with phycoerythrin streptavidin.
A Coulter Cytomics FC500 flow cytometer (Coulter, Austria) was
used for acquisition and CXP software (Coulter) for analysis of
tlow cytometric data.

Histamine Release and CD203c Upregulation Experiments

Heparinized peripheral blood samples were obtained from
individuals with grass pollen allergy known to react against Phl
p 5, from individuals with different allergies (with known non-
reactivity to Phl p 5) and healthy individuals. Basophils were en-
riched from blood of 2 allergic patients by Dextran sedimenta-
tion, washed and resuspended in histamine release buffer (HRB;
Immunotech, Marseille, France) as described in Valent et al. [12].
Cells (3 x 10°/ml) were incubated with various concentrations
of rPhlp 5/transfected 293 T cells/supernatants of transfected
cells in 96-well microtiter plates (TPP, Trasadingen, Switzerland)
for 30 min (37°C). After incubation, cells were centrifuged at
4°C for 10 min. Cell-free supernatants were recovered, and his-
tamine was measured by a commercial radioimmunoassay (RIA;
Immunotech). Histamine release was calculated as percentage of
total (extracellular and cellular) histamine measured in lysates of
cells that were prepared by freeze-thawing. For investigation of
CD203c upregulation, blood aliquots were incubated with rPhl p
5 (0.001 and 0.1 pg/ml), cells expressing membrane-anchored
Phl p 5and supernatants containing secreted Phl p 5 producedin
293 T cells. A monoclonal anti-IgE antibody E-124.2.8 (1 pg/ml;
Immunotech) and PBS were used as control. Thereafter, cells

Baranyi et al.

- 123 -



EcoRl BamHI
start s—- *stop

pcDNA3.1 % h Phlp5 pPhips

a
Fig. 1. High-level expression of secreted
and membrane-anchored Phlp 5 in trans- E't:ORtI___ ﬁa?Hl
tected human cells. a Construct for secre- star seP
tion of Phl p 5 (p Phl p 5). b Construct for My
membrane-anchored expression of Phl p PCONA3. mmmlp Phips TMD | p Phlp 5-TM
5 (p Phl p 5-TM). Both constructs were
cloned into pcDNA3.1 vector under the b
control of a CMV promoter. LP denotes
leader peptide and TM transmembrane
domain. The drawing is not to scale. ¢ Se- 45
cretion of Phl p 5 was quantified by Phl p 4.0+
5-specific ELISA in supernatants of 293T 3.5 :
cells transfected with the construct shown Z 3.0 H
in a. The mean (+SD) of 3 independent B 25 i
transient transfections is shown. As con- 2 204
trol, supernatant of 293T cells transfected s~ -
with empty vector (mock) was quantified £ 159 2
for soluble Phl p 5. d Efficient expression 1.0+ E
of Phl p 5 on the surface of 293T cells 0.5 =
transfected with construct p Phlp 5-TM is 0 v
shown as determined by flow cytometry. ¢ Mock pPhip5 ]
Dotted line indicates mock-transfected d Phip 5 expression (p Phip 5-TM)
293 T cells (empty vector).

were stained with phycoerythrin-conjugated CD203c mAb 97A6
(Immunotech). After erythrolysis cells were washed and resus-
pended in PBS and analyzed by 2-color flow cytometry. Upregu-
lation of CD203c¢ was calculated from mean florescence intensi-
ties (MFIs) obtained with stimulated (MFI;,,,) and unstimulated
(MFI ontrol) cells and is expressed as stimulation index (SI)
(MF Istim:Nl FIcomml)-

T Cell Proliferation Assay

Peripheral blood mononuclear cells (PBMC) were obtained
trom allergic and nonallergic donors by Ficoll-Hypaque density-
gradient centrifugation (Pharmacia Diagnostics, Uppsala, Swe-
den). PBMC (2 X 10°) were cultured for 6 days in triplicates in
96-well plates (Nunclone, Nunc, Denmark) in 200 pl of serum-
tree Ultra Culture Medium (Bio Whittaker, Walkersville, Md.,
USA) supplemented with 2 mm/l glutamine and 2 x 107" M2-ME
in the presence of rPhl p 5- (1-30 pg) and p Phl p 5-TM-transfect-
ed or transduced cells or supernatants of p Phl p 5-transfected
cells like described above. During the last 16 h of culture [H]-
thymidine (0.5 pCi per well) was added and the incorporated ra-
dioactivity was measured by scintillation counting in counts per
minute (cpm). The stimulation index (SI) was calculated as ratio
between cpm obtained in T cell cultures plus PBMC plus allergen
and cpm obtained in cultures plus PEMC without allergen or as

Expression of Plant Allergen in Human
Cells

ratio between cpm obtained in T cell cultures plus PBMC and
membrane-anchored or secreted Phl p 5 and cpm obtained in cul-
tures plus PBMC and control cells or supernatants from control
cells.

Results

Construction of Plasmids Coding for Secreted and

Membrane-Anchored Phl p 5

For construction of secreted and membrane-anchored
Phl p 5, we fused a murine immunoglobulin leader pep-
tide to Phlp 5 [6] replacing the original plant signal pep-
tide for efficient secretion. Additionally, to express Phl p
5 in a membrane-anchored fashion, the transmembrane
domain of platelet-derived growth factor receptor, which
has demonstrated efficacy in anchoring fusion proteins
in human and murine cell lines, was added [9, 13]. The
fusion genes were cloned under the control of a CMV pro-
moter into vector pcDNA3.1 known to be a high level ex-
pression vector in mammalian cells (fig. 1a, b).

Int Arch Allergy Immunel 2011;156:259-266
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Membrane-Anchored Expression and Secretion of

Phl p 5 in Human Cells

293T cells were transiently transfected with vector
p Phl p 5 (fig. 1a) and Phl p 5 was quantified in the su-
pernatant of transfected cells by Phl p 5-specific ELISA
[11]. In all experiments, we used rPhl p 5, produced and
purified from Escherichia coli, as a standard reference.
Amounts of 1-3 pg/ml allergen secreted by p Phl p
5-transfected human cells were detected in the super-
natant (fig. lc). As a negative control, empty vector
pcDNA3.1 was transfected (mock) in 293T cells and su-
pernatants were analyzed by ELISA (fig. lc). Transient
transfection of 293T cells with p Phl p 5-TM (fig. 1b) led
to cell surface expression of Phl p 5 (about 60% of cells
were Phl p 5+) as quantified by flow cytometry with Phl
p 5-specific antibodies [9] (fig. 1d). These cells also liber-
ated Phl p 5 fused to the transmembrane domain (as evi-
dent from the supernatant; fig. 2) but at lower quantities
than p Phl p 5-transfected cells (about 0.7 pg/ml Phl p 5,
asdetermined in Phl p 5-specific ELISA, data not shown).

Phl p 5-Specific IgE Binding of Phl p 5 Expressed in

Human Cells

The IgE-binding capability of Phl p 5 expressed in hu-
man cells was assessed with sera of Phl p 5-allergic pa-
tients. Secreted and membrane-anchored Phl p 5 of su-
pernatants and extracts of transfected human 293T cells
were loaded onto a denatured protein gel and blotted to a
nitrocellulose membrane. Membranes were incubated
with sera from allergic patients reacting to Phl p 5 (fig. 2a,
b), sera from healthy donors as negative control and sera
from donors with different allergic history (non-Phl p
5-allergic donors) and bound IgE was detected with la-
beled anti-IgE. rPhl p 5 was loaded as the positive control.
Phl p 5-binding IgE was detected in supernatants and cell
extracts of Phl p 5-expressing human 293T cells (fig. 2a,
b). Extracts from cells transfected with p Phl p 5-TM
showed a higher mobility shift due to the transmembrane
domain fusion (additional 50 aa). The IgE reactivity of
mammalian cell-expressed Phl p 5 in extracts and super-
natants of secreted or membrane-anchored Phl p 5 was
comparable to the IgE reactivity of rPhl p 5.

Both Surface-Expressed Phl p 5 and Phl p 5 Secreted

by Human Cells Induce Mediator Release

Basophils store a number of vasoactive mediators like
histamine in their granules. In allergic individuals, baso-
phils bind IgE via high-affinity receptors (i.e. FceRI) and
release their mediators into the extracellular space upon
allergen exposure [14]. The in vitro basophil degranula-
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tion assay has been shown to closely reflect the cascade of
the allergic effector reaction as a model for the activity of
natural and recombinant allergens similar to the in vivo
situation [15]. Further, the ectoenzyme CD203c is ex-
pressed in basophils (not in other peripheral blood cells)
and upregulated on IgE receptor cross-linkage with r al-
lergens in basophils of sensitized individuals [12]. We ex-
amined the capacity of secreted and membrane-anchored
Phl p 5 to induce degranulation and CD203¢ upregula-
tion of basophils of Phl p 5-allergic individuals (fig. 3a,
b). Basophils of two allergic individuals were incubated
with serial dilutions of rPhl p 5 resulting in a typical Phl
p 5-dependent bell-shaped peak in dose-response curves
described to differ amongallergens and allergic individu-
als [12]. The Phl p 5-specific release varied from about
60% Phl p 5-specific histamine release (fig. 3al, patient 1)
to almost 100% Phl p 5-specific histamine release in
basophils of patient 2 (fig. 3al). Escalating numbers of
human cells expressing membrane-anchored Phl p 5 (or
mock-transfected cells as control) were co-incubated
with basophils of the same patients (fig. 3a2). Membrane-
anchored Phl p 5 expressed on human cells efficiently
triggered histamine release in a dose-dependent manner
in basophils of patient 1 (50-60%). Patient 2-derived high
responding basophils yielded a maximum histamine re-
lease of about 100% even with the lowest number of trans-
fected cells. Secreted Phl p 5 in supernatants of transfect-
ed human cells led to a histamine release comparable to
tPhl p 5 (fig. 3a3). Likewise, basophils of a Phl p 5-aller-
gic patient showed upregulation of CD203c¢ with cells ex-
pressing membrane-anchored Phl p 5 or secreted Phlp 5
comparable to upregulation with rPhl p 5 (fig. 3bl). On
the contrary, basophils of non-Phl p 5-allergic patient
and healthy donor showed no CD203¢ upregulation with
tPhl p 5 and membrane-anchored Phl p 5 as well as solu-
ble Phl p 5 incubation (fig. 3b2, b3). These results demon-
strate Phl p 5-specific activation of basophils by cross-
linking of membrane-anchored and secreted Phl p 5 ex-
pressed in human cells by two independent techniques.

T Cell Proliferation of PBMC of Allergic Donors

Stimulated with Phl p 5-Expressing Human Cells

In atopic individuals allergen-specific memory T cells
respond to repeated allergen contact leading, for exam-
ple, to chronic asthma [16]. Stimulation of PBMC with
either supernatant containing secreted Phl p 5 or with
membrane-anchored Phl p 5 both led to responses simi-
lar to rPhl p 5, while nonallergic donors did not respond

(table 1).
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Fig. 2. Serum-IgE of allergic patients rec-
ognizes Phl p 5 expressed in human cells.
a, b Nitrocellulose-blotted lysates (cells)
and supernatants (SN) of 293T cells trans-
tected with constructs for secreted Phl p 5
(s Phl p 5) or membrane-anchored Phlp 5
(m Phl p 5) were incubated with sera of Phl
p 5-allergic donors, donors with a history
of different allergic disease and healthy
donors. Bound IgE was detected with 12°1-
labeled anti-human IgE and visualized by
autoradiography. rPhl p 5 served as posi-
tive control. Negative control denotes
equal amounts of supernatants and cells
from mock-transfected cells. Predominant
proteins are indicated by arrows.

Expression of Plant Allergen in Human
Cells
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Fig.3. Membrane-anchored and secreted Phl p 5 lead to histamine
release and CD203c upregulation in basophils of allergic patients.
Basophils of two allergic patients (patients 1 and 2) were incu-
bated with different concentrations of rPhl p 5 (a1), increasing
amounts of cells expressing membrane-anchored Phl p 5 or cells
transfected with empty vector as control (a2), or differentamounts
of supernatants from cells secreting Phl p 5 (a3). Supernatants of
mock-transfected cells were used as a negative control. CD203¢

264 Int Arch Allergy Immunol 2011;156:259-266

upregulation was determined in blood of an allergic donor (b1)
and a non-Phl p 5 allergic donor (b2) as well as in blood of a
healthy donor (b3). Cells were incubated with rPhl p 5, mem-
brane-anchored Phl p 5-expressing cells (m Phl p 5 cells) and su-
pernatants of p Phl p 5-transfected cells (s Phl p 5). Anti-IgE was
used as the positive control. Unstimulated cells (US) were used as
the baseline. Mock-transfected cells and supernatants of mock-
transfected cells were used as negative controls.
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Table 1. Lymphoproliferation (SI) of PBMC derived from three
grass pollen-allergic patients (AD) and nonallergic donors (NAD)
inresponse to stimulation with secreted (s) and membrane-bound
(m) Phl p 5 derived from transtected human 293T cells

1l-2 rPhips sPhlp5 mPhlp5s
AD1 22.3 3.3 9.6 4.8
AD?2 59.4 4.3 34 1.1
AD3 29.6 3.5 2.8 6.1
NAD1 8.1 1.0 0.8 1.1
NAD 2 4.8 1.6 1.6 1.6

As negative controls, nontransfected 293T cells and their su-
pernatants (control cells) were used. For positive control, PBMC
were stimulated with rPhl p 5 and r I1-2. Two patients showed no
proliferation to the positive control rPhl p 5 in this assay (not
shown).

Discussion

Here we demonstrate efficient expression of secreted
and membrane-anchored grass pollen allergen Phl p 5in
human cells. The fusion of a leader peptide and/or an ad-
ditional transmembrane domain leads to the secretion
or to the anchoring of Phl p 5 to the surface of human
cells.

Saloga and colleagues [17] have previously reported
the expression of the full-length allergen Phl p 1 in hu-
man dendritic cells by adenoviral transfer. Cytoplasmic
expression of this allergen led to stimulation of T cell pro-
liferation in vitro. This approach has been directed to in-
duce Tyl responses for potential immunotherapy by pre-
sentation of T cell peptides of the allergen Phl p 1 for
CD8+ T cell proliferation. In contrast, our approach fo-
cuses on prophylactic tolerance induction at the T and B
cell level and therefore displays allergens containing B
and T cell epitopes on the cell surface or as secreted prod-
uct. Both forms, membrane-anchored and secreted Phl
p 5, recognize IgE obtained from a Phl p 5-allergic indi-
vidual. Furthermore, basophil mediator release and T cell
proliferation suggest correct expression of B cell epitopes
and presentation of T cell epitopes of the released and
membrane-anchored allergen Phl p 5 expressed by hu-
man cells.

Allergenic activity similar to the wild-type allergen is
successfully retained in both instances.

In a murine model, we successfully induced long-term
tolerance towards Phl p 5 by transplantation of hemato-
poietic stem cells expressing membrane-anchored Phl p
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5 into syngeneic recipients. No Phl p 5-specific IgE, IgA
and TgG subtypes were detectable in these mice after nu-
merous immunizations with rPhl p 5 [9]. Similar results
were observed after tolerization with the membrane-an-
chored major birch pollen allergen Bet v 1 expressed in
hematopoietic stem cells [M.G. and T.W., unpubl. data].
Therefore, it appears likely that this approach can be ex-
tended to a variety of allergens. Although several imped-
iments have to be overcome, molecular chimerism is a
promising strategy for tolerization type I allergic im-
mune responses [2].

Here we show the successful expression of two forms
of Phl p 5 in human cells offering establishment of cell-
based therapy approaches for prophylaxis and treatment
of allergy.
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5.1.6 Therapeutic Efficacy of Polyclonal Tregs does not Require Rapamycin for the

Induction of Tolerance in a Low-Dose Irradiation BMT Model

Therapeutic Efficacy of Polyclonal Tregs Does Not
Require Rapamycin in a Low-Dose Irradiation Bone
Marrow Transplantation Model

Nina Pilat," Christoph Klaus," Martina Gattringer," Elmar Jaeckel,” Fritz Wrba,” Dela Golshayan,*
Ulrike Jf?ar.sn';}af',J and Thomas Wekerle'®

Background. Mixed chimerism is an effective strategy for the induction of transplantation tolerance but the toxicity of
recipient conditioning makes current bone marrow (BM) transplantation (BMT) protocols unsuitable for widespread clin-
ical application. Therapies promoting BM engraftment under minimal conditioning would facilitate translation of this
concept to the clinic. Recently, we have shown that regulatory T cell (Treg) therapy has potent engraftment-enhancing effects
in an irradiation-free noncytotoxic BMT protocol, but only if it is combined with rapamycin treatment.

Methods. Here, we investigated whether polyclonal Treg therapy is effective in promoting chimerism and tolerance in
an otherwise unsuccessful BMT protocol using low-dose total body irradiation (1 Gy) and costimulation blockade and
determined whether Tregs do so on their own without rapamycin.

Results. The application of polyclonal FoxP3-transduced recipient Tregs led to durable multilineage chimerism and
donor-specific skin graft tolerance whereas recipients receiving costimulation blockade alone or green flourescent
protein (GFP)-transduced cells failed to develop chimerism. Infused Tregs had a limited life span as indicated by
polymerase chain reaction analysis but rather contribute to de nove induction of subsequent Treg generations. Deletion
of donor-reactive T cells was observed but progressed more slowly over time compared with recipients of a nonmy-
eloablative BMT protocol using 3 Gy total body irradiation.

Conclusions. In conclusion, Treg therapy promotes BM engraftment on its own in a low-dose irradiation BMT

protocol, leading to chimerism and tolerance maintained through deletional and nondeletional mechanisms.

Keywords: Transplantation tolerance, Mixed chimerism, Regulatory T cells, Rapamycin.
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Induction of donor-specific immunological tolerance
would obviate the need for lifelong immunosuppressive
therapy in organ transplant recipients. Numerous tolerance
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protocols have been developed in the rodent system but so far
most of them failed when translated into large animal models.
The mixed chimerism approach is a rare exception in this
respect because it was shown to induce donor-specific toler-
ance in nonhuman primates (I) and notably also in clinical
pilot trials (2, 3). The toxicities of currently used bone mar-
row (BM) transplantation (BMT) protocols, however, pre-
clude routine clinical application of this approach (4).
Therefore, strategies have been sought that allow allo-
geneic BM to be successfully transplanted with reduced recip-
ient conditioning. “Mega” doses of BM (5-7), rapamycin (&),
natural killer (NK) cell depletion (9—11), anti-CD8 and anti-
CD4 monoclonal antibodies (mAbs) (12-14), and notably
costimulation blockade (5, 15-17) are among the identified
engraftment-promoting strategies. Particularly, rapamycin
positively affected BM engraftment in costimulation block-
ade-based models (8, 18, 19), allowing reduction of recipient
preconditioning (8). However, using clinically feasible
amounts of BM cells, rapamycin on its own was not sufficient
to induce BM engraftment without low-dose total body irra-
diation (TBI) (18). More recently, regulatory T cells (Tregs)
came into focus because they promote engraftment of alloge-
neic BM in various settings (20—23). However, to be success-
ful, Treg therapy required additional (short term) treatment

Transplantation + Volume 92, Number 3, August 15, 2011
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with rapamycin (20) or a substantial dose of TBI (5 Gy) (24).
Several studies have demonstrated a potent effect of rapamy-
cin on Treg survival and function (25-28). Although data on
Treg expansion by rapamycin are somewhat controversial
(25, 29), suppressive capacity remains preserved in all studies.
Rapamycin and Tregs act synergistically in promoting BM
engraftment (20); however, it is unclear whether this is due to
the immunosuppressive effects of rapamycin or its beneficial
effects on Treg generation/function. It thus remains undeter-
mined whether polyclonal Tregs can promote BM engraft-
ment on their own under low-dose recipient TBI.

We therefore investigated the potency of polyclonal recip-
ient derived Tregs in a costimulation-blockade-based BMT
model under low-dose irradiation. Such low-dose irradiation is
commonly used in the clinical setting of “minitransplant” BMT
protocols for hematological indications with reduced morbidity
(30). FoxP3 Tregs have shown similar engraftment enhancing
potency as nTregs in vivo (20) and comparable efficacy in vitro.
As they can be generated efficiently in sufficient quantities, we
chose to use FoxP3-transduced Tregs in the current study. The
current study provides evidence that the therapeutic use of
Tregs enhances BM engraftment on its own and thereby in-
creases the reliability of clinically relevant minimal condi-
tioning BMT protocol.

RESULTS

Generation and Characterization of
FoxP3-Transduced Tregs In Vitro

Polyclonal FoxP3-Tregs were generated by retroviral
transduction of wild-type B6 CD4™" lymphocytes with a ret-
roviral vector containing FoxP3 followed by an internal ribo-
somal entry site for direct green flourescent protein (GFP)
translation (Fig. 1a) (31). Through FoxP3 transduction, large
numbers of Tregs can be generated for experimental purposes
whose properties resemble those of natural Tregs (20). After
transduction with FoxP3-GFP virus, cells expressed high lev-
els of FoxP3, CD25, CDe2L, GITR, and CTLA4 (Fig. 1b), a
phenotypic pattern characteristic of Tregs (32), whereas cells
transduced with GFP control virus failed to upregulate Treg-
associated markers (FoxP3, CD62L, GITR, and CTLA4) (Fig.
1b). In vitro co-culture assays revealed a regulatory function
for FoxP3-Tregs as they suppressed proliferation of CD4 T
cells in response to alloantigen in a dose-dependent manner
(Fig. lc). Moreover, FoxP3-Tregs seemed superior over
freshly sorted CD4"CD25" Tregs at lower doses, as suppres-
sion was still evident at a ratio of 10:1 (responder cells vs.
Tregs) with FoxP3-Tregs but not CD4*CD25™ Tregs. Similar
findings were obtained in several repeat experiments (data
not shown). Cells transduced with GFP control virus did not
suppress proliferation in response to alloantigen, indicating
that suppressor function is due to forced FoxP3 expression
(Fig. 1d).

FoxP3-Tregs Promote Engraftment of Allogeneic
BM Under Low-Dose Irradiation

First, we investigated whether FoxP3-Tregs by them-
selves promote engraftment of allogeneic BM in a BMT
model using low-dose TBI (1 Gy). Using a well-characterized
nonmyeloablative BMT protocol { 8), B6 recipients were con-
ditioned with 1 Gy TBI and costimulation blockade (anti-
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CD154 and CTLA4lg) and received a conventional dose of
fully allogeneic Balb/c BM cells (2107 cells/mouse). This
protocol is insufficient to reliably induce chimerism and tol-
erance (&), but addition of rapamycin (8) or addition of NK
depletion (10) and unpublished data) leads to chimerism and
tolerance.

Treatment with FoxP3-Tregs, but not GFP transduced
cells,led to permanent mixed chimerism in the majority of BMT
recipients, whereas the low-dose irradiation BMT protocol with-
out Tregsled to transient chimerism only in some recipients (7/9
chimeras with FoxP3-Tregs at 7 months post-BMT vs. 3/10
without Tregs, P=0.0698, pooled results from two independent
experiments), with chimerism levels being significantly higher in
FoxP3-Treg recipients (eg, 32.96% vs. 3.81% CD4%,
P=0.0132; 23.54% vs. 4.91% B cell, P=0.0085 chimerism at 7
months post-BMT) (Fig. 2a). Chimerism levels in BM and
spleen correlated with chimerism in peripheral blood ( Ta-
ble 1). Even though some BMT recipients without FoxP3-
Treg treatment initially showed chimerism, it was mostly
restricted to the B cell and myeloid lineages (Fig. 2b) and
persisting donor T-cell chimerism was detectable only in
one mouse. In sharp contrast, FoxP3-Treg-treated mice
displayed increasing levels of donor T-cell chimerism,
which has been empirically found to correlate with toler-
ance development (33).

Chimerism in Treg-treated recipients persisted for the length
of follow-up (=5 months post-BMT, Fig. 2a) and was of multilin-
eage nature (Fig. 2b), suggesting that hematopoietic stem cells had
successfully engrafted and survived in the recipient mice. BMT
recipients treated with control GFP virus-transduced cells did
not develop chimerism or donor skin graft survival (0/3 chime-
ras, P=10.0455 vs. FoxP3-Tregs, data not shown), demonstrat-
ing that the observed effects are due to FoxP3 expression in
transduced cells. Already 2 weeks after BMT (earliest time
point analyzed) no GFP™ cells were detectable in peripheral
blood by FCM analysis (neither in FoxP3-Treg nor GFP-T-
cell-treated mice), suggesting that FoxP3-Tregs did not per-
sist long term in large quantities. Lymphoid organs (BM,
spleen, thymus, and lymph nodes) were analyzed for the pres-
ence of GFP positive cells at the end of follow-up (28-37
weeks post-BMT). Polymerase chain reaction analysis did not
detect GFP expression (data not shown), suggesting a limited
life span for transferred cells.

Treg Treatiment Leads to Long-Term Donor Skin
Graft Survival and Protects From Chronic Rejection
BMT recipients treated with additional FoxP3-Tregs
demonstrated donor-specific tolerance as tested by skin graft-
ing 1 to 2 months post-BMT (7/9 long-term donor skin graft
acceptors with FoxP3-Tregs vs. 0/10 without; P=0.0033;
pooled results from two independent experiments; third-
party C3H skin grafts were rapidly rejected in both groups)
(Fig. 3a). Skin grafts appeared macroscopically intact for the
length of follow-up (22-30 weeks after skin grafting), histo-
pathological analysis showed preserved skin architecture and
virtually no signs of tissue destruction, although lymphocyte
infiltrates were evident in some grafts (Fig. 3b). Histological
signs of chronic rejection were more prevalent in donor skin
grafts of a previous nonmyeloablative BMT protocol using 3
Gy TBI and costimulation blockade (8, 15). Furthermore, a
substantial increase in the frequency of mast cells in donor
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FIGURE 1. Phenotypical and functional characterization of FoxP3-Tregs. (a) Schematic representation of the CMMP-
FoxP3-IRES-eGFP (FoxP3/green flourescent protein [GFP]) and CMMP- IRES-eGFP (GFP control) retroviral constructs. LTR
represents long terminal repeats. SD and SA represent splicing donor and splicing acceptor, respectively. The drawing is
net to scale. (b) B6 CD4" cells were transduced with FoxP3/GFP or GFP confrol virus and sorted for GFP expression.
Phenotype of sorted cells was assessed by flow cytometric (FCM) analysis. (Top) Purity of sorted population. Typical
histograms (gated on CD4* GFP* cells) for intracellular expression of FoxP3 and surface expression of Treg-associated
markers are shown for FoxP3/GFP-transduced cells (leff) and GFP-transduced cells (right). FoxP3/GFP-transduced cells are
almost universally FoxP3* and express high levels of CD25, CD62L, GITR, and CTLA4. (c) FoxP3-Tregs suppress prolifer-
ation of B6 SPL in response to allogeneic stimulation (Balb/c SPL) with leastwise comparable potency as freshly sorted
CD4*CD25" Tregs, whereas co-culture with FoxP3™9 cells CD4*"CD25~ sorted cells results in enhanced proeliferation
(black columns: no co-culture; white/gray columns: co-culture; ratio Teff:Tregs 1:1 (white), 2:1 (light gray), 5:1 (middle gray),
10:1 (dark gray) . Experiments were repeated at least three times with comparable results. Mean counts per minute + SD are
shown. (d) Cells transduced with GFP control virus did not suppress proliferation, freshly sorted CD4*CD25" Tregs were
used as positive control (black columns: no co-culture; white columns co-culture: ratio Teff:Tregs 1:1).
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FIGURE 2. FoxP3-Tregs promote allogeneic bone marrow (BM) engraftment after nonmyeloablative irradiation. (a)

Groups of B6 mice were grafted with Balb/c BM (2 107) after 1Gy total body irradiation (TBI) and costimulation
blockade (anti-CD 154, CTLA4Ig) and treated with (M, n=5) or without (¢, 4> 10%, n=5) reci?ient—derived FoxP3-Tregs
or recipient derived GFP-transduced CD4 " cells (O, 4<10°, n=3). Long-term doner (H-2D%) chimerism among leuko-
cytes of the myeloid (Macl*) lineage was assessed by FCM analysis of peripheral blood at multiple time points and is
shown as mean percent (error bars indicate standard deviation; representative data from 1 of 2 independent experi-
ments) **P=0.0008, *P<0.005 (Student’s t test). (b) Chimeras of the FoxP3-Treg group showed substantial levels of
chimerism in all tested lineages, whereas in those few mice that developed chimerism without Tregs chimerism was
limited to the B cell and myeloid lineages. FCM plots from representative BMT recipients treated with (left) or without

FoxP3-Tregs (right) are shown (31 weeks post-BMT). Percentages indicate net chimerism in the depicted lineage.

skin was noted in Treg-treated recipients (Fig. 3c) compared
with donor skin from BMT recipients prepared with 3 Gy TBI
(Fig. 3d; chosen as control because donor grafts did not sur-
vivelong-term in 1 Gy controls without Tregs), and also com-
pared with syngeneic Balb/c grafts (not shown). Mean density
of mast cells per high power field (HPF) was 47.1 (1 Gy Tregs)
vs. 18.0 (3 Gy BMT recipients, P=0.064) vs. 16.2 (syngeneic
grafts, P=0.055) (mast cells were counted in 5 HPF [high-
power field]). Mast cells have been shown to be closely linked
to Treg-mediated tolerance (34), suggesting a role for regula-
tory mechanisms for skin graft survival. These findings are
substantiated by the intragraft presence of high numbers of
FoxP3 positive cells {confirmed by immunchistochemical
staining with FoxP3-specific mAb; Fig. 3c). Taken together,

these results suggest that therapeutic application of Tregs
protected grafts from chronic rejection.

Treg-Treated Chimeras Show Donor-Specific
Hyporesponsiveness In Vitro and Preserved
Immunocompetence Toward Third-Party Antigens

In vitro T-cell tolerance was evaluated by performing
mixed lymphocyte reaction (MLR) assays at the end of
follow-up (28-37 weeks post-BMT). Treg-treated chime-
ras showed specific hyporesponsiveness toward donor an-
tigen in vitro, whereas alloreactivity toward third-party
antigens was preserved (Fig. 4a). Donor responsiveness
was reduced to the level of self-reactivity, in contrast to
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TABLE 1. Multilineage chimerism levels in spleen and
BM are significantly higher in FoxP3-Tregs treated mice at
the end of follow-up (33 wk after BMT) compared with
controls without Treqg treatment

Spleen Bone marrow
CDh4* CD8* B220* B220" Macl™
NL B6 0.07 0.30 0.53 0.05 0.26
Balb/c 100,00 100.00 100,00 100,00 100,00
1 Gy Tregs (n=5)
AVG 1395 1424 50,85 5506  60.89
STD 5.08 7.27 1717 2128 3133
1 Gy control (n=4)
AVG 1.91 229 1602 1664 1365
STD 1.57 347 2250 2346 1571
P 0.004 0018 0046 0042 0025

AVG, average; STD, standard deviation.

BMT recipients without Tregs whose response toward do-
nor stimulators was preserved and comparable with naive
mice (reactivity toward donor antigen P=0.048 Treg chi-
meras vs. naive B6; P=0.022 Treg chimeras vs. BMT recip-
ients without Tregs).

Treg-Treated Chimeras Demonstrate Partial
Deletion of Donor-Specific T Cells

Deletion of donor-reactive T cells is an important
mechanism for the induction of tolerance after BMT (15) and
can be assessed by following superantigen-reactive T-cell
populations (V311 *and VB5.1/27 T cells in the strain com-
bination used herein) (5, 15). FoxP3-Treg-treated mice
showed a significant and specific reduction in the percentages
of VB11* and VB5* CD4 cells in comparison with naive B6
mice, whereas no such reduction was seen in control groups
without Tregs (Fig. 4b). Partial deletion of VB5.1/2% and
VBL1YT CD4 T cells was evident early after BMT (week 6),
indicating peripheral clonal deletion of donor-reactive T cells
(15). Deletion progressed over time and was almost com-
plete late after BMT (week 21; P=0.0366 for V311 +
P=0.0227 for VB5.1/2% Treg group compared with con-
trol group without Tre, eg treatment; P<<0.0001 for V3117,
P=0.0037 for V35.1/2" compared with naive B6 controls;
no deletion of VB8.1/2" control populations was evident at
any time point). In control mice preconditioned with 3 Gy
TBI without Treg treatment, deletion progressed more rap-
idly and led to almost complete absence of donor-reactive T
cells 12 weeks post-BMT.

Collectively, these results demonstrate that polyclonal
FoxP3-transduced Tregs promote the engraftment of alloge-
neic BM after low-dose TBI, leading to donor-specific toler-
ance, which is induced both by deletional and nondeletional
mechanisms.

DISCUSSION
The presented studies show that the therapeutic ap-
plication of polyclonal recipient Tregs significantly pro-
motes BM engraftment in a costimulation blockade-based
mixed chimerism model. Using low-dose TBI, we demon-
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strate that Tregs affect immune responses after allogeneic
BMT with high potency. This study indicates that poly-
clonal Tregs on their own are able to control costimulation
blockade-resistant alloresponses.

The potency of Tregs in the prevention of allograft re-
jection was demonstrated by several groups, although success
was mostly limited to models using lymphopenic (35, 36)
hosts or Tregs with a specific transgenic T cell receptor (37,
38). Using more stringent, clinically relevant models, additional
treatment with rapamycin was required to prevent rejection of
allografts in several model systems (20, 37, 39). By contrast, rapa-
mycin was not required in the present studies when Tregs were
combined with a minimum-conditioning protocol. The combi-
nation of Tregs and costimulation blockade successfully induced
long-term multilineage chimerism and donor-specific tolerance
in a reduced intensity, low-dose irradiation BMT protocol.
These results suggest that Tregs are not critically dependent
on rapamycin to exert their suppressor function in vivo, but
rather that rapamycin exerts additive effects on BM engraft-
ment through any—ryet to be determined— of its pleiotropic
effects (28). Polyclonal Tregs are capable of promoting the
engraftment of moderate doses of allogeneic BM if the immu-
nological host-versus-gratt barrier is lowered by a mild dose
of irradiation, presumably by suppressing the remaining
costimulation blockade-resistant immune response. The
absence of a GFP signal in lymphoid organs and skin grafts
{as revealed by polymerase chain reaction analysis) late
after BMT indicates that initially transferred Tregs have a
limited life span during which they promote BM engraftment
but do not survive in large quantities. As high numbers of
FoxP3 Tregs are present in accepted donor skin, transferred
Tregs seem to induce subsequent Treg generations (40).

Although both rapamycin and Treg therapy (8) promote
BM engraftment on their own, chimerism levels achieved were
higher when Tregs were used than when rapamycin was used.
Notably, chimerism levels in the T-cell lineage—which is asso-
ciated with tolerance induction in several chimerism models (5,
41, 42)—were higher in Treg-treated mice compared with
rapamycin-treated mice (13.8% vs. 2.9 mean% of CD4 chi-
merism, P<0.02; 4.1 vs. 1.2 mean % of CD8 chimerism,
P=n.., compared with historical controls [&]). As in-
trathymic alloresistance is critical in determining T-cell
chimerism (41), Tregs seem particularly effective in break-
ing thymic alloresistance.

Although histopathological signs of chronic rejection
were observed in some donor skin grafts in mice treated with
a well-established BMT protocol using nonmyeloablative TBI
{3 Gy) and costimulation blockade, chimeras treated with
reduced TBI (1 Gy) and additional Treg therapy demon-
strated no signs of chronic rejection. Interestingly, the fre-
quency of graft-infiltrating mast cells was markedly increased
in such Treg-treated mice over tolerant chimeras induced
with the nonmyeloablative regimen (43). Mast cells were
shown to favor the induction of Tregs through TGFS release
(44). Moreover, peripheral clonal deletion progressed over
time in Treg-treated chimeras and was almost complete at the
end of follow-up, suggesting an important role for deletional
and nondeletional tolerance mechanisms in this model. De-
letion progressed more slowly than in mixed chimeras condi-
tioned with higher nonmyeloablative TBI (3 Gy) without
Treg therapy (15), but it was more profound than in Treg-
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FIGURE 3. Treg treatment induces donor-specific skin graft tolerance in bone marrow (BM) transplantation (BMT) chi-
meras and protect grafts from chronic rejection. (a) Donor-specific tolerance was assessed by grafting donor and third party
skin 4 to 6 weeks post-BMT. Donor skin graft survival is significantly prolonged in BMT recipients treated with (M, n=9)
compared with those treated without FoxP3-Tregs ( 4, n=10) (log-rank P=0.003). Third-party grafts are promptly rejected
in both groups (Treg-treated, @; control group, £). Pooled data from 2 independent experiments are shown. (b) Classifi-
cation of skin allograft pathology for syngeneic grafts (n=2), Treg-treated group (n=5), and 3 Gy total body irradiation (TBI)
group (n=4) are shown (47) (Grade 0: no or rare inflammatory infiltrates, skin architecture intact; Grade 1: mild inflammmatory
infiltration, no involvement of overlying epidermis; Grade 2: moderate perivascular inflammation with mild epidermal/adnexal
involvement; Grade 3: severe inflammation, atrophy of epidermis, dyskeratosis and keratinelysis). (¢, d) Representative histol-
ogy of skin grafts from Treg-treated chimeras (¢) and BMT recipients prepared with 3 Gy TBI (d; control because donor skin did
not survive long-term in 1 Gy confrols without Tregs) are shown. HE staining (left, hematoxylin-eosin stain, magnification 20:<)
and Foxp3 expression (Hght, immunohistochemistry with specific FoxP3 antibody, magnification 40:<) are analyzed (30 weeks

after grafting).

treated chimeras without cytoreductive conditioning (20).
Taken together, these results support the conclusion that reg-
ulatory mechanisms are more effective than deletional mech-
anisms in preventing chronic rejection of skin allografts in the
maintenance phase of tolerance. Thus, reduced-intensity
conditioning combined with Treg treatment actually im-
proves tolerance outcome over previous nonmyeloablative
regimens.

Collectively, these data demonstrate that Tregs exert
potent engraftment-enhancing effects that are not dependent
on rapamycin. The therapeutic application of Tregs in the
context of reduced intensity BMT leads to chimerism and
robust tolerance through favoring nondeletional mecha-
nisms in addition to clonal deletion.

MATERIALS AND METHODS

Animals

Fernale CS7BL/6 (B, recipient, H-2%), Balb/c (donor, H-29), and C3H/N
{third party, H-2%) or SIL (third party, H-2°) mice were purchased from
Charles River Laboratories { Sulzfeld, Germany). This donor-recipient strain
combination (Balb/c — B6) crosses MHC and minor histocompatibility an-
tigen barriers and Bé recipients are rather resistant to costimulation block-
ade, ensuring a stringent model (12, 45, 48). Mice were housed under specific
pathogen-free conditions and used between & and 12 weeks of age. All exper-
iments were approved by the local review board of the Medical University of

Vienna and were performed in accordance with national and international
guidelines of laboratory animal care.

Retroviral Transduction of CD4™ T Cells

Retroviral vectors pCMMP-FoxP3-IRESeGFP (FoxP3/GFP) or control
vector pCMMP-IRESeGFP (GFP), (Fig. la) were used for production of
VSV-G pseudotyped retroviruses (20, 31). Retroviral transduction of
CDM* cells was performed as described previously (20, 31). Transduction
efficiencies approximately 15% were achieved, cells were sorted for
GFP expression thereafter and purity of sorted populations was maore
than 95%.

Suppression Assay and MLR

A total of 4:10° B splenocytes (responder) were co-cultured with de-
creasing numbers of FoxP3-transduced Tregs (or GFP transduced cells), or
freshly sorted CD4*CD25"5" Tregs (nTregs), respectively (4107, 2107,
83104, 43¢ 10* for a ratio of 1:1, 2:1, 5:1, 10:1 [responder cells vs. Tregs]), in
the presence of 4107 irradiated (30 Gy) Balb/c splenacytes (stimulator).
FoxP3 negative cells {or GFP negative cells) or freshly isolated CD4* CD25"=
cells were used as controls. MLEs were performed as described previously
(5). Briefly, 4 10° responder splenccytes were incubated with 4 107 irradi-
ated (30 Gy) stimulator cells of B (recipient), Balb/c (donor), or SIL (third
party) origin or with medium only. Cells were pulsed with [3H]-thymidine
{Amersham, Biosciences, UK) for 18 hr after 72 hr of incubation. Incorpo-
rated radicactivity was measured using scintillation fluid in a B-counter.
For MLE analysis, stimulation indices (SI) were calculated in relation to
medium controls.
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FIGURE 4. Chimeras induced through Treg treatment
demonstrate in vitro tolerance and deletion of donor-
reactive T cells. (a) Mixed lymphocyte reaction results from
selected bone marrow (BM) transplantation (BMT) recipients
were obtained 28 to 37 weeks post-BMT. Chimeras of Treg-
treated mice (n=2) showed specific hyporesponsiveness to
donor antigens in vitro (P=0.0480 stimulation index [3I] an-
tidenor compared with naive B6 mice; P=0.0219 compared
with controls without Tregs). Sls were calculated by dividing
the mean cpm from responses against recipient (black col-
umn; B6), donor (white column; Balb/c), or third-party (gray
column; C3H) stimulator cells by mean background cpm
(i.e., cpm with no stimulator population). Error bars indicate
SD. (b) FoxP3-Treg-treated mice (M, n=5) showed specific
deletion of V11" and V5" CD4™ (but not control V8"
CD4") populations in peripheral blood. Deletion was sigmnif-
icant in comparison with naive Bé mice (n=4) at all time-
points and in comparison with control group without Treg
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treatment ( &, n=>5) late after BMT, as assessed by two color FCM. Black bars denote naive B6 control, white bars denote
naive Balb/c control, mice preconditioned with 3Gy total body irradiation (TBI) are shown as additional control
(@ dotted line, n=4). Treg treatment promotes specific deletion progressing over time whereas no such deletion is seen
in control mice without Treg treatment. *P<-0.005 (Treq treatment vs. control group at time points indicated, Student’s

t test).

BMT Protocol

Groups of age-matched B6 recipientsreceived 1 Gy nonmyeloablative TEI
{day 1), costimulation blockade consisting of anti-CD40L (CD154) mAb
(MR1, | mg, day 0) and CTLA4lg (0.5 mg, day 2) (8, 15) and approximately
2107 unseparated BM cells harvested from Balb/c donors (day 0, intra-
venously) with or without additional FoxP3-transduced B6 Tregs
(FoxP3-Tregs, 4 10° cells in two divided doses [23<10° cells, day 0 and
day 6]) or control GFP-transduced cells. Mice receiving 3 Gy nonmyelo-
ablative TBI (day 1), costimulation blockade and approximately 23 107
unseparated BM were used as additional controls as indicated. Anti-
CD154 mAb was purchased from BioXCell {West Lebanon, NHJ,
hCTLA4Ig (abatacept) was generously provided by Bristol-Myers, Squibb
Pharmaceuticals ( Princeton, NJ).

Skin Grafting

Full thickness tail skin from Balb/c mice and fully mismatched C3H (third
party) were grafted 4 to 6 weeks after BMT and visually inspected thereafter
at short intervals. Grafts were considered to be rejected when less than 10%
remained viable.

Flow Cytometric Analysis of Treg Phenotype,
Chimerism, and Deletion

Multicolor flow cytometric analysis of Treg phenotype, multilineage
chimerism, and V3-subunit expression were performed as described pre-

viously (15, 20). Chimerism was calculated as net percentages of donor
MHC class I+ (H-2D9, 34-2-12) cells among leukocyte lineages ( 15). Mice
were considered chimeric if donor cells were detectable by flow cytometry
within both the myeloid lineage and at least one lympheoid lineage. Ex-
pression of VB-subunits was used as surrogate parameter for deletion of
donor-reactive T cells. CD4™ cells were counterstained with specific
markers for V@-subunits (VB8.1/2, VB11, VB5.1/2, or irrelevant isotype
control ). For analysis and sorting of Tregs mAbs with specificity against
CDd4 (RM4-4), CD25 (7D4), CD62L (L-selectin, Mel-14), CTLA4 (UCL0-
4F10-11), and GITR (DTA-1) were used. Forintracellular staining, FoxP3
{FJK-16s) staining Kit (eBioscience ) was used according to the manufac-
ture’s protocol. Flow cytometric analysis was done on a Coulter Cytomics
FC500. CXP software (Coulter, Austria) was used for acquisition and
analysis. Cell sorting was performed on a FACS Aria (Becton Dickinson),
purity of sorted populations was more than 95%.

Histological Analysis

Four micrometer sections were cut from paraffin-embedded tissue
fixed in 4.5% formalin (pH of 7.5), stained with hematoxylin-eosin and
Giemsa according to standard protocols, and analyzed by an experienced
pathologist in blinded fashion. Mast cells were counted in 5 HPF (mag-
nification »400), and mean density per HPF was calculated. Immuno-
histochemistry was performed as described previously (20), mAb with
specificity against Foxp3 (clone FIK-165, eBioscience) was used.
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Statistical Analysis

A two-sided Student’s ¢ test was used to compare percentages of VB-family

positive cells and chimerism levels between groups, Fisher'sexact testwas used to
compare chimerism rates between groups. Skin graft survival was calculated
according to the Kaplan-Meier product limit method and compared between
groups using the log-rank test. A P value less than 0.03 was considered to be
statistically significant.

ACKNOWLEDGMENT
The authors thank the Core Unit for Cell Sorting at the

Medical University of Vienna for technical assistance and Dr.
Leo Bithler for critical reading of the mmanuscript.

wn

REFERENCES

Kawai T, Sogawa H, Boskovic 5, et al. CD154 blockade for induction of
mixed chimerism and prolonged renal allograft survival in nonhuman
primates. Am | Transpl 2004; 4: 1391,

Kawai T, Cosimi AB, Spitzer TR, et al. HLA-mismatched renal trans-
plantation without maintenance immunosuppression. N Engl | Med
2008; 358: 353,

Scandling JI, Busque 5, Diejbakhsh-Tones 5, et al. Tolerance and chi-
merism after renal and hematopoietic-cell transplantation. N Engl
T Med 2008; 358: 362.

Pilat N, Wekerle T. Transplantation tolerance through mixed chimer-
ism. Nat Rev Nephrol 2010; 6: 594.

Wekerle T, Kurtz ], Ito H, et al. Allogeneic bone marrow transplanta-
tion with co-stimulatory blockade induces macrochimerism and toler-
ance without cytoreductive host treatment. Nar Med 2000; &: 464.
Durham MM, Bingaman AW, Adams AB, et al. Cutting edge: Admin-
istration of anti-CD40 ligand and donor bone marrow leads to hemo-
poietic chimerism and donor-specific tolerance without cytoreductive
conditioning. [ Imnuunel 2000; 165: 1.

Sykes M, Szot GL, Swenson KA, et al. Induction of high levels of allo-
geneic hematopoietic reconstitution and donor-specific tolerance
without myelosuppressive conditioning. Nat Med 1997; 3 783,

Blaha P, Bigenzahn 8, Koporc Z, et al. The influence of immunosup-
pressive drugs on tolerance induction through bone marrow trans-
plantation with costimulation blockade. Blood 2003; 101: 2886,

Kean LS, Hamby K, Koehn B, et al. NK cells mediate costimulation
blockade-resistant rejection of allogeneic stem cells during nonmyelo-
ablative transplantation. Am | Transplant 2006; 6: 292,

Mierlich PN, Klaus C, Bigenzahn 5, etal. The role of natural killer T cells
in costimulation blockade-based mixed chimerism. Transpl Int 2010;
11: 1179,

Westerhuis G, Maas WG, Willemze R, et al. Long-term mixed chime-
rismafterimmunologic conditioning and MHC-mismatched stem-cell
transplantation is dependent on NK-cell tolerance. Blood 2003; 106:
2215.

Graca L, Daley S, Fairchild PJ, et al. Co-receptor and co-stimulation
blockade for mixed chimerism and tolerance without myelosuppres-
sive conditioning. BMC Immunel 2006; 7: 9.

Wekerle T, Nikolic B, Pearson DA, et al. Minimal conditioning re-
quired in a murine model of T cell depletion, thymic irradiation and
high-dose bone marrow transplantation for the induction of mixed
chimerism and tolerance. Transpl Inr 2002; 15: 248.

Kurtz [, Ito H, Wekerle T, et al. Mechanisms involved in the establish-
ment of tolerance through costimulatory blockade and BMT: Lack of
requirement for CD40L-mediated signaling for tolerance or deletion of
donor-reactive CD4 + cells. Ami [ Transplane 2001; 1: 339,

Welkerle T, Sayegh MH, Hill I, et al. Extrathymic T cell deletion and
allogeneic stem cell engraftment induced with costimulatory blockade
is followed by central T cell tolerance. J Exp Med 1998; 187: 2037,
Wekerle T, Sayegh MH, Ito H, et al. Anti-CD154 or CTLA4Ig obviates
the need for thymic irradiation in a non-myeloablative conditioning
regimen for the induction of mixed hematopoietic chimerism and tol-
erance. Transplantation 1999; 68: 1348,

Larsen CP, Elwood ET, Alexander DZ, et al. Long-term acceptance of
skin and cardiac allografts after blocking CD40 and CD28 pathways.
Nature 1996; 381: 434,

20.

21.

22,

23,

24,

26,

27,

28,

29,

40,

41,

Pilat et al. 287

BlahaP, Bigenzahn 5, Koporc Z, et al. Short-term immunosuppression
facilitates induction of mixed chimerism and tolerance after bone mar-
row transplantation without cytoreductive conditioning. Transplanta-
tion 20035; 80: 237,

Taylor PA, Lees CJ, Wilson M, et al. Combined effects of calcineurin
inhibitors or sirolimus with anti-CD40L mAb on alloengraftment un-
der nonmyeloablative conditions. Blood 2002; 100: 3400,

Pilat N, Baranyi U, Klaus C, etal. Treg-therapy allows mixed chimerism
and transplantation tolerance without cytoreductive conditioning.
Am [ Transpl 2010; 10: 751.

Joffre O, Gorsse N, Romagnoli P, et al. Induction of antigen-specific
tolerance to bone marrow allografts with CD4+CD25+ T lympho-
cytes. Blood 2004; 103: 4216,

Joffre O, van Meerwijk JP. CD4({+)CD25(+) regulatory T lympho-
cytes in bone marrow transplantation. Semin Inmuncl 2006; 18: 128.
Pilat M, Wekerle T. Mechanistic and therapeutic role of regulatory T
cells in tolerance through mixed chimerism. Curr Opin Organ Trans-
plant 2010;15:725-730.

Joffre O, Santolaria T, Calise I, et al. Prevention of acute and chronic
allograft rejection with CD4+CD25+Foxp3+ regulatory T lympho-
cytes. Nat Med 2008; 14: 88,

Battaglia M, Stabilini A, Roncarolo MG. Rapamycin selectively ex-
pands CD4+CD25+ FoxP3+ regulatory T cells. Blood 2005; 105:4743.
Zeiser R, Leveson-Gower DB, Zambricki EA, et al. Differential impact
of mammalian target of rapamycin inhibition on CD4+CD25+
Foxp3+ regulatory T cells compared with conventional CD4+ T cells.
Blood 2008; 111: 453.

De Serres SA, Sayegh MH, Najafian N. Immunosuppressive drugs and
Tregs: A critical evaluation! Clin [ Am Soc Nephrol 2009; 4: 1661,
Thomson AW, Turnquist HR, Raimondi G. Immunoregulatory func-
tions of mTOR inhibition. Nar Rev Irmmunol 2009; 9: 324,

Lim DG, Joe I'Y, Park YH, et al. Effect of immunosuppressants on the
expansion and function of naturally occurring regulatory T cells.
Transpl Immunol 2007; 18: 94.

Al-Ali H, Cross M, Lange T, et al. Low-dose total body irradiation-
based regimens as a preparative regimen for allogeneic haematopoietic
cell transplantation in acute myelogenous leukaemia. Crrr Opin Oncol
2009; 21 (suppl 1): 517.

Jaeckel E, von Boehmer H, Manns MP. Antigen-specific FoxP3-
transduced T-cells can control established type 1 diabetes. Diaberes
2005; 54: 306.

‘Wood KJ, Sakaguchi S. Regulatory T cells in transplantation tolerance.
Nat Rev Immunol 2003; 3: 199,

XuH, Chilton PM, Huang Y, etal. Production of donor T cells is critical
for induction of donor-specific tolerance and maintenance of chimer-
ism. [ Immunol 2004; 172: 1463,

LuLF, Lind EF, Gondek DC, et al. Mast cells are essential intermediar-
ies in regulatory T-cell tolerance. Nature 2006; 442: 997,

Madig SN, Wieckiewicz ], Wu DC, et al. In vivo prevention of trans-
plant arteriosclerosis by ex vivo-expanded human regulatory T cells.
Nat Med 2010; 16: 809,

Karim M, Feng G, Wood KJ, et al CD25+CDM4+ regulatory T cells
generated by exposure to a model protein antigen prevent allograft
rejection: Antigen-specific reactivation in vivo is critical for bystander
regulation. Blood 2005; 105: 4871.

Tsang JY, Tanriver Y, Jiang 5, et al. Conferring indirect allospecificity
on CD4+CD25+ Tregs by TCR gene transfer favors transplantation
tolerance in mice. J Clin Invest 2008; 118: 3619

Chai JG, Xue 5, Coe D, et al. Regulatory T cells, derived from naive
CD4+CD25- T cells by in vitro Foxp3 gene transfer, can induce trans-
plantation tolerance. Transplantation 2005; 79: 1310.

Steiner D, Brunicki N, Bachar-Lustig E, et al. Overcoming T cell-
mediated rejection of bone marrow allografts by T-regulatory cells:
Synergism with veto cells and rapamycin. Exp Hematol 2006; 34:
802

Collison LW, Chaturvedi V, Henderson AL, et al. IL-35-mediated in-
duction of a potent regulatory T cell population. Nat Immunol 2010;
11z 1093,

Mikolic B, Khan A, Sykes M. Induction of tolerance by mixed chi-
merism with nonmyeloblative host conditioning: The importance
of overcoming intrathymic alloresistance. Biol Blood Marrow Trans-
plane 2001; 7: 144,

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibi

- 137 -



288 | www.transplantjournal.com

42,

43,

44,

Hewitt CW, Ramsamooj R, Patel MP, et al. Development of stable
mixed T cell chimerism and transplantation tolerance without immune
modulation in recipients of vascularized bone marrow allografts.
Transplantation 1990; 50: 766,

Bigenzahn S, Blaha P, Koporc Z, et al. The role of non-deletional tol-
erance mechanisms in a murine model of mixed chimerism with co-
stimulation blockade. Am J Transplant 2005; 5: 1237,

deVries VC, Pino-Lagos K, Elgueta R, et al. The enigmatic role of mast cells
in dominant tolerance. Curr Opin Organ Transplant 2009; 14: 332,

Transplantation » Volume 92, Number 3, August 15, 2011

46,

47.

Williams MA, Trambley ], Ha |, et al. Genetic characterization of strain
differences in the ability to mediate CD40/CD28-independent rejec-
tion of skin allografts. | Immunol 2000; 165: 6849,

Cao TM, Lo B, Ranheim EA, et al. Variable hematopoietic graft rejec-
tion and graft-versus-host disease in MHC-matched strains of mice.
Proc Nat! Acad Sci USA 2003; 100: 11571.

Cendales LC, Kanitakis |, Schneeberger 5, et al. The Banft 2007 working
classification of skin-containing composite tissue allograft pathology.
Am J Transplant 2008; 8: 1396,

I'ransplantation - Online

Gain access to the tull spectrum of transplantation. Visit Transplantation's

website, www.transplantjournal.com today!

Every subscription to the print edition of Transplantation includes a full

access to the online journal. Transplantation Online contains the complete

text and figure content of the print journal, and has these additional

teatures:

e Calendar of future meetings and events

¢ Links to the The Transplantation Society homepage

In order to activate the full-content of Transplantation-Online, you must

register. Registrat—lon isa quick, one-time process.

To register:

. Go to www.transplantjournal.com

. Click “Register” on the top menu bar.

. Follow the activation instructions that appear on the screen.

. TTS Members: You may access the journal directly through The

Transplantation Society website www.transplantation-soc.org and logging

in as a member.

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohik

- 138 -



5.2 Reviews

5.21

A Chimerism-Based Approach to Induce Tolerance in IgE-Mediated Allergy

Critical Reviews™ in Immunclogy, 29(5):379-397 (2009)

A Chimerism-Based Approach to Induce Tolerance

in IgE-Mediated Allergy

Ulrike Baranyi, Nina Pilat, Martina Gattringer, & Thomas Wekerle*

Division of Transplantation, Department of Surgery, Vienna General Hospital, Medical University

of Vienna, Vienna, Austria

*  Address all comrespondence to: Thomas Wekerle, MD, Department of Surgery, Vienna General Hospital, 1090 Vienna, Austria; Tel.: 43-1-40400-5621;

Fax: 43-1-40400-6872; Thomas Wekerle@meduniwien ac ar.

ABSTRACT: Immunoglobulin-E-mediated allergy (type 1 allergy) is a T-helper-2-mediated disease with increas-
ing prevalence in industrialized countries. Immunotherapy is available as causative treatment, but an effective
preventive strategy is still an unmet need. Molecular chimerism is an attractive experimental approach that induces
tolerance through transplantation of autologeus hematopoietic stem cells thar are genetically modified to express
the disease-causing antigen(s). Molecular chimerism leads to permanent and robust tolerance in experimental
models of autoimmune diseases and organ transplantation. Recently, proof-of-principle studies demonstrated that
a type 1 allergic immune response can be durably tolerized by transplantation of allergen-expressing syngeneic
bone marrow. We review the concept of tolerance induction through chimerism and discuss the potential of this

strategy in immunoglobulin-E-mediated allergy.

KEY WORDS: molecular chimerism, immunclogical tolerance, IgE-mediated allergy

I. INTRODUCTION

In susceptible individuals, the allergic immune
response leads to a wide range of diseases, rang-
ing from allergic rhinitis to life-threatening
anaphylaxis.! The hallmark of type I allergy is the
formation of immunoglobulin E (IgE) antibodies
against environmental, otherwise harmless pro-
teins known as allergens. A major characteristic
of the immune system is that it is self-tolerant.?
Self-tolerance is mediated by mechanisms that
rely on the expression of self antigens by various
subpopulations of hematopoietic cells. This physi-
ological state is emulated in the concept of toler-
ance induction through hematopoietic chimerism.

ABBREVIATIONS

In the case of cellular chimerism, allogeneic
hematopoietic stem cells (HSC) are transplanted
into an appropriately conditioned recipient in
such a way that they engraft and persist. Cellular
chimerism has been most extensively studied for
the induction of donor-specific transplantation
tolerance through transplantation of donor bone
marrow (Fig. 1). Mixed chimerism is induced (i.e.,
a state of co-existence of both donor and recipient
hematopoiesis) because it has several advantages
over full donor chimerism.® The mixed chimer-
ism concept has already been translated into the
clinical setting in highly selected renal transplant
Pﬁﬁﬂﬂt8.4 Cellular chimerism can also prevent
and treat autoimmune diseases.”” While results

IgE, immunoglobulin E; HSC, hemaropoietic stem cells; MHC, major histocompatibility complex; GVHD,
graft-versus-host disease; BMC, bone marrow cells; BMIT, bone marrow transplantation; HLA, human lympho-
cyte antigen; aGT, al,3-galactosyltransferase; GTY, aGT knockout; agal, Gal a-1,3-Gal; EAE, experimental

autoimmune encephalomyelitis
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FIGURE 1.

Cellular chimerism versus molecular chimerism. Hematopoietic stem cells from the donor are trans-

planted into an appropriately conditioned allogeneic recipient (A—+B) to induce mixed chimerism and tolerance
towards an organ graft from the donor (A). In molecular chimerism, autologous hematopoietic cells (B—+B) are
transduced in vitro to express the disease-causing antigen(s). The modified cells are injected back into the same
recipient (B), inducing tolerance to the newly introduced antigen.

in experimental studies are promising, the clinical
experience with HSC transplantation for treat-
ment of autoimmune disorders remains limited.®?
In the case of molecular chimerism, autologous
(or syngeneic in experimental models) HSC are
genetically modified in vitro to express a disease-
causing antigen before being transplanted back
into the same individual (Fig. 1). This strategy has
been explored mostly in experimental models of
(allo- and xeno-) transplantation and autoimmune
disorders. Chimerism-based models are among the
most robust tolerance protocols reported to date
and have therefore attracted a lot of attention.
In this review we discuss tolerance induction via
hematopoietic chimerism and suggest this strategy
as a possible approach for tolerance induction in

IgE-mediated allergy.

Il. TOLERANCE INDUCTION THROUGH
HEMATOPOIETIC CHIMERISM

A. Cellular Chimerism

1. Historical Perspective

The origins of the concept of tolerance through

hematopoietic chimerism can be tracked back to

the groundbreaking work of Owen published in

380

1945.1% He described a naturally occurring case
of hematopoietic chimerism in bovine dizygotic
twins sharing a common placental circulation.
These so-called “free-martin cattle” were tolerant
to tissue antigens from each other, as demon-
strated by the successful transplantation of major
histocompatibility complex (MHC)-mismatched
skin. In 1953, Billingham et al. induced “actively
acquired tolerance” by transplanting a mixture of
allogeneic cell types, including splenocytes, into
fetal and neonatal mice.'"'? Since 1955, allogeneic
HSC transplantation has been used in the clinical
setting as treatment for hematologic cancer and
fatal immunodeficiencies.!> However, the risk of
graft-versus-host disease (GVHD) and the toxicity
of host preconditioning remain substantial clinical
problems after allogeneic HSC transplantation,
precluding its use for a wider range of indications
to the present day. Therefore, the development of
HSC transplantation protocols sufficiently safe to
be acceptable for the purpose of tolerance induc-
tion has been a major research goal.

2. Cellular Chimerism in Experimental
Protocols

The first studies inducing hematopoietic chime-
rism in adult mice employed lethal (myeloabla-
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tive) total body irradiation leading to complete
elimination of the host hematopoietic system.
Reconstitution with donor bone marrow cells
(BMC) led to full (nearly 100%) chimerism and
donor-specific tolerance. Full chimerism is associ-
ated with a higher risk of GVHD and reduced
immunocompetence!*! than mixed chimerism,
which is therefore preferred for the purpose of
tolerance induction. Mixed chimerism describes
a balanced state of co-existence of recipient and
donor hematopoietic cells in the host (donor chi-
merism greater than 196 and less than 100%). The
first experimental mixed chimerism protocols also
required myeloablative recipient preconditioning.?
Successful establishment of mixed chimerism with
less drastic non-myeloablative recipient condition-
ing was achieved shortly thereafter.'6

‘The use of costimulation blockade as part of
bone marrow transplantation (BMT) regimens
allowed a further reduction of conditioning
toxicity. Non-myeloablative host condition-
ing with costimulation blockade (anti-CD40L
[CD154] alone or together with the fusion protein
CTLA4Ig) led to engraftment of clinically rel-
evant doses of BMC in the presence of an intact
recipient T-cell repertoire.!”0 Irradiation-free
protocols also became feasible with costimulation
blockers, but require unrealistic mega-doses of
bone marrow.21%?

3. Mechanisms of Tolerance Induction in
Mixed Chimerism

Allogeneic mixed chimerism induces a particularly
robust form of donor-specific tolerance across
MHC barriers. Mixed chimeras permanently
accept donor skin (while promptly rejecting third-
party skin) in vivo, and demonstrate donor-specific
unresponsiveness in mixed lymphocyte reaction
and cell-mediated-lympholysis assays in vitro.
One hurdle to be overcome for the establish-
ment of mixed chimerism is to achieve engraftment
of allogencic HSC. It has been long noted that
myelosuppression enhances engraftment of HSC;
however, the underlying mechanisms of this effect
remain incompletely understood. Myelosuppres-
sion may open physical “niches” within the bone
marrow, it may up-regulate cytokines that promote
homing of HSC into the bone marrow, or its
immunosuppressive effect may simply be prevent-
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ing rejection of the allogeneic donor bone marrow.
It is also possible that any combination of these
modes of action might be at work in specific set-
tings. Interestingly, the need for myelosuppression
can be overcome by transplantation of very high
doses of HSC.?#? Unfortunately, these doses are
not available in the clinical setting. Several factors,
including regulatory T cells, have been identi-
fied that promote HSC engraftment® and seem
particularly promising.?** Non-myelosuppressive
protocols employing clinically feasible doses of
HSC remain an important goal that would sub-
stantially advance the field.

In experimental models achieving stable mixed
chimerism, central deletion is the main mechanism
maintaining tolerance. Thymic dendritic cells of
donor origin mediate intra-thymic clonal deletion
of newly developing donor-reactive T cells by
negative selection, resulting in a T-cell repertoire
tolerant to self and to donor antigens.?® Central
tolerance is the unique characteristic distinguish-
ing chimerism-based tolerance from virtually all
other tolerance approaches. It assures that newly
developing donor-reactive T cells are permanently
tolerized and do not eventually overcome the
capacity of peripheral mechanisms to maintain
tolerance. At the time of BMT, additional mecha-
nisms are required to render preexisting mature
alloreactive T cells tolerant. In large animal models
and humans, T-cell depletion using depleting
antibodies and additional thymic irradiation are
employed to globally destroy mature recipient T
cells. Due to the slow T-cell recovery in adults,
substantial risks are associated with this state of
immuno-incompetence. In contrast, BMT with
costimulation blockade achieves tolerization of
the pre-existing mature T-cell repertoire with-
out the need for global T-cell destruction. This
peripheral tolerance is achieved by progressive
clonal deletion of mature alloreactive T cells”
and by non-deletional mechanisms.?”

4. Costimulation Blockers in the Clinic

Costimulation blockers are a critical component
of advanced mixed chimerism protocols, and thus
are of great relevance for the clinical future of this
tolerance approach. Blockade of the CD154:CD40
pathway through anti-CD40L mAb is a highly
successful approach in rodents. Unexpectedly, all
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clones of anti-CD40L mAb tested led to severe
thromboembolic side effects in large animal
models and in human trials,?** and therefore
further clinical development was put on hold. The
use of anti-CD40 mAb would be an alternative
approach for blocking the CD40 pathway, which
showed promising results while avoiding throm-
boembolic complications in non-human primate
studies, but its clinical future is currently unclear.’
Thus, replacement of compounds targeting the
CD154:CD40 pathway with clinically available
drugs is still an unmet goal.

'The fusion protein CTLA4Ig (abatacept) was
designed to block CD28 signaling, but might
also work through additional mechanisms.*!
CTLA4Ig has potent immunomodulating effects
in autoimmune and transplant models,*** and was
recently approved for clinical use in rheumatoid
arthritis. Since the immunosuppressive efficacy
of CTLA4lg was unsatisfactory in a non-human
primate kidney transplant model, a modified
CTLAA4Ig with higher affinity for the B7 target
molecules was developed and named LEA29Y
or belatacept.® Belatacept was shown to be safe
and effective as a primary immunosuppressant
in renal transplant recipients in a phase II trial*
and is currently under investigation in ongoing

phase I1I trials.

5. Clinical Translation of Mixed
Chimerism Protocols

The induction of tolerance via the mixed chimerism
approach has been successfully tested in two pilot
clinical trials. In one study, patients suffering from
both end-stage renal failure and multiple myeloma
simultaneously received a bone marrow and kidney
graft from a human lymphocyte antigen (HLA)-
identical sibling. All of the patients developed at
least transient chimerism and operational tolerance
towards the transplanted kidney. Two patients
developed GVHD, and both of these exhibited
full chimerism. Renal function remained stable
after withdrawal from immunosuppressive drugs
with follow-up of up to 7 years.?” While persistent
chimerism is important for the maintenance of
skin graft tolerance in rodent models, transient
chimerism was found to be sufficient for long-
lasting tolerance in monkeys receiving combined
kidney and bone marrow transplantation, which
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is consistent with the observed clinical outcome.
Recently, the researchers reported successful induc-
tion of tolerance in an HLA-mismatched setting
with non-myeloablative pre-conditioning in
patients suffering from chronic renal insufficiency
without concomitant malignancy. Transient chi-
merism (persisting for 1-4 weeks post transplant)
led to successful induction of tolerance in four of
five treated patients without the development of
GVHD, and stable renal function for up to 5 years
after withdrawal of immunosuppressants. Because
treatment-refractory humoral rejection occurred in
the third patient, the protocol was modified by add-
ing rituximab (anti-CD20 mAb). Unexpectedly, de
novo anti-donor antibodies and auto-antibodies
developed in three patients.*°'The donor-specific
humoral response occurred despite in vitro T-cell
hyporesponsiveness. Despite the presence of these
antibodies, graft function was preserved long-
term.* This is in contrast to the HLA-matched
patients in the first clinical trial described above,
in which no donor-directed B-cell immunirty
was detected. In the experimental setting, it was
shown that mixed chimerism and molecular chi-
merism can induce B-cell tolerance.*#? Thus, it
appears likely that anti-donor B-cell immunity
is a potential concern in the MHC-mismatched
clinical setting but not in molecular chimerism,
in which modified autologous bone marrow is
transplanted.

Overall, these two clinical series* highlight the
potential of hematopoietic chimerism in the clini-
cal setting during organ transplantation. Although
pre-conditioning led to serious post-transplant
side effects (e.g., severe leucopenia and capillary
leak syndrome), withdrawal of immunosuppressive
therapy revealed successful induction of tolerance
towards allografts in these patients. Molecular
chimerism employs modified autologous HSC
transplantation (allergen-expressing HSC in the
case of allergy), so a substantially lower antigen bar-
rier needs to be crossed than in MHC-mismatched
BMT. Therefore, markedly milder precondition-
ing is expected to be sufficient compared with
allogeneic HSC transplantation.

Little is known about the relationship between
BMT and allergy in the clinical setting. Isolated
cases have been reported in which allergies were
transferred with HSC transplantation in patients
receiving HSC transplantation for leukemia.
However, a few cases have also been documented
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in which allergies were ameliorated after HSC
transplantation, suggesting that BMT can, in
principle, be an effective treatment for allergies
under certain circumstances.*

The main impediments to using BMT
for treatment of severe autoimmune disorders
are treatment-related morbidity and mortality.
Autologous HSC transplantation has a lower rate
of mortality, in contrast to allogeneic HSC trans-
plantation, but is associated with the risk of devel-
opment of secondary autoimmune disorders.*
Furthermore, allogeneic HSC transplantation
aims at induction of tolerance through transfer
of healthy HSC. Furthermore, allogeneic HSC
transplantation causes an effect called graft-ver-
sus-autoimmuinity, in which donor T cells might
eliminate remaining autoreactive host lympho-
cytes.® Although some case reports have revealed
complete remission of autoimmune disease with
full donor chimerism, mixed chimerism might
be capable of inducing long-term remissions
and also allows milder irradiation protocols, thus
lowering the risk of GVHD.* In a retrospective
stud}i of paticnts with severe treatment-ref) ractory
autoimmune discase, 75% responded to allogencic
HSC transplantation; unfortunately, the mortality
rate was approximately 20%.% In some reports,
stable chimerism was associated with remission of
autoimmune diseases such as rheumatoid arthritis,
systemic lupus erythematosus, and psoriasis. "’
Although these data are encouraging, protocols
and autoimmune disorders are heterogenous and
further experience and studies are necessary.

In summary, several hurdles, in particular
safety issues, still need to be overcome for mixed
chimerism to become a routinely used clinical
therapy for tolerance induction in transplantation
and autoimmune disorders.?

B. Molecular Chimerism

Molecular chimerism is induced by the transplan-
tation of autologous (syngeneic) HSC modified ex
vivo to express the antigen(s) of interest. Molecular
chimerism has major advantages over cellular chi-
merism: 1) the risk of GVHD is avoided because
autologous HSC are transplanted, and ii) the lower
immunological barrier facilitates engraftment
and therefore permits milder conditioning.®® On
the other hand, retroviral transduction of HSC
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with the gene of interest needs to be performed
and the disease-causing antigen(s) needs to be
known and of limited number. To date, gene
transfer by retroviral or lentiviral gene integration
is associated with severe side effects.>® Notably, in
several children suffering from severe combined
immunodeficiency, correction of disease through
transplantation of retrovirally transduced HSC
resulted in T-cell leukemia due to insertion of
the transgene near protooncogenes.’’? In two
gene therapy studies published more recently, gene
delivery appeared safer.’*** Thus, gene therapy
approaches acceptable for widespread use might
be developed in the future.

1. Molecular Chimerism for
Tolerance Induction in Allo- and
Xenotransplantation

Transplantation of syngeneic bone marrow
expressing donor MHC is being explored for toler-
ance toward donor allografts. Molecular chimerism
approaches in allo- and xenotransplantation are
summarized in Table 1.%% Introduction of cither
donor-MHC class 1 or MHC class II genes
into recipient cells prolonged survival of cardiac
allografts in a murine model.’” The congenic
mouse strains B10.AKM (H-2K¥) and B10.MBR
(H-2K"), which differ only in the MHC class one
H-2K allele, are commonly employed in models of
allogeneic molecular chimerism. Transplantation
of B10.AKM BMC transduced with the H-2K®
gene resulted in prolongation of B10.MBR skin,
while third-party grafts were rapidly rejected 5859
This approach has been successfully translated
to a large animal model, in which autologous
porcine bone marrow transduced with an allo-
geneic MHC II molecule was transplanted. Pigs
transplanted with the transduced bone marrow
became operationally tolerant to fully mismatched
renal allografts (matched to the introduced class
IT molecule).5%41

Mechanistically, the lack of T-cell help played
a role in graft prolongation of MHC I-disparate
skin grafts in early, less-efficient models of
molecular chimerism.’**%? In more recent and
efficient models, the main mechanism of T-cell
tolerance was central thymic deletion, although
deletion seems to be incomplete.635* Induced
CD4+CD25* T-regulatory cells also contribute
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TABLE 1. Tolerance Induction by Molecular Chimerism in Allo- and Xenotransplantation
Integrated Antigen Maodel* Outcome P/T Reference
H-2Dk/2KE/21A° Transplanted L cells in C3H  Prolonged survival of P 57
mice cardiac allograft
HLA-A2.1 Transplanted CD34* BMC  Inhibition of antibody P 144
in B& production; partially cell-
mediated immunity
H-2KP Transplanted BMC in B10.  Prolonged skin graft P 55, 58
AKM survival
H-2K® CBK BMC in CBA Dose dependence of BMC, P 145
heart graft survival >100
days
H-2K> Transplanted BMC in B10. Hyporesponsiveness P 59
AKM
Secreted or Transplanted BMC in Prolonged skin graft P 62
cytoplasmic H-2K® B10.AKM (CD4 or CD8 survival >50 days
depleted, thymectomized  (cytoplasmic expression of
before skin grafting) antigen)
>25 days (secretion of
antigen)
H-2Kb Transplanted BMC in B10.  T-cell tolerance, skin graft P 64
AKM survival prolonged
H-2K® Transplanted BMC + BMC  Central deletional T cell P 63
of BM3.3 (T-cell depleted)  tolerance, skin graft survival
in B10.AKM >90 days
H-2K® Transplanted BMC in B10.  Improved protocol with co- P 1464
AKM stimulation blockade, skin
graft survival prolonged
H-2K? Transplanted BMC + B10.  Mature lymphocytes P 68
AKM BMC in R® mice required for tolerance
H-2K" BMC (T-cell depleted) + Mature T cells required for P 69
mature CBK T or B cells in  tolerance, skin graft survival
CBA >100 days
H-2KP Transplanted BMC in B10.  Successful non- P 135
AKM myeloablative protocol, skin
graft survival >100 days
H-2KP Transplanted B10.AKM CD4 T cells specific for Ko il 65
BMC and Tg361 BMC detectable, CD4*CD25* are
(CD4/CD8 depleted) in able to transfer tolerance,
B10.AKM skin graft survival >200
days
H-2Kb transient Transplanted BMC in B10.  Persistent presentation of P 67
AKM antigen required, skin graft
survival slightly prolonged
H-2Kb BMC + CBK CD4 or CD8  Homeostatic praliferation P 71
cells in CBA necessary for T cells to
re-enter thymus and induce
tolerance, skin graft survival
>100 days
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H-2Ke CBK T cells in CBA

aGT Transplanted BMC in GT?
mice

aGT Transplanted BMC in GT°
mice

aGT Transplanted BMC in GT?
mice

aGT Transplanted BMC in

immunized GT? mice

aGT Transplanted BMC in GT¢
mice

aGT Transplanted BMC in GT¢
mice

aGT BMC and BM derived
CD34+ cells in Rhesus
macaque

Swine MHC class Il Transplanted CD34*" BMC
in baboon

DRB/DQA Transplanted BMC in

miniature swine

Tolerance induced by
T-cell transfer with non-
myeloablative conditioning,
skin graft survival >100
days

Inhibition of antibody
production

Stable aGT expression on
blood cells, B-cell tolerance

B-cell tolerance, prolonged
wt heart graft survival (MST
29 days)

Long-term aGal expression
with high dose of BMC
{1.5 x 107), no antibody
production

Gene transfer by
lentivector, tolerance
achieved, heart graft
survival >50 days

Gene transfer by
lentivector, non-
myeloablative conditions,
heart graft survival =100
days

Gene transfer by
lentivector, long-term
chimerism achieved

Transient transgene
expression, xenografts
(kidney and skin) rejection
after 8-22 days

Prolonged kidney graft
survival

70

73

74

75

74

77

78

79

147

&1

* C3H mice (H-2%), B10.AKM mice (K* [ Da), CBA (H2¥), CBK (H2* + Kb): CBA transgenic strain, express K* as a trans-
gene; GT? mice: lack functional glucosyltransferase uridine 5'-diphosphate galactosyl-1,4-acetyl-D-glucosaminide
a(1-3)galactosyltransferase; BM3.3 mice: CBA background, express transgenic CD8 TCR specific for Kv-derived
peptides; R® mice: Rag1? on B10.AKM background; Tg361 mice: CBA background, express transgenic CD4

TCR specific for K# derived peptides.

BM, bone marrow; BMC, bone marrow cells; MST, median survival time; P, prophylactic; T, therapeutic.

to tolerance induction in such chimeras.® In cel-
lular chimerism models, persistent chimerism is
required to maintain allo-skin graft tolerance.®
Similarly, persistence of molecular chimerism to an
extent of at least 1% was required to maintain skin
graft tolerance.’” Antigen expression on mature
lymphocytes has also been shown to be required
for tolerance induction in molecular chimeras.®
In an interesting and novel approach, induction
of central tolerance via molecular chimerism was
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demonstrated by transplantation of mature T cells
(instead of bone marrow) from congeneic mice
differing in one MHC class I molecule (H2-K") 6
Re-entry of mature T cells into the thymus and
deletion of alloreactive T cells have been demon-
strated in this model.”” Homeostatic expansion of
mature T cells in the periphery is important for
re-entering the thymus and delivering H2-K® in
a tolerogenic fashion.”
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In the setting of discordant xenotransplanta-
tion, natural antibodies against the carbohydrate
epitope Gal @-1,3-Gal (agal), produced by the
molecule al,3-galactosyltransferase (aGT) is an
additional major hurdle, requiring agal-reactive
B cells and T cells to be tolerized.” The aGT
knockout mouse (GTY), which develops IgM and
IgG antibodies that bind ogal, is used as a model
system to study natural antibodies.” Introduction
of aGT into syngeneic BMC and transplanta-
tion into preconditioned recipients resulted in
long-term molecular chimerism and B-cell tol-
erance even in presensitized recipients.”*7® The
mechanisms in B-cell tolerance in molecular
chimerism models of xenotransplantation remain
to be defined in detail. Furthermore, molecular
chimerism led to acceptance of heart grafts and
prevention of antibody-mediated rejection in this
model.” Similarly, BMC transduced with aGT
by lentiviral gene transfer and transplantation into
GT mice led to tolerance to cardiac grafts of GT+
mice with myeloablative and non-myeloablative
regimens.””"® Transplantation of autologous BMC
lentivirally transduced with aGT into sublethally
irradiated rhesus monkeys resulted in engraftment
of BMC and strong reduction of xenoantibodies
after immunization with porcine hepatocytes, but
induction of agal-specific IgG1. 7

Thus, molecular chimerism successfully
induces T-cell and B-cell tolerance in experimental
allo- and xenotolerance models.

2. Molecular Chimerism in Autoimmune
Disorders

About 5% of the population in Western countries
is affected by autoimmune diseases. Non-specific
inhibition of immune inflammatory activity is
partially effective, but is associated with several side
effects. Therefore antigen-specific therapies for the
treatment of autoimmune diseases are needed.*
Both T-cell- and B-cell-mediated immunity con-
tribute in various degrees to the pathogenesis of
autoimmune diseases. For selected autoimmune
diseases with defined disease-causing antigens,
preventive and/or therapeutic experimental models
inducing tolerance via molecular chimerism have
been reported. Table 2 presents an overview of the
published literature on tolerance via molecular
chimerism in autoimmune models.*! The most
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extensively studied models of molecular chime-
rism in autoimmune disorders are murine models
of experimental autoimmune encephalomyelitis
(EAE) and type 1 diabetes.

a. Molecular Chimerism in Experimental
Autoimmune Encephalomyelitis

EAE—a rodent model to study the human
discase multiple sclerosis (MS)—is a model for
T cell-mediated autoimmunity,. CD4* T cells
respond upon immunization with MBP (Myelin
Basic Protein), mediating central nervous system
demyelination and inflammation, which results in
ascending paralysis.® In one study,introduction of
full-length MBP into HSC of MBP-susceptible
mice failed to induce tolerance, as mice devel-
oped an even higher EAE incidence than control
groups.® This failure is possibly related to an insuf-
ficient expression level of the transduced antigen
and underscores the fact that specific protocols of
molecular chimerism need to be tailor-made for
each indication to ensure efficacy. In subsequent
studies, MBPF, MOG (Myelin Oligodendrocyte
Glycoprotein), and phospholipid protein, all anti-
gens inducing EAE, were introduced into HSC
by retroviral transduction. EAE was abolished
through transplantation of BMC transduced in
this way.*** In another successful therapeutic and
preventive approach, MOG was transduced into
HSC and subsequently transplanted into mice.
Central T-cell tolerance was suggested as a main
mechanism for tolerance induction in this model.3
Recently, a preventive and a therapeutic approach
transplanting BMC expressing the MOG,q;
linked to a murine MHC class II-associated invari-
ant chain, replacing CLIP (CLass II-associated
Invariant chain Peptide) by the MOG epitope,*’
showed that MOG, s expression was targeted to
the MHC class II pathway®® In the preventive
approach, T-cell tolerance was observed but B-cell
tolerance failed (although humoral responses were
diminished).

b. Molecular Chimerism in Models
of Type 1 Diabetes

Most approaches for the induction of molecular
chimerism in type 1 diabetes employ NOD (non-
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TABLE 2. Tolerance Induction by Melecular Chimerism in Autoimmune Disease

Disease Integrated Model Outcome P/T Reference
Antigen
EAE MBP Transplanted BMC in No tolerance observed P 83
B10.PL or SJL
EAE PLP Transplanted BMC in SJL Tolerance in naive T 85
recipients, primed animals
show reduced disease
scores
EAE MOG Transplanted BMC in B6 Tolerance in naive and T 86
remission in primed
recipients
EAE MOG,gcc Transplanted BMC (B Robust protection in naive P 87
CD45.1) in B4 (CD45.2) mice, reduction of disease
in mice with established
EAE
Diabetes Pro-insulin Il NOD-PI BMC in NOD Prevention of diabetes P 92
Diabetes MHC class Il Transplanted BMC in Prevention of disease P 20
I-A B-chain NOD induction by restoration of
protective MHC class Il
Diabetes Pro-insulin 1| Transplanted BMC in Reduced degree of insulitis P 93
NOD
Diabetes MHC class II Transplanted BMC in Robust self-tolerance in T 91
NQOD or in diabetic naive mice, prevention of
I-A p-chain NOD mice after islet recurrence in diabetic mice
transplantation after islet transplantation
Autcimmune B subunit of IE-H/Kp BMC in PC- T-cell tolerance, marked P 148
gastritis H/K-ATPase GMCSF mice drop in H/K ATPase
reactivity

BMC, bone marrow cells; EAE, experimental autoimmune encephalomyelitis; MBP, myelin basic protein; PLP,
phosphlipid protein; MOG, myelin oligodendrocyte glycoprotein; NOD mice, nonobese diabetic mice; NOD-PI
mice, transgenic for mouse proinsulin II; IE-H/KP mice, express the j subunit of the H/K ATPase; PC-GMCSF
mice, express the pro-inflammatory cytokine granulocyte macrophage colony stimulating factor in the stomach;

P, prophylactic; T, therapeutic.

obese diabetic) mice, which is commonly regarded
as the murine model most closely resembling
human type 1 diabetes.® In NOD mice, the MHC
class II region encodes a single molecule, [-A#’
(the murine homolog of HLA-DQB1). Transplan-
tation of syngeneic bone marrow expressing an
MHC class 11 I-Af chain molecule that confers
resistance to diabetes prevented type 1 diabetes
in NOD mice.” In this model, tolerance was a
result of central thymic deletion of autoreactive
T cells. Molecular chimerism and expression of
diabetes-resistant MHC class II alleles in NOD
mice was also suflicient to restore normoglycemia
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in pre-existing type 1 diabetes after islet trans-
plantation.”

Transduction of NOD bone marrow to express
pro-insulin II dramatically reduced spontaneous
insulitis after transfer into young NOD mice.*”
In a transgenic mouse model expressing the
lymphocytic choriomeningitis virus gp peptide
(LCMV-gp) on islet cells under the rat insulin
promoter, diabetes is triggered upon LCMV infec-
tion.”* Transplantation of LCM V-gp-transduced
BMC led to absence of hyperglycemia in chimeric
mice after LCMYV infection.”

Thus, tolerance can be (re-)established via
molecular chimerism in autoimmunity models.
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lll. IgE-MEDIATED ALLERGY

A. IgE-mediated Allergy, a B- and T-cell
Disease

Atopic individuals are predisposed to developing
allergy.”®?7 Allergic sensitization (the primary
response) probably occurs within the first years of
childhood in these patients.*® Soluble allergens are
released in small amounts from allergen-bearing
particles (e.g., pollen) and are absorbed through
the mucosa of the respiratory or gastrointestinal
tract, promoting the differentiation of CD4* T
cells to Th2 (T-helper 2) cells. Th2 cells produce
cytokines such as IL (interleukin)-4 and IL-13,
which induce immunoglobulin class switching to
IgE, and then allergen-specific memory T and B
cells develop. The immediate-phase reaction occurs
when IgE bound to high-affinity Fc receptors on
the surface of mast cells and basophils is cross-
linked by allergen. Pro-inflammatory mediators,
including histamine, are released, resulting in
typical allergic symptoms such as rhinitis, conjunc-
tivitis, or even anaphylaxis. While IgE-mediated
symptoms predominate in the immediate phase,
late-phase reactions (such as asthma) are mainly
T-cell mediated.!,**-1%

The prevalence of allergy in industrialized
countries has risen to over 20%, with more than
700 million people currently affected worldwide.
Although the mortality caused by allergic disease
is relatively low, quality of hfe is significantly
affected by asthma, rhinitis, and eczema.* The
most dramatic clinical presentation of allergy is
anaphylaxis, a relatively rare but life-threatening
event affecting both pediatric and adult patients
(0.05%—29%).12 Studies of multi-generation fami-
lies clearly indicate a strong genetic component of
atopic diseases, with data from one study reveal-
ing that 51% of children with a family history
of atopy developed allergic disease within the
first 5 years of life.'® Therefore, children whose
parents both suffer from severe allergic diseases
such as food and hymenoptera allergies (known
to be potentially lethal) are at a substantial risk of
developing severe allergies themselves.'* For such
individuals, preventive allergen-specific strategies
would be potentially beneficial.”®
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B. Recombinant Allergens for
Immunotherapy

To date, the only causal treatment in IgE-mediated
allergy is allergen-specific immunotherapy. Immu-
notherapy has been in use for about 100 years, even
before allergens were identified. In this method,
crude extracts containing the sensitizing allergens
are repeatedly administered in increasing doses in
the presence of adjuvants. Several immunologi-
cal mechanisms to modulate the immune systern
during immunotherapy have been suggested.”
Induction of allergen-specific IgG-blocking anti-
bodies is one of the most characteristic modulaton
events in immunotherapy, as is a shift of Th2- to
a'Th1-like response.'% Recently, IL-10 and TGFf
(Transforming Growth Factor beta)-dependent
regulatory T cells have also been suggested to
play a role.1%

Crude extracts used for specific immuno-
therapy contain additional allergenic and non-
allergenic material. Therefore, allergen-specific
immunotherapy is associated with limited effec-
tiveness and substantial risks, as excrnp].i_ﬁcd h}r
anaphylactic reactions or therapy-induced sensi-
tization to additional allergens."'%” Recombinant
allergens are alternative candidates for immuno-
therapy. In the last 20 years, most of the common
allergen-encoding ¢cDNAs have been isolated
and recombinant allergens can thus be produced
with high purity.'® Recombinant allergens do not
contain unknown components and can therefore
be precisely “tailored” to the sensitization profile
of one individual. %! Moreover several modified
recombinant allergens have been constructed with
the goal of deliberately improving their proper-
ties.!! For example, a trimer of the birch pollen
allergen Bet v 1,'? a2 multimer of different major
grass pollen allergens,!!? or two homologous venom
allergens,* have been constructed. Hypoallergenic
allergen derivatives are modified allergens with
reduced allergenicity, leading to a reduction of IgE-
mediated effects, but preserved T-cell-mediated
immunogenicity.!"* These recombinant hybrid and
hypoallergenic allergen derivatives are attractive
candidates for immunotherapy.

Recently, the efficacy of recombinant aller-
gens has been evaluated in clinical studies.!'6117
A modified recombinant allergen (trimer) of the
major birch pollen allergen significantly reduced
allergic disease upon vaccination.!"® Additionally,
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a modified allergen conjugated to CpG showed
immunostimulatory activity to Th1 responses, ame-
liorating allergic disease.” Short linear peptides
are not able to cross-link adjacent IgEl molecules
on mast cells and basophils and therefore lack
the risk to induce anaphylaxis. Therefore T-cell
peptide-based therapeutic vaccines for allergic
and autoimmune disease have been suggested.'?
Unfortunately, intradermal administration of
three dominant T-cell epitope peptides of the cat
allergen Fel d induced late asthmatic reactions in
some patients,!21122

C. Experimental Approaches for
Preventive Tolerance in Allergy

Mucosal tolerance approaches have been assessed
in various experimental models of allergy and
autoimmune disease, but data from clinical trials in
humans were overall disappointing.’ Ovalbumin
often serves as model antigen in IgE-mediated
allergy, although it is not a relevant allergen in
human allergy. The concept of inducing T-cell
tolerance by administration of immunodominant
T-cellepitopes has been successfully demonstrated
by intranasal treatment of mice with high doses
of house dust mite allergen (Der p 1) peptides.
Lymph node T cells from tolerized mice were
unable to provide cognate help in stimulating
specific antibody production in vitro.'”* Although
only one epitope was used for treatment, T-cell
responses to the other epitopes of the antigen
were subsequently down-regulated, suggesting a
mechanism of “infectious” tolerance.'?
Dominant T-cell epitope-containing polypep-
tides of three different allergens were administered
intranasally in a similar approach. After subsequent
challenge with allergens, allergen-specific humoral
and effector cell responses were reduced but not
completely prevented.!? In other models, airway
inflammation was reduced by intranasal and
subcutaneous administration.”” A recombinant
allergen chimeric molecule consisting of T-cell
epitopes of two different grass pollen allergens and
full-length birch pollen allergen revealed reduc-
tion of IgE and IgG allergen-specific responses
after intranasal application and evidence for
induction of regulatory T' cells upon application
of two fragments of Bet v 1.12%!2 The intranasal
application of the dominant T-cell epitope of
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olive pollen (Ole 1) induced an allergen-specific
shift from Th2 to Th1 response.’3 Most of these
experimental approaches for tolerance induction
and prevention of allergy showed only partial
T-cell and B-cell tolerance and included short
follow-up times.

D. Molecular Chimerism in Allergy

Given the evidence that molecular chimerism
is capable of inducing tolerance in transplanta-
tion and autoimmunity (as described above), we
recently set out to investigate if this strategy can
be used to establish genuine tolerance in IgE-
mediated allergy.

1. Proof-of-Principle Studies

As first step, we developed an experimental pro-
tocol for tolerance in IgE-mediated allergy as a
preventive approach.'** We employed the clinically
relevant timothy grass pollen allergen Phleum
pratense (Phl p 5),2 which is highly immunogenic
upon subcutaneous sensitization with adjuvans
(aluminum hydroxide) in BALB/c mice.'** Fus-
ing full-length Phl p 5 ¢cDNA to a signal peptide
and a transmembrane domain, we generated a
construct FOF rncl‘nhram:-bound CXPI'I:SSiOr! Uf- Phl
p 5 on hematopoietic cells. Using this construct,
BALB/c bone marrow was transduced to express
high levels of Phl p 5. Myeloablated recipients
were reconstituted with transduced bone mar-
row, resulting in stable and long-term molecular
multi-lineage chimerism (follow-up time was
approximately 9 mo). Persistent multi-lineage
chimerism for this period of time is indicative of
successful transduction and engraftment of true
HSC, which was also confirmed by the presence
of chimerism upon secondary BMT (Fig. 2).13
Complete absence of Phl p 5-specific high-
affinity isotypes (no IgG isotypes, IgE and Igﬁt)
was observed in chimeras throughout follow-up,
despite repeated immunization post-BMT with
Phl p 5 and the unrelated birch pollen allergen
Bet v 1. Likewise, allergen-specific T-cell unre-
sponsiveness developed. Phl p 5-chimeras showed
effective cellular and humoral immunity toward the
unrelated control allergen Bet v 1, demonstrating
the specificity of tolerance. Effector cell tolerance
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FIGURE 2. Experimental procedure for tolerance through molecular chimerism in allergy. The figure depicts the
in vivo protocol of the proof-of-principle studies for tolerance induction towards the allergen Phl p 5 via molecular
chimerism. Mice conditioned with T-cell-depleting antibodies, costimulation blockade, and lethal irradiation are
transplanted with Phl p 5-transduced syngeneic bone marrow cells. Mice are subsequently repeatedly challenged
with recombinant allergens (Phl p 5 and the unrelated control allergen Bet v 1). Chimerism and in vivo and in

vitro tolerance are assessed throughout follow-up.

was shown in in vitro basophil assays (no release)
and in vivo by type I skin testing (no mast cell
response in the skin).

Thus, robust and permanent immunological
tolerance toward the introduced allergen was
established in this preventive approach at the T
cell, B cell, and effector cell levels.

2. Limitations and Future Directions

While the proof-of-principle studies demonstrate
that a complete state of tolerance toward an aller-
gen can indeed be achieved through molecular
chimerism, several impediments currently limit
the applicability of this approach.

a. Reduction of Cytotoxic Recipient
Conditioning

To allow engraftment of sufficient numbers of
transplanted bone marrow cells, cytotoxic recipi-
ent conditioning is usually required. However,
irradiation, cytotoxic drugs, or cytotoxic antibodies
would not be clinically acceptable in the setting
of allergy. Data from other molecular chimerism
models and recent development in the mixed
chimerism area demonstrate that toxicity of
recipient conditioning can be substantially reduced

390

and non-myeloablative and even non-cytotoxic
regimens are possible.227087.135136 Thys, it appears
likely that molecular chimerism protocols in allergy
with non-toxic conditioning will become feasible
in the future.

b. Replacing Retroviral Gene Transfer with
Safer Methods

Gamma-retro and lentiviral gene transfer are
currently the only methods used to establish
stable integration of a transgene in HSC, and
they are associated with severe side effects in
clinical trials. Therefore, non-viral gene transfer
systems would be desirable for safety reasons.
Recently, the transposase hyperactive Sleeping
Beauzy (SB) mutant (SB100X) was shown to
be successful in stable gene transfer in CD34~
HSC, offering the advantage of integrating more
randomly rather than preferentially targeting
actively transcribed genes as retro-and lentivi-
ral systems do. These cells have the capacity to
repopulate and differentiate into both lymphoid
and myeloid lineages in vivo, as demonstrated in
mice.!¥1% Integration into the genome would be
necessary if persistent chimerism is required for
long-lasting tolerance. Unlike in murine models,
transient mixed chimerism is sufficient for lasting
tolerance in non-human primate models and in
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FIGURE 3. Molecular chimerism in allergy. Most clinically important allergens have been identified and
are available as recombinant proteins. A combination of genes encoding the relevant allergens is stably
integrated into the genome of hematopoietic stem cells (through retroviral transduction), which are then
transplanted back into the same individual. Bone marrow, mobilized peripheral stem cells, or cord blood
are conceivable sources of hematopoietic stem cells. Molecular chimerism and tolerance to the introduced

allergens are established.

the clinical setting.**'3 For transient chimerism
it would be sufhicient to only temporarily anchor
antigens directly to the membrane or to deliver
antigens or DNA extrachromosomally.!+0:14!

c. Avoiding the Risk of Anaphylaxis

In our experimental model, full-length Phl p 5
was expressed on the surface of HSC, leading
to B-cell tolerance toward Phl p 5. However,
full-length expression of allergens increases the
risk of anaphylaxis, especially in the therapeutic
setting. It was demonstrated previously that
expression of GFP (Green Fluorescent Protein)
in the cytoplasm was effective in inducing T-cell
tolerance, but it is unclear whether B-cell tolerance
was also achieved.*? Another possibility to avoid
the risk of anaphylaxis would be to express only
T-cell epitopes instead of the intact protein. This
is conceivably sufficient to tolerize T cells, which
in turn can lead to B-cell tolerance through a lack

Volume 29 Number 5

of T-cell help.** Employing peptides would also
facilitate fusion of several allergen-fragments and
would thus allow tolerance induction towards
numerous allergens (Fig. 3).

d. Developing a Therapeutic Strategy

Our initial experimental studies used a preventive
approach. While strategies for allergy prevention
are urgently needed,” establishing allergen-
specific tolerance in already sensitized patients is
also an important goal, Chimerism-based proto-
cols are indeed capable of inducing tolerance in
sensitized recipients, as shown for allo-sensitized
mice and mixed chimerism and autoimmunity and
molecular chimerism,* 786 Thus, it is likely that
regimens can be developed that induce tolerance
in mice sensitized to an allergen. However, such
protocols are expected to require more intense
recipient conditioning.
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IV. CONCLUSIONS

Hematopoietic chimerism modulates the immune
repertoire in such a way that extrinsic antigens
are recognized like “self” antigens. Molecular
chimerism offers the possibility to induce robust
and long-lasting tolerance toward disease-causing
antigens by genetic modification of autologous
cells and subsequent reinfusion of these cells.
Proof-of -principle studies have shown that this
concept is applicable for tolerization of a type I
allergic immune response, Molecular chimerism
is a promising strategy, but is currently at an early
stage of development. Development of less-toxic
protocols and delivery systems is expected to
contribute to the establishment of a cell-based
protocol for preventing IgE-mediated allergy.

ACKNOWLEDGMENTS

Part of the work described herein was supported
by research grants from the Austrian Science Fund
(FWE, F2310 to T.W.) and from Biomay, Vienna.
The authors would like to thank Dr. Birgit Linhart

for helptul discussions.

REFERENCES

1, Valenta R.The future of antigen-specific immunother-
apy of allergy. Nat Rev Immunol. 2002;2:446-53,

2, von Boehmer, H. and P. Kisielow. Negative selection of
the T-cell repertoire: Where and when does it occur?
Immunol Rev. 2006;20%:284-9.

3. Ildstad ST, Sachs DH. Reconstitution with syngeneic
plus allogeneic or xenogeneic bone marrow leads to
specific acceptance of allografts or xenografts. Nature.
1984;307:168-70,

4. Kirk AD. Clinical tolerance. Transplantation.
2008;87:953-5.

5. Tkehara S, Ohtsuki H, Good RA, Asamoto H,
Nakamura T, Sekita K, Muso E, Tochino Y, Ida T,
Kuzuya H, Imura H, Hamashima Y. Prevention of
type I diabetes in nonobese diabetic mice by allogenic
bone marrow transplantation. Proc Natl Acad Sei U
S A.1985;82:7743-7.

6. Sykes M, Nikolic B. Treatment of severe autoim-
mune disease by stem-cell transplantation. Narture.
2005;435:620-7.

7. Yasumizu R, Sugiura K, Iwai H, Inaba M, Makino S,
Ida T, Imura H, Hamashima Y, Good RA, Ikehara S.
Treatment of type 1 diabetes mellitus in non-obese
diabetic mice by transplantation of allogeneic bone

392

10.

11.

12,

13,

14.

15,

16.

17

18,

19,

20.

21,

-152 -

marrow and pancreatic tissue. Proc Natl Acad Sci U
S A. 1987;84.6555-7.

Burt RK, Slavin S, Burns WH, Marmont AM.
Induction of tolerance in autoimmune diseases by
hematopoietic stem cell transplantation: getting closer
to a cure? Blood. 2002;99(3):768-84.

Burt RK, Loh Y, Cohen B, Stefosky D, Balabanov R,
Katsamakis G, Oyama Y, Russell EJ, Stern |, Muraro
PR]J, Testori A, Bucha J, Jovanovic B, Milanett F,
Storek J, Volrarelli JC, Burns WH. Autalogous non-
myeloablative haemopoietic stem cell transplantation
in relapsing-remitting multiple sclerosis: a phase I/11
study. Lancet Neurol.2009;8:244-53.

Owen RD. Immunogenetic consequences of vascular
anastomoses between bovine twins. Science.
1945;102:400-1.

Billingham RE, Brent L, Medawar PB.“Actively acquired
tolerance” of foreign cells, Nature. 1953;172:603-6.
Starzl TE, Zinkernagel RM. Transplantation toler-
ance from g historical perspective. Nat Rev Immunol.
2001;1:233-9.

Appelbaum FR. Hematopoietic-cell transplantation
at 50. N Engl ] Med. 2007;357(15):1472-5.

Sykes M, Sheard MA, Sachs DH. Graft-versus-
host-related immunosuppression is induced in
mixed chimeras by alloresponses against either host
or donor lymphohematopoietic cells. ] Exp Med.
1988;168:2391-6.

Singer A, Hathcock KS, Hodes R]. Self recognition
in allogeneic radiation chimeras. A radiation resistant
host clement dictates the self specificity and immune
response gene phenotype of T-helper cells. ] Exp Med.
1981;153:1286-1301.

Sharabi Y, Sachs DH. Mixed chimerism and per
manent specific transplantation tolerance induced
by a non-lethal preparative regimen. ] Exp Med.
1989;169:493-502.

Wekerle T, Sayegh MH, Hill ], Zhao Y, Chandraker A,
Swenson KG, Zhao G, Sykes M. Extrathymic T cell
deletion and allogeneic ster cell engraftment induced
with costimulatory blockade is followed by central T
cell tolerance. ] Exp Med. 1998;187:2037—44.
Taylor PA, Lees CJ, Waldmann H, Noelle R], Blazar
BR. Requirements for the promotion of allogencic
engraftment by anti-CD154 (anti-CD40L) mono-
clonal antibody under nonmyeloablative conditions.
Blood. 2001;98:467=74.

Adams AB, Durham MM, Kean L, Shirasugi N, Ha
J, Williams MA, Rees PA, Cheung MC, Mittelstaedt
S, Bingaman AW, Archer DR, Pearson TC, Waller
EK, Larsen CP. Costimulation blockade, busulfan,
and bone marrow promote titratable macrochimerism,
induce transplantation tolerance, and correct genetic
hemoglobinopathies with minimal myelosuppression.
J Immunol. 2001;167:1103-11.

Pree I, Pilat N, Wekerle T. Recent progress in toler-
ance induction through mixed chimerism. Int Arch
Allergy Immunol, 2007;144:254-66.

Durham MM, Bingaman AW, Adams AB, Ha ],
Wiaitze S-Y, Pearson TC, Larsen CP. Administration

Critical Reviews™ in Immunology



22.

23.

24,

25.

26.

27,

28.

29.

30.

3.

32

33.

of anti-CD40 ligand and donor bone marrow leads
to hematopoietic chimerism and donor-specific toler-
ance without cytoreductive conditioning. ] Immunol.
2000;165:1-4.

Wekerle T, Kurtz ], Iro H, Ronquillo JV, Dong V, Zhao
G, Shaffer ], Sayegh MH, Sykes M. Allogeneic bone
marrow transplantation with co-stimulatory blockade
induces macrochimerism and tolerance without cytore-
ductive host treatment. Nature Med. 2000;6:464-9.
Pilat N, Klaus C, Schwaiger E, Wekerle T. Hurdles
to the induction of tolerogenic mixed chimerism.
Transplantation. 2009.87:579-84.

Joffre O, Santolaria T, Calise D, Al Saati T, Hudrisier
D, Romagnoli P, Meerwijk JP. Prevention of acute and
chronic allograft rejection with CD4+CD25+Foxp3+
regulatory T lymphocytes. Nat Med. 2008;14:88-92.
Tsang JY, Tanriver Y, Jiang S, Xue SA, Ratnasothy K,
Chen D, Stauss HJ, Bucy RP, Lombardi G, Lechler
R. Conferring indirect allospecificity on CD4+CD25+
Tregs by TCR gene transfer favors transplantation
tolerance in mice. ] Clin Invest. 2008;118:3619-28.
Kappler JW, Roehm N, Marrack P. T cell toler-
ance by clonal elimination in the thymus. Cell.
1987;49:273-80.

Bigenzahn S, Blaha P, Koporc Z, Pree I, Selzer E,
Bergmeister H, Wrba F, Heusser C, Wagner K,
Muchlbacher F, Wekerle T. The role of non-deletional
tolerance mechanisms in a murine model of mixed chi-
merism with costimulation blockade. Am ] Transplant.
2005:5:1237-47.

Kirk A, Burkly L, Batty D, Baumgartner R, Berning
I, Buchanan K, Fechner ], Germond R, Kampen R,
Patterson N, Swanson S, Tadaki D, TenHoor C, White
L, Knechtle §], Harlan DM. Treatment with human-
ized monoclonal antibody against CD154 prevents
acute renal allograft rejection in nonhuman primates.
Natr Med.1999;5:686-93.

Sidiropoulos PI, Boumpas DT. Lessons learned from
anti-CD40L treatment in systemic lupus erythema-
tosus patients. Lupus. 2004;13:391-7.

Adams AB, Shirasugi N, Jones TR, Durham MM,
Strobert EA, Cowan S, Rees P, Hendrix R, Price K,
Kenyon NS, Hagerty D, Townsend R, Hollenbaugh D,
Pearson TC, Larsen CP. Development of a chimeric
anti-CD40 monoclonal antibody that synergizes with
LEA29Y to prolong islet allograft survival. ] Immunol.
2005;174:542-50.

Bluestone JA, St Clair EW, Turka LA. CTLAA4Ig:
Bridging the basic immunology with clinical applica-
tion. Immunity. 2006;24:233-8.

Abrams JR, Lebwohl MG, Guzzo CA, Jegasothy
BV, Goldfarb MT, Goffe BS, Menter A, Lowe NJ,
Krueger G, Brown M], Weiner RS, Birkhofer M],
Warner GL, Berry KK, Linsley PS, Krueger JG,
Ochs HD, Kelley SL, Kang S. CTLA4Ig-mediated
blockade of T-cell costimulation in patients with
psoriasis vulgaris. ] Clin Invest. 1999;103:1243-52,
Davidson A, Diamond B, Wofsy D, Daikh D.
Block and tackle: CTLA4lg takes on lupus. Lupus.
2005;14:197-203.

Volume 29 Number 5

34,

35.

36.

37.

38.

39.

41.

42,

43.

- 153 -

Larsen CP, Elwood ET, Alexander DZ, Ritchie SC,
Hendrix R, Tucker-Burden C, Rae Cho H, Aruffo A,
Hollenbaugh D, Linsley PS, Winn KJ, Pearson TC.
Long-term acceptance of skin and cardiac allografts
after blocking CD40 and CD28 pathways. Nature.
1996;381:434-8.

Larsen CF, Pearson TC, Adams AB, Tso P, Shirasugi N,
Strobert E, Anderson D, Cowan S, Price K, Naemura J,
Emswiler ], Greene J, Turk LA, Bajorath J, Townsend
R,Hagerty D, Linsley PS, Peach RJ. Rational develop-
ment of LEA29Y (belatacept), a high-affinity variant of
CTLA4-Ig with potent immunosuppressive properties.
Am ] Transplant. 2005;5:443-53.

Vincenti F, Larsen C, Durrbach A, Wekerle T,
Nashan B, Blancho G, Lang P, Grinyo J, Halloran
PF, Solez K, Hagerty D, Levy E, Zhou W, Natarajan
K, Charpentier B. Costimulation blockade with
belatacept in renal transplantation. N Engl ] Med.
2005;353:770-81.

Fudaba Y, Spitzer TR, Shaffer ], Kawai T, Fehr T,
Delmonico F, Preffer F, Tolkoff-Rubin N, Dey BR,
Saidman 5L, Kraus A, Bonnefoix T, McAfee S, Power
K, Kattleman K, Colvin RB, Sachs DH, Cosimi AB,
Sykes M. Myeloma responses and tolerance follow-
ing combined kidney and nonmyeloablative marrow
transplantation: In vivo and in vitro analyses. Am |
Transplant. 2006;6:2121-33.

Fehr T, Sykes M. Clinical experience with mixed
chimerism to induce transplantation tolerance. Transpl
Int. 2008;21:1118-35.

Kawai T, Cosimi AB, Spitzer TR, Tolkoff-Rubin N,
Suthanthiran M, Saidman SL, Shaffer J, Preffer FI,
Ding R, Sharma V, Fishman JA, Dey B, Ko DS, Hertl
M, Goes NB, Wong W, Williams Jr WW, Colvin RB,
Sykes M, Sachs DH. HLA-mismatched renal trans-
plantation without maintenance immunosuppression.
N Engl J Med. 2008;358:353-61.

Porcheray F, Wong W, Saidman SL, De Vito J,
Girouard T'C, Chittenden M, Shaffer ], Tolkoff-Rubin
N, Dey BR, Spitzer TR, Colvin RB, Cosimi AB, Kawai
T, Sachs DH, Sykes M, Zorn E. B-cell immunity in
the context of T-cell tolerance after combined kidney
and bone marrow transplantation in humans. Am J
Transplant. 2009;9:2126-35.

Xu H, Chilton PM, Tanner MK, Huoang Y, Schanie
CL, Dy-Liacco M, Yan ], Tldstad ST. Humoral
immunity is the dominant barrier for allogeneic
bone marrow engraftment in sensitized recipients.
Blood.2006;108:3611-9.

Qhdan H, Swenson KG, Kitamura H, Yong-Guang Y,
Sykes M. Tolerization of Gal alphal,3Gal-reactive B
cells in pre-sensitized alphal,3-galactosyltransferase-
deficient mice by nonmyeloablative induction of
chimerism. Xenotransplantation. 2001;8:227-38.
Khan, F, Hallstrand TS, Geddes MN, Henderson WR],
Storek ].Is allergic disease curable or transferable with
allogeneic hematopoietic cell transplantation? Blood.
2009;113:279-90.

Loh Y, Oyama Y, Statkute L, Quigley K, Yaung K,
Gonda E, Barr W, Jovanovic B, Craig R, Stefoski

393



43,

46.

47.

48.

49,

50.

51,

52.

53

394

D, Cohen B, Burt RK. Development of a second-
ary autoimmune disorder after hematopoictic stem
cell transplantation for autoimmune diseases: role
of conditioning regimen used. Blood. 2007;109:
2643-8.

Marmont AM. Will hematopoietic stem cell trans-
plantation cure human autoimmune diseases? The use
of bone marrow transplantation to treat autoimmunc
discase. ] Autoimmun. 2008;30:145-50.

Daikeler T, Hugle T, Farge D, Andolina M, Gualandi
F, Baldomero H, Bocelli-Tyndall C, Brune M,
Dalle JH, Ehninger G, Gibson B, Linder B, Lioure
B, Marmont A, Matthes-Martin 5, Nachbaur D,
Schuetz P, Tyndall A, van Laar [M, Veys P, Saccardi
R, Gratwohl A. Allogencic hematopoietic SCT for
patients with autoimmune diseases. Bone Marrow
Transpl. 2009;44(1):27-33.

Burt RK, Oyama Y, Verda L, Quigley K, Brush M,
Yaung K, Statkute L, Traynor A, Barr WG. Induction
of remission of severe and refractory rheumatoid
arthritis by allogeneic mixed chimerism. Arthritis
Rheum. 2004;50:2466-70.

Lu Q, Lu L, Niu X, Guo Y, Parino GR, Liu D.
Non-myeloablative allogeneic stem cell trans-
plant in a patient with refractory systemic lupus
erythematosus. Bone Marrow Transpl. 2006;37:
979-981.

Bagley J, lacomini J. Gene therapy progress and pros-
pects: gene therapy in organ transplantation. Gene
Ther. 2003;10:605-11.

Baum C, Dullmann J, Li Z, Fehse B, Meyer J,
Williams DA, von Kalle C. Side effects of retroviral
gene transfer into hemartopoietic stem cells. Blood.
2003;101:2099-13.

Hacein-Bey-Abina §, von Kalle C, Schmidt M, Le
Deist F, Wulffraat N, Mclntyre E, Radford 1, Villeval
J-L, Fraser CC, Cavazzana-Calvo M, Fischer A. A
serious adverse event after successful gene therapy for
X-linked severe combined immunodeficiency. N Engl
J Med. 2003;348:255-6.

Hacein-Bey-Abina S, Garrigue A, Wang GP, Soulier J,
Lim A, Morillon E, Clappier E, Caccavelli L, Delabesse
E, Beldjord K, Asnaf V, Maclntyre E, Dal Cortivo L,
Radford I, Brousse N, Sigaux F, Mashous D, Hauer |,
Borkhardt A, Belohradsky BH, Wintergerst U, Velez
MC, Leiva L, Sorensen R, Wulffraac N, Blanche
S, Bushman FD, Fischer A, Cavazzana-Calvo M.
Insertional oncogenesis in 4 patients after retrovirus-
mediated gene therapy of SCID-X1, J Clin Invest,
2008;118:3132-42.

Aiuti A, Cattaneo F, Galimberti 5, Benninghoft U,
Cassani B, Callegaro L, Scaramuzza 5, Andolfi G,
Mirolo M, Brigida I, Tabuechi A, Carlucci F, Eibl
M, Aker M, Slavin S, Al-Mousa H, Al Ghonaium
A, Ferster A, Duppenthaler A, Notarangelo L,
Wintergerst U, Buckley RH, Bregni M, Marktel §,
Valseechi MG, Rossi P, Ciceri F, Miniero R, Bordignon
C, Roncarolo MG. Gene therapy for immunodefi-
ciency due to adenosine deaminase deficiency. N Engl
J Med. 2009 360:447-458.

54,

55:

56.

57.

58.

59,

60,

61.

65.

66.

- 154 -

Mitsuyasu RT, Merigan TC, Carr A, Zack JA,
Winters MA, Workman C, Bloch M, Lalezari J,
Becker S, Thornton L, Akil B, Khanlou H, Finlayson
R, McFarlane R, Smith DE, Garsia R, Ma D, Law
M, Murray JM, von Kalle C, Ely JA, Patino SM,
Knop AE, Wong P, Todd AV, Haughton M, Fuery
C, Macpherson JL, Symonds GPF, Evans LA, Pond
SM, Cooper DA. Phase 2 genc therapy trial of an
anti-HIV ribozyme in autologous CD34+ cells. Nat
Med. 2009;15:285-92.

Sykes M, Sachs DH, Nienhuis AW, Pearson DA,
Moulton AD, Bodine DM. Specific prolongation
of skin graft survival following retroviral transduc-
tion of bone marrow with an allogeneic MHC gene.
Transplantation. 1993;55:197-202.

LeGuern C. Tolerogenic property of MHC
class 1 and class IT molecules: lessons from a
gene therapy approach. Front Biosci. 2007;12:
3133-9.

Madsen JC, Superina RA, Wood KJ, Morris PJ.
Immunological unresponsiveness induced by recipi-
ent cells transfected with donor MHC genes. Nature.
1988;332:161-4.

Fraser CC, Sykes M, Lee RS, Sachs DH, LeGuern C.
Specific unresponsiveness to a retrovirally-transferred
class [ antigen is controlled through the helper pathway.
J Immunol. 1995;154:1587-95.

Mayfield RS, Hayashi H, Sawada T, Bergen K, LeGuern
C, Sykes M, Sachs DH, lacomini J. The mechanism of
specific prolongation of class [-mismatched skin grafts
induced by retroviral gene therapy. Eur ] Immunol.
1997,27:1177-81.

Emery DW, Sablinski T, Shimada H, Germana S,
Gianello P, Foley A, Shulman 3, Arn S, Fishman
J, Lorf T, Nickeleit V, Colvin RB, Sachs DH,
LeGuern C. Expression of an allogeneic MHC DRB
transgene, through retroviral transduction of bone
marrow, induces specific reduction of allorcactivity.
Transplantation.1997;64:1414-23.

Sonntag KC, Emery DW, Yasumoto A, Haller G,
Germana S, Sablinski T, Shimizu A, Yamada K,
Shimada H, Arn §, Sachs DH, LeGuern C. Tolerance
to solid ergan transplants through transfer of MHC
class IT genes. ] Clin Invest. 2001;107:65-71,

Bagley J, Wu Y, Sachs DH, lacomini J. Defining
the requirements for peptide recognition in gene
therapy-induced T cell tolerance. ] Immunol.
2000;165:4842-7.

Kang ES, Iacomini J. Induction of central dele-
tional T cell tolerance by gene therapy. | Immunol.
2002;169:1930-5.

Bagley ], Tian C, Sachs DH, lacomini J. Induction
of T-cell tolerance to an MHC class I alloantigen by
gene therapy. Blood.2002;99:4394-9.

Forman D, Kang ES, Tian C, Paez-Cortez ],
Tacomini  J. Induction of alloreactive CD4 T cell
tolerance in molecular chimeras: a possible role for
regulatory T cells. ] Immunol. 2006;176:3410-6.
Sharabi Y, Abraham V8, Sykes M, Sachs DH. Mixed

allogeneic chimeras prepared by a non-myeloablative

Critical Reviews™ in Immunology



67.

68.

69,

70.

71.

72.

3.

74.

75.

76.

77.

78,

79.

80.

gl.

82.

regimen: requirement for chimerism to maintain
tolerance. Bone Marrow Transpl. 1992;9:191-7.
Tian C, Bagley J, Tacomini J. Persistence of antigen is
required to maintain transplantation tolerance induced
by genetic modification of bone marrow stem cells.
Am ] Transplant. 2006;6:2202-7.

Tian C, Bagley J, lacomini J. Expression of antigen
on mature lymphocytes is required to induce T cell
tolerance by gene therapy. | Immunol. 2002;169:
3771-6.

Tian C, Bagley ], Forman D, lacomini ]. Induction
of central tolerance by mature T cells. ] Immunol.
2004;173:7217-22,

Tian C, Yuan X, Bagley ], Blazar BR, Sayegh MH,
lacomini J. Induction of transplantation tolerance
by combining non-myeloablative conditioning with
delivery of alloantigen by T cells. Clin Immunol.
2008;127:130-7.

Tian C, Bagley J, Iacomini J. Homeostatic expansion
permits T cells to re-enter the thymus and deliver
antigen in a tolerogenic fashion. Am ] Transplant.
2007;7:1934-41.

Bracy JL, Cretin N, Cooper DK, Tacomini J.
Xenoreactive natural antibodies. Cell Mol Life Sei.
1999 Dec;56(11-12):1001-7.

Bracy JL, Sachs DH, Tacomini J. Inhibition of xeno-
reactive natural antibody production by retroviral gene
therapy. Science.1998;281:1845-7,

Bracy JL, lacomini ]. Induction of B-ccll tolerance by
retroviral gene therapy. Blood. 2000;96:3008-15.
Bracy JL, Chase CM, Russell PS, Mauiyyedi S, Colvin
RB, Tacomini J. Induction of molecular chimerism
by gene therapy prevents antibody-mediated heart
transplant rejection. Gene Ther, 2001;8:1738-44,
Bracy ], Iacomini J. Engraftment of genetically modi-
fied bone marrow cells in sensitized hosts. Mol Ther.
2002;6:252-7.

Kearns-Jonker M, Fischer-Lougheed ], Shulkin I,
Kleihauer A, Mirsuhashi N, Kohn DB, Weinberg K,
D'Apice AJ, Starnes VA, Cramer DV, Use of lentiviral
vectors to induce long-term tolerance to gal(+) heart
grafts. Transplantation, 2004;77:1748-54,
Mitsuhashi N, Fischer-Lougheed ], Shulkin I,
Kleihauer A, Kohn DB, Weinberg KI, Starnes VA,
Kearns-Jonker M. Tolerance induction by lentiviral
gene therapy with a nonmyeloablative regimen. Blood.
2006;107:2286-93.

Fischer-Lougheed JY, Tarantal AF, Shulkin I,
Mitsuhashi N, Kochn DB, Lee CC, Kearns-Jonker
M. Gene therapy to inhibit xenoantibedy production
using lentiviral vectors in non-human primates. Gene
Ther. 2006;14:49-57.

Miller SD, Turley DM, Podojil JR. Antigen-specific
tolerance strategies for the prevention and treat-
ment of autoimmune disease. Nat Rev Immunol.
2007,7:665-77.

Alderuccio F, Murphy K, Toh BH. Stem cells engi-
neered to express self-antigen to treat autoimmunity.
Trend Tmmunol. 2003;24:176-80.

Zamyil 55, Steinman L. The T lymphocyte in experi-

Volume 29 Number 5

B3

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

- 155 -

mental allergic encephalomyelitis. Annu Rev Immunol.
1990;8:579-621.

Peters TR, Bodine DM, McDonagh KT, Lovert-Racke
A, McFarland HF, McFarlin DE, Nienhuis AW, Racke
MEK. Retrovirus mediated gene transfer of the self
antigen MBP into the bone marrow of mice alters
resistance to experimental autoimmune encephalo-
myelitis. ] Neuroimmunol. 2000;103:51-62.

Xu B, Scott DW. A novel retroviral gene therapy
approach to inhibit specific antibody production and
suppress experimental autoimmune encephalomy-
elitis induced by MOG and MBP. Clin Immunol.
2004;111:47-52.

Xu B, Haviernik P, Wolfraim LA, Bunting KD, Scott
DW. Bone marrow transplantation combined with
gene therapy to induce antigen-specific tolerance and
ameliorate EAE. Mol Ther. 2006;13:42-8.

Chan [, Ban E], Chun KH, Wang S, Biickstrom BT,
Bernard CC, Toh BH, Alderuccio F. Transplantation
of bone marrow transduced to express self-
antigen establishes deletional tolerance and per-
manently remits autoimmune disease. ] Immunol.
2008;181:7571-80.

Eixarch H, Espejo C, Gémez A, Mansilla M],
Castillo M, Mildner A, Vidal F, Gimeno R, Prinz
M, Montalban X, Barquinero J. Tolerance induction
in experimental autoimmune encephalomyelitis using
non-myeloablative hematopoietic gene therapy with
autoantigen. Mol Ther.2009;17:897-905.

Bischof F, Wienhold W, Wirblich C, Malcherck G,
Zevering O, Kruisbeck AM, Mclms A. Specific treat-
ment of autoimmunity with recombinant invariant
chains in which CLIP is replaced by self-epitopes.
Proc Natl Acad Sci USA.2001;98:12168-73.

Bagley J, Pacz-Cortez ], Tian C, Iacomini J. Gene
therapy in type 1 diabetes. Crit Rev Immunol.
2008;28:301-24.

Tian C, Bagley ], Cretin N, Seth N, Wucherpfennig
KW, Iacomini J. Prevention of type 1 diabetes by gene
therapy. | Clin Invest. 2004;114:969-78.

Tian C, Ansari MJ, Paez-Cortez ], Bagley ], Godwin J,
Donnarumma M, Sayegh MH, Jacomini J. Induction
of robust diabetes resistance and prevention of recur-
rent type 1 diabetes following islet transplantation by
gene therapy. ] Immunol. 2007,179:6762-9.

Steptoe R], Ritehie JM, Harrison LC. Transfer
of hematopoietic stem cells encoding autoanti-
gen prevents autoimmune digbetes. ] Clin Invest.
2003;111:1357-63.

Chan ], Clements W, Field ], Nasa Z, Lock P, Yap
F, Toh BH, Alderuccio F. Transplantation of bone
marrow genetically engineered to express proinsulin 1T
protects against antoimmune insulitis in NOD mice.
J Gene Med.2006;8:1281-90.

Ohashi PS, Oehen 8, Aichele P, Pircher H, Odermatt
B, Herrera P, Higuchi Y, Buerki K, Hengartner H,
Zinkernagel RM. Induction of diabetes i3 influenced
by the infectious virus and local expression of MHC
class I and tumor necrosis factor-alpha. J Tmmunol.
1993,150:5185-94.

395



85. Ally BA, Hawley TS, McKall-Faienza KJ, Kiindig
TM, Oehen SU, Pircher H, Hawley RG, Ohashi
PS. Prevention of autcimmune discase by retroviral-
mediated gene therapy. ] Immunol. 1995;155:5404-8.
96. Coffman RL. Origins of the T(H)1-T(H)2 model: a

personal perspective. Nat Immunol. 2006;7:539-41. B2 i

97.  Romagnani 5. Regulation of the development of type
2 T-helper cells in allergy. Curr Opin Immunol.
1994;6:838-46,

98.  Kulig M, Bergmann R, Klettke U, Wahn V| Tacke

U, Wahn U. Natural course of sensitization to food 114,

and inhalant allergens during the first 6 years of life.
J Allergy Clin Immunol. 1999;103:1173-9.

99. Larché M, Akdis CA, Valenta R. Immunological
mechanisms of allergen-specific immunotherapy. Nat
Rev Immunol. 2006;6(10):761-71.

100. Bischoff SC. Role of mast cells in allergic and 115,

non-allergic immune responses: comparison of

human and murine data. Nat Rev Immunol. 2007;7: 116.

93-104,
101. Valenta R, Mittermann I, Werfel T, Garn H, Renz
H. Linking allergy ro autoimmune disease. Trends

Immunol. 2009;30:109-16. 117.

102. Triggiani M, Patella V, Staiano RI, Granata F, Marone
G. Allergy and the cardiovascular system, Clin Exp
Immuncl. 2008;153 (suppl 1):7-11.

103, Ono §J. Molecular genetics of allergic diseases. Annu
Rev Immunol. 2000;18:347-66.

104. Moneret-Vautrin DA, Morisset M, Flabbee ],

Beaudouin E, Kanny G. Epidemiology of life- 118.

threatening and lethal anaphylaxis: a review. Allergy.
2005;60:443-51,

105. Bohle B. T cell responses during allergen-specific
immunotherapy of Type I allergy. Front Biosci.
2008;13:6079-85.

106. Akdis M, Akdis CA. Mechanisms of allergen-
specific immunotherapy. J Allergy Clin Immunol.

2007;119:730-91. 119.

107. Movérare R, Elfman L, Vesterinen E, Metso T,
Haahtela T. Development of new IgE cpecificities
to allergenic components in birch pollen extract
during specific immunotherapy studied with immu-
noblotting and Pharmacia CAP System. Allergy.
2002;57:423-30.

108. Valenta R, Kraft D. From allergen structure to new 120.

forms of allergen-specific immunotherapy. Curr Opin
Immunol. 2002;14:718-27.

109. Valenta R, Niederberger V. Recombinant aller- 121,

gens for immunotherapy. | Allergy Clin Immunol.
2007;119:826-30.
110. Valenta R, Vrtala S, Focke-Tejkl M, Twardosz A,

Swoboda 1, Bugajska-Schretter A, Spitzauer S, Kraft 122.

D. Synthetic and genetically engineered allergen
derivatives for specific immunotherapy of type I allergy.
Clin Allergy Immunol. 2002;16:495-517,

111. Linhart B, Valenta R. Vaccine engineering improved 123,

by hybrid technology. Int Arch Allergy Immunol.

2004;134:324-31. 124,

112. Vrtala S, Hirtenlehner K, Susani M, Akdis M, Kussebi
F, Akdis CA, Blaser K, Hufnagl P, Binder BR, Politou

396

- 156 -

A, Pastore A, Vangelista L, Sperr WR, Semper H,
Valent P, Ebner C, Kraft D, Valenta R. Genetic
engineering of a hypoallergenic trimer of the major
birch pollen allergen, Bet v 1. FASEB J. 2001;15:
2045-7.

Linhart B, Jahn-Schmid B, Verdino P, Keller W,
Ebner C, Kraft D, Valenta R. Combination vaccines
for the treatment of grass pollen allergy consisting of
genetically engineered hybrid molecules with increased
immunogenicity. FASEB J. 2002;16:1301-3.

King TP, Jim SY, Monsalve RI, Kagey-Sobotka A,
Lichtenstein LM, Spangfort MD. Recombinant
allergens with reduced allergenicity but retaining
immunogenicity of the natural allergens: hybrids of
yellow jacket and paper wasp venom allergen antigen
5s. ] Immunel. 2001;166:6057-65.

Linhart B, Valenta R. Molecular design of allergy
vaccines. Curr Opin Immunel. 2005;17:646-55.
Jutel M, Jaeger L, Suck R, Meyer H, Ficbig H,
Cromwell O. Allergen-specific immunotherapy with
recombinant grass pollen allergens. ] Allergy Clin
Immunol. 2005;116:608-13.

Pauli G, Larsen TH, Rak S, Horak F, Pastorello
E, Valenta R, Purohit A, Arvidsson M, Kavina A,
Schroeder JW, Mothes N, Spitzauer S, Montagut A,
Galvain §, Melac M, André C, Poulsen LK, Malling
HJ. Efficacy of recombinant birch pollen vaccine for
the treatment of birch-allergic rhinoconjunctivitis. ]
Allergy Clin Immunol. 2008;122:951-60.
Niederberger V, Horak F, Vrrala S, Spitzaner S,
Krauth MT, Valent P, Reisinger J, Pelzmann M,
Hayek B, Kronqvist M, Gafvelin G, Grénlund H,
Purohit A, Suck R, Fiebig H, Cromwell O, Pauli G,
van Hage-Hamsten M, Valenta R. Vaccination with
genetically engineered allergens prevents progres-
sion of allergic disease. Proc Natl Acad Sci U § A.
2004;101:14677-82.

Creticos PS, Schroeder JT, Hamilton RG, Balcer-
Whaley SL, Khattignavong AP, Lindblad R, Li H,
Coffman R, Seyfert V, Eiden JJ, Broide D; Immune
Tolerance Network Group. Immunotherapy
with a ragweed-toll-like receptor 9 agonist vac-
cine for allergic rhinitis. N Engl ] Med. 2006;355:
1445-55.

Larché M, Wraith DC. Peptide-based therapeutic
vaccines for allergic and autoimmune diseases, Nat
Med. 2005;11:569-76.

Haselden BM, Kay AB, Larché M. Immunoglobulin
E-independent major histocompatibility complex-
restricted T cell peptide epitope-induced late asthmatic
reactions. | Exp Med. 1999;189:1885-94.

Oldfield WL, Larché M, Kay AB. Effect of T-cell
peptides derived from Fel d 1 on allergic reactions and
cytokine production in patients sensitive to cats: a ran-
domised controlled trial. Lancet. 2002;360:47-53.
Faria AM, Weiner HL. Oral tolerance. Immunol Rev.
2005;206:232-59.

Hoyne GF, O'Hehir RE, Wraith DC, Thomas WR,
Lamb JR. Inhibition of T cell and antibody responses
to house dust mite allergen by inhalation of the domi-

Critical Reviews™ in Immunology



5.2.2

Cell-Based Therapy in Allergy

Cell-Based Therapy in Allergy

Ulrike Baranyi, Martina Gattringer, Rudolf Valenta
and Thomas Wekerle

Abstract IgE-mediated allergy is an immunological disorder occurring in response
to otherwise harmless environmental antigens (i.e., allergens). Development of
effective therapeutic or preventive approaches inducing robust tolerance toward
allergens remains an unmet goal. Several experimental tolerance approaches have
been described. The therapeutic use of regulatory T cells (Tregs) and the estab-
lishment of molecular chimerism are two cell-based strategies that are of particular
interest. Treg therapy is close to clinical application, but its efficacy remains to be
fully defined. Recent proof-of-concept studies demonstrated that transplantation of
syngeneic hematopoietic stem cells modified in vitro to express a major allergen
leads to molecular chimerism and robust allergen-specific tolerance. Here we review
cell-based tolerance strategies in allergy, discussing their potentials and limitations.
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1 Introduction

IgE-mediated allergic disorders are immunological hypersensitivity reactions.
Allergic immune responses occur against environmental, otherwise innocuous
antigens, known as allergens. Genetic and environmental factors influence sus-
ceptibility to allergic hypersensitivity (Akdis 2006; Vercelli 2008).

The only causative treatment available so far is allergen-specific immuno-
therapy (SIT), a vaccination strategy (Valenta 2002). Increasing doses of allergens
(mostly in the form of crude extracts) are administered to allergic individuals with
the goal to induce “desensitization”. In this context, immunological tolerance in
allergy was suggested to be defined as persistence of efficacy after treatment
(Akdis and Akdis 2009). Numerous mechanisms have been suggested to show how
SIT alters B cell and T cell responses. Mechanisms may vary depending on
treatment protocol, route of administration and allergen preparation (Larche et al.
2006). SIT induces de novo humoral responses dominated by the production of
protective allergen-specific IgG antibodies, mainly 1gG4 (Nouri-Aria et al. 2004;
Wachholz and Durham 2003). A Th2 to Thl shift and induction of Tregs also
contribute to effectiveness (Bohle 2008). SIT is, however, associated with limited
effectiveness and considerable risks, as exemplified by anaphylactic reactions or
therapy-induced sensitization to additional allergens when crude extracts are used
(Valenta 2002). In addition to the need for more effective allergen-specific ther-
apeutic strategies, prevention of allergy by prophylactic induction of tolerance is a
major unmet need (Hamelmann et al. 2007).

Several experimental tolerance strategies have been described, with cell-based
approaches having gained particular attention in recent years. This review dis-
cusses induction of tolerance through cell therapies as a possible approach to
prevent and treat allergy.

2 Prevention of Allergy by Induction of Peripheral Tolerance

Peripheral, i.e., extrathymic, T cell tolerance is a critical mechanism of self-
tolerance and can either occur by peripheral clonal deletion (Webb et al. 1990),
anergy (Fathman and Lineberry 2007) or suppression (Sakaguchi 2005).
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Potent tolerance models relying on peripheral tolerance have been developed.
Conceptually, they suffer, however, from the drawback to have no mechanism in
place to tolerize newly developing T cells and thus their effects are usually limited
in duration (Wekerle et al. 2003).

2.1 Induction of Tolerance via the Mucosal Route

Specific non-responsiveness to inhaled and ingested allergens is a major goal in
IgE-mediated allergy. Mucosal tolerance is induced through administration of
antigens via the oral or nasal route (Faria and Weiner 2005). This phenomenon was
reported very early as protection of systemic anaphylaxis was observed upon
injection of hen's egg protein in guinea pigs having been fed with the antigen (Wells
1911). Two primary mechanisms of mucosal tolerance have been described. Low-
dose antigen- feeding induces active suppression by generation of Tregs, high-dose
feeding regimens induce anergy (Friedman and Weiner 1994). TGFf (transforming
growth factor beta)-producing T helper type 3 (Th3) cells are a Treg subtype
specifically induced upon antigen-feeding (reviewed in Faria and Weiner 2005).
Beside T cell-mediated immunoregulation, induction of allergen-specific IgA
antibodies is a prominent mechanism of oral tolerance (Challacombe and Tomasi
1980).

Mucosal tolerance via the respiratory tract is more relevant to inhalant aller-
gens. High-dose intranasal exposure of one single dominant T cell epitope of the
house dust mite allergen Der p | was sufficient to induce T cell anergy toward the
whole Der p 1 allergen by linked suppression, a phenomenon prominently
described in transplantation (Hoyne et al. 1993, 1999; Qin et al. 1993). Dominant
T cell epitopes of different allergens and in different combinations have been
investigated for intranasal application, resulting in reduction of allergen-specific
IgE and IgG responses. However, allergen-specific isotypes are not completely
eliminated and only short-term follow up was reported in these models (Hufnagl
et al. 2005, 2008; Marazuela et al. 2008; Wild et al. 2007). Involvement of Tregs
and a Th2 to Thl shift are important mechanisms in these protocols (Hufnagl et al.
2008; Marazuela et al. 2008; Winkler et al. 2006).

2.2 Induction of Tolerance by Intradermal Peptide Application

Systemic subcutaneous administration of T cell peptides of the major cat allergen
Fel d 1 (without adjuvant) successfully led to peripheral T cell tolerance in
experimental models. Translation to the clinical setting employing intradermal
administration of T cell peptides of Fel d 1, however, induced late asthmatic
reactions in some patients (Briner et al. 1993; Haselden et al. 1999; Oldfield et al.
2002). T cell responses were diminished, but humoral responses toward the full
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length allergen persisted (Briner et al. 1993). In a novel transgenic mouse model of
asthma mimicking the human situation systemic intradermal application of one Fel
d 1 immunodominant peptide in pre-sensitized mice resulted in resolution of
airway pathology through linked suppression, possibly through generation of
Tregs (Campbell et al. 2009). To allow full assessment of the potential of T cell
peptides as therapeutic vaccines, several parameters still need to be determined,
such as optimum length and dose of peptides (Larche and Wraith 2005).

2.3 Tregs as Cell-Based Therapy in Allergy

Regulatory T cells play a critical role in maintaining self-tolerance (Sakaguchi and
Powrie 2007). Numerous, incompletely defined, subpopulations of Tregs have
been described, with CD4+CD25+FoxP3+ natural Tregs arising from the thymus,
and adaptive/induced Tregs generated in the periphery playing major roles
(Feuerer et al. 2009). Tregs regulate T cell and B cell responses and also innate
immunity. Whether memory T cells are amenable to regulation by Tregs remains
controversial (Levings et al. 2001; Yang et al. 2007). The therapeutic exploitation
of Tregs has attracted enormous interest in recent years, fueled by hopes of
developing antigen-specific treatments for transplant recipients, autoimmune dis-
eases and allergies (Akl et al. 2008; Hutchinson et al. 2008; Riley et al. 2009). So
far, however, the physiology of Tregs remains incompletely understood and their
therapeutic potential largely unexplored (Schiopu and Wood 2008).

Several lines of evidence reveal a prominent role of Tregs in regulating, or
preventing, respectively allergic immune responses. A role for T regulatory type |
(Trl) cells in modulating allergic immune responses has been found by comparing
immune responses upon allergen exposure between healthy individuals and
allergic patients (Akdis et al. 2004). Natural high exposure of venom allergen
(phospholipase A2) induces a switch of specific Thl and Th2 cells to Trl cells
(Meiler et al. 2008). Trl cells are of special therapeutic interest, as they are
currently under clinical investigation in bone marrow (BM) transplant recipients,
as are natural Tregs (nTregs) (reviewed in Roncarolo and Battaglia 2007;
Roncarolo et al. 2006; Schiopu and Wood 2008; Riley et al. 2009). First clinical
trials using freshly isolated or expanded donor nTregs show encouraging results in
the prevention of lethal graft versus host discase (GVHD) (Trzonkowski et al.
2009; Brunstein et al. 2011; Di lanni et al. 2011) nTregs express the transcription
factor forkhead box P3 (FoxP3) (Miyara et al. 2009) and play an indispensable role
in maintaining self-tolerance (Sakaguchi et al. 2008). FoxP3-deficient patients
suffering from immunodysregulation, polyendocrinopathy and enteropathy
X-linked syndrome (IPEX) are affected by atopic disease, resulting in increased
serum IgE levels, eosinophilia, eczema-like skin lesions and enhanced Th2
responses. This provides clear evidence that Fox P3-expressing Tregs play an
essential role in suppression of Th2-driven immune responses in humans
(Chatila 2005).
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In experimental models in allergy, the therapeutic application of nTregs abol-
ished allergic airway inflammation (Kearley et al. 2005, 2008; Leech et al. 2007).
Transfer of nTregs resulted in reduction of allergen-specific IgE and a boost of
[¢Gl immunomodulation after nasal administration of Der p 1 in an IL-10 inde-
pendent manner (Leech et al. 2007). In another model, ova-specific CD4+CD25+
T cells suppressed T cell responses in the lung but IgE responses were not altered
in a preventive approach (Kearley et al. 2005). Features of chronic allergen-
induced inflammation were resolved but established remodeling in the lung was
not reversed and humoral responses to allergen were not altered (Kearley et al.
2008). Thus, the use of natural Tregs has a suppressive effect on allergic airway
inflammation, but seems to be less effective in preventing IgE responses. Appli-
cation of FoxP3-transduced polyclonal CD4+ cells is effective in models of
autoimmunity and allo-transplantation (Chai et al. 2005; Jaeckel et al. 2005; Pilat
et al. 2010). Using polyclonal transduced Tregs together with the application of a
recombinant grass pollen allergen in preventive and therapeutic murine models,
we observed that allergen-specific [gE was not significantly reduced and T cell
responses were not suppressed (Baranyi, Pilat, Wekerle et al., unpublished data).

In summary, Treg therapy is of considerable interest for treating allergic dis-
cases. Numerous basic biological questions still need to be resolved in this new
field of investigation. Only then can the clinical potential of Treg therapy be
adequately assessed.

3 Tolerance Induction by Hematopoietic Stem Cell
Transplantation (HSCT)

Sclf-tolerance 1s mediated mostly by various subpopulations of hematopoietic cells
(von Boehmer and Kisielow 2006). Chimerism-based tolerance strategies emulate
this fundamental characteristic of physiologic self-tolerance with the aim of
inducing tolerance toward introduced, disease-causing antigens (Fehr and Sykes
2008; Wekerle and Sykes 2001). Such chimerism protocols are the only strategies
to reliably establish central tolerance, i.c., the intrathymic clonal deletion of
antigen-specific thymocytes. Thereby they provide mechanisms not only for to-
lerizing pre-existing mature T cells through peripheral mechanisms (Bigenzahn
et al. 2005; Wekerle et al. 2002), but also for continuously tolerizing the newly
developing T cells constantly arising in the thymus (Wekerle et al. 1998; Wekerle
and Sykes 2001). Moreover, chimerism is capable of inducing T cell, B cell and
NK cell tolerance (Sykes et al. 1998), and also tolerance in pre-sensitized recip-
ients (Colson et al. 2000). Tolerance induced by chimerism is thus of particular
robustness and durability.

Two types of hematopoietic chimerism can be distinguished: cellular and
molecular, with mixed chimerism being the most commonly used subtype of cellular
chimerism. Allogeneic donor BM (containing HSC) is transplanted to establish
mixed chimerism. In the case of molecular chimerism autologous (i.e., syngeneic in
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the rodent setting) HSC are transplanted after genetic modification ex vivo to express
the disease-causing antigen(s) (Bagley et al. 2002a).

Advanced experimental protocols of cellular hematopoietic chimerism have
been systematically developed for several decades. Translation to large animal
models and the clinical setting have been accomplished for transplantation toler-
ance (Fehr and Sykes 2008). Thus, chimerism-based tolerance is conceptually and
empirically an attractive tolerance strategy with demonstrated clinical potential.

3.1 Mixed Chimerism

Following transplantation of donor BM into appropriately conditioned recipients,
donor and recipient hematopoiesis co-exists (=1 < 100% donor cells), leading to
donor-specific tolerance (reviewed in Sykes 2001; Wekerle and Sykes 2001).

Subsequent to the early observation of chimerism as a natural phenomenon in
cattle, the concept has been translated to numerous experimental models
(Billingham et al. 1953; Owen 1945). At first myeloablative recipient conditioning
was used (Ildstad and Sachs 1984), which has been extensively modified so that
substantially milder regimens have since become available (Pree et al. 2007).
Mixed chimerism was found to be preferable over full chimerism as it reduces the
risk of graft versus host disease (GVHD) and is associated with superior immu-
nocompetence (Singer et al. 1981; Sykes et al. 1988). The use of co-stimulation
blockers (mostly CTLA41g and anti-CD40L) as part of BM transplantation (BMT)
protocols allowed chimerism and tolerance to be induced with the mildest, least
toxic conditioning protocols developed to date (Durham et al. 2000; Pree and
Wekerle 2006; Snanoudj et al. 2006; Wekerle et al. 2000). Permanent engraftment
of conventional BM doses without recipient irradiation, remained however, an
important goal. Either unrealistic mega doses of BM (Blaha et al. 2005; Durham
et al. 2000; Wekerle et al. 2000), or recipient myelosuppression (by irradiation or
cytotoxic drugs) have been necessary (Adams et al. 2001; Blaha et al. 2003;
Kopore et al. 2008; Takeuchi et al. 2004). Co-transplantation of recipient Tregs
allowed for the first time the engraftment of conventional doses of fully allogeneic
BM without any myclosuppressive recipient conditioning (Pilat et al. 2010; Pilat
and Wekerle 2010).

The clinical potential of the mixed chimerism strategy has recently been
emphasized by two pilot trials. In the first series, patients suffering from chronic
renal insufficiency plus concomitant myeloma were simultaneously grafted with a
kidney and with BM from an HLA-identical sibling (Biihler et al. 2002; Fudaba
et al. 2006). Patients accepted the renal grafts without maintenance immunosup-
pression. In a subsequent trial, HLA-mismatched BM plus a kidney were trans-
planted into recipients with chronic renal failure (without concomitant
malignancy) (Kawai et al. 2008; LoCascio et al. 2010). Four out of five patients
became tolerant, with long-term preserved kidney graft function (reported follow
up of up to 5 years; one patient lost his graft due to humeral rejection). These
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results provide clinical proof-of-concept that transplantation tolerance can be
achieved through mixed chimerism (Pilat et al. 2009). Widespread application of
this regimen is, however, prevented by the extensive myelosuppressive host
conditioning which is required to allow even transient engraftment of HLA-mis-
matched BM and which is associated with substantial risks and toxicities.
Therefore, more advanced, milder protocols that already exist in the rodent setting
need to be translated to clinical use for routine application of the mixed chimerism
strategy to become realistic.

3.2 Molecular Chimerism

Transplantation of syngeneic HSC that have been genetically modified in vitro to
express disease-causing antigen(s) back into the same individual induces tolerance
toward the introduced antigen(s). This gene therapy has been successfully
employed in experimental models of allo- or xeno-transplantation and some
selected autoimmune diseases. Autologous HSCT has the advantage compared to
allogencic HSCT that the risk of GVHD i1s avoided (Copelan 2006), and that the
lower immunological barrier would allow milder host conditioning (Bagley and
lacomini 2003).

The safety issues associated with gene therapy, however, are a major drawback
of molecular chimerism. Retro- or lentiviral vectors currently used for gene
introduction into HSC cause substantial toxicity due to immune reactions or
oncogenesis (Baum et al. 2003; Hacein-Bey-Abina et al. 2008). Recently, progress
toward safer gene delivery has been reported (Aiuti et al. 2009; Mitsuyasu et al.
2009) and it is anticipated that acceptably safe vector systems will become
available some time in the future.

3.2.1 Introduction of Allo- and Xeno- Genes to Establish Tolerance

Major histocompatibility complex (MHC) molecules are the primary target of
immune responses in allotransplantation (Davidson and Diamond 2001; LeGuem
2007). Expression of single donor MHC class [ and class 11 antigens can be
sufficient for inducing tolerance toward fully allogeneic donors under certain
circumstances, due to linked suppression and “infectious tolerance” (Frasca et al.
1997; Qin et al. 1993). Besides, certain alleles of MHC class I and 1I are strongly
associated with the risk of developing autoimmune disease.

Donor MHC class I or class 11 genes transduced into recipient cells in vitro and
transferred into recipients led to prolonged cardiac allografts survival (Madsen
et al. 1988). Similarly, swine MHC class II DRB was integrated by retroviral
transfer into murine and swine BM cells (BMC) in vitro (Emery et al. 1993; Shafer
etal. 1991). By translating this method to a porcine in vivo model, prolonged renal
allograft survival was achieved by transducing a single allogencic MHC class 11
gene into recipient BMC (Emery et al. 1997; Sonntag et al. 2001).
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In contrast, MHC class 1 gene transfer seems to be more difficult due to poor
peptide presentation of MHC class I peptides (LeGuern 2007). The congeneic
mouse strains B10.AKM (H-2K*)-B10.MBR (H-2K")—differing in only one H-2K
allele—serve as a model of allogeneic molecular chimerism. Several studies
introducing the MHC class I (K®) into murine BMC (K") showed hyporespon-
siveness and prolongation of skin allografts (K®). In these protocols low trans-
duction efficiency at first resulted only in prolongation of skin grafts but not
durable tolerance (Bagley et al. 2000; Fraser et al. 1995: Mayficld et al. 1997). By
improving transduction efficiency of BMC by a different retroviral gene transfer
system, stable multilineage molecular chimerism and long-term skin graft toler-
ance was achieved (Bagley et al. 2002b). Mechanistically, central thymic deletion
plus peripheral mechanisms, including regulation by CD4+CD25+ Tregs, were
shown to play a role in this model (Forman et al. 2005, 2006; Kang and lacomini
2002) and existence of molecular blood chimerism is required for durable toler-
ance (Tian et al. 2006).

In xenotransplantation (pig to human), natural xenoantibodies against the car-
bohydrate epitope Gal -1, 3-Gal (¢gal) are an additional barrier. Thus both B cell
and T cell tolerance are required for long-lasting acceptance of Xenografts.
Humans, Old World monkeys and Apes possess a diminished function of «l, 3-
galactosyltransferase (xGT), the enzyme producing a«gal (Galili et al. 1988). The
2GT knockout mouse (GT”) model (having IgG and IgM antibodies toward ogal)
is used to study natural antibodies in xenotransplantation. By introduction of «GT
into syngeneic BMC B cell tolerance through molecular chimerism can be studied.
Long-term molecular chimerism and B cell tolerance were achieved even when
mice were pre-sensitized with pig cells and cardiac grafts from «GT expressing
mice were accepted in GTY mice (Bracy and lacomini 2000, 2002; Bracy et al.
1998, 2001; Kearns-Jonker et al. 2004; Mitsuhashi et al. 2006). Autologous
transduced BMC expressing «GT was also transplanted into rhesus monkeys and
xenoantibody production was strongly reduced after sensitization with porcine
cells (Fischer-Lougheed et al. 2006).

3.2.2 Introduction of Auto-Antigens to Establish Tolerance

Molecular chimerism has also been studied in selected autoimmune models
(Alderuccio et al. 2003). In experimental autoimmune encephalomyelitis (EAE), a
rodent model to study multiple sclerosis (Zamvil and Steinman 1990), genes
encoding for myelin oligodendrocyte glycoprotein (MOG), phospholipid protein
(PLP) , myelin basic protein (MBP) and antigens inducing EAE, were introduced
into BMC and established tolerance in EAE (Chan et al. 2008; Xu and Scott 2004
Xu et al. 2006). In one study introduction of MBP resulted in worsening of the
disease, possibly due to insufficient MBP expression (Peters et al. 2000). Intro-
duction of one peptide epitope of MOG (MOG,y_ss) fused to a murine MHC
[T-associated invariant chain into syngeneic BMC resulted in tolerance induction in
preventive and therapeutic models reported recently (Eixarch et al. 2009).
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In the NOD type I diabetes model autoreactive T cells respond to islet antigens
(insulin, glutamic acid decarboxylase (GAD) and others). The MHC class I region
in NOD mice encodes a single MHC class I molecule I-A2” (homologue to human
HLA-DQBI lacking a charged amino acid at position 57 associated with sus-
ceptibility to develop type | diabetes) which confers susceptibility to spontaneous
type 1 diabetes (Atkinson and Leiter 1999). Induction of molecular chimerism
through transplantation of BM expressing a ‘disease-resistant’” MHC class 11
molecule prevented type I diabetes in NOD mice and was sufficient to restore
normoglycemia after islet transplantation and led to central thymic deletion of
autoreactive T cells (Tian et al. 2004a, 2007a).

3.3 Hematopoietic Stem Cell Transplantation and Allergy

Cases in which BM transplanted from allergic donors induced allergies in the
recipient have been reported. In reverse, allergies have been described to be cured
in allergic recipients receiving a BMT from a healthy donor, suggesting that BMT
is an effective treatment for allergies (though of course not indicated for this
disease). No systematic, prospective evaluation of these issues, however, is
available (Hourinhane et al. 2005; Khan et al. 2009; Storek et al. 2011).

4 Induction of Tolerance via Molecular Chimerism in Allergy

Molecular chimerism is an effective strategy for tolerance toward allo- and auto-
antigens. We recently started to investigate this strategy for tolerance in allergy.
As most clinically relevant allergens have been identified and are available as
cDNAs (Valenta and Kraft 2002), and as only a limited number of allergens is
relevant in any given patient (and even geographical) region, allergies seem par-
ticularly suited for the molecular chimerism approach.

4.1 Prevention of Allergy by Induction of Tolerance
via Molecular Chimerism

In proof-of-concept studies, we developed a preventive experimental model for
induction of tolerance via molecular chimerism (Baranyi et al. 2008). A clinically
relevant grass pollen allergen, Phl p 5 (Vrtala et al. 1993), was employed as model
allergen. Phl p 5 is highly immunogenic upon subcutaneous immunization with the
adjuvant aluminiumhydroxide in wild type mice (BALB/c) (Linhart et al. 2007).
For cell surface expression on HSC Phl p 5 was fused to a signal peptide and a
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transmembrane domain and ligated into a retroviral expression vector. Syngeneic
BMC were transduced with recombinant retroviruses integrating Phl p 5 and
thereafter Phl p 5-expressing BMC were transplanted into myeloablated syngeneic
recipients. Mice transplanted with Phl p 5-transduced BM and mice of control
groups were repeatedly immunized with recombinant (r) Phl p 5 and an unrelated
allergen (rBet v 1) post BMT. BMT of Phl p 5-transduced cells resulted in stable
long-term multilineage chimerism (follow-up approximately 9 months). Trans-
duction of true HSC, already suggested by long-term multi-lineage chimerism, was
confirmed through successful transplantation of BM taken from chimeras into
secondary recipients (Down and Ploemacher 1993).

In this model durable tolerance was demonstrated by the complete absence of
Phl p 5-specific IgE, IgA and IgG antibodies throughout follow up while high
antibody responses to Bet v 1 were preserved. Tolerance at the effector cell levels
in vitro and in vivo toward Phl p 5 was also achieved. T cell tolerance toward the
introduced allergen was demonstrated by unresponsivess in proliferation assays.
These results have been confirmed by transplanting BM transduced with a distinct,
unrelated allergen (Bet v 1) (Gattringer, Wekerle et al., unpublished). Again
lasting molecular chimerism and allergen-specific tolerance were observed.
Therefore molecular chimerism is uniquely potent in establishing complete and
permanent tolerance at the T cell, B cell and effector cell levels in experimental
type I allergy (Baranyi et al. 2008, 2009).

4.2 Anticipated Impediments to Translate Molecular Chimerism
to the Clinical Setting and Possible Solutions

Safety aspects have high priority in prophylactic approaches in allergy (Kulig et al.
1999). Therefore non-toxic protocols are a pre-requisite for translation. The
experimental protocol employed in our proof-of-principle study entails several
components that cannot be applied clinically, such as retroviral gene transfer,
irradiation and others. We propose that solutions to these problems can be envi-
sioned (Fig. 1).

4.2.1 Moving to Safer Protocols

Retro- or lentiviral vector-based delivery to integrate transgenes is efficient but
associated with oncogenicity and mutagenesis (Thomas et al. 2003). The hyper-
active Sleeping Beaury DNA transposon was shown to integrate transgenes in a
robust and stable manner into CD34+ HSC reconstituted in mice and was even
successful to modify T cells before transfer in humans in a gene therapy approach
(VandenDriessche et al. 2009). Therefore DNA transposons are a potential safer
alternative for integrating genes into HSC.

In constrast to murine models, in which chimerism needs to persist in order to
maintain robust tolerance (Tian et al. 2006), transient mixed chimerism was
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Fig. 1 Obstacles and envisioned solutions of cell based therapy by molecular chimerism,
describing the hurdles on the way to clinical application starting with a proof-of-principle
experiment in the mouse model

sufficient for tolerance in monkey models and clinical trials (Kawai et al. 2008;
Ochiai et al. 2007). Thus, if transient chimerism suffices episomal, non-integrating
delivery can be used, or antigens can be anchored directly to the cell surface
(Belting and Wittrup 2009; Thomas et al. 2003; Yolcu et al. 2002).

In our proof-of-principle study, mice received a myeloablative dose of irradi-
ation. Reduction of irradiation resulted in lower chimerism levels, but mice were
still tolerant long-term (Baranyi, Wekerle et al., unpublished). In other models of
molecular and mixed chimerism very mild experimental protocols have already
been developed and could be translated to the allergy system in the future (Blaha
et al. 2003; Eixarch et al. 2009; Forman et al. 2005; Tian et al. 2008; Wekerle et al.
2000; Pilat et al. 2010).

Application of the co-stimulation blocker anti-CD40L (anti-CD154) turned out
to be very efficient in mixed chimerism rodent models (Wekerle et al. 1998). In a
molecular chimerism model anti-CD40L was reported to enhance BM engraftment
(Bagley et al. 2002¢). Anti-CD40L is also effective in preventing sensitization to
an allergen (Linhart et al. 2007). Unfortunately, this antibody induces severe
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thromboembolic side effects in large animals and humans, and is therefore not
used in the clinical setting (Kirk et al. 1999; Sidiropoulos and Boumpas 2004).
Studies recently published show successful substitution of anti-CD40L by block-
ade of CD40 in murine models in allo-transplantation (Gilson et al. 2009), but
clinical applicability remains uncertain. Blocking alternative co-stimulation
pathways may also allow avoidance of anti-CD40L.

HSC engraftment requires—at least some—recipient conditioning. The trans-
plantation of mature T cells instead of HSC in a murine model of molecular chi-
merism (crossing a MHC I barrier) led to long-lasting central tolerance by re-entry of
mature T cells into the thymus (Tian et al. 2004b, 2007b, 2008). Thus, the use of
allergen-expressing mature T cells, or other hematopotetic cell populations (McCurry
et al. 2006), is an attractive alternative to be explored as a substitute for HSC.

4.2.2 Avoiding Anaphylaxis

Expression of full length allergens on transplanted BM—as in our proof-of-con-
cept studies—implies the risk of anaphylaxis, mostly in the therapeutic but also in
the preventive setting. Intracellular expression of an antigen was sufficient to
induce T cell tolerance in mice (Tian et al. 2003). Expressing dominant T cell
epitopes of allergens on the surface of HSC would conceivably avoid the risk of
anaphylaxis, provided that T cell tolerance is sufficient to induce B cell tolerance,
as it has been described (Li et al. 2008). Use of small peptides would also facilitate
fusion of several dominant T cell epitopes of various allergens to achieve pro-
tection toward several allergens at the same time.

5 Conclusion

Preventive and therapeutic tolerance strategies are an important goal for improved
medical management of allergies. Cell-based therapies are attractive candidates for
development and substantial progress has been achieved in this field at the
experimental level. Evaluation of Treg therapy has begun for certain indications
and will allow a better appreciation of its usefulness in the treatment of allergy.
Molecular chimerism is a powerful experimental approach leading to particularly
robust allergen-specific tolerance. Its development is currently at an early proof-
of-concept stage, but further progress toward clinical application in the long-term
future can be envisioned.
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5.1.1 Anti-OX40L Alone or in Combination with anti-CD40L and CTLA4Ig Fails to
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Developed experimental design, performed research (in vivo experiments, RBL cell
degranulation assays, ELISAs, proliferation assays, flow cytometry), analyzed and

interpreted data, wrote the manuscript

5.1.2 Engraftment of retrovirally-tranduced Bet v 1-GFP expressing bone marrow
cells leads to allergen-specific tolerance
Manuscript submitted to Clinical and Experimental Allergy
Developed experimental design, performed research (cloned retroviral construct,
production of retroviruses, transduction of BMC, in vivo experiments, RBL cell
degranulation assays, ELISA, proliferation assays, flow cytometry and

immunofluorescence microscopy), analyzed and interpreted data, wrote the manuscript

5.1.3 Persistent molecular microchimerism induces long-term tolerance towards a
clinically relevant respiratory allergen
Manuscript submitted to Clinical and Experimental
performed research (supported ELISAs, proliferation assays and in vivo work),

participated in analyzing data
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5.1.4 Tolerization of a Type I Allergic Immune Response through Transplantation
of Genetically Modified Hematopoieitic Stem Cells
J Immunol. 2008 Jun 15;180(12):8168-75
performed research (supported in vivo experiments, cell culture work and ELISAs),

participated in analyzing data

5.1.5 Expression of a Major Plant Allergen as Membrane-Anchored and Secreted
Protein in Human Cells with Preserved T Cell and B Cell Epitopes
Int Arch Allergy and Immunol, 2011 Jun 156(3):259-66

performed research (transfection of 293 T cells), analyzed data

5.1.6 Therapeutic Efficacy of Polyclonal Tregs does not Require Rapamycin for the
Induction of Tolerance in a Low-Dose Irradiation BMT Model
Transplantation, 2011 Aug, 92(3):280-8

performed research (supported in vivo experiments and cell culture work)

5.2.1 A Chimerism-Based Approach to Induce Tolerance in IgE-Mediated Allergy
Crit Rev Immunol. 2009;29(5):379-97

Contributed to scientific writing and figures

5.2.2 Cell-Based Therapy in Allergy

Curr Top Mircrobiol Immunol. 2011 820:161-179

Contributed to scientific writing and figures
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6 Conclusion

Currently, the risks of immunotherapy are under intensive investigation and some adverse
effects could be reduced, e.g. by the exchange of allergen extracts to recombinant allergens
or peptides. However, prevention of allergies would be a desirable alternative to
symptomatic treatment and SIT.

Modification of the immune response by blockade of costimulatory molecules would be a
strategy to renew the allergic response. Models of allergic inflammation revealed an
important role of the costimulatory molecules OX40-OX40L, where blocking OX40L lead
to diminished cell infiltration and antibody production. Therefore we investigated the role
of the OX40 pathway. In our studies OX40L was negligible in the development of a Ty2
response towards an allergen. Furthermore, combined treatment of blocking CD28/CD40L
and OX40L did not lead to an additional effect (chapter 4.1.1).

A successful, preventive strategy for allergy was achieved in a pilot project by induction of
life-long tolerance towards Phl p 5 through molecular chimerism (chapter 4.1.3, 4.1.4,
4.2.1). In order to extend this approach of molecular chimerism to different clinically
relevant allergens, tolerance towards Bet v 1 was investigated. Bet v 1 is structurally and
functionally completely unrelated to Phl p 5. We were able to induce tolerance towards
Bet v 1 in T-cell, B-cell and effector cell responses, even after repeated challenges of
allergens, suggesting that this strategy is robust, specific and translatable for several
allergens (chapter 4.1.2).

Although cellular and molecular chimerism are strategies with a high potential for
inducing tolerance towards specific antigens, the development of low-toxicity protocols is
still a major aim. In allo-transplantation, a strong immunological barrier, which is caused

by pre-existing donor-reactive cells, has to be overcome. Recently, we published a
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protocol for the transplantation of allogeneic BMC with only a low dose irradiation
together with costimulation blockade and regulatory T cells with a clinically feasible dose
of bone marrow cells (chapter 4.1.5). Not long ago, regulatory T cells in combination with
rapamycin were shown to be able to fully replace irradiation (46). In allergy, identification
of costimulatory molecules which are able to specifically block the immune response
towards the allergen would possibly allow engraftment of allergen-expressing HSC. In this
work, the potential of OX40L was tested yet this costimulatory molecule seems to play a
negligible role in the development of an allergic immune response. It is noticeable that the
immune response induced by allergen-expressing HSC is not necessarily identical with the
Tu2 response induced by injection of alumn-adsorbed allergen. Therefore the role of
costimulatory molecules is possibly not comparable and has to be tested separately.

Other hurdles such as the toxicity of retroviral transduction of BMC, the necessity for
clinically unfeasible costimulation blockers, and the risk of anaphylaxis still exist (chapter
4.2.2). However, all these aspects are currently under investigation and promising
strategies such as the use of modified recombinant allergens are being painstakingly
developed. Successful translation to the clinical setting would allow molecular chimerism
as a preventive and therapeutic strategy not only in allergy but also in autoimmunity. This
protocol has the potential to induce stable and long-term tolerance, thus making ongoing

medication dispensable.
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7 Appendix

7.1 Abbreviations

APC
Bet v 1
BMT
BMC
CHS
DC
DNA
EAE
Feld 1
GFP

o GT
GVHD
HLA
HSC
ICOS
IDO
IL
IFN
MHC
NK
OVA
PD
Phlp 5
SIT
TBI
TIM

antigen presenting cell

betula verrucosa allergen number 1
bone marrow transplantation

bone marrow cells

contact hypersensitivity

dendritic cells
desoxyribonucleinacid
experimental autoimmune encephalomyelitis
feline domesticus allergen number 1
green fluorescent protein

a-1,3 galactosyltransferase (aGT)
graft versus host disease

human leucocyte antigen
hematopoietic stem cell

inducible costimulatory ligand
indolamine 2,3-dioxygenase
interleukin

interferon

major histocompatibility complex
natural killer cells

ovalbumin

programmed death

phleum pratense allergen number 5
specific immunotherapy

total body irradiation

T cell immunoglobulin and mucin-domain containing molecule
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