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ABSTRACT

Allergic diseases, including asthma, result from airway inflammatory responses
directed against ubiquitous antigens-allergens. The detailed immdnological mechanisms
underlying the development of allergy (allergic sensitization) have not been fully
elucidated. Our understanding of the complexity of cellular interactions underlying allergic
inflammation originates mainly, but not exclusively, from studies in experimental animal
models. The studies presented in this thesis utilize experimental mouse models of antigen-
induced allergic airways inflammation in order to investigate 1) the events occurring during
sensitization (primary immune responses) and following re-challenge (secondary immune
responses) in two immunologically important sites: lungs and lymph nodes following
experimental allergen (ovalbumin; OVA) exposure; 2) the role of the secondary lymphoid
organs vs. lungs in elicitation of immune responses to allergen; 3) the importance of two
major costimulatory pathways - CD28/B7 and ICOS/B7RP-1 - in the generation of allergic
airways inflammation.

Findings presented here indicate that introduction of antigen leads to vigorous T
and B cell activation in the draining lymph nodes. Such activation translates into the
acquisiton of a Th2 phenotype, an important step in the generation of allergic
sensitization. Considering the multitude of changes occurring in the draining lymph nodes,
the importance of lymph nodes during sensitization was investigated in mice devoid of
lymph nodes - lymphotoxin o deficient mice. The study demonstrated the absolute
requirement of lymphoid organs, either lymph nodes or spleen in generating of Th2-type

inflammatory responses. Finally, studies on CD28 and B7RP-1 deficient mice indicated
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that, whereas the CD28/B7 pathway is necessary for the establishment of allergic airway
inflammation, the ICOS/B7RP-1 pathway is redundant.

The data presented in this thesis identifies several important aspects by which the
immune system generates efficient allergic airway inflammation. As we suspect tl;at new-
sensitization occurs after each exposure to allergens, information in this thesis may

provide insights into novel therapeutic strategies.
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CHAPTER 1 : INTRODUCTION
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IMMUNOLOGICAL MECHANISM OF HOMEOSTASIS MAINTENANCE IN THE LUNG

For a long time the lung has been perceived almost exclusively as an organ
involved in gas exchange. However, its extensive relationship with the environment implies
constant exposure to a multitude of pathogenic and non-pathogenic entities (Lambrecht et
al., 2001). Consequently, it became imperative to develop a very efficient system capable

of differentiating between harmful and harmless antigens, and of mounting immune

responses accordingly. The effectiveness of this tight immunological regulation in the lung --

relies on the presence of a complex network of antigen-presenting cells (APC), primarily
dendritic cells (DC) that can induce such contrasting states as immunity or tolerance
depending on the signals that they receive. The initial interaction between DC and naive T
cells in the process of antigen recognition represents the first step in the generation of
adaptive immune responses (Banchereau et al., 2000).

Under homeostatic conditions, the immune cells residing in the lung are strictly
controlled. An inherent controlling step is the phenotypic immaturity of DC specialized, by
definition, in antigen uptake rather than antigen presentation to naive T cells (Cochand et
al., 1999; Stumbles ef al., 1998). It is thought that, in the absence of inflammation,
immature DC sample inhaled innocuous antigens and present them to T cells in a
tolerizing fashion (Akbari ef al., 2001). Indeed, inhalation of the soluble protein ovalbumin
(OVA) leads to the establishment of inhalation tolerance in animal models (Swirski et al.,
2002; Tsitoura et al., 1999). Therefore, the failure of immature DC to become mature in
response to inhaled allergens may be the primary reason most -humans are tolerant to

inhaled non-microbial antigens (Stumbles et al., 1998).
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A potential mechanism for the maintenance of DC immaturity may be the presence
of inhibitory/regulatory activities. For example, alveolar macrophages (AM) can suppress
local DC maturation by releasing nitric oxide (NO) (Holt et al., 1993). Interestingly, the
same mechanism is postulated to be responsible for the direct inhibition of T cell
proliferation in the lung (Bilyk and Holt, 1993). The most compelling evidence of AM
suppressive activity was generated in studies involving selective depletion of AM by local
administration of toxic liposomes which resulted in great enhancement of responses to
OVA (Bilyk and Holt, 1995; Holt ef al., 1993). Other studies have also implicated TGF-8,
prostaglandins, and direct cell-cell contact in the suppression of lung DC activity by
bronchoalveolar cells (Lipscomb et al., 1993). Furthermore, autocrine production of IL-10
by immature DC can inhibit expression of MHCII and exert an inhibitory effect on T cell
activation through the generatioh of regulatory T cell (Tr) (Akbari et al., 2001; Stumbles et
al., 1998).

As stated before, DC immaturity can be easily overridden by inflammatory
conditions in the lung or by delivering a “danger signal®. Under such circumstances DC
regain their ability to stimulate T cells to antigens that previously had been ignored. For
example, transgenic expression of GM-CSF concurrently with OVA in the airways appears
to very efficiently activate resident DC; such activation eventually leads to the generation
of allergic airway inflammation (AAl) (Stampfii et al., 1998). Interestingly, in vitro studies
have documented that the suppressive function of AM can be effectively overridden by
GM-CSF, and is amplified by the presenoé of TNF-a, due to interference with NO

synthesis (Bilyk and Holt, 1993; Bilyk and Holt, 1995). Therefore, delivery of appropriate
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stimuli can, in addition o the antigen per se, dramatically influence the nature of the
ensuing immune response in the airways.

Taken together these observations support the notion that the lung environment
plays a major role regulating DC function and, by extension, immune responses (reviewed

in Appendix IV).

ALLERGY- DYSREGULATED Th2 RESPONSES

Allergic responses to common environmental antigens, such as those derived from
house dust mite, plant pollens or animal proteins, cause clinical disorders such as asthma
or allergic rhinitis (Erb, 1999). The halimarks of allergic asthma include airway eosinophilic
inflammation, airway eosinophilia, mucus hypersecretion and airway hyperreactivity (AHR) -
(Umetsu et al., 2002). The development of allergy is related to the generation of a highly
polarized T cell subset - T helper 2 (Th2) cells. T helper lymphocyte responses are
generally divided on the basis of cytokine/chemokine production and the functions that
they elicit after encounter with antigen. While Th1 cells make IFN-y and TNF which
promote inflammatory cellular immunity against intracellular pathogens, Th2 cells initiate
immunity réquired for the elimination of extracellular pathogens and produce among others
IL4, IL-5 and IL-13 (Mosmann et al, 1986). Allegedly, development of allergy or
autoimmune diseases can reflect an aberrant development of Th2 or Th1 polarized
responses, respectively.

Th2 cells activated by a relevant allergen secrete a specific set of cytokines (e.g.

IL4, IL-5, IL-13) with a variety of effects pertinent to the pathogenesis of allergic
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inflammation. For example: IL-4 and IL-13 promote B cell immunoglobulin switch to IgE
and IL-5 is an important cytokine for the growth, differentiation and activation of
eosinophils (reviewed in (Alvarez et al., 2001)). Many of the pathological features
associated with allergic diseases result from the interplay between different cells and
cytokines often acting in concert with each other.
| The reasons why only some individuals develop allergies remain poorly
understood. The simplified view is that genetic and environmental factors interact with
each other to orchestrate the preferential development of Th2 cells. The hygiene
hypothesis suggests that Th1 type infections during childhood can mitigate Th2 allergic
responses and that, with improved hygiene, reduced levels of infections allow for the
development of allergies (reviewed in (Wills-Karp ef al., 2001)). Another explanation
proposes a deviation from the immunoinhibitory environment regulated by
immunosuppressive cytokines such as IL-10 or TGFp that, under normal circumstances,
prevent the development of allergic responses (Umetsu et al., 2002). Ultimately, both of
these theories suggest that a key etiologic factor in allergic disease may be not the initial
acquisition of allergen-specific Th2 immunity per se but, rather, a disturbance of
protective/inhibitory mechanisms that permits immune-deviation towards a Th2 phenotype
(Prescott et al., 1998).
Our understanding of the steps involved in tﬁe generation of allergic responses
has evolved substantially over the past decade. Generally, the development of such
responses can be divided into two main steps: sensitization and recall responses.

Although it has not been possible to study the fundamental events of primary sensitization
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in children who become allergic, studies in mouse models have helped to broaden our
perspective on this issue. It is believed that in genetically predisposed individuals the first
encounter with allergen, sensitization, promotes the differentiation of Th2 cells. As a result
of sensitization, allergic patients produce allergen-specific IgE antibodies and generate a
pool of memory T cells that can, unlike naive T cells, respond to allergen. Subsequent
exposure to allergen (recall response) triggers an allergic reaction that is comprised of two
major events: immediate and late reactions. The immediate reaction is initiated by allergen
cross-linking of IgE bound to high affinity receptors (FceRI) on mast cells and basophils
resulting in the release of inflammatory mediators such as histamine and leukotrienes
(Tumer and Kinet, 1999) which leads to clinical symptoms as a consequence of
vasodilation, bronchial smooth muscle bronchoconstriction and mucous secretion. The late
phase response is mainly caused by the infiltration of allergen-specific memory CD4+ T
cells and eosinophils that produce an array of cytokines, chemokines and other mediators
that ultimately influence other inflammatory/structural cells in the lung eventually leading to
chronic inflammation.

Constant exposure to allergens continues to promote inflammation and long-term
damage to the airways (Muro et al., 2000). Once established, the repetitive cycle of tissue
damage and inflammatory cell recruitment becomes chronic leading to structural

abnormalities and remodeling of the airway.

STEPS IN THE INITIATION OF ALLERGIC AIRWAYS INFLAMMATION

The initiation of immune responses in the mucosal airway surface is a very
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complex process. It involves geographical transfer of information from the lung to the
draining lymph nodes and consists of distinct phases including: 1) antigen uptake by lung
DC, 2) DC migration to the draining lymph nodes, 2) antigen presentation and 3) T helper
cell polarization. These steps eventually lead to the establishment of Th2 cell memory - a

key component in recall responses to allergens.

Antigen uptake by lung DC. Inhaled antigen pehetrates the respiratory epithelium to be
captured by highly endocytic immature dendritic cells, clustered in dense networks directly
beneath. Endocytosis promotes phenotypic and functional changes in dendritic cells,
culminating in the complete transition from antigen-capture to antigen-presentation
(maturation) (Banchereau et al., 2000; Holt et al., 1992). The process of DC maturation is
firmly linked with the ability to migrate from peripheral tissues (lung) to the draining
lymphoid organs. Under homeostatic conditions, spontaneously migrating DC retain a
phenotype conducive to tolerance induction (Hawiger et al., 2001; Steinman et al., 2003).
Therefore, unless contextualized by inflammatory mediators, allergen uptake does not lead
to-the development of allergi(; inflammation. That DC demonstrate exquisite sensitivity to
signals delivered from the local environment is not without precedent. In animal models,
activation of lung DC may be accomplished by delivering exogenous factors such as GM-
CSF (Stampfli et al, 1998), thereby leading to allergic sensitization. The interaction
between structural cells (epithelial) and DC is likewise of major importance. Epithelial cells
secrete an assortment of mediators among them, prostaglandin E2 (PGE2), thymic stromal

lymphopoietin (T SLP), and TGFp (Kauffman, 2003). While TGFp promotes the generation
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of “tolerogenic” DC, PGE2 and TSLP have been shown to produce Th2-promoting DC
(Kalinski et al., 1997a; Soumelis et al., 2002). According to current findings, none of these
are produced in response to allergens. It is known, however, that som;e allergens can
modulate epithelial cell function by a protease-mediated mechanism. For example, serine
and cysteine proteases of HDM have been shown to stimulate IL-6 production, a Th2-
associated cytokine as well as other cytokines such as GM-CSF (Asokananthan ef al.,
2002) (Fig. 1, p.13). It is reasonable to postulate that proteolytic activity of environmental
allergens subverts, in susceptible individuals, lung immune homeostasis and promotes
sensitization by influencing DC or epithelial cell function. Under such circumstances, one
can envisage a scenario in which allergen-loaded DC acquire a specific Th2-inducing

phenotype that, in presence of naive T cells, leads to allergic inflammation.

DC migration to the draining lymph nodes. The differential distribution of inflammatory and
lymphoid chemokines is vital in regulating DC migration from peripheral tissues to the
draining lymph nodes. Accumulation of immature DC in non-lymphoid tissue during the
early phase of inflammation is associated with local production of chemokines. Since
immature DC express CCR6 (as well as CCR1 and CCRS), locally secreted chemokines
such as MIP-3a., and defensins, for which CCRG is a receptor, will attract more DC (Yang
et al., 1999a; Yang et al., 1999b). After antigen uptake, DC are less responsive to MIP-3a.
and other chemokines specific for the immature DC (Dieu et al., 1998; Sallusto et al.,
1998; Sozzani et al., 1999). Upon maturation, DC up-regulate CCR7 and acquire

responsiveness to MIP-3p (ECL, Exodus 3, CCL19) and 6Ckine (secondary lymphoid-
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tissue chemokine (SLC), Exosdus 2, CCL21). Consequently, maturing DC leave the
inflamed tissue, enter the lymph stream, and migrate toward the paracortical area where
MIP-3p and/or 6Ckine are constitutively produced (Dieu et al., 1998; Ngo et al., 1999). The
arriving DC may themselves become a source of MIP-3B and 6Ckine, thereby amplifying
and/or maintaining the chemotactic signal (Dieu ef al., 1998). Because these chemokines
attract both mature DC and naive T cells, they likely play a key role in facilitating
" interaction between these cells (Campbell ef al., 1998; Gunn ef al., 1998). In this regard, it
has been shown that SLC and CCR7-deficient mice exhibit specific deficiency in T cell and

DC homing into draining lymph nodes (Forster ef al., 1999; Gunn et al., 1999).

Events in the lymph nodes. There are two main outcomes of the immune response

generated in organized lymphoid organs: development of B cells capable of producing
antigen-specific immunoglobulins and differentiation of T cells capable of generating
antigen-specific responses in non-lymphoid tissues.

Several lines of evidence indicate that DC are the most efficient APC for T cell
“priming (Banchereau ef al., 2000). First of all, MHC products and MHC-peptide complexes
are expressed 10 to 100- fold higher on DC than on other APC like B cells or macrophages
(Inaba et al.,, 1997). In addition, that adoptive transfer of antigen pulsed DC, but not
macrophages or naive B cells, can prime for both cellular and humoral immune responses
in vivo supports the dominant immunogenecity of DC (Inaba ef al., 1990; Somasse et al.,
1992). Also, the specific anatomical localization of DC in T cell areas in the lymph nodes is

consistent with the importance of DC in the initiation of immune response (Steinman et al.,
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1997). Thus, the anatomy and a wealth of in vitro and in vivo data strongly suggest that DC
are the APC that initiate in vivo T cell responses.

Generally, T cells recognize the antigen in the context of major histocompatibility
(MHC) molecules expressed by professional antigen presenting cells, mainly DC. Ligation
of the TCR on naive antigen-specific T cells by the cognate peptide-MHC complex induces
T cell activation and subsequent division provided that the duration of the contact and the
strength of the interaction (i.e. avidity) between T cell and APC are sufficient for serial TCR
triggering (Bomw}sky et al., 2002). DC-T cell clustering is mediated by several adhesion
molecules such as LFA-1/ICAM-1 (CD54) or DC-SIGN/ICAM-3 (Bachmann et al., 1997,
Geijtenbeek ef al., 2000). This specific clustering of oomplexes‘ at the DC-T cell interface
has been referred as the “immunological synapse® (reviewed in (Grakoui ef al., 1999)).
These non-specific interactioné serve to approximate two cells and allow for initial
screening and serial triggering of the low affinity TCR for recognition of its specific peptide-
MHC. An important part of this process involves the expression of costimulatory molecules
(described in the next part). The repeated engagement between MHC and TCR results in
calcium influx and activation, as measured by the increase in activation markers (e.g.
CD25, CDRY9), finally followed by T cell proliferation (Gunzer et al., 2000). The initial
interaction between TCR and MHC-peptide complexes subsequently leads to TCR
downregulation to presumably control the duration of T cell antigen engagement and
optimize signal transduction.

After extensive proliferation in the T cell area, some of the allergen-specific CD4 T

cells migrate into B cell-rich follicles to support antibody production (Garside et al., 1998).
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This recruitment correlates with the induction of CXCR5 on antigen-specific T cells that
provide them with the ability to migrate in response to BCL (produced by follicular stromal
cells) while simultaneously losing of responsiveness to SLE and ELC (Ansel ef al., 1999).
Antigen-specific CD4 T cells recognize peptide-MHC complexes on antigen-specific B cells
and provide help for antibody generation. B lymphocyte differentiation into IgE expressing
cells is dependent upon three types of signals. The first signal is delivered through the B
cell antigen receptor and is pivotal in determining the antigenic specificity of the response.
The second signal is provided primarily by cytokines derived from T helper 2 (Th2) cells,
IL-4 and IL-13. Finally, the third signal is provided via the interaction between the
constitutively expressed CD40 molecule on B lymphocytes and CD154 (CD40 ligand), a
molecule expressed on T lymphocytes following activation. In the presence of IL-4, IL-13
and CD40 crosslinking B cell undergoes class switching to produce IgE (Brady et al.,
2001). IgE is released into the blood and quickly binds to high-affinity IgE receptors
(FceRl) on the surface of both mast cells and peripheral blood basophils, and to the low-
affinity IgE receptors (FCeRIl or CD23) on the surface of lymphocytes, eosinophils,
platelets, and macrophages . Once mast cells are coated with antigen-specific IgE, future

\' . ] 3 .
encounter with antigen will lead to mast cell activation.

Polarization toward Th2. It is believed that the initial antigen recognition in the lymph nodes
determines the fate of Th differentiation from precursor ThO to Th2-polarized cells. The
process by which uncommitted Th cells develop into mature Th1 or Th2 cell is very

complex as it involves many different mechanisms including antigen dose, co-stimulators,
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the cytokine milieu, DC subsets and certain genetic factors such as transcriptional factors.
Two cytokines that critically control Th1 and Th2 differentiation are IL-12 and IL-4,
respectively. These two cytokines concurrently induce the generation of their own T cell
subsets and inhibit the production of the opposing subset. They exert their functions
through tight regulation of subset-specific transcriptional factors. In this regard, IL-4
activates Stat-6 that translocates into the nucleué and induces expression of GATA-3, the
master regulator of the Th2 differentiation pathway (Zhang et al., 1999; Zheng and Flavell,
1997). Another important transcriptional factor, c-Maf, is also preferentially expressed in
Th2 cells and serves as an IL-4 gene-specific activator (Kim et al., 1999).

Although the cytokines that regulate T helper cell polarization are known, the initial
source of these cytokines in vivo remains a matter of debate. Paradoxically, that already
differentiated Th2 cells are the most potent source of IL-4 raises a conceptual problem and
triggered a search for altemative cellular sources. While basophils, mast cells and NKT
cells seem to be powerful producers of IL-4, none of them is indispensable (Zhang et al.,
1996). In addition, the finding that naive human and mouse T cells can differentiate into .
Th2 cells in the absence of IL-4 argues that IL-4 may not be required to instruct the Th2
lineage (Kalinski et al., 1995; Ritz et al., 2002). Furthermore, that GATA-3 induces Th2
development in the absence of STAT-6 implies that this process is IL-4 independent
(Ouyang et al., 2000). Therefore, Th2 differentiation might involve mechanisms that are
independent of instructions provided by IL-4.

Several lines of evidence suggest that DC can orchestrate the lineage

commitment of naive Th cells either through the expression of a certain pattem of
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costimulatory molecules or the production of cytokines (Moser and Murphy, 2000). Since
DC are a major source of IL-12, it has} been postulated that Th2 development may merely
reflect a “default” pathway in the absence of stimuli that would otherwise trigger the
production of IL-12 and lead to Th1 differentiation (Maldonado-Lopez et al., 2001).
However, although IL-4 production by DC has not been demonstrated, DC can produce
two Th2-associated cytokines such as IL-6 and IL-10 (Constant ef al., 2002; Stumbles et
al., 1998). Moreover, there is evidence that IL-10 is required for the development of Th2
responses by DC (Maldonado-Lopez et al., 2001), and both cytokines have been proposed
as major Th2-polarizing factors produced by DC in the lung (Constant et al., 2002;
Stumbles et al., 1998). In addition, several costimulatory pathways have been implicated in

T cell polarization and their role is discussed in the next part of the thesis. Therefore, the

Figure 1. Induction of allergic sensitization. Allergens
activate epithelial cells through interaction with PAR
receptors. This lead to the release of DC-maturating
factors, such as GM-CSF or chemokines that can attract
GM-CSF; PGE, immature DC expressing CCR6 (MIP-3a). Additional
TSLP; MIP-3a. factors such as TSLP or PGE, can indirectly stimulate DC

. fo preferentially induce Th2 cells in the lymph nodes. The
uptake of allergen initiate the migration of DC to the T cell
areas of lymph nodes in response to MIP-3B; DC express
corresponding receptor-CCR7. In the T cell DC present
allergen to naive T cells resulting in T cell activation and
proliferation. At this point, T cell acquire Th2 phenotype
and either recirculate through the lymph nodes as Ty, of
tissue as Tg,,. Finally, some of T cells expressing CXCR5
migrate to the B cell follicles in response to BCL in order

to support IgE production. Most high-affinity B cells go to

4 the bone marrow to become long lived IgE-producing
Bone marrow plasma cells. GC-germinal center,

@naveTcells @ T, @ T

microenvironment and the type of inflammation present in the milieu in which DC reside

during antigen uptake, influence the production of certain cytokines and costimulatory
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molecules which have an impact on the polarization of Th cells induced by DC (Kalinski et
al., 1997a; Kalinski et al., 1997b).

Formation of the memory T cell pool. T cells generated in response to antigen form the

pool of immunological memory. These antigen-experienced T cells produce cytokines
more rapidly than naive T cells and at lower doses of antigen, thus enhancing the
efficiency of the immune response (Jenkins et al., 2001). Recent evidence indicates the
existence of two functionally distinct memory T cell subsets: (1) “central memory” T cells
(Tcw), which express the chemokine receptor CCR7 and CD62L and home to T cell areas
of secondary lymphoid organs, and (2) “effector memory” T cells (Tem), which have lost the
expression of CCR7 and have acquired the capacity to migrate to nonlymphoid tissues
(Sallusto et al., 1999). Interestingly, whereas Tcm produce very low levels of IL-4 and IFN-
¥, Tem produce high levels of both cytokines indicating that both subsets might have
different, but complementary, functions. Indeed, that Tcm can replenish the Tem pool
suggests that these cells might represent different steps in the differentiation pathway from
naive to terminally differentiated effector cells (Geginat et al., 2001). Therefore, it is
plausible that while Tem cells are responsible for immediate reaction to allergen exposure,
Tcem might be involved in the maintenance of the Tewm pool (Harris ef al., 2002). Thus,
memory T cells provide both immediate as well as secondary protection to antigen, clearly
a desirable feature during infectious diseases but highly detrimental in autoimmune or
allergic diseases. Therefore, the development of strategies specifically targeting memory T

cells appears extremely appealing in the context of Th2 mediated allergic diseases.
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RESPONSE TO ALLERGEN UPON SUBSEQUENT ENCOUNTER

Allergic airway inflammation following allergen re-exposure in humans and animals
results from reactivation of different cellular subsets, including mast cells, antigen-specific
memory Th2 cells and eosinophils. The allergic response is generally divided into two
phases: early and late. While the early phase is associated with IgE-dependent mast cell
degranulation, the late phase involves activated memory Th2 cells and eosinophils. The
release of chemokines from mast cells and structural cells during the early phase leads to
the influx of late phase cells into the lung. Mast cells produce Th2-associated chemokines,
notably CCL7 (MCP-3), CCL17 (TARC), and CCL22 (MDC), thus attracting memory Th2
cells expressing the corresponding receptors! (Wakahara et al., 2001). Additionally, the
airway epithelium is an important source of chemokines including CCL5 (RANTES),
eotaxin/CCL1 and CCL13 (MCI5-4), relevant to human allergy and asthma (Taha et al.,
1999). A similar set of chemokines attracts eosinophils to the airway. Eosinophils
contribute to the pathogenesis of allergic disease by releasing preformed cytoplasmic
granule mediators such as major basic protein, lipid mediators (LTC4, PAF), and a vast
array of cytokines (Rothenberg, 1998). In the airways, these mediators cause direct tissue
damage, smooth muscle contraction, and increased vascular permeability, ultimately
leading to the recruitment of more eosinophils and mononuclear cells. Although
eosinophils are indispensable to the development of allergic inflammation, allergen-specific

memory Th2 cells are critical to the generation of the late phase response.

1 Th2 related chemokines receptor and their ligands (reviewed in (Lukacs, 2001 #150):

1/ CCR3: CCL5 (RANTES), CCL7 (MCP-3), CCL11 (eotaxin), CCL13 (MCP-4), CCL24 (eotaxin2) and
CCL26 (eotaxin3)

2/ CCR4: CCL17 (TARC), CCL22 (MDC)

3/ CCR8: CCL1 (TCA3), CCL17 (TARC)
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The involvement of Th2 cells in the pathophysiology of allergic asthma has been
corroborated by studies in both humans and mice. Th2 cells are markedly expanded in
asthmatic subjects and their presence correlates with AHR and airway eosinophilia
(Azzawi et al., 1990). This critical importance of Th2 cells has been substantiated in
murine models of AAl where the depletion of CD4+ T cells abrogated eosinophilic
infiltration and AHR (Nakajima et al., 1992). The infiltrating effector Th2 cells produce Th2
cytokines/chemokines that collectively propagate the influx of cells, including eosinophils,
to the lung. Additionally, Th2 cells express T1/ST2. Disrupting the interaction between
T1/ST2 and its ligand has been shown fo block Th2 development and effector function in
vivo (Lohning et al., 1998; Xu et al., 1998). The precise role of this molecule is unknown,
but it appears to be a specific marker of effector, rather than memory, Th2 cells.

The mechanisms that regulate memory Th2 cell activation at sites of tissue
damage remain poorly understood and are subject of intensive research. Of particular
interest are issues related to the regulation of local APC function and antigen presentation
in the tissue. Although antigen presentation during secondary exposure does not differ
from presentation during sensitization, Th2 memory cells nevertheless respond to
antigenic stimulation more efficiently than naive Th2 cells. This accelerated immune
response may be a direct consequence of antigen presentation within the tissue; such
presentation obviates the necessity for antigen to migrate to the draining lymph nodes. An
increased number of lung DC with enhanced antigen presenting capacity would serve this
purpose perfectly.

Indeed, elevated levels of pulmonary DC have been observed in both asthmatic
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patients and experimental animals upon allergen exposure (Godthelp et al., 1996;
Hoogsteden et al., 1999; Stampfii et al., 1998; Tunon-De-Lara et al., 1996). The importance of
DC in this phase of the immune response is best supported by two findings: first,
pulmonary DC isolated from atopic asthmatics activate allergen specific memory Th2 cells
(Bellini et al., 1993); and second, selective depletion of DC in mice prior to challenge but
after sensitization leads to diminished eosinophilic inflammation, and decreased production
of IL4, IL-5 and IgE (Lambrecht et al., 1998). Expectedly, elevated DC numbers in the
lung tissue increase the chance of T cell encounter with antigen, as presented by DC in
the context of MHCII. Additionally, some DC express the a chain of the high affinity IgE
receptor (FceRl), suggesting an altemative pathway by which allergens are intemalized
and targeted to MHC molecules inside the cell. This IgE-mediated pathway has been
shown to enhance antigen-specific T cell activation in vitro by 100 to 1000-fold, as
compared to conventional endocytosis (Maurer ef al., 1996; van der Heijden et al., 1993).
That FceRI- bearing DC have been found in allergic lungs supports the notion that these
cells function at tissue sites during secondary allergic responses (Tunon-De-Lara et al.,
1996). Locally produced IgE additionally contributes to the inflammatory response because
it can influence antigen presentation (Chvatchko et al., 1996).

Although enhanced accumulation of DC in allergic airways does not prove that
antigen is presented in the lung, the recent observation that antigen-loaded pulmonary DC
are retained within the tissue, as well as the concomitant preferential accumulation of
memory T cells in the lung, compellingly supports this notion (Constant ef al., 2002; Julia

et al., 2002). It is also possible that, in addition to local antigen presentation, some DC
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migrate to the draining lymph nodes and present antigen to recirculating central memory
(Tem) or naive T cells. Tem eventually become effector T cells (Tem) and migrate to the
effector organ. Such mechanisms would replenish peripheral tissues (lung) with a new pool
of memory T cells poised to respond to allergen challenge. Thus, it is essential to further
study events in lymphoid organs and lung tissue during secondary immune responses.
During recall challenge, the lung is a dynamic compartment that harbors multiple
cellular interactions. Sensitization of new cohorts of naive T cells to environmental
allergens and reactivation of already existing Th2 memory cells represents two key

processes that éventually contribute to the perpetuation of allergic inflammation.

COSTIMULATION IN THE AIRWAYS INFLAMMATION

It has been known for more than twenty years that optimal T cell activation
requires two signals: one generated through the T cell receptor (TCR) signaling upon
binding to the peptide-MHC expressed on APC, and a second antigen-independent signal
called co-stimulation (Sharpe and Freeman, 2002). Indeed, T lymphocytes stimulated
through the TCR alone fail to produce cytokines, are unable to sustain proliferation, and
often undergo apoptosis or become non-responsive to subsequent stimulation (anergic)
(Harding et al., 1992). An ever increasing number of costimulatory molecules have been
identified over the last few years. For simplicity they will be divided here into two major
groups based on structural homology: (1) the B7 family of ligands and its receptors, and
(2) members of the TNF receptor (TNFR) family (Carreno and Coliins, 2002).

Costimulatory molecules have also been grouped according to their biologicél function.
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Although the major function of costimulatory molecules is the enhancement of T cell
activation, some of them, such as CTLA-4 and PD-1, provide negative signals that
attenuate the immune response and maintain peripheral tolerance, an important protective
mechanism against autoimmune reactions (Carreno and Collins, 2002; Sharpe and
Freeman, 2002). It seems, therefore, that the balance between negative and positive
costimulatory signals together with TCR signaling sets the threshold for T cell activation
and regulation. In addition, it has been postulated that some costimulatory pathways play
an important role in Th cell polarization (Coyle and Gutierrez-Ramos, 2001). Since this
thesis deals specifically with selected members of the B7 family, the involvement of TNF

family members in Th2 polarization will be omitted.

CD28-B7.1/B7.2 pathway
Perhaps the best-studied costimulatory pathway is CTLA-4/CD28/B7. Whereas

B7.1 (CD80) and B7.2 (CD86) are expressed on the surface of APC, both CD28 and
- CTLA4 moleculés are expressed on T cells with different kinetics reflecting their functions.
Specifically, the CD28 receptor is expressed constitutively (Gross et al., 1992), whereas
CTLA4 is induced after T cell activation (Linsley et al., 1996). Engagement of CD28 by
B7.1 or B7.2.results in the induction of IL-2 transcription, CD25 expression and cell cycle
progression (Harding et al., 1992; Jenkins et al., 1991). CD28 also delivers critical survival
signals to T cells thought the Bcl-X. pathway (Boise et al., 1995). Finally, CD28
costimulation decreases the threshold of T cell activation (Viola and Lanzavecchia, 1996).

In contrast, CTLA-4 serves as a negative regulator of T cell activation as it is best
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illustrated by the severe lymphoproliferative disorder observed in CTLA-4 deficient mice
(Mandelbrot et al., 1999).

The importance of the CD28 pathway in the generation of immune responses has
been demonstrated in a multitude of in vivo systems. Blockade of the CD28/B7 interaction,
either by genetic deletion of CD28 or by blocking agents (CTLA-4ig2), can profoundly affect
the development and progression of autoimmune disease and the course of certain viral
and parasitic infections (reviewed in (McAdam et al., 1998)). Furthermore, gemminal
centers are not formed in response to immunization in the absence of CD28 implying the

imponanbe of CD28 signaling in mediating B cell help (Ferguson et al., 1996).

CD28 in Th2 responses. Although controversial, several studies have indicated that the
CD28 pathway may also be imp\ortant in T cell polarization. Early studies suggested that
CD28 costimulation is important in differentiation of Th1 rather than Th2 cells (McKnight et
al., 1994). However, the initiation of Th1 differentiation appears to be less dependent on
CD28 in CD28 deficient mice, or in mice in which CD28 costimulation was blocked by
CTLA-4lg (Green et al., 1994; Shahinian et al., 1993). In addition, CD28 costimulation has
been shown to promote the production of Th2 cytokines, such as IL4 and IL-5, which is
consistent with differentiation toward a Th2 phenotype (Rulifson ef al., 1997). That IL-4,
IgG1 and IgE production can be inhibited following infection of mice with a number of
different parasites support the involvement of CD28 in Th2 differentiation (King et al.,
1996). At the intracellular level, signaling through CD28 augments GATA-3 expression, an

2 chimeric protein consisting of extracellular domain of CTLA-4 fused to human or mouse Fc tﬁds binding to
B7 molecules and preventing interaction with CD28
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important transcriptional factor for Th2 differentation (Rodriguez-Palmero ef al., 1999).
Taken together, there is compelling evidence indicating that CD28 might be essential in

the development of AAI.

B7.1 (CD80) and B7.2 (CD86) in Th2 responses. Although it is clear that blockade of the
CD28 pathway inhibits T cell effector function during Th2 responses, the role of individual
ligands, namely B7.1 and B7.2, in this process is unclear. Some reports have suggested
that B7.1 and B7.2 can mediate equivalent costimulatory signals in vitro (Lanier et al.,
1995; Levine et al., 1995), while other in vitro studies have suggested that IL-4 production
by T cells is particularly dependent on B7.2 signaling (Freeman et al., 1995; Ranger ef al.,
1996). Administration of anti-B7.1 and/or anti-B7.2 during in vivo immune responses has
yielded different results depending on the experimental system (Kuchroo et al., 1995;
Lenschow et al., 1995). For example, in experimental encephalomyelitis (EAE), a Th1-
mediated disease, administration of anti-B7.1 reduced, whereas anti-B7.2 increased, the
incidence of disease. Conversely, in NOD mice that develop autoimmune diabetes (also
Th1 in nature), anti-B7.2 abrogated, whereas anti-B7.1 significantly accelerated, disease
development (Lenschow et al., 1995). The apparent contradictory effects of blocking B7.1
or B7.2 costimulation might be explained by differences in the kinetics, level of expression
and affinities of B7.1/B7.2 in their interaction with either CD28 or CTLA-4 (Bluestone,
1997). Thus, it remains unresolved whether the signals provided to T cells upon interaction
of B7.1 and B7.2 with CD28 are qualitatively different and lead to the development of

functionally distinct types of T cells.
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The involvement of B7.1 vs. B7.2 in AAl also remains debatable. Blocking
experiments in AAl models have provided conflicting results. For example, Harris et al.
have postulated the requirement of B7.1 but not B7.2 in the induction of AAI (Harris et al.,
1997). At variance, two additional studies have reported that anti-B7.2 treatment of OVA-
sensitized mice immediately before antigen challenge resulted in greatly diminished airway
eosionophilia and airway hyperresponsiveness (Keane-Myers et al., 1998; Tsuyuki ef al.,
1997). However, eosinophilic recruitment into the airways was also significantly reduced in
mice treated only with anti-B7.1 in both studies. These differences can also be explained
by the differentepattern of expression. For example, both molecules are expressed by
airway DC, whereas B cells preferentially express B7.2 (Masten et al., 1997; Tsuyuki et al.,
1997). These potential differences in B7 expression might have significant implications for
the development of treatment strategies. Therefore understanding the pattem of B7.1/B7.2

expression is important to clearly define therapeutic targets.

ICOS/B7RP-1 pathway
The B7 homologous protein (B7h) also termed B7-related protein (B7RP-1) (GL50, LICOS,

B7H2) exhibits 20% homology to B7.1 and B7.2 and binds to the inducible costimulatory
receptor (ICOS) on T cells. Although B7RP-1 is expressed in lymphoid organs (thymus,
spleen and Peyer's patches), it is also found in a variety of non-lymphoid organs such as
kidney, lung and testis. Resting B cells constitutively express B7RP-1, whereas B7RP-1

expression in monocytes is upregulated upon IFN-y stimulation. CD34+ bone marrow

precursors also express B7RP-1 following stﬂnulatiqn with TNF-a. and GM-CSF. Mice
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transgenic for B7RP-1-Fc develop T cell hyperplasia, plasmocytosis and hypergamma
globulinemia. In addition, administration of B7RP-1-Fc augments the effector response
during a cutaneous hypersensitivity reaction (Ling et al., 2000; Swallow et al., 1999; Wang
et al., 2000; Yoshinaga et al., 1999).

Ligation of ICOS by B7RP-1 leads to T cell proliferation and production of IL-4, IL-
5, IL-10, IL-13, GM-CSF, IFN-y and TNF-a.. Interestingly, in contrast to CD28 ligation,
- ICOS signaling does not enhance IL-2 production. In addition, while CD28 is expressed
constitutively on T cells, ICOS is expressed only upon T cell activation (Coyle ef al., 2000;
Hutloff et al., 1999). The differential expression of these two ligands suggests that ICOS is
perhaps important in regulating effector rather than naive T cell functions.

ICOS deficient mice fail to generate germinal centers and have impaired
production of IgG1, 1gG2a andn IgE indicating that the ICOS-B7RP-1 pathway plays an
essential role in T cell-dependent B cell activation (Dong et al., 2001b; McAdam ef al.,
2001; Tafuri et al., 2001). Interestingly, this deficit can be overcome by CD40 costimulation
demonstrating cross-regulation of the ICOS/B7RP-1 and CD40/CD40L pathways (Hutloff
et al., 1999; McAdam et al., 2001).

ICOS/B7RP-1 in Th2 responses. Initial studies indicated that Th2 polarized cells express

higher amounts of ICOS compared to Th1 cells (Coyle et al., 2000). These observations
correlate with in vitro studies showing that the ICOS-B7RP-1 interaction is important in Th2
polarization (McAdam ef al., 2000). In addition, interruption of this pathway in two typical

Th1 mediated model disease- EAE - led to increased symptom severity correlated with
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decreased production of IL-4 and increased production of IFN-y (Dong ef al., 2001a;
Rottman et al., 2001). Interestingly, studies in ICOS deficient mice showed that these
mice are susceptible to AAI but produce less IL-4 and IL-13 (Dong et al., 2001a). These
data implied that ICOS might be important for Th2 effector function rather than Th2
differentiation. Indeed, blocking this pathway in an AAlI model during the effector phase but
not during time of priming ameliorates inflammation (Gonzalo et al., 2001). Therefore,
CD28 and ICOS costimulation have distinct roles in regulating Th2 functions; whereas
CD28 dominates in the priming phase, ICOS regulates effector functions of Th2 cells
(Gonzalo et al., 2001) (Figure 2).

It is currently unknown whether B7RP-1 constitutes the only ligand for ICOS or,

IL-4, IL-10 AND IFN-y BUT NOT IL-2 PRODUCTION

B7RP-1/X

PROLIFERATION
ENHANCED SURVIVAL
R |L-2 PRODUCTION

ISOTYPE SWITCHING

Figure 2. Cross-regulation of costimulatory pathways. T cell-APC interaction begins when TCR is
stimulated by MHC/peptide complex (not shown). This signal is amplified by CD28/B7 interaction
that induces upregulation of CD40 and ICOS on T cells; ICOS by itself can also regulate an
expression of CD40. Signaling through CD40L leads to isotype switching (in the case of B cells as
APC). CD28 promotes IL-2 production, T cell survival and entry into the cell cycle whereas ICOS
engagement regulates T cell effector function through the enhancement of IL-10, IL-4 and IFN-y
production.

similarly to B7.1/B7.2, represents one of many. In addition, the role of B7RP-1 specifically
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in the development of Th2 responses in AAl has not been adequately examined.

ANIMAL MODELS
Although our knowledge of allergy has greatly benefited from studies of allergic
patients, our understanding of the complex cellular interactions underlying allergic
inflammation originates mainly from studies in experimental animal models. Development
of animal models aiming to recapitulate the human disease, including asthma, allow
several issues to be addressed that, due to practical and ethical considerations, cannot be
pursued in human subjects (Isenberg-Feig et al., 2003). Murine models of allergic airways
inflammation are especially attractive due to the availability of genetically altered mice.
Even though these models do not

TRADITIONAL MODEL -

replicate human disease perfectly, much
Sensitization Inflammation

j OVA/alum [ip] OV/'\‘aerosol

[ ]

of what is cumrently known about the

+ + + pathogenesis of asthma, including the
0 5 12 . . .
TIME (days) therapeutic potential of certain agents,
would not have been possible without
MUCOSAL MODEL them.
The majority of current animal
OVA aerosol

models of asthma utilize ovalbumin

4012 3 456 7 8 9
TIME (days) (OVA) as a surmogate antigen.

Ad/GM-CSF Sensitization is accomplished by
(in]

systemic, intraperitoneal (i.p.) administration of OVA emulsified to adjuvant-alum
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[TRADITIONAL MODEL] or by repeated injection of adjuvant-free OVA (Hessel et al.,
1995; Kung et al., 1994, Ohkawara et al., 1997). This particular mode of antigen delivery
has been chosen so as to prevent the induction of inhalation tolerance, a consequence of
repeated inhalation of OVA (Swirski et al., 2002; Tsitoura et al., 1999). In order to generate
airways inflammation, the sensitization phase is followed by aerosol challenge with OVA.
The resulting immune response exhibits the cardinal features of asthma including
eosinophilic inflammation, Th2 polarization and airways hyperresponssiveness. One of the
advantages of this model is the ability to dissect two distinct processes: sensitization
(primary response) and recall (secondary response). This allows events occurring in the
lymph nodes, such as the interaction between a naive T cell and an antigen-bearing APC,
to be discreetly examined. Interestingly, the peritoneal cavity of the mouse preferentially
drains to the thoracic lymph nodes, thus directly mimicking the drainage of the lungs.

Even though traditional models are suitable to address mulitiple immunological
questions (e.g. lymph node activation) and are valuable for certain applications (e.g.
therapeutic interventions), they are limited in that they underestimate the contribution of
the airway microenvironment during sensitization. To address this, several strategies have
been devised. For example, the intratracheal administration of bone-marrow derived OVA-
pulsed DC prior to OVA aerosol challenge leads to symptoms similar to those observed in
mice subjected to the traditional i.p. model (Lambrecht et al., 2000; Sung et al., 2001).
These studies demonstrate that DC manipulation in vitro efficiently induces sensitization to

inhaled antigens, possibly because it elicits DC maturation.
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The endogenous activation of DC provides an altemnative approach. Our laboratory
has developed a mucosal model involving the concurrent delivery of OVA aerosol and an
adenoviral vector encoding a physiologically relevant adjuvant, GM-CSF (Stampfii et al.,
1998). An extensive characterization of this model demonstrated the expansion OVA-
specific IgE, Th2 cytokines, eosinophilic airway inflammation and long-term antigen-
specific memory. Interestingly, delivery of adenoviral vectors coding for other cytokines,
such as TNF-a, IL-6, or IL-4, did not generate an inflammatory response, likely because
GM-CSF is a powerful DC activating factor.

Although these studies have succeeded in mimicking the route by which humans
are exposed and sensitized to aeroallergens, they have failed to address the impact of
“real life" allergens in asthma. While OVA, the surrogate allergen employed, is innocuous,
many allergens are proteases that activate and impact a variety of biological functions,
including DC activity. For this reason, the establishment of novel models utilizing mucosal
delivery of allergens such as ragweed or house dust mite is absolutely necessary.

In summary, currently available animal models allow to the study of several
aspects of generation of allergic sensitization, aspects which otherwise would be
impossible to investigate, giveﬁ the difficulty in establishing initial allergen encounter, in
humans. Therefore, animal models have been remarkably useful to understanding

sensitization to allergens.
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AIMS AND OUTLINE OF THE THESIS

The preceding chapter has already indicated that the understanding of processes
governing the generation of allergic airw.a\ys inflammation (AAl) is incomplete. An important
aspect of AAl is the initial interaction between naive T cells and antigen presenting cells
(APC), an interaction that eventually determines the fate of the ensuing immune response.
In this respect, several issues can be addressed, including activation status of APC and T
cells, localization of the APC-T cell interaction, and the role of costimulation in
establishing/maintaining AAI. In this thesis we examined some of the basic mechanisms

behind antigen presentation in AAl.

The major purpose of the studies demonstrated in Chapter 2 was to gain an
understanding of the geographic localization of primary and secondary immune responses
in a model of AAl. | focused on the sequence of events following administration of antigen
in a traditional and mucosal model (Appendix I) of antigen-induced airway inflammation.
Specifically, we examined T cell and antigen presenting cell (APC) activation?, cytokine
production and expression of Th2-related transcription factors (GATA-3 and STAT-6)
following priming and recall phases at two major sites: lung tissue and the draining lymph
nodes2. The pattem of expression of costimulatory molecules, namely B7.1 and B7.2, in

the process of Th2 phenotype acquisition, was also investigated!.

1investigated in both traditional and mucosal model (Chapter 2 and Appendix I)
2 jnvestigated only in traditional model (Chapter 2)
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Considering the multitude of changes occurring in the draining lymph nodes following the
initial exposure to antigen, the importance of lymph nodes during sensitization was
investigated in Chapter 3. First, the role of the draining lymph nodes in T cell ;;riming was
studied in lymphotoxin-a. knockout (LTKO), lymph node deficient mice. Subsequently, the
importance of all lymphoid organs was addressed in splenectomized LTKO mice. In a
separate set of studies (Appendix Il), we examined the maintenance of secondary immune
responses in mice devoid of all lymphoid organs. This approach allowed us to evaluate the
importance of local (lung) antigen presentation in the reactivation of an already established

effector T cell population.

Finally, in Chapter 4 | explored the contribution of the ICOS/B7RP-1 costimulatory
pathway to the development of Th2 responses in AAl. For this purpose, we utilized B7RP-
1 deficient mice and examined cellular and humoral responses directed against antigen.
The involvement of a different costimulatory pathway, namely CD28/B7, in generating of

AAl was also studied in CD28 deficient mice (Appendix Ilf).

All findings have been summarized and discussed in light of the currently prevailing

paradigms of asthma pathogenesis in Chapter §: Discussion.

Appendix IV and Appendix V include two papers. The former one (Appendix IV) is a review

that | have written on the role of dendritic cells and GM-CSF in AAl, whereas the latter
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(Appendix V), on which | am a second author, evaluates the importance of the

costimulatory molecule B7-H3 in airway inflammation.
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CHAPTER 2

TEMPORAL-SPATIAL ANALYSIS OF THE IMMUNE RESPONSE IN A MURINE MODEL
OF OVALBUMIN-INDUCED AIRWAYS INFLAMMATION

Gajewska B.U., Swirski F.K., Alvarez D., Ritz S.A., Goncharova S., Cundall M., Snider
D.P., Coyle A.J., Gutierrez-Ramos J.-C., Stampfli M.R. and Jordana M. Am. J. Respir. Cell
Mol. Biol. 2001, 25:326-334

This publication describes the cellular changes in two major anatomical
compartments, the draining lymph nodes and lungs, during the establishment of allergic
airway inflammation.

The work presented in this study was performed by the author of the thesis. Dr.
Coyle and Dr. Gutierrez-Ramos provided T1/ST2 antibodies used in the study. Dr. Stampfii
provided useful discussion on the results of this work. Supervision was provided by Dr.

Manel Jordana resulting in the multiple authorship of this paper.
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The objective of this xu::‘ was to define phenotypic changes
of antigen-presenti (APCs) and T cells in a murine
model of anti uced airways inflammation that involves
intraperitoneal sensitization with ovalbumin (OVA)/adjuvant
followed by antigen aerosolization. We Investigated the APC
and T-cell com ts both after sensitization (primary im-
mune response) and after dul'lm secondary immune re-
sponse) at the thoradc (Initiation site) and the
fung (effector site). Owﬂndhgsdowmentamalorcelldarex-
sion in the lymph nodes after both sensitization and d‘:lh!
After sensitization, this expanslon was comprised mal
of B cells, a considerable proportion of

B7.2.
Atﬂ\lsﬁme,'l'eelsmmarhclyemnded

activated as
assessed by CD69 , although GATA-3 and
S i o

expression of both B7.1 and B7.2. We also
expansion of activated CD3*/CD4* T cells expressing
the T helper-2-associated marker T1/5T2 in the lung, most no-
tably 5 d after challenge. Further, IL4, IL-5, and IL-13, but not
interferon-y mRNA were expressed at high levels 3 h after
challenge. This study helps to elucddate the “geography” of im-
mune responses generated in a conventional murine model of
allergic alrways inflammation.
Airway eoanophiha is a characteristic feature of asthmatic
inflammation in humans, as well as in murine experimen-
tal models that recapitulate this process (1, 2). However,
the accumulation of eosinophils in the airway may be
viewed as a terminal step in a sequence that involves com-
plex cellular interactions not only in the airway but also in
other immunologically important sites, such as the tho-
racic lymph nodes. Although a critical role of T lympho-
cytes in the development of experimental allergic inflam-
mation is well established (3), T cells cannot respond
effectively to antigen unless it is adequately presented to
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them by antigen-presenting cells (APCs) (4, 5). Dendritic
cells (DCs), the most potent APCs, are believed to be in-
dispensable to the initiation of primary T-cell responses
(6,7). In addition to their ability to capture and process an-
tigen, DGs have a considerable migratory capacity. Because
both T cells and DCs display discrete migration patterns,
the temporal and spatial interplay between antigen, APCs,
and T cells is of central importance to our understanding
of specific immunity. The objective of this study was to in-
vestigate spatial and temporal changes in the phenotype of
APCs and T cells in a model of antigen-induced airways
inflammation.

We used a murine model of antigen-induced airways in-
flammation that involves sensitization with ovalbumin
(OVA) delivered intraperitoneally together with an adju-
vant, followed by antigen aerosol challenge. Our model

~ and other similar models have been characterized in a

number of parameters (8, 9); these studies, however, have
largely focused on events that take place in the lung after
aerosol challenge. Our objective was to define, after both
sensitization and challenge, cellular subsets within the
APC and lymphocyte compartments at two sites, namely
the lungs and the thoracic lymph nodes.

The pattern that emerged from these studies is that
there is a cellular expansion, mainly of B and T cells, in the
thoracic lymph nodes shortly after the second intraperito-
neal (i.p.) injection. A considerable number of APCs ex-
pressed the costimulatory molecule B7.2, with no signifi-
cant changes (compared with naive mice) in B7.1 expression.
Although we observed increased expression of CD69 on T
cells, T1/ST2 expression remained at the level detected in
naive mice. Although these cells expressed GATA-3 and

- signal transducer and activator of transcription (STAT)-6

and were capable of cytokine production in vitro after stim-
ulation with OVA, expression of several cytokine messen-
ger RNA (mRNA) species in vivo was marginal. Through-
out the process of antigen sensitization, the lung remained
immunologically silent. However, shortly after aerosol chal-
lenge there was an expansion of APCs in the lung that was
different in character from that observed in the lymph
nodes. That is, whereas APC expansion in the lymph nodes
was mainly due to B cells, APC expansion in the lung largely
consisted of macrophages and DCs. This expansion was
accompanied by enhanced expression of both B7 mole-
cules. We also observed a marked expansion of CD69* T
cells in the lung after acrosol challenge. In contrast to our
findings in the lymph nodes, however, we documented a
remarkable increase in the number of CD4* T cells ex-
pressing the T helper (Th)-2-associated marker T1/ST2. In
addition, we observed a dramatic increase in effector ac-



tivity, as detected by expression of interleukin (IL)-4, IL-5,
and IL-13 mRNA after aerosol challenge. These Th2-asso-
ciated cytokines were expressed at a considerably greater
level than interferon (IFN)-y and IL-15, whereas IL-2 and
IL-10 were expressed at marginal levels. Our study indi-
cates that whereas the major events, including expansion
of activated T cells and APCs, occur in the lymph nodes
after sensitization, the effector functions are executed
within tissue presumably upon the encounter of antigen.

Materials and Methods
Animals

Female Balb/c mice (6 to 8 wk old) were purchased from Harlan
(Indianapolis, IN). Mice were maintained under a 12-h light-
dark cycle in an access-restricted arca. Cages, food, and bedding
were autoclaved, and the handling of mice was carried out in a
laminar flow hood only by gloved and masked personnel. The
Animal Research Ethics Board of McMaster University ap-
proved all the experiments described here.

Seasitization and Antigen Challenge Protocol

The sensitization and challenge protocol has been described pre-
viously (8). In brief, mice were sensitized at Days 0 and 5 by i.p.
injection of 8 ug OVA (Sigma Chemical Co., St. Louis, MO) ad-
sorbed to 4 mg of aluminum hydroxide (Aldrich Chemicals Co.,
Milwaukee, WI) overnight at 4°C in a total volume of 0.5 ml of
phosphate-buffered saline (PBS). At 7 d after the second sensiti-
zation, mice were placed in a Plexiglas chamber (10 X 15 X 25 cm)
and exposed to acrosolized OVA (10 mg/ml in 0.9% saline) for
1 h on two occasions 4 h apart. The aerosolized OVA was pro-
duced by a Bennet nebulizer at a flow rate of 10 liters/min.

Lymph Nodes and Lung Cell Isolation

Thoracic lymph nodes, including the hilar, mediastinal, and tra-
cheobronchial nodes, were removed and adjacent connective tis-
suc was dissected away. The nodes were immediately placed in
cold (4°C) Hanks’ balanced salt solution (HBSS) (GIBCO BRL,
Grand Island, NY). The nodes were ground between frosted
slides and filtered through nylon mesh (BSH Thompson, Scar-
borough, ON, Canada). The cell suspension was centrifuged at
1,200 rpm for 10 min at 4°C and resuspended again in PBS. After
this step, the cells were in flow cytometric
analysis buffer (PBS supplemented with 0.2% bovine serum al-
bumin or in RPMI (GIBCO BRL) supplemented with 10% fetal
bovine serum (FBS), 1% L-glutamine (Sigma), and 1% penicil-
lin/streptomycin. Cells were cultured in medium or alone with
40 ug OVA/well at 8 X 10° cells/well in a 96-well flat-bottom plate
(Becton Dickinson, Lincoln Park, NJ). After § d of culture, su-
pernatants were harvested for cytokine measurement.

For isolation of lung cells, lungs were flushed via the right
veatricle of the heart with 10 ml of warm (37°C) HBSS (calcium-
and ium-free) containing 5% FBS (Sigma), 100 U/ml pen-
icillin, and 100 pg/ml streptomycin (GIBCO BRL). The lungs
were then cut into small pieces (approximately 2 mm in diame-
ter) and shaken at 37°C for 1 h in 15 ml of 150 U/ml collagenase
III (Worthington Biochemical, Freehold, NJ) in HBSS. Using a
plunger from a 5-ml syringe, the lung pieces were triturated

a metal screen into HBSS, and the resulting cell suspen-
sion was filtered through nylon mesh. After lysing red blood cells
with ACK lysis buffer (0.5M NH,C1, 10 mM KHCO,, and 0.1 nM
Na-cthylencdiaminetetraacetic acid at pH 7.2 to 7.4), cells were
washed twice and mononuclear cells were isolated by density
ceatrifugation in 30% Percoll (Pharmacia, Uppsala, Sweden).
With this enzymatic digestion protocol approximately 60% of
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cells constituted mononuclear cclls, and these were gated for flow
cytometric analysis.

Flow Cytometric Analysis

Panels of monoclonal antibodies (mAbs) were selected to study
the phenotype of APCs and T lymphocytes in lung and lymph-
node cells. To minimize nonspecific binding, 106 cells were prein-
cubated with FcBlock (CD16/CD32; Pharmingen, Mississauga,
ON, Canada). For cach antibody combination, 10¢ cells were in-
cubated with mAbs at 0 to 4°C for 30 min; the cells were then
washed and treated with second-stage reagents. The following
antibodies were purchased from Pharmingen: anti-B7.1 (biotin-
conjugated 16-10AlI), anti-B7.2 (biotin-conjugated GLI), anti-CD11b
(Macl) (phycoerythrin [PE]-conjugated M1/70), anti-CD11c (PE-
conjugated HL3), anti-CD3 (biotin-conjugated 145-2CII), anti-CD4
(fluorescein isothiocyanate [FITC]-conjugated L3T4), anti-CD8
(FITC-conjugated Ly-2), and anti-CD69 (PE-conjugated H1 2F3);
the anti-major histocompatibility complex (MHC) class II anti-
body (FITC-conjugated M5/114.152) was prepared by Dr. D. P.
Snider (Department of Pathology and Molecular Medicine, Mc-
Master University). T1I/ST2 (3E10) antibody was provided by Mil-
lenium Pharmaceuticals, Inc. (Cambridge, MA), and FITC-labeled
in-house according to a standard protocol (10). Streptavidin PerCP
(Becton Dickinson, San Jose, CA) was used as a second-step re-
agent for detection of biotin-labeled antibodies. Titration was
used to determine the optimal concentration for each antibody. Cells
were fixed in 1% paraformaldehyde and counted on a FACScan,
and analyses were performed using PC-LYSIS software (Becton
chlnmon, San Jose, CA). A total of 50,000 to 100,000 events was
acquired.

Collection, Extraction, Separation, and Isolation of MRNA
from Tissues

Thoracic lymph nodes, spleens, and lungs (typically the left lobe
and one right lobe) were collected and placed in 1 ml TriPure Iso-
lation Reagent, a monophasic solution of phenol and guanidine
thiocyanate (Bochringer Mannheim Canada, Laval, PQ, Canada).
Tissues were then homogenized with a Polytron 7-mm power ho-
mogenizer (Kinematica, Lucerne, Switzerland) and RNA was iso-
lated according to the TriPure Isolation Reagent protocol. The
RNA pellet was resuspended in 20 pl of di

treated ribonuclease (RNase)-free water. To determine the con-
centration of total RNA collected, the optical density was calcu-
lated using an Ultraspec 1000 UV/Visible spectrophotometer
(Pharmacia Biotech [Biochrom] Ltd., Cambridge, UK). The RNA
was stored in a —70°C freezer until analysis.

RNase Protection Assay

The RiboQuant Multi-Probe RNase Protection Assay (Pharmin-
gen) was used to detect and quantify mRNA species from lungs
and tissues. Briefly, on Day 1 of the assay, an [a-**P]uri-
dine triphosphate (30,00 Ci/mmol, 10 mCi/ml)-labeled antisense
RNA probe set was synthesized using the mCK-1 Multi-Probe
Template Sets. The probe (~ 1 X 10° counts per min [cpm}/pul)
was then hybridized with the desired amount of target RNA, typ-
ically 15 pg, overnight at 56°C. PharMingen control RNA (2 pu.g)
and yeast transfer RNA (2 pg) were used as positive and nega-
tive controls, respectively. On Day 2, the unhybridized RNA and
protein were digested and the protected probes were purified,
precipitated, and resuspended in loading buffer according to the
manufacturer’s protocol. The samples were loaded at approxi-
mately 2,000 cpm/lane and eclectrophoresed at 60 W constant
power on a denaturing 5% polyacrylamide gel to resolve the
RNase-protected probes. The gel was dried for ~ 1 h at 80°C un-
der a vacuum gel drier (Bio-Rad Laboratories Canada Ltd., Mis-
sissauga, ON, Canada) and placed on a phosphor storage screen



(Molecular Dynamics, Sunnyvale, CA) overnight. The gel was vi-
sualized and analyzed using ImageQuant software (Molecular
Dynamics). To quantify, cach test and housekeeping band, as
well as the background of each lane, was captured by first draw-
ing a rectangle around it and then integrating the volume of in-
tensity inside the rectangle. Background volumes were sub-
tracted, and the ratio of the test band volume to the average of
the housekeeping band volume was generated and expressed as
RNase protection assay (RPA) units (X 10%).

Real-Time Polymerase Chain Reaction (Tagman)

STAT-6 and GATA-3 expression was evaluated using real-time
quantitative polymerase chain reaction (PCR) analysis. In brief,
an oligonucleotide probe was designed to anneal to the STAT-6/
GATA-3 genes between two PCR primers. The probe was then
fluorescently labeled with 6-carboxyl-fluorescein (reporter gene)
on the 5' end and with 6-carboxyl-tetramethyl rhodamine
(quencher dye) on the 3’ end. A similar probe and PCR primers
were purchased for rodent glyceraldehyde-3-phosphate dehydrog-
enase (GAPDH). The probe for this gene incorporated VIC as
the reporter dye. PCR reactions were run that included the prim-
ers and probes for these two genes as well as complementary
DNA (cDNA) made from cells isolated from lymph nodes. As
the polymerase moved across the gene during the reaction, it
cleaved the dye from one end of each probe, which caused a fluo-
rescent emission that was measured by the Sequence Detector
7700. The emissions recorded for each cDNA were then con-
verted to determine the level of expression for STAT-6/GATA-3
normalized to the expression of mGAPDH. Expression of
STAT-6 and GATA-3 was determined on cells isolated from lymph
. nodes after a second i.p. sensitization.

Measurement of Cytokines

inked immunosorbent assay (ELISA) kits for murine
I1L4 and IL-S were purchased from R&D Systems (Minneapolis,
MN) and Amersham (Buckinghamshire, UK), respectively; each
of these systems has a threshold of detection of 1.5 to 5 pg/mL.

Data Analysis
Data are expressed as means * standard error of the mean
(SEM). Whenever suitable, results were interpreted using analy-
sis of variance (ANOVA) test with Tukey’s post hoc test or Stu-
deat’s ¢ test. Differences were considered statistically significant
when P <0.05.

Results

Phenotype of APCs in the Thoracic Lymph Nodes

and Lungs )

Mice were killed at Days 0 (naive mice), 6 (24 h after sen-
sitization), and 13 (24 h after challenge). We observed an
enlargement of mediastinal, bronchial, and tracheobron-
chial lymph nodes after the second i.p. injection with
OVA/alum. Numerically, this translated into a significant
cellular increase from 1.2 + 0.4 X 10%mouse at Day 0 to
6.4 * 0.7 X 10%mouse at Day 6, as assessed by counting
with hemocytometer; this enlargement was also observed
at Day 13 after challenge (4.9 * 0.8 X 10%mouse). In the
lungs, the total cell numbers at Days 0 and 6 were not sig-
nificantly different from one another. However, they in-
creased more than 3-fold from 2.2 * 04 X 10%mouse at
Day 0to 6.9 * 1.6 X 10%mouse at Day 13.

Having documented an expansion in total cell number
at Day 6 in the lymph nodes and at Day 13 in the lungs, we
then examined the types of APCs contributing to this ex-
pansion. To this end, B cells, macrophages, and DCs were
identified on the basis of B220* (11), MHC II*/Mac-1*
(12), and MHC II*/CD11c* (13) expression, respectively.
As shown in Figure 1, it is apparent that the increase in
APCs in the lymph nodes at Day 6 was due largely to B
cells (40.9% compared with 18.8% in naive mice). The
same distribution of APCs in the lymph nodes was ob-
served at Day 13 (data not shown). In contrast, the in-
crease in APCs observed in the lungs at Day 13 was due to
increases in macrophages (16.6 + 2.3 versus 3.8 * 0.2) and
DCs (9.1 = 1.8 versus 2.2 + 0.2).

Expression of B7.1 and B7.2 on APCs

Next, we examined the expression of the costimulatory
molecules B7.1 and B72 on APCs in lymph nodes and
lung. As shown in Figure 2, MHC II*/B7.2* cells increased
considerably at Day 6, from 14.7% to 38.4%, and re-
mained at a similar level at Day 13 (45.5%) in the lymph
nodes. In contrast, the percentage of MHC II* cells ex-
pressing B7.1 did not increase at any time point tested.
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Figure 1. Proportion of B cells, macrophages, and DCs in the
lung and lymph nodes at different time points after sensitization
and challenge with OVA. Totals of 50,000 and 100,000 events
were collected for lungs and lymph-node cells, respectively, and
analyzed for MHC/CD11c (DCs), MHC/Mac-1 (macrophages),
and B220 (B cells). Inserts indicate changes in the number of
APCs (MHC II*) at the time of major expansion. Lymph nodes
and lungs from five to 10 mice were pooled for each group. Val-
ues represent means = SEM of three to five experiments. Statis-
tical analysis was performed by ¢ test; *P < 0.05.



Further, Table 1 shows that a large proportion of the in-
crease in B7.2* cells was contributed by B cells (from 12.3 +
3.4% t0 28.1 * 7.1%). This preferential expression of B7.2
on B cells was also detected at Day 13 after challenge (40.3
6.3%) (data not shown). We also observed a trend for in-
creased B7.2 expression on DCs from 3.4 + 1.6% in naive
to 8.3 = 2.1% at Day 6 and 14.8 + 4.1% at Day 13. The
proportion of B cells, macrophages, and DCs expressing
B7.1 did not change at any time point.

In the lung, we observed an increase in the proportion
of APCs expressing either B7.1 or B7.2 (Figure 2). Table 1
shows that there was a large increase in the proportion of
macrophages expressing both B7 molecules. Interestingly,
although the proportion of DCs expressing B7.1 did not
change significantly, we observed an increase in the pro-
portion of DCs expressing B7.2 at Day 13.

B7.1
B87.2

naive day 6 day 13
LUNG

B7.2

day 13

Figure 2. B7.1 and B7.2 expression on MHC II* cells isolated
from lymph nodes and lung tissue at the indicated time points af-
ter sensitization and challenge. Cells were gated on MHC II*
cells and then evaluated for the distribution of B7 markers on the
cell surface. Representative histograms from one experiment are
shown; unfilled histograms represent cells stained with isotype-
matched control mAbs. Lymph nodes and lungs from five to 10
mice were pooled for each group. One of four representative ex-
periments is shown.
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Activation Status of T Cells in the Thoracic Lymph Nodes
and Lungs

Figure 3 depicts the content and distribution of activated
(CD69*) T-cell subsets. In the lymph nodes, the absolute
number of activated CD3*/CD4* and CD3*/CD8* T cells
significantly increased after sensitization (Day 6). Our
findings show that 5 to 6% of CD4* or CD8* cells ex-
pressed CD69 in the lymph nodes of naive mice. Intraperi-
toneal sensitization resulted in a doubling of the propor-
tion of activated cells, which remained at a similar level at
Day 13 of the protocol.

In the lung, there were no statistically significant differ-
ences in the numbers of activated CD3*/CD4* and CD3*/
CD8* cells at Days 6 and 13 compared with naive mice. In-
terestingly, at Day 17 (i.e., 5 d after challenge) the number
of CD3*/CD4* T cells that were CD69" increased signifi-
cantly, whereas the increase in CD8+/CD69* cells was com-

paratively marginal. In terms of percentages, the proportion
of CD3*/CD4* cells expressing CD69* reached 19 + 54%.

Cytokine Expression

Cytokines are a defining component of an effector im-
mune response. To examine expression of a broad range
of cytokines in both the thoracic lymph nodes and the lung
in vivo we chose to evaluate mRNA expression using an
RPA. The mCK-1 template, which includes cytokines that
are particularly relevant to allergic airways inflammation,
was used. mRNA was obtained from lung and lymph
nodes at 3, 6, 12, and 18 h after sensitization and after chal-
lenge. The kinetics of mRNA expression for all cytokines
in both compartments followed a similar pattern: peak ex-
pression at 3 h after either sensitization or challenge, with
a return to baseline levels between 12 and 18 h (data not
shown). Consequently, only the data at 3 h are shown in
Figure 4. Cytokine mRNA expression in naive lungs and
spleens was minimal for the eight cytokines examined in
this template. Likewise, very low mRNA expression was
detected in the lung and lymph nodes at Day 5. In con-
trast, in the challenged lung (Day 12) we observed robust
exprewonomeNAforM IL-13, IL-5, and IL-6; com-

paratively modest expression of IFN-y and IL-15; and
minimal expression of IL-2 and IL-10. Given the unaltered
expression of cytokine mRNA in the lymph nodes at the
time of major cellular expansion (Day 6), we sought evi-
dence for Th2 polarization by examining the expression of
STAT-6 and GATA-3 in the thoracic lymph nodes. Figure
5 shows that, compared with naive lymph nodes, expres-
sion of both genes was upregulated after i.p. sensitization
(Day 5). Hence, we next examined the ability of lymph-
node cells to produce Th2 cytokines upon antigen recall.
To this end, cells were cultured with OVA or medium
alone for 5 d, and IL-5 and I 4 production in culture su-
pernatants was measured by ELISA. IL-5 (5,050 + 2,730
pg/ml) and IL4 (628 = 230 pg/ml) were detected only in
supernatants from cells stimulated with OVA (Figure 6).

T1/ST2 Expression in the Lymph Nodes and Lungs

Table 2 shows the percentage of CD4* T cells that ex-
pressed T1/ST2. We did not observe statistically significant
differences at Days 6 or 13 in either the lung or the lymph



TABLE 1
Expression of B7.1 and B7.2 on different APCs in lungs and lymph nodes

B Cells Macrophages DCs
B7.1 B7.2 B7.1 B72 B7.1 B72

Lymph nodes

Naive 4520 123+ 34 11843 172+ 48 3013 34x16

Day 6 29+09 281 +7.1* 59*05 171 £ 21 27+07 8321
Lungs

Naive 62x04 89x1.1 58 4.6 717x13 189 + 8.2 54+17

Day 13 51%07 143 +26 259 +3.0* 188 +2.5* 246+170 202 £ 4.8+

Mice were sensitized with OVAlllumu\um hydronde on Days 0 nnd 5 and exposed to acrosolized OVA on Day 12 of protocol. Levels of B7.1 or B7.2 were evalu-
ated within the gates for pop (B cells, phages, and DCs). Lymph nodes and lungs were pooled from five to ten mice for each time point.
Data shown are %; means * + SEM.

*P < 0.05 compared with naive.

nodes oompared with naive mice. However, there was a
sigmﬁeant increase in the proportion of CD4* T cells ex-

pressing T1/ST2* in the lung at Day 17 of the protocol
(18.5 * 1.5% compared with 3.6 * 1.2% in naive animals).

Discussion

The primary objective of this study was to define, spatially
and temporally, immune activity in a conventional murine
model of allergic airways inflammation: one that involves
the introduction of antigen (OVA) together with adjuvant
(aluminum hydroxide) into the peritoneal cavity followed
by respiratory exposure to acrosolized antigen. We have
previously documented cell and cytokine changes in the
bronchoalveolar lavage fluid (BALF), peripheral blood,
and bone marrow of the model described in this study (8).
Here, we focused our analysis on mononuclear cells, par-
ticularly APCs and T cells, because together with antigen
they constitute the tripartite interaction that determines
the nature of the immune-inflammatory response.

Our data document a remarkable expansion of cells in
the lymph nodes after sensitization. The increase in the
APCcompamncntwaslargelyduetoBoells(Fxgure 1)
which translates into the establishment of humoral
(immunoglobulin [Ig] E production; ref. 8) and may impli-
cate B cells as major APCs. However, recent studies have
demonstrated that T cells can still be primed, and airways

inflammation established, in B cell-deficient mice (14)."

This indicates the involvement of different cell types in the
process of antigen ‘presentation, possibly DCs, which
among all APCs represent the subset with greater antigen-
presenting capacity crucial for the activation of naive T
cells both in vitro and in vivo (15, 16). Thus, the functional
significance of the comparatively small changes in DCs
that we observed in the lymph nodes after sensitization
may be much greater than what the quantitative changes
would imply.

In the lung, robust APC accumulation was observed at
Day 13 (24 h after aerosol challenge). In sharp contrast to
our findings in the lymph nodes, DC and macrophage ex-
pansion predominated in the lung, with no significant changes
in B cells (Figure 1). These findings are consistent with the
notion that an increase in DCs is a universal feature of the
response after mucosal exposure to bacteria and to viral and
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soluble protein antigens (17, 18). The importance of lung
DCs as APCs and, specifically, in the induction of secondary
responses to surrogate allergens has recently been demon-
strated (19). With respect to macrophages, the functional
significance of the rather remarkable increase that we ob-
served is unclear. This macrophage population ex-
pressed the costimulatory molecules B7.1 and B7.2. Hence,
antigen challenge might alter the functional phenotype of
lung macraphages from poor APCs (20, 21), as has been de-
scribed previously, to more effective APCs. We cannot ex-
clude the possibilty that our observed increases in macro-
phages are due to DC precursors in the lung vasculature,
particularly because DCs have been shown to share certain
phenotypic characteristics with monocytes/macrophages (22).
Alternatively, the major role of macrophages may be, as
proposed by Gong and colleagues (23), to degrade soluble
proteins into antigenic peptides that are then captured by
DGs to be presented to T cells. Our current understanding of
the interactions between the innate and adaptive immune
systems in general and, particularly, among macrophages,
DG, and T cells is incomplete, especially as it relates to re-
sponses to

Costimulatory molecule expression is clearly a central
requircment for the generation of a productive immune
response (24). Specifically, the importance of the CD28/
CTLA4/B7 pathway in the clicitation of immune re-
sponses in models of allergic airways inflammation has re-
cently been demonstrated (25-29). Our data document an
increase in B7.2* APGs, particularly B cells, in the tho-
racic lymph nodes 24 h after sensitization (Day 6 of the
protocol) (Figure 2 and Table 1). In contrast to B7.2, we
did not detect significant changes in the number of APCs
expressing B7.1. Thus, our data demonstrate that the dom-
inant B7 costimulatory molecule expressed in the thoracic
lymph nodes at the time of sensitization is B7.2, a finding
that is consistent with the notion that expression of B7.1 or
B7.2 will privilege CD4 T-cell differentiation toward the
Thl or Th2 phenotypes, respectively (30, 31).

In the lung, however, our data demonstrate that expres-
sion of both B7.1 and B7.2 molecules increases consider-
ably after challenge. Although B7.2 is considered the dom-
inant B7 costimulatory molecule in this model on the basis
of evidence that treatment with anti-B7.2 antibodies pre-
vents pulmonary eosinophilia, secretion of Th2-type cyto-
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Figure 3. Activated T-lymphocyte subsets in lung and lymph
nodes at different time points after sensitization and challenge
with OVA. Values represent means + SEM of three to five ex-

For each time point, cells were pooled from five to 10
mice. Statistical analysis was by ¢ test (lymph nodes)
or ANOVA. with Tukey’s post hoc test (lung); *P < 0.05.
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kines, IgE production, and bronchial hyperreactivity, it is
likely that B7.1 also plays a meaningful, perhaps somewhat
unappreciated, role in this process. In this regard, several
studies have shown that administration of anti-B7.1 anti-
bodies significantly decrease airways eosinophilia (29, 32).
Particularly informative is the finding by Harris and associ-
ates (32), who showed that although treatment with anti-
B7.1 antibodies significantly decreased airways eosinophilia,
it did not decrease peripheral blood eosinophilia. Moreover,
Masten and coworkers (33) demonstrated that B7.1 signal-
ing by lung DCs plays an important role in costimulation.
The concept that B7.1. and B7.2 likely play complementary
roles has recently been reinforced by studies using B7.1
and/or B7.2 knockout mice (34). Our data support the hy-
pothesis that whereas B7.2 has a predominant role in the
sensitization event that takes place in the lymph nodes,
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Figure 4. RPA. Detection of mRNA expression for selected cy-
tokines in lung and lymph nodes after sensitization and chal-
lenge. Mice were sensitized or sensitized and challenged and total
RNA was extracted from lymph nodes and lungs at the indicated
times after the second sensitization (Day 5; 3 h after second ip.
sensitization) or challenge (Day 12; 3 h after challenge). For na-
ive mice, RNA was extracted from spleen. Data are representa-
tive of two independent experiments.

B7.1 plays an important role in the lung after secondary an-
tigen exposure. For example, B7.2 may be essential in the
process leading to the generation of peripheral blood eo-
sinophilia, whereas the influx of cosinophils into the tissue
may require additional signals mediated by B7.1 in the
lung/airway. Thus, both B7.1 and B72 are probably re-
quired for the full expression of the allergic phenotype,
with discrete requirements for both molecules depending
on the time, site, and context of their expression.

The APC increase in the lymph nodes after the second
i.p. sensitization is concomitant with the expansion of acti-
vated (CD69+) T lymphocytes (Figure 3), a phenomenon
that is sustained after OVA challenge. There is very lim-
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Figure 5. Effect of sensitization on the levels of GATA-3 and
STAT-6 in lymph nodes. Mice were sensitized twice by i.p injec-
tion of OVA/aluminum hydroxide, the lymph nodes were re-
moved, and total RNA was extracted. Real-time quantitative PCR
(TaqMan) was run. Data are representative of two experiments.

ited information with respect to events in the thoracic
lymph nodes in this type of experimental model. Krinzman
and colleagues (35) reported an increase of CD4* T cells
in the thoracic lymph nodes of sensitized mice after chal-
lenge. Our findings extend this observation because we
demonstrate that such changes are already established af-
ter sensitization. This pattern reflects the general model in
which primary T-cell activation and expansion, facilitated
by APCs, occur in lymphoid tissues.

In the lung, we observed an initial increase in activated
T cells 24 h after challenge. However, the major expansion
of CD4*/CD69* cells took place at Day 17 (5 d after chal-
lenge), in accordance with our earlier studies describing
massive influx of lymphocytes into BALF (8). It is of inter-
est to note that whereas the ratio of CD4*/CD69* to
CD8*/CD69* cells in the thoracic lymph nodes at Day 6
(24 h after sensitization) was 2.9, this ratio was 7.5 in the
lung 5 d after challenge, indicating preferential participa-
tion of CD4* T cells in airways inflammation. Indeed, the
involvement of CD4* T cells in the development of airway
inflammatory responses to allergens is well established
(36, 37). In fact, the role of CD4* T cells is pivotal: CD4
knockout mice cannot be sensitized, and depletion of CD4
cells in wild-type animals prevents antigen-induced airway
hyperreactivity and airways cosinophilia (38).

To investigate whether expansion in the lymph nodes
and lungs reflects the establishment of effector activity, we
evaluated cytokine mRNA expression. As shown in Figure
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Figure 6. Th2 cytokine production from lymph nodes cultured in
vitro with or without OVA. At the indicated time points, lymph
nodes were removed, pooled, and placed in culture for 5 d in ei-
ther medium or OVA. Cytokines were measured by ELISA (n =
3; mr:ulm + SEM). Three independent experiments yielded simi-
lar ts. .

4, expression of the prototypic Th2 cytokines IL-4, IL-5,
and IL-13 was minimal and virtually identical to that ob-
served in naive mice (in the thoracic lymph nodes) at all
time points examined. We think that it is very unlikely that
we missed cytokine upregulation because mRNA was ob-
tained at 3, 6, 12, and 18 h after the second i.p. injection.
We find it informative that despite clear evidence of T-cell
expansion and preferential activation, as assessed by
CD69 expression especially on CD4* cells, actual effector
activity, as assessed by cytokine mRNA expression, was
not apparent. Interestingly, OVA sensitization led to in-
creased levels of STAT-6 and GATA-3, which are impli-
cated in the differentiation of naive T cells into Th2 cells
(Figure 5) (39, 40). In our view, these findings convey a
functional logic: there is no immunologic advantage of
producing effector molecules in the regional lymph nodes,
whereas the production of effector molecules in the target
organ (in our case, the lung) is essential. Indeed, in vitro
stimulation of lymph-node cells with OVA induced the



TABLE 2
T1/ST2 expression on CD4 cells in lung and lymph nodes
CD4TIST2
Lung Lymph Node
Naive 3612 40*1.1
Day 6 5124 5309
Day 12 17x207 50+08
Day 17 185 £ 1.5* 63+10

In summary, our studies provide an elaborate descrip-
tion of immunologic activity in the thoracic lymph nodes
and lung during a response to the soluble antigen OVA.
Our data identify the main sites of the primary and second-
ary immune responses, elucidate distribution and pheno-
type of APCs and T cells, and provide evidence that may
prompt the revisiting of accepted concepts of activation
and effector activity, particularly in allergic inflammation.

Mice were sensitized with OVA/aluminum hydroxide on Days 0 and § and
exposed to aerosolized OVA on Day 12 of protocol. Expression of T1/ST2
within the CD3/CD4 subpopulation was examined by flow cytometry at the in-
dicated time points. nodes and lungs were pooled from five to ten mice
for cach time point. Data shown are %; means + SEM.

*P < 0.05 compared with naive.

g

production of typical Th2 cytokines such as IL-5 and IL-4
(Figure 6). The ability of lymph-node cells to respond to
antigén in vitro can be explained within the model pro-
posed by Sallusto and associates in which immunologic
memory is displayed by distinct T-cell subsets: lymph
node-homing cells lacking inflammatory functions and tis-
sue-homing cells endowed with various effector functions
such as cytokine production (41). Because in vitro condi-
tions simulate the in vivo tissue environment, we observed
the transition from nonproducers to cytokine producers.

The findings discussed earlier argue that for Th cells to
execute their effector program they need to encounter an-
tigen in the right environment in the tissue. Indeed, in

t with observations by Krzesicki and coworkers
(42), we detected substantial effector activity in the lung
after challenge as indicated by considerable: upregulation
of IL-4, IL-13, IL-5, and IL-6, but not IFN-y, mRNA.
However, we also found that mRNA expression for the cy-
tokines IL-2 and IL-15 was minimal and, in fact, very simi-
lar to that observed in naive mice. It is interesting that, in
the face of a major expansion of mononuclear cells, ex-
pression of cytokines with well-established proliferative
activity remains so modest. This suggests that recruitment/
relocalization, rather than in sifu proliferation, may play a
prominent role in the mononuclear cell expansion that we
observed in the lung.

Further, and in sharp contrast to our findings in the tho-
racic lymph nodes, the proportion of CD3+/CD4* cells ex-
pressing T1/ST2 increased as early as 72 h after challenge,
with a considerable increase 5 d after challenge. T1/ST2 has
significant homology to the IL-1 receptor, but does not
bind IL~1a or IL-1B (43). More recently, T1/ST2 has been
identified as a marker of advanced differentiation to the
Th2 phenotype in Th cells polarized in vitro toward Th2
but not Th1 (44, 45). Interestingly, expression of T1/ST2 in
the lymph nodes during sensitization remained at the level
detected in naive mice (approximately 5%). Together,
these data might argue for preferential recruitment of acti-
vated T1/ST2 CD4* T cells to the lung after antigen aero-
sol challenge. Altemnatively, T cells may acquire this phe-
notype in the lung as a consequence of the Th2-polarized
immune response. The geography of T1/ST2 expression
(i.c., in the lung) is consistent with this logic and suggests
that T1/ST2 may best be characterized as a marker of effec-
tor Th2 cells rather than simply of Th2 cells.
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