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— ABSTRACT—

The epidemic rise in the prevalence of allergy and asthma, primarily in the
“developed” world, has impelled prolific nodes of inquiry mto the epidemiology, ztiology,
immunology and management of these syndromes. While studies in human patients have
revolutionized pharmacological treatment of asthma and allergy, and have alsc intimated
some of the environmental agents and conditions conducive to disease expression in
susceptible populations, only animal models of asthma afford the experimental flexibility
upon which detailed 77 vivo analysis of immunology and pathogenesis depends. Because
asthma arises through airway mucosal contact with allergens, chemical pollutants and/or
infectious agents, an authentic animal model of asthma should preserve the airway as the
interface of incipient contact with antigen and, by extension, as the immune
microenvironment that conditions allergic sensitization. This heuristic is particularly relevant
when considering questions about the immunomodulatory effects of local, anti-inflammatory
intervention. The research documented in this thesis investigates several immunomodulatory
concepts—including pharmacological intervention (Chapter 2), costimulatory molecule
blockade (Chapter 3) and chemokinetic manipulation of cell trafficking (Chapters 4 and 5)—
in a murine model of airway mucosal sensitization to an innocuous antigen. The salient
message informed by these studies is that the outcome of an immune-inflammatory response
is very much a reflection of the airway microenvironment in which the immune system
initially processes antigen. Of substantive clinical interest, these data indicate that the efficacy
of acute, therapeutic intervention must be reconciled with the status of the antigen-specific

TEe8pONse ofce treatment has ceased.
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—PREFACE—

The research documented in Chapters 2 to 5 of this “sandwich” thesis is presented
as four independent but thematically related articles that, as of July 2004, are in print or
awaiting submission. Like most scholarly work in the health sciences, this research has
required a collaborative effort, to which the multiple authors listed in each article attest.
However, in each case, I, as the author of this doctoral thesis, provided the mtellectual
leadership (establishing research objectives, designing experiments, interpreting results) and
laboratory co-ordination (mobilizing and organizing resources, executing experiments) to
carry the work to a fruitful conclusion. Moreover, each of these articles is an original

document that I have written m its entirety.

CHAPTER 2 Wiley RE, M Cwiartka, D Alvarez, DC Mackenzie, JR Johnson, S
Goncharova, L Lundblad and M Jordana. 2004. Transient corticosteroid
treatment permanently amplifies the Th2 response in a murine model of
asthma. [ Immunol 172:4995-5005.

This work was inspired by an intriguing, but very preliminary, observation (namely,

heightened OVA-specific IgE production in mice treated with corticosteroids during

mucosal allergic sensitization) recorded in 2000 by M. Cwiartka, at the time a technician 1n
our laboratory, in the context of a contract with AstraZeneca Canada. From the winter of

2002 to the fall of 2003, I repeated and extended the original observation, and I designed,

inttiated and assembled the long-term jn zpo studies and the extensive cellular analysis that

form the crux of this article. D. Alvarez, a PhD student in our laboratory, is responsible for

the assessment of airway physiology, L. Lundblad provided technical expertise with the drug



nebulizer, and S. Goncharova, a technician in our lab, assisted with cytokine detection by
ELISA. D. C. Mackenzie and J. R. Johnson were undergraduate students who worked on

this project under my supervision.

CHAPTER 3 Wiley RE, TM Shea, JR Johnson, S Goncharova, A} Coyle and M Jordana.
2003. Examination of ICOS/B7RP-1 as a therapeutic target in a murine
model of allergic airway inflammation. 4w | Respir Cell Mol Biol 28:722-730.
This study was completed between the fall of 2001 and the fall of 2002, and was made
possible by the availability of an ant-ICOS neutralizing antibody furnished by A. J. Coyle at
Millennium Pharmaceuticals, Inc. T designed, executed and analyzed the results of all

experiments. S. Goncharova provided technical support, and T. M. Shea and J. R. Johnson

were undergraduate students who worked on this project under my supervision.

CHAPTER 4 Wiley RE, K Palmer, BU Gajewska, MR Stampfli, D Alvarez, A] Coyle, JC
Gutierrez-Ramos and M Jordana. 2001. Expression of the Thl chemokine

IFNy-inducible protein 10 in the airway alters mucosal allergic sensitization
in mice. | Immunol 166:2750-2759.

This study, which was completed between the fall of 1998 and the spring of 2000, employs
an IP-10-expressing adenoviral vector prepared by K. Palmer. B. U. Gajewska and D.
Alvarez provided technical support with lung cell isclation and flow cytometry; M. R.
Stampfli, A. J. Coyle and J. C. Gutierrez-Ramos critically appraised the original manuscript

and offered invaluable advice as I led this, my first independent research project.

X1



CHAPTERS Wiley RE, PC Emtage, DC Mackenzie, D Oppedisano, M Hitt, | Gauldie and

M Jordana. 2004. Expression of the chemokine CCL20/MIP-3¢ in the
mouse airway ecxpands antigen-presenting cells and facilitates mucosal

sensitization to aerosolized OVA. Manuscript to be submitted to 4w | Reyp
Cell Mol Biol, May 2004.

I initiated, managed and completed this study between winter 2002 and fali 2003 with the
instrumental aid of the CCL20/MIP-3a adenoviral vector prepared in 1995 by P. C. Emtage,
at the time a student in the laboratory of . Gauldie. D. C. Mackenzie and D. Oppedisano
were undergraduate students who worked on this project under my supervision, and M. Hitt
obtained sequencing information that confirmed the identity of the transgene in the original

vector.
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—CHAPTER T—

Introduction
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Context

The dramatic rse in asthma and allergy prevalence, particularly in so-called
developed nations in North America, Europe and southeast Asia, has impelled prolific nodes
of inquiry into the mtiology, pathology and immunology of these syndromes {reviewed in
i1]). In humans, this research has been predicated on two primary objectives: to identify and
appraise prospective therapeutic targets that promise specific, yet robust, control of the local
inflammation believed to underly the asthma diathesis; and, more recently, to understand the
environmental variables that might establish biological conditions conducive to allergic
sensitization. These clinical investigations, in turn, have substantially advanced our
understanding of the key mediators of allergic inflammation (reviewed in [2]); have led to the
development of new asthma drugs, such as leukotriene (reviewed in [3]) and IgE inhibitors
(reviewed in [4]); have permitted us to draw epidemiological associations between asthma
prevalence and the ultra-hygienic Western lifestyle (reviewed in [5-7]); and have begun to
describe how the airway epithelium might be the key immunological interface arbitrating
between protective (tolerogenic) and pathologic (allergic) responses (reviewed in [8]).

Of course, in human studies, mechanistic analysis is generally restricted to ex wiw
manipulation of the limited variety of specimens that can reasonably be harvested from
patients. This approach has proven most invaluable in the precise definition of cell/tissue
phenotype and in the testing of novel biological concepts i vifrs. Where analysis of human
specimens unavoidably falls short, however, is in the integration of discrete observations
about isolated tissues into the irreducible complexity of the disease process 7 vivo. Systematic
evaluation of biclogical relevance—the dispensation of in wwe verifas—requires the

experimental rigour and license afforded by animal models of asthma. Not only do animal
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models permit a process-oriented appraisal of biological mechanism through molecular
interventions that would be unthinkable in humans, but—and herein lies a source of both
strength and abstraction—they also allow researchers to reproduce, reliably and precisely,
features of the human condition to the exclusion of confounding factors. Unlike clinical
research, where the object of study determines the scope of inquiry, animal models are
created and manipulated according to the objectives of the research question.

The mformation an animal model of asthma can provide is therefore very much a
reflection of its design, which itself is a reflection of both the research motive and the
biological/immunological assumptions that inform it. Assessment of the role of a given
molecule in allergic sensitization, for mstance, imposes a very different set of experimental
challenges and modeling parameters from those that apply to the evaluation of a novel
intervention’s anti-inflaimmatory properties; the former raises questions about the
immunological conditions that best recapitulate sensitizing phenomena in humans, the latter
about the kinetics and route of intervention that authentically parallel therapy in humans
with established disease. Operationally, it is incumbent on an investigator to select a model
apropos of the clinical paradigm under investigation—and to accept the interpretive
limitations that choice entails. The research described in this document models asthma with
a view to comparing iaterventions both during the process of sensitization and upon antigen
challenge, ie in antigen-exposed animals (mice) with previous antigen experience. Although
2 broad range of immunomodulatory strategies is explored, each is rooted in a shared
conceptualization of asthma immunclogy that dictates the inextricable features of the

modeling instrument and the requirements of the biological analysis.
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Experimental Modeling of Asthma

It seems almost tautological to say that the objective of any animal model 1s to
reproduce key elements of the human disease. However, this objective is straightforward
only insofar as researchers can agree on a standard, coherent definition of the pathology
being investigated. Experimental simulation of asthma has deferred to a well-established
clinical description of this syndrome as a chronic inflammatory process with attendant airway
dysfunction, including reversible airflow obstruction and airway hypervesponsiveness (AHR). The
relevance of this definition is teinforced by the therapeutic success of the two
pharmaceuticals most widely prescribed for the management of asthma symptoms:
corticosteroids, which arrest inflammatory processes that cause obstruction of the airway
with mucous and cells; and bronchodilators, which desensitize smooth muscle fibres and
relax constricted small airways. However, for the purpose of reproducing this syndrome in
mice—a species that does not spontaneously develop asthma—scientists have generally
focused their attention on the quintessential mmune-inflammatory phenotype in human
asthmatics. Characterized by overproduction of cardinal T helper (Th) 2 mediators (such as
IL-4, IL-5 and eotaxin), accumulation of eosinophils in the lung, and circulation of IgE
specific for any of a spectrum of aeroallergens (including pollens, animal danders and house
dust mite), asthma is broadly understood as an antigen-initiated allergic process; the phenomenon
that most animal models mimic, therefore, is best described as allrgic asthma (reviewed in
[9,10).

CONVENTIONAL MODELS OF ASTHMA. Building on this conceptualization, virtually all
murine models of asthma privilege allergic sensitization as the essential precursor to

asthmatic airway inflammation, though these models can differ substantially in the identity of
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- Afrway eosinophilia

» Goblet celt hyperplasia

- Airway hyperresponsiveness
e iL-4,iL-5in BAL

- OVA-specific IgE in serum

|

FIGURE 1. A conventional medel of antigen-induced allergic airway inflammation.
Mice are sensitized to OVA vie 2 consecutive intraperitoneal (i.p.) injections of
alum-adsorbed OVA on days 0 and 5. Alrway responses are evoked by OVA
aerosol chalienge on day 12. By day 15, mice exhibit robust airway ecsinophilia,
airway physiological responses and elevated OVA-specific IgE in serum.

the antigen and the route of sensitization (considerations upon which sections that follow
will elaborate). However, with very few exceptions, most investigators have relied on some
variation of a standard model of antigen-induced allergic airway inflammation, henceforth
referred to as the comventional model of asthma, which involves one or more intraperitoneal
(ip.) injections of aluminum hydroxide (alum)-adsorbed surrogate allergen, usually
ovalbumin (OVA), followed 7 to 10 days later by an aerosol or intranasal (1n.) antigen
challenge (Figure 1) (see [11] for an example). The strength of this model lies in its faithful
reproduction of some of the salient cellular, humoral and physiological outcomes of allergic
airway disease. Moreover, that antigen sensitization and challenge are anatomically separate
and occur at temporally discrete phases in the protocol affords the fine resclution of the
cellular and molecular processes specific to allergic airway inflammation in mice with an
established hypersensitivity. As a consequence, conventional models of asthma are superb
instruments to evaluate the impact of a given therapeutic intervention on local inflammatory
responses.

However, because conventional models have been designed to recreate fundamental

elements of asthma pathelogy, they afford little insight into asthma aiology or pathegenesis
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(discussed in [9]). Indeed, injection of OVA into the peritoneum in the context of a potent
chemical adjuvant bears little resemblance to the physiological route of sensitization m
humans, which presumably occurs via allergen contact with the airway mucosa. From the
perspective of human biology, the trafficking of immune cells in these models is awkward.
During sensitization, OV A-loaded, alum-activated dendritic cells track from the peritoneum
to the thoracic lymph nodes where they engage naive T cells, while the lung—the organ of
interest—remains hermetically excluded from antigen experience. According to this scheme,
bona fide understanding of asthma is restricted to its manifestation as a local, airway
inflammatory disorder: to events downstream of sensitization. The artificial, geographically
distant inciting conditions preclude meaningful examination of the lung at incipient stages of
pathogenesis. The particular immunology of the airway—its native response to the
aeroallergen—is rendered moot by a pre-emptive, robust and remote sensttizing regimen.

INHALATION TOLERANCE. An awareness of the clinical paradigm that conventional
models of asthma simulate is particularly important when one considers the outcome of
passive exposure of the airway mucosa to aerosolized OVA: inhalation tolerance. A weak
mmmunogen, OVA elicits an antigen-specific, anti-inflammatory, regulatory T cell response
when delivered to the airway in the absence of an adjuvant; this response is persistent,
circumventing the development of allergic inflammation upon subsequent administration of
OVA in the context of apptropriate sensitizing conditions (.g OVA/alum via the
peritoneum) [12] (and reviewed in [13]).

Applying the logic of evolutionary adaptation, the airway’s intrinsic tolerance of
innocuous airborne proteins makes sense. The act of breathing, though biologically

unassailable, is fraught with peril. A breath of air introduces to the lung not only life-
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sustaining oxygen, but also myriad bacteria, viruses and foreign proteins, each of which
disrupts the delicate immunologic homeostasis of the respiratory mucosa. This basic
quandary, which complicates any biological interface, informs the inextricable challenge
facing the lung: to evolve immune-inflammatory responses that effectively eliminate
potentially dangerous interlopers while minimizing the attendant impairment of the lung’s
mechanical and physiological functions. If the immunological conundrum faced by the lung
1s whether fo mouni an inflammatory response, and if the biological compromise is to tolerate
anything that is not accompanied by an unambiguous indication of danger, then the
challenge for researchers wishing to understand allergic sensitization is to develop a model of
alrway antigen exposure that subverts this default pathway—to identify what factors render
an innocuous acroallergen dangerous.

MODEL OF MUCOSAL ALLERGIC SENSITIZATION. Our laboratory has shown that adenovirus
(Ad)-mediated gene transfer of granulocyte-macrophage colony-stmulating factor (GM-
CSF) to the airway at the time of OVA aerosol exposure subverts inhalation tolerance and
permits the articulation of a Th2-polarized immune-inflammatory response [14]. Airway
cosinophilia, the production of IL-4, IL-5 and OVA-specific IgE, and airway

hyperresponsiveness are cardinal features of this allergic response (Figure 2); moreover,

- Airway eosincphilia

« Goblet cell hyperpiasia

- Airway hyperresponsiveness
o 1L-4, [L-5 in BAL

« OVA-specific igE in serum

Ficure 2. Mode! of mucosal allergic sensitization to aerosolized OVA. Mice are
sensitized to CVA via daily exposure to OVA aerosol in the context of a GM-CSF-
conditioned airway microenviroment. By day 9, mice exhibit robust airway
eosinophilia, airway physiclogical responses and elevated OVA-specific igE in
serum.
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despite compartmentalized OVA exposure, sensitization in this model is systemic as cultured
splenccytes liberate Th2 cytokines upon stimulation with OVA. It is likely that GM-CSF
mediates mucosal allergic sensitization to OVA by altering the profile of pulmonary antigen-
presenting cells (APC) [15], which undergo robust expansion upon Ad/GM-CSF delivery
and, perhaps most importantly, express elevated levels of the costimulatory molecules B7.1
and B7.2. It would seem, then, that it is the context in which antigen is presented—and not
simply the intrinsic properties of the antigen per se or the peculiar predisposition of the
immune system—that ultimately negotiates between tolerogenic and pathologic sensitization.

This murine asthma model involving repeated exposure to aerosolized OVA in the
context of a GM-CSF-conditioned airway milieu (designated the mucosal Th2 model)
represents a prototype system in which both sensitization and challenge are initiated locally
and contiguously. Because it entails physiologically relevant trafficking of immune cells from
the airway to secondary lymphoid organs (Figure 3), the mucosal Th2 model is a tractable
instrument to consider questions about allergic sensitization and the temporal/spatial

evolution of allergic airway disease. Moreover, the selection of GM-CSF as the agent driving

FIGURE 3. Immune geography of the
mucocsal Th2 model. GM-CSF-activated
dendritic cells convey OVA from the
alrway to secondary fymphoid organs,
where Th2 cells differentiate before
returning to the lung and initiating an
airway  inflammatory  (eosinophilic)
response.
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sensitization may be ztologically apt (reviewed in [16]). GM-CSF is elevated in the lungs of
asthmatics {17,18], and 1s secreted by airway epithelial cells [19,20] and alveolar macrophages
[21] upon contact with a variety of airborne particles putatively involved allergic
sensitization, including diesel exhaust [22] and proteolytic aeroallergens (e.g. HDM) [23,24].
From the perspective of clinical symmetry, this mucosal model of allergic sensitization and
airway inflammation more closely emulates the immunology of these processes in human
asthmatics, and creates opportunities to investigate questions about immunomodulation that
conventional models of asthma could answer only provisionally.

THREE CLINICAL PARADIGMS. Approximately 4 weeks after the cessation of the initial
period of daily OVA exposures (se. in the context of exogenous GM-CSF expression),
mflammatory processes in the airway have resolved completely; subsequent rechallenge of
the airway with aerosolized OVA elicits an anamnestic Th2 (eosinophilic) response in the
lung and heightened IgE production systemically [14]. This protracted recall protocol
ensures a decisive separation between processes peculiar to mucosal sensitization or airway
inflammation, thereby differentiating between interventions whose effects are acute zs. long-
term, local ss. systemic, immune-deviating »s. inflammation-regulating. The flexibility of the
mucosal Th2 model distinguishes it from conventonal models of asthma, in which aerosol
challenge of mice with established disease occcurs immediately following sensitization and
coincides with the airway’s initial contact with antigen. In particular, the mucosal Th2 model
permits a comprehensive analysis of three clinically meaningful immunomodulatory
paradigms: (/) acute effect of treatment during initial antigen exposure; (i) effect of

intervention during secondary antigen rechallenge of mice with established disease; and (i)
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day -1 ©

day -1 0 8 Our 247

daily OVA exposure

i resolution (~4

day -1 0 8

FIGURE 4. Models of allergic airway inflammation and immunomodulation. (i)
Model of acute intervention: Mice are exposed daily to OVA in the context of a
GM-CSF-conditioned airway microenvironment with concurrent intervention.
(i) Model of long-term therapeutic intervention: Mice are sensitized to OVA in
the absence of treatment; inflammation is permitted to resolve (~4 weeks)
before mice are rechallenged with OVA while receiving immunomodulatory
treatment. (i) Model of the long-term effects of acute intervention: Mice are
sensitized to OVA while being treated; mice are rechallenged with OVA in the
absence of further treatment. Numbers in circles indicate time-points at which
outcomes are measured; LT, long-term.

effect of treatment during sensitization on long-term antigen-specific recall responses
(Figure 4).

The varied immunomodulatory concepts explored in the chapters that follow
ilustrate how this view of asthma as a locally-initiated, systemically-maintained and evolving
process—as embodied in the mucosal Th2 model—can enrich our understanding of the
mmune-inflammatory outcomes of a given intervention. For example, we document how a
treatment such as corticosteroids, whose primary service is broadly classified as the local
control of inflammation, can in fact elaborate sustained amplification of the systemic Th2
response if administered to mice early in the pathogenesis of experimental asthma. This
important immunological outcome, which might otherwise have been overlooked in a

conventional model driven primarily by the recreation and modulaton of asthma
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inflammation, was detected by giving due consideration to the kinetics of intervention and to
the possible discontinuities between acute and long-term, local and systemic effects. This
rigorous approach speaks to one of the key assumptions informing the mucosal Th2 modek:
that immunological cenfext critically determines immunological exfeome. We have previously
shown that concurrent expression of Ad-derived IL-10 [25] or I1.-12 [26] during GM-CSF-
driven sensitization to aerosclized OVA reorients the evolving immune response toward
antigen tolerance or Thl-associated pathology, respectively. With this in mind, we sought to
understand not only their capacity to modulate nflammation, but also whether the
immunomodulatory strategies appraised i this document could effectively modify the
context in which antigen was received by the airway and interpreted by the immune
apparatus.

LIMITATIONS OF THE MUCOSAL MODEL. It is important to recognize that the mucosal Th2
model, while furnishing us with a tractable instrument to investigate the immunology of
allergic sensitization and asthma pathogenesis, does not in fact recreate in mice the
syndrome that besets human patients. Human asthma is a chronic condition: ze. 1t is 2
process of sustained airway inflammation, injury and remodeling that, though arrested or
forestalled by appropriate pharmacological intervention, arises and deepens over 2 period of
years (reviewed in [27]). The experimental model of asthma we employ in our studies, on the
other hand, is decidedly acute. What we call “asthma”—eosinophilic airway inflammation
and AHR—is established in mice after about 10 days of daily OVA exposure and disappears
completely within weeks of exposure cessation (though airway inflammation can be
recapitulated upon in vips antigen recall); there is no evidence of airway remodeling, no

evidence that the pathology we induce is self-perpetuating or chronic. Certainly, there are



PhD Thesis — R. E. Wiley 12 McMaster — Medical Sciences

sound experimental and logistical reasons to substantiate a compressed protocol as a
satisfactory scientific compromise. However, equally important are the hmitations imposed
by OVA as a surrogate allergen. Even when sensitization to aerosolized OV A occurs in the
context of a GM-CSF-conditioned arrway microenvironment, persistent exposure to OVA
over a period of weeks ultimately substitutes established ThZ immunity with active,
sustained, antigen-specific tolerance [28]. In other words, continuous exposure to OVA
actually precludes any effort to model chronicity.

Additionally, the use of an adenoviral construct to transfer GM-CSF to the airway
introduces an irrevocable experimental artifact. Although this technique offers the advantage
of sustained but transient expression of GM-CSF during the mucosal sensitization
protocol—and although use of prohibitively expensive recombinant GM-CSF protein does
achieve the same immune-inflammatory outcome—the presence of viral antigens and the
fact that allergic sensitization depends on an exogenons soutce of GM-CSF render the system
somewhat artificial. Artificiality, however, is any model’s itrepressible albatross. What we
have gained in terms of developing a clinically-relevant model of pure mucosal sensitization,
we have sacrificed somewhat in terms of a tactical need to manipulate expediently the airway
microenvironment. We take comfort in the fact that both GM-CSF and wviral infection
(reviewed in [29] and [30]) have been ztiologically linked to asthma pathogenesis in humans.
However, it i1s becoming apparent that the most promising route to improve this model of
mucosal Th2 sensitization is to change the inciting antigen. Indeed, recent data from our lab
suggest that acute exposure to the proteolytic allergen HDM forsakes the requirement for
exogenous GM-CSF, and that chronic exposure can mimic the long-term alrway

inflammation and remodeling that typify human asthma [31].
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These caveats notwithstanding, the mucosal Th2 model has provided a supple
platform to mnvestigate diverse immunomodulatory concepts and appraise their biological
effects from several inquiry trajectories: acute . long-term, local 5. systemic, immune s
mnflammatory. The work detailed in the body of this document, which covers topics in anti-
mflammatory pharmacology, costimulation and chemokine biology, reinforces the notion
that the airway microenvironment is a critical arbiter of the immune-inflammatory response

that evolves when antigens come into contact with the lung mucosa.

immunomodulation of Mucosal Sensitization

It is perhaps germane to begin a discussion of immunomodulation in experimental
asthma by reflecting on what the term zmmunomodulation conveys. If we understand the
tmmuno prefix to denote all aspects of immune-inflammatory responses, from incipient stages
of T cell differentiation to the downstream expression of leukocytes’ effector function, then
immunomodulation can be understood broadly as the deliberate alteration of any of these
processes’ normal or default progression. According to this definition, a treatment that
controls inflaimmation in the target organ while sparing the established systemic immune
response 1s as immunomodulatory as a therapy that induces, say, a permanent shift in the

phenotype of memory T cells from Th2 to Thl or T,,. However, that these two phenomena

reg®
are categorically and conceptually distinct recommends a more precise definition of
mmmunomodulation that differentiates smmunity from inflammation. Immunomodulation, then,
will be used to refer to mterventions that substantively alter T cell memory, either by

modifying the context in which naive T cells are activated and differentiate, or by

permanently altering the phenotype of established memory responses.
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PHARMACOLOGICAL INTERVENTION: CORTICOSTEROIDS. Given the diverse array of potential
immunomodulatory strategies that could be conceived in a2 mouse model of asthma, 2 sound
experimental design and incisive appraisal critically depend on the clarity of the paradigm
being investigated—on decisions about the experimental frame of reference. If, for instance,
the objective of immunomodulation is therapeutic reversal of key features of the allergic
response, then an understanding of the model’s interaction with conventional therapy is a
useful place to start. Indeed, as one of the indices of an animal model’s utility is how
authentically it reproduces human disease, evaluating an experimental animal’s
responsiveness to clinically-proven therapy can provide instructive validation of the model’s
practical relevance. Translating this principle to asthma, a clinically faithful model is one
whose aitway inflammation and attendant airway dysfunction are ameliorated by aerosolized
corticosteroid (CS) delivery, which affords impressive efficacy in human patients. By
inhibiting the activity of the proinflammatory transcription factor nuclear factor (NF)-xB
(reviewed in [32]), inhaled CS effectively arrest the production of cytokines, chemokines and
other mediators instrumental in the mobilizaton and effector function of airway
mflammatory cells [33-35]. In essence, the pharmacological success of CS intervention
resides in its lack of specifiit—in its wholesale suspension of virtually 4/ inflammatory
processes, irrespective of their relationship to asthma. Novel treatments that aim to mitigate
corticosteroids’ indiscriminate management of inflammation by identifying robust, asthma-
specific targets therefore face the daunting prospect of meeting the indomitable therapeutic
standard set by corticosteroids’ anti-inflammatory prowess. By extension, experimental
mvestigation of prospective therapies in animal models logically requires the establishment

of CS responsiveness as the optimal, clinically relevant control.
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However, it 18 not simply in the provision of a meaningful therapeutic reference that
CS merit study in experimental models of asthma. Although the anti-inflammatory functon
of CS is well documented and mechanistically understood, their effect on the immunology of
an evolving mflammatory response remains an open question. For instance, the legions of
asthma patients who remain dependent on inhaled CS throughout their lives have convinced
researchers that CS do not cure asthma: Ze that they do not modify the Th2-polarized
immune response that underlies the symptoms CS so effectively suppress. While this would
tend to classify CS as strictly anti-inflammatory rather than immunomodulatory drugs, other
data suggest a more complex immunologic mteraction. Of particular relevance to asthma,
and somewhat paradoxically, CS have been shown to potentiate the polarization of Th2 cells
[36-38] and to facilitate IgE isotype switching in B cells 7 »fro [39-42]; moreover, heightened
serum IgE production in conjunction with selectively impaired Thl cytokine secretion by
cultured peripheral blood mononuclear cells (PBMC) has been observed in human atopics
treated with steroids 7z vzvo [43]. These data indicate that, under some circumstances, CS may
amplify Th2-associated T and B cell responses, raising the possibility that CS exhibit
immunomodulatory activity that transcends—and may in fact antagonize—their avowed
anti-inflammatory efficacy in allergic airways disease.

In Chapter 1, we use the three basic immunomodulatory configurations of the
mucosal Th2 model (detailed above) to investigate the short- and long-term, local and
systemic effects of CS treatment. We confirm that CS treatment of mice with established
disease (Model 7 in Figure 4), consistent with clinical experience in humans, ameliorates
OV A-induced lung inflammation and AHR; likewise, treatment during sensitization (Model

7 ablates acute mflammatory processes in the airway. However, we also document a striking
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discontinuity between the local and systemic effects of CS mtervention during sensitization,
furnishing evidence of an amplified Th2 response: OV A-specific Igh in serum and Th2
cytokine production by cultured splenocytes were significantly elevated i CS-treated mice.
This effect was not transient, but reflected 2 permanent hyper-polarization of the OVA-
specific immune response; although airway eosinophilia and AHR were not exacerbated in
rechallenged mice onginally introduced to OVA in the context of CS, splenocyte and IgE
responses remained unusually high (Model 7). While the clinical relevance of this
paradoxical finding is not immediately obvious—the capacity of CS to amplify Th2-polarized
sensitization may not pettain to asthma/allergy patients who, by virtue of their need for CS
treatment, ate already sensitized—it certainly impinges on the issue of weosensitization, i.e.
whether allergic sensitization is an ongoing, not an historically remote, process; it may also
temper those clinical observations indicating early and prolonged use of CS to forestall the
irreversible airway remodeling that attends asthmatic inflammation. Experimentally,
however, the salient lesson from this study is clear: interventions designed to control local
inflammatory phenomena may exhibit systemic immunomodulatory properties that are
masked (or obviated) by the efficacy of treatment in the target organ.

REGULATION OF COSTIMULATORY PATHWAYS: ICOS. Our investigation of CS in the mucosal
Th2 model establishes a sound framework for the evaluation of other immunomodulatory
concepts 7 mive. Among these, regulation of costimulatory pathways has been heralded as a
therapeutic touchstone broadly relevant to all immune-inflammatory processes, since the
seminal discovery that naive T cells, in addition to cognate MHC:TcR interaction, require 2
second, nonspecific signal to become activated and assume an effector phenotype (reviewed

in [44-51]). Much of this research has focused on modulation of the APC ligands CD80
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(B7.1)/CD86 (B7.2) and the T cell-expressed activatory receptor CD28, as the strength of
costimulation through this pathway critically arbitrates between effector T cell activation and
T cell anergy or tolerance. However, because the T lymphocytes responsible for immune-
mflammatory pathologies are, by definition, afvady effector-memory cells, the
CI80/CD86:CD28 axis has proven redundant as a therapeutic target for established disease
[52]; moreover, ostensibly therapeutic inhibition of this pathway can simultaneously and
deleteriously suppress the elaboration of protective immune-inflammatory responses to
infection. For this reason, attention has shifted to the recent identification of additional
costimulatory pathways, whose apparent involvement in the expression of established T cell
effector function affords more therapeutic promise. Of particular relevance to asthma and
allergy, inducible costimulator (ICOS), a receptor expressed by T cells, and its APC ligand
B7-related protein 1 (B7RP-1) have been implicated in the preferential differentiation and
manifestation of Th2 phenomena [53-56].

A number of studies examining experimental allergic airways disease during ICOS
neutralization or in ICOS-deficient mice generally agree that ICOS ligation 1s instrumentally
mvolved in Th2-polarized eosinophilic inflammation and IgE secretion during allergen
challenge [57,58]. Less evident, however, is whether interruption of ICOS signaling simply
retards the expression of a pre-existing Th2 effector phenotype or, depending on the kinetics
of ICOS ablation, can actually alter the differentiation of the Th2 response; indeed, most
studies have restricted their analysis to acute immune-inflaimmatory phenomena during a
compressed protocol of antigen sensitization and challenge. Additionally, the apparent anti-
mflammatory efficacy of ICOS ablation in models of cardinal Thl-associated pathology [59],

and its proposed involvement in the development of regulatory T cells [60], cast doubt on
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the strict assignment of ICOS functionality to the Th2 pole. Therefore, while the association
of ICOS with Th2 cytokine secretion has been amply documented i vire, analysis of ICOS
zn vivo has begun to describe a costimulatory pathway whose activity may largely depend on
{a) the nature of the immunologic stimulus and (b} the maturity of the effector-memory
immune response.

The research presented in Chapter 2 of this document addresses some of these
questions in the mucosal Th2 model. Corroborating other groups’ findings, we show that
systemic neutralization of ICOS during sensitization to OVA inhibited acute eosmophilic
inflammation in the airway. Unexpectedly, however, local control of inflimmation was
accompanied by amplified Th2 cytokine secretion by cultured splenocytes—which translated
to an enhanced airway inflammatory response and heightened IgE production upon long-
term antigen rechallenge. Furthermote, whereas ICOS ablation protected the lung from
eosinophilic inflammation during mucosal sensitization, targeting of ICOS during antigen
recall in mice with established allergic disease conferred no therapeutic benefit. Therefore,
paralleling the effects of CS intervention, we observe with anti-ICOS neutralization an
apparent discordance between the local and systemic effects of treatment during mucosal
allergic sensitization: notwithstanding the amelioration of airway eosinophilia acutely,
hyperpolarization of the OV A-specific Th2 response was irreversible. However, unlike CS—
whose anti-inflammatory efficacy prevails irrespective of the maturity of allergic airways
disease—ICOS exhibits a transient functionality that appears redundant in an established
etfector Th2 response.

THERAPY: REGULATING INFLAMMATION VS, IMMUNITY. Therapeutically, CS intervention and

mhibition of ICOS are conceptually similar. Notwithstanding their unexpected
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mmmunomodulatory effects in the mucosal Th2 model, both CS treatment and disabling of
ICOS primarily aim to regulate Th2 inflammation by suppressing T cell effector function: CS
through the wholesale arrest of promnflammatory cytckine transcription, ICOS neutralization
through the spectific targeting of ThZ cells. Neither strategy purports to be a cure for allergic
airway inflammation—i.e. to reverse, suppress or deviate permanently the Th2-polarized
systemic immune response that is engaged upon subsequent, untreated contact with antigen.
To this end, more deliberate immunomodulatory concepts have been proposed. Some, such
as administration of the mmmunoregulatory cytokine IL-10 during antigen sensitization,
subvert Th2 differentiation through the dominance of antigen-specific tolerance [25]; others,
by overexpressing I11.-12 [26], adjust the Th1-Th2 balance by superimposing Thi phenomena
on default Th2 immune-effector programming. While the clinical relevance of these
experimental manipulations is tenuous, as their immunomodulatory objectives are restricted
to the kinetics and conditions of allergic sensitization, they afford important insight into the
microenvironmental factors that, presumably, modify APC activity and thereby regulate the
phenotypic fate of T cell activation.

CHEMOKINE IMMUNOMODULATION: {ij 1P-10. While the ability of cytokines to condition
the immunologic milieu has been well documented, it is now becoming evident that a group
of chemotactic cytokines, chemokines, plays a pivotal role in establishing the cellular
constituents of the immune microenvironment—and that they may therefore represent new
immunomodulatory instruments. Though chemokine activity can range from bactericidal
[61] to angiogenic (reviewed in [62]), chemckines are best known for the formation of
chemotactic gradients that orchestrate the trafficking of immune-inflammatory cells both

homeostatically (eg maintaining the architecture of lymphoid tissue) [63] and at sites of
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mmmunologic challenge (reviewed in [64]). Of particular interest from an immunomodulatory
perspective is the apparent coupling of chemokine/chemokine receptor expression and T
helper phenotype. The chemokines eotaxin and thymus-activated and regulated chemokine
(TARC), for example, are typically upregulated during Th2 responses, and their receptors,
CC chemokine receptor (CCR) 3 and CCR4, are generally expressed exclusively by
cosinophils and Th2-polarized T cells. By comparison, macrophage inflammatory protein
(MIP)-1a and IFNy-inducible protein (IP)-10 are induced by Thi signals, and their
receptors, CCR5 and CXCR3, reliably identify macrophages and Thl lymphocytes [65-70].
Conceptualizing this relationship in a useful, if simplified, biological model, the interplay
between cytokines and chemokines programs a self-perpetuating, self-selecting cascade:
cytokines and other stimuli in the tissue evince the secretion of chemokines that mobilize
specialized, phenotypically-relevant cells, which in turn liberate mediators—including
chemokines—that facilitate even more specialized leukocyte recruitment. From the
petspective of immunomodulation, manipulation of the chemokine microenvironment
might be a way to transform the mflammatory phenotype in the tissue and, by implication,
to alter the course of an evolving immune response.

In Chapter 3, we examine this paradigm in the mucosal Th2 model By locally
administering an adenoviral vector encoding the transgene for IP-10 during GM-CSF-driven
sensitization to OVA, we were able to alter dramatically the inflammatory infiltrate in BAL.

Though total airway nflammation was unchanged by IP-10 mtervention, eosinophilia and
Th2 lymphocyte recruitment were attenuated, dominated instead by IFNy-secreting CD4™ T

cells and an elevated CD8:CD4 T cell ratio. Of particular interest, this Thi-privileged airway
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microenvironment established conditions conducive to Thl-polarized antigen sensitization,
as evidenced by amplified OVA-specific 1gG,, production and the elicitation of largely
mononuclear mnflammation during long-term OV A rechallenge. Mechanistically, it 1s unclear
whether the IP-10-mediated dampening of Th2 differentiation reflected the selective
recruitment of Thl-predisposed APC or the indirect conditioning of a Thl-permissive
airway microenvironment through the mobilization of IFNy-secreting lymphocytes.
However, this study does illustrate that chemokinetic modulation of local inflammatory
conditions can substantively and irreversibly determine the outcome of systemic immunity.
CHEMOKINE IMMUNOMODULATION: {11} CCL20. While the Th1/Th2 phenotypic categories
have been profitably used to conceptualize chemokine function, they are by no means an
exhaustive construction of chemokine biology. Another conceptual framework derives from
the spatio-temporal considerations of immune responses—from innate processes in the
challenged organ to immune-adaptive genesis in the Iymph nodes to effector-memory
expression in inflamed tissue—which depend on the timely migration of leukocytes bearing
the appropriate chemokine receptor profile. Chemokines can therefore be classified loosely
as homeostatic or inflammatory, innate or adaptive, local or lymphoid, immune-generating
or immune-effector: a spatio-temporal paradigm whose relevance has been substantiated, for
example, by the proposed distinction between lymphoid-homing, CCR7" mature DC
(DC, )/ central-memory T cells (T and tissue-homing, CCR7 immawre DC
(DC,,)/ effector-memory T cells (T, (reviewed in [71]). With respect to DC in particular,
the prevailing model argues that incipient inflammatory stimuli in infected tissue induce

resident cells to produce the chemokine MIP-3a/CCL20, which recruits CCR6™ DC, | from
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the circulation or other regions of the tissue to the site of antigenic challenge {72,73]. Once
these DC, . are activated by the harvesting and processing of antigen, they acquire 2 cardinal
CCR6, CCR7™ matute phenotype that is respomsive to the constitutively-expressed,
lymphoid chemokine MIP-38/CCL19 [74-76]. Of key immunomodulatory significance, this
model establishes a precedent in which the evolution of an adaptive response is orchestrated
m part by the co-ordinated, sequential expression of chemokine receptors and their
anatomically-restricted ligands.

That CCL20 recruits, among other cells, immature DC qualifies it as an mteresting
candidate to compare with GM-CSF, the immunostimulatory cytokine that drives the
mucosal Th2 model. Indeed, as described above, it is likely that GM-CSF overexpression mn
the airway subverts inhalation tolerance to OVA through the expansion and activation of
lung DC. Is it possible that substitution of GM-CSF with CCL20 can create a symmetrical,
DC-rich airway microenvironment capable of disarming default tolerance mechanisms? This
question is explored in Chapter 4, in which the basic architecture of the mucosal Th2 model
is adapted to investigate the immunology of CCL20 in the airway. Intranasal administration
of an Ad vector encoding the transgene for human CCL20 induced the marked expansion of
APC of all subsets, in addition to CD4" and CD8" T cells, in the lung. That these APC bote
an activated phenotype—possibly an artifact of the unavoidable presence of viral antigens—
intimated that CCL20 overexpression had conditioned an immunologically primed airway
microenvironment. In this immune-potentiated context, concurrent exposure to an aerosol
of OVA resulted in Thl-biased sensitization, as evidenced by the production of OVA-
specific 1gG,, and the reconstitution of mononuclear airway inflammation upon long-term

OVA rechallenge 7 vivo. Using CCRG-deficient mice or CCL20 neutralization, a number of
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published studies have documented the importance of CCL20 in the pathogenesis of
experimental models of inflammatory bowel disease [77], multiple sclerosis [78] and asthma
[79]. This study, however, is the first to demonstrate the sufficiency of CCL20 expression per
se 1 the induction of immune-inflammatory responses in the lung, and implicates CCL20,
which is known to be upregulated in the lung (among other organs) by inflammatory stimuli,

in the ztiology of Thl-biased mflammatory disorders.

Summary

The research presented i this document employs a variety of immunomedulatory
strategies to investigate the immunology of the airway mucosa in a mouse model of passive
exposure to an innocuous antigen. The salient message informed by each of these studies 1s
that the outcome of an immune-inflammatory response is very much a reflection of the
airway microenvironment in which aerosolized antigen is initially interpreted by the immune
system—a finding whose significance resonates with the prospective targets and kinetics of
therapeutic intervention for asthma. Therefore, because they may concomitantly alter the
context i which antigen is presented by airway APC, interventions ostensibly designed to

modulate local lung inflammation may also condition the evolution of systemic immunity.
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Corticestersids (CS) remain the most eflicacious pharmacotherapeutic option for the management of asthma. Although the acute
anti-inflammatory effects of CS treatment have been amply documented both clinically and experimentally, recent human data
intimate that expesure to C8 may be associated with retrograde immune phenomena, including enhanced synthesis of IgE in vivo
and elevated Th2 cytskine production in vitro. We have investigated the long-term immunologic effects of CS treatment in =
murine model of allergic airway inflammation. CS treatment during initial exposure to OVA or upon long-term Ag rechallenge
remarkably attenuated eosinophilic airway inflammation and airway hyperresponsiveness. Interestingly, however, Th2 ¢ytekine
preduction by cultured splenecytes from CS-treated mice was significantly elevated, while FFN-y synthesis was depressed. More-
over, mice rechallenged with OV A several weeks afier (S intervention during allergic semsitization not only developed airway
inflammation, but alse exhibiled cnhanced Th2 cytokine production in lymphoid tissues and OVA-specific IgE in serum. This
amplification of the systemic immune response was associated with an intact APC compartment during CS-conditioned sensiti-
zation to OV A, These data indicate that immune processes underlying the allergic phenotype remain impervious to CS treatment
and raise the possibility that treatment with CS during sensitization may amplify elements of the allergen-specific immune

response.

orticosteroids (CS)® have emerged, deservedly, as the

pharmaceutical of choice for patients with chronic in-

flammatory conditions. The development of inhaled CS,
in particular, has revolutionized the treatment of asthma and is now
the inimitable standard to which all prospective asthma therapies
are compared. Indeed, by affording exquisite control of local -
flammatory processes m the lung and therefore reversing attendant
airway dysfunction, inhaled CS effectively ameliorate asthma
morbidity.

I recent years, research into steroids has primarily extended our
knowledge of the cellular and molecular mechanisms by which
pharmacological intervention with CS might attenuate inflarnma-
tion. This research has uncovered pathways, such as inhibition of
the proinflammatory transcription factors AP-1 and NF-«B (tran-
srepression), direct activation of anti-inflammatory gene transcrip-
tion through glucocorticoid responsive elements on DNA (trans-
activation), or mobilization of apoptotic processes, that are
engaged when steroids associate with endogenous glucocorticoid
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receptors (1). In human asthmatics, the anti-inflammatory activity
of inhaled CS has been associated, for instance, with impaired
recruitment of eosinophils and other leukocytes to the airway and
with attenuated production of Th2 cytokines and other inflamma-
tory mediators (2 -4); in mice, inhaled CS treatment has also been
shown to suppress eosinophil progenitor expansion in the bone
marrow, pointing to the systemic effects of local steroid delivery
(5). These studies have furnished a rich mechanistic foundation
upon which the development of new generations of highly spe-
cialized steroid-based therapeutics will draw (6 -9).

However, informed by the understanding that steroids are ef-
fective at managing inflammation only as long as they are taken,
investigators have directed comparatively little attention to the
long-term immunobiological implications of steroid delivery:
whether steroids have the capacity to alter substantively the evo-
lution and pathogenesis of allergic airway disease. Cur study ex-
amines this question in a murine model of asthma in which mice
are re-exposed to Ag several weeks after steroid intervention has
been discontmued. Our observations derive two unequivocal con-
clusions: 1) that concurrent delivery of CS during mucosal allergic
sensitization does not prevent the development of a local airway
inflammatory response upon Ag re-cxposure and 2) that CS treat-
ment during sepsitization actually amplifies cardinal systemic fea-
tures of the allergic phenotype both acutely and dwring long-term
Ag rechallenge.

Materials and Methods

Animals

Female BALB/c mice (6-8 wk old} were purchased from Charfes River
Laborztories (Wilmington, MA). The mice were housed under specific
pathogen-free conditions and maintained on a 12-h light-dark schedule. All
experiments described in this study were approved by the Animal Research
Ethics Board of McMaster University. A total of 442 mice were sacrificed
during the course of these experiments.

0022-1767:04/302.00
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Model of Ag-induced airway inflammation

Mice were subjected to a model of musocal allergic sensitization as pre-
viously described (10). Briefly, mice were exposed to aerosolized OVA in
the context of GM-CSF overexpression in the airway microenvironment.
To elicit local expression of GM-CSF, a replication-deficient human type
5 adenoviral {(Ad) construct encoding murine GM-CSF ¢DNA in the El
region of the viral genome was delivered intranasally to isoflurane-anes-
thetized animals on day —1, 24 h before the first exposure to OVA. Ad/
GM-CSE was administered at a dose of 3 X 107 PFU ir 2 total volume of
30 pl of PBS vehicle. Over a period of 10 consccutive days (days 0-9),
mice were placed in 2 Plexiglas chamber (10 cm X 15 em X 25 ¢m) and
exposed for 20 min daily to aerosolized OVA (1% w/v in 6.9% saline;
Sigma-Aldrich, Oakville, Ontario, Canada). The OVA aerosol was gener-
ated by 2 Bennett nebulizer (Pleasanton, CA) at 2 flow rate of 10 L/min.
For the long-term in vivo rechallenge experiments, sensitized mice were
allowed to recover from acute inflammation (-~4 wk) and were then ex-
posed to a 1% OVA zerosol for 20 min on 3 consecutive days (rechallenge
days 0, 1 to 2; ). Models are depicted in Fig. 1.

Budesonide administration

We used a pharmaccutical grade, modificd Wright Dust Foed system (As-
traZeneca, Lund, Sweden) to generate a dry powder aerosol of budesonide
11 lactose vehicle or of lactose alone. A Battelle (Columbus, OH) two-stage
inhalation chamber was used; it contains 15 inhalation ports and 1 filter
sampling port, thus allowing us to expose 15 mice simultaneously. Filtered,
desiceated air flowed throngh the Wright Dust Feed at a rate of 10 L/min
or 0.63 L/min/port; the rate of evacuation from the chamber was 8 L/min.
The concentration of steroid powder entering the chamber was monitored
with a real-time acrosol dust monitor (Casella CEL, Kempston, Bedford,
U.K.). For these studies, the generated concentration of budesonide powder
in the chamber was 800 mg/m® or 0.8 pg/ml, and mice were exposed Lo
budesonide for 10 min per treatment.

‘The inhaled dose is calculated using the following formula: ID = £T' X
RMV X CC/BW, where ID = mhaled dosc (ug/g). ET = exposure time
(min), RMV = respiratory minute volume = 4.19 X BW*? (ml/min),
CC = chamber concentration (pg/ml), and BW = body weight (g). Using
this equation, we have calculated an inhaled budesonide dose of 12.3 ug/g
for a 20-g mouse. The overall systemic bioavailability of budesonide is a
factor of both lung-deposited dose and swallowed dose. In humans, lung
deposition of aerosolized budesonide is on average 20% and gut deposition
50%: in mice, -~4% is deposited in the fung and 36% in the gut. Approx-
imately 90% of the portion of drug deposited in the gut is inactivated in the
liver via first-pass metabolism. The portion of drug deposited in the lung is
absorbed into the circulation, but only 25% of this is inactivated by first-
pass metabolism (AstraZeneca, unpublished data). Taking into account
these considerations and the fact that budesonide has a M, 01 430.53 g, the
nominaf maximum bioavailable dose of budesonide mice received was
0.86 nmol/g via the lung and 1.0 nmol/g via the gastrointestinal tract, for
a total systemic bioavailability of 1.86 nmol/g; however, because of inher-
ent inefficicncy of the apparatus and concomitant overestimation of budes-
onide concentration by the dust monitor, the actual bioavailable dose was
typically one-third the nomunal dose (for a final bioavailability of 0.62
nmol/g). By comparison, the bioavailable dosc achieved in humans taking
3.2 g of budesonide daily is approximately 0.018 nmol/g.

Collection and measurement of specimens

‘Pwenty-four hours after the ninth OVA exposure (day 9) or 72 h after the
third OVA exposurc during long-term in vivo recall (day 5, of the re-
challenge protocol), mice were sacrificed and bronchoalveolar lavage
(BAL) was obtained as previously described (11). In briel] the tungs were
dissccted and the trachea was czanulated with a polyethylene tube (BD
Biosciences, Oalkville, Ontario, Canada). The lungs were lavaged twice
witk PBS (0.25 ml followed by 0.2 ml). Approximately 0.3 ml of the
instilled fluid was consistently recovered. Total cell counts were deter-
mined using a hemocytometer. Aftler centnifugation, supernatants were
stored at —20°C for measurement of cytokines by ELISA; cel pelicts were
resuspended in PBS and smears were prepared by cytocentrifugation
(Skandon, Pittsburgh, PA) at 300 mpm for 2 min. Diff-Quik (Baxter,
MeGraw Park, [L) was used to stain all smears. Differentiation of leukocyte
subsets in BAI, was determined by counting at least 500 white blood cells
using standard hemocytological procedures 1o classify the cells as reutro-
phils, eosinophils, lymphocytes, or macrophages/monocytes. Additionally,
blood was collected by retro-orbital bieeding. Serum was obtained by cen-
trifugation after incubating whole blood for 30 min at 37°C. Blood smears
were prepared from peripheral blood collected in heparinized capillary
tubes; leukocytes were differentiated by counting at least 300 white blood
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ally, lung tissue was fixed in 10% Formalin aad embedded in
ree-pm-thick sections weee stained with H&E for visualization
of leukocytes and histopathological features.

Cyiokine and Ig measurement

ELISA kits for GM-CST, IFN-y, IL-4, I1.-5, and 11.-13 were purchased
from R&D Systems (Minneapolis, MN): eack of these systems has &
threskold of detection of 1.5-7 pg/ml. Levels of OV A-specific Igh were
detected using an Ag-capture (biotinylated OVA) TLISA method as de-
scribed previously (11); anti-mouse IgE Abs were obtained from Southern
Biotechnology Associates (Birmingham, AL). This ELISA was standard-
ized with serum obtained from mice sensitized to OVA according to a
conventional 1.p. sensitization model and bled 7 days following the second
sensitization (11); Ig levels, therefore, are expressed in units per milliliter
relative to this standard serum.

Splenocyte and lvmph node mononuclear cell culture

Using the plunger from a 5-ml syringe, splcens or thozacic lymph nodes
were triturated through a 40-pm nylon cell strainer (BD Falcon, Bedford,
MA) into HBSS. RBC in splenocyte preparations were lysed by resus-
pending dispersed cells from each spleen in 1 mi of ACK lysis buffer for
1 min. Splenocytes were then washed twice in supplemented RPMI 1640
(containing 10% FBS, 1% penicillin/streptomycin, 1% v-glutamine, and
0.1% mercaptoethanol); lymph node mononuclear cells were washed once.
Splenocytes and lymph node mononuclear cells were cultured in 96-well
plates at a density of 8 X 10° or 6 X 10° cells/well, respectively, in a total
volume of 200 ! of RPMI 1640, Cells were stimulated with OVA at a
concentration of 40 pg/well for 5 days, at which point supernatants were
harvested and stored at —20°C for detection of cytokines,

ELISPOT assay

OVA-specific, [T.-4-, IL-5-, or IFN-y-producing T cell clones in the spleen
were detected with an ELISPOT assay (BD Biosciences). Dispersed
splenocytes were plated at a density of § X 10° cells'well in a 96-well
ELISPOT plate that bad bsen precoated with the appropriate anti-mouse
cytokine Ab; cells were cultured in medium alone or stimulated with 40
wg/well OVA for 72 h, after which immobilized, secreted 11.-4, I1.-5, or
IEN-vy was detected with the corresponding biotinylated anti-mouse cyto-
kine Ab according to the protocol included with the ELISPOT kit. Each
plate was developed via streptavidin-HRP reaction for 5 min, desiceated,
and imaged using AxioVision software (Zeiss, Thornwood, NY); QWin
software (Leica Microsystems, Richmond Hill, Ontario, Canada) was
adapted for automated, color-dependent enumeration of spots.

Assessment of airway hyperresponsiveness

Airway responsiveness was measured based on the response of total re-
spiratory system resistance (RSR) to increasing doses of methacholine
(MCh) injected into the intemal jugular vein of Avertin-anesthetized mice
as proviously described (12). Exposed tracheas wore canmulated and a con-
stant inspiratory flow was delivered by mechanical ventilation (RV3;
Voltek Enterprises, Toronto, Ontario, Canada). Pacalysis was achieved us-
ing pancuronivm {0.03 mg/kg i.v.) to prevent respiratory effort during mea-
surement. RSR was measured following consecutive i.v. injections of sa-
line, followed by 10, 33, 100, 330, and 1000 ug/kg MCh (ACIC, Brantford,
Ontario, Canada), each delivered in a 0.2-ml bolus. Evalvation of airway
responsiveness was based on the peak RSR measured in the 30 s followiag
the saline and MCh challenges.

Lung cell isolation and flow cyiomeiric analysis of lung cell
subseis

Lungs were perfused with 10 ml of HRSS through the right ventricle, cut
into small {2 mm in diameter) pieces, and agitated at 37°C for [ hin 15
m! of collagenase HI (Life Technologies, Rockvilie, MD) at a concentra-
tion of 156 U/mi in FIBSS. Using the plunger from 2 5-ml syringe, the lung
picces were triturated through a 40-2m aylon cell strainer (BD Falcon) into
HBSS. Mononuclear cells were isolated at the interphase between layers of
30 and 60% Percoll following density gradient centrifugation. Ceils were
washed twice and stained for fiow cytometric analysis. For cach Ab com-
hination, 1.0 X 105 cells were incubated with mAbs at (¢ - 4°C for 30 min;
the cells were ther washed and treated with second-stage reagents. Infra-
cellular cytokine staining was executed according to the protocol detailed
in the Cytofix/Cytoperm GolgiPlug kit (BD Biosciences). Briefly, dis-
persed fung mononuclear cells were cultured in six-well platos at a density
of 2 X 10° cells/mt in the context of GolgiPlug reagent (brefeldin A) alone
{1 wl/m! supplemented RPMI 1640) or concurrent LPS stimutation (1.0
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resolugion 3w

Models of Ag-induced allergic airway inflammation and CS admunistiation. g, Model of acute €8 intervention: Mice were exposed daily

to OVA in the context of a GM-CSF-conditioned airway microenvironment with concurrent CS$ treatment. b, Model of long-term therapeutic 'S inter-
vention: Mice were sensitized to OVA in the absence of CS treatment; inflammation was permitted o resolve (~4 wk) before mice were rechallenged with

OVA while being freated with C3

-8, ¢. Model of the long-term effects of acute CS intervention: Mice were sensitized to OVA while being treated with CS;

mice were rechallenged with OVA in the absence of further €S treatment. Numbers in circles indicate time points at which outcomes were measurcd.

ug/ml): cells were harvested after an &-h incubation and, after surface
staining, cells were fixed in Cytofix'Cytoperm solurion (4% paraformal-
dehyde in PBS) and permeabihzed in Perm/Wash buffer (saponin/sodium
azide concentrale, diluted 1710 in distilled water) for intracellular slaining.

All data were collected using a FACScan (BD Biosciences) for three-color
flow eylometry and were analyzed using WinMD] software (The Scripps Re-
search Instinute. La Jolla. CA). The following Abs and reagents were used:
mouse [gG, anti-mouse MHC class 1 (MHCI; 1-A%, F1TC-conjugated and
biotinylated {39-10-8); rat lg(3,, anti-mouse CD1HIb, FITC- and PE-confu-
gated (M1/70); hamster 1gG anti-mouse CD1ic, FITC- and PE<onjugated
(HL3Y; hamster IgG anti-mouse B37.1, biotinylated (16-10A 1Y rat IgG., anti-
mouse B7.2. bictinylated (GL1): rat TgG, anti-mouse 11.-12, PE-conjugated
(C15.6); hamster Ig( anti-mwouse CID3¢, PR~«onjugated and CyChrome-con-
jugated (145-2C11): rat IgG,, anti-mouse CD4, FITC-conjugated and Cy-
Chrome-conjugated (RM4-3Y; hamster 1gG anti-mouse CD69, PE-conjugated
{H1.2F3) (all purchased from BD PharMingen, Mississauga, Ontario, Can-
ada): rar 1gG, anti-mouse TUST2, FITC-conjugated (produced in-house by
Millennium Pharmaceuticals, Cambridge. MA); all appropriate isotype control
Abs and sireptavidin-PerCP (BD PharMingen). The Abs were titrated to de-
rernine optimal concentration,

" MNC
. & P
Z
FIGURE 2. (8 intervention during allergic mu- % A
cosal sensitization to VA arrests isflammation in -
the airways of mice, Mice were sepsitized to OVA in T
the context of a GM-CSF-conditioned airway milieu
with or without concurreat CS treatment and sacri- N‘o?«
ficed at day 9 of the serosolization protocol. Graphs
depict moponuciear cells (MNC), nentrophils (Neu-
tro}, and eosinophils (Eosino) in the BAL (4) and .
peripheral blood (8) of OV A-sensitized, untreated e
control mice (NoRx) or mice exposed to OVA in the 8
context of either lactose vehicle (Lac) or powdered .
budesonide (U8r n = 3-12group (pooled) from
a-

fwo cxperiments; , p < (.05,

Mo

Data analvsis
Data are expressed as mean = SEM, unless otherwise indicated. Resulls
were interpreted using Student’s 7 test or ANGVA with Tukey's post hoc
test, where appropriate. Differences were considered statistically significant
when p < 0.05,

Resuits

CS treatment during sensitization acutely depresses tocal
inflammatory processes in the airway

To assess the acute anti-inflammatory effects of C8 intervention.
mice were exposed to aerosolized OVA for 20 min on 9 consec-
utive days (0~ 8) beginning 24 h after intranasal administration of
AVGM-CSE (day —1); a subset of mice was (reated with nebu-
tized budesonide at a concentration of 0.8 pg/ml tor 10 min im-
mediately before cach OVA exposure (model A in Fig. 1), Fig. 24
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Table L. Cyvokine and fg comtent in BAL and serum o day 9 of the
aerosolization protocol”

NoRz [

Cytokines and Chemokines” (pgimi)

-4 664 1035

.8 83 %21 0 = 8.3°

K] 432 = 62 3 x94°

i 17x34 83z i3®

MiP-le W36 23 £29%

RANTES 14x£22 3izxig
Igs® (w'mib)

OV A-specific IgE 232390 240 x32*

“(iroups of mice wers mucossliy sensilized to OVA in the presence {8} or
absence (NoRx} of concurent stevoil treatment and sacrificed 24 b after the ninth
OVA exposure {day 9). Cyteldnes, chemokines. and Igs wers measured by ELISA in
BAL? or serum,® Data represent meag + SEM; # — 7 $/group.

#* p < 0.05.

illustrates inflammation in BAL at day 9 of the acrosolization pro-
ocol. CS treatment dramatically inhibited inflammation in the air-
ways compared with both untreated sensitized mice (NoRx) and
mice receiving nebulized lactose vehicle; eosinophilia, in particu-
lar, was completed abrogated by ('S intervention. The attenuated
eytokine and chemokine content in BAIL of C8-treated mice mir-
rors these celiular data (Table [); indeed, levels of the Th2-affili-
ated cytokines 1L-5 and 1.-13, of the chemokines macrophage-
inflammatory protein la (MIP-1a) and RANTES, and of IFN-y
were all reduced in the context of (S intervention, asserting the
unequivocal anti-inflammatory properties of C$ in this model at
the molecular level. In contrast, data in Fig. 28 demonstrate that
CS therapy elicited no statistically significant qualitative or quan-
titative changes in the peripheral blood leukocyte profile, except
the expected elevation in neutrophils due 1o the well-documented,
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CS-induced demargination of these cells, compared with unireated
and kactose-treated controls. Moreover, and paradonicaily, OVA-
specific IgE in serum was elevated 2-fold following CS treatment
{Table I).

To transiate our findings describing the impact of local 8 ad-
ministration during concomitant mueosal allergic seasitization o a
different clinical paradigm. we treated previously sensitized ani-
mals with U8 during long-term Ag rechallenge. To this ond, mice
were sensitized to acrosolized OVA according to our 10-day mu-
cosal sensitization regimen and permitted to recover from acute
inflammatory phenomena, which are completely resolved by day
28. Groups of mice were then treated with nebulized budesonide
on day —1,; of the rechallenge protocol, followed by three dutly
20-min exposures fo aerosolized OVA preceded by CS therapy
(days 0.7 to 2;1); mice were sacrificed on day 5; ;. the peak of
airway mnflammation following this Ag recall procedure (R E.
Wiley, B. U. Gajewska, J. R. Johason, and M. Jordana, unpub-
lished data: model B in Fig. 1). Data in Fig. 34 illustrate that the
accumulation of all inflammatory cells, especially cosinophils, in
BAIL was abolished in mice concurrently receiving CS compared
with untreated mice and mice receiving lactose {data not shown; it
should be noted that, for simplicity, the lactose control has been
excluded from this and subsequent figures since lactose interven-
tion had no effect on any immune-inflammatory parameter exam-
ined). In agreement with findings in BAL, histological examina-
tion of lung tissue from CS-treated mice revealed attenuated
peribronchial and perivascular inflammation and reduced goblet
cell hyperplasia and mucous secretion compared with untreated
mice {representative sections are displayed in Fig. 3, Cand D). In
contrast and consistent with obscrvations in mice treated during
sensitization, levels of OVA-specific IgE, which arc substantially
elevated at recall, were unaffected by CS intervention (Fig. 38),
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FIGURE 3. (S treatment dunng long-term GVA rechallenge of mice with established atlergy ablates ajrway mflammation but has no impact on
circalating OV A-specific IgF. Mice were sensitized o OVA i the context of 2 GM-CSF-conditioned arway milics, and acute inflammatory processes were
subsequently permutiod fo resolve {4 wk): mice wore then sacrificed 72 b Roliowiag three daily re-cxposures (o serosolized OV A in the prosence or absence
of concurrent U8 delivery. Graphs depict mononuchear cells (MKC), neutrophils (Neutro), and eosinophils (Hosino), in the BAL (4) and OV A-specific [ght
in seruen {F) of OV A-sensitized, untreated control mice (NoRx} or mice rechallenged with UV A in the context of powdersd budesonide (U8). € and £,
Representative H&E-sizined cross-sections from the lungs of untreated and steroid-treated mice, respectively. Original magnification, X100, n = 7 10/
group (pooled) from two experiments; *, p < 0.03,
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Teble 1. Periphera blood leukocyvies in mice treated with CS during
OVA rechailenge”
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Tabie 1. ELISPOT andlysis of the frequency of IL-5-producing cells
in the spleens of mice at day 9 of the aerosolization protocol”

NoRx s Medium OVA
Total cells 115 = 191 12.2 = 3.99 NoRx 0.0008 = 0.0003 0.0883 = 0.0064
Mononuclear colls 830 = 1.62 352124 Cs 0.0002 = 0.0001 0.0636 £ 0.0184
MNeutrophils 2.37 = 0.23 836 = 3.06 N N - )
Bosinophils 679 = 0.15 6.8 + 0.06% “ Groups of mice were mucosally sensitized 1o OVA in the presence (CS) or

“ Groups of mice that had been mucosally sensitized 10 OVA in the presence (('S)
or absence (NoRx) of concurrent stereid treatment were sacrificed 72 b after long-
term OVA rechuilenge. Data indicate 1070 collyml of blood: # = 5-12/group.

* p < 0.08,

although there was a modest reduction in cosinophil content in
peripheral blood {Table II).

S treatment during muscosal allergic sensitization
hvperpolarizes the svstemic Th2 response and amplifies immume-
inflammatory phenomena upon long-term in vivo recall

[mpelled by the observation that acute S administration, while
ablating the local inflammatory response, does not appreciably af-
fect peripheral blood leukocytosis and actually results in elevated
levels of serum Ighi, we examined OV A-specific immune activity
in the spleen. Fig. 4 illusirates Th2 cytokine production by cultured
splenocytes harvested from untreated and CS-treated mice at day 9
ot the aerosolization protacol. Interestingly, splenocytes from CS-
reated mice liberated 2- to 3-told more I1-4, IL-3, and I1-13 upon
stimulation with OVA than cells from uvutreated controls, while
IFN-v production was significantly depressed. This elevation in
Th2 cytokine production, moreover, cannot be attributed to the
disproportionate retention of OV A-specific clones in the spleens of
CS-treated mice, as ELISPOT analysis of cultured splenocytes
identified no ditference i the frequency of IL-S-producing cells
upon OV A stimulation (Table I} parallel enumeration of [L-4-
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FIGURE 4. CS intervention during allergic mucosal sensitization o
QVA enhances Th2 and attenuates Thi cytokine production by cultured
splenocytes, Mice wete sensitized to OVA in the context of a GM-CUSF.
conditioped aizway milieu with or without copcurrent CS treatment and
sacrificed af day 9 of the aerosolization protocol; spleens were harvesfed
and dispersed splenocyies were cultured for 5 days in medium alone () or
1m the context of GVA stimulation . Graphs depict IL-4, IL-§, IL-13,
aad TFN-y in culture supematants of splenocyies from OV A-sensitized,
unireated contral mice (NoRx). o mice exposed to OV A during concurrent
delivery of powdered budesonide (CS). Data are representative of two in-
dependent expeniments; # = 7- 8/group: #, p <L 005,

meot and sacdficed 24 b afler the ainth
rvested, and 8.0 7 10% dispersed cellsin
~gerecting EILIS
POT plate. Data display the mean = SEM fraction (percent) o ded cells positively
expressing 1L-3 following a 72-h incubation: » = &-%/group. Results are represen-
tative of twe independemt experiments.

shaence (NoRx) of concurrent steroid t

OV A exposure (day 9). Splecns were b
were cultured in medium atone or stimuisted with OVA inan}

and IFN-y-secreting splenocytes also showed similar clone fre-
guencies in (S-treated and untreated mice (dara not shown).
informed by the findings in the spieen, we investigated the im-
plications of acute C8 therapy for the long-term immune-inflan-
matory response to QVA. Mice were mucosally sensitizved to OVA
according to the 10-day aerosolization regimen in the presence or
absence of concomitant C$ treatment. Following the resolution of
inflammation in the lung (by day 28), mice were re-exposed 1o
aerosolized OVA on 3 consecutive days without additional C8
intervention and sacrificed 72 h atter the last OVA challenge
(model C in Fig. 1). Fig. 5 indicates elevated OVA-specific Th2
cytokine production by splenocytes in vitro, verifying observations
in the spleen at day 9. Data from cultured monomuclear cells har-
vested from thoracic lymph nodes following in vivo OVA recall
{Table 1V) complement the findings in the spleen and underscore
the long-term systemic effects of steroid thetapy, ic., OVA-in-
duced production of [1.-4, [1-5, and 11.-13 was consistently higher
in lymph node cells from rechallenged mice sensitized to OVA in
the context of 8 therapy: in contrast, we were unabice to detect
OV A-specific IFN-vy production above baseline levels in unstimu-
lated lymph node cells from CS-treated mice (data not displayed).
To elaborate these findings, we evaluated the conseguences of
this alleged sustained hyperpolarization of the Th2 phenotype on
the allergic response in vivo. In particular, we examined inflam-
mation in the BAL (Fig. 64) and histopathologically (Fig. 6, C and
D} following long-term rechallenge of mice initially sensitized to
OVA ip the absence or presence of concurrent €S treatment: we
documented no overt changes in cellular inflammation 72 b after
the last OV A exposure, with the exception of a small reduction in
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FIGURK 5. Enhanced ThZ cytokine production by cultared splenocytes
from mice mucosally sensitized to OVA 1 the context of corticosteroid
rreatment persists during long-term OVA rechallenge. Mice were sensi-
1ized 1o OVA in the context of 8 GM-CSF-conditioned alrway milieu with
or without concuszent CS intervention and scute inflammatory processes
were subsequently permitted to resolve (-4 wk): mice were then sacrificed
72 t foliowing thiee daily re-exposutes to acrosolized O VA in the absence
of further C8 treatment. Spleens wete harvested. and dispersed splenocytes
were cultured for 5 days in medium zlone &) or in the confext of OVA
stimuiation (B)., Graphs depict IL-4, 1L-3, and 1L-13 in cublure supemna-
tants of splerocytes from (VA.sonsi , untreated control mice (NoRx)
or rechallenged mice originally sensitized to OVA in the context of pow-
dered badesonide delivery (CS). # = 4igroup from a single experiment:
%, p < (.05,




PhD Thesis —R. E. Wiley

3608

Table IV,  Cyrokine production by cultured mononuctear cells from
thoracic Ivmpl nodes following long-term OV A rechalienge of mice
ireated with CS during sensitization®

RoRx 8
Medium OVA Medivm OVA
-4 4 180 23.4 >2.600
IL-§ 5.28 4,388 1.38% 28,238
.13 2.4 15,464 12878 > 160,660

4 (roups of mice that had been mucosally sensitized to OVA in the presence (U8}
or absence {NoRx) of concurrent steroid freatmont were sacrificed 72 b after long-
wrm OVA rochallenge. Dispersed fear cells from draining thoracic lymph
nodes were pooled and cultured at 2 deasity of 6.0 1< 107 celis/ml in modivum alose
or ip the context of OVA stimulation. Cytokines were measured by FLISA in super-
natants following 2 S-day incubetion. Dats are exg i in picograms per mitliliter;
n — 5 (pooled)group. Results are representative of two independent experiments.

BAL neutrophilia, a finding of nominal sigeificasce givea the mi-
nor contribution of neutrophils o the inflammaiory profile at this
time point. The indistinguishable nature of the airway inflamma-
tory profile between untreated and ('S-treated mice was verified by
flow cyvtometric analysis of emriched lung mononuclear cells.
Gated CD3TCD4™ cells expressed similur levels of the Th2
marker T1/ST2 (10 -15%) (13,14) and of the activation marker
CD69 (24-28%) in the two eatment groups (data not shown
graphically), intimating similar elfector capacity of lung T cells.
Importantly, however, levels of OV A-specific gl in serum were
considerably elevated, on the order of 3-fold, suggesting CS-me-
diated amplification of one of the cardinal immunological features
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of allergic airway disease (Fig. 6B). Peripheral blood eosinophilia
was also clevated by ~80% upon rechallenge of mice sensitized to
OVA in the context of C8S treatment {Table V).

To ascertain the long-term physiclogical/functional impact of
acute CS therpy and the associated potentiation of OV A-specific
ighi, airway responsiveness to Lv. administered MCh was mea-
sured upon long-term OVA rechallenge of mice with estublished
allergy. As indicated in Fig, 7, budesonide treatment during OVA
recall resulted n & dramatic reduction in airway resistance (o na-
ive levels) compared with sensitizod controls chatlenged withow
concurrent pharmacological inlervention. In contrast, mice initially
treated with CS during sensitization were afforded no protoction
against the airway physiological response during long-term vecall,
exhibiting a responsiveness curve similar o that observed in un-
treated controls.

CS treatment during sensitization does nof inhibit the
differentiation and activation of APC in the lung

That €S intervention during sensitization did not diminish, and
even amplified, the long-term systemic immune response to OVA
intimates that GM-CSF-induced differentiation and activation of
the APC compartment was impervious to CS administeation. We
therefore used flow cytometry to analyze the phenotype of APC
subsets in mononuclear cell-enriched lung homogenates between
days 7 and 9 of the aerosolization protocol, the peak of pulmonary
APC activity in this model (15}, Although total numbers of mono-
nuclear cells were predictably reduced in CS-treated mice (data not
shown), the fraction of cells coexpressing MICII and high levels
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FIGEURE 6. S wrestmen? dunng allergic mucosal tion has no i

o i ion 1n the atrways of mice during long-term OVA rechalfenge,

bt results i dramaticalfy clevated levels of circulating OV A-specific IgF. Mice were sensitized to OV A in the context of a GM-CSF-conditionad atrway
miticw with or withouwt concurrent T8 intervention and acufe mnilammatory procosses were subsequently permitted 1o resolve (-4 wk): mice wone then
sacrificed 72 h following three daily re-exposures to agrosolized OVA in the absence of forther (S treatment. Graphs depict mononuclear cells (MKC),
neutrophils (Neutro), and eosinophitls {Hosino} in the BAL (4), and OVA-specific IgF in serum (B) of OV A-sensitized, untreated control mice (NoRxj or
rechallenged mice ongimally sensinved 10 OVA in the context of powdered budesonide delivery (C8).  and [, Representative cross-sections from the fungs
of untreated and steroid-treated imice, respectively. Original magaification, X200, # = 7-10/group (pooled) from two experiments; » p < .05,
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Table V.  Peripheral blood leukocytes following OV A rechallenge in
mice treated with CS during sensitization®

NoRx s

124 > 119
8.65 = 0.98
304 = 0.46
075 £ 0.12

109 * 1.52
722 %128
233 =022
1.34 £ 0.22%

Total cells
Mononuclear cofls
Weutrophils
Fuosinophils

2 Groups of mice that had been mucosally sensitized 1o OVA in the presence ((US)
ar absence (NoRx} of concurrent steroid treatment w vificed 72 h after long-
term OVA rechallenge. Data indicate 107° celle'ml blood; # = T/group.

#, 0 < (05,

of CD11c (dendritic cells) or CD11b (macrophages) was essen-
tially identical to untreated controls and, importantly, dramatically
higher than levels observed in naive mice (Fig. 84); with respect
io dendritic cells in particular, there was a characteristic and vi-
sually unambiguous elevation in the intensity of MHCII staining
on CD11¢M# cells from CS-treated and untreated mice compared
with naive controls. Moreover, analysis of costimulatory molecule
expression on gated MHCH*CD11e¢™# and MHCII"CD11bMe
cells furnished evidence that the activated phenotype displayed by
APC populations during sensitization was not depressed by con-
comitant steroid treatment {Fig. 88). Indeed, the defimtive eleva-
tion n B7.1 and B7.2 expression on dendritic cells and macro-
phages observed in untreated mice was preserved and in the case
of B7.1 enhanced by CS intervention; APC from naive mice (data
not shown) express comparatively low levels of these costimula-
tory molecules (13). We supplemented this phenotypic analysis of
the APC compartment by examining expression of {1.-12, whose
attenuation i the context of in vitro steroid treatment has been
advanced as an explanation for the observed potentiation of Th2
cytokine production (16--23). However, intracytoplasmic staining
of lung mononuclear cells harvested from control mice or mice
treated with steroids in vivo showed similar levels of 1L-12 ex-
pression in gated MHCII"CD11e™ and MHCTITCD11b™ popula-
tions botl spontangously and following stimulation with LPS (Ta-
ble VI).

Discussion
Research into synthetic S has generally focused on the pharma-
cological properties and immunobiological targets that account for
the unimpeachable efficacy of these drugs in the treatment of in-
flammatory diseases. However, notwithstanding their broad clini-
cal applications, C$ do not cure immune-inflammatory conditions
and are theretore only provisionally therapeutic, their anti-
intlammatory effects extingaished once treatment has been termi-
nated. Buildng on this apparently intrinsic limitation of C8 phar-
macology. we have investigated the long-term effects of transient
S delivery in a model of astiuna in which mice were mucosaily
sensitized to OVA m the context of 8 treatment and, following
resolation of acute inflammatory events in the airway, rechal-
ienged with this Ag in the absence of further treatment.
Administration of S to mice during Ag exposure, either at
sensitization or long-tenm rechallenge, remarkably attenvated focal
inflammatory processes i the luag. Indeed, the acute, Th2-polar-
ized response elicited upon repeated daily exposure of mice to
acrosolized GVA in the context of a GM-CSF-enriched airway
milien was averted by concurrent delivery of nebulized budes-
onide. Airway eosinophilia, the hallmark of this inflammatory re-
sponse, was completely ablated, and other leukocyte subsets were
similarly reduced in BAL (Fig. 24). Consistent with these ceitular
data, the Th2 cytokines I1L-5 and IL-13 were appreciably lower in
BAL of budesonide-treated mice, as were the chemokines MiP-1a
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and RANTES; 114 content in BAL, which is detected at very low
levels in this model, was not significantly differert from that of
controls {Table I). Paralleling these observations, budesonide ex-
hibited 2 potent anti-inflammatory effect when administered t©
mice during long-term OVA rechallenge: airway eosinophilia, as
assessed quantitatively in BAL, was dramatically reduced, and
there was diminished evidence of peribronchial/perivascular in-
flammation and goblet cell hyperplasia histopathologically (Fig. 3,
4, €, and D). Although the therapeutic effect of CS in mice wit
established allergic discase extended to peripheral blood cosine-
philia (Table 1), likely reflecting impaired recruitment and acti-
vation of 1L-3-producing T cells in: the lung, the content of OVA-
specific g in serum was identical in treated and control mice
{Fig. 38), intimating that the systemic inunune response to OVA
was upaffected by steroid treatment.

Given the well-documented efficacy of steroids in the clinical
management of inflammation associated with asthma, the anti-
inflammatory effect of C$ delivery to mice undergoing Ag chal-
lenge served to validate the clinical relevance of steroid interven-
tion in our model of allergic airway inflammation. We were
surprised, however, by an apparent discordance between the local
and systemic effects of CS when administered during mucosal al-
fergic sensitization to OVA. In contrast to unequivocal therapeutic
effects in the lung, CS treatment elicited a 2-fold increase in the
titer of OVA-specific IgE in serum (Table I). Moreover, spleno-
cytes harvested from mice sensitized to OVA in the context of €8
delivery liberated substantially higher levels of Th2 cytokines, but
far less IFN-y, when stimulated with OVA i vitro (Fig. 4), a
(inding that cannot be explained by the disproportionate retention
of OVA-specific, Th2-polarized clones in steroid-treated mice (Ta-
ble 1), Paradoxically, then, CS treatinent, while at once affording
outstanding therapeutic efficacy in the targel organ, appears to
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FIGURE 7. Airway hyperresponsivencss during long-term OVA recal]
of allergic mice is attenuated when CS are delivered during rechallenge,
but pot if treatment oceurs exclusively during sensitization. Mice were
sensitized 10 (VA in the contexs of 2 GM-CSF-conditioned airway milieu
with or withouwr concurrent €S intervention and acute tnfiammatory pro-
cesses were subsequently permitied to resolve (4 wk); airway respon-
siveness 1o Lv. administered MCh was assessed 72 b following three daily
re-exposures to gserosolized OV A in the presence or absence of additionel
(S treatment. Graph depicts airway resistance to increasing doses of MCh
in naive mice, OV A-sensitized, untreated control mice (NoRx), in allergic
miice treated with powdered budesonide during OV A rechalienge (€5 dus-
ing rechallenge), or in mice onginally sensitized to OVA 1 the context of
budesonide and rechallenged without further pharmacological intervention
(TS during sensitization). # = 6 B/group from a single expenment; *, p <
4,05 compared with naive; ¥, p < 0.05 compared with CS during rechal-
lenge; £, p < 0,05 compared with NoRx.
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have conditioned the hyperpolarization of the systemic Th2 im-
mune response to OVA., We have considered and dismissed the
possibility that this potentiation of OV A-specific Th2 immunity is
an epiphenomenon of extended adenovirus-mediated GM-CSF ex-
pression. and therefore enhanced adjuvant activity, due to the sup-
pression of antiviral immunity. We detect no difference in the level
of GM-CSF protein in BAL of CS-treated compared with control
mice at day 9 (data not shown}, when previous kinetics studies in
our mode! have shown that transgene expression has waned; more-
over, the low dose of adenovirus we administered (3 X 107 PFU)
results in negligible inflammation per se and therefore should not
be especizlly susceptible to immunomodulation by €S (10). This
interpretation is entirely consistent with the results of Kolb et al
(24), who have demonstrated that the kinetics and magnitude of
116 expression tollowing a single, high-dose intranasal adminis-
tration of Ad/IL-6 are not affected by concurrent delivery of CS to
the airway.

These resuits lend compelling insight into the immunological
effects of C8 treatment and identify an immunomodulatory func-
tion that transcends straightiorward regulation of inflammation.
Indeed, that Th2-atlifiated, OV A-specific T cell responses in vitro
are enhanced, while Thi phenomena are depressed. when sensiti-
zation occurs in the context of (S intervention suggests a repro-
gramining of the immune response that one would expect to persist
i the memory T cell pool. To test this hypothesis and to trauslate
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our findings at day 9 to a more clinically relevant experimental
paradigm, we sensitized mice to OVA in the presence or absence
of concurrent €S treatment and then, following the resolution of
acute inflammation and in the absence of further pharmacological
intervention, we rechallenged the mice with acrosolized OVA. The
first salient finding emerging from this study is that reatment with
S during sensitization did not attenuate the long-term inflamma-
tory response to allergen challenge in the Jung: i.e., allergic airway
disease has been neither cured nor exacerbated (Fig. 6, 4. €, and
D). We have also demonstrated the physiological implications of
this unaltered inflanunatory response; whereas C8 delivery during
long-term OVA rechallenge significantly improved airway hyper-
respoasiveness i mice with established allergic disease, a history
of {08 intervention during primary OVA exposure did not amelio-
vate the physiological response when mice were rechallenged
the absence of further S treatment (Fig. 7). These results confirm
that steroids do not prevent allergic sensitization and underscore
the clinical importance of administering efficient doses of €S dur-
ing asthrma symptoms and exacerbations.

interestingly, this clear and (given clinical experience) some-
what predictable dissociation between the acute and long-term ef-
fects of S on inflamination in the target organ was not reproduced
systemically. The capacity of both splenoeytes and fymph node
mononuclear cells w0 elaborate Th2 cytokines in vitro remained
substentially greater in rechalienged mice originally sensitized to



PhD Thesis — R. E. Wiley

The Journal of Immunology

Table V1. Intracytoplasmic flow cytometric analysis of spontaneous
and LPS-induced IL-12 expression by APC isolated from the lungs of
mice at day 9 of the aerosolization protocol’

NoRx CS

Medium LPS Modium LPS

MHECIH" CDlitce” gate 7.8 25 7.0 1%
MHCII" CD1lb' gate 6.9 15 7.0 13

“ Groups of mice were mucosally sensitized to OVA in the prosence (CS) or
absence (NoRx) of concurrent steroid treatment and sacrificed 24 h after the ninth
OVA exposure (day 9). Dispersed mononuclear cells from lungs were pooled and
cultured at a density of 2.0 X 10° celis/ml in mediwm alone or in the context of LPS
stimulation. Cells were harvested after an 8-h incubation, and T11.-12 was detected by
intracytoplasmic flow cytometry in gated MECUY CDlie® and MHCH™ CD11b*
populations. Data are expressed as the fraction (percent) of gated cells coexpressing
1L-12. The analysis is based on the collection of 100,000 events in the mononuclear
cell gate and is representative of two independent experimests: n = 6-9
{pooled)/group.

OVA in the context of C8S treatment (Fig. 5 and Table IV). Like-
wise, titers of OV A-specific IgE in serum, which had been twice as
high as controls at day 9, were now 3-fold higher in rechallenged
mice whose initial exposure to OVA was conditioned by CS (Fig.
6B); peripheral blood eosinophilia was also elevated in these mice
(Table V). Thus, we observed an uncoupling of the long-term local
and systemic effects of acute CS intervention: although treatment
with CS during sensitization, despite unequivocal efficacy acutely,
did not affect the inflammatory or physiological response in the
airway upon OVA rechallenge, the potentiated systemic allergic
response associated with CS delivery persisted and was even fur-
ther polarized upon subsequent Ag exposure. This discordance
may reflect the nature of our rechallenge protocol, which involves
only three consecutive OVA exposures; perhaps a protracted pro-
tocol or one involving a tertiary challenge (i.e., OVA exposure
following the resolution of inflammation during the initial recall)
would have detected subtle changes in airway inflammation, al-
though detailed kinetic studies are beyond the scope of this article.

These results are particularly intriguing in the light of experi-
mental evidence and published clinical precedent. Several groups
have concluded that CS strongly potentiate IL-4-induced IgE syn-
thesis by PBMC in vitro (25-28), such that supplementation of
culture medium with CS actually supplants the need for concom-
itant T cell help in IgE isotype switching (29). Using B cells from
allergic patients, Bohle et al. (30) have shown that this CS-medi-
ated IgE production is polyclonal and cannot be attributed to the
selective enhancement of allergen-specific IgE. Clinically, a num-
ber of studies, some dating back several decades, have noted that
therapeutically efficacious CS intervention is not associated with
the reversal of seasonal, allergen-provoked increases in serum IgE
(31, 32). Others have even reported an association between treat-
ment with CS and a subsequent, if transient, elevation in serum IgE
titer in asthma/aliergy patients (33, 34) but not healthy volunteers
(35). Although these studies do not impute an association between
CS-induced changes in IgE and an exacerbation of the particular
atopic condition responsible for a patient’s allergic manifestations,
it is significant that the salient finding in these clinical reports,
namely, that IgE is elevated in allergy patients following steroid
treatment, mirrors the experimental findings we have documented
systematically in mice.

Of considerable interest is the immunological mechanism that
might account for steroid-mediated potentiation of systemic Th2-
polarized immunity. That we observed an frreversible hyperpolar-
ization of T cell responses and sustained elevation of OVA-spe-
cific Igk intimates CS-mediated modulation of the APC
compartment, details of which have been examined in a number of
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orimarily in vitro stadies. Although local steroid treatment pre-
dictably impairs the recruitment of APC to, for instance, the nasal
mucosa in patients with allergic rhinitis (36, 37), there is less con-
sensus on the implications of 8 for APC function. Depending on
the developmental siatus of APC and the culture conditions in
which they are propagated, CS can retard differentiation of den-
dritic cells from monoeytic (38, 39) and CD34™ precursors (40),
and can also impair the terminal maturation and costimulatory ca-
pacity of monocytes in the presence of IFN-vy (41) and of a den-
dritic cell line in the presence of T cells or LPS (42). In contrast,
Vanderheyde et al. (43) have shown that CD40 ligand-dependent
maturation of in vitro-derived dendritic cells is unaffected by con-
current CCS weatment and that GM-CSF-dependent up-regulation
of MHCII on airway dendritic cells (44) or alveolar macrophages
(45) is not attenuated in the presence of therapeutic doses of CS.
In general, then, CS may be understood to arrest APC differenti-
ation and function at stages upstream of Ag presentation, cffects
that are therefore obviated when APC are matured in the presence
of potent activatory signals (18, 44, 46).

QOur own in vivo data generally concur with these in vitro ob-
servations. Flow cytometric analysis of dispersed lung cells from
CS-treated mice revealed no diminution of the proportional expan-
sion of both dendritic cells and macrophages during allergic sen-
sitization (Fig. 84). Likewise, expression of the costimulatory mol-
ecules B7.1 and B7.2 by these APC were comparable to levels
detected on cells from untreated controls (Fig. 83). The difteren-
tiatton of a phenotypically mature APC compartment in the con-
text of CS intervention likely reflects the continued presence of
exogenous GM-CSF, the expression of whose receptor is enhanced
by CS (47); CS, therefore, may establish a highly permissive en-
vironment for sensitization in our model (48 —50). This interpreta-
tion explains why transient CS delivery to mice during sensitiza-
tion neither impaired allergic sensitization nor mitigated the
memory response in the absence of further CS treatment; it does
not, however, decisively account for the potentiation of systemic
features of Th2 immunity in the presence of CS. To this end, a
number of investigators have argued that the ability of glucocor-
ticoids to extinguish IL-12 secretion by APC (20, 21, 23) accounts
for impaired Thl, and therefore enhanced Th2, cytokine secretion
by T cells activated in vitro by CS-treated APC {16 19, 22). How-
ever, we observed no appreciable difference in the fraction of IL-
12-producing APC in the lungs of mice treated with CS during
sensitization compared with untreated controls (Table V1), sug-
gesting that CS-mediated inhibition of APC-derived [L-12 may not
account for the selective potentiation of Th2 immunity in vivo.
Perhaps the observed hyperpolarization of Th2 cells and concom-
itant enhancement of IgE production in CS-reated mice reflects
direct interaction of €S with glucocorticoid receptors in T cells
(51, 52), which nay directly suppress Thl polarization (53).

Our study s, to our knowledge, the first to demonstrate exper-
imentally in vivo that C8, while affording an outstanding thera-
peutic index for local altergic airway inflammatory responses dur-
ing treatment, do not ameliorate the underlying immune pathology
responsible for allergic disease and actually amplify significant
features of the allergic response when administered to mice during
sensitization. Although it is ditficult to infer a direct comparison of
local vs systemic bioavailability of budesonide in humans and
mice or 1o ascertain what constitutes a high vs a low dose of CS in
mice, the in vivo biclogical effects of €8 documented in this study
are unequivocal and are consistent with published findings in hu-
mans. Of course, extrapolation of our data in mice to human
asthma must be tempered by an awareness of the limitations of the
model; the mucosal model is just one of many cxperimental sys-
tems that simulate human asthma in mice and, like most of these
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other models, it does not adequately mimic the chronicity or air-
way remodeling characteristic of human disease. These caveats
notwithstanding, the clinical implications of this research arc
manyfoid, but may have particular resonance in debates about
when CS treatment should begin as an immune-inflammatory con-
dition evolves. For instance, evidence that early and sustained in-
tervention with steroids may forestali some of the frreversible air-
way dysfunction in asthma patients (54-56) would seem to
recommend carly initiation of steroid treatment {1). In contrast, cur
own data would caution against wholesale endorsement of such a
therapeutic strategy, as CS treatment, particularly during sensiti-
zation, might accentuate features of the underlying immune pa-
thology. It is certainly germane to distinguish our model, in which
treatment occurs during semsitization, from clinical praxis, in
which steroid treatment begins in already sensitized patients pre-
senting asthmatic symptoms. However, it is by no means clear that
allergic sensitization is a remote, immunologically hermetic, tem-
porally discrete event impervious to subsequent alicration. If sen-
sitization is an ongoing process, interventions that have the poten-
tial to modify sensitization should be evaluated even in patients
with established disease.

Steroids should, and undoubtedly will, continue to be the treat-
ment of choice for chronic inflammatory processes such as asthma;
the kinetics of optimal pharmaceutical intervention, however, re-
main an open question. We hope that this study will encourage
clinical practitioners to titrate CS treatment to minimal cffective
doses, 10 avoid overtreatment of asthma with steroids, and to in-
clude additional immunological metrics, such as serum IgE mea-
surements or PBMC responses in vitro, as they investigate the
advantages of early or prolonged steroid treatment in the manage-
ment of allergic airway inflammatory responses.
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Given its primary role in the execution of T cell, and especially
Th2, effector activity, the Inducible costimulator (1COS)/B7-
related protein (RP)-1 costimulatory pathway is currently being
heraided as a promising therapeutic target for iImmune-inflam-
matory disorders such as asthma. This study investigates the
merits of ICOS blockade in a murine model of experimental
asthma in which mice are sensitized tc ovalbumin (OVA)
through the resplratory mucosa. Intraperitoneal treatment of
mice with anti-ICOS neutralizing antibody during sensitization
resufted in a marked reduction In alrway eosinophilia and IL-5
in bronchoalveolar lavage, but had no effect on interleukin
(iL)-4, IL-13, and eotaxin content in bronchoalveolar lavage or
the production of OVA-specific immunoglobulin E in serum.
Cultured splenocytes from mice sensitized to OVA in the context
of ICOS ablation produced enhanced levels of iL-4 and IL-5
upon stimufation with OVA, and this correlated with elevated
inflammation and immunoglobulin E secretion upon long-term
in vivo OVA recall; the deleterious effects |COS blockade, how-
ever, were not assoclated with reduced iL-10 production by
splenocytes. Peculiarly, anti-}COS intervention during OVA re-
challenge had no effect on alrway inflammation or immuno-
globulin production, despite high levels of ICOS expression on
infiftrating CD4* T cells. This study provides in vivo evidence
of an exacerbated long-term immune-inflammatory response
following acute ICOS blockade, and suggests that iCOS costimu-
lation is functionally redundant In established allergic disease.

'The premise that activation and differentiation of naive
T cells critically require the delivery of two signals—cognate
interaction between the 'I' cell receptor and the pep-
tide:MHC complex on antigen-presenting cells (APC), and
engagement of CD28 by B7 molcules—has been instrumen-
tal to our understanding of the initiation and regulation
of immune responses. The therapeutic applications of this
paradigm have been vigorously investigated, with interven-
tion strategies proposed for transplantation (1-3), cancer
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(4, 5), and some immune-inflammaltory disorders (3, 6, 7).
However, CD28:CD80/86-mediated costimulation appears
to be essentially redundant for T’ cell effector function,
suggesting that CID28 blockade may have limited value in
established disease (8). Tt is for this rcason that a number
of recently-described costimulatory pathways, including
inducible costimulator (ICOS)/B7-related protein (RP)-1
(9-15) and PD-1/B7H-1 (16, 17), have received considerable
attention as a potential avenuc to ameliorate cstablished,
T cell-mediated inflammatory disorders.

In this regard, 1COS, the third member of the CD28/
CTLA-4 superfamily and the receptor for B7RP-1. has
emerged as a costimulatory pathway with compelling thera-
peutic promise (18-20). ICOS/B7RP-1 has been character-
ized primarily as a costimulatory pathway that orchestrates
events downstream of T cell activation (11, 21-23), including
humoral immunity (24-27). ICOS is distinguished in partic-
ular by its association with Th2 cffector activity (11, 21,
27-29) and, as such, ICOS has received attention in models
of asthma and allergic airway inflammation (30). Indeed,
inhibition of ICOS function during antigen challenge has
been shown to attenuate eosinophil accumulation in the
airway, and immunoglobulin (Ig)F production and cytokine
content in bronchoalveolar lavage (BAIL) in models of anti-
gen-induced allergic airway inflammation (31, 32). Impor-
tantly, ICOS blockade does not alter the course of allergic
sensitization in these models, indicative of the putative role
of ICOS in the claboration of effector activity in previcusly
differentiated T cells.

Sperling and colleagues (19) have speculated that ICOS/
B7RP-1 may represent a costimulatory pathway with unigue
therapeutic advantages. Unlike CD28/B7 costimulation,
whose inhibition may lead to generalized immunosuppres-
sion, ICOS/B7RP-1 activity is apparently restricted to activi-
tated, differentiated T cells; by extension, its suppression
may preferentially modulate the established responses char-
acteristic of immunc-inflammatory disorders. However, al-
though intriguing, this therapeutic postulate has not been
investigated comprehensively, as most studies to date have
examined the effects of 1COS inhibition during incipient
stages of experimenta! disease. We therefore executed this
study of ICGS function in two models of antigen-induced air-
way inflammation in which mice were mucosatly sensitized
to aerosolized ovalbumin (OVA) in the context of a granu-
tocyte macrophage—colony-inducing factor {GM-CSF)- or
GM-CSF and interleukin (I1.)-12-cnriched airway micro-
environment, which elicit prototypic Th2- (33) and Thl-
polarized (34) immune-inflammatory responses. respec-
tively. We report three key findings: (i) ICOS blockade
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during acute OV A exposure inhibits Th2- but not Thl-
associated inflammation in the airway; hiowever, (i) inhibi-
tion of ICOS does not suppress Th2-polarized sensitization
to OV A and ultimately exacerbates the response to OVA
recall in vivo, and (iii) therapentic neutralization of ICOS
during OV A recall in mice with established allergic disease
does not ameliorate allergic airway inflammation.

Materials and Methods

Animals

Female Balb/c mice (6-8 wk old) were purchased from Charles
River Laboratories (Wilmington, MA). The mice were housed
under specific pathogen—free conditions and maintainedona 12 h
light-dark schedule. All experiments described in this study were
approved by the Animal Research Ethics Board of McMaster
University (Hamilton, ON, Canada). A total of 322 mice were killed
during the course of these experiments.

Models of Antigen-Induced Airway Inflammation

Mice were subjected to our Thl- or Th2-polarizing protocols as
previously described (33, 34). Bricfly, mice were exposed to acro-
solized ovalbumin in the context of an airway microenvironment
conditioned by GM-CSF (Th2 model) or GM-CSF and 11.-12 (Th1
model). To elicit local expression of GM-CSE or IL-12, a replica-
tion-deficient human type 5 adenoviral (Ad) construct encoding
murine GM-CSF or IL-12 ¢DNA in the El region of the viral
genome was delivered intranasally to isoflurane-anesthetized ani-
mals on Day —1, 24 h before the first exposure to OVA. Ad/GM-
CSF and AJ/TL-12 were administered at doses of 3 X 107and 1 X
107 ptu, respectively, in a total volume of 30 ul of phosphate-
buffered saline (PBS) vehicle. Over a period of seven consecutive
days (Days 2-8), mice were placed in a Plexiglas chamber (10 cm X
15 e X 25 ¢m) and exposed for 20 min daily to aerosolized OVA
(1% wtvol in 0.9% saline; Sigma-Aldrich, Oakville, ON). The
OVA aerosol was generated by a Bennett nebulizer at a flow rate
of 10 liters/min. For the long-term in vivo rechallenge experiments,
sensitized mice were allowed to recover from acute inflammation
{4 wk) and were then exposed to a 1% OVA aerosol for 20 min
on three consecutive days (Days 0-2).

In Vivo Neutralization of ICOS Activity

ICOS fusion protein (ICOS-Ig) (11) or anti-ICOS neutralizing
menoclonal antibody (mAb) 12A8 (31, 36) were administered
intravenously or intraperitoncally at a dose of 100 pg in 100 ul or
500 i PBS, respectively, on Days 2,4, 6, and 8 of the aerosolization
protocol. To assess the therapeutic potential of ICOS ablation in
sensitized mice, 100 pg anti-ICOS in 500 i PBS was administered
intraperitoneally on each of Days 0, 2, and 4 of the long-term in
vivo rechallenge protocol. An equivalent dose of human IgG (con-
trol Ig) (Sigma-Aldrich) was used as a control for all experiments.

Collection and Measurement of Specimens

Twenty-four hours after the seventh OVA exposure (ay 9), or
72 I after the third OV A exposurc during long-term in vivo recall
(Day 5 of the rechallenge protocol), mice were killed and BAL
was obtained as previously described (35). In briel, the lungs were
dissected and the trachea cannulated with a polyethylene tube
(Becton Dickinson, Sparks, MD). The iungs were lavaged twice
with PBS (0.25 ml followed by 0.2 ml). Approximately 0.3 mi of

the instilled fivid was consistently recovered. Total cell counts
were determined using a hemocytometer. After centrifugation,
supernatants were stored at - 20°C for measurement of cytokines
by enzyme-finked immunosorbent assay (ELISA); cell pellets were
resuspended in PBS and smears were prepared by cytocentrifuga-
tion {Shandon, Pittsburgh, PA) at 300 rpm for 2 min. DIiff-Quik
(Baxter, McGraw Park, IL) was used to stain ail smears. Differenti-
ation of leukoctye subsets in BAL. was determined by counting at
Ieast 500 white blood cells using standard hemocytologic proce-
dures to classify the cells as neutrophils, eosinophils, lymphocytes,
or macrophages/monocytes. Additionally, blood was collected by
retro-orbital bleeding. Serum was obtained by centrifugation after
incubating whole blood for 30 min at 37°C. Blood smears werc
prepared from peripheral blood collected in heparinized capillary
tubes; leukocytes were differentiated by counting at least 300 white
blood cells.

Cytokine and Immunoglobulin Measurement

ELISA kits for iL-4, 1L-10, 1L-13, and cotaxin were purchased
from R&D Systems (Minneapolis, MN), and the kit for IL-5 was
obtained from Amersham (Buckinghamshire, UK); each of these
systems has a threshold of detection of 1.5 to 5 pg/ml. Levels of
OV A-specific IgE were detected using an antigen-capture (biotin-
ylated OVA) ELISA method as described (35); anti-mouse IgE
antibodies were obtained from Southern Biotechnology Associates
(Birmingham, AL). This ELISA was standardized with serum ob-
tained from mice sensitized to OVA according Lo a conventional
intraperitoneal sensitization model and bled 7 d following the
second sensitization (35): immunglobulin levels, therefore, are ex-
pressed in units (U)/ml relative to this standard scrum.

Splenocyte Cuiture

Spleens were triturated between the frosted ends of glass slides
to disperse mononuclear cells; the resulting cell suspension was
filtered through nylon mesh. Red biood cells (RBC) were lysed
by resuspending dispersed cells from cach spleen in 1 mi ACK
lysis buffer for 1 min. Splenccytes were then washed twice in
supplemented RPMI (containing 10% FBS, 1% penicillin/strepto-
mycin, 1% L-glutamine, and 0.1% mercaptocthanol) and cultured
in 96-weli plates at a density of 8 X 10 cells/well in a total volume
of 200 i RPMI. Cells were stimulated with OV A at a concentra-
tion of 40 pg/well for 5 d, at which point supernatants were har-
vested and stored at —20°C for detection of cytokines.

Lung Cell Isolation and Flow Cytometric Analysis of Lung
Cell Subsets

Lungs were perfused with 10 mi Ilanks’ balanced salt solution
(HBSS) through the right ventricle, cut into smali (v 2 mm diame-
ter) pieces and agitated at 37°C for 1 h in 15 mi collagenase i
(Life Technologies, Rockville, MDD} at a concentration of 150 U/mi
in FIBSS. Using the plunger from e 5-ml syringe, the lung pieces
were triturated through a metal screen into HBSS, and the resulting
celt suspension was filtered through nylon membrane. Mononu-
clear cells were isolated at the interphase between layers of 30%
and 60% Percoll foliowing density gradient centifugation. Celis
were washed twice and stained for flow cytometric analysis. For
each antibody combination, 1.0 X 1(* cells were incubated with
monocional antibodies at 0—-4°C for 30 min; the celis were then
washed and treated with second stage reagents. Data were col-
jected using a FACScan {Becton Dickinson, Sunnyvale, CA) for
three-color fiow cytometry or 2 FACSCalibur (Becton Dickinson,
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Summyvate, CA) for four-color flow cytometry, and were analyzed
using WinMDI software {Scripps Research Institute, La Jolla, CA).
The following antibodies and reagents were used: hamster IgG
anti-mouse CP3e, PE-conjugated and Cy-Chrome-conjugated
{345-2C1 1) ret 1pGy, anti-mouse OD4, FETC-conjugated, biotinyl-
ated, and APC-conjugated (RM4-5); rat IgGy, anti-mouse U144,
FITCconjugated (IM7); rat Ig(s, anti-mouse CD62L, PE-conju-
gated (MEL-14) {all purchased from B PharMingen, San Diego,
CAY; rat IgG, anti-mouse TUST?2, PE-conjugated; rat IgG,, anti-
mouse ICOS, biotinylated (both produced in-house by Millennium
Pharmaceuticals, Cambridge, MA); all appropriate isotype conirol
antibodies, Streptavidin PerCP, and Streptavidin Cy-Chrome (BD
PharMingen). The antibodies were titrated to determine optimal
concentration.

Data Analysis

Data are expressed as mean + SEM, unless otherwise indicated.
Results were interpreted using Student’s 1 test. Differences were
considered statistically significant when P < 0.05.

Results

ICOS Ablation during Sensitization Inhibits Th2- but Not
Thi-Polarized Inflammation in BAL, but Has No Effect

on Production of OVA-Specific IgE

To investigate the function of ICOS in antigen-induced
airway inflammation. and to ascertain the T helper specitic-
ity of ICOS activity, we administered ICOS fusion protein
(ICOS-Ig), anti-ICOS neutralizing antibody or control Ig
systemically to mice undergoing Thi- or Th2Z-polarized sen-
sitization to aerosolized OV A: as previously reported, the
anti-JCOS (12A8) mAb antagonizes the association of
1COS with its ligand and does not deplete TCOS™ cells (36).
On Day —1, mice were injected intranasally with 3 X 107
pfu Ad/GM-CST with (Th1 model) or without (Th2 model)
concurrent instillation of 1 X 107 pfu Ad/IL-12: from Days
2-8 inclusive, mice were exposed daily to aerosolized OV A,
and then killed on Day 9. Iu untreated mice (i.e.. sensitized
int the absence of concurrent control Ig or FCOS interven-
tion; data not shown), and as previously reported (33, 34),
this regimen resuited in robust accumulation of mononu-
clear cells and cosinophils {Th2 model) or neutrophils (Thi
model) in BAL—aninflammatory profile that was unaliered
in mice (reated intravenously (Figures 1A and 1B) oy intra-
peritoneally (Figure 1C) with control lg. In the Th2 model.
neutralization of ICOS—either through mtravenous admin-
istration of ICOS-Ig (Figure 1B) or intraperitoneal injection
of anti-ICOS (Figure [ C)—attenuated the accumulation
of eosinophils in BAL by 50-75% compared with control
Ig—treated mice, a result consistent with the documented
participation of 1COS in Th2 effector function and allergic
airway inflammation. In contrast, ablation of ICOS activity
in mice undergoing Thi-privileged sensitization to OVA
had no effect on mononuciear cel! or neutrophil accumula-
tionin BAL (Figure 1A); this confirmed the putative associ-
ation of ICOS activity with Th2-dominant processes, and
justified the exclusion of the Thl model from further investi-
gation. No consistent changes were observed following
ICOS intervention with respect to neutrophils in the Th2
model, in which neuirophil accumulation is comparably small
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Figure 1. Effect of ICOS neutralization on Thl- or Th2-polarized
inflammation in BAL at DDay 9 of the acrosolization protocol. Mice
were exposed repeatedly to OV A in the context of a GM-CSE (B
and €) or GM-CSFIL-12 (4) airway milieu to elicit Th2- or
Thi-polarized immune-inflammatory responses, respectively. One
hundred micrograms of ¥COS-tg, anti-1COS, or Ig control were
administered intravenously (IC0OS-Ig) or intraperitoncally (anti-
ICOS) on Days 2, 4, 6, and 8 of the aerosolization protocol; mice
were killed ai Day 9. Graphs describe mononuclear cell, neutrophil
{A), and eosinophil (B and ) accumulation in BAL. Data are
expressed as mean * SEM; n = 3-4 (4 and B) or 7-10 (') per
group: *F < 0.05 by Student’s ¢ test compared with Ig control.

(33). or eosinophils in the Thl model. in which eosinophils
are virtually absent (34). It should be noted that. to be
exhaustive, we have presented data in Figure 1 from both
ICOS-1g~ and anti-ICOS-treated mice, thereby validating
the similar effects of these two well-documented reagents in
our model: wishing to avoid redundancy in our experimental
design, we included only anti-ICOS intervention in subse-
quent studies.

The effects of anti-ICOS iantervention on local inflam-
matory phenomena can. in part, be understood in terms of
local cytokine production and systemic changes in periph-
eral bleod. Table 1 displays the leukocyte profile in periph-
eral blood, OV A-specific Igh in serum, and levels of key
cytokines aund chemokines in BAL at Day 9 of the aerosol-
ization protocol following intraperitoneal freatment of mice
with anti-ICOS neutralizing antibody. Whereas concentra-
tions of TL-4, IL-13, and the I ~4/11 -13-inducible chemokine
eotaxin remain unaltered in mice treated with anti-1COS,
levels of 1L.-5 have been reduced by v 50%—a degree
of inhibition comparable to that cbserved for eosinophil
accumulation in BAL, and indicative of impaired activation
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TABLE 1
Peripheral blood lenkocytes, OV A-specific IgE in serum,
and cytokines/chemokines in BAL following inhibition
of FCOS during sensitization {Day 9)

Control Ig Anti-1COS

Feri?heral blood feukocytes

mononuclear cells 255 x 36 214 * 55
eosinophils 749 k25 15 & 33

Cytokines*, chemokines*,
and immunoglobulins'

OV A-specific Igi2 29 22 27 £ 2.2
IL4 47 = 9.0 46.8 151
-5 212 £ 48 121+ 13
-13 948 1 323 980 1 82
Eotaxin 76 = 18 105 & 5.7

Mice were treated during sensitization with control Ig or anti-ICOS and killed
on Day O of the aerosolization protocol. Leukocytes in peripheral blood were
differentiated by standard hemocytometie analysis of blood smears aond are
displayed as 1077 cellsiml. Cytokines. chemokines, and immunoglobulins were
detected by ELISA in * BAL or Tserum and are expressed in *pml or "Wml
Data represent mean £ SEM: 7 = 4- 1) per group, pooled from two mdependent
experiments; *F < 0.05 by Student’s { test compared to Ig control.

or mobilization of eosinophils from bone marrow, It should
be noted, however, that ICOS blockade had no statistically
significant effect on eosinophil or mononuclear cell content
in peripheral blood, suggesting a deficiency in leukocyte
migration across the vascular endothelium into the lung
parenchyma rather than altenuated bone marrow eosino-
poeisis.

ICCS Ablation Inhibits the Recruitment of Th2 Cells to
the Lung but Does Not Impair the Maturation of a Th2
Phenotype In Vive

To examine the effects of anti-}COS intervention on CD44
T cells, flow cytometric analysis was performed on dispersed
cellsfrom the lungs of mice killed on Day 9 of the aerosoliza-
tion protocol. That IC0OS is upregalated in our model of
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allergic airway inflamination. and that intraperitoneal ag-
ministration of anti-ICOS extinguishes endogenous 1CO3
expression, are documented in the upper panel of Figure 2;
indeed, although ICOS was detected en v 19% of
CD37C47 cells from the lungs of Ig-treated and untreated
(data not shown) mice, ICOS was expressed by only v 6%
of T4 T cells following anti-ICOS intervention—a level
comparable {0 that observed in naive mice. Consistent with
the putative role of ICOS in Th2 effector function, it is
noteworthy that the fraction of CD4~ T cells expressing
ICOS in Ig-treated mice is similar to that of T1/ST2 (16%),
a prototypic marker of Th2 effector cells (37-39). In this
regard. a modest reduction in expression of TL/8T2 by lung-
derived T helper cells in anti-ICOS—-treated mice suggests
mnpaired influx, rather than differentiation. of effector Th2
cells, as four-color flow cytometric analysis of D4 T cells
indicates a preferential amplification of the CD44=CD62LH
(naive) phenotype, and a concomitant depression of
CD44¥CD62LY (memory/etfector) T cell infiltration (Table
2). Moreover, analysis of ICOS expression on naive and
memory/effector CD4* T cells is instructive: although «~ 46%
of CD47CD448CD62LR cells coexpress ICOS, it is virtually
undetectable on CD4* CD44RCDE2LY cells, entirely consis-
tent with the proposed role of [COS in the elaboration of
T cell effector activity (Table 2).

That Th2 differentiation is intact following anti-ICOS
intervention is illustrated in Figure 3. which documents
spontaneous and OV A-stimulated IL.-4 and IL.-5 production
by cultured splenocytes from mice Killed on Day 9 of the
aerosolization protocol. Indeed, splenocytes from mice
treated with anti-ICOS in vive liberate significantly higler
levels of T1.-4 and 11.-5 than celis from Ig-treated mice, both
inthe context of OV A and, in the case of 1L-5, coustitutively
(medium alone). Similar trends were observed for L.-13 in
culture supernatants {data not shown). These results cor-
roborate previous reports of preserved 'Th2 differentiation
in the absence of ICOS activity, and suggest that ablation
of ICOS may in fact exaggerate Th2 polarization in vivo.

Anti-iCOS

Figure 2. Flow cytometric analysis of T cells from the
fungs of anti-ICOS—treated mice acutely exposed to
OV A. Mice were sensitized to OVA according to the
Th2-polarizing regimen, treated with anti-fCOS or con-
trol Ig intraperitoneally beiween Days 2 and 8 and
killed at Day 9. Enriched mononuclear cells from lung
tissue were pooled from each group and stained for flow
cytometry. Bata depict ICOS (upper panelsy or TUST2
(lower panels) expression on gated CD3*CI4™ celis
rom naive (anirealed, unsensilized) mice and mice

treated with coatrol Ig or anti-ICOS concurrent with
OVA exposure. 50,000 evenis were collected in the
mononuclear cell gate: n = 5 per group.
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TABLEZ2
Four-color flow cytometric analvsis of FCOS expression on naive and memorvieffecior T cell populations
in lung tissue at fray 9 of the sercsolization protocol

Naive T cells

MemorviEffector T cells

CD4" gate

“CDO2LY gate

CD4* gate CDMCDEL" gate

CDA4CD2LY ICOs” CD44CDEILH ICos”
Control Ig 32 34 54 46
Anti-ICOS 53 39 37 16

Mice were treated with anti-TCOS or control Ig during sensitization and killed on Day 9 of the aerosolization protocol. Mononuclear cells were isolated and pooled
from the lungs of five mice per group and stained with anti-CD4, anti-CD44, anti-CD62L. and anti-ICOS antibodies. Data in column 1 represent the fracuon of
CD4* cells expressing a CD44°CDCZLY (maive) or CDAFCDE2LP (memoryeffector) phenotype; data in colammn 2 indicate the proportion of CD4*CD44~CD62L
or CD4 CD4MCIEILE cells expressing ICOS. A total of 50.000 events were collected i the mononuclear cell gate.

ICOS Impairment during Sensitization Exacerbates
the Long-Term Immune-Inflammatory Response
to OVA In Vivo

To date. reports of ICOS function have generally examined
events during antigen sensitization and acute antigen expo-
sure, and have therefore not addressed the long-term conse-
quences of ICOS/B7RP-1 intervention in vivo, To elucidate

pyfon

i vivo E] anti-ICOS
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Figure 3. TE-4 and IL-5 production by cultuzed splenocyles from
mice acutely exposed to aerosolized OV A in the context of ICOS
ablation. Mice were sensitized to OV A under Th2-polarizing con-
ditions, treated with anti-ECOS or control g intraperitoneally be-
tween Days 2 and 8, and killed at Day 9 of the acrosolization
protocol, Splenocytes were cualtured for S d in medivm alone (med)
orwith OV A stimulation (OVA) IL-4 and IL.-5 content in superna-
tants was detected by ELISA. Cells were plated at a density of
& X 1P cells/well. Data are expressed as mean 3 SEM; »n = 7-12
per group; *P < 0.05 by Student’s ¢ test compared with Ig conirol.

the long-term impact of anti-iCOS delivery during sensitiza-
tion to OVA, groups of mice were permitted to recover
from acute inflammation in the lungs (» 4 wk) and were
then rechallenged with aerosolized OVA. In unireated
(data not shown) and Ig-treated mice. in vivo recall elicited
robust mononuclear cell and eosinophil infiltration into the
airway at Day 5 of the rechallenge protocol (Figure 4);
there was also evidence of a matured humoral response,
with elevated levels of OV A-specific IgE detected in serum
(v~ 10-fold higher than levels at Day 9) (Figure 4). Not
unexpectedly, these phenomena were not impaired in mice
sensitized to OVA in the context of ICOS ablation—
unequivocal evidence that ICOS is not required for Th2
differentiation (Figure 4). On the contrary, and consistent
with the trend toward higher spontaneous and OV A-stimu-
lated cytokine production by splenocytes from anti-I{OS-
treated mice both at Day 9 (Figure 3) and following is vivo
rechallenge (Table 3), intervention with anti-ICOS during
sonsitization actually exacerbated mononuclear and eosino-
philic inflammation and IgE production upon in vivo recall,
resulting in levels that were 50-100% higher than those
observed in Ig-treated mice (Figure 4).

To investigate whether the deleterious long-term effects
of ICOS blockade were related to impaired T cell immuno-
regulatory function, I1.-10 was measured in supernatants
from cultured splenocytes harvested either al Day 9 of
the aerosolization protocol or following i vivo rechallenge
(Teble 4). Tmterestingly, spontancous and OV A~specific 11.-10
production was generally enhanced in splenceytes from
mice treated with anti-fCOS during sensitization, irrespec-
tive of the time of harvesting.

Therapeutic Delivery of Anti-ICOS to Mice with
Established Allergic Afrway Disease Has No Effect

on Airway Inflammation or IgE Production During

GOV A Rechallenge

We next evaluated the therapeutic potential of 1COS atren-
uation in mice with an established allergic phenotype. We
therefore sensitized mice to OV A in the absence of anti-
ICOS intervention and, following the resolution of acute
inflammation, rechallenged mice in the context of ICOS
blockade. Whether anti-ICOS was administered intraperi-
toneally on two occasions {the first and last chalienges on
Days 0 and 2. respectively) or on three occasions (Days 0,
2 and 4). mice mounted an eguivalent inflamunatory re-
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figire 4. Effect of 1COS neutralization
during sensitization on inflammation in
e BAIL and IgF in serum upon long-term
antigen rechalienge. Mice were exposed re-
peatediy to OV A in the context of a Th2-
polarizing airway microenvironment and
were concurrently treated with 100 pgant-
ICOS or control Ig intraperitoneally on
each of Days 2,4, 6. and 8 of the acrosoliza-

CWa-specills IgE

tion protocol. Acute inflammatory phenomena were allowed to resolve (v~ 4 wky before mice were rechallenged with OVA. Graphs
depict mononuclear cell and eosinophil accumulation in BAL, and OV A-specific Igh! content in serum 72 h after the final OVA recall
chatlenge (Day 5). Data are expressed as mean * SEM; n = 7-9 per group; *P < 0.05 by Student’s 1 test compared with Ig control.

sponse in BAL and produced similar levels of OV A-specific
Igl in serum compared with untreated (data notshown) and
Ig-treated mice (Figure 5). This observation is particularly
striking given the robust degree (v~ 39%) of ICOS expres-
sion on €CD4* T cells from the lungs of control mice, and
its virtual nondetection in anti-ICOS-treated mice, ac-
cording to flow cytometric analysis (Figure 6). This observa-
tion, conpled with the unaltered distribution of T1/8T2 on
T helper cells from mice rechallenged in the context of anti-
ICOS intervention, would suggest that ICOS expression is
redundant for both the recruitment and function of T cells
in nuce with established allergic airway disease.

Discussion

The recent identification of new costimulatory pathways
with specialized effector or inhibitory activities has afiorded
novel. prospective therapeutics for a variety of immunologic
disorders. The ICOS/B7RP-1 axis, in particular, has re-
ceived attention based on its putative role in T cell effector
function (11, 21-23), which may predispose it to modulation
that selectively blocks the expression of disease rather than
indiscriminately impairing the development of an adaptive
response generally. In this vein. ICOS/B7RP-1 represents a
costimulatory target of therapeutic relevance to established
disease; unlike the CD2Y/CDSO/CII86 system, which is criti-
cally engaged during the initial stages of antigen presentaton
and T cell activation, ICOS/B7RP-1 may be indispensable
to the execution of an immunologic program during periods
of antigen challenge {19). Here we have appraised this hy-
pothesis in a murine model of allergic airway inflammation
in which ICOS/B7RP-1 costimulation has been discretely

impaired during mucosal allergic sensitization or during in
vivo antigen recall in mice with established allergic disease.

Consistent with the observations of others (31, 32). we
have shown that blockade of the ICOS/B7RP-1 pathway in
mice during initial encounter with antigen {(OVA) attenu-
ates Th2-polarized allergic airway inflammation, but does
not aller systemic features of sensitization. In this model
of mucosal allergic sensitization, mice are exposed to an
OV A aerosol in the context of airway GM-CSF expression:
this results in a marked eosinophilic infiltrate in the airway
after v~ 10 d, accompanied by Th2 cytokines in the BAL,
OV A-specific IgE in serum, and the production of proto-
fypic cytokines by splenocytes stimnulated with OVA (33).
Compared to untreated or Ig-injected controls. concurrent
intraperitoneal or intravenous treatment of mice with either
anti-ICOS antibody or 1COS fusion protein during sensiti-
zation significantly reduced airway eosinophilia, and, in a
complementary manner, IL-5 content in BAL at Day 9 of
the protocol, but did not impair OV A-specific Igh or the
capacity of splenocytes to yield Th2 cytekines. These find-
ings argue persuasively for the preferential involvement of
1COS/BTRP-1 costimulation in the expression, rather than
the genesis, of T helper phenotype, and generally concur
with published findings in conventional murine models of
antigen-induced allergic airway inflammation {(which typi-
cally involve intraperitoneal delivery of OVA in the context
of an adjuvant (31, 32)). Moreover, flow cytometric analysis
of T cells at Day 9 demonstrates that ICOS is expressed in
our model of antigen-induced airway inflammation, and
that the neutralizing antibody used in our studies clearly
affected its expression/detection. Whereas 15-20% of CID4~

TABLE 3
11.-5 and FL-13 production by cultured splenocytes from mice treated with anti-ICOS during sensitization end rechallenged
with OVA following the resolution of geute inflainmarory events

1L-5 {L-13
Medum OVA Medmum OVA
Conirol Ig 138 + 138 6,742 1+ 2269 2023 693 17223 + 3870
Aunti-ICOS L7857 b 417+ 10765 1 1432 15351 0 2,337% 28485 L 2,960

Mice were trested with antt-JOGS or control Ig during sensitization and kifled on Bay 5 of the in vive recall protocol Spienocyies were harvested and cultured

for 5d at a density of 8 0 1P cellsiwell in medivm alone or i the context of GVA stim
43 per group: *P < 0.05 by Student’s ¢ test compared to Ig control

Data represent mean = SEM: »

2ti0m. 1L-5 and 11L-12 were detected by BLISA in wiltre supematants,
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TABLE 4
7519 production by cultured splenocyies from piice treated with anti-FCOS during sensitization
Controt [g Ant-3COS
Medium OVA Medium OVA

Acute

Experiment 1 143 » 71 766 & 105 525 & 82% 1,995 x 263*

Experiment 2 76 % 19 485 * 108 514 & 158> 1361 & 348

Experiment 3 145 50 1,285 + 170 323 = 58* 2072 x 374
Rechallenge 92 =24 R+ 48 418 & 59* 1536 & 124*

Mice were treated with anti-ICOS or vontrol Ig during sensitization and killed at Day 9 (Acute) in three separate but identical studies (Experunents 1-3) or on
Day § of the in vivo recall protocol (Rechallenge). Splenocyies were harvested and cultured for 5 d at a density of 8 N 14 cellsiwell m medium alone or in the

context of OVA stimmiation. T1-10 was detected by ELISA m culture supernatants and is expressed i pginl. Data represent mean ¢ $E)

*F' <2 0,05 by Student’s 1 lest compared to Ig control.

T cells expressed ICOS in GVA-exposed control mice—an
expression profile comparable to the distribution of the Th2
marker TU/8T2 (37-39)—ICOS was virtually undetectable
on an equivalent population of cells in anti-lICOS-treated
mice; as shown by Ozkaynak and coworkers (36). who used
the same antibody in a murine model of allograft rejection,
this is indicative of receptor neutralization in vive rather
than depletion of TCOS™ cells. Interestingly. that ICOS was
detected on v 50% of CD44Y CD62LCD4™ cells of the
memory/effector T cell compartment. but only on < 5%
of CD44PCDO2IECD4 " naive cells, in OV A-exposed mice
at Day 9 is commensurate with its putative role in the
effector activity of differentiated T cells.

Mechanistically, the effects of 1COS npeufralization on
acute eosinophilic inflammation in BAl reflect a diminution
in the capacity of activated, polarized Th2 cells 10 execute
their effector program upon cognate recognition of OVA
in the airway. Indeed, that ICOS blockade failed to modify
the magnitude or phenotype of airway inflammation in our
model of Thl-polarized sensitization to OVA illustrates
the Th2 selectivity of the ICOS pathway (34). Mareover,
the v» 50% reduction in IL-5 in the BAL of anti-]JCCS-
treated mice, coupled with unaltered eosinophil content in
peripheral blood. suggests that the downstream effects of
1COS ablation may include reduced expression of cell-adhe-
sion molecules or chemokine receptors by eosinophils,
rather than impaired mobilization of eosinophils from the
bone marrow. Of note, however—and in contrast to evi-
dence of modest [L-3 inbibttion—anti-ICOS-treated mice
exhibited unaltered levels of TL-4, [1.-13, and eotaxin, the
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tno= 3.6 per group:

prototypic cosinophil-recruiting chemokine, in BAL. It
would seem, then, that the activity of ICOS in this model
does not extend to all Th2 processes, but is restricted to
the potentiation of particular proinflammatory phenomena.

That neutralization of TCOS attenuates allergic airway
inflammation during sensitization and initial respiratory ex-
posure to antigen. however, does not necessarily bear on
the long-term consequences of 1COS ablation in vivo, nor
on the potential of the ICOS/B7RP-1 pathway as a thera-
peutic target in established disease. To address this ques-
tion, we examined the effects of anti-ICOS delivery on
the long-term response (i.e.. after the resolution of acute
inflammmation) to in vivo rechallenge with aerosolized OVA.
As expected, intraperitoneal treatment with anti-ICOS dur-
ing mucosal sensitization to OV A (acute exposure) did not
inhibit airway eosinophilia upon OV A rechallenge (chronic
exposure). This observation extends cur in vitro findings,
which demonstrate that ICOS blockade i vivo did not
compromise T cell sensitization, and provides novel in vivo
verification that the anti-inflammatory effects of 1C0OS/
B7RP-1 neutralization are both transient and secondary
to the development and maturation of an adaptive Th2-
polarized response. In fact. and peculiarly. mice treated
with anti-ICOS during sensitization presented evidence of
an exacerbated allergic phenotype upon long-ierm rechal-
lenge: airway eosinophilia and OV A-specific IgE in serum
were both elevated (on the order of 50-100%) compared
with Ig-treated controls. The mechanism by which impair-
ment of ITOS during sensitization might magnify immune-
inflammatory phenomena upon in vivo recall merits further

Figure 5. Bffect of therapeutic anti-ICOS8
intervention on inflammation in BAL and
igll in serum during long-term antigen re-
challenge of mice with established allergic
airway disease. Mice were sensitized to
aerosolized OV A in the context of a Thi-
polarizing airway microenvironment. Acute
inflammatory phenomena were allowed to
resolve (v & wk) before mice were rechal-

Dz speeific 1gE

L 2z 3%
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tenged with OVA on Days (-2 and concurrently treated with anti-iCOS or control Ig on Days 0 and 2 (2X) or Days 0, 2, and 4 (3X)
of the ir vivo recall protocol. Graphs dispiay mononuclear cell and eosinophil accumalation in BAL, and OV A-specific IgE content in
serum 72 b after the final OVA recall challenge (Bay 5). Data are expressed as mean * SEM: » = 7-10 per group.
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Figure 6. Flow cytometric analysis of T cells from the lungs of
sensitized mice following long-term OV A rechallenge in the con-
text of ICOS ablativn. Mice were sensitized to OV A according to
the Th2-polarizing regimen and rechallenged with OVA while
receiving treatment with anti-ICOS or control Ig. Mice were killed
at Day 5 of the in vivo recall protocol; lungs were homogenized
and enriched mononuclear cells were pooled from each group and
stained for flow cytometry. Data depict ICOS (upper panels) or
TVST2 (lower panels) expression on gated CD3* DAY cells from
mice treated with control Ig or anti-ICOS at the time of OVA
rechallenge. 50,000 events were collected in the mononuclear celt
gate; n = 5 per group.

study. However, that splenocytes from mice treated with
anti-ICOS in vivo produce higher levels of 114 and 1L-5
when stimulated with OV A is consistent with an hypothesis
of 'T cell hyperpolarization or dysregulation in the absence
of ICOS signaling. Likewise, reports of exacerbated clinical
manifestations and accelerated mortality in mice treated
with anti-ICOS during the sensitization phase of EALE (29)
lend credence to the notion that ICOS function may not
be restricted to the expression of an effector program in
differentiated T cells, and may extend more broadly to'Teeli
activation. education. and regalation. Indeed. as Akbari and
colleagnes (40) have recently demoastrated. ICOS-ICOS
ligand interactions may be critically involved in the develop-
ment of the IL-10-producing regulatory T eells that mediate
inhalation tolerance and attenuate the expression of an
asthma phenotype in mice. Although we found that the
capacity of splenocytes to produce I.-10 was notimpaired—
and was generally enhanced—in mice treated with anti-
1COS during sensitization. suggesting that IL-10 deficiency
is not responsible for the long-term effects of ICOS nentral-
ization in our model. the possibility that the immunoregula-

tory activities of particular T cell subsets fail to mature in

the absence of ICOS signaling is an hypothesis under active
investigation in our laboratory.

Of particular therapeutic interest. and in striking contrast
to observations in acutely-cxposed mice, our studies un-
expectediy show that intraperitoneal administration of anti-
ICOS during long-term rechallenge of sensitized mice does
not after the magnitude or phenotype of lang inflammation,
or the content of OV A-specific Igh in serum. The inefticacy
of this treatment, moreover. cannot be attributed to kinetics
of ICOS expression: v~ 40% of T4 T cells isolated from
the lungs of control mice co-expressed FCOS during in vivo
OVA recall—a marked amplification of levels observed at
Day 9 of the protocol and consenant with the presumed
expansion of memory lymphocytes at rechallenge. Paradox-
ically, then, ICOS expression. although robustly identifying
lymphocytes mobilized during & memory response. may be
functionally irrelevant to the elaboration of the memory
response. it is not clear why ICOS should exhibit this biolog-
ical redundancy, nor why its activity during antigen sensiti-
zation and acute exposure should differ from its role in
established disease. However, it may be that ICOS operates
in a narrow window between CD28/B7-mediated T cell
activation and irrevocable cominitment of cells to a mem-
ory/effector phenotype. That is. ICOS ligation may modu-
late (positively or negatively depending, for example, on
the strength of the activation signal) the differentiation
of activated T cells into Th subsets either directly or by
regulating the secretion of Th-polarizing cytokines. Once
the memory/effector T cell pool has expanded and ma-
tured—a protracted process that may take several rounds
of stimulation, and which may explain the apparently discor-
dant conclusions in more compressed models of antigen
sensitization and challenge (31. 32)—cells become hypo-
responsive to further modulation by ICOS. This explana-
tion is somewhat reminiscent of Sperling and Bluestone’s
“strength of signal™ hypothesis of ICOS funclion (41): as
the strength of the TCR/B7 activation signal increases (or,
in the case of a memory response, the requirements for
activation decrease}., the need for ICOS costimulation di-
minishes. Additionally. there may also exist a subset of Th2-
polarized memory ceils that do not express HCOS and whose
activity compensates for the functional deficiency of ICOS-
dependent lymphocytes.

Our study, therefore, challenges the notion that the
ICOS/BTRP-1 costimulatory axis represenis a promising
therapeutic target for immune-inflammatory disorders such
as asthma. Although neutralization of 1COS during sensiti-
zation and acute antigen exposure attenuated airway in-
flammation, this intervention ultimately exacerbated im-
mune-inflammatory phenomena upon long-term in vive
recall. Moreover, blockade of ICOS signaling during rechal-
lenge of mice with established allergic disease elicited no
therapentic effect, intimating that 1COS may be functionally
redundant in mature memory respouses.
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Expression of the Thl Chemokine IFN-y-Inducible Protein 1
in the Airway Alters Mucosal Allergic Sensitization in !

Ryan E. Wiley,* Kay Palmer,” Beata U. Gajewska,* Martin R, Stdmpfl* David Alvarez,*
Anthony J. Coyle,” José-Carlos Gutierrez-Rameos,” and Manel Jordana®*

Alhough the preliminary characterization of chemokines and their receptors has been prolific, comparatively litile is known about
the role of chemokines in the evolution of immune responses. We speculate that the prefereniial recruitment of a particular
immune cell population has implications for the short- and long-term features of an adaptive response. To test this hypothesis, we
employed adenovirus-mediated gene transfer to express the Thi-affiliated, CXC chemokine IFN-y-inducible protein (IP) 10 in the
airways of mice undergsing 2 mucosal sensitization regimen kuown to resuil in a ThZ-pelarized allergic response. This resuited
in a ~60-75% inhibition of eosinophils in the bronchealveolar lavage (BAL); these inflammatory changes were accompanied by
enhanced IFN-vy, ablated IL-4, and, peculiarly, unaitered IL-5 and eotaxin levels in the BAL. The effect of IP-10 expression was
shown to be dependent on IFN-vy, as there was ne statistically significant reduction in BAL eosinophilia in IFN-y knockout mice
subjected to the IP-10 intervention. Flow cytometric analysis of mononuclear cells in the lung revealed a ~68% reduction in the
fraction of CD4™ cells expressing T1/8T2, a putative Th2 marker, and a parallel increase in the proportion expressing intracellular
IFN-y following [P-10 treatment. The effect of IP-10 expression at the time of initial Ag encounter is persistent, as mice rechal-
lenged with OV A following the resolution of acute inflammation exhibited reduced eosinophitia and 11.-4 in the BAL. Collectively,
these data illustrate that local expression of the chemokine IP-10 can introduce Thl phenomena lo 2 Th2-predisposed context and

subvert the development of a Th2 response.

hemokines are a diverse superfamily of small secreted

proteins with a well-established function as chemoattrac-

tant cytokines for leukocytes. However, that some of
these molecules affect T cell costimulation (1-3), myelopoiesis (4),
and oral tolerance (5) suggests that the function of chemokines
transcends chemotaxis; in particular, these observations have en-
gendered theories about the role of chemokines in the orchestration
of immune-mnflammatory responses. Indeed, recent research sug-
gests that the regulated expression of chemokines and chemokine
receptors is an important component of an integrated immune re-
sponse. It has been shown in an in vivo model of Leishmania
donovani infection that expression of IFN-y-inducible protein
(IP)* 10, and therefore the accumulation of granuloma-promoting
mononuclear cells, is initiated by T celi-independent mechanisms
but is ultimately amplified and sustained by activated T cells at the
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site of inflammation (6). ikewise, T loyd et al. (7) have documented
temporal regulation of chemokines in a murine model of allergic air-
ways disease; they have shown that as the immune response evolves
in a repeatedly challenged airway, eotaxin, which is initially dominant
in the recruitment of CCR3™ Th2 cells, is ultimately supplanted by the
CCR4 ligand macrophage-derived chemokine. Collectively, these obser-
vations strongly suggest that the elaboration of an immune response may
in part hinge on the coordinated expression of chernokines,

It has also been proposed that the acquisition of a chemokine
and chemokine receptor repertoire is an integral part of Th differ-
entiation; indeed, although Th2 cells are associated with the che-
mokines cotaxin, thymus and activation-regulated chemokine,
macrophage-derived chemokine, and the chemokine receptors
CCR3, CCR4, and CCRS, Thl cells correlate with the chemokines
1P-10, monokine induced by IFN-v, and macrophage-inflamma-
tory protein {MIP) la and the chemokine receptors CXC chemo-
kine receptor (CXCR) 3 and CCRS (8-13). The association be-
tween chemokines, chemokine receptors, and Th phonotype is
convincingly illustrated by 1P-10. IP-10 is chemoattractant for T
cells, monocytes (14--16), and NK cells (17) but not for neutro-
phils (18, 19), and has been shown to facilitate selective recruit-
ment of Thi cells that preferentially express the receptor CXCR3
both in vitre (9) and in vivo (20). Indeed, abundast CXCR3 ex-
pression has been reported on T ceils infiltrating Thl-assoctated
multiple sclerosis lesions (21) and rheumatoid arthritis synovial
fuid (22), and sustained, protective expression of iP-10 has been
described in murine models of Thl-polarized leishmaniasis (12,
23). IP-10 has also been implicated in the recruitment of lympho-
cytes to sites of atheroma formation (24) and has been detected in
the bronchoalveolar lavage (BAL) fluid of patients with pulmonsary
sarcoidosis (25). The relationship between IP-10 and IFN-vy is unequiv-
acal: stimuiation with IFN-v elicits IP-10 expression by activated human
bronchial epithelial cells (26) and neutrophils (27), whereas levels of
IP-10 mRNA are markediy reduced in hmg interstitial macrophages i

0022-1767/01/$02.00
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TFN-vy receptor knockout (KO) mice (28}. On the other hand, [2-10 has
been documented to induce IFN-y expression in cultured human PBMC
{29}. IP-10, therefore, may serve not only o mobilize differentiated Thi
cells but also to reinforce the evolution of a Tht response.

We speculate that the preferential recruitment of & particular
immune cell population by chemokines has implications for the
short- and long-term features of an adaptive immune response. To
test this hypothesis, we used an adenovirus (Ad)-mediated gene
transfer approach to express IP-10, a prototype Thl chemokine, in
the airways of mice subjected to a mucosal sensitization regimen
that results in a Th2-polarized allergic response. We have previ-
ously shown that intranasal administration of Ad/GM-CSF 1o mice
followed by 10 daily exposures to aerosolized OVA results in car-
dinal Th2 events (30). In this study, we demonstrate that concur-
rent expression of [P-10 in the airway microenvironment signifi-
cantly attenuales eosinophilia and elaborates Thl phenomena in an
IFN-y-dependent fashion. Moreover, OVA rechallenge long after
the clearance of [P-10 and resolution of acute inflammation elicits
an inflammatory response that is primarily mononuclear and not
eosinophilic, indicating that airway expression of IP-10 affects
sensitization and the maturation of T cell memory. Collectively,
thesc data suggest that 1P-10, through preferential recruitment of
Thl-privileging immune-inflammatory cells, can subvert a Th2-
polarized response in vivo and attribute to this chemokine an im-
munoregulatory function that transcends chemotaxis.

Materials and Methods
Animals

Female BALB/c mice (6 8 wk old) were purchased from Charles River
Laboratories (Montreal, Quebec, Canada). Female IFN-y KO mice on a
BALB/c background were purchased from The Jackson Laboratory (Bar
Harbor, ME). The mice were housed under specific pathogen-free condi-
tions following a 12-h light-dark cycle. A total of 623 mice was sacrificed
during the course of these experiments. All experiments described in this
study were approved by the Animal Research Lithics Board of McMaster
University.

Aerosolization protocol

Over a period of 10 consecutive days (days 0-9), mice were placed in a
Plexiglas chamber (10 cm X 15 cm X 25 cm) and exposed for 20 min daily
to aerosolized OVA (1% w/v in 0.9% saline; Sigma-Aldrich, Oakville,
Ontario, Canada). The OVA aerosol was generated by a Bennett (Kansas
City, MO) nebulizer af a fiow rate of 10 I/min. Ior the rechallenge ex-
periment, micc were exposed to 2 1% OVA aerosol for two 1-h periods
sepaiated by 4 h on day 50 of the protocol.

Administration of adenoviral constructs

To elicit local expression of GM-CSF, IP-10, or IFN-v, a replication-de-
ficient human type 5 Ad construct carrying murine GM-CSF, human 1P-10,
or human IFN-y ¢cDNA in the El region of the viral genome was delivered
intranasally (i.n.) to anesthetized amimals on day —1, 24 h before the first
exposure to OVA; the human IP-10 sequence was sclected since it hasbeen
characterized extensively and is the standard genetic irstrument in murine
systems (31). AG/GM-CSF, A&/IP-10, and AV/IFN-y were administered at
doses of 3x107, IX10% and !X10®% PFU, rospectively, in 30 ul of PBS
vehicle; an appropriate dose of an El-deleted replication-deficient adeno-
virus (RDA) was used to control for the higher viral burden in the A&/IP-10
and AW/IFN-y groups. The Ad/IFN-y vector was a kind gift from J. Kolls
(Louisiana State University Medical Center, New Otrleans, 1.A), and the
Ad/TP-10 (31) and A//GM-CSF (32) voctors were engineered and charac-
terized previously by our laboratory.

Collection and measurement of specimens

Two days after the last OVA exposure (day 11) and at various time poinis
during the aerosolization regimen, mice were sacrificed and BAL was ob-
tained as previously described (33). in brief, the luags were dissected and
the trachea cannulated with a polyethylene tube (Becton Dickirson,
Sparks, MD). The lurgs were lavaged twice with PBS (0.25 mi followed
by 0.2 ml). Approximately 0.3 ml of the instilied fluid was comsistently
recovered. Total cell counts were determined using a hemocytometer. After
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cenirifugation, supermatants were stored at —20°C for cytokine measure-
ments by ELISA; celt pellets were resuspended in PBS and smears were
prepared by cytocentrifugation (Shandon, Pittsburgh, PA) at 300 rpm for 2
min. Diff-Quik (Baxter, McGraw Park, IL) was used to stain all smears.
Differential counts of BAL cells were determined from at least 500 leu-
kocyies using standard hemocytological criteriz 1o classify the cells as
neutrophils, eosinophils, lymphocytes, or macrophages/monocytes. Addi-
tionally, blood was collected by retro-orbital bleeding. Serum was obtained
by centrifugation afier incubating whole bloed for 3¢ min at 37°C. Finally,
lung tissuc was fixed in 10% Formalin and embedded in paraffin. Sections
(3-pm thick) were stained with hematoxyhin and eosin or with periodic
acid-Schiff (PAS) to distinguish mucous production in goblet cells.

Cytokine and Ig measurement

ELISA kits for IL-4, IFN-y, eotaxin, monocyte chemoattractant protein
(MCP) 1, MIP-1e, and RANTES were purchased from R&D Systems
{Minneapolis, MN), while the kit for I11.-5 was obtained from Amersham
(Buckinghamshire, U.K.). IP-10 was measured by ELISA according to a
standard alkaline phosphatase/streptavidin assay protocol (R&TY Systems).
Briefly, IP-10 was captured with an anti-buman IP-10 Ab in the solid phase
and developed with biotinylated anti-human IP-10 (R&D Systems); recom-
binant human IP-10 (PeproTech, Rocky Hill, NJ) was used as a standard.
Levels of OVA-specific IgE were detected using an Ag-capturc (biotinyl-
ated OVA) ELISA method that has been described previously (33): the
ELISA was standardized with serum obtained from mice sensitized to
OVA according to 2 conventional 1.p. sensitization model (34} and bled
24 h after the second sensitization. OV A-specific 1g(i2a was measured by
sandwich ELISA with OVA in the solid phase. Nincty-six-well plates were
coated with 5 pg/ml OVA 1 borate buffer (100 pl/well) for 1 h at 37°C,
3 h at room temperaturc, and then overnight at 4°C. Plates were blocked for
2 h at room temperature with 150 plwell 1% BSA in PBS before loading
samples (50 pl/well). Plates were then incubated overnight at 4°C and
washed before adding 50 ul of 0.25 pg/ml biotinylated anti-mouse IgG2a
Ab (Southern Biotechnology Associates, Birmingham, Al.) to each well.
Following a 2-h incubation at room temperature, plates were washed, in-
cubated with alkaline phosphatase/streptavidin for 1 h at room temperature
(50 pl/well at a concentration of 1:1000), and developed with p-nitrophe-
nyl phosphate substrate dissolved in diethanolamine buffer. This ELISA
was standardized with serum oblained from mice sensitized to OVA ac-
cording to our Thl-polarized mucosal sensitization model (33) and bled at
day 11 of the protocol. Ig levels arc expressed in units per milliliter relative
to standard sera.

Lung cell isolation and flow cytometric analysis of lung cell
subsets

G,

Lungs were perfused with 10 ml of prepared buffer (10% FBS, 1% peni-
ciilin/streptomycin in HBSS) through the right ventricle, cut into small
{~~2-mun diameter) pieces, and agitated at 37°C for | hin 15 ml of colla-
genase III (Life Technologies, Rockville, MD) at & concentzation of 150
U/ml in HBSS. Usiag the plunger from a 5-mi syringe, the lung picces
were triturated through a metal screen into HRBSS, and the resulting cell
suspension was filtered through nylon mesh. Mononuclear cells were iso-
jated at the interphase between layers of 30 and 60% Percoll following
density gradient centrifugation. Cells were washed twice and stained for
flow cytometric analysis. For each Ab combination, 0.5 X 10° cells were
incubated with mAbs at 0 - 4°C for 30 min; the cells were then washed and
treated with second-stage reagents. For detection of intracellular IFN-y,
cells were first polyclonally stimulated with PMA/ionomycin in 4-h cul-
tures and then permeabilized with saponin according to a standard protocol
{BD PharMingen catalogue, PharMingen, San Dicgo, CA). Data were col-
fected using a FACScan (Becton Dickinson, Sunnyvale, CA) and analyzed
using WinMDI software (The Scizipps Research Institute, La Jolla, CA).
The following Abs and reagents were used: anti-CD3, PE conjugated (145-
2C11); ami-CD3, CyChrome conjugated (145-2C11); anti-CD4, FITC con-
jugated (RM4-3); enti-CD4, CyChrome conjugated (RM4-5); anti-CD8e,
FITC conjugated (33-6.7); anti-CD69, PE conjugated (H1.2F3); anti-
IFN-v, PE conjugated (XMG1.2) (alf purchased from BD PharMingen);
anti-T1/ST2, PE conjugated (Millennium Pharmaceuticals, Cambridge,
MA); and streptavidin PerCP (B PharMingen). The Abs were titrated to
determine optimal concentration.

Duata analysis

Data are expressed as mean = SEM, unless otherwise indicated. Results
were interpreted using ANOVA followed by the Student-Newmar-Keuls
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post hoc test. Differences were considered to be statistically significant
when p < 0.05.

Results
Effect of Ad/IP-10 intervention on the cellular profile in the BAL

To mvestigate the impact of expressing a Thl-affiliated chemokine
on & system that is otherwise predisposed to the development of a
Th2-polarized response, we used a mucosal model of allergic air-
ways inflarnmation in which mice are exposed dailty to acrosolized
OVA over a period of 10 consecutive days in the context of GM-
CSF expression in the airway. In this study, 1X10% PFU Ad/IP-10
or control virus (RDA) were coadministered i.n. with Ad//GM-CSF
o BALB/c mice, which were then subjected to the OVA exposure
regimen. Administration of Ad/IP-10 to naive mice resulted in
sustained expression of IP-10 in the airways for ~7-10 days, with
peak expression of ~2100 pg/ml in the BAL 1 day after vector
administration, followed by resolution at day 4 and a secondary
peak of [P-10 (~600 pg/ml) in the BAL at day 7. Two days after
the last OVA exposure, mice were sacrificed and the cellular pro-
file in the BAL was assessed {Fig. 1). Mice exposed to OVA in the
presence of IP-10 but in the absence of GM-CSF had modestly
elevated mononuclear cells in the BAL. As expected, exposure 1o
OVA m the context of GM-CSF expression resulted in marked
mononuclear and eosinophilic inflammation in the BAT; concur-
rent administration of RDA did not significantly alter this inflam-
matory response. Although concurrent 1P-10 expression did not
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SUBVERSION OF Th2 PHENOMENA BY 12-10

appreciebly affect the guantity of inflammation in mice treated
with GM-CSF and OVA, it did change the phenotype of the in-
filtrate; in particular, 1P-10 reduced the number of eosinophils in
the BAL by ~60-75%. To verify that this reduction in airways
eosinophilia was not the consequence of eosinophil retention n the
circulation, peripheral blood leukocytes were assessed; IP-10 ex-
pression in the airway resulted i a >50% decrease in eosinophil
counts in the circulation (Table I).

Histological evaluation of lung tissue

We conducted a detailed histological analysis that demonstrates a
correlation between processes occurring in lung tissue and the
findings in BAL at day 11 of the aerosolization protocol. Exposure
to OVA in the context of GM-CSF led to marked peribronchial and
perivascular inflammation that was distinctly eosinophilic in na-
ture (Fig. 24). Evidence of goblet cell hyperplasia was confirmed
in PAS-stained tissue (Fig. 2F), which documents pervasive ex-
pansion of mucous-producing cells. Analysis of lung tissue from
RDA-treated mice revealed similar histopathological phenomena
(data not shown). In contrast, concurrent expression of IP-10 re-
duced the accumulation of cosinophils in lung tissuc, although
robust mononuclear inflammation persisted (Fig. 2, B and D);
moreover, there was significant, if somewhat attenuated, goblet
cell hyperplasia along the airway epithelium of these mice (Fig.
2F). Exposure to OVA in the context of IP-10 expression alone
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Effect of IP-10 expression on inflammation i the BAL of mice sensitized to OVA in the context of 2 GM-CSF airway microenvironment.

Groups of mice were treated with AGM-CSF with or without concurrent administration of Ad/IP-10 or RDA before proceeding through the OVA
aerosolization protocol. Bars represent untreated mice (naive), mice exposed to OV A in the context of IP-10 expression (IP-10 OVA), and mice scasitized
to GVA in the context of GM-CSF with no additional treatment (no Rx), with concurreni Ad/IP-10 intervention (IP-10) or with coincident infection with

contzol virus (RDA). Data show total cells,

mononuclear cells, noutrophils, and cosinophils in BAL obtained 48 b after the last OV A exposure (moan *

SEM; n = 4-10/treatment group; ANOVA was used to assess statistical significance; *, p < 0.05).
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Table L. Effect of IP-10 intervemtion on circlating leukocvies”

GM-CSFOVA

No Rx RDA IP-10
Total cells 114+ 134 03+ 13 82 £ 15
Mononuclear cells 7% x93 78 £ 11 5612
Neutrophils 26 = 4.3 17212 19229
Eosinophils 85=1.4 85x 1.4 37 = Lix*

“Mice were bled retro-orbitally on day 11 of the mucosal sensitization protocol
and blood smears were prepared. Data are expressed as 1075 cells/ml. of peripheral
blood and represent the mean * SEM; # = 6-74reatment group. ANOVA was used
10 assess statistical significance.

#, p < 0.05 vs both no Rx and RDA controls.

resulted in a comparably modest mononuclear cell infiltrate (Fig.
2C), with no evidence of mucous-secreting cells (data not shown).

Endogenous production of cvtokines, chemokines, and Igs

To evaluate IP-10-mediated changes in the Th1/Th2 balance of the
immune response to OVA, we assayed a number of definitive me-
diators (Table I1); we report only peak levels of expression, which
occurred on day 7 of the protocol for cytokines and chemokines in
the BAIL and on day 11 for Igs in serum. As shown in Table II,
delivery of RDA did not significantly alter the levels of IFN-y,
1L-4, and IL-5 detected in mice exposed to OVA in the context of
GM-CSF. In contrast, IP-10 intervention resulted in a 4- to 10-fold
increase in the level of IFN-vy in the BAL, while IL-4 was virtually
undetectable and IL-13 was significantly attenuated; 1L-5 content
in the BAL was also reduced by about 40%, although this change
did not reach statistical significance. Morcover, mice treated with
[P-10 presented 2- to 3-fold higher levels of the proinflammatory
chemokines MCP-1, MIP-1a, and RANTES in the BAL and pro-
duced three to four times more OV A-specific 1gG2a, a Thl-affil-
iated [g, than mice treated with GM-CSF alone or concurrently
infected with GM-CSF and RDA control. It is noteworthy that
IP-10 treatment did not result in a statistically significant reduction
in levels of OVA-specific IgE, nor did it alter expression of
eotaxin, hallmarks of the eosinophilic response, an intriguing ob-
servation given the dramatic reduction in BAL, tissue, and periph-
cral blood eosinophilia in IP-10-treated animals.

Role of IFN-vy in IP-10-mediated suppression of eosinophilia

Given the demonstrated association between IP-10 and IFN-y
(26-29), and the dramatic up-regulation of IFN-v in the BAI elic-
ited by 1P-10 cxpression in the airway, we proceeded to explore
mechanistically the role of this prototype Th1 mediator in 1P-10-
mediated inhibition of airways eusinophilia. Therefore, we exe-
cuted the exposuze regimen in IFN-y KO mice. In this setting,
airway expression of [P-10 did not attepuate BAL cosinophilia,
indicating that the modulatory effect of IP-10 is dependent on
IFN-v (Fig. 34). To expand this observation and understand more
comprehensively the role of IFN-y in this system, we substituted
A/IP-10 with an adenoviral construct expressing the transgene for
IFN-v; this construct results in sustained expression of [FN-y in
the BAI for ~10 days and reaches levels of 2000 pg/ml in the
BAL 7 days after i.n. delivery. In mice exposed to OVA in the
context of GM-CSF, concurrent expression of IFN-v completely
abrogated BAI. eosinophilia, indicating that IFN-y per se, when
cxpressed at levels comparable 1o these clicited by Ad/IP-10, is
sufficient to prevent the airways eosinophilia o which this protocol
is predisposed (Fig. 3B).
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Flow cytometric analysis of T cell populations in the lung

We used flow cytometric analysis of dispersed lung mononuclear
cells to evatuate the effect of IP-10 expression on the pattern of T
lymphocyte recruitiment 1o the airway. In particular, we examined
CD3'CD4" and CD3 'CD8" T celis at day 7 of the aerosofization
protocol for expression of the early activation marker CD69. Table
1II indicates that approximately two to three times as many CD8™
T celis were isolated from the hangs of mice treated with IP-1 ¢ and
exposed to OVA in a GM-CST milieu compared with RDA-treated
control mice; compared with GM-CSF alone {data not shown},
delivery of RDDA had no distinguishable effect on any of the T cell
parameters we examined. These differences are particularly pro-
nounced when expression of the early activation marker CD69 is
examined (Fig. 4), as IP-10 treatment resulted in an increase in the
fraction of both CD47CDE9™ and CDBTCNGEY™ T cells in the
airway compared with RDDA-treated control mice. Moreover, these
T cells expressed a phenotype consistent with the alleged Th1 bias
of IP-10; as shown in Table 1V, while the proportion of
CD3'CD4™ cells expressing the putative Th2 marker T1/ST2
(35-37) declined by 40 -50% in IP-10-treated mice, there was a
concomitant 50% increase in the frequency of CD4 ™ cells express-
ing intracellular IFN-y. These data indicate that the Thl-biased
immune phenomena observed in both the inflammatory and cyto-
kine responses of IP-10-treated animals may have practical impli-
cations for T cell phenotype.

In vivo rechallenge of mucosally sensitized mice

To determine whether expression of IP-10 in the airway at the time
of the initial mucosal sensitization affected the development of T
cell memory, we investigated the long-term in vivo response of
treated mice to aerosolized OVA. On day 50, several weeks fol-
lowing the resolution of airways inflammation, mice were re-ex-
posed to acrosolized OVA for 1 h on two occasions 4 h apart.
Seventy-two hours later, mice were sacrificed and the cellular pro-
file of the BAI. was assessed (Fig. 5). Although there was a re-
constitution of airways eosinophilia in mice treated with GM-CSF
alone or with GM-CSF and RDA, IP-10 expression at the time of
initial Ag exposure resulted in markedly attenuated eosinophilia
upon OVA rechallenge, indicating that the OV A-specific immune
response was substantively altered by IP-10. Flow cytometric anal-
ysis of T cell subsets isolated from homogenized lungs of mice
sacrificed 72 b after in vivo OVA recall indicates that while IP-10
intervention did not appreciably alter the recruitment of CD4™ and
CD8' T cells to the airways of mice exposed to OVA in the
context of GM-CSF and RDA, the ratio of activaled (i.e., CD65™)
CBé4 to CD8 T cells changed considerably, from ~3 in control
mice to 0.9 in mice exposed to OVA in the presence of both GM-
CSF and 1P-10. This change was the consequence of a ~530%
increase m the number of activated CD8™ T cells and a parallet
~50% reduction in activated CD4™ T cells in the airways of IP-
10-treated mice compared with mice initially exposed to OVA in
the context of GM-CSF and RDA (Fig. 64); RDA intervention had
no distinguishable effect on the lymphocyte profile following OVA
rechallenge compared with mice receiving GM-CSY alone {data
not shown). Cytokine content in the BAL was assessed 24 h fol-
lowing OVA rechallenge (Fig. 6B); interestingly, although similar
levels of IFN-y and IL-5 were detected in all groups, mice initially
treated with [P-10 produced considerably less [L-4 than mice sen-
sitized to OVA in the context of GM-CSFT alone (data not shown)
or GM-CSF and RDA.
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FIGURE 2, Light photomicrograph of paraffin-em-
bedded sections of lung tissue. Mice were exposed to
OVA in the context of a GM-CS¥ or I1P-10 microenvi-
ronment and sacrificed on day 11. 4-D wer stained
with bematoxylin and eosin; E and F were stained with
PAS 1o visualize goblet cells (magenta). Panels repre-
sent cxposure to OVA in the context of GM-CSF alone
{4 and ), in the context of IP-10 alone (O), or in the
context of concurrent expression of IP-10 and GM-CSF
(8, D, and F). Oniginal magnification of panels: 4, X400;
B, X640; C, X160; D, X200; E, X160X; and F, X160.




PhDD Thesis — R. E. Wiley

The Journal of Immunciogy

Table II.  Cyiokine, chemokine, and Ig levels in IP-10-treated mice”

GM-CSF/OVA

No Rx RDA 1P-10

Cytokines

IFN-y 85+ 18 27470 994 + 164

IL-4 22%£353 24=x73 092%2.1x

IL-13 ) 235 £ 53 255 %53 93 = 24~

IL-3 05+28 97=x22 63 =15
Chemokines

MCP-1 47 =15 5777 167 = 20=

MIP-1a 4317 54=x75 92 £ 12%

RANTES 3213 82 x 15 175 = 20%

Eotaxin 37269 59089 69 20
Igs

OVA-specific IgG2a 93 = 41 78 £ 24 328 x 44

OVA-specific IgE 130 £39  127=x27 66 =23

® Mice were sacrificed at day 7 (cytokines and chemokines) or day 11 (Igs) of the
acrosolization protocol; cytokine and chemokine content in BAL and Ig content in
serum were measured by ELISA. Data are expressed in pg/ml (cytokines and che-
mokines) or U/ml (Igs) and represent the mean = SEM:»n = 3-12/treatment group.
ANOVA was used 1o assess slatistical significance.

*, p << 0.05 vs both no Rx and RDA controls.

Mononuciear Cells

10°® cells /ml.

P10 No RDA  IP-10
ova GW-CSF/OVA
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Ny

nalve Bo Rx R
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FIGURE 3.
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Discussion

We hypothesize that the function of chemokines can transcend
chemotaxis depending on whether a chemokine recruits imnmune or
inflammatory cells. For example, a chemokine specific for a re-
ceptor expressed predominantly by neutrophils fulfills a direct role
in recruiting these granulocytes to the site of inflammation. How-
ever, a chemokine specific for a subset of immune cclls {ie., T
iymphocyies) has implications for the nature and long-term out-
come of the immune-inflammatory response that evolves in the
target tissue. To test this latter concept, we employed an adenovi-
rus-mediated gene transfer approach to express IP-10 (Ad/IP-10},
a chemokine that preferentiaily recruits Thi cells, i the airway
microenvironment under conditions otherwisc predisposed to the
development of a Th2-polarized response. We elected to usc ad-
enoviral gene transfer technology because it offers the advantage
of sustained, though transient, expression of a desired transgene
product; while the attendant antiviral immune response admittedly
introduces complexity to data interpretation, our ability to control
for this variable systematicaily (through the use of transgene-de-
ficient RDA) equips us with a robust and incisive in vivo experi-
mental system. Indeed, our previously described murine model of

Eosinophils

10°€ celis /mlL
N

. .. ~T

IP-10 MNoRx _ R
ove GMi CSFIGVA

10 cells /mL

%
GM-CSF/OVA

Role of IFN-y in IP-10-mediated inhibition of eosinophilia. 4, TFN-y KO mice were treated with GM-CSF with or without concurrent administcation of

12-10 or RDA betore procesding through the OV A aerosolization regamen. Bars represent mice exposed to OV A In the context of IP-10 expression (IP-10 OV A} and mice
sensitized to OVA in the context of GM-CSF with no additional treatment (no Rx), with simultaneous IP-10 expression (IP-10) or with coincident infection with control
virus (RDA). B, Effect of TFN-yper se on milammation in the BAL of mice sensitized to OV A in the context of s GM-CSF arway microenvironment. On day —1, BALB/c
mice roceived Lo instillations of AJ/GM-CSF; additional groups received concurrent administration of 1X10* PFU Ad/IFN-y or RDA., Bars represent untreated imice
(naive) and mice sensitized to OVA in the context of GM-CSF expression with no additional treatment. (no Rx), with concurrent IFN-y expression (JFN-y) or with
coincident infection with control virus (RDA). Data show mononuclear cells and cosinophils in BAL obtained 48 h afier the last OVA exposure (mean = SEM; n =
3~ 8/treatment group: ANGVA was used to assess statistical significance: *, p < 0.05).
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Table UL Flow cytometric analysis of T cell populations in the lung at
day 7 of the aerosolization protocol”

GM-CSFOVA

Naive RDA Ip-10

Expt. |
CD37CD4™ 3.8 109 13.8
CD3"CD8™ 1.2 31 7.3
Expt. 2
CD3TCB4™ ND 6.3 9.0
CD3"CD8' 1.7 4.9

“Mice were sacrificed at day 7 of the aerosolization protocol; mononuciear cells
were isolated from whole-lung homogenates pooled from three to four mice per treas-
ment group. Cells were stained for flow cytometric analysis of CD3, CD4, and CD8
expression; 20,000 events within the mononuclear cell gate were collected for anal-
ysis. Data indicate the number (1075 of CD3*CD4™ and CD3*CD8™ cells per
tung.

GM-CSF-driven mucosal sensitization to aerosolized OVA results
in a prototypic Th2-polarized allergic response characterized by
airways eosinophilia, expression of IL-4 and IL-5, production of
OVA-gpecific IgE, and long-term Ag-specific memory (30). Ex-
pression of 1P-10 at the time of mucosal allergic sensitization alters
the Th effector composition in the lung (as assessed by expression
of T1/ST2 and intracellular IFN-v), which results in changes in the
molecular and cellular profile both locally and systemically. In
particular, airway cxpression of IP-10 attenuates IL-4 and IL-13
production, induces vigorous IFN-y and OVA-specific IgG2a re-
sponses, and elicits a cascade of proinflammatory chemokines, in-
cluding MCP-1, RANTES, and MIP-1a. These molecular changes
correlate with a 60-75% inhibition of BAL eosinophilia and the

Ch4* T Cells

256 256

Events

CO8* T Cells
128

128

Events

105 00
CD6S —»

GM-CSF/RDA

GM-CSF/RDA | | GM-CSFAP-10
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recruitment of mononuclear cells and neutrophils, inflammatory
changes that were confirmed by histopathological analysis of lung
sections.

Several observations, however, are not satisfactorily explained
by the conclusion that IP-10 expression in the context of a GM-
CST milieu merely elicits a Thl-polarized response. Our data at
carly time points show that significant levels of OV A-specific Igh,
the cardinal humoral feature of the Th2 phenotype, are produced in
animals exposed to OVA in the context of IP-10. In the effector
organ, i.e., the airway, the twa prototypic Th2 cytokines 11.-5 and
IL-13 are readily detected, whereas histopathological features as-
sociated with a Th2 response, such as goblet cell hyperplasia and
mucous production, persist. On the other hand, that IP-10 simul-
taneously induces a robust IFN-y response and substantially ele-
vated levels of OV A-specific 1gG2a in serum suggests that IP-10
expression, rather than deviate the system away from Th2 polar-
ization, superimposes a competing Thl response upon an assidu-
ous Th2 background.

However, afthough [L-5 and IL-13 are detected in the BAL of
IP-10-treated mice, the levels of these cytokines are diminished—
significantly in the case of IL-13—compared with control mice
exposed to OVA following concurrent administration of RDA and
GM-CSF. We argue that these attenuated Th2 phenomena are the
consequence of the diminished influx of Th2 cells into the tissue;
our data, which demonstrate a ~40% reduction in the proportion
of CD4™" T cells expressing the bonafide Th2 marker T1/ST2,
support this hypothesis. Moreover, that both the level of I1.-13 and
the pervasiveness of goblet cell hyperplasia in the airway are re-
duced, but persistent, in [P-10-treated mice agrees with the dem-
onstrated role of IL-13 in promoting epithelial remodeling and
mucous production (38); the presence of IL-13 may also account

286

GM-CSF/IP-10

FIGURE 4. Flow cytometric analysis of T cell populations in the lung. On day 7 of the aerosolization protocol, mononuclear celis were isolated from
dispersed lung cells of mice treated with GM-CSF with or without concurrent administration of IP-10 or RDA. Cells from each group of four mice were
novled and stained for flow cytometric analysis of CD3, CD4, CD8, and CD6Y expression; for each Ab muxture, 20,000 events within the mononuciear
celi gate were collected for analysis. Data show the flow cytometry histograms for CD69 expression on gated CD3 'CD4 " or CD3 'CD8' populations in
unireated mice (naive), mice exposed to OVA in the context of IP-10 (GM-CSF/IP-10), or with coincident infection with control virus (RDA). The shaded
region depicts the distribution of events from samples stained with PE-conjugated anti-CD69 Ab; the unshaded region represents the corresponding isotype

control. Results are representative of two independent experiments.
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Table IV, Flow cytometric analysis of T1/ST2 and intracellular IFN-y
expression on CD4™ cells”

Ti/8T2" (%) IFN-v' (%)
Naive 5.04 ND
IP-10/0VA 8.90 8.37
GM-CSFOVA
No RxRDA 20.0 8.64
RDA 193 9.24
P-10 13.0 14.2

“ Mice were sacrificed at day 7 of the acrosolization protocol; mononuclear cells
were isolated from whole-lung homogenates pooled from four mice per treatment
group. Cells were stzined for flow cytometric analysis of CD3, CD4, and T1/8T2
expression or for CD4 and IFN-v expression following short-term stimulation with
PMA/ionomycin; 20,000 events within the mononuclear cell pate were collected for
analysis. Data indicate the fraction of CD3¥CD4™ cells expressing T1/ST2 or the
proportion of all CI¥4™ cells expressing intracellular [FN-v. Results are representative
of two independent experiments.

for the significant levels of OVA-specific IgF detected in 1P-10-
treated animals (39). Finally, the comparative reduction i IL-5 in
mice exposed to OVA in the context of IP-10 and GM-CSF is
consistent with reduced, but not absent, peripheral blood eosino-
philia in these animals. Indeed, it may be that dramatically reduced
levels of 1L-4 in BAL prevent the up-regulation of VCAM-1 on
pulmonary endothelium, resulting in the compartmentalization of
cosinophils in the circulation (40). As a future consideration, the
competing Thl phenomena elicited by IP-10 may provide a pro-
lific experimental setling to explore the role of eosinophils, IgE,
and Th2 mediators in the development of bronchial
hyperreactivity.

The dramatically elevated levels of IFN-v in the BAL of IP-10-
treated animals prompted us to explore the role of this cytokine in
the subversion of the Th2-polarized, GM-CSF-driven response to
aerosolized OVA. We therefore executed the same treatment reg-
imen in IFN-y KO mice and found that IP-1¢ expression did not
significantly inhibit BAL cosinophilia, demonstrating that the ef-
[ect of IP-10 on this outcome is dependent on [FN-y. To evaluate
more comprehensively the role of IFN-v in immune deviation in
this experimental setting, we directly investigated the effect of
IFN-v airway cxpression in wild-type (i.e., IFN-y suflicient) mice.
We observed complete abrogation of eosinophilia, and a reduction

Mononuciear Cells
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FIGURE 5.
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in mononuclear cell inflammation generally, in the BAL of Ad/
IFN-y-treated animals, indicating that overexpression of IFN-v is
sufficient to subvert the eosinophilic character of the GM-CSF-
driven inflammatory response to OVA. These findings mform a
comparison with the apparently paraliel effect induced by airway
expression of 11.-12 in this model of mucosal allergic sensitization
(33). Expression of 1L-12 in this setting resulis in an Ag-specific,
Thi-polarized immune response that is IFN-y independent,
whereas the ultimately similar effect clicited by 1P-10 is dependent
on JFN-v. This suggests ditferent pathways capable of Th2 sub-
version: although I1.-12 can directly mediate Thi polarization at
the level of the APC (33), we hypothesize that IP-10 initiates a
cascade of events, such as preferential recruitment and activation
of IFN-y-producing cells, that introduce Thl phenomena to an
existing Th2 context.

The levels of IP-10 protein in BAL exhibit a curious time
course: there is an initial burst of IP-10 in BAL 1 day after in.
administration of the vector, followed by a secondary, less robust
peak on the seventh day. We suggest that this second peak is me-
diated by IFN-v. In this regard, Gangur et al. (29, 41) have shown
that rIP-10 selectively enhances polyclonally driven and Ag-spe-
cific IFN-v production by cultured PBMC, and & variety of leu-
kocyte subsets and structural cells have been reported to express
IP-10 upon stimulation with IFN-vy (26 -28). Additionally, Xie et
al. (20) have shown that IP-10 injected into the peritoneum of mice
preferentially recruits adoptively transferred, Thl-polarized CD4™
T cells, which in turn may serve as a cellular source of [FN-y.
Collectively, these observations support the hypothesis that the
secondary peak of IP-10 expression 7 days afier vector adminis-
tration (and 3 days after resolution of the mitial burst of vector-
derived IP-10) may in fact refiect IFN-y production by resident
cells or by IFN-y-producing cells preferentially recruited by ex-
ogenous [P-10.

To explore the viability of this hypothesis, we used flow cytom-
etry to examine T cell subsets in the lung at day 7 of the aerosol-
ization protocol, the point at which we observe peak expression of
IFN-v in the BAL of IP-10-treated mice. We found that mice ex-
posed to OVA in the context of GM-CST and IP-10 had elevated
CD87 T cell populations in the lung compared with control mice.

&
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Effect of Ad/IP-10 intervention on inflammation in the BAL of mice rechalienged with aerosolized GVA. Groups of mice were mucosally

sensitized to GV A in the context of GM-CSF with or without concurrent expression of 1P-10; after completion of the daily OV A exposure regimen, aitways

inflammation was allowed to resolve (~-30 days) before mice were rechatienged with acro

ed OVA. Bars represent uatreated mice {naive) and mice

sensitized to OVA in the context of GM-CSF with no additional treatment (no Rx), with concurrent IP-10 expression (IP-10) or with comadent infection
with control virus (RDA). Data show mononuclear cells and cosinophils in BAL obtained 72 b after OVA acrosol rochallenge at day >50 {mean = SEM,
n = 5-8/treatment group: ANOVA was used to assess statistical sigrificance; *, p <0 0.05).
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A. Flow Cytometric Analysis of Iymphocyte Subsets in the Lang

GM-CSF/OVA

RDA IP-10

CD4 T Celis
CD3'CD4" 3429 2.8 (24)
CD3'CD47CD69" 0.38 (1%) 0.18 (6.7)

CD8 T Celts
CD3"CD8" 1.2 (10) 11087
CD3'CD8'CD69* 0.14 (12) 0.21 (18)

B. Gytokine Content in BAL

pg/mL

o . W ¥ - PRI = I 0L —
RDA IP-10 RDA P20 RDA 1P-30
GH-CSF/OVA GRL-CSF/OVA G#-CSF/OVA

FIGURE 6. Effect of IP-10 expression on lymphocytes and cytokines following in vivo OVA recall. A4, Groups of mice were mucosally sensitized (o
OVA in the context of GM-CSF with or without concurrent expression of IP-10; after completion of the daily OVA exposure regimen, airways inflammation
was allowed to resolve (-~30 day) before mice were rechallenged with aerosolized OVA. Seventy-two hours afier secondary exposure, mononuclear cells
were isolated from the dispersed lung cells of four mice per treatment group and stained for flow cytometric analysis of CD3, CD4, CD8, and CD69
expression; for each Ab mixture, 20,000 events within the mononuclear cell gate were collected for analysis. Data show the number (X 107*) of CD3~CD4*
and CD3"CD8™ celis per lung as well as the number of these celis coexpressing CD69: numbers in parentheses represent the percentage of CD4" and
CD8' T cells in the mononuclear cell gate or the percentage of CD69' cells within the CD3'CD4" or CD3'CD8' gate. B, Mice were sacrificed 24 h
after long-term Ag rechallenge, and cytokines were measured in BAL by ELISA. Bars represent mice initially exposed to GVA in the context of GM-CSF
and IP-10 expression (IP-10) or following concurrent administration of GM-CSF and RDA. Data represcat mean = SEM; 1 = 3/treatment group; Student’s

t test was used to assess siatistical significance; *, p < 0.05.

These differences were particularly pronounced when the activa-
tion status of these lymphoceytes was considered: [P-10 interven-
tion resulted in markedly enhanced expression of CD69 on both
CD4" and CD8" T cells, an observation consistent with the find-
ing that IP-10 preferentially recruits activated T cells (15, 19). To
characterize more comprehensively the phenotype of T lympho-
cytes in the lung, we studied T cells for surface expression of
T1/872, a putative marker of Th2 differentiation (35-37), and for
ntracellular IFN-v, the prototypic Thl effector cytokine. Although
CD8' T cells, irrespective of treatment regimen, expressed only
basa! levels of T1/8T2 and exhibited no change in intraceliular
IFN-v (data not shown), there was a reduction in the proportion of
CD4™ T cells displaying T1/8T2 and a corresponding increase in
the fraction of CD4 ' cells expressing inwracellular IFN-vy. Thus, it
is tempting to envision a model in which IP-10, through the pref-
crential recruitment of activated CD8™ and Thi cells, establishes
an airway microenvironment conducive to the differentiation and
amplification of a Thl-polarized response to OVA.

To elucidate these Thl-biased phenomena and to investigate
whether IP-10 intervention altered the memory response 1o OVA,
we subjected mice to an OVA aerosol challenge well afler reso-
lution of acute inflammation in the airway and clearance of the
vector-encoded IP-10 and GM-CSF transgenes. We observed that
OV A-rechallenged mice whose initial Ag encounter occurred in
the context of an [P-10/GM-CSF milieu exhibited significantly less
eosinophilia, though comparable total inflammation, in the BAIL
compared with mice initiaily trcated with GM-CSF alone. This
observation argues strongly for the persistence of a distinet, Ag-
specific memory lymphoeyte population and, concomitantly, sug-
gests that the airway microenvironment established by IP-10 dur-
ing primary OVA exposure influenced the evolution of the
adaptive response to OVA. Examination of cytokine production in
the BAIL and of lymphocyte populations in the lung following
OVA rechallenge complement findings during primary Ag cxpo-
sure. Indeed, concurrent IP-10 expression in the girway at the time
of initial OVA delivery privileges the recruitment of activated
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CD8* T celis to the lung upon in vive OVA recall. Morcover,
although IFN-v and iL-5 content in the BAL of IP-10-treated mice
is unaltered-- observations that speak io the heterogeneity of the
Th1/Th2 balance and the persistence of Th2 phenomena following
1P-10 intervention—IL-4 production is ablated, indicating that the
underlying Th2 character of GM-CUSF-mediated sensitization to
OVA has been permanently impoverished by concurrent expres-
sion of iP-10.

in summary, we have shown that expression of the chemokine
1P-10 can introduce a competing Th1 phenotype to an immunoe-
logical setting otherwise predisposed to the development of aller-
gic airways inflammation and can thereby subvert Th2 features of
the ensuing response. Extrapolated to a broader immunoclogical and
clinical context, these data illustrate the plasticity of T helper re-
sponses and reinforce the importance of the microenvironment in
elaborating and maintaining such responses. That an [P-10 immuno-
logical milieu has the capacity to alter the nature of an Ag-specific,
‘Th2-polarized timmune-inflammatory response attributes to this che-
mokine an immunomodulatory function that transcends chemotaxis.
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1. Abstract

Several recent studies have implicated CCL20 (MIP-30) in the recruitment of
dendritic cells to sites of immunologic challenge. To investigate the functional implications
of this chemotactic activity in the lung, we administered a replication-deficient adenovirus
(Ad) encoding the transgene for human CCL20 to the airways of mice. 6 days following
intranasal delivery, Ad/CCL20 resulted in a 20- to 50-fold enrichment in the number of lung
mononuclear cells coexpressing MHC class II and CD1lc (dendritic cells) or CD11b
(macrophages) compared to administration of an equivalent dose of replication-deficient
adenovirus (RDA) control; there was also an expansion of B lymphocytes, CD4" and CD8’
T cells in the lungs of Ad/CCL20-treated mice. To investigate the immunological
implications of this inflammatoty milieu, Ad/CCL20- or RDA-treated mice received 10
consecutive daily exposures to aerosolized OVA; while no mflammatory response was
observed in RDA controls, OVA exposure in the context of CCL20 expression resulted in a
mononuclear/neutrophilic inflammatory infiltrate in the BAL of mice that was
indistinguishable from that elicited by Ad/CCL20 alone. However, in sharp constrast to
treatment with RDA control or Ad/CCL20 alone, long-term 7 wivs rechallenge with
aerosolized OVA elicited a mononuclear/neutrophilic recall inflammatory response in BAL
of mice initially exposed to OVA in a CCL20-conditioned airway microenvironment. This
local response 1n the airway was associated with amplified levels of OV A-specific 1gG,,, a
Thl-associated immunoglobulin, in serum. These data underscore the potential importance
of the CCL20/CCR®6 axis in the immunology of the lung, and suggest that CCL20, through
the recruitment/expansion of APC subsets in the airway, facilitated Th1-biased sensitization

to OVA.
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2. introduction

The CC chemokine ligand (CCL) 20, often designated by its familiar name,
macrophage nflammatory protein (MIP) 30, has been described as one of the most potent
chemokines mnvolved in the recruitment of dendritic cells (BDC) to sites of immunologic
challenge. Its receptor, CC chemokine receptor (CCR) 6, was originally identified on B
lymphocytes, CD4" and CD8" T cells (1), and immatare DC (2, 3). Although 1mtial data
suggested that CCL20 preferentially recruited DC that had differentiated from CD34"
progenitors, more recent data indicate that this putatively restricted pattern of CCR6
expression on particular DC subsets may be doctrinaire (4-8) and that CCL20 may be
understood as a chemokine broadly relevant to DC biology.

Seminal] research in the skin intimated that CCL20 functioned primarily in the
constitutive recruitment of immature DC, while a separate panel of chemokines, such as
CCL2 (MCP-1), mobilized myeloid, “inflammatory” DC duting periods of immunologic
challenge (9-11). Far from simply a regulator of homeostatic DC migration, however, CCL20
is also preferentially upregulated at sites of inflammation and may be part of a series of
complementary chemokine gradients that sequentially mobilize DC, guide them to the
pathogen and shunt them to the lymphatic system (12, 13). CCL20 has been detected in
tonsils and lesional psoriatic skin (14, 15), in the central nervous system of mice undergoing
experimental autoimmune encephalomyelitis (EAE) (16), in lesional skin tissues of patients
with atopic dermatitis (17), in colonic specimens from Crohn’s sufferers (18), and in the
mflamed synovium of rheumatoid arthritis patients (19-22). Moreover, its critical role in the
regulation of experimental inflammatory bowel disease (23), intestinal immunity (4) and

allergic atrway inflammation (24) has been documented in CCR6-deficient mice. Thus, the
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prevailing paradigm argues that CCR6™ DC, once they have been recruited to the site of
immunologic challenge, lose responsiveness to CCL20 and acquire a phenotype that
prepares them for migration to the draining lymoh nodes. Indeed, stimulation of 7n wir-
derived DC with inflammatory signals, such as TNF-a or lipopolysaccharide (LPS), reduces
CCRG expression, aborts responsiveness to CCL20 and upregulates CCR7, whose ligands
CCL19 (MIP-3B) and CCL21 (secondary lymphoid tdssue chemokine [SLC]) ate
constitutively expressed in lymphoid tissue (25-30).

Notwithstanding significant progress in our understanding of CCL20 as a
chemokinetic regulator of DC migration, investigators have yet to reach consensus vis-d-vis
the role of this chemokine in the elaboration of immune responses. Moreover, with the
exception of a handful of studies showing CCL20 upregulation in appropmately stimulated
airway epithelia (31-33), little is known about the immunoregulatory activity of CCL20 in the
lung #n wvive. In this study, we sought to advance this knowledge by exploring the
mflammatory effects of adenovirus-mediated local gene transfer of CCL20 to the lungs of
mice. We report that CCL20 expression in the airway elicited robust accumulation of APC
and T lymphocyte populations in the lung, preferentially expanding dendritic cells bearing 2
potent costimulatory phenotype. We further demonstrate that this inflammatory context
subverted inhalation tolerance to an otherwise innocuous protein, facilitating Thi-biased
sensitization and the establishment of long-term immunologic memory to OVA. Overall,
this study furnishes novel evidence that CCL20 expression at the site of mmmunologic
challenge can orchestrate an mflammatory response that has important implications for the

evolution of adaptive immumnity.



PhD Thesis — R. E. Wiley 61 McMaster — Medical Sciences

3. Materials and Methods

Animals. Female Balb/c mice (6-8 weeks old) were purchased from Charles River
Laboratories (Montreal, PQ, Canada). The mice were housed under specific pathogen-free
conditions following a 12 h light-dark cycle. All experiments described in this study were
approved by the Animal Research Ethics Board of McMaster University.

Adpinistration of Adenoviral Constructs.  To elicit local expression of CCL20, a
replication-deficient human type 5 adenoviral (Ad) construct encoding murine CCL20
cDNA in the El region of the viral genome was delivered intranasally (in.) to anzsthetized
animals on day -1 (orginal CCL20 sequence furnished by Dr. John White,
GlaxoSmithKline, King of Prussia, PA). The vector was constructed by homologous
recombination in 293 cells using the Ad genomic plasmid pJM17 (34). Ad/CCL20 was
administered at doses of 3x10" or 9x10" pfu in 30 ML of PBS vehicle; an appropriate dose of
an El-deleted replication-deficient adenovirus (RDA) was used to control for the
immunologic effects of viral infection per se.

Aerosolization Protocol. Over a period of ten consecutive days (days O to 9), mice were
placed in a Plexiglass chamber (10 cm x 15 cm x 25 cm) and exposed for 20 min daily to
aerosolized OVA (1% wt/vol in 0.9% saline) (Sigma-Aldrich, Oakville, ON). The OVA
aerosol was generated by 2 Bennett nebulizer at 2 flow rate of 10 L/min. For the rechallenge
experiment, mice were exposed to a 1% OVA aerosol for 20 minutes on three consecutive
days beginning ~4 w after the initial ten OV A exposures had been completed.

Collection and Measurement of Specimens. At various time points after adenovirus
administration or during the aerosolization regimen, mice were sacrificed and

bronchoalveolar lavage (BAL) was obtained as previously described (30). In brief, the lungs
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were dissected and the trachea cannulated with a polyethylene tube (Becton Dickinson,
Sparks, MD). The lungs were lavaged twice with PBS (0.25 ml followed by 0.2 mlL).
Approximately 0.3 mL of the instilled fluid was consistently recovered. Total cell counts
were determined using a hemocytometer. After centrifugation, supernatants were stored at -
20°C for cytokine measurements by ELISA; cell pellets were resuspended in PBS and smears
wete prepared by cytocentrifugation (Shandon, Pittsburgh, PA) at 300 rpm for 2 min. Diff-
Quik (Baxter, McGraw Park, IL) was used to stain all smears. Differential counts of BAL
cells were determined from at least 500 leukocytes using standard hamocytological criteria to
classify the cells as neutrophils, eosinophils, lymphocytes or macrophages/monocytes.
Additionally, blood was collected by retro-orbital bleeding. Serum was obtamed by
centrifugation after incubating whole blood for 30 min at 37°C. Lung tissue was fixed in
10% formalin and embedded in paraffin. 3-p-thick sections were stained with hematoxylin
and eosin for visualization of leukocytes and histopathological features.

Cytokine and Immunoglobulin Measurement. ELISAs for the measurement of IFNy, IL-4,
IL-5, 11-10 and IL-13 were purchased from R&D Systems; each of these ELISAs has a
threshold of detection between 1.5 and 7.0 pg/mL. OVA-specific IgG,, was measured by

sandwich ELISA with OVA in the solid phase. 96-well plates were coated with 5 pg/mL
OVA in botate buffer (100 pL/well) for 1 h at 37°C, 3 h at room temperature and then
overnight at 4°C. Plates were blocked for 2 h at room temperature with 150 uL/well 1%
BSA in PBS before loading samples (50 pL/well). Plates were then incubated overnight at

4°C and washed before adding 50 puL of 0.25 ng/mL biodnylated anti-mouse IgG,, antibody

(Southern Biotechnology Associates, Birmingham, AB) to each well Following a 2-h
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incubation at room temperature, plates were washed, incubated with alkaline
phosphatase/streptavidin for 1 h at room temperature (50 yL/well at a concentration of
1:1000) and developed with p-nitrophenyl phosphate substrate dissolved in diethanolamine
buffer. This ELISA was standardized with serum obtained from mice sensitized to OVA
according to our Thil-polarized mucosal sensitization model (35) and bled at day 11 of the
protocol. Levels of OV A-specific IgE were detected using an antigen-capture (biotinylated
OVA) ELISA method as described (36); anti-mouse IgE antibodies were obtained from
Southern Biotechnology Associates (Birmingham, AB). This ELISA was standardized with
serum obtained from mice sensitized to OVA according to a conventional intrapertioneal
sensitization model and bled 7 d following the second sensitization (36). Immunglobulin
levels atre expressed in units (U)/mL relative to standard sera.

Lymph Node/Lung Cell Isolation and Flow Cytometric Analysis of Lymph Node/Lung Cell
Subsets. Lungs were perfused with 10 ml prepared buffer (10% FBS, 1%
penicillin/streptomycin in HBSS) through the right ventricle, cut into small (~2 mm
diameter) pieces and agitated at 37°C for 1 h in 15 mL collagenase 111 (Life Technologies,
Rockville, MD) at a concentration of 150 U/mL in HBSS. Using the plunger from a 5 cc
syringe, the lung pieces were triturated through a metal screen into HBSS, and the resulting
cell suspension was filtered through nylon mesh. Mononuclear cells were isolated at the
interphase between layers of 30% and 60% Percoll following density gradient centifugation.
Cells were washed twice in PBS and stained for flow cytometric analysis. Thoracic lymph
nodes were triturated between the frosted ends of glass slides to disperse mononuciear cells;

the cells were filtered through nylon mesh and washed once in PBS before staining. For each
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antibody combination, 1x10° cells were incubated with monoclonal antibodies at 0-4°C for
30 min; the cells were then washed and treated with second stage reagents. Data were
collected using 2 FACScan® (Becton Dickinson, Sunnyvale, CA) and analyzed using
WinMDI software (Scripps Research Institute, La Jola, CA). The following antibodies and
reagents were used: hamster IgG anti-CD3e, PE-conjugated and Cy-Chrome™-conjugated
(145-2C11); rat IgG,, anti-CD4, FITC-conjugated and Cy-Chrome™-conjugated (RM4-5);
rat IgG,, ant-CD8a, FITC-conjugated (53-6.7); mouse IgG, anti-MHC class II, FITC-
conjugated (39-10-8); hamster IgG anti-CD11c, PE-conjugated (HL3); rat IgG,, anti-CD11b,
PE-conjugated (M1/70); rat IgG,, anti-B220, PE-conjugated (RA3-6B2); hamster IgG anti-
B7.1, biotinylated (16-10A1); rat IgG,, anti-B7.2, biotinylated (GL1); all relevant control
isotypes; and Streptavidin PerCP (all purchased from BD PharMingen, San Diego, CA). The
antibodies were titrated to determine optimal concentration.

Data Analysis. Data are expressed as meanzSEM, unless otherwise indicated. Results
were interpreted using Student’s t-test or ANOVA with Tukey poss hoc test, where

appropriate. Differences were considered statistically significant when p<0.05.
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4. Results
4.1 Adenoviral gene transfer of CCL20 elicits monsnuclear and nentrophilic inflammation in BAL.
To characterize the biclogical impact of localized expression of CCL20 in the airway,
9x10" pfa Ad/CCL20 or 9x10" pfu control RDA were administered intranasally to mice on
day -1, groups of which were sacrificed at days 3 or 6. The accumulation of macrophages,
neutrophils and lymphocytes corresponded to peak expression of exogenous (human)
CCL20 in BAL (Figure 1), though eosinophils (not illustrated) were not detected; no changes
in cell content were observed in RDA-treated mice, whose BAL profile resembled that of
naive mice (historical control not shown). Exogenous CCL20 expression was extinguished
by day 6, though inflammation in BAL persisted. There was no statistically significant change
in endogenous CCL20 expression in BAL of Ad/CCL20-treated mice compared to RDA

controls (data not shown).

4.2 CCIL20 excpression enriches antigen-presenting cell and T lymphocyte populations in the lung.

To investigate the impact of local expression of CCL20 on the antigen-presenting
cell (APC) and T lymphocyte profile in the lung, we administered 3x10” or 9x10" pfu
Ad/CCL20, or 9x10' pfu control RDA intranasally to Balb/c mice on day -1; mice were
sacrificed at days 3 or 6 (coincident with robust inflammation in BAL), and mononuclear
cells were isolated from whole lung homogenates and stained for flow cytometric analysis of
APC and T cells. Exogenous CCL20 activity yielded virtually undetectable changes in
mononuclear cell content in whole lung at day 3. By day 6, however, CCL20 expression had

induced substantial inflammation in the lung. Intervention with 9%x10’ pfu Ad/CCL20, in
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particular, resulted in a 20- to 50-fold expansion of MHC Class II (MHCII)"CD11c’
dendritic cells, MHCII'CD11p"" macrophages and MHCII'B220" B lymphocytes in the
lung at day 6 compared to administration of an equivalent dose of RDA (Figure 2).
Moreover, this dramatic alteration m the overall level of inflammation translated to the
preferential enrichment of CD1ic’ and CD11b™" APC populations, each representing
approximately 2 to 3% of pulmonary mononuclear cells at day 6 following RDA
administration and rising to ~8% in mice treated with 9x10" pfu Ad/CCL20 (proportional
data presented in numbers above bars in Figure 2); 3x10’ pfu Ad/CCL20 resulted in a
comparable enrichment of macrophages at day 6. No substantial changes in the relative
magnitude of these APC subsets were observed for either dose at day 3 (data not presented).
In addition to augmenting APC subsets in the lung, instillation of 9x10" pfu Ad/CCL20
elicited 2 complementary 10-fold expansion of both CD4" and CD8" T cells at day 6
compated to RDA control (Figure 3), indicating that CCL20 expression 7z vipo exhibits
proinflammatory activity (either directly or indirectly) for a broad spectrum of mononuclear

cells.

4.3 Flow cytometric analysis of costimulatory molecnles on the APC compartment in the lung.

We used flow cytometry to characterize the costimulatory phenotype of APC
infiltrating the lung following Ad/CCL20 administration. In particular, we examined
expression of the costimulatory molecules B7.1 and B7.2 on MHCII'CD11c" dendritic cells,
MHCII'CD11b" macrophages and MHCII"B220" B cells at days 6 and 11 following

Ad/CCL20 or RDA administration at 2 dose of 9x10’ pfu (adenovirus was administered at
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this dose in all experiments that follow). Exogenous CCL20 expression resulted in a
dramatic increase in the numbers of B7.1", and especially B7.2", APC of all subsets at both
time points compared to naive animals (numbers in parentheses in Table I); by contrast,
RDA mtervention elicited a relatively modest amplification of these APC populations.
Moreover, exogenous CCL20, to a greater extent than RDA zlone, preferentially enhanced
the fracton of APC exptessing B7.2 at days 6 and 11 (Table I); that is, Ad/CCL20
established an airway microenvironment that privileged the enrichment of APC bearing 2

costimulatory phenotype.

4.4 A CCL20-conditioned airway microenvironment permits phenotypically misxed, Thi-biased

sensitization to OV A.

Given the impressive expansion of mononuclear cells in the lung following airway
gene transfer of CCL20, and the privileged enhancement of professional APC in particular,
we investigated the effect of this inflammatory environment on the response to aerosolized
OVA, to which passive exposure typically elicits immunologic tolerance. Mice were treated
with Ad/CCL20 or RDA and were exposed concurtently to an aerosol of OVA on ten
consecutive days. In BAL and whole lung homogenates, it was impossible to distinguish the
OV A-specific inflammatory response from that elicited by Ad/CCL20 alone; indeed, CCL20
expression per se resulted in a robust accumulation of mononuclear cells that obviated the
effect of OVA (data not shown). However, in the thoracic lymph nodes, the putative site of
differentiation and articulation of the immune response, CCL20 intervention in the context
of OVA exposure induced a 3-fold greater expansion of APC, including dendritic cells, than

CCL20 expression alone (fe in the presence of viral antigens only) at day 6 of the
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aerosolization protocol (I'able II); the magnitude of the CCL20/OVA-induced lymphoid
response was approximately 20-fold greater than that observed in RDA controls.

To ascertain whether CCL20 established conditions conducive to OVA-specific
sensitization, mice were rechallenged with aerosclized OVA on three consecutive days once
exogenous CCL20 expression had waned and acute inflammatory processes had resolved
(recall exposures began ~ 4 weeks after the initial 10-day OV A exposure regimen had been
completed). OVA-naive control mice originally treated with Ad/CCL20 in the absence of
concurrent OVA exposure established a baseline against which OV A-specific inflammatory
responses during rechallenge could be appraised (Figure 4). By comparison, mice sensitized
to OVA in the context of CCL20 mounted 2 robust, primarily mononuclear inflammatory
response in the lung as assessed in BAL (Figure 4); this contrasts with the negligible airway
inflammation evoked in mice initially treated with RDA. In particular, the inflammatory
infiltrate evoked in mice sensitized to OVA in a2 CCL20 milieu was characterized by
dramatically elevated levels of lymphocytes; RDA intervention did not yield this lymphocytic
response upon rechallenge with OVA. Consistent with observations at earlier time points,
eosinophils were not detected in BAL of either group (not illustrated). Cellular findings in
BAL were confirmed histopathologically (Figure 5). OV A-rechallenged mice sensitized to
OVA m the context of CCL20 overexpression exhibited pervasive peribronchial and
perivascular mononuclear inflammation, with clear evidence of goblet cell hyperplasia. In
contrast, relatively modest baseline inflammation persisted in the lung tissue of OV A-naive,
Ad/CCL20-treated control mice, whose airway epithelium was punctuated by only
occasional foci of goblet cell hyperplasia; the level of inflammation observed in rechallenged

mice originally treated with RDA was similarly low.
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To characterize further the phenotype of the CCL20-conditioned, OV A-specific
immune response, we quantified immunoglobulin levels in serum both acutely (ie after the
tenth sensitizing exposure to OVA) and following long-term # wwe recall Though
immunoglobulin titres were low in all groups at the early time-point, post-rechallenge levels
of OVA-specific IgG,,, a2 Thi-associated immunoglobulin, were several fold higher in mice
sensitized to OVA in the context of CCL20 than in RDA control mice (Figure 4); levels of
OVA-specific IgE were uniformly low in all groups (data not displayed), while there was a
trend toward elevated OV A-specific IgG,, an isotype of arguably neutral/mixed phenotype,
m the CCL20 group (Figure 4). Notably, this humoral response is consistent with the
cytokine profile in BAL of mice during OVA sensitization. Compared to concurrent
RDA/OVA treatment, OVA exposure in the context of CCL20 expression resulted in a
trend toward elevated IFNY content in BAL immediately following the tenth OVA exposure
(data not shown); irrespective of experimental intervention, only negligible levels of the Th2-
affiliated cytokines IL-4, IL-5, IL-10 and IL-13 were detected in BAL. Combined, these
humoral and mnflammatory z vive recall data indicate both the presence and persistence of
Th1-biased, OV A-specific immunologic memory in mice intially exposed to OVA in an

airway microenvironment modified by CCL20.
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5. Discussion

As the most potent subset of antigen-presenting cells capable of activating naive T
cells, dendritic cells (DC) are generally instrumental in the initiation of immune-
inflammatory responses inn lymphatic organs. That they migrate to draining lymph nodes
upon maturation means that resident DC need to be replenished mn immune-challenged
tissue. Given the documented ability of CCL20 to recruit primarily immature DC, it is not
sutprising that a handful of recent studies have intumated the critical role of the
CCL20/CCRG axis in the elaboration of immune-inflammatory responses. The availability of
anti-CCL20 neutralizing antibodies and the CCR6-deficient mouse, in particular, have
afforded researchers indispensable instruments to appraise CCL20 activity in homeostasis
and in models of disease—to which our emerging understanding of the complex role of
CCL20 in cutaneous and intestinal immunity (4, 23, 37-39), in the development of
experimental allergic encephalomyelitis (EAE) (40), and in the expression of the allergic
phenotype (24) attest. While this research has begun to elucidate the processes and pathways
in which CCL20 activity is necessary, very little is known about the sufficiency of CCL20: about
the immune-inflammatory cascade that CCL20 expression per se initiates (41). Moreover,
though CCL20 is expressed constitutively in the lung (42, 43) and its receptor has been
detected on lung dendritic cells (3), the function of CCL20 in the immunology of the airway
mucosa remains relatively uncharted. The research presented in this study begins to address
these questions, furnishing evidence that amplified expression of CCL20 in the lung
establishes an immune-potentiating microevironment that can subvert tolerance to an
otherwise innocuous inhaled antigen.

We have found that overexpression of human CCL20 in the lungs of mice resulted
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in a marked accumulation of APC and T lymphocytes in both BAL and dispersed lung
tissue. Compared to mtranasal administration of control RIDA, which elicited no detectable
inflammation, Ad/CCL20 administration resulted in the infileration of macrophages,
neutrophils and lymphocytes, but no eosinophils, intc BAL following peak expression of
exogenous CCL20; this cellular response, moreover, mirrored the kinetics of exogenous
CCL20 expression in the lung. Although activated human neutrophils are known to express
CCR6 (44), which may account for their accumulation in the BAL of Ad/CCL20-treated
mice, it also possible, perhaps even likely, that this neutrophilia was an indirect consequence
of the potentiation of anti-viral immunity by CCL20-responsive APC.

Flow cytometric characterization of MHCII" APC susbets in lung tissue showed a
dramatic expansion of CD11c” (dendritic cell), CD11b™" (macrophage) and B220" (B cell)
populations in Ad/CCL20-treated mice compated to RDA controls, though the 4-fold
proportional expansion of dendritic cells and macrophages was especially pronounced. From
published data, one can reasonably assume that CCL20 expression primarily recruited cells
of a myeloid (Ze. CD11b") rather than a lymphoid (Ze. CD8") pedigree (6). However, it is also
important to consider the intrinsic biological complexity of sustained, Ad-mediated CCL20
expression 7 vvo and the resulting inability to distinguish direct recruitment of CCRG" cells
from indirect, downstream inflammatory pathways. While it is likely that exogenous CCL20
in the lung ditectly mobilized CCR6™ dendritic cells from the circulation, in addition to B
lymphocytes, CD4" and CD8" effector/memory T cells—all of which have been shown to
express CCRO and respond to CCL20 (45-51)—it is also possible that incipient recruitment
of these cells engaged a self-perpetuating inflammatory cascade potentiated, in part, by the

persistence of viral antigens. This intrinsic artifact notwithstanding, it is clear that airway
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gene transfer of CCL20 established a proinflammatory microenvironment that could not be
achieved with RDA alone.

We also quantified the expression of B7.1 and B7.2 on gated APC subsets from
dispersed lung tissue and found that exogenous CCL20 expression elicited an eatly and
sustained enrichment of B7.2" APC subsets compared to naive controls. Interestingly, the
presence of viral antigens was apparently instrumental to this amplification of the APC
costimulatory profile: RDA-treated mice exhibited a similar, if delayed and slightly
attenuated, enhancement in B7.2 expression on lung dendritic cells. However, 1n terms of
cell number, CCL20 expression resulted in an expansion of both B7.17 and B7.2" APC that
far exceeded that achieved by RDA alone, pointing to a significantly heightened immune
potental in Ad/CCL20-treated mice.

Sustained, Ad-driven expression of CCL20 in the lung provides an interesting
demonstration of the chemotactic potential of the CCL20/CCRG axis at the airway mucosa,
an anatomical and immunological site that has received relatively little attention in the
CCL20 Iiterature. We wished to parlay these observations to a more rigorous functional
analysis by investigating the impact of CCL20-mediated APC accumulation on immune
activity, particularly given the expansion of APC subsets bearing a costimulatory phenotype.
To this end, we passively exposed Ad/CCL20- or RDA-treated mice to an aerosol of OVA,
an antigen that, in the absence of additional activatory signals, typically induces inhalation
tolerance (52, 53). Although there was some suggestion that the level of IFNY in the BAL of
mice exposed to OVA during concurrent CCL20 expression was higher than that detected in
RDA-treated controls sacrificed immediately following termination of the OVA challenge

protocol, 1t was impossible to disentangle OVA-specific phenomena from the robust
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inflammatory response elicited by CCL20 per se. We therefore waited several weeks to allow
acute inflammatory processes to resolve and Ad-mediated CCL20 expression to expire
before subjecting mice to a secondary recall challenge with aerosolized OVA. In this setting,
Ad/CCL20-treated mice not previously exposed to OVA had a negligible inflammatory
profile in BAL that was virtually indistinguishable from that of OV A-rechallenged mice
initially introduced to OVA in the context of RDA. By comparison, mice whose first
encounter with OVA was conditioned by CCL20 expression mounted an mmpressive
inflammatory response upon antigen recall Macrophages, neutrophils and especially
lymphocytes were substantially elevated in BAL of these mice; eosinophils could not be
detected. The magnitude and phenotype of this recall response suggested unequivocally that
CCL20 expression during incipient OVA exposure had conditioned an inflammatory milieu
in the airway conducive to sensitization to OVA.

These data mdirectly confirm the importance of APC expansion, in addition to
activation, 1n the initiation and elaboration of a productive immune-inflammatory response.
Although RDA infection per se matured resident APC in the airway, only CCL20 expression
provided a potent stimulus to increase these APC populations; it was likely Ad-dependent
activation, in additon to the non-specific amplification of endogenous signals in the
inflamed airway of Ad/CCL20-treated mice, that matured the accumulated APC and
established a critical mass of activated dendritic cells. This concept was verified m the
thoracic lymph nodes, where airway CCL20 expression facilitated 2 20-fold expansion of
dendritic cells in OV A-exposed mice compared to that observed in RDA controls. It would
seem, then, that CCL20 expression in the airway mobilized the migration of professional

APC to the lung; the presence of exogenous antigen (OVA), in turn, harnessed this APC
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response as the recruited cells, having sequestered antigen and acquired a mature phenotype,
migrated to the lymph nodes to initiate an antigen-specific T cell response.

The profusion of research into the role of CCL20 in various inflammatory processes
has tended to favour a model that prioritizes CCL20 actvity in Thil-related phenomena,
such as inflammatory bowel disease (4, 18, 23, 37-39), varicus skin pathologies (14, 15),
rheumatoid arthritis (19-22), neurogenic inflammation (16, 40) and, underscored by CCL20’s
recently-described antimicrobial properties, bacterial infection (32, 54-58). However, that
CCRS deficiency attenuated inflammation in 2 murine model of allergic asthma (24), and that
human airway epithelia secrete CCL20 when stimulated with IL-4, IL-13 and ambient
particulate matter (31)—a putative agent in the =xtiology of asthma (59, 60)—would
challenge the strict assignment of CCL20 to a particular pole on the Th1/Th2 spectrum.
While the local inflammatory response we documented in Ad/CCL20-treated mice was
certainly consistent with an interpretation of a default Thl bias, assessment of systemic
humoral immunity confirmed the Thl phenotype of the CCL20-conditioned immune
response to OVA. Unlike RDA treatment, which facilitated the production of persistently
low levels of OVA-specific immunoglobulins, CCL20 expression resulted in dramatically
amplified production of Thi-polarized IgG,, and essentially no change in IgE. It can be
inferred from these data that CCL20 expression conditioned a Thil-biased immune-
inflammatory response to concurrent OVA exposure.

This paper is one of the first to describe the immune-inflammatory processes
elaborated by CCL20 overexpression, and furnishes some insight into the functional role
CCL20 might play in the immunology of the airway mucosa. We have also shown that the

APC-enriched airway microenvironment conditioned by Ad-mediated CCL20 expression
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facilitates Thil-biased sensitization to an innocuous antigen, fortifying the concept that
CCL20/CCR6 could be targeted for both the management and therapeutic induction of

immune-inflammatory responses.
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7. Figure Legends

FIGURE 1

FIGURE 2

Kinetics of CCILL20 expression and concomitant inflammation in BAL. Mice were
injected intranaslly with 9x10" pfu Ad/CCL20 or RDA on day -1, and groups
were serially sacrificed at days 3 and 6. The upper panel displays total
mflammation in BAL (bar graph) of Ad/CCL20-treated (gray) and RDA
control-treated (black) mice with respect to changes in expression of
exogenous (human) CCL20 protein in BAL (line graph). The lower panels
describe the phenotype of cells accumulating in BAL. Data indicate
mean+SEM; n=3-7 per treatment group; * p<0.05 (5. RDA).

Flow cytometric analysis of antigen-presenting cell populations in the lung following
compartmentalized expression of CCL20. Mice were treated intranasally with
3x107 or 9x107 pfu Ad/CCL20 or 9x10’ pfu RDA on day —1 and sacrificed
at days 3 and 6. Mononuclear cells were purified from dispersed lung cells,
pooled from 3-4 mice per group and stained for flow cytometric analysis of
dendritic cells (MHCII'CD11c"), macrophages (MHCII'CD11b™") and B
cells (MHCII'B220"); for each antibody cocktail, 20000 events within the
mononuclear cell gate were collected for analysis. Data show the number of
MHCII'CD11c’, MHCII'CD11b™" and MHCII'B220" cells isolated per
lung at days 3 (black bars) and 6 (gray bars) from naive mice, mice infected
with 9x107 pfu RDA, and mice treated with 3x107 or 9x10” pfu Ad/CCL20.
Numbers above bars indicate the fraction (%) of MHCII'CD11c’,

MHCIT'CD11b™" or MHCIT'B220" cells per lung in the mononuclear cell
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FIGURE3

FIGURE4

gate at day 6.

Effect of comparimentalized CCI20 expression on T lymphocyte populations in the hing.
Groups of mice were treated intranasally with 3x10" or 9x107 pfu
Ad/CCL20 or 9x10" pfu RDA on day —1 and sacrificed at days 3 and 6.

Mononuclear cells were purified from dispersed lung cells, pooled from 3-4

' mice per group and stained for flow cytometric analysis of CD4™ T cells

(CD3'CD4") and CD8" T cells (CD3°CD8"); for each antibody cocktail,
20000 events within the mononuclear cell gate were collected for analysis.
Data show the number of CD4”™ and CD8" T cells isolated per lung at days 3
(black bars) and 6 (gray bars) from naive mice, mice infected with 9x10’ pfu
RDA, and mice treated with 3x10" or 9x10" pfu Ad/CCI.20. Numbers above
bars indicate the fraction (%) of CD3+CD4+ or CD3+CD8+ cells per lung
m the lymphocyte gate (T cell subsets) at day 6.

Effect of initial exposure to OV.A in the context of CCL20 expression on the long-tern
tmmune-inflammatory response during in vive OV.A recall. Groups of mice were
treated with 9x107 pfu RDA or Ad/CCL20 and were concutrently exposed
to acrosolized OVA on ten consecutive days; atrway inflammation was
allowed to resolve (>4 weeks) before mice were rechallenged with
aerosolized OVA on three consecutive days. Bars represent Ad/CCL20-
treated mice that were not exposed to OVA during exogenous CCL20
expression (CCL20), and rechallenged mice initially exposed to OVA in the

context of coincident RDA intervention (RDA/OVA) or CCL20 expression
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FIGURES

(CCL20/OVA). Upper panels show macrophages, lymphocytes and
neutrophils in BAL obtained 72 h after the last OVA recall exposure; lower
panel displays OV A-specific IgG, in serum of mice 48 h following the tenth
sensiizing OVA exposure (black bars) or 72 h after OVA rechallenge (gray
bars). Data indicate mean+SEM; n=4-12 per treatment group; * p<0.05.

Histopathological analysis of lung tissue from OV A-rechallenged mice. Groups of mice
were treated with 9x10" pfu RDA or Ad/CCL20 and were concurrently
exposed to aerosolized OVA on ten consecutive days; airway inflammation
was allowed to resolve (>4 weeks) before mice were rechallenged with
aerosolized OVA on three consecutive days. Lungs were harvested 72 h after
the last recall exposure, fixed in formalin, sectioned and stained with
hematoxylin and eosin. Panels display representative sections from
Ad/CCL20-treated mice that were not exposed to OVA duting exogenous
CCL20 expression (CCL20 only), and rechallenged mice mitially exposed to
OVA in the context of coincident RDA intervention (RDA/OVA) ot

CCL20 expression (CCL20/OVA). Original magnification: 100X.
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Figure 2
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Figure5
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Table| Expression of costimulatory molecules by MHCII"CD11c” APC.
Day 6 Day 11
B7.1 B7.2 B7.1 B7.2
naive 12 (0.04) 9.9 (6.03) 13 (0.11) 10 (0.08)
RDA 6.4 (0.07) 11 (0.14) 11 (0.50) 30 (1.3)
CCL20 6.3 (1.3) 24 (5.1) 17 2.1) 44 (5.3)

Mice were sacrificed at days 6 and 11 after intranasal instillation of Ad/CCL20 or RDA on
day -1. Mononuclear cells were isolated from whole lung homogenates pooled from 3 to 4
mice per treatment group. Cells were stained for flow cytometric analysis of MHC class II
(MHCII), CD11c (dendritic cells), CD11b (macrophages), B220 (B cells), B7.1 and B7.2
expression; 20000 events within the mononuclear cell gate were collected for analysis. Data
indicate the fraction (number x10™ per lung) of B7.1" and B7.2" cells in the MHCIT"CD11c"

gate; analysis of CD11b" and B220" subsets yielded comparable results (data not displayed).
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Table il Expansion of MHCIT'CD11c" APC in thoracic lymph nodes.
naive 0.15
no OVA CRC%;O 05.368
oA cum 1

Mice were sacrificed at day 6 of the OVA aerosolization protocol. Mononuclear cells were
isolated from thoracic lymph nodes pooled from 3 to 4 mice per treatment group. Cells were
stained for flow cytometric analysis of MHC class 1I (MHCII), CD1lc (dendritic cells),
CD11b (macrophages) and B220 (B cells) expression; 20000 events within the mononuclear
cell gate were collected for analysis. Data indicate 10° cells in the MHCII'CD11c" gate;

analysis of CD11b" and B220" subsets yielded comparable results (data not displayed).
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—CHAPTER 6—

Conclusion
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Immunomodulation of Mucosal Sensitization: Interpretation

The mitiation, pathogenesis and exacerbation of asthma are perpetrated (in suitably
susceptible individuals) by airway mucosal contact with allergens, chemical poliutants or
infectious agents. To model authentically the immunology of asthma in mice one should
therefore preserve the airway as the interface of incipient contact with antigen and, by
extension, as the immune microenvironment that conditions allergic sensitization. This
heuristic becomes particularly salient when considering questions about the
immunomodulatory effects of local, anti-inflammatory intervention. While conventional
models of asthma lend mmportant insight into the regulation of inflammation in established
disease, that these models entail spatial and temporal discontinuities between antigen
sensitization and challenge obscures consideration of airway immunology as the adaptive
response evolves. Employing a model of airway mucosal sensitization, the research
presented in this document underscores the importance of the airway microenvironment in
the establishment and modulation of systemic immunity. Of substantive clinical interest,
these data indicate that the efficacy of acute, therapeutic intervention in experimental asthma
must be reconciled with the status of the antigen-specific response once treatment has
ceased.

ANTI-INFLAMMATORY IMMUNOMOCDULATION. In no instance did this caveat prove more
lluminating than in our investigation of corticosteroid (CS) treatment in the mucosal Th2
model (Chapter 2). As one of the most widely prescribed pharmaceuticals for the
management of asthma symptoms, CS represented an unimpeachable therapeutic standard
to validate the clinical relevance of the mucosal Th2 model. To this end, it was not surprising

to observe that CS intervention, either during initial OVA exposure or in rechallenged mice
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with established allergic airways disease, attenuated ecsinophilic airway inflammation and
ameliorated methacholine-induced AHR. However, it proved equally true that therapeutic
success locally belied immune phenomena systemically. Indeed, even as surrogate asthma
“symptoms” improved in the lungs of CS-treated mice during sensitization, a retrograde,
OV A-specific Th2 response evolved in the lymphoid organs (Models 7 and 7 in Figure 4,
Introduction). Elevated levels of circulating OV A-specific IgE and heightened Th2 cytokine
secretion by cultured splenocytes and lymph node mononuclear cells persisted for several
weeks in mice imtially exposed to OVA in the context of CS intervention, pointing to the
establishment of an amplified Th2 response. Though the mechanism by which CS treatment
inculcated this therapeutically counterintuitive Th2 phenotype remains unclear—and may
reflect Th2-biased conditioning of the APC compartment—these data do help to unify a
number of largely in vitro studies that have intimated the Th2-amplifying disposition of CS
[36-42].

Given the utility of the mucosal Th2 model in elucidating the immunomodulatory
complexity of CS, whose therapeutic purview was ostensibly restricted to inflammation, it
was of comparative interest to investigate the immune-inflammatory nuances of the
costimulatory receptor ICOS (Chapter 3). That ICOS is putatively associated with the
priming and execution of Th2 effector function has qualified it as a prospective therapeutic
target for asthma [53-56]. In fact, it is the specialized therapeutic implication of those two
words—Th2 effector—that, if substantiated, renders ICOS such a2 conceptually attractive
target. They imply that, like CS, an ICOS inhibitor could regulate an established
inflammatory response—while offering a tangible advantage over CS in the treatment of

asthma: specificity for Th2 cells, thereby sparing concurrent, potentially protective, Thl
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responses. Consistent with the findings of other groups [57,58], ICOS neutralization during
mitial OVA exposure in the mucosal Th2 model (but not in the complementary mucosal
Thl model) partially inhibited airway inflammation. However, mimicking the paradoxical
uncoupling of local and systemic effects observed with CS treatment, and-ICOS intervention
also resulted i the sustained hyper-polarization of the evolving, OVA-specific Th2
response—ultimately resulting in an amplified airway inflammatory response upon long-term
antigen rechallenge in the absence of further treatment. In essence, the anti-inflammatory
efficacy of ICOS neutralization in the lung masked deleterious immunomodulatory effects
whose significance was only realized once the allergic response had fully matured. This anti-
mnflammatory efficacy, moreover, enjoyed only a narrow window of opportunity.
Notwithstanding significantly elevated levels of ICOS expression on infiltrating T cells,
ablation of ICOS during long-term rechallenge of mice with established allergic disease had
no effect on the magnitude or phenotype of the airway inflammatory recall response.

Since the December 2002 approval of the manuscript “Evaluation of inducible
costimulator/B7-related protein-1 as a therapeutic target in 2 murine model of allergic airway
inflammation” for publication by Am | Resp Cell Mol Biol, 2 number of new studies have
produced data that may advance the interpretation of our original observations. First, there
is an emerging consensus that the specialization of ICOS for Th2 responses is overstated
[80,81]. While it may be true that, in idealized, highly abstracted polarizing conditions, ICOS
signaling 1s most efficient at elaborating Th2 cytokine producton [82], i wpo ICOS is as
instrumental to cardinal cell-mediated processes, such as myocarditis [83], cardiac transplant
rejection [84,85] and rheumatoid arthritis [86], as it is to asthma and allergy. The therapeutic

promise of Th2 specificity may therefore be illusory. Moreover, depending on the organ, the
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antigen-presenting cell and the magnitude of ICOS expression, ICOS signaling may also be
required for negative regulation of T cell effector function. High levels of the ICOS ligand B7-
related protein (RP)-1 are constitutively expressed by lung DC in non-inflamed conditions
[87], consistent with the previously documented role of ICOS in the establishment of
mhalation tolerance [60] (reviewed 1n [88]); 1t 1s also apparent that the strength of the T cell
response to antigen presentation by B cells is downregulated through ICOS/B7RP-1 [89].
The unexpected immunomodulatory activity of anti-ICOS intervention in the mucosal Th2
model may therefore reflect interference with the lung’s intrinsic immune-regulatory
apparatus. On the other hand, the dichotomous roles of ICOS in T cell activation and
suppression may be related to differences in levels of ICOS expression by T cells. Indeed,
that ICOS™" T cells from naive mice are selectively enriched for IL-10-secreting clones [90]
may help to explain why ICOS ablation was therapeutically redundant during long-term
OVA recall, despite amplified levels of ICOS on T cells recruited to the airway.
Speculatively, ICOS may potentiate (Th2-polarized) immunity during incipient stages of the
immune-inflammatory response, when ICOS expression is comparatively low; as the
response matures and ICOS expression peaks, the ICOS/B7RP-1 pathway may become a
self-limiting regulator of the very effector activity it engendered.

EXPERIMENTAL SYSTEMS AS CLINICAL PARADIGMS. Although the immunoregulatory
properties of both CS and ICOS are certainly of scientific interest, that they were observed
in the context of allergic sensitization begs the question of clinical relevance. It is tautological
to say that asthma patients cannot be treated bgfore the onset of symptoms (or before the
diagnosis of disease), but this is effectively the clinical paradigm that was replicated in the

mucosal ThZ model. How tractable is a mature adaptive response? Can CS treatment, by
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extension, amplify the systemic Th2 response in patients with established asthma? This has
become a question of urgent clinical moment given the recent focus on data recommending
early and prolonged use of mnhaled CS to forestall the irreversible airway remodeling associated
with asthma progression [32]. It certainly is not clear whether any intervention, let alone CS,
can modify the adaptive response in a patient who is, by definition, already sensitized. Even
if CS were able to amplify established systemic Th2 immunity, it is unlikely that this would
ever normally be detected in asthma patients, whose indefinite reliance on CS for the routine
management of symptoms would likely mask the deleterious immunological consequences of
sustained treatment. However, it is clear that the phenotype of an allergic response is not
necessarily static. In mice, repeated inhalation of OVA can subvert a pre-existing OVA-
specific allergic response and elaborate antigen tolerance [28]; in humans, the avowed
success of allergen immunotherapy proves that patients can, after a protracted regimen of
allergen injections, be desensitized to these allergens (reviewed in [91]). It is possible that
allergen desensitization depends more on the particular biochemical properties of certain
innocuous proteins than on the immune-inflammatory microenvironment [31]. However,
the phenomenon of allergen desensitization illustrates that permanent modification of an
established adaptive response is conceivable, making the immunomodulatory activity of CS
and ICOS both biologically interesting and clinically germane.

IMMUNOMODULATION THROUGH CELL TRAFFICKING. If Chapters 2 and 3 investigated
immunomodulation by awti-inflemmatery interventions, the research detailed in Chapters 4 and
5 was conceptually reversed, impelled by questions about immunomodulation through the
seleciive recruitment of inflammatery cells. To this end, the specialized ability of chemokines to

mobilize and direct the migration of particular leukocyte populations was of cutstanding
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biological interest. The basic hypothesis driving these studies went something like this:
overexpression of 2 given chemoi;iﬁe in the airways of mice should influence the evolving
immune response to concurrent OVA exposure in 2 manner consistent with the cell sub-
population or phenotype for which that chemokine has a predilection. For instance, in
Chapter 4 we found that Ad-mediated gene transfer of IP-10, a chemokine associated with
the recruitment of Thl-associated cells, to mice subjected to the mucosal Th2 model
supplanted the default OVA-specific Th2- by superimposing a Thi-dominant immune-
inflammatory response. Presumably, the de facto cytokine microenvironment that IP-10
established through the preferential mobilization of IFNYy- or IL-12-producing cells altered
the context in which antigen was harvested by local APC and transmitted to naive T cells in
the draining lymph nodes. In Chapter 5, we substituted GM-CSF, the APC-activating
cytokine that drives Th2 sensitization in the mucosal Th2 model, with the chemokine MIP-
3a/CCL20, whose role in the recruitment of immature DC positioned it as an
immunostimulatory signal that might subvert inhalation tolerance to OVA. Indeed, OVA
exposute in the context of a CCL20-conditioned airway microenvironment bypassed
tolerance but, in contrast to GM-CSF, imntroduced instead a Thl-polarized immune-
inflammatory response. Though it can only be inferred from the ensuing immune phenotype
that CCL20 overexpression preferentially mediated the infiltration of Thi-biased APC, it 1s
unequivocally true that CCL20 marshaled a critical mass of IDC that heightened the
immunogenicity of an otherwise innocuous protein.

The manuscript “Expression of the Th1 chemokine IFNy-inducible protein 10 in the

airway alters mucosal allergic sensitization in mice”, published in [ Immunol in February 2001,
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has recently been the subject of a spate of ostensibly conflicing data concerning the
pleiotropic role of IP-10 in allergic airways disease. On the one hand, Lambert ¢ a/ [92] have
demonstrated that exposure of mice to ultrafine carbon particles—an environmental
stimulus putatively nvolved in asthma exacerbation and zticlogy—diminishes RSV-induced
expression of IP-10 mRNA in BAL. Symmetrically, allergen immunotherapy in mice with
established experimental asthma has been shown to be more efficacious if Thi-polarizing
CpG oligodeoxynucleotides and low-dose allergen are mnjected concurrently; apparently, the
amelioration of airway eosinophilia upon subsequent antigen challenge is associated in part
with the induction of IP-10 [93]. While these and other [94] studies reinforce our contention
that the IP-10/CXCR3 axis antagonizes, ot is at least incompatible with, the manifestation of
an allergic phenotype, data from Medoff e a4l [95] are less sanguine about this
conceptualization of IP-10 biology. Using a conventional model of intraperitoneal
sensitization to OVA, these authors have shown that constitutive overexpression of IP-10 i
transgenic mice amplifies cardinal features of the allergic response, while genetic IP-10
deficiency dampens it. It is difficult—if tempting—to speculate on whether the dissonance
between these and our own data are simply an artifact of the very different experimental
systems the two studies employed. However, a recent paper from Thomas ¢/ o/ [96] helps to
reconcile these discordant results by postulating a nuanced regulatory role for IP-10 in
allergic airway inflammation. On the one hand, neutralization of IP-10 durmng allergen
challenge of cockroach antigen-sensitized mice exacerbated eosinophil accumulation in the
lung and concomitant AHR; on the other, instillation of exogenous IP-10 into the airway
during challenge also amplified eosinophil infiltration and, following an initial depression,

the magnitude of the physiological response. One interpretation of these data is that the
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capacity of IP-10 to modulate allergic responses through the preferential introduction of Thi
phenomena is offset by its eosinophil-recruiting propertes. By comparison, that IP-10
overexpression in the mucosal Th2 model was induced during sensitization—and therefore
before a Th2-biased, eosinophil-yielding immunological predisposition had even been

programmed—obviated this complication.

immunomodulation in the Context of Asthma Therapy

This discussion of the immunomodulatory possibilities in asthma begs more strategic
questions about what constitutes a bona fide, meritorious treatment for allergic airways
diseases. Should the object of intervention be to interrupt a single molecular pathway or to
modulate an immunologic programme? What molecular targets hold the most promise? The
extensive knowledge compiled over the last decade on the relevance of cytokine, chemokine,
costimulatory and intracellular signalling networks in the pathogenesis of allergic asthma has
impelled researchers in academia and, particularly, the pharmaceutical industry to investigate
a variety of strategies to interfere with the biclogical actions of these immune mediators and,
ultimately, to develop novel asthma therapeutics. The ponderous number of studies that
have been reported to date impart, in our opinion, two main conclusions: first, the actual
testing of mtervention strategies has, irrespective of outcome, clearly advanced our
understanding of the role of these molecules in the pathogenesis of asthma; and second,
none of these interventions appeatrs to promise to become an important addition to, or
replacement for, the existing therapeutic armamentarium. It may be informative to speculate

and elaborate on the reasons underlying this, admittedly argumentative, second conclusion.
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If a strategy 1s developed as a therapeutic, which implies an ability to ameliorate
clinical features of an already established allergic phenotype, then the candidate
therapy must face, and survive, the challenge of comparison with currently available
medicines. That short- and long-acting bronchodilators and, especially, inhaled
corticosteroids introduce 2z rather outstanding “therapeutic index” makes this
challenge particularly steep. It is conceivable, however, that an intervention, such as
gene transfer, could be employed to enhance the activity of corticosteroids. In
corticosteroid-resistant asthma, for instance, the pharmacologically deleterious
accumulation of c-fos, the inducible component of activating pepude (AP)-1,
diminishes the binding of glucocorticoid receptor (GR):corticosteroid complexes to
transcription regulatory elements on DNA [97]; Lane ef 4/ [98], however, have
demonstrated that pretreatment of PBMCs from steroid-resistant patients with
antisense oligonucleotides (ASO) targeted to c-fos mRNA enhanced GR binding
DNA.

In light of our appreciation of molecular networks and, notably, of molecular
redundancy, the notion that interference with a single effector molecule will confer a
profound and sustained effect on the expression of the asthmatic phenotype is
tenuous. Indeed, the overlapping functions of pro-inflammatory cytokines such as
-1, IL-6 and TNF-0, or of the Th2-affliated cytokines IL-4, IL-9 and [L-13, in the
development and presentation of allergy weave a complex, highly resilient
immunologic fabric. Intuitively, a more compelling approach would be to intervene

simultaneously with several targets or to interrupt shared intracellular signalling
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molecules, as proposed by ASO-mediated blockade of the Th2-affiliated

transcription factor GATA-3 [991.

e We further suggest that a fundamental element in the appraisal of novel therapeutics
is to consider the intrinsic heterogeneity of asthma. For example, there is an
increasing consensus that bronchial hyperreactivity can be elicited by several
mechanisms, some IgE-dependent, others IgG,-dependent (reviewed in {100]), and
yet others altogether independent of immunoglobulins [101]. This suggests that a
given Iintervention engineered for the selective inhibition of IgE (through, for
instance, the provision of antagonistic cytokines or the immobilization of
costimulatory pathways) will likely have a sectarian impact on the correction of
bronchial hyperreactivity and its associated symptoms.

e Asthma, moreover, is not a static disease. There is a history of progression that can
be affected by numerous =tiological factors including smoking, environmental
exposure, treatment, etc. We suggest that undetlying this diversity of clinical
progressions is an equally diverse cellular and molecular network. In other words, the
incipient trigger of the allergic phenotype is not necessarily what maintains or
perpetuates this phenotype at later stages of disease. The clinical ramifications of this
proposition are clear: the therapeutic impact of 2 given cytokine-targeted strategy in
an asthmatic whose near-normal pulmonary function necessitates only occasional use
of bronchodilators will likely be vastly different in an asthmatic whose FEV1 1s 65%
and who requires regular, low-dose, inhaled steroids to control symptoms.

Where does this rather complicated perspective leave us? It forces us to consider strategically

the kinds of modalities that afford the best chance of supplanting existing pharmacopoeia. In
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particular, inhaled steroids and bronchodilators, while therapeutically unimpeachable, do not
cure asthma: that is, they do not permanently reverse the immunologic and pathophysiologic
phenomena that account for the persistence of disease. It is in this light that treatments
combining allergens and immunomodulatory signals, rather than treatments to neutralize
effector cytokines or their molecular pathways, introduce a unique therapeutic tangent: to
modify the very nature of allergen-initiated and, even, allergen-perpetuated events, in all
likelthood by conditioning the context in which the allergen is presented by APC to T cells.
Admittedly, this prospect is tricky, especially considering that such therapy would be
implemented in asthmatics who, by definition, have already been sensitized; nonetheless, this
re-education of the immune system is conceptually plausible given that allergen
immunotherapy, though cumbersome, protracted and poorly standardized, is a remarkably
effective treatment in some patients. However, to contemplate such therapies renders
oneself vulnerable to the same limitations to which other modalities have succumbed: the
reductionist tendency to simplify the molecular underpinnings of allergic sensitization. In
other words, if the goal is therapeutic re-education of the immune response to allergens, the
design of the therapeutic instrument must be informed by an integrated conceptualization of
mmune function—both molecularly and topographically. With these caveats in mind,
however, we argue that it is in the manipulation of allergen-specific immunity—the
conversion of an inflammatory response to a persistently inert response upon recognition of

allergen—where the greatest promise of novel therapies for asthma rests.
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