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PREFACE

Asthma is a disease that has affected the lives of millions. Trying to understand
a disease process of such complexity is a challenging task. One of the biggest
challenges for immunologists is to reproduce a human immunological disorder, such as
asthma, in a convenient animal model. Immunologists have over the years developed a
plethora of immunologic and genetic tools in mice, in order to characterize such
immune disorders in detail and elucidate the pathways involved in the disease process.
I am therefore very grateful to my advisor Dr. Richard M. Locksley for allowing me to
pursue a complex problem and help me develop the skills required to design and
execute experiments as well as challenge the hypothesis and results of other scientists.
Through his continuous enthusiasm for science, he was always available for feedback
and helpful comments on my projects. His broad knowledge and excitement for science
has been a true inspiration for me and others who have worked with him. Another
person who deserves a lot of praise, especially in teaching me the daunting task of
performing mouse surgery for the assessment of airway physiology, is Dr. David Corry.
David's patience, humor and knowledge had a profound impact on my graduate career.
He taught me the true meaning of science - keep questioning every result.

I would also like to thank all of the lab members, both past and present for
providing a fun lab environment, exchange of stories, jokes and gossips. I am
particularly thankful to Ninetta Flores who helped me manage my mouse colony and
Cliff McArthur for his flexibility and help in cell sorting. I would like to stress that

very few labs maintain such a collegial and supportive environment, that at the same
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time is very critical of science. This true spirit of collegiality and critical support was
evidenced by the interactive times we had in lab meetings and beyond.

I would also like to acknowledge the help and support of the Lung Biology
Center at the San Francisco General Hospital headed by Dr. Dean Sheppard. In
particular Xiaozhu Huang and Xinliu Bernstein who had tremendous impact on the
success of the work presented in this thesis. Their knowledge and skills have
transformed the Sandler core facility that has helped our lab members and others
conduct very intricate airway physiologic studies.

I am also very grateful for having selected a superb thesis committee with Dr.
Jason Cyster and Dr. Dean Sheppard, who have provided me with guidance and support
on my project. I would also like to thank Dr. Steven Rosen who has participated in the
evaluation of my work.

Chapter 2 was presented in the following publication:

Hadeiba, H., D.B. Corry, and R.M. Locksley. 2000. Baseline airway hyperreactivity in
A/J mice is not mediated by cells of the adaptive immune system. J Immunol 164:4933-

4940.

The results and most of the text in chapter 3 was presented in:

Corry, D.B., G. Grunig, H. Hadeiba, V.P. Kurup, M.L. Warnock, D. Sheppard, D.M.
Rennick, and R.M. Locksley. 1998. Requirements for allergen-induced airway

hyperreactivity in T and B cell-deficient mice. Mol Med 4:344-355.



Finally, without the support of my family, none of this would have been
possible, I am grateful for their continuous support, especially given the fact that they
are so far away. Hvala i svim Bosancima na tako dobroj zajebanciji....nebi ovo nikad

zavrsio da njih nije bilo...Nek je samo zdravlja i veselja...amin!
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ABSTRACT

IMMUNOPATHOGENESIS IN A MOUSE MODEL OF HUMAN

ASTHMA

Husein Hadeiba

Asthma is a complex inflammatory disorder of the airways characterized by
reversible episodes of airway narrowing, inflammation and airway reactivity to
bronchoconstricting agents, termed airway hyperreactivity. The pathogenesis of asthma
is believed to reflect allergen-induced airway inflammation initiated by Th2 cells. Our
goal was to reproduce the physiologic and pathologic changes seen in human asthma in
a robust mouse model in order to study immune responses to airborne allergens. The
work presented in this thesis suggests that the airway response to allergens is a
regulated process.

First, the potential role of modifier genes, independent of type 2 immunity to
allergens, was identified by use of a spontaneous mouse model of airway
hyperreactivity that requires no prior sensitization with antigen. The hyperreactive
phenotype was shown to be independent of CD4+ T cells or bone-marrow derived cells.
Hyperreactive mice on wild-type, immunodeficient or IL-4-deficient backgrounds
displayed comparable elevated baseline airway reactivity but no inflammatory lesions in
the lung.
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Second, immune responses in an antigen-driven system require Th2 cells and
IL-4 to mediate the disease. Adoptive transfers into immunodeficient recipients
revealed that CD4+ T cells alone were sufficient to restore airway hyperreactivity and
pathology associated with human asthma. Furthermore, B cell deficient mice developed
airway hyperreactivity and lung inflammatory changes comparable to that in wild type
mice, even in the absence of eosinophilia. The use of cytokine-deficient mice revealed
an important role for IL-4, but not IL-5 in mediating antigen-driven airway pathology
and bronchial reactivity.

Finally, regulatory T cells may control unwanted type 2 immune responses to
innocuous allergens. Transgenic mice with lung-specific expression of antigen, crossed
to antigen-specific TCR transgenic mice, revealed clonotypic CD4 T cells infiltrating
the lung held in check by the accumulation of CD4+ CD25+ regulatory T cells that
inhibited immune effector function in vivo. When challenged with exogenous antigens,
the regulatory T cells remained highly efficient in blocking type 2 immunity but were
unable to inhibit bronchial hyperreactivity. The regulatory capacity of CD4+ CD25+ T
cells may be limited in chronic complex diseases allowing substantial contributions by

non-T cells.
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CHAPTER 1

Introduction



Asthma remains one of the common diseases of industrialized countries, affecting
approximately 6% of U.S. children (1). Despite advances in management, morbidity and
mortality have not improved significantly over the past two decades. Asthma is a
complex inflammatory disease of the airways, characterized by reversible episodes of
airway narrowing and inflammation. The asthmatic airway is typified by chronic
inflammatory lesions, eosinophilia, mucus hyperproduction, epithelial cell hyperplasia
and varying degrees of subepithelial fibrosis due to collagen deposition (2-5). Airway
smooth muscle contraction, excessive mucus production by goblet cells, and edema
caused by the underlying inflammation lead to impaired ventilation. One of the clinical
hallmarks of the disease is hyperreactivity to a variety of bronchoconstricting stimuli
such as cholinergic agents, allergens or even cold air, termed airway hyperreactivity (6,
7). It is believed that the inflammation causes the airway smooth muscle to be
hyperreactive to these stimuli [reviewed in(8)].

Increasing evidence has linked asthma to aberrant activation of the immune
system in the airways. Activated T cells and eosinophils are present in bronchial biopsies
and broncho-alveolar lavage fluid (BAL) from individuals with active disease (9-13).
The degree of CD4+ T cell activation was correlated with both the severity of the
symptoms and the extent of airway hyperreactivity, as well as with the number of
eosinophils recovered in BAL (14). These studies suggest that asthma represents
aberrant activation of CD4+ Th2 cells in the airways to inhaled allergens.

Functional subsets of CD4+ T cells have been identified based on the pattern of
cytokines that they produce (15, 16). The presence of these unique cytokine repertoires

has offered insights into the pathogenesis of diseases ranging from autoimmunity and
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infectious diseases to allergic disorders. Naive CD4+ T cells can develop either along the
Thl or Th2 pathway upon encounter with antigen. Thl cells produce IL-2, LTa and
IFNy which orchestrate potent cell-mediated immune responses towards intracellular
pathogens, including viruses, and when dysregulated, mediate a wide spectrum of
autoimmune diseases (17). On the other hand, Th2 cells produce IL-4, IL-5, IL-6, IL-9,
IL-10 and IL-13 which stimulate IgE production from B cells, mucosal mastocytosis and
eosinophilia (15, 16). Th2 cells have been implicated to play a major role in the
elimination of helminth parasites and in the induction of allergic disorders including
asthma. Cytokines elaborated by Th2 cells are felt to orchestrate the sequence of events
leading to IgE production, mucosal mastocytosis and eosinophilia (figure 1). Several
lines of evidence provide support for the hypothesis that asthma represents an aberrant
activation of type 2 immune responses in the lung to inhaled allergens.

First, cytokine expression consistent with a Th2 expression pattern from the
cytokine gene cluster on human chromosome 5 (mouse chromosome 11), including, IL-3,
IL-4, IL-5 and GM-CSF, was significantly increased in T cells recovered from BAL fluid
(9, 11, 18). Second, BAL and bronchial biopsies from persons with asthma demonstrate
markedly increased numbers of eosinopils, mast cells and lymphocytes. Growth and
activation factors for eosinophils (IL-5, GM-CSF) and mast cells (IL-3, IL-4, IL-9, IL-10,
IL-13) can be produced by these cells themselves, thereby amplifying the disease process
(19, 20). Third, IL-4-induced factors, such as elevated levels of serum IgE, an IL-4-
dependent immunoglobulin isotype, are common in asthmatics and have been
quantitatively related to asthma prevalence and risk (21). Using linkage analysis this IgE

response to common environmental antigens was mapped close to the cytokine gene
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Figure 1. Asthma is mediated by type 2 immunity to allergens

In the sensitization phase, allergens are taken up and processed by antigen presenting
cells (APCs). The allergenic peptide presented on MHC class II molecules allows for the
maturation of Th2 cells that subsequently produce IL-4, IL-5 and IL-13. IL-4 and IL-13
induce isotype switching in B cells to the IgE class which binds to the high affinity Fce-
receptor on mast cells. A second encounter with the allergen, cross-links the Fce-
receptors via IgE, resulting in mast cell degranulation. Mast cell products mediate the
vascular and smooth muscle response associated with immediate hypersensitivity
reactions. IL-5 produced by Th2 cells, plays a role in the differentiation and survival of

eosinophils in the late-phase response.



cluster on chromosome 5q that contains the IL-4 gene (22). Another Th2-dependent
factor, lipoxygenase produced by mast cells (23), was also shown to be present in
increased amounts in the bronchial submucosa of asthmatic patients (24). Finally, human
T cell clones established from atopic individuals specific for known allergens are
characterized by a Th2-type pattern of cytokine expression (25, 26).

Genetic studies utilizing genome-wide searches as well as individual candidate
gene-studies among patients with allergic asthma have implicated a number of potential
genes that are associated with type 2 immunity. This includes the cytokine gene cluster
on human 5q (mouse chromosome 11) that contains IL-4, IL-13, and IL-5, as well as
regions on human 11q and 16p that map near the high-affinity IgE receptor and the o-
chain of the IL-4 receptor respectively (22, 27-29). Other recent candidates include the
ADAM 33 metalloprotease on human 20p involved in shedding of cell-surface proteins
such as cytokines and cytokine receptors (30), and the Tim gene family that encodes T
cell membrane proteins, of which the human homolog TIM-1 is the hepatitis A virus
receptor (31).

Taken together, asthma may reflect, at least in part, a genetic condition that
predisposes individuals to mount exaggerated or inappropriate type 2 immune responses
to common airborne allergens that leads to the recruitment of mast cells and eosinophils
capable of causing chronic airway damage.

Extensive analysis suggests that the developmental pathways established in the
mouse for CD4+ T helper cell differentiation are comparable in humans. Although less
easily studied in humans, the critical signals for in vitro differentiation of Thl and Th2

cells, IL-12 and IL-4, respectively, are similar in the human system (32, 33).
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Furthermore, in response to a range of pathogens, human T cell clones develop into
effector subsets as predicted by murine models. [reviewed in (34)]. Lacking in human
studies, however, is the ability to examine the initial period of T cell activation which
would allow the characterization of critical signals required for T cell effector
development. Furthermore, it is almost impossible to tease apart the different effector
pathways in a reductionist approach in order to delineate their role in mediating
pathology.

We wanted to establish a murine model of airway hyperreactivity to
environmental allergens in order to study the initiation of the immune response and
delineate the checkpoints involved in the disease process. A number of studies
performed by Levitt's group (35-37) demonstrated a range of airway reactivity in
different untreated inbred mouse strains in response to bronchoconstricting agents (figure
2). These studies quantitated the airway pressure time index (APTI) following a single
fixed dose of either intravenous acetylcholine or serotonin. These studies demonstrated a
significant difference in airway reactivity among inbred mouse strains, in particular the
A/] strain which showed the greatest degree of airway hyperreactivity, while the C3H
strain was least hyperreactive. Other studies (38) documented similar strain distribution
patterns in response to methacholine, an analogue of acetylcholine. Previous studies had
indicated that the hyperreactive phenotype of the A/J strain was dependent on cyclosporin
A, a pharmacologic inhibitor of T cell activation (39). Furthermore, this hyperreactive
phenotype was mediated by hematopoietic cells, in particular T cells (40). Using direct
measurements of murine airway resistance, we reproduced the elevated resting airway

hyperreactivity of the A/J mouse strain (Chapter 2). This model of spontaneous
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non-atopic airway hyperreactivity allowed us to assess the importance, if any, of the
immune response to either environmental antigens or, possibly, to a lung specific self
antigen. The results suggest a novel mechanism of airway reactivity that is maintained
independently of type 2 immunity induced by allergens.

Given a somewhat surprising result in our studies with A/J mice, we wanted to set
up an antigen-dependent system of airway hyperreactivity in order to study the initiation
of type 2 immune responses in the airway, and elucidate the role of various effector
pathways in mediating airway hyperreactivity. Antigen-dependent mouse models offer
numerous advantages towards understanding the pathogenesis of asthma. Interventions
using recombinant molecules and studies in gene knock-out mice provide powerful and
direct methods to examine the roles of designated effector pathways. Direct evidence
suggesting that CD4+ T cells are necessary in the development of airway hyperreactivity
came from a murine model of ovalbumin sensitization. In this study, depletion of CD4+
T cells with antibodies was able to curtail inflammation, eosinophilia and airway
reactivity to bronchoconstricting agents (41). The role of type 2 immunity in allergen-
driven airway inflammation has been elucidated by studies in IL-4- or IL-5-deficient
mice (42-45) or by antibody blockade (46, 47). Furthermore, adoptive transfer of Th2
clones was found to induce airway reactivity in naive mice (48).

Whereas no animal model perfectly reproduces human asthma, we have
reproduced a murine model of airway hyperreactivity that shares both physiologic and
pathologic features with the human disease. These include the antigen-specific induction
of reversible increases in airway resistance and peak pressures, the influx of a similar

inflammatory cell infiltrate, predominantly eosinophils, into the lung, and the presence of
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activated CD4+ T cells that predominantly express Th2 cytokines. This model was used
to focus on the molecular and cellular mechanisms underlying the developmental
maturation of naive CD4+ T cells to pathogenic effector cells capable of mediating
inflammatory and physiologic changes in the lung that are similar to human asthma. We
used a pulmonary allergen, an extract of the fungus Aspergillus fumigatus (49), to
investigate the critical components of the host response required to generate allergic
airways disease in the mouse, and correlated this with the cellular and cytokine
responses. Airway hyperreactivity was rigorously quantitated by measuring airway
resistance in the intact animal, while maintained in a whole body plethysmograph
breathing at physiological rate and tidal volume. Using adoptive transfers into
immunodeficient rag-/- recipients we showed that CD4+ T cells alone were sufficient to
mediate the pathology and airway reactivity that occurs in human asthma. Studies in IL-
4- and IL-5-deficient mice suggested that IL-4, but not IL-5, emerged as a critical effector
molecule in mediating airway hyperreactivity. Finally, depletion of eosinophils to
baseline levels using neutralizing antibodies or IL-5-deficient mice, had no effect on the
physiologic or immunologic changes mediated by CD4+ T cells (Chapter 3).

Taken together our findings, and those of others (41, 50-52), have established a
critical role for CD4+ T cells and type 2 cytokines, in particular IL-4, in orchestrating the
recruitment of inflammatory cells in acute allergic airways disease. However, chronic
changes seen in human asthma, such as fibrosis and airway wall remodeling, are rarely
observed in models of acute antigen-sensitized models (chapter 3). Chronic antigen
deposition in the airway mucosa are difficult to carry out because of the lethality of

repeated antigen administration over a long period of time. Indirect approaches have
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targeted expression of CD4+ T cell products to the airways. Using a transgenic approach
these studies have elucidated the role of long term type 2 cytokine deposition in the
airways in mediating allergic airways disease (53-55). For example, IL-13, an important
mediator of allergic airways disease (56, 57), when targeted to the airways via a lung-
specific promoter, induces inflammatory changes seen in acute antigen-induced models
of airway hyperreactivity, including eosinophilia, mucus production and airways
obstruction. In addition, long-term changes such as Charcot-Leyden-like crystal
deposition and airway fibrosis due to collagen deposition were also observed (55).

To study the effects of chronic antigen deposition in the airway mucosa on CD4+
T cell priming and to look at chronic airway changes in antigen-induced airways disease,
we used a different transgenic approach. We chose chicken egg ovalbumin (OVA) as a
model antigen to be placed under the transcriptional control of the surfactant protein C
(SPC) promoter (58, 59), in order to study responses to an endogenous lung antigen
(chapter 4). To break OV A-specific tolerance, we crossed the mice to DO11.10 TCR
transgenic mice that express a TCR specific for an OVA peptide. Unexpectedly, we
observed inflammatory lesions in the lung that contained a large proportion of antigen-
specific CD4+ CD25+ T cells. We hypothesized that these cells were regulatory, due to
their ability to suppress proliferation of effector T cells in-vitro. In an antigen-induced
model of airway hyperreactivity, these regulatory cells were able to suppress type 2
immune responses in vivo, but surprisingly had no effect on the airway hyperreactive
phenotype. These studies have demonstrated a role of mucosal antigen in recruiting
regulatory cells to the site of antigen expression, where they are felt to inhibit Th2

effector progression in vivo and thus define a critical checkpoint. Upon exogenous
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delivery of antigen, this checkpoint was breached and bronchial reactivity was induced
despite inhibited type 2 immune responses in vivo. This transgenic approach defines a
useful antigen-dependent system to dissect the cellular and molecular requirements for
the regulation of experimental airways disease.

The following chapters presented in this thesis will discuss the regulation of the
immune response in human asthma, using experimental mouse models. We begin by
looking at the causes of elevated baseline airway reactivity in the absence of any
sensitization to establish the role of modifier genes in mediating airway hyperreactivity.
We then set up an antigen-dependent system to assess the role of cellular and molecular
mediators in mediating both the pathology and the physiologic response associated with
human asthma. Finally we established a chronic model of antigen-induced airways
disease by examining the role of long-term exposure to a fixed model antigen using a
transgenic system. This system enabled us to uncover the potential role of regulatory T

cells in modulating responses to antigens encountered at the airway mucosa.
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CHAPTER 2

Baseline Airway Hyperreactivity in A/J Mice is not Mediated by

Cells of the Adaptive Immune System
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Summary

Human asthma is characterized by increased airway hyperreactivity to a variety of
bronchoconstricting agents. Aberrant type 2 immune responses in the lung have been
associated with airway hyperreactivity in both human asthma and in murine models of
allergic airways disease. Despite their intrinsically elevated basal airway reactivity to
smooth muscle contricting agents, A/J mice demonstrated no inherent inflammatory cell
infiltration nor elevation of type 2 cytokines in the lung. Crossed bone marrow
reconstitution experiments between A/J and MHC congenic B10.A mice revealed enhanced
airway reactivity only in A/J recipients, irrespective of whether they had been reconstituted
with A/J or B10.A hematopoietic cells. Further, A/J-derived bone marrow cells did not
affect the reactivity of B10.A recipients. Although mice on RAG-deficient and IL-4-
deficient backgrounds demonstrate substantial abrogation of allergen-induced airway
hyperreactivity, these gene deletions had no impact on the elevated baseline reactivity when
backcrossed onto A/J mice. Thus, in these mice, basal airway hyperreactivity is maintained

independently of type 2 immunity induced by allergens.
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INTRODUCTION

Asthma, characterized by reversible episodes of airway narrowing in the presence of
chronic airway inflammation, remains an increasingly prevalent disease of industrialized
nations (1, 2). Accumulating data have associated the asthma phenotype in humans with
the presence of an aberrantly active type 2 immune response in the lungs (3-5). Thus,
activated Th2 cells - a polarized subset of CD4+ T cells that together release the cytokines
IL-3, IL-4, IL-5, IL-9, IL-10, IL-13 and GM-CSF - and activated eosinophils are
consistently present in bronchoalveolar lavage (BAL) and bronchial biopsies obtained from
patients with asthma (6-11). Together, cytokines and other mediators released by these
activated cells are felt to orchestrate the recruitment of eosinophils and lymphocytes and the
production of IgE that together contribute detrimentally to the chronic stimulation of mucus
production and airway pathology that ultimately lead to clinical disease.

The hallmark of human asthma, airway hyperreactivity, refers to a reversible,
intrinsically lower, threshold for airway narrowing in response to allergen or
pharmacologic agents, such as acetylcholine and serotonin, that induce smooth muscle
contractility. Genome-wide searches as well as individual candidate-gene studies among
patients with allergic asthma have implicated a number of potential genes that are associated
with type 2 immunity, including the cytokine gene cluster on human 5q (mouse
chromosome 11) that contains IL-4, IL-13 and IL-5, as well as the high-affinity IgE
receptor and the « chain of the IL-4 receptor that is shared between IL-4 and IL-13 (12-14).

Mouse models of allergen-induced airways disease share with human asthma the
association of type 2 immune responses in lung tissue and the development of pathologic
and physiologic changes, including airway hyperreactivity (reviewed in 15). Recent
experiments using mice transgenic for the human 5q cytokine cluster through incorporation

of yeast artificial chromosomes demonstrated the remarkable conservation of control in this
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locus, and increased hopes that these animal models might guide the search for human
susceptibility genes (16). Classic studies initiated 10 years ago identified intrinsic
differences in baseline airway hyperreactivity among inbred mouse strains (17-20).
Although a spectrum of reactivity was apparent, one strain, A/J, demonstrated remarkable
airway hyperreactivity. Although early studies suggested a simple autosomal recessive
inheritance underlying the phenotype (17, 18), subsequent studies have defined a complex
polygenic trait (21, 22), one of which involves at least three major contributing loci (21).
Whereas the value of the A/J strain in identifying potential airway reactive susceptibility
genes is apparent, few studies have attempted to demonstrate whether the adaptive immune
response, so critically implicated in allergen-induced asthma, is involved in the baseline
airway hyperreactivity that occurs spontaneously in this strain of mice. We have used
baseline immunologic and T cell- depletion studies, crossed bone marrow chimeras, and
genetic crosses of A/J mice to recombinase activating gene-1 (RAG) and IL-4-deficient
mice to demonstrate that cells of the adaptive immune system do not contribute to the
intrinsically elevated airway hyperreactivity of these animals. Despite this finding, the
aberrant baseline physiology in A/]J mice contributes to incrementally greater responses to
allergen sensitization, thus justifying efforts to identify contributory genes as asthma

susceptibility loci.
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MATERIALS AND METHODS

Mice. 6-8 week old A/J and MHC-matched B10.A/SgSnJ mice were purchased from
Jackson Laboratories (Bar Harbor, ME). C57BL/6 mice deficient in T- and B-cells by
disruption of the RAG-1 gene and C57BL/6 mice with deletion of the IL-4 gene were
purchased from Jackson Laboratories. RAG-deficient (23) and IL-4-deficient (24) mice
were backcrossed six generations to A/J mice and intercrossed to generate N6 A/J RAG-
and IL-4-deficient animals. Mice were typed for RAG deficiency using flow cytometric
analysis to confirm the absence of peripheral blood T and B cells. Mice were typed for IL-
4 deficiency by PCR analysis of tail DNA. Animals were housed in the University of
California San Francisco pathogen-free animal facility.

Antigen sensitization. Mice were immunized weekly for three wk with 25 pg chicken egg
ovalbumin (OVA; Sigma Chemical Co., St. Louis, MO) in 50 pl alum suspension
subcutaneously at the base of the tail. Immunized mice received three aerosol exposures of
50 mg/ml OVA in PBS over 20 min, every other day, using a nose-only chamber adapted
for mice (Intox Products, Albuquerque, NM) and coupled to a nebulizer (Aerotech II; CIS-
US, Bedford, MA) as described (25). Airway reactivity was assessed two days after the
final aerosol. Control mice were immunized with PBS in alum and exposed to a PBS
aerosol.

Bone marrow reconstitution. Bone marrow cells were flushed from the tibia and femur of
donor mice with RPMI 1640 supplemented with 10% FBS and antibiotics, passed through
a 70 pum nylon mesh, washed and resuspended at 2.5 x 10’ cells/ml in PBS. Bone marrow
cells (5 x 10°) were injected intravenously into irradiated (900 rads) mice. Animals were
maintained in pathogen-free conditions with antibiotic-supplemented water for 8 wk, at

which time hematopoietic cell reconstitution was documented using flow cytometry.

25



T cell depletion. Where indicated, mice were injected intraperitoneally with 1 mg anti-CD4
mADb (GK1.5) 4 times at 3 day intervals. Depletion of CD4+ T cells (<1% normal) was
documented using flow cytometry. Airway reactivity was assessed two days after the final
antibody treatment. Control mice received matched irrelevant mAb.

Airway reactivity. Airway reactivity to acetylcholine chloride (ACh) was measured as

described (25). Briefly, mice were anesthetized with etomidate (28 pg/ gm; Bedford
Laboratories, CA). The trachea was cannulated and mice were ventilated with 100%
oxygen at physiological rate and tidal volume using a rodent ventilator (Harvard Apparatus,
South Natick, MA). Following paralysis to eliminate spontaneous respirations, mice were
maintained inside a whole-body plethysmograph capable of measuring changes in air flow,
as well as transthoracic pressures and resistance. After establishing a stable baseline for
total lung resistance, ACh was administered intravenously over 1 s in escalating doses via
the tail vein. Airway reactivity was expressed as the provocative concentration of ACh (in
ng/gm body weight) required to double baseline transthoracic resistance, designated PC,,,,
as calculated by linear interpolation of appropriate dose-response curves. Significant
differences were calculated using the logarithm of PC,,, by analysis of variance using
reference to the specified control groups. Baseline pulmonary resistance in the absence of
ACh did not differ among the various groups of mice studied.

Analysis of bronchoalveolar lavage. BAL cells were collected after instillation and
withdrawal of three sequential 1 ml PBS aliquots through the tracheal cannula. Cells were
washed, counted and resuspended in RPMI 1640 with 10% FBS and antibiotics to a final
concentration of 5 x 10° cells/ml. Aliquots (10° cells) were spun onto glass slides, air
dried, fixed with methanol and stained with Diff-Quik (Baxter Healthcare Corp., Miami,
FL). Eosinophils, macrophages/monocytes and lymphocytes were enumerated based on

morphology and staining characteristics and expressed as percentages of total BAL cells.
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ELISPOT assays. Lung cell suspensions were prepared by finely mincing the lungs
(devoid of any lymph node or thymic tissue) and pressing the fragments through a 70 um
nylon mesh filter. Red blood cells were lysed in hypotonic buffer and the remaining cells
were washed, counted and resuspended at 107 cells/ml in RPMI 1640 with 10% FBS and
antibiotics. The numbers of IL-4-producing cells were enumerated using enzyme-linked
immunocell spot (ELISPOT) assays as described (25). Briefly, lung cell suspensions were
distributed in duplicate aliquots of 10° cells into 96-well microtiter plates that had been
precoated with anti-murine IL-4 mAb (11B11). Serial two-fold dilutions were prepared
and the plates were incubated undisturbed for 18 hr at 37°C. After washing away the cells,
biotinylated secondary anti-IL-4 mAb (BVD6-24G.2) was added. Captured IL-4 was
revealed using streptavidin-conjugated alkaline phosphatase (Jackson ImmunoResearch
Laboratories, Inc., West Grove, PA) and developed using 5-bromo-4-chloro-indolyl-
phosphate in 0.1 M 2-amino-2-methyl- 1-propanol buffer (Sigma) suspended in 0.6% low-
melt agarose. Individual blue spots were counted after solidification of the agar using
inverted microscopy.

Serum IgE. Serum was prepared from whole blood collected after quantitation of airway
reactivity. Total serum IgE was determined using a double mAb-based sandwich ELISA
with antibody B.IE.3 as the capture antibody and biotinylated EM-95 as the detecting
antibody. The plates were developed with streptavidin-conjugated alkaline phosphatase
(Jackson ImmunoResearch) and the substrate was 5 mM p-nitrophenyl phosphate,
disodium hexahydrate (Sigma) in 0.1 M 2-amino-2-methyl-1-propanol buffer (Sigma).
Absorbance was quantitated at 405 nm (Bio-Tek Instruments Inc., VT) and normalized to
concurrently developed standard controls.

Histopathology. Lungs were infused in situ with 1 ml of 3.7% paraformaldehyde in PBS

through the tracheal cannula. The lungs were carefully removed and immersed in the same
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fixative with the trachea tied closed for 24 hr. The tissues were embedded in paraffin and
2-3 um sections were cut and stained with hematoxylin and eosin.

Flow cytometric analysis. Conjugated mAbs for flow cytometric analysis included PE-

anti-B220 and FITC-anti-CD8a (Caltag Laboratories, So. San Francisco, CA), FITC-anti-

Ly9.1 and PE-anti-CD4 (clone RM4-4) (PharMingen, San Diego, CA). The two anti-CD4
mAbs bind at distinct sites unaffected by the presence of the other. Stained cells were
analyzed for surface expression using flow cytometry (FACScalibur; Becton Dickinson &
Co., Mountain View, CA).
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RESULTS

Airway hyperreactivity is increased in A/J as compared to MHC congenic
B10.A mice.

A/] mice display increased airway reactivity after challenge with a number of
bronchoconstricting agents (17-20). To compare airway reactivity in A/J mice with MHC
congenic B10.A mice, cohorts of unimmunized animals were given escalating doses of
ACh intravenously while maintained in a whole-body plethysmograph, enabling constant
quantitation of transthoracic pressure and flow. A/J mice showed a marked increase in
airway hyperreactivity as assessed by the significant decrease in the provocative ACh dose
required to elicit a 200% increase in baseline airway resistance (PC,,,) (Figure 1). Thus, in
agreement with prior studies, unimmunized A/J mice demonstrated approximately 5-fold
greater sensitivity to the airway constricting effects of ACh than did MHC-matched B10.A

mice.

Immunized A/] mice develop enhanced airway hyperreactivity to
aerosolized antigen.

To compare antigen-dependent airway hyperreactivity between A/J and B10.A mice,
groups of mice were immunized three times with OV A and then challenged three times with
OVA-containing aerosol. Two days after the third aerosol, mice were anesthetized and
ventilated in a whole-body plethysmograph. As assessed by airway resistance in response
to ACh, immunized A/J mice developed a further 4-fold increased reactivity, consistent
with allergen-induced models of airway hyperreactivity. Similarly, immunized B10.A mice
developed substantial airway hyperreactivity after sensitization and airway challenge with

OVA (Figure 2A).
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Figure 1. Airway resistance in response to escalating doses of intravenous
ACh.

After establishing a stable baseline for total lung resistance, ACh was infused
intravenously in escalating doses into unimmunized, age-matched, B10.A and A/J mice.
ACh injections are indicated by the numbered arrowheads, 1-5, and represent incremental
doses of 0.03, 0.1, 0.32, 1.0 and 3.3 pg ACh/gram bodyweight as indicated by the
horizontal black triangles. The concentration of ACh required to elicit a 200% increase from
baseline airway resistance, or PC,,,, is indicated by the bold arrowhead. Results are

representative of 8 experiments involving over 30 animals in each group.
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Figure 2. Airway hyperreactivity and the immune response in control and
immunized A/J and B10.A mice.

Groups of 4-8 B10.A and A/J mice were challenged with PBS (Saline) or OVA.
A. PC,, in response to escalating doses of ACh.
B. Numbers of IL-4-producing cells in the lungs of control and immunized mice as
determined by ELISPOT analysis.
C. Serum IgE levels in control and immunized A/J and B10.A mice as assessed by
ELISA.
D. Percentage eosinophils in total BAL cells.
In each case, results are representative of at least two experiments. Bars depict means and
standard errors of the means. Significant differences (p<0.05) between control and OVA

groups are indicated (*).
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Antigen-induced airway reactivity in B10.A mice was comparable to baseline airway
reactivity in A/J mice (Figure 2A). This raised the possibility, considered by others (26-
29), that A/J mice develop enhanced responsiveness to environmental airway allergens that
results in immune-mediated elevations in baseline airway reactivity. Since airway
hyperreactivity in antigen-driven systems is accompanied by type 2 immune responses, we
assessed resting A/J mice for evidence of active immune responses in the lungs. First,
using ELISPOT assays to determine numbers of IL-4-producing cells from whole lung
preparations, no increase was observed in unimmunized A/J mice. Further, the numbers of
IL-4-producing cells in the lung that appeared after OVA challenge was comparable in A/J
and B10.A mice (Figure 2B). Second, serum IgE, a sensitive index of chronic IL-4- and
IL-13-mediated stimulation, was low in unimmunized A/J mice and not significantly
different from B10.A mice. With OVA challenge, IgE levels actually increased to greater
levels in B10.A mice (Figure 2C). Finally, there was no histologic evidence of active
inflammatory injury in the lungs of resting A/J mice as assessed either by enhanced
numbers of eosinophils in BAL (Figure 2D) or by microscopic examination of lung tissues
(Figure 3A). OVA-immunized A/J and B10.A mice demonstrated cardinal features of
allergic lung disease (Figure 3B, 3C), including peribronchiolar infiltration with
lymphocytes and eosinophils and the appearance of numerous eosinophils in BAL (Figure
2D). If anything, the extent of cellular inflammation was more pronounced in comparably
immunized B10.A mice.

Thus, despite the marked elevation in airway reactivity in A/J mice, we could find little
evidence for chronic activation of type 2 immune responses under resting conditions. In
contrast, immunization and aerosol challenge in both A/J and B10.A mice resulted in highly
stereotyped type 2 immune responses, including elevations in the numbers of IL-4-
producing cells, in eosinophils, in tissue infiltration by lymphocytes and eosinophils, and
in serum IgE.
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Figure 3. Lung histology in naive A/J and immunized A/J and B10.A mice.
A. AJ) lung after saline aerosol. No cellular infiltrate is apparent in the bronchiolar
airways or alveolar spaces.

B. A/) lung after OVA aerosol. Periarterial space is filled with a lymphocyte and
eosinophil rich infiltrate.

C. BI10.A lung after OVA aerosol. The periarterial space is filled with an inflammatory
infiltrate that spreads between two adjacent bronchiolar airways.

All sections stained with hematoxylin and eosin and viewed at 100x magnification.
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Figure 3




Deletion of CD4+ T cells does not alleviate airway hyperreactivity in A/J
mice.

CD4+ T cells have been demonstrated to be both necessary and sufficient to mediate
airway hyperreactivity in murine models of allergic airways disease (15, 30-32). Despite
our inability to document activated type 2 immune responses in unimmunized A/J mice, it
remained possible that circulating CD4+ T cells were mediating airways disease by some
unclear pathway. To assess this possibility, A/J mice were depleted to <1% of normal
CD4+ T cells using mAb given over a 2 wk period (Figure 4A). CD4-depleted and A/]
mice given matched irrelevant control antibody were compared to B10.A mice using airway
reactivity to escalating doses of ACh (Figure 4B). Despite CD4+ T cell depletion, A/J mice
displayed airway hyperreactivity that was no different than A/J mice given control mAb.

Thus, CD4+ T cells do not mediate baseline airway hyperreactivity in A/J mice.

Airway hyperreactivity of A/] mice is not dependent on bone marrow-
derived cells.

Bone marrow radiation chimeras were constructed between A/J and B10.A mice in
order to evaluate the role of hematopoietic cells in mediating baseline airway
hyperreactivity. The Ly9.1 surface vantigen, present on A/] but not on BI10.A
hematopoietic cells, was used to mark donor-derived bone marrow cells. As a control,
bone marrow cells were used to reconstitute each mouse strain with its own donor cells.
Analysis eight wk after reconstitution confirmed that the majority of hematopoietic cells
were donor-derived, although reconstitution was more complete from A/J to B10.A than
vice versa (Figure 5).

Mice reconstituted with homologous or heterologous bone marrow cells were analyzed
for baseline airway hyperreactivity after eight wk, at which time all mice appeared well and
without apparent disease. Although there was some variability in the absolute PC,,
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Figure 4. Airway hyperreactivity in CD4+ T cell-depleted mice.

A. Flow cytometric analysis of spleen cells after treatment of nonimmunized A/J mice with
control and anti-CD4 mAb.

B. Groups of 4-6 nonimmunized A/J mice treated with control (ctrl Ab) or anti-CD4 mAb,
or nonimmunized B10.A mice, were anesthetized and ventilated for determination of PC,,,
in response to ACh. Bars represent means and standard errors of the means. Significant
differences (p<0.05) between the untreated B10.A and the anti-CD4-treated A/J mice are
indicated (*).

Results are representative of two experiments.
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Figure 5. Flow cytometric analysis of spleen cells from bone marrow-
reconstituted radiation chimeras.

Eight wk after reconstitution, spleen cells from untreated A/J mice (A), irradiated
B10.A recipients reconstituted with A/J bone marrow cells (B), untreated B10.A mice (C)
and irradiated A/J recipients reconstituted with B10.A bone marrow cells (D), were stained
with mAb to Ly9.1, B220 and CD4 to mark hematopoietic cells of the A/J lineage, B cells

and T helper cells, respectively. A/J hematopoietic cells are Ly9.1+ whereas B10.A cells
are Ly9.1-.
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Figure 6. Airway hyperreactivity in bone marrow reconstituted radiation
chimeras.

Groups of 4-8 irradiated A/J and B10.A recipients were reconstituted with either A/J or
B10.A bone marrow cells and compared to untreated A/J and B10.A mice eight wk after
reconstitution as indicated. Bars depict mean and standard errors of the mean PC, as
determined by responsiveness to escalating doses of ACh. Significant differences
(p<0.05) between the A/] and B10.A recipient groups given either A/J or B10.A donor
bone marrow, respectively, are indicated (*). Results are representative of two

independent experiments.

43



Figure 6

3.5

PCo00
25

1.5 -

112

0
Recipients: Al E‘ “B10A J
D

Donors: [ AW | [BloA] [aw]| [B10A4

—|—
— *

HA

AN B10.A

untreated




B10.A remained relatively unresponsive to ACh as compared to A/J mice. After irradiation
and bone marrow reconstitution, all mice demonstrated enhanced PC,,, as compared to
unmanipulated mice (Figure 6). There was no evidence for graft-versus-host disease in the
lungs or elsewhere, and no pulmonary infiltrations by inflammatory cells was apparent in
any of the mice. Despite these consistent findings, A/J mice, whether recipients of their
own bone marrow or B10.A bone marrow, demonstrated significantly increased airway
hyperreactivity (decreased PC,,,) as compared to B10.A recipients. In a comparable way,
B10.A recipient mice displayed decreased responsiveness to ACh regardless of whether
they had been reconstituted with A/J or B10.A cells. Thus, in this model, we could find no
evidence suggesting that bone marrow-derived cells contribute to the intrinsic elevation in

airway reactivity of resting A/J mice.

Airway hyperreactivity of A/J] mice is independent of T and B cells or IL-4.

Despite our inability in implicating immune dysfunction in the airway hyperreactivity of
resting A/J mice, it remained possible that prolonged developmental effects mediated by the
immune system might produce chronic airway changes that persisted even after immune
cell depletion in adult life. We took a genetic approach to this possibility by crossing A/J
mice to RAG-deficient and IL-4-deficient mice. Both of these mice have been
demonstrated to have abrogated airway responses following antigen challenge, with RAG-
deficient mice having a more complete attenuation of the response than IL-4-deficient mice
(31, 33-35). For the RAG backcross, C57BL/6 RAG-1-deficient mice were crossed six
generations to A/J, and the progeny intercrossed to create N6 A/J RAG-deficient mice.
Similarly, C57BL/6 IL-4-deficient mice were crossed six generations to A/J, and the
progeny intercrossed to create N6 A/J IL-4-deficient mice. The success of the backcross

was confirmed by PCR analysis of tail DNA to confirm the presence of the targeted, but
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not the wild-type IL-4 allele, and by flow cytometry to confirm the absence of T and B cells
in the RAG-deficient A/J mice.

A/) RAG-deficient and IL-4-deficient mice were analyzed for reactivity to ACh and
compared to control A/J and B10.A mice (Figure 7). Despite the complete absence of T
and B cells from birth, or the complete inability to produce the cytokine IL-4, the
backcrossed A/J mice displayed airway hyperreactivity comparable to wild-type A/J mice
and to control backcrossed N6 A/] mice. Although IL-13 can mediate airway
hyperreactivity in the OVA model in the absence of IL-4 (33, 36), we could confirm no
increase in IL-13 mRNA in A/J, A/J RAG-deficient, A/J IL-4-deficient or B10.A mice in
the absence of airway sensitization with allergen (data not shown). Thus, in this model,
we could define no contributions from the adaptive immune system that contribute to the

underlying airway hyperreactive phenotype of A/J mice.
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Figure 7. Airway hyperreactivity in IL-4 and B- and T-cell deficient mice.
Unimmunized groups of 4-8 IL-4 deficient and T- and B-cell deficient (rag-/-) A/J mice,
wild-type A/J, B10.A, and pooled N6 A/J littermate control mice were anesthetized and
ventilated for determinations of PC,,, in response to escalating doses of ACh. Bars depict
means and standard errors of the means. Significant differences (p<0.05) between the
mutant (IL4- and rag-deficient) mice and B10.A mice are represented (*). Results are

representative of three experiments.
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DISCUSSION

The role of the adaptive immune system in mediating allergen-induced airway
hyperreactivity, despite some modest controversy, seems well established (reviewed in
15). In this model, CD4+ T cells differentiate preferentially to a type 2 phenotype, leading
to the activation of various effector cells and the elaboration of reactive agents that together
result in the classic cell and tissue responses that characterize asthma. Many of these
downstream effector functions seem to depend upon release of IL-4 and IL-13 from Th2
cells, which can mediate eosinophil recruitment, mucus hyperplasia and airway
hyperreactivity by a mechanism dependent on signaling through IL-4Ra (33, 37-39) and
activation of Stat6 (40, 41). Despite this knowledge, the contributions of adaptive
immunity to the maintenance of baseline airway reactivity to bronchoconstricting agents
remain less well studied. Various transgenic mice that express cytokines in the lung have
demonstrated effects on baseline airway hyperreactivity (42-45), but whether this reflects
the physiologic state is unknown.

We used A/J mice, a strain with inherently increased baseline airway hyperreactivity to
pharmacologic bronchoconstricting agents, to assess the role of the adaptive immune
system in mediating this physiologic response. Despite markedly increased baseline airway
reactivity as compared to MHC congenic B10.A mice, we could find no evidence that cells
of the adaptive immune system contribute to resting airway responsiveness. This was
assessed by multiple independent strategies, including the acute depletion of CD4+ T cells,
the crossed bone marrow reconstitutions between A/J and B10.A mice, and the genetic
approach involving crossing A/] mice to RAG- and IL-4-deficient backgrounds. The
baseline hyperreactivity of A/J mice was essentially unaltered by each of these approaches.
Further, there existed no histologic evidence to support an immune-mediated mechanism

for maintaining baseline reactivity in A/J mice. In contrast to immunized B10.A mice with
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comparable airway hyperreactivity (Figure 2A), naive A/] mice displayed no cellular
infiltrates into pulmonary tissue and no evidence for intrinsic activation of type 2 immune
responses. The data suggest an intrinsic mechanism for airway hyperreactivity in A/J mice
that makes this a valuable model for investigating contributions of nonimmune genes to
airway physiology.

Our inability to implicate hematopoietic cells in baseline airway hyperreactivity in A/J
mice was in contrast to a prior study that used a similar approach using crossed bone
marrow chimeric mice. Importantly, however, the prior study used F1 A/J x C57BL/6
mice as the hyperreactive parental strain as compared to C57BL/6 control animals (26). F1
mice were used to minimize contributions by graft-versus-host disease in chimeric animals,
but the discriminatory differences in airway physiology were smaller in F1 as compared to
parental A/J mice. We used MHC congenic B10.A mice to both minimize the potential for
graft-versus-host disease amongst recipients while maximizing the discrimination in airway
physiologic parameters as compared to A/J mice. We could discern no evidence for graft-
versus-host disease in reconstituted mice using histologic criteria, but observed a consistent
change in the baseline airway physiology in all irradiated mice, irrespective of the source of
the donor marrow cells. Despite these baseline changes, which were consistent within
groups of mice, it was clear that A/J recipients demonstrated resting airway hyperreactivity
that was elevated comparably whether reconstituted with A/J or B10.A-derived bone
marrow cells.  Conversely, B10.A recipients displayed relatively normal airway
hyperreactivity even after reconstitution with A/J-derived cells.

Acute reconstitution experiments leave open the possibility that developmental processes
mediated by hematopoietic cells, and specifically by immune T cells, could induce chronic
airway structural alterations leading to airway hyperreactivity that might not be readily
reversed in adult life. We, in agreement with a prior report (28), could demonstrate no
effect on baseline airway physiology mediated by acute depletion of CD4+ T cells, but
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potential chronic effects of lymphocytes have not been investigated. We used a genetic
approach by crossing A/J mice to RAG-1-deficient and IL-4-deficient mice because, in each
case, animals on these backgrounds have demonstrated profound deficiencies in the ability
to mount airway responses to aerosolized antigen, including OVA (31, 33-35). In each
case, the crossing in of A/J-derived genes resulted in increased baseline airway
hyperreactivity in the N6 generation, at which point over 98% of the genome was A/J-
derived. Airway hyperreactivity of control littermates was indistinguishable from parental
A/] mice. In contrast to parental A/J mice, however, the backcrossed mutant mice
developed similar airway hyperreactivity in the complete absence of B and T cells (RAG-1-
deficient) or IL-4 (IL-4-deficient). Thus, any contributions of lymphocytes or IL-4 to
baseline airway hyperreactivity in A/J mice would seem to be nonessential.

The role of non-hematopoietic cell factors in allergen-mediated airway
hyperresponsiveness was illustrated here by the enhanced reactivity of A/J mice to
sensitization with ovalbumin as compared to B10.A mice with the same amount of antigen
challenge (Figure 2A). Similar findings were noted in comparing A/J and C3H mice after
sensitization with OVA or sheep red blood cells (29). Thus, subsequent type 2
inflammation resulted in incrementally greater airway hyperreactivity at more modest levels
of immune cell recruitment, as evident by microscopic examination (Figure 3).
Understanding the mechanisms for such interaction with the immune response may have
great implications for the role of innate factors in contributing to susceptibility to allergic
airways disease.

These findings raise questions regarding the mechanism(s) that underlie intrinsic airway
hyperreactivity in A/J mice. Differences in airway caliber or number were not apparent in
our studies (H. Hadeiba, R. M. Locksley; data not shown). The finding that high-dose
cyclosporin A could attenuate airway hyperreactivity in A/J mice is intriguing (28). The
ubiquitous distribution of calcineurin, the target of cyclosporin A, in all tissues, will require
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definition of the amounts and affinities of this phosphatase in discrete lung cell types.
Indeed, the recent incrimination of calcineurin-dependent pathways in myocardial
hypertrophy and signaling through the myocyte angiotensin receptor point out previously
unappreciated roles for phosphatases of this class outside of the immune system (46).
Other possibilities include the role of the autonomic nervous system control of airway
smooth muscle as determined by a combination of B2-adrenergic and postganglionic
muscarinic receptors (reviewed in 47). Of the various airway muscarinic receptor
subtypes, the two most implicated in human asthma are designated subtypes II (M2) and III
(M3). M2 receptors - present on postganglionic nerves - inhibit acetylcholine release via a
negative feedback loop. Some evidence has been provided for dysfunctional M2 receptors
in both human asthma (48) and in animal models of allergic airway disease (49). M3
receptors - present on airway smooth muscle, submucosal glands, epithelial and endothelial
cells - mediate airway smooth muscle contraction and mucus hypersecretion (47). Some
evidence also suggests that coupling of muscarinic receptors to signal-transducing G
proteins might be more efficient in A/J mice, although the subtypes of muscarinic receptors
involved and their distribution will require further study (50). We did note modestly
enhanced expression of M3 receptor mRNA in lung tissues extracted from A/J, as
compared to B10.A, mice (H. Hadeiba, R. M. Locksley; data not shown), but further
study will be required to quantitate the overall stoichiometry of the various muscarinic
receptor subtypes in order to discern any relationship with baseline airway
hyperresponsiveness. Although recent studies have defined a role for the integrin avp6 in
mediating lung tissue homeostasis (51), baseline histologic studies failed to provide
evidence for aberrant cell infiltration in mediating the physiologic changes in A/J lung.
These studies reaffirm the importance of the A/J strain in elucidating intrinsic factors that
modulate airway hyperreactivity that arise independent of the acquired immune system.
The aggravated phenotype demonstrated by A/J mice, with a proportionately greater airway
52
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response following immunization, points out the capacity of such genetic tendencies to
aggravate subsequent immune-mediated airways disease. A/J mice will provide not only a
valuable strain for classical genetic analysis to elucidate non-immune genes that might
contribute to asthma susceptibility, but will remain a stringent test for examining the ability

of immune interventions to alleviate successfully the induced allergic response.

53

%,

([ N



ACKNOWLEDGEMENTS

The authors gratefully acknowledge the assistance and advice of D. J. Fowell and J.

Cyster at UCSF. This work was supported by NIH HL56385, AI26918, and the Howard
Hughes Medical Institute.

54

wn s om s e e
SRR NG

“ &, ¥

2R R |



REFERENCES

1. Weiss, K.B., P.J. Gergen, and T.A. Hodgson. 1992. An economic evaluation of
asthma in the United States. N. Engl. J. Med. 326:862-866.

2. Shirakawa, T., T. Enomoto, S. Shimazu, and J.M. Hopkin. 1997. The inverse
association between tuberculin responses and atopic disorder. Science 275:77-79.

3. Robinson, D.S., Q. Hamid, S. Ying, A. Tsicopoulos, J. Barkans, A.M. Bentley,
C. Corrigan, S.R. Durham, and A.B. Kay. 1992. Predominant TH2-like bronchoalveolar
T-lymphocyte population in atopic asthma. N. Engl. J. Med. 326:298-304.

4. Corrigan, C.J.,, and A.B. Kay. 1990. CD4+ T-lymphocyte activation in acute
severe asthma: relationship to disease severity and atopic status. Am. Rev. Respir. Dis.
141:970-977.

5. Walker, C., J.C.J. Virchow, P.L. Bruijnzeel, and K. Blaser. 1991. T cell subsets
and their soluble products regulate eosinophilia in allergic and non-allergic asthma. J.
Immunol. 146:1829-1835.

6. Walker, C., E. Bode, L. Boer, T.T. Hansel, K. Blaser, and J.C.J. Virchow.
1992. Allergic and nonallergic asthmatics have distinct patterns of T-cell activation and
cytokine production in peripheral blood and bronchoalveolar lavage. Am. Rev. Respir.
Dis. 146:109-115.

7. = Azzawi, M., B. Bradley, P.K. Jeffery, A.J. Frew, A.J. Wardlaw, G. Knowles,
B. Assoufi, J.V. Collins, S. Durham, and A.B. Kay. 1990. Identification of activated T
lymphocytes and eosinophils in bronchial biopsies in stable atopic asthmatics. Am. Rev.
Respir. Dis. 142:1407-1413.

8. Poston, R.N., P. Chanez, J.Y. Lacoste, T. Litchfield, T.H. Lee, and J. Bousquet.
1992. Immunohistochemical characterization of the cellular infiltration in asthmatic bronchi.

Am. Rev. Respir. Dis. 145:918-921.
55



9. Robinson, D.S., Q. Hamid, A. Bentley, S. Ying, A.B. Kay, and S.R. Durham.
1993. Activation of CD4+ T cells, increased Th2-type cytokine mRNA expression, and
eosinophil recruitment in bronchoalveolar lavage after allergen inhalation challenge in
patients with atopic asthma. J. Allergy Clin. Immunol. 92:313-324.

10. Walker, C., M.K. Kaegi, P. Braun, and K. Blaser. 1991. Activated T cells and
eosinophilia in bronchoalveolar lavages from subjects with asthma correlated with disease
severity. J. Allergy Clin. Immunol. 88:935-942.

11. Azzawi, M., P.W. Johnston, S. Majumdar, A.B. Kay, and P.K. Jeffery. 1992. T
lymphocytes and activated eosinophils in airway mucosa in fatal asthma and cystic fibrosis.
Am. Rev. Respir. Dis. 145:1477-1482.

12.  Marsh, D.G,, J.D. Neely, D.R. Breazeale, B. Ghosh, L.R. Freidhoff, E. Ehrlich-
Kautzky, C. Schou, G. Krishnaswamy, and T.H. Beaty. 1994. Linkage analysis of IL-4
and other chromosome 5q31.1 markers and total serum immunoglobulin E concentrations.
Science 264:1152-1156.

13. Postma, D.S., E.R. Bleecker, P.J. Amelung, K.J. Holroyd, J. Xu, C.IL
Panhuysen, D.A. Meyers, and R.C. Levitt. 1995. Genetic susceptibility to asthma:
bronchial hyperresponsiveness coinherited with a major gene for atopy. N. Engl. J. Med.
333:894-900.

14. Daniels, S.E., S. Bhattacharrya, A. James, N.I. Leaves, A. Young, M.R. Hill,
J.A. Faux, G.F. Ryan, P.N. LeSouef, G.M. Lathrop, A.W. Musk, and W.0.C.M.
Cookson. 1996. A genome-wide search for quantitative loci underlying asthma. Nature
383:247-250.

15. Wills-Karp, M. 1999. Immunologic basis of antigen-induced airway

hyperresponsiveness. Annu. Rev. Immunol. 17:255-281.

56



16. Symula, D.J., K.A. Frazer, Y. Ueda, P. Denefle, M.E. Stevens, Z.E. Wang,

R.M. Locksley, and E.M. Rubin. 1999. Functional screening of an asthma QTL in YAC

transgenic mice. Nature Genetics 23:241-244..

17.  Levitt, R.C., and W. Mitzner. 1988. Expression of airway hyperreactivity to

acetylcholine as a simple autosomal recessive trait in mice. FASEB 2:2605-2608.

18.  Levitt, R.C., and W. Mitzner. 1989. Autosomal recessive inheritance of airway

hyperreactivity to 5-hydroxytryptamine. J. Appl. Physiol. 67:1125-1132.

19.  Levitt, R.C., W. Mitzner, and S.R. Kleeberger. 1990. A genetic approach to the

study of lung physiology: understanding biological variability in airway responsiveness.

Am. J. Physiol. 258:1.157-L164.

20. Konno, S., M. Adachi, T. Matsuura, K. Sunouchi, H. Hoshino, A. Okazawa, H.

Kobayashi, and T. Takahashi. 1993. Bronchial reactivity to methacholine and serotonin in

six inbred mouse strains. Arerugi 42:42-47.

21.  De Sanctis, G.T., M. Merchant, D.R. Beier, R.D. Dredge, J.K. Grobholz, T.R.

Martin, E.S. Lander, and J.M. Drazen. 1995. Quantitative locus analysis of airway

hyperresponsiveness in A/J and C57BL/6] mice. Nature Genetics 11:150-154.

22. Ewart, S.L., W. Mitzner, D.A. DiSilvestre, D.A. Meyers, and R.C. Levitt. 1996.

Airway hyperresponsiveness to acetylcholine: segregation analysis and evidence for linkage

to murine chromosome 6. Am. J. Respir. Cell Mol. Biol. 14:487-495.

23.  Mombeaerts, P., J. lacomini, R.S. Johnson, K. Herrup, S. Tonegawa, and V.E.

Papaioannou. 1992. RAGe-1-deficient mice have no mature B and T lymphocytes. Cell

68:869-877.

24, Kuhn, R., K. Rajewsky, and W. Muller. 1991. Generation and analysis of

interleukin-4-deficient mice. Science 254:707-710.

25. Corry, D.B., H.G. Folkesson, M.L. Wamock, D.J. Erle, M.A. Matthay, J.P.

Wiener-Kronish, and R.M. Locksley. 1996. Interleukin 4, but not interleukin 5 or
57



eosinophils, is required in a murine model of acute airway hyperreactivity. J. Exp. Med.
183:109-117.
26. De Sanctis, G.T., A. Itoh, F.H.Y. Green, S. Qin, T. Kimura, J.K. Grobholz,
T.R. Martin, T. Maki, and J.M. Drazen. 1997. T-lymphocytes regulate genetically
determined airway hyperresponsiveness in mice. Nature Medicine 3:460-462.
27.  Gelfand, E'W., and C.G. Irvin. 1997. T lymphocytes: Setting the tone of the
airways. Nature Medicine 3:382-383.
28.  Ewart, S.L., S.H. Gavett, J. Margolick, and M. Wills-Karp. 1996. Cyclosporin A
attenuates genetic airway hyperresponsiveness in mice but not through inhibition of CD4+
or CD8+ T cells. Am. J. Respir. Cell Mol. Biol. 14:627-634.
29.  Wills-Karp, M., and S.L. Ewart. 1997. The genetics of allergen-induced airway
hyperresponsiveness in mice. Am. J. Respir. Crit. Care Med. 156:S89-S96.
30. Gavett, S.H., X. Chen, F. Finkelman, and M. Wills-Karp. 1994. Depletion of
murine CD4+ T lymphocytes prevents antigen-induced airway hyperreactivity and
pulmonary eosinophilia. Am. J. Respir. Cell. Mol. Biol. 10:587-593.
31.  Corry, D.B,, G. Grunig, H. Hadeiba, V.P. Kurup, M.L. Warnock, D. Sheppard,
D.M. Rennick, and R.M. Locksley. 1998. Requirements for allergen-induced airway
hyperreactivity in T and B cell-deficient mice. Mol. Med. 4:344-355.
32. Garlisi, C.G., A. Falcone, T.T. Kung, D. Stelts, K.J. Pennline, A.J. Beavis, S.R.
Smith, R.W. Egan, and S.P. Umland. 1995. T cells are necessary for Th2 cytokine
production and eosinophil accumulation in airways of antigen-challenged allergic mice.
Clin. Immunol. Immunopathol. 75:75-83.
33.  Grunig, G.,, M. Wamock, A.E. Wakil, R. Venkayya, F. Brombacher, D.M.
Rennick, D. Sheppard, M. Mohrs, D.D. Donaldson, R.M. Locksley, and D.B. Corry.
1998. Requirement for IL-13 independently of IL-4 in experimental asthma. Science
282:2261-2263.

58



34.  Brusselle, G.G., J.C. Kips, J.H. Tavernier, J.G. Van der Heyden, C.A. Cuvelier,
and R.A. Pauwels. 1994. Attenuation of allergic airway inflammation in IL-4 deficient
mice. Clin. Exp. Allergy. 24:73-80.

35. Brusselle, G., J. Kips, G. Joos, H. Bluethmann, and R. Pauwels. 1995. Allergen-
induced airway inflammation and bronchial responsiveness in wild-type and interleukin-4-
deficient mice. Am. J. Respir. Cell Mol. Biol. 12:254-259.

36. Wills-Karp, M., J. Luyimbazi, X. Xu, B. Schofield, T.Y. Neeben, C.L. Karp,
and D.D. Donaldson. 1998. Interleukin-13: Central mediator of allergic asthma. Science
282:2258-2261.

37. Gavett, S.H.,, DJ. OHearn, C.L. Karp, E.A. Patel, B.H. Schofield, F.D.
Finkelman, and M. Wills-Karp. 1997. Interleukin-4 receptor blockade prevents airway
responses induced by antigen challenge in mice. Am. J. Physiol. 272:1.253-L261.

38. Hershey, G.K.K., M.F. Friedrich, L.A. Esswein, M.L. Thomas, and T.A.

Chatila. 1997. The association of atopy with a gain-of-function mutation in the o subunit

of the interleukin-4 receptor. N. Engl. J. Med. 337:1720-1725.
39. Mitsuyasu, H., K. Izuhara, M. X.-Q., P.-S. Gao, Y. Arinobu, T. Enomoto, M.
Kawai, S. Sasaki, Y. Dake, N. Hamasaki, T. Shirakawa, and J.M. Hopkin. 1998.

lle5S0Val variant of IL-4Ro upregulates IgE synthesis and associates with atopic asthma.

Nature Genetics 19:119-120.

40. Kuperman, D., B. Schofield, M. Wills-Karp, and M.J. Grusby. 1998. Signal
transducer and activator of transcription factor 6 (Stat6)-deficient mice are protected from
antigen-induced airway hyperresponsiveness and mucus production. J. Exp. Med.
187:939-948.

41. Akimoto, T., F. Numata, M. Tamura, Y. Takata, N. Higashida, T. Takashi, K.

Takeda, and S. Akira. 1998. Abrogation of bronchial eosinophilic inflammation and airway

59



hyperreactivity in signal transducers and activators of transcription (STAT6)-deficient mice.
J. Exp. Med. 187:1537-1542.

42, Rankin, J.A., D.E. Picarella, G.P. Geba, U.-A. Temann, B. Prasad, B. DiCosmo,
A.T. Tarallo, B. Stripp, J. Whitsett, and R.A. Flavell. 1996. Phenotypic and physiologic
characterization of transgenic mice expressing interleukin 4 in the lung: lymphocytic and
eosinophilic inflammation without airway hyperreactivity. Proc. Natl. Acad. Sci. USA
93:7821-7825.

43, Lee, JJ., M.P. McGarry, S.C. Farmer, K.L. Denzler, K.A. Larson, P.E.
Carrigan, L.LE. Brenneise, M.A. Horton, A. Haczku, E.W. Gelfand, G.D. Leikauf, and
N.A. Lee. 1997. Interleukin-5 expression in the lung epithelium of transgenic mice leads to
pulmonary changes pathognomonic of asthma. J. Exp. Med. 185:2143-2156.

44. Tang, W., G.P. Geba, T. Zheng, P. Ray, R.J. Homer, C. Kuhn, R.A. Flavell,
and J.A. Elias. 1996. Targeted expression of IL-11 in the murine airway causes
lymphocytic inflammation, bronchial remodeling, and airways obstruction. J. Clin. Invest.
98:2845-2853.

45. Zhu, Z., R.J. Homer, Z. Wang, Q. Chen, G.P. Geba, J. Wang, Y. Zhang, and
J.A. Elias. 1999. Pulmonary expression of interleukin-13 causes inflammation, mucus
hypersecretion, subepithelial fibrosis, physiologic abnormalities, and eotaxin production.
J. Clin. Invest. 103:779-788.

46.  Crabtree, G.R. 1999. Generic signals and specific outcomes: signaling through

Ca?+, calcineurin, and NF-AT. Cell 96:611-614.

47.  Barnes, P.J. 1993. Muscarinic receptor subtypes in airways. Life Sciences 52:521-
527.

48. Minette, P.A.H., J.W.J. Lammers, C.M.S. Dixon, M.T. McCusker, and P.J.
Barnes. 1989. A muscarinic agonist inhibits reflex bronchoconstriction in normal but not in

asthmatic subjects. J. Appl. Physiol. 67:2461-2465.
60



49.  Fryer, A.D., and M. Wills-Karp. 1991. Dysfunction of M,-muscarinic receptors in
pulmonary parasympathetic nerves after antigen challenge. J. Appl. Physiol. 71:2255-
2261.

50.  Gavett, S.H., and M. Wills-Karp. 1993. Elevated lung G protein levels and
muscarinic receptor affinity in a mouse model of airway hyperreactivity. Am. J. Physiol.
265:L493-L500.

51. Munger, J.S., X.Z. Huang, H. Kawakatsu, M.J.D. Griffiths, S.L. Dalton, J.F.
Wu, J.F. Pittet, N. Kaminiski, C. Garat, M.A. Matthay, D.B. Rifkin, and D. Sheppard.

1999. The integrin oovP6 binds and activates latent TGFB1: a mechanism for regulating

pulmonary inflammmation and fibrosis. Cell 68:869-877.

61



CHAPTER 3

Requirements for Allergen-Induced Airway Hyperreactivity in

T and B Cell-Deficient Mice
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Summary

The pathogenesis of asthma is believed to reflect antigen-induced airway inflammation
leading to the recruitment of eosinophils and activation of mast cells through cell-associated
IgE. Controversies persist however, regarding the relative importance of different
pathogenic cells and effector molecules. Using direct measurements of pulmonary
resistance in mice, we demonstrate that reconstitution of T and B cell-deficient
recombinase-activating-gene-deficient mice (RAG-/-) with CD4+ T cells was sufficient to
restore airway hyperreactivity to a potent fungal allergen, an extract of Aspergillus
fumigatus. CD4+ T cell reconstitution also restored lung inflammatory changes, including
eosinophilia and goblet cell hyperplasia. Sensitized B cell-deficient mice also developed
airway hyperreactivity and lung inflammation comparable to wild-type animals, confirming
that antibodies were dispensable. Treatment with neutralizing anti-IL-4 antibody or
sensitization of IL-4-deficient mice resulted in loss of airway hyperreactivity, whereas
treatment with anti-IL-5 antibody or sensitization of IL-5-deficient mice had no effect.
Therefore, CD4+ T cells alone are sufficient to mediate many of the pathognomonic
changes that occur in human asthma by a mechanism dependent upon IL-4, but
independent of IL-5, IgE or both. Clarification of the role played by CD4+ T cells is likely

to stimulate important therapeutic advances in asthma.
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INTRODUCTION

Asthma is a complex clinical disorder marked by reversible episodes of airway
narrowing and inflammation. Inflammation is characterized by the presence of Th2
lymphocytes that produce a spectrum of cytokines, including IL-3, IL-4, IL-5, IL-10, IL-
13 and GM-CSF (1-5). Together, these cytokines are believed to mediate the recruitment
and activation of eosinophils (by IL-5 and GM-CSF) and mast cells (by IL-3, IL-4, IL-9,
IL-10 and IL-13) and the production of IgE antibodies (by IL-4 and IL-13), that ultimately
cause pathologic changes, including damage and sloughing of the respiratory epithelium,
excess mucus production, airway edema and changes in airway smooth muscle that
collectively lower the threshold for airway narrowing to a variety of stimuli, termed airway
hyperresponsiveness (AH) (6, 7).

Recently, mouse models of allergic airway inflammation have been used to identify host
determinants involved in the inflammatory and physiologic changes associated with human
asthma. As expected, T cell-deficient mice failed to develop lung inﬂammat}on and AH (8-
11), and the role for Th2 cells predicted by the human studies was validated using anti-IL-4
and anti-IL-4 receptor antibodies and in IL-4-deficient mice, which failed to develop
antigen-induced airway changes in most (8, 12, 13), but not all (14), studies. Activity
mediated in the absence of IL-4 may reflect the capacity of IL-13, which can be
coordinately expressed with IL-4 in asthma (15), to itself direct Th2 differentiation through
STAT6-mediated stimulation in some strains of mice (16). Mice engineered to express
excessive amounts of IL-4 in the lung developed tissue inflammation, including
eosinophils, and baseline elevations of pulmonary resistance, but did not develop AH,
indicating additional requirements for the full spectrum of disease (17). Roles for

eosinophils, IL-5 and IgE in AH have been more variable, with some studies suggesting a
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necessary role and others demonstrating either or both to be dispensable (reviewed in 18,
19, and discussed below).

The fungus Aspergillus fumigatus has been shown to be a potent pulmonary allergen
(20), and is known to cause allergic airways disease in humans (21). We used an extract
of Aspergillus which induced AH across a range of inbred mouse strains to investigate the
critical components of the host response required to generate AH in the mouse. AH was
rigorously quantitated in the intact animal while breathing at physiologic tidal volumes. As
assessed in both CD4+ T cell-reconstituted, recombinase-activating-gene (RAG)-deficient
mice and in B cell-deficient mice, T cells were sufficient to mediate acute AH and lung
infiltration by inflammatory cells. Further, depletion of eosinophils to baseline levels had
no effect on the physiologic or immunologic changes mediated by CD4+ T cells. IL-4, but
not IL-5, emerged as a critical effector molecule mediating AH. This model should be

useful in elucidating the minimal signals required to elicit allergen-induced lung disease.
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MATERIALS AND METHODS

Mice. Female C57BL/6 (Jackson Laboratories, Bar Harbor, ME) and 129Sv/Ev (Taconic
Laboratories, Germantown, NY) mice were used at 6-10 weeks of age. Mice rendered
deficient in B cells by targeted disruption of the membrane exon of the immunoglobulin p
chain gene (22), and mice rendered deficient in T and B cells by disruption of the
recombinase activating gene-1 (RAG-1) (23) were backcrossed 6 times to C57BL/6 mice
and purchased from Jackson Laboratories. RAG-2-deficient mice (24) were on the
129SvEv background (Taconic Laboratories), IL-4-deficient mice (25) were on the
129Sv/Ev background and IL-5-deficient (26) mice were on the C57BL/6 background.
Antigen sensitization. Aspergillus fumigatus antigens represent a mixture of culture filtrate
and mycelial extract prepared free of living organisms (27). Batches #5323R1 and 5325
with equivalent activities were aliquoted at 10 mg/ml and stored at -70° C prior to use. The
endotoxin content of the extract was less than 0.1 EU/100 ug antigen.

For sensitization, anesthetized mice were given 100 ug Aspergillus extract in 50 ul PBS
intranasally 5 times at 4-day intervals, as described (20) or, with slight modification, by
first systemically priming animals with 3 subcutaneous injections of 100 pg Aspergillus
extract in 50 pul PBS at 4-day intervals, followed by delivery of the same amount of
antigens 3 times at 4-day intervals to anesthetized animals via a blunt-end gavage needle
inserted into the upper airway by direct visualization. No physiologic or pathologic
differences occurred among mice immunized by either of the two protocols (D. B. C. and
G. G., unpublished data). Designated mice were given 2 mg of neutralizing anti-murine
IL-5 antibody, TRFK-5 (28), or 2 mg of neutralizing anti-murine IL-4 antibody, 11B11

(29), intraperitoneally, beginning on the first day of antigen sensitization and then
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concurrently with additional antigen administration every 4 days. Control mice were given
an isotype-matched irrelevant monoclonal antibody, Y 13-259.

Quantitation of AH. Mice were anesthetized and maintained inside a whole body
plethysmograph on rodent ventilators as described (8). For convenience, animals were
studied four days after the final antigen challenge, although entirely comparable results
occurred when mice were investigated either immediately or one day after the final antigen
challenge (D. Corry and G. Grunig; unpublished observations). Briefly, mice were
ventilated using 100% oxygen under conditions that maintained physiologic pH and PCO,.
It was not possible to maintain physiologic conditions if mice were ventilated with room
air, due to the severe hypoxemia incurred after administration of the higher doses of
acetylcholine (D. Corry; unpublished data). After establishing a stable baseline for lung
resistance (R, ), as determined by continuously quantitating AP/AV (where APt = change in
tracheal pressure and AV = change in flow) at 70% tidal volume, acetylcholine chloride was
administered intravenously over 1 second in escalating doses via an indwelling tail vein
catheter. The provocative concentration of acetylcholine in pg/gm that caused a 200%
increase in R, designated PC,,, was calculated by linear interpolation of appropriate dose-
response curves. Significant differences (defined as P < 0.05) were calculated on the
logarithm of PC,, by analysis of variance using reference to the specified control groups.
Baseline pulmonary resistance did not differ among the various groups of mice in these
studies.

Assessment of the immune response. Bronchoalveolar lavage (BAL) cells were collected
by serially instilling and withdrawing 1 ml aliquots of Hanks’ balanced salt solution, pH
7.2, from the tracheal cannula. Cells were washed, counted and adjusted to 107 cells/ml in
RPMI 1640 with 5% fetal bovine serum and antibiotics. Aliquots of 10° cells were
centrifuged onto glass slides, stained using modified Giemsa, and used to determine the
absolute numbers of eosinophils.
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Suspensions of lung cells were prepared by removing the whole lungs and dissecting
away lymph node and thymic tissue. Lungs were finely minced and the fragments were
pressed through a 0.75 pm nylon mesh filter. Red blood cells were lysed in hypotonic
buffer, and the remaining cells were washed twice, counted and adjusted to 107 cells/ml in
RPMI 1640 with 5% fetal bovine serum and antibiotics.

The numbers of IL-4-producing cells were quantitated using enzyme-linked immunocell
spot (ELISPOT) assays as described (8). Briefly, duplicate cell samples were distributed
to 96-well microtiter plates that had been precoated with mAb 11B11 anti-murine-IL-4
antibody, serial two-fold dilutions of the cells were carried out, and the plates were
incubated undisturbed for 18 hours at 37° C. After washing away the cells, biotinylated
secondary antibody against IL-4, BVD6-24G.2, was added. Captured IL-4 was revealed
using streptavidin-conjugated alkaline phosphatase and developed using 5-bromo-4-chloro-
indolyl-phosphate in 0.1 M 2-amino-2-methyl-1-propanol buffer suspended in 0.6%
agarose. Individual blue spots were counted after solidification of the agar using inverted
Microscopy.

Serum was prepared from whole blood collected at the time of death for determination
of total IgE and IgG levels using sandwich monoclonal antibody-based ELISA as described
(8).

Tissue pathology. For histologic analysis, whole lungs were infused via the trachea with
4% formalin until distended and fixed for 24 hours. The tissues were embedded in
paraffin, and 2-3 um sections were cut and stained with hematoxylin and eosin or periodic
acid-Schiff for viewing by light microscopy.

T cell reconstitutions. Spleen, inguinal and axillary lymph nodes were harvested from
CS57BL/6 or 129SvEv mice. The tissues were finely minced and dispersed into single-cell
suspensions by passage through a 0.75 um nylon mesh filter. Cells were washed twice,
counted, and depleted of B cells, MHC class II- and CD8-bearing cells using monoclonal
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antibodies Jlld, BP107, and 3.155 (all from American Type Culture Collection; Rockville,
MD), respectively, and low-toxicity rabbit and guinea pig complement (Cedarlane; Ontario,
Canada). The resulting cells were labelled with phycoerythrin (PE)-conjugated anti-B220,
FITC-conjugated anti-Thy 1.2, and Tri-Color-conjugated anti-CD4 and sorted on a flow
cytometer (FACS Star Plus, Becton and Dickinson; Mountain View, CA) to achieve final
populations of 96-98% pure CD4+, Thyl+, B220- lymphocytes. CD4+ T cells were
transferred to RAG-1 -/- (C57BL/6 donor cells) or RAG-2 -/- (129 SvEv donor cells) mice
intraperitoneally in 0.5 ml RPMI 1640. The next day and every 4 days thereafter, mice
were sensitized with 100 pg Aspergillus antigens in 50 ul PBS or PBS alone for 3 doses
given subcutaneously followed by 3 doses given intranasally. At the conclusion of the
experiment, aliquots of lung and spleen cells were analyzed for the presence of CD4+,
CD8a+, IgM+ and CD19+ cells using the appropriate conjugated monoclonal antibodies

and flow cytometry.
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RESULTS

Airway responses induced by Aspergillus antigens require lymphocytes.
After sensitization with antigens from Aspergillus, control mice (C57BL/6 or 129), but
not RAG-1- or RAG-2-deficient mice that lacked T and B cells, developed substantial
increases in airway hyperreactivity, as demonstrated by the significant decrease in the dose
of acetylcholine, a potent airway constrictor, required to elicit a 200% increase in
pulmonary resistance (provocative dose 200%, or PC,,)) (Figure 1). RAG-deficient mice
also failed to develop the degree of airway inflammation - airway eosinophils and increases
in the numbers of IL-4-producing cells in the lung - that characterized the response in wild-
type mice, although some increases in BAL eosinophils could be consistently shown (Table
1). The inflammatory changes were markedly suppressed as compared to wild-type mice,
however, as revealed in multiple histologic sections from lungs, and this did not differ
between RAG-1 -/- and RAG-2 -/- mice (Figure 2). Thus, lymphocytes were required to
mediate both the physiologic and pathologic changes that occured in the airways of mice

challenged with the fungal antigens.
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Figure 1. Provocative concentrations of acetylcholine (ug/gm) that
increased baseline airway resistance 200% (PC,,,).

Groups of 4-18 C57BL/6 (wild-type, WT) (A), RAG-1-deficient (RAG) (B) and
RAG-1 or RAG-2-deficient mice reconstituted with purified CD4+ T cells (RAG + Cells)
(C) were sensitized with either saline (Saline) or Aspergillus antigens (Ag). Decreases in
PC,,, indicate enhanced airway hyperreactivity, with bars representing means and standard
errors of the means. Significant differences (P < 0.05) between control and Ag groups are

indicated (*).
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Table 1. Immune responses to inhaled Aspergillus antigens.

Mice Total IL-4-producing cells/lung No. eosinophils in IgE
BAL fluid (%) (ng/ml)

CS57BL/6

saline 130 0.8+0.5(1) <0.1

Aspergillus 1692 + 356 295 + 27* (69) 4.5+ 1.4%
RAG -/-

saline <30 0.5+0.4 (1) <0.04

Aspergillus <30 53 + 13* (21) <0.04
RAG -/- + CD4 T cells

saline <30 26 + 6 (41) <0.04

Aspergillus 2400 + 1400* 335 + 50* (77) <0.04
uMT

saline 208 + 130 3+£2(1) <0.04

Aspergillus 614 + 137* 259 + 31* (65) <0.04

Aspergillus + anti-IL-5 N.D. 6+2(2) <0.04

Aspergillus + anti-IL-4 N.D. 128 + 81* (30) <0.04
IL-§ -/-

saline N.D. 0 (0) <0.04

Aspergillus N.D. 2.7+ 0.8 (6) 5.6 + 0.5%

Groups of 4-18 mice from the designated groups were used to prepare single-cell
suspensions of lung tissue for quantitation of numbers of IL-4-secreting cells by ELISPOT
assay. Bronchoalveolar lavage (BAL) cells were stained to assess the absolute numbers
(x10%) and percentages (in parenthesis) of eosinophils in total BAL cells. Serum IgE was
quantitated by ELISA. Numbers represent mean + SEM, with significant differences
between saline and Aspergillus challenge indicated (*, P < 0.05). N.D., not done.
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RAG-deficient mice reconstituted with CD4+ T cells manifest allergen-
induced physiologic and pathologic findings in the lungs.

To confirm that T cells alone, and particularly CD4+ T cells, could mediate the
pathologic changes associated with asthma, spleen and lymph node CD4+ T cells from the
appropriate matched donor animals were purified by flow cytometry and were passively
transferred into RAG-1- or RAG-2-deficient mice. The reconstituted mice were sensitized
with antigen or saline, and the pathologic and physiologic changes were assessed. In
contrast to nonreconstituted RAG-deficient mice, mice reconstituted with CD4+ T cells
developed AH to acetylcholine (Figure 1), as well as airway eosinophilia, tissue IL-4-
producing cells and peribronchiolar inflammatory changes in the lung (Table 1 and Figure
2). Flow cytometric analysis confirmed the presence of CD4+ and the absence of CD8+ T
cells and CD19+ B cells in the reconstituted, but not the nonreconstituted RAG-deficient
mice (Figure 3). Serum immunoglobulins (IgG, IgE) were below the limits of detection of
the ELISA in these reconstituted mice, suggesting that T cells mediated these changes in the

absence of antibodies, including IgE.

Allergen-sensitized B cell-deficient mice develop AH and lung
inflammation.

To confirm that antibodies were not required to mediate AH, mice with targeted
disruption of the immunoglobulin p heavy chain gene, which are deficient in B cells and
antibody (21), were immunized with Aspergillus antigens. These sensitized B cell-
deficient mice developed AH, as quantitated by decreases in PC,,,, that was comparable to
that seen in B cell-replete mice (Figure 4). Moreover, eosinophil recruitment to the airWays
and tissues, the appearance of lung Th2 cells, the degree of peribronchial/peribronchiolar
inflammation, and the presence of goblet cell hyperplasia, were all preserved in the
sensitized B cell-deficient mice (Table 1 and Figure 2). Flow cytometric analysis of spleen
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Figure 2. Photomicrographs of representative tissue sections prepared from

lungs of designated mice 4 days after the final antigen challenge.

A. pMT lung sensitized with saline. Minimal lymphoid cell infiltrate is apparent in the

periarterial space adjacent to a normal bronchiole. Alveolar spaces are not involved. This

was not different than that seen in C57BL/6 mice sensitized with saline. Inset: PAS

staining reveals absence of goblet cells in epithelial cell layer.

B. C57BL/6 lung sensitized with Aspergillus extract. Periarteral space is filled with an

eosinophil-rich infiltrate. Airway contains many pale-staining, vacuolated goblet cells

(arrow). Inset: PAS stain highlights hyperplasia of purple-staining goblet cells in epithelial

cell layer.

C. uMT lung sensitized with Aspergillus extract. The periarterial space is filled with an

eosinophilic inflammatory infiltrate that spreads to the adjacent bronchiole.

D. uMT lung sensitized with Aspergillus extract and treated with anti-IL-5 antibody. The

perivascular and peribronchiolar spaces are filled with a lymphoid infiltrate containing only

rare eosinophils.

E. RAGe-deficient lung reconstituted with CD4+ T cells and sensitized with Aspergillus

extract. A heavy perivascular infiltrate with eosinophils is present surrounding the

peribronchiolar space.

F. High-power field of section D demonstrating marked reduction in numbers of

eosinophils after treatment with anti-IL-5 antibody.

G. High-power field of section E demonstrating homogeneous eosinophil-rich infiltrate.
All sections stained with hematoxylin and eosin. A-E x 250 magnification; F, G x 1500

magnification.
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Figure 3. Flow cytometric analysis of spleen cells from CD4+ T cell-
reconstituted RAG-deficient mice.

Spleen cells from RAG-1 or RAG-2-deficient that had been either untreated
(Nonreconstituted) or repleted with purified CD4+ T cells (Reconstituted with CD4+ T
cells) were stained with fluorescence-conjugated monoclonal antibodies to CD4, CD8a or
CD19 (black shaded areas) to mark T helper, T cytotoxic and B lymphocytes, respectively.
Gates were adjusted such that background staining with isotype control-matched

fluorescence-conjugated monoclonal antibody (gray lines) was < 3%.
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Figure 4. Airway hyperreactivity in B cell-deficient mice.

Groups of 4-18 C57BL/6 (WT) (A) or B cell-deficient (MuMT) mice (B) were
sensitized with either saline (Saline) or Aspergillus antigens (Ag). Designated groups of
MuMT mice were treated with anti-IL-5, anti-IL-4 or control (Cont Ab) monoclonal
antibodies throughout the sensitization period (C). The provocative concentrations of
acetylcholine (ng/gm) that increased the baseline airway resistance by 200% (PC,,,) are
represented by bars and standard errors of the means. Significant differences (P < 0.05)

between the antigen and control groups are indicated (*).
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cells recovered at the end of the experiments, as well as serum immunoglobulin

determinations, confirmed that these animals lacked B cells and antibody.

IL-4, but not eosinophil recruitment mediated by IL-5, is required to
mediate AH.

In prior experiments using mice sensitized with ovalbumin, we demonstrated
requirements for IL-4, but not IL-5, using neutralizing antibodies administered during the
period of antigen priming (8). Similarly, neutralization of IL-4 during the period of antigen
sensitization in B cell-deficient mice completely abolished the development of AH.
Eosinophil recruitment to the lung was diminished by approximately 50% in these mice
(Figure 4 and Table 1). In contrast, administration of anti-IL-5 antibody such that
eosinophils were reduced to levels seen in nonimmunized control animals had no effect on
the induction of AH (Table 1, Figures 2 and 4).

To further confirm the IL-4-dependence and IL-5-independence of the airway phenotype
mediated by sensitization with Aspergillus antigens, IL-4-deficient and IL-5-deficient mice
were sensitized and analyzed for AH. Cohorts of wild-type mice were analyzed
concurrently. Although the wild-type and IL-5-deficient mice had comparable induction of
AH by the stringent physiologic criteria used, the IL-4-deficient mice had no airway
reactivity (Fig. 5). As anticipated, sensitized IL-5-deficient mice did not substantially
increase the numbers of eosinophils recovered in BAL as compared to wild-type mice, but

generated levels of IgE that were comparable to control animals (Table 1).
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Figure 5. Allergen-induced airways disease in cytokine-deficient mice.
Cobhorts of 4-6 wild-type (WT), IL-4-deficient (IL-4 -/-) or IL-5-deficient (IL-5 -/-) mice
with sensitized 5 times intranasally with either saline (Saline) or Aspergillus antigens (Ag).
Four days after the last intranasal challenge, mice were anesthetized and the airway
resistance quantitated as the PC,, which is represented by bars and standard errors of the

means. Significant differences (P < 0.05) between the saline and Ag groups are indicated

(*).
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DISCUSSION

These studies demonstrate that T cells, in the absence of B cells, IgE or elevations in the
numbers of eosinophils, were capable of inducing acute AH in mice sensitized to a potent
airway allergen. Further, the recruitment of eosinophils and the establishment of tissue
inflammation were unimpeded by the absence of B cells and antibody. These studies are in
accord with prior findings regarding inflammation in B cell-deficient mice by investigators
using different antigenic challenges (30, 31), but extend these observations by the
concomitant evaluation of pulmonary resistance in vivo. We also noted marked hyperplasia
of goblet cells, an additional histologic hallmark of asthmatic airways (32), in antigen-
sensitized, B cell-deficient mice. At least in this model, inflammation induced by the cross-
linking of immunoglobulin Fc receptors on mast cells or eosinophils was not required to
establish these key pathologic and physiologic components that occur in human asthma.
Although eosinophils and mast cell-associated IgE undoubtedly contribute to the chronicity
of human disease through their own elaboration of type 2 cytokines and other toxic factors
(6, 7, 33-39), these data establish that CD4+ T cells, in an IL-4-dependent manner, were
alone capable of initiating the process, an important observation that may be relevant to
therapeutic strategies applicable to human disease. This extends earlier reports indicating
the capacity to transfer AH in rodents using sensitized Thy-1+ or CD4+ lymphocytes
adoptively given into animals with otherwise intact immune systems (40, 41), in rigorously
defining the capacity of helper T cells to alone mediate the key pathologic and histologic
markers of airway disease.

Despite intensive study, the role of IgE and eosinophils, both in murine models of
allergen-induced lung disease and in human asthma, remains controversial. Studies in B

cell-deficient and IgE-deficient mice have demonstrated that IgE is not required to mediate
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pulmonary inflammation, including the recruitment of eosinophils, in allergen-induced
airways disease (30, 42, 43). In contrast, other investigators have reported a critical role
for IgE in eosinophil recruitment as studied using anti-IgE antibodies (44) or in analysis of
hyper-IgE-producing lines of mice (45), or in inducing tracheal smooth muscle
hyperresponsiveness (31, 46, 47). Similarly, studies in mice rendered eosinophil-deficient
by targeted disruption of the IL-5 gene (48) or in mice administered anti-IL-5 antibodies
(14, 45) demonstrated a role for IL-5-dependent eosinophilia in mediating airway
hyperreactivity, whereas other studies using neutralizing antibodies could demonstrate no
role for IL-5 or elevated tissue eosinophil numbers (8, 49). These investigations have used
different techniques for quantitating airway physiology, and a variety of antigens for
sensitization, some of which display genetic differences among various inbred strains of
mice (18). It remains possible that multiple pathways exist for the creation of allergic
airways disease - one IL-4/CD4+ T cell-dependent (8), one IL-5/eosinophil-dependent (14,
48) - although, as shown here and elsewhere (8), we have been unable to define a
necessary role for IL-5/eosinophils in mediating increases in lung resistance over a range of
inbred mouse strains and allergens. In addition, by simultaneously assessing the
importance of different immune cells and molecules in an optimized system, we have
clearly demonstrated the greater importance of CD4+ T cells, and IL-4, over other effector
moieties.

The demonstration that CD4+ T cells could mediate acute allergen-induced airways
disease raises questions regarding the mechanism(s) involved. The mechanism is
ultimately quite different than that mediated by immune complexes or antigen in Arthus-like
reactions. Pulmonary inflammation was markedly reduced in mice deficient in either the
substance P receptor, NK-1R, or the C5a anaphylatoxin receptor when challenged with
antigen-antibody complexes (50), and cutaneous and systemic Arthus reactions were
completely abrogated in mice with disruption of high- and low-affinity Fc receptors (51).
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The absence of immunoglobulin in the B cell-deficient mice or T cell-reconstituted RAG-
deficient mice precluded activation of these types of inflammatory cascades. Potential
interactions between Th2 cells and resident pulmonary cells that might serve as sources of
distinct inflammatory pathways mediated by chemokines (11, 52-56), interleukins (57), or
the induction of homing and adhesion molecules (11, 58), merit further study. Studies in
B cell-deficient and RAG-reconstituted mice should be informative in defining the
necessary and sufficient roles for such effector molecules. Although the requirement for
IL-4 suggests that Th2 cells were required and sufficient to mediate disease, further studies
will be needed to establish whether IL-4 production is necessary only from CD4+ T cells,
or also from endogenous cells of the innate immune system, or if IL-4 contributes directly.
or indirectly to the development of AH. Of note, these experiments could not define a
necessary role for either CD8+ T cells or v T cells, although their possible regulatory
contributions remain open.

An acknowledged caveat of these findings is their relevance to human asthma, a
complex disease of unclear etiology that may encompass several different phenotypes. It is
noteworthy that allergic diseases, including asthma, have been reported among rare
individuals who completely lack eosinophils (59, 60). Further, an inverse relationship was
noted between the predilection for asthma and the degree of CD4+ T cell depletion among
patients infected with HIV, despite the common association of elevated IgE levels with
progressive disease (61). Thus, the association of elevated IgE and eosinophil levels with
asthma may not indicate a causal role in the pathogenesis. In murine intestinal helminth
infections, systems in which protective immunity is mediated by Th2 cells, no requisite role
has been demonstrated for either IgE or eosinophils in immunity, despite their marked
elevations in vivo (26, 62).

The prevalence of asthma has risen steadily, such that 6% - 14% of children in the
United States and Great Britain are affected (63, 64). As noted above, a number of the
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pathologic and physiologic aspects of asthma are similar to those induced in this murine
model. Human asthma is felt to be induced by a number of relatively common
environmental antigens. Genetic studies in human populations have suggested linkage to
areas near the cytokine locus that encodes IL-4, IL-5, IL-13, IL-9 and GM-CSF on
chromosome 5q (65, 66), raising the possibility that aberrant type 2 responses may occur
in the lung due to genetic factors that concordantly link these cytokine responses. The
inverse relationship demonstrated in population studies between the intensity of delayed
type hypersensitivity, a type 1-mediated response, and the incidence of atopy and asthma,
provides additional support for this hypothesis (67). The data reported here suggest that
early interventions that target the activation and/or effector development of T cells specific
for candidate environmental allergens might abrogate the subsequent development of lung
disease by preventing the chronic recruitment of additional cells and mediators that amplify
the tissue destructive process. The model described should be useful for revealing the
minimal interactions between CD4+ T cells and endogenous cells of the lung that mediate

airway pathology.
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