Clin Exp Allergy 2005; 35:1521-1534

REVIEW

doi:10.1111/j.1365-2222.2005.02369.x

Co-stimulatory molecules as potential targets for therapeutic intervention in
allergic airway disease

T. Kallinich*!, K. C. Beier*' E. W. Gelfandf, R. A. Kroczeki and E. Hamelmann*

*Department of Pediatric Pneumology and Immunology, University Hospital Charité, Berlin, Germany, tDepartment of Pediatrics, Division of Cell
Biology, National Jewish Medical and Research Center, Denver, CO, USA and tMolecular Immunology, Robert Koch-Institut, Berlin, Germany

Summary

Airway inflammation is a characteristic feature of allergic asthma. Central to the initiation and
progression of the inflammatory process are allergen-specific T lymphocytes that attract eosinophils,
mast cells, and B cells to the airways by the secretion of specific cytokines. The direction of T cell
responses is influenced by co-stimulatory signals that modulate the antigen-specific signal delivered
by the T cell receptor. In addition to the prototypic co-stimulatory molecule, CD28, a number of
newly identified co-stimulatory molecules and their ligands have now been characterized. Over the
past 5 years, the role of these molecules in the pathophysiology of allergen-mediated sensitization
and airway inflammation has been extensively studied in animal models of allergic asthma. The aim
of this review is to provide a detailed overview on recent studies in mice and preliminary findings in
man and to discuss the potential therapeutic and preventive treatment strategies offered by

interactions with co-stimulatory molecules for patients with allergic airway diseases.
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Introduction

Allergic bronchial asthma is characterized by airway obstruc-
tion, airway hyper-responsiveness (AHR) and remodelling
based on allergen-induced airway inflammation. Thus, sup-
pression of acute and chronic inflammation is a primary goal
of asthma therapy. The established anti-inflammatory therapy
with corticosteroids is effective in controlling asthmatic
symptoms for the majority of patients. A proportion of
patients, however, suffer some impairment of daily activities
despite frequent intake of high doses of inhaled or even
systemic steroids or endure the various side-effects of these
treatments. The only curative approach for the treatment of
allergic asthma, specific immune therapy, does normally not
lead to full control of the symptoms and is limited because of
limitations of eligible patients and the possibility of severe side-
effects. Therefore, novel therapeutic strategies with a more
specific blockade of the inflammatory cascade are required to
optimize asthma therapy and minimize adverse reactions. The
recent progress in understanding of the cellular and molecular
pathways underlying the development of allergen-induced
sensitization and airway disease offers the opportunity to
establish new forms of anti-allergic therapy.

The pathophysiology of allergen-mediated lung inflamma-
tion has been extensively studied in murine models of allergic
airway disease. While these studies revealed that certain cells
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and mediators like mast cells [1], B cells and even
immunoglobulin (Ig)E [2] may be dispensable for the
induction of an allergen-induced inflammatory process, there
is evidence for an obligatory role for activated CD4"
T helper-2 (Th2) cells or their cytokine products in the
development of allergic immune responses in the lung [3-6].
CD4" T cells infiltrating the airways of patients with atopic
asthma predominantly produce cytokines of the Th2 type,
including IL-4, IL-5, and IL-13 [7]. These cytokines attract
and activate other effector cells, such as eosinophils, B cells,
and mast cells into the airways, thus triggering the progress of
the early and late asthmatic reaction [8, 9].

T cells undergo a number of differentiation steps to become
Th effector cells. The antigen-specific signal generated by the
T cell receptor (TCR) itself is insufficient for optimal T-cell
activation. Full activation requires additional stimulation
through co-stimulatory molecules interacting with corre-
sponding ligands on antigen presenting cells (APC). Only
the amplification and modification of the TCR signal by the
co-stimulatory signal enables the antigen-specific pre-acti-
vated T lymphocyte to proliferate, secrete cytokines, and
express cell-surface molecules for further cell—cell interactions
[10]. The prototypic co-stimulatory molecule is CD28, but a
substantial number of new co-stimulatory molecules and their
ligands have been identified during the past 5 years [11-13]
(Fig. 1, Table 1). T cell activation is now understood as an
integrational process of positive as well as negative co-
stimulatory signals. The T cell response is further fine tuned
by receptor density, antigen type, and concentration as well as
time of engagement [13, 14].

The critical role of co-stimulatory molecules for the
regulation of T cell responses makes these molecules attractive
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Fig. 1. Co-stimulation of T cells: Co-stimulatory molecules on T cells interact with specific ligands on antigen-presenting cells. MHC, major histocompatibility

complex; TCR, T cell receptor

Table 1. Expression of co-stimulatory molecules

Expression

Counter-receptors

Expression of counter-receptors

Immunoglobulin superfamily
CD28 [16] Constitutively on T cells [17]

CTLA-4 (CD152) [33] Activated T cells [33]

ICOS [61] Activated T cells, memory T cells [61]

PD-1 [93] Activated T cells, B cells,
myeloid cells [94]
Orphan ligand Activated T cells [110]
Orphan ligand ?
BTLA [117] T cells, B cells, dendritic cells,
g/d T cells [118, 119]

B7-H3 [110]

TNF receptor superfamily

OX40 (CD134) [135]  Activated T cells [82]

4-1BB (CD137) [123]  Activated T cells [124, 127], APCs,
B cells, NK cells, eosinophils [125]

CD80 (B7-1) and CD86 (B7-2) [18]
CD80 (B7-1) and CD86 (B7-2) [18]
B7RP-1 (ICOS-L, B7-H2, hLICOS,

B7h, GL50) [62]
PD-L1 (B7-H1) [95] and PD-L2 [96]

B7-H4 (B7S1, B7x) [115]
HVEM [121, 133]

OX40-ligand [136]
4-1BB-ligand [126]

Both expressed on APCs, CD80 slower

expression kinetic after stimulation than CD86 [19]
Both expressed on APCs, CD80 slower

expression kinetic after stimulation than CD86 [19]
APCs, T cells, endothelial cells, up-regulated

by inflammatory signals in peripheral tissues [67-69]
Activated APCs, T cells [95], endothelial cells [132]

Activated APCs [110]
Broad expression, found mostly on epithelial cells [116]
Multiple human tissues, high expression by T cells,

B cells and monocytes [134]

Activated APCs [137]
Activated APCs, B cells [127]

APC, antigen presenting cells; ICOS, inducible T cell co-stimulator; HVEM, herpes virus entry mediator.

targets for novel therapeutic strategies. A substantial number of
studies in murine models provided insight into the contribution
of co-stimulation to the pathophysiology of allergen-mediated
airway inflammation. When analysing the results obtained in
these models and extrapolating to the human situation, several
aspects need to be considered. The inflammatory response may
vary greatly depending on the type and dosage of antigen, the
use of adjuvant, the route of application, and the mouse strain
[15]. Furthermore, different approaches utilizing stimulating or
blocking monoclonal antibodies (mAb), fusion proteins, or
genetically modified mice complicate direct comparisons of the
findings from various studies. The goal of this review is to
provide detailed analyses of the numerous murine studies and
to offer quick reference tables summarizing central aspects such

as mouse strains, blocking reagents, time-points of blockade,
and effects on various parameters of airway inflammation.
Moreover, we try to outline current understanding of the
function of the specific co-stimulatory molecules for allergic
diseases in man. Integrating these findings, we discuss the
potential of each particular co-stimulatory molecule as a target
for novel therapeutic strategies in the treatment of allergic
airway disease.

The CD28 system

To date, the most intensively investigated co-stimulatory
system for T cell activation is the CD28 system (Fig. 1). The
surface molecule CD28 [16] is constitutively expressed by
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T cells [17] and binds to its ligands, CD80 (B7.1) and CD86
(B7.2) [18], which are expressed on the surface of APCs [19].
CD86 is constitutively expressed at low levels and is rapidly
up-regulated after primary antigen recognition, whereas
CDB80 exhibits delayed expression kinetics [19]. In murine
models for allergic airway inflammation, a rapid and
profound up-regulation of CD86 was detected on dendritic
cells in the lung [20] and spleen [21].

Ligation of CD28 with B7 molecules leads to a decreased
activation threshold and an increased production of IL-2, IL-4,
and IL-5. CD28 engagement also induces the expression of
anti-apoptotic factors of the bcl-family, thus leading to a clonal
expansion and prolonged survival of activated T cells [22-24].
In contrast, the effector functions of previously activated T
cells seem to be less dependent on the engagement of CD28/
CDS80:CDS86 [14, 25]. Whereas B7 molecules control the
induction of IL-4 synthesis, this dependence is lost after initial
priming [26]. In accordance with these in vitro findings,
blockade of CD28 during the primary Th2-dominated
response to the gastrointestinal nematode parasite, Heligmo-
somoides polygyrus, abrogated the development of IL-4
producing cells. In contrast, blocking of CD28 during an
established immune response did not alter IL-4 gene expres-
sion, protein secretion, or elevation of serum IgE levels [27, 28].
Some studies have supported the hypothesis that differential
signalling through the CD28 receptor can have distinct effects
on the synthesis of Thl and Th2 cytokines. The early
differentiation of naive T cells into IL-4 producers was shown
to be mainly CD28 dependent [29, 30]. The concept that co-
stimulation mediated by CD86 provides the initial signal to
induce naive T cells to differentiate into IL-4 producing Th2
cells, whereas CDS80 interaction induces a rather neutral
impulse or even direct differentiation towards the Thl
phenotype is currently a matter of debate [31, 32].

Another ligand for CD80 and CD86 is CTLA-4, which is
expressed by T cells upon activation [33], and provides a
negative feedback signal limiting the immune response [34,
35]. CTLA-4 is not constitutively expressed, but rapidly up-
regulated after T cell activation [33]. The observation that
CTLA-4-deficient mice develop a lethal lymphoproliferative
disease within the first few weeks of life reflects the
importance of this molecule in the restriction of T cell-
mediated immune responses [36].

CD28 in murine models for asthma

In order to analyse the role of the CD28 co-stimulatory
pathway in the pathogenesis of allergen-induced airway
inflammation, different approaches were taken (Table 2).
The following analyses mostly utilized murine models, in
which intraperitoneal sensitization was followed by repeated
airway allergen challenges, thus inducing airway inflamma-
tion, AHR and the synthesis of Th2-cytokines and IgE.
Different approaches were used to interfere with CD28-
mediated signalling, including the use of blocking fusion
proteins, mAbs, or genetically deficient mice.

Blocking CD28 signalling by fusion protein

The first series of studies was published in 1996 and 1997. In
these experiments, ligation of CD28-CDS80 and CD86 was

inhibited by systemic administration of a blocking fusion
protein, CTLA-4-Ig. When applied during the course of
allergen sensitization, airway inflammation and the develop-
ment of AHR were drastically reduced [37, 38]. Furthermore,
blocking CD28 during the primary immune response
significantly decreased IL-4 concentrations in the bronchoal-
veolar lavage (BAL) and the systemic concentrations of
ovalbumin (OVA)-specific 1gG1, IgE (augmented by IL-4),
and IgG2a (augmented by IFN-y) [37]. In contrast, the
production of the Thl-cytokine IFN-y remained unaltered by
administration of CTLA4-Ig [37]. Some of these profound
effects can be explained by the complete inhibition of the
germinal centre reaction after blocking of the CD28/CD86
signal during the primary immune response [39].

The next question was whether blockade of CD28 was able
to alter the immune response upon rechallenge with the
allergen. For these studies, the ligation of CD28-CD80 and
CD86 was inhibited by systemic or intranasal administration
of CTLA-4-Ig during allergen challenge of previously
sensitized mice. Following this treatment protocol, cells from
the local draining lymph nodes of the airways and the
pulmonary compartment exhibited an attenuated production
of the Th2 cytokines IL-4, IL-5, and IL-10, whereas
production of the Thl-cytokine IFN-y was increased or
remained unchanged [40, 41]. Concomitantly, development of
airway inflammation and AHR were also drastically reduced
in CTLA-4-Ig treated animals [40—42]. Only one report
showed contrasting results with no effect on AHR and
cellular infiltration after administration of CTLA4-Ig at the
time of allergen challenge [38]. In a more recent study of mild
allergen-induced airway inflammation by Deurloo et al. [43],
treatment with CTLA4-Ig diminished OVA-specific IgE
synthesis, IL-5 levels and numbers of eosinophils in the
BAL. However, employing a protocol that induced a more
robust airway inflammatory response with adjuvant (alum),
the same authors found that CTLA-4-Ig had less pronounced
effects [43]. Thus, the interruption of the CD28 co-stimu-
latory signal seems also to inhibit the secondary immune
response, at least in some protocols of murine allergen airway
inflammation. Not unexpectedly, a continuous application of
CTLA-4 throughout the whole protocol led to a stronger
suppression of airway inflammation [44].

Blocking CD28 with monoclonal antibodies

To investigate the role of the individual CD28 ligands for the
induction and maintenance of allergic airway inflammation,
mADb directed to CD80 or CD86 have been used. In contrast
to the studies utilizing CTLA-4-Ig, this approach allowed
independent evaluation of the two different CD28 ligands.
After administration of anti-CD86 mAb during the
sensitization phase, a clear reduction of all relevant disease
parameters, including allergen-specific Ig production, Th2-
cytokine production, and development of airway inflam-
mation and AHR was observed [45]. Administration of
anti-CD86 mAb during sensitization and airway allergen
challenge also reduced symptoms [46], whereas alteration of
the inflammatory response after anti-CD80 was only ob-
served in one report [47]. In contrast, in two other
experimental settings the administration of anti-CD80 during
the effector phase did not lead to a suppression of airway
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inflammation [40, 47], whereas in one study anti-CD86 was
sufficient to block the inflammatory response [40]. Adminis-
tration of a combination of both anti-CD80 and anti-CD86
mADb was only in one experimental setting superior to anti-
CD86 mAb alone [47].

Taken together, these studies point towards a major
contribution of CD86 in the development of allergen-
mediated airway inflammation. The anti-inflammatory effect
was most likely due to the suppression of Th2-dominated
immune response to allergen, as CD86 blockade was
associated with a marked decrease in Th2-cytokine synthesis
[45-47]. The role of CD80 for the induction or the
maintenance of Th2 reactions remains questionable, as
selective blockade of the CDS80 pathway resulted in sup-
pressed [48, 49], unaltered [40, 45], or even enhanced [29, 32]
in vivo Th2-type responses.

To further address this question, the group of F. Ronchese
utilized a mutated form of CTLA-4, Y100F, which selectively
blocks CD28—CD80 interactions, leaving CD28 signals
delivered through CD86 intact [48]. On the one hand, the
administration of this protein had no effects on the number of
eosinophils in the peripheral blood or on the systemic Ig
production, but on the other hand it significantly reduced
eosinophilic infiltration into the lungs [49]. These observa-
tions pointed towards a major role of CD86 signals especially
for local immune responses.

CD28 and CD28L knock-out mice

A third approach to study the impact of the CD28 system on
allergen-induced airway diseases is the use of mice with
germline deletions of co-stimulatory molecules. A disadvan-
tage of this approach is that the co-stimulatory molecule is
absent throughout all phases of the immune response and it is
not possible to differentiate between effects on sensitization
or allergen challenge. Furthermore, the early development
and differentiation of T cells might be affected.

Consistent with the results from blocking experiments,
CD86-deficient mice developed less airway inflammation in
response to allergen sensitization and airway challenge than
CDB80-deficient animals [50]. In both, CD28-deficient mice
and CD80/CD86 double knock out mice, production of IgE,
eosinophilic airway inflammation, and development of AHR
were virtually absent following allergen sensitization and
airway challenge [44, 50, 51]. This confirmed the critical role
of CD28 in allergen-induced Th2 immune reactions. Inter-
estingly, in these mice the defect in CD28 expression had no
impact on the lymphocytic infiltration into BAL fluid
following sensitization and airway challenge, illustrating that
this co-stimulatory signal may not to be essential for the
initial recruitment of mononuclear cells to lung tissue [47].

The inability of CD28-deficient mice to develop an
inflammatory response to allergen may be attributed to either
the loss of the positive CD28 signal or the consequential
predominance of the negative CTLA-4 signal. Indeed,
treatment of CD28-deficient mice with CTLA-4-Ig partially
restored the inflammatory response with recruitment of
lymphocytes into the BAL fluid [44] without re-establishment
of Th2-cytokine production or IgG1 class switching.

These results, obtained in CD28- and CD28L-deficient
mice, are in good concordance to the conclusions from the

experiments using blocking agents against CD28 and its
ligands [41, 47, 52].

CD28 in human asthma

In the past few years, several studies on T cells obtained from
BAL fluid and bronchial biopsies from asthmatic patients
were performed [53-56]. Proliferative responses of BAL-
derived T cells from atopic asthmatics stimulated in vitro with
allergen in the presence of autologous APC were inhibited by
the addition of anti-CD86, but not of anti-CD80 mAbD to the
culture [56], underscoring the critical role for CD86 and the
minor role of CD80 in allergen-induced T cell responses.

CTLA-4-Ig inhibited the production of IL-5, IL-13, IL-16,
and RANTES upon allergen-specific in vitro stimulation of
T cells isolated from bronchial biopsies from asthmatic
subjects [54, 55]. A more detailed analysis of these experi-
ments revealed that allergen-mediated Th2-cytokine produc-
tion in bronchial biopsies was dependent on signalling via
both CD80 and CD86 [53].

Given its critical role in an immune balance, it is tempting
to speculate that single nucleotide polymorphisms (SNP) in
the CTLA-4 gene that have impact on the expression or
function of CTLA-4 may influence the development of
allergic diseases. The +49 A/G SNP was demonstrated to
be associated with increased total IgE serum levels [57] and
bronchial hyper-responsiveness (BHR) [58]. The latter study
also demonstrated a significant association of the — 1147 C/T
SNP with BHR and association of the —318 C/T poly-
morphism with asthma severity [58]. In contrast, two other
studies found no association for the +49 A/G and —318 C/T
SNPs in different cohorts of asthmatic patients [59, 60].

The inducible T cell co-stimulator system

The recently identified inducible T cell co-stimulator (ICOS)
is structurally and functionally closely related to CD28.
Unlike constitutively expressed CD28, ICOS has to be
induced onto the cell surface by antigen stimulation, which
suggests that ICOS provides signals to pre-activated rather
than to naive T cells [61-63]. In vitro, ICOS expression is
influenced by both TCR and CD28 signals. CD28 co-
stimulation enhances ICOS expression, and ICOS up-regula-
tion is markedly reduced in the absence of CD8O and CDSE,
indicating that some of the functions ascribed earlier to CD28
might be in part because of ICOS signalling [63-65].
However, ICOS expression is not entirely dependent up-
on CD28 signals, because CD8™ T cells that do not express
CD28 can express ICOS following TCR stimulation [63].
Like CD28, ICOS co-stimulation augments the production of
effector cytokines such as TNF-a, IFN-vy, IL-4, and IL-5 [61,
63]. In contrast to CD28, ICOS co-stimulation does not
induce significant production of IL-2. At the same time, co-
stimulation via ICOS is more proficient for the release of 1L-
10 [61], most likely because of high ICOS levels on terminally
differentiated effector T cells [66].

ICOS does not bind to CD8O or CDS8E but binds to its
own ligand, ICOS-L (also named B7-H2, B7RP-1, hLICOS,
B7h, or GL50). ICOS-L is constitutively expressed by APCs
and T cells and can be up-regulated in peripheral tissues
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(endothelium, brain, heart, liver, kidney) by inflammatory
signals [67-69] (Fig. 1). The high amount of ICOS-L
expression on these tissues during inflammation indicates a
role of ICOS in the interaction of effector T cells with non-
lymphoid tissues [13], which is less understood at present.

Inducible T cell co-stimulator in murine models for asthma

Similar to the experimental studies carried out for analyzing
the impact of CD28 in allergic airway disease, the role of ICOS
was delineated using genetically deficient mice and blocking
mAb and fusion proteins. Not all of these experiments were
intended to study allergic immune reactions, but overall these
studies allow a number of predictions about the role of ICOS
in allergen-mediated diseases (Table 3).

Inducible T cell co-stimulator and inducible T cell
co-stimulator-ligand knock-out mice

Indicative for the possible involvement of the ICOS/ICOS-L
system in the development of atopic diseases were the findings
from ICOS knock-out mice on the C57BL/6 background
[70-72] (Table 3). In the naive state as well as following
mitogen or allergen stimulation, ICOS "/~ mice showed
reduced serum levels of immunoglobulin IgG1, IgG2a, and
IgE compared with wild-type mice [70-72]. Moreover,
germinal centre formation during primary immune responses
was severely impaired [71, 72]. Consistently, IL-4 and, to a
lesser extent, IL-13 production by T cells was impaired in
ICOS ~/~ mice, while IFN-y production was increased when
compared with wild-type animals [70, 71]. ICOS ™/~ mice
were susceptible to induction of allergen-mediated lung
inflammation in OVA-primed mice with no differences in

Table 3. ICOS in mouse models for allergen-induced airway disease

lung histology compared with wild-type mice, but were
unable to mount IgE responses [70, 71].

Two years later, these findings were confirmed in studies of
ICOS-L knock-out mice [73-75]. ICOS-L-deficient mice were
able to mount normal immune responses to both type I and
type II T cell-independent antigens [73, 74]. Upon secondary
and tertiary challenges, however, they had marked deficits in
their response to T cell-dependent antigens in terms of
production of antigen-specific class-switched antibodies
(IgGl, IgG2a, and IgA) [73], and were unable to produce
antigen-specific IgE upon sensitization and allergen airway
challenge [74].

Blocking of inducible T cell co-stimulator signalling by
fusion protein or monoclonal antibodies

Several studies investigated the effects of ICOS blockade in
murine models for allergen-mediated airway inflammation.
Blockade of ICOS in OVA-sensitized C57BL/6 mice showed
that application of ICOS-Ig or anti-ICOS mAb (12A8) at the
time of allergen sensitization had little effect on the
development of airway inflammation, whereas blockade of
CD28 with CTLA-4-Ig lead to significant reduction of cell
numbers in the BAL [38]. In contrast, blockade of ICOS
signalling in already sensitized mice significantly reduced the
formation of lung inflammation, whereas blockade of the
CD28-B7 pathway had no effect. The study demonstrated
further that IL-4, IL-5, TL-10 as well as IgE production were
impaired when ICOS signalling was interrupted during the
effector phase.

Using adoptive transfer of T cells from OV A-sensitized into
naive BALB/c mice followed by airway allergen challenge, the

Outcome
Blocking Eosinophils Pulmonary
Approach Mouse strain reagent Time of blockade AHR in BAL infiltration  IL-4 IL-5 IL-10 IL-13 IFN-y IgE Reference
Fusion protein C57BL/6 ICOS-Ig Sensitization ND ND ND ND ND ND ND ND ND [38]
Effector phase 1 1 1 ND ND ND ND ND ND
C57BL/6™ ICOS-Ig Continuously 1 1 ! 1 1 ND ND — [76]
Balb/c ICOS-Ig Effector phase 1 1 ND ND | ND ND ND ND [65]
Balb/ct ICOS-Ig Sensitization and ND | ND ND ND ND ND ND ND [77]
early effector phase
Balb/c ICOS-L-Ig§ Sensitization and ND 1 ND T ND 7 ND 7 (1) [139]
(B7RP-1-Fc)  effector phase
Monoclonal C57BL/6 Anti-ICOS Sensitization (1) — — - =] - — (l) [38]
antibody (12A8)
Effector phase | 1 | 1 1 | 1 — 1
Balb/cit Anti-ICOS Sensitization and early ND | ND - | 1 «~ ND T 77
(12A8) effector phase
Late effector phase ND « ND ND ND ND ND ND —
Germline-deficient ICOS ~/~ (C57BL/6) ND ND ND | ND | ND 1 | [72]
mice ICOS~/~ (C57BL/6) ND | ND 1 (1) ND | ND | [70]
ICOS ~/~ (C57BL/6) ND ND ND | ND ND ND 7 |7
ICOS-L '~ (C57BL/6) ND ND ND | ND | ND 7 ND [73]
ICOS-L~/~ (C57BL/6) ND | 1 | ND | ND 1 | [74]

Unless indicated otherwise, mice were sensitized with OVA "/~ Alum i.p. and subsequently challenged with OVA via the intranasal or inhalative route.
*Heat inactivated Schistosoma eggs used as allergen. Denovirus conditioned Th2 model. TAdoptive transfer of highly polarized Th2 cell line. §ICOS-stimulating
reagent. BAL, bronchoalveolar lavage; OVA, ovalbumin; AHR, airway hyper-responsiveness; ICOS, inducible T cell co-stimulator; Th2, T helper 2; i.p.,

intraperitoneally; IgE, immunoglobulin E.
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Table 4. OX40 in mouse models for allergen-induced airway disease

Outcome
Blocking Time of eosinophils Pulmonary

Approach Mouse strain reagent blockade AHR in BAL infiltration  IL-4 IL-5 IL-10 IL-13 IFN-y IgE Reference
Monoclonal Balb/c* Anti-OX40L (RM134L) Continuously ND ND ND | ND | 1 — 1 [90]
antibody Balb/c Anti-OX40L (RM134L) Sensitization 1 1 1 1 | ND 1 1 1 [91]

Effector phase «— < — (l) (I) ND (/) ND ND

C57BL/6 Anti-OX40L (RM134L) Effector phase | 1 ! | | ND | ND | [92]
Germline-deficient OX40 /~ (C57BL/6) ND ND ND | | ND ND | ND [81]
mice OX40L '~ (Balb/c) ND ND ND | ND ND ND | ND [87]
OX40 '~ (C57BL/6) 1 1 1 | | ND ND ND | [85]
OX40L ~/~ (Balb/c) 1 1 1 | ND ND | 1 | [86]
OX40L~'~ (Balb/c) ! 1 1 | | ND | ND | [91]

Unless indicated otherwise, mice were sensitized with OVA*/~ Alum i.p. and subsequently challenged with OVA via the intranasal or inhalative route.

*Leishmania infection.

BAL, bronchoalveolar lavage; OVA, ovalbumin; AHR, airway hyper-responsiveness; 2; i.p., intraperitoneally; IgE, immunoglobulin E.

same group demonstrated that blocking of ICOS distinctively
inhibited Th2-, but not Thl-biased airway inflammation [65].
ICOS blockade with ICOS-Ig reduced lung inflammation,
lung eosinophilia and airway hyper-reactivity after adoptive
transfer of highly polarized Th2 lines. In contrast, the
neutrophilic infiltrate induced by transfer of highly polarized
Thl cells was reduced by CD28 blockade but not ICOS
blockade. Another study showed that ICOS blockade (with
ICOS-Ig) reduced Th2-associated airway inflammatory re-
sponses to Schistosoma mansoni eggs (effector phase), but did
not attenuate the priming of T cells to Th2 cells [76]. Wiley
et al. further analysed the question of differential role of
ICOS in Thl vs. Th2-biased immune reactions. They utilized
a model of inhaled allergen-induced primary immune reaction
that was biased to a Thl- or Th2-type through the local
delivery of cytokines. Using this protocol, they demonstrated
that a blockade with anti-ICOS mAb (12A8) intraperitoneally
or ICOS-Ig i.v. during sensitization inhibited the early
inflammatory cell influx and IL-5 production in the lungs in
the Th2, but not the Th1 model [77]. Blockade of ICOS in the
Th2 model significantly reduced the numbers of infiltrating
CD44"e" CD62' memory/effector T cells in the lungs,
suggesting that these cells were responsible for the early influx
of other inflammatory cells. In contrast, blocking of ICOS on
re-challenge showed no effect on cell numbers in the BAL
fluid or on OVA-specific IgE production.

Another hint for the role of ICOS in allergic immune
reactions was obtained by analysing the cytokine profile of
ICOS-positive CD4" T helper cells in lymphatic tissue of
non-immunized mice. It was shown that there is a link
between the density of ICOS cell surface expression and the
type of cytokine produced [66]. Intermediate ICOS expression
was associated with the production of Th2-cytokines, while
high ICOS expression was associated with an IL-10-dominated
cytokine profile. Employing this information in a model of
adoptive transfer, the authors demonstrated that only ICOS™,
but not ICOS™ T cells transferred into naive BALB/c mice-
induced striking airway inflammation upon subsequent airway
challenge.

Collectively, one may hypothesize that CD28 is mainly
required during the priming phase of an immune response,
while ICOS signalling plays a pivotal role during the effector
phase of an already established allergic immune response.

Regarding the strong association between high cell surface
ICOS expression and the capacity to release IL-10 [66] there is
a possible role for ICOS on regulatory T cells [78].

Inducible T cell co-stimulator in human patients

Little is known about the precise role of ICOS in human
immune reactions. Initial decisive data were obtained from
ICOS-deficient patients. In these patients, the lack of ICOS
expression was associated with a humoral immunodeficiency
resembling the phenotype of common variable immunodefi-
ciency (CVID) with hypogammaglobulinemia, low numbers
of B cells, and recurrent infection of the respiratory and
gastrointestinal tracts [79]. Remarkably, in these patients a
profound reduction in the number of CD27 IgM ~IgD ™
switched memory B cells was observed. Taken together, the
findings in ICOS-deficient patients led to the conclusion, that
ICOS expression on T cells is important for late B cell
differentiation, class switching, B cell memory formation, and
sustained Ig production.

The OX40 system

0X40, a member of the TNF-receptor family, is a co-
stimulatory antigen mainly expressed on activated CD4* Th2
T cells, but also on activated CD8" T cells. The expression of
0OX40 on other cell types is less well defined [80] (Table 1).
Expression can be observed on naive T cells beginning
12-24 h after initial stimulation with an expression peak after
2-3 days and subsequent down-regulation. In vivo, OX40 is
expressed in the T cell zones of spleen and lymph nodes
several days after the first immunization [81]. Antigen-
experienced, pre-activated T cells re-express OX40 rapidly
within 4 h upon re-stimulation [82], whereas T cells deficient
in OX40 undergo apoptosis 4-5 days after in vitro activation.
This is explained by the requirement of OX40 for cytoplasmic
expression of Bcl-xl and Bcl-2 which deliver anti-apoptotic
signals for pre-activated T cells [83].

The ligand for OX40, OX40L, is expressed on activated B
cells, dendritic cells, and endothelial cells. In the case of B
cells and dendritic cells, OX40L expression is promoted by
LPS, CD40, and Fc-receptor cross-linking [84].
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OX40 in murine models for asthma

The role of OX40 in the induction and maintenance of
antigen- or allergen-mediated immune responses was ana-
lysed in several experimental approaches, including the use of
genetically deficient mice and blockade of OX40 signalling by
mAD (Table 4).

OX40- and OX40L-deficient mice

Several studies performed in OX40- and OX40L-deficient
mice showed that this system plays a major role for T cells in
anti-viral as well as allergen-mediated immune responses
(reviewed in [80]). OX40-deficient mice failed to generate
significant numbers of antigen-specific CD4 T cells in the late
primary response up to 5 weeks, a time-point when the T cell
memory population is formed [81]. This indicated that OX40/
OX40L interactions were not only necessary to accumulate
effector T cells during primary immune responses but also
influenced subsequent formation of memory cells. When
applied to the murine model of allergen-induced airway
inflammation, many prominent features of the disease, such
as airway hyper-reactivity (AHR), Th2 cytokine production
in BAL fluid and increased total serum IgE levels were
significantly reduced in OX40- [85] and OX40L-deficient mice
[86]. Similarly, when analysed in vitro, OX40L-deficient
dendritic cells were less able to stimulate T cell cytokine
production [87].

Blocking of OX40 signalling by monoclonal antibodies

In vitro experiments provided the first indication for the
involvement of the OX40/OX40L pathway in the synthesis of
Th2 cytokines [88, 89]. In vivo, in the Leishmania major
infection model, blocking of OX40 with mAb resulted in the
decreased synthesis of Th2 cytokines (IL-4, IL-10, and 1L-13),
whereas levels of IL-2 and IFN-y were unimpaired [90].
Furthermore, total IgE levels were significantly decreased in
animals treated with anti-OX40 mAb, indicating a direct role
for OX40 in Th2-associated IgE production and allergic
inflammation. There is ongoing controversy about the
importance of OX40-signalling regarding the kinetics of
the allergic immune response. Recent work [91] showed that
the effect of OX40 is limited to the induction phase of an
immune response. Administration of anti-OX40L mAb
abolished subsequent development of airway inflammation
upon airway allergen challenge only when administered
during allergen sensitization, but not when given to already
sensitized mice. In contrast to this result, another recently
published paper [92], using a different mouse strain but the
same blocking antibody, demonstrated that OX40L blockade
during airway challenge abolished allergic airway inflamma-
tion (cellular infiltration, AHR, allergen-specific IgE produc-
tion, Th2 cytokine synthesis) also at very late time-points
(days 120-124). In this model OX40 was expressed on a
significant number of CD44™ memory T cells in immunized
mice, and was clearly up-regulated on T cells from the lung
and the draining lymph nodes after restimulation through
inhaled allergen challenge. Furthermore, T cells from OX40-
deficient TCR transgenic mice (OTII OX40 /) showed
deficient expansion or survival when adoptively transferred

into recipients that were challenged with OVA. Taken
together, these studies point towards the important role of
the OX40/OX40L pathway during the primary and also, as
demonstrated more recently, during the secondary immune
response in mouse models of allergic airway inflammation.

The PD-1 system

After CTLA-4, PD-1 was identified as the second negative co-
stimulatory molecule in the CD28 family. It shares 24%
amino acid homology with CTLA-4 in the extracellular
domain [93], but lacks the motif required for binding to
CD8O and CD8O. In contrast to CTLA-4, CD28, and ICOS,
PD-1 is not restricted to T cells but is also expressed on B cells
and myeloid cells following activation [94].

PD-1 delivers an inhibitory co-signal to T and B cells by
engagement of its ligands PD-L1 (B7-H1) [95] and PD-L2
(B7-DC) [96, 97]. PD-L1 is constitutively expressed on freshly
isolated T cells, B cells, macrophages, and DCs and was
detected in thymus as well as in non-lymphoid tissues such as
heart, kidney, and liver. It is further up-regulated on
macrophages and DCs by IFN-y, GM-CSF, or IL-4 [95, 98]
and on T cells by CD3 ligation and might play a role in the
suppressive function of regulatory T cells [99]. In contrast, PD-
L2 is only expressed on macrophages and DCs after
stimulation with the cytokines mentioned above [100]. These
variations in tissue distribution and expression patterns suggest
that the two PD-1 ligands play different roles at various stages
of an immune response.

Despite its name, programmed death 1, the molecule is
associated with T cell activation rather than apoptosis: It was
shown that transfection of PD-1 into cells or cross-linking
with mAbs did not affect programmed cell death, but lead to
arrest in cell cycle phase GO—G1 [94]. The inhibitory effect of
PD-1 on TCR-mediated proliferation and cytokine produc-
tion can be overcome by CD28 co-stimulation or exogenous
IL-2. Therefore, PD-1 effectively suppresses T cell responses
in situations in which IL-2 is limiting, e.g. ICOS co-
stimulation [101]. However, some groups showed a positive
effect for PD-1 stimulation. Resting T cells stimulated with
anti-CD3 mAb and B7-DC-Ig (PD-L2-Ig fusion protein)
showed enhanced proliferation and IFN-y production [97].
Another group reported enhanced proliferation and IFN-y,
GM-CSF, and IL-10 production by T cells stimulated with
low doses of anti-CD3 mAb and B7-H1-Ig (PD-L1-Ig fusion
protein) [95, 102]. It remains unclear, whether these conflicting
results are because of a true positive stimulatory effect, to
blockade of the negative PD-1 signal by the fusion proteins or
to a putative positive signal delivered by an as yet to be
identified receptor other than PD-1 [103]. A strong argument
against the last hypothesis is provided by the fact that PD-L1-Ig
plus anti-CD3 mADb fail to stimulate PD-1-deficient T cells [98].

PD-1 knock-out mice

The importance of PD-1 mediated T cell suppression for
peripheral tolerance is supported by the observation that PD-
1-deficient mice develop autoimmune diseases. The type of
disease is dependent on the genetic background, as BALB/c
mice develop dilated cardiomyopathy [104], while C57BL/6
mice develop autoimmune glomerulonephritis and arthritis
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[105]. In these mice, antibody responses to T cell independent
antigens are enhanced, thus resulting in increased serum levels
of IgG2b, 1gG3, and IgA [106]. In contrast to CTLA-
4-deficient mice, symptoms of autoimmunity develop later in
life and seem not to be controlled by the action of CTLA-4.
This supports the hypothesis that CTLA-4 is the primary
negative co-stimulatory signal within the germinal centre
reaction, whereas PD-1 controls the induction and main-
tenance of autoimmune processes in the periphery [11, 107].

Furthermore, PD-1-deficient mice present with increased
numbers of CD4-CD8 double-positive T cells and reduced
numbers of single-positive CD8 T cells, suggesting a role for
this pathway in thymocyte differentiation [106].

PD-1 in murine models for allergic reactions

First support for a role of the PD-1 pathway in allergic
immune reactions was found in a mouse model for hapten-
induced contact hypersensitivity [108]. Treatment with anti-
PD-1 (J43) or anti-PD-L1 mAb (MIHS, MIH6, MIH7) during
sensitization led to increased and prolonged ear swelling and
increased numbers of T cells in the draining lymph nodes. In
those lymph nodes a particular subset of PD-L1* PD-L2~ DC
was found, indicating that PD-L1, and not PD-L2, may play a
unique inhibitory role in cutaneous sensitization to allergens.

A recently published study analysed the distinctive con-
tribution of PD-L1 or PD-L2 in the development of OVA-
induced murine airway inflammation [109]. A substantial
number of pulmonary DCs, macrophages, and B cells
isolated from the lungs of naive mice did express PD-LI,
which was further enhanced after allergen sensitization and
airway challenge. Despite this abundant expression of PD-L1
by various APCs in inflamed lung tissues, treatment with
blocking antibodies was not effective. In contrast, expression
of PD-L2 was extremely low on lymphocytes of unchallenged
mice, and only moderately enhanced on DCs and macro-
phages after allergen challenge of sensitized mice. Treatment
with anti-PD-L2 mAb (TY25) during allergen challenge
increased the development of AHR and lung eosinophilia
significantly and led to increased levels of IL-5 and IL-13 in
BAL fluid. The enhanced allergic symptoms were shown to be
IFN-y dependent, as depletion of IFN-y with mAb (R4-6A2)
abrogated this effect. No effect on the inflammatory response
was demonstrated when PD-L2 was blocked during sensitiza-
tion, indicating that the inhibitory function of PD-L2 is
limited to the effector phase (airway challenge).

Other co-stimulatory molecules

Little if any data exist on the roles of B7-H3, B7-H4, BTLA,
and 4-1BB in allergen-mediated airway inflammation as the
molecules were identified only recently.

B7-H3

B7-H3 is an orphan member of the B7 family whose receptor
has not been identified yet. Originally, the molecule was
described to activate T cells in vitro [110], but analyses of
B7-H3-deficient mice indicated an inhibitory effect on T cell
function [111]. Using a model of airway inflammation in

which a Thl- or Th2-biased immune reaction was induced by
allergen inhalation with concomitant local application of
GM-CSF plus IL-12 or GM-CSF alone, a clear augmenta-
tion of Thl-biased inflammation responses was observed in
B7-H3-deficient animals, whereas Th2 immune reactions were
unaltered [111]. Contradictory findings were reported in an
independent B7-H3-deficient mouse model used as a recipient
for cardiac and islet allografts. Here, the authors found
evidence for a co-stimulatory function of B7-H3 [112]. At
present the reasons for these divergent findings are not
determined yet.

B7-H4

B7-H4 (also designated B7S1, B7x) is another orphan
member of the B7 family whose receptor has not been
identified yet [113-115]. B7-H4 has a very broad tissue
distribution and is found mostly on epithelial cells [116]. The
reported expression on some cells of hematopoetic origin has
to be confirmed yet. The current experimental data suggest
that B7-H4 is a negative regulator of various T cell functions.

BTLA

The inhibitory molecule BTLA [117] is expressed by nearly all
lymphoid cell subsets including T cells, B cells, dendritic cells,
and y/d T cells [118, 119] and is as a member of the B7 family
structurally related to CTLA-4 and PD-1 [120]. Cross-linking
of BTLA with the TCR leads to co-receptor phosphorylation,
phosphatase recruitment and down modulation of IL-2
production in vitro. T and B cells development was normal
in BTLA-deficient mice, but T and B cells exhibited an
increased rate of proliferation when stimulated in vitro [117].
After polarization of T cells, BTLA is mainly expressed on
Thl cells, suggesting a role for BTLA in controlling Thl-
biased immune responses [117]. After immunization, these
mice responded with an exaggerated humoral response to
T cell-dependent antigens [117]. On comparison with PD-1-
and CTLA-4-deficient mice, BTLA appears to be dispensable
for the control of autoreactive T cells as no spontaneous
autoimmune disease or lymphadenopathy was reported in
these animals. However, BTLA-deficient mice are more
susceptible to experimental autoimmune encephalitis (EAE).
Very recently, it has been shown that the receptor for BTLA
is the herpes virus entry mediator (HVEM) [121, 122].
Interestingly, this observation is the first example of a B7
family member interacting with a member of the TNF-
receptor family.

4-1BB

4-1BB (CD137) [123], a member of the TNF-receptor
superfamily, is rapidly induced after activation on T cells
[124], B cells, monocytes, and non-lymphoid tissues [125].
4-1BB-ligand [126] is expressed on B cells, monocytes, and
DCs upon activation [127]. Functional studies focused on the
role of this interaction in the regulation of cytotoxic T cell
responses [128, 129] and the control of expansion and survival
of CD8™ T cells [130]. Recently, it was shown that co-stimula-
tion of CD4™ T cells through 4-1BB enhanced the survival
and favoured the development of Thl cytokine producing T
cells with a sustained increase in INF-producing cells and
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suppression of IL-4 and TNF production [131]. No studies on
the role of this molecule interaction in the pathogenesis of
allergic airway inflammation have been published.

Summary and conclusion

In past few years we have gained exciting new insights into
the fundamental role of co-stimulatory molecules in the
development of allergic diseases, many of which were based
on the use of gene-defective animals. In other cases, the
contribution of particular co-stimulators to the allergic
cascade in vivo was studied by targeting with specific mAb
or fusion proteins. When analysing and interpreting the in
vivo data obtained with these latter reagents, some word of
caution is necessary. In most of these studies essential
questions regarding the mode of action of the blocking
reagents have not been addressed in detail. Thus the issues of
avidity, bioavailability, terminal half-life, and accessibility of
the blocking agents to the targeted tissues were usually not
determined. Moreover, possible unspecific interactions of the
blocking reagents with other cells of the immune system, e.g.
via the Fc-receptors, were usually not considered. Therefore,
more extensive blocking studies of candidate molecules in
animal models are warranted before given co-stimulatory
molecules can be chosen as targets for treatment of patients.
Nevertheless, from the information gained from studies in
animal models and man, several basic conclusions can be made:

1. The successful modulation of ongoing inflammatory
process requires a precise knowledge of the participating
molecules, their kinetics and site of action. Substantial
data are available for some well-characterized molecules
like CD28, ICOS, and OX40. For the more recently
described ‘new’ co-stimulators, a definitive statement on
their potential use as therapeutic targets cannot be made
yet.

2. Negative co-stimulatory molecules physiologically dampen
primary immune reactions and are critical for the
limitation of the immune responses against self-antigens.
The available animal date clearly indicates that blocking of
these negative T cell co-stimulators will result in an
exacerbation of immune responses. For this reason, it is
unlikely that the negative co-stimulators will become
targets for the treatment of allergic airway diseases.

3. Optimal target criteria for a co-stimulatory molecule in the
prevention and treatment of allergic immune reactions are:
(1) specificity for T cells, the main regulatory cells in the
allergic cascade; (ii) association with the Th2 effector
response, which is critical for the immune deviation
underlying the allergic response; and (iii) dependency of
the expression/function of the co-stimulatory molecule
upon cell activation. These three criteria are best met by
ICOS and OX40. CD28 and other co-stimulatory mole-
cules that are constitutively expressed on T cells or even on
non-lymphoid tissues are unlikely to be ideal targets. In
particular, a general suppression of primary immune
responses by CD28 blockade is a noteworthy concern.

4. An alternative concept for the therapy of allergic immune
reactions is the elimination of T cells bearing a given
co-stimulatory molecule on the cell surface. Ideally, such a
target molecule would be inducible, T cell-specific, and

Th2-associated, as mentioned above. Under optimal
conditions, T cells specifically activated during an allergic
immune response would be permanently removed from the
immune system following a short course of treatment (for
an extensive discussion of the depletion strategy see [140]).

The last decade has brought us an expanding knowledge on
the contribution of co-stimulatory molecules for the shaping
and fine-tuning of immune responses. We are now on the
brink of translating these findings into first experimental and
pre-clinical studies to treat unwanted immune responses. In
this context, inducible co-stimulatory molecules with a
preference for Th2-biased allergic immune reactions, such
as ICOS and OX40, are promising new targets for novel
treatment strategies in allergen-mediated airway disease.
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