A Study of the Mechanisms of Diesel Exhaust Enhdnce
Allergic Lung Disease

Tina L Stevens

A dissertation submitted to the faculty of the Unsity of North Carolina at
Chapel Hill in partial fulfilment of the requiremes for the degree of Doctor of
Philosophy in the Curriculum of Toxicology

Chapel Hill
2008

Approved by:

Dr. David Peden
Dr. M. lan Gilmour
Dr. Michael Madden
Dr. llona Jaspers
Dr. Stephen Tilley



Abstract
Tina L Stevens: A Study of the Mechanisms of Diésdiaust Enhanced

Allergic Lung Disease
(Under the direction of Dr. M. lan Gilmour)

Over the last several decades, epidemiologiste atnessed a rapid rise in the
prevalence and severity of asthma. While the factmderlying this increase are clearly
complex, environmental factors such as ambieniquéatr matter (PM) appear to play a
role. Diesel exhaust particles (DEP), a large doutor to vehicle derived PM, has been
shown to act as an immunologic adjuvant when gwigh antigen; however, there is still
a lack of understanding as to what component(sjemgonsible for these effects and the
underlying mechanisms through which they act. |a #ork, immunotoxic and genomic
responses of three chemically distinct DEP samplese assessed in an ovalbumin
(OVA) murine mucosal sensitization model. Immundatogndpoints in the lung after
OVA challenge demonstrated C-DEP/OVAA-DEP/OVA > N-DEP/OVA with respect
to adjuvancy. To elucidate possible mechanismshiese effects, global gene expression
changes in the lung were assessed. While all tXE®/OVA treatments induced
expression of cytokine and toll-like receptor padlys; only A- and C-DEP/OVA
treatments altered expression of apoptosis pathvilidition, C-DEP/OVA treatment,
which induced the greatest;d response post-sensitization, altered expresdidiNA
damage pathways. This comprehensive approach wgeng expression analysis to

examine changes at a pathway level provides aetlgacture of the events occurring in



the lung after DEP exposure in the presence ornalbsef antigen. This work also

explored immune responses in mice acutely expasetbtierate doses of DE in an OVA
mucosal sensitization model and identified possibechanisms using genomics. Mice
exposed to DE/OVA induced a mild adjuvant respon&spression analysis

demonstrated DE/OVA altered oxidative stress anthbwdism pathways. Together these
results demonstrate that exposure to even modeéosts of an air pollutant, such as DE,
can enhance allergic sensitization through oxi@asitress and inflammatory pathways.
Overall the results demonstrate all three DEP sasnphd DE induced adjuvancy, the
extent of which was not solely dependent on theaesdble organic content, and gene
expression analysis was a more sensitive indicatogarly signaling events than the

classical immunotoxic endpoints.
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Chapter 1

Introduction



1.1 Particulate Air Pollution

Epidemiological studies have demonstrated thatosxg to ambient air
particulate matter (PM) is positively associatethvimcreases in mortality and morbidity
due to respiratory illness [1-4]. While ambient Rigih originate from natural sources
such as volcanoes, forest fires, dust storms, aad spray, a significant portion is
generated from a variety of anthropogenic activityese types of activities include
agricultural operations, industrial processes, aastibn of wood and fossil fuels,
construction and demolition activities, and vehiaenissions. Recognizing the
detrimental respiratory as well as cancer and ogedicular health effects of PM, through
the Clean Air Act initiative, the Environmental Reotion Agency (EPA) set National
Ambient Air Quality Standards (NAAQS) regulating PAlbng with five other criteria
pollutants. The 2006 revised standards limits plagi with a mass median aerodynamic
diameter (MMAD) of < 2.5 um (PM2.5, fine) and thoskich are smaller than 10 pm
but larger than 2.5 (PM10, coarse). The currenh@4 exposure standards are 35 [fg/m
for PM2.5 and 150 pg/fifor PM10. The annual fine particle exposure stamhds 15
pg/nt and no annual PM10 exposure limit exists. In aoidito PM10 and PM2.5 there is
also PMO0.1 (ultra-fine). These are generally defias having an MMAD < 0.1 pm and
are not directly regulated by the NAAQS per se bseahey contribute very little mass
they are indirectly regulated through their pregeincthe PM2.5 and PM10 fractions [5].

Coarse particles, consisting of inorganic minefedsn wind erosion of crustal
material (Al, Si, Ca, Fe, Ti), road dust (brakeirgs, tire residue), and bioaerosols
(pollen, mold spores) [6], mainly deposit in thgpapairways where they are removed by

the body’s mucociliary clearance system resultiragnhy in gastrointestinal exposure and



have been shown to induce pulmonary inflammatiorodents [7, 8]. Fine and ultra-fine

particles, generated in combustion or formed fraseg, can be more toxic to the lower
airways because they are more readily inhaled 48 reach the alveoli in a higher
proportion than coarse where no cilia are presemt,exhibit long atmospheric residence
time [10].

In vitro andin vivo toxicology studies have demonstrated that ultna-itarbon
and titanium dioxide particles are more toxic thianger particles with the same
chemistry with respect to pro-inflammatory and @tide stress endpoints in A549
human epithelial cells and a slower pulmonary epee rate and greater inflammation in
rats [9, 11] These effects have been attributethéoultra-fine particles having a larger
surface area and the ability to penetrate epithebds more readily than their larger
counterparts. This in turn leads to a greater geiwgr of reactive oxygen species on the
surface [12], as well as better ability to activsignal transduction pathways important in
inflammation, injury, and repair [13]. Researchbaes/e used diesel exhaust particles
(DEP) as a model PM pollutant to understand theachmf PM on the genesis and
exacerbation of asthma. Several groups have dematedtthat DEP can act as an
adjuvant when combined with an allergen, resultimg enhanced IgE antibody
production, increased allergic inflammation andvay hyperresponsiveness (AHR) in

mice [14-16].

1.2 Diesel Exhaust Characteristics

Diesel Exhaust (DE) is produced after combustiodie$el fuel in compression-

ignition on road engines such as buses, trucks, aihdr heavy industrial transport



vehicles, as well as numerous off-road sources @glgenerators. It is a common
contaminant of ambient air in urban and rural emvinents. DE comprises of particles
and gases representing thousands of different da¢rsubstances, of which at least 40
are considered to be hazardous air pollutants byEtvironmental Protection Agency
(EPA). The chemical compounds in DE depend onyipe &nd age of the engine, type of
fuel and additives, type of emission control equapi how the engine is maintained and
operated, and after treatment.

Although emissions have been reduced by improvettalotechnologies, the use
of diesel engines has continued to increase asateti by EPA trends reports of vehicle
miles traveled Ittp://www.epa.gov/OMS/fetrends.hfnDE contains approximately 20-
100 times more particles (DEP) than gasoline exh@imut 90% of these patrticles are
<1 um and therefore are readily respirable and slepothe lower respiratory tract. The
particles consist of a carbon sphere surroundethétals (i.e. iron, copper, chromium,
and nickel) and thousands of organic constituentsluding various absorbed
hydrocarbons such as aldehydes, benzene, nitrosgjmginones, polycyclic aromatic
hydrocarbons (PAHSs; including phenanthrene, fluesen naphthalenes, pyrenes,
fluoranthrenes), and nitro-PAHs. The vapor andegas phase includes olefins (1,3-
butadiene), aromatics (benzene, ethylbenzene, nejuand xylenes), alkanes, and
aldehydes (formaldehyde and acetaldehyde) as wetixales of nitrogen, carbon, and
sulfur. After being emitted, diesel particles urgter‘atmospheric ageing” (oxidation,
nitration, or other chemical and physical chand2g). The atmospheric lifetime of the
various compounds found in diesel exhaust is deg@noh the particle size and can vary

from hours to days. Particles smaller than 1 pmrearain in the atmosphere for up to 15



days and maybe transported over long distances.

Human exposure to DEP ranges from 1.5 to 1700 figlepending upon
proximity to source(s), ventilation rates, and tida into surrounding air. The California
Air Resources Board reported the average total B#sure for Californians to be 1.5
ng/nt. While the ambient DEP concentrations nationvade relatively low, levels of
DEP in certain urban areas can be considerablyehigim 1996, PM2.5 was measured as
a surrogate for DEP and found to be 37-47 [fgftan intersection in the Harlem section
of New York City [18]. Concentrations as high a803ug/nt in a car following an urban
transit bus making numerous stops were detectet usial-time aethalometer carbon
black measurements as an indicator of DEP condemitsa[19]. Occupational exposure
can be even greater. The Health Effects Instgatemates average exposure over an 8 hr
work day to be up to 100 pginior trucking and transportation occupations, 12-13
pg/nt for railroad locomotive shop workers, and 100-1406/n? for underground
miners in proximity to diesel engines [20]. Thosesmlikely to be exposed to diesel
exhaust in occupational environments include mimekers, tunnel and loading dock
workers, auto mechanics, toll booth collectorsckrand forklift drivers and others who
work in areas where diesel powered vehicles aré, ssered and maintained.

Part of the difficulty in studying the health eftef DEP is the heterogeneous
characteristic of the mixture. The chemical compasiof DEP has been shown to alter
its biological activity [21]. A study published our laboratory compared the toxic effects
of two DEP samples, one from an automobile DEP @R and another from the
National Institute of Standards Technology Stand@eference Material 2975 generated

from a forklift engine (N-DEP). The chemical projpes of these samples were



dramatically different. On a mass basis, A-DEP haate extractable organic material
while the N-DEP was composed mostly of elementddaa Intratracheal instillation of
A-DEP in mice induced macrophage influx and stiredaan increase in cytokines
interleukin (IL) -5, IL-6, TNF, and MIP-2 while N-DEP enhanced neutrophil infand
IL-6. These effects provided evidence for our Higpsis (discussed in more detail later)
that DEP with different chemical profiles can haagied adjuvant potential in an allergic

mouse model.

1.3 Increased Prevalence of Asthma

There has been a marked increase in the prevatdnakéergic diseases such as
asthma in industrialized countries over the lagstrtgr of the 20th century [22, 23] with a
trend toward more developed and westernized camtiaving higher asthma
prevalence. In the United States, allergic diseadkect 17% of the population and are
the sixth leading cause of chronic iliness [24]. égtimated 22 million Americans suffer
from asthma, 6.5 million of which are children. Acding to National Health Interview
Surveys, the asthma rate among US children more doabled from 3.6% in 1980 to
8.9% in 2005. The factors driving this increasesilenot fully understood.

Epidemiology studies have suggested that socioesmnand ethnicity are risk
factors for asthma development. Asthma prevalendegher among families with lower
incomes. Racial disparities are also evident inhraat prevalence. Respectively,
American Indian or Alaska Native and black childreave 25% and 60%, higher
prevalence rates than white children. Social andiremmental risk factors are

highlighted by higher asthma rates in US-born Mamipopulations than non-US born



Mexicans living in the US [25].

Asthma and allergies have a strong hereditary atcdén genetic component.
Children with one parent who has asthma are tlusettimes more likely to develop the
disease, and children with two parents with astlnealO times more at risk than those
children whose parents do not have asthma. Overgé®@s have been associated with
asthma , 25 of which are associated with asthmsixiror more separate populations
studies [26]. Many of these genes such as IL-4, B[AL-13, TNFa, TGF{, are related
to the immune system or to modulating inflammati#hile this does not prove a genetic
cause it certainly reflects a modest effect of ¢hgenes on risk. Nevertheless, the rapid
increase in the prevalence of asthma in the lasadks is unlikely to be caused by
genetic changes alone.

Environmental factors appear to play a role. Maggerarchers have contributed
the rise in asthma to our “western” lifestyle sugjgeg our diet [27], cigarette smoke
[28], and inhalation of air pollution from indooné outdoor sources [22, 29-31]. There is
sufficient epidemiologic and animal data to sugdkat some synergism exists between
allergen exposure and exposure to air pollutanisnguily outdoor) in the induction of
asthma in children and possibly adults [32, 33]./hicombination of factors mentioned
probably contribute to the increased allergy premeé among individuals living in
urbanized areas, this dissertation will focus om ¢fffects of diesel exhaust and diesel

exhaust particles on the development of allergway disease.

1.4 Allergic Asthma

Asthma is a chronic inflammatory disease of thewvays, characterized by



reversible airway obstruction and accumulationyshphocytes and eosinophils in the
lung. It can be divided into two sub-types, allergnd non-allergic asthma. Of the nearly
20 million Americans suffering from asthma, gredt&n 60% have allergic asthma [34].
Allergic asthma is a2 lymphocyte mediated inflammatory disease whi@iuees high
serum levels of allergen-specific IgE, and uporergkkn challenge, results in airway
eosinophilia, excess mucus production, and brorasiaction.

Allergy and allergic diseases like asthma normdlyelops in two phases. The
first phase (induction) is induced when the susbe&pindividual initially encounters the
allergen. A primary immune response is mounted tbatlts in a state of heightened
responsiveness to that particular antigen (spes#icsitization). Subsequent exposures
(challenge) of the now sensitized individual to #ikergen evokes a more vigorous and
accelerated secondary immune response. Overt alitadverse health effects are
normally first recognized during this secondary ioma response against the allergen and
these symptoms present themselves as local tissuwgtion and inflammation.

With allergic asthma, symptoms are triggered by allergic reaction after
inhalation of common allergens, such as cockroachdust mite feces, animal dander,
molds, and seasonal pollens. These environmeetditezers have been ubiquitous as
long as people have lived in the world, but in thst 50-100 years a growing and
significant percentage of the population (partidylan developed countries) have
developed an allergic response to these protebis [Bhis short timeframe suggests that
environmental pollutant exposures are contributiagthis increase as opposed to a
significant change in the gene pool. Changesfestyle including alterations in diet,

activity patterns, medication use, housing condgjoand possibly other factors have



undoubtedly had an impact on the sensitization. lBmdemiology studies have also
shown that increases in ambient particle matter )(Rk& correlated with increased
hospitalizations due to respiratory illness inchgliexacerbation of pre-existing asthma
[3, 36, 37]. Furthermore, there is mounting evakedinking air pollution with an

increased risk of developing asthma [38-40].

1.5 Molecular and Cellular Basis for the Inflammataoy Events in Asthma

1.5.1 T helper 1 (T1) and T helper 2 (J2) lymphocytes

In 1986, the existence of two CD4¢ dell subsets was discovered in mice, and
they were designatedyI and T2 [41]. Their identification has greatly improved
understanding of the regulation of immune effedtanctions. These {J subsets are
defined by the patterns of cytokines that they poed T,1 cells secrete Interleukin (IL)-
2, IFNy, IL-12 while T42 secrete IL-4, IL-5, IL-6, IL-10, and IL-13. Thefférences in
the cytokines secreted by these cell types deterthi@ir biological function. J1 subset
is responsible for many cell-mediated functionshsas delayed-type hypersensitivity
(DTH) and for the production of opsonization-promgt IgG antibodies. J2 cells
stimulate eosinophil activation and differentiati@me more efficient B cell helpers, and
promote the production of IgE and non-complemetit-ating IgG antibodies (in mice,
IgG1). In addition, they cross-regulate by prodgamutually antagonistic cytokines. For
example, IFNy preferentially inhibits proliferation of the42 subset, and IL-4 and IL-10
down-regulate secretion of IL-12. A shift in theegominant T cell population fromyT

type to the T,2 type has been associated with asthma [42] (Fidne



1.5.2 Eosinophils

Airway eosinophilic inflammation is a classical cheteristic feature of allergic
asthma. Eosinophils are regarded as effector aeltgponsible for much of the
pathophysiology of asthma, playing a major rolet® onset and maintenance of
bronchial inflammation and tissue injury. They &ewn to be an indirect marker of
asthmatic airway inflammation, the severity of whitas been shown to be dependent on

eosinophil accumulation and activation within thmsvays [43-45]

A series of events occurs, directed y2Tcells, to cause eosinophils to arrive in
the airway and promote obstruction, injury, andnictoal hyperresponsiveness. These
steps include proliferation and differentiation ebsinophils in the bone marrow,
migration through the vascular endothelium into theg tissue, and activation and

release of toxic granules.

Cytokines such as granulocyte monocyte colony d#atmg factor (GM-CSF),
IL-3, and IL-5 signal bone marrow progenitor celts proliferate, differentiate into
eosinophils, and release the cells into circulaf®]. IL-5 is the most selective for
eosinophil differentiation, proliferation, and medtion within the bone marrow, as IL-3

and GM-CSF can act on various other cell types.[47]

Eosinophil recruitment from the circulation intoetlung tissue results from the
complex mechanisms that involve vascular adhesiatecunles, extracellular matrix
proteins, and chemokines. The initial reversibbageng and rolling of eosinophils on
the endothelium results from the formation of numosrweak reversible bonds between
integrins expressed on eosinophils and endothediaésion molecules, such as very late

activation antigen-4 (VLA-4) and vascular cell asibe molecule-1 (VCAM-1),

10



respectively. The tethering and rolling of eosingpls followed by chemokine mediated
stable integrin-adhesion binding which firmly tethehe cells to the endothelium[48].
Integrin32 (Itg2) binds to intercellular adhesion molecule-1 (ICAM on the
endothelium resulting in firm cellular arrest thstritical for transmigration. Binding of
CC chemokines (eotaxin, eotaxin-2, RANTES, and Mg} their receptors (CCR3 and
CCRS5) on eosinophils leads to the formation andhctibn of lamellipodia, which gives
the cells “arms” and “feet” to migrate into thestie. Transendothelial migration also
requires the function of matrix metalloproteaseV@P-9) which degrades membrane
fibers, allowing eosinophils to penetrate the basgmembrane [49].

Once in the tissue, eosinophils can become actlvatel express a number of
receptors for cytokines, as well as chemokines, umoglobulins, and complement. The
cytokines IL-3, IL-5, and GM-CSF prolong eosinophirvival, increase free oxygen

radical production, and induce eosinophil degramna

The proteins stored in eosinophil granules are mbgsic protein (MBP) eosinophil
cationic protein (ECP), eosinophil peroxidase (ER@®J eosinophil derived neurotoxin
(EDN). When released these granules directly causssal injury and contribute to the
disturbances in lung physiology. In addition, eogpinils generate lipid mediators,
including platelet-activating factor, leukotrienBs and G, as well as cytokines and
chemokines, such as IL-5 and GM-CSF, which amghiy inflammatory response by

recruiting and activating leukocytes and epithetglls [50, 51].

1.5.3 IgE and 1gG1 antibodies
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IgE antibodies play a major role in allergy arsthana. These antibodies are
primarily synthesized in the lymphoid tissue of thepiratory and gastrointestinal tracts.
The regulation of IgE production appears to berection of T cells. T,2 cytokines, in
particular IL-4 and IL-13, stimulate B cells to $@h to producing IgE antibodies [52].
Co-stimulatory interaction between CD40 ligand loa T cell surface and CD40 on the B
cell surface is also essential for antibody clagscking.

IL-4 further enhances IgE-mediated immune reseensy up-regulation IgE
receptors on the cell surface: the low-affinity Iggeeptor (FeRIl or CD23) on B cells
and mononuclear cells and the high-affinity IgEemor (FeRIl) on mast cells and
basophils[53]. Once an individual has become seeditthe specific antigen binds to the
IgE-Fc receptor complex and the cells release nmdissuch as histamine and secrete
IL-4 [54].

In the mouse, mast cell activation induced byititeraction of IgE and mast cell
FceRI1 receptor is well characterized, however, theerattion of IgG1l and mast cell
FcyRIII receptor can also induce mast cell activataord degranulation. Indeed, loss of
the FeRI alpha chain results in an enhancement gRAt mast cell degranulation. It is
important to note that while4P cells induce 1gG1 and IgE in mice, in humang Tells

induce IgE and IgG4.

1.5.4 Interleukin 4 (1L-4)

IL-4 is a key cytokine in the development of allersppflammation. Not only is it
associated with induction of tla@sotype switch and secretion of IgE by B cells][3fut

it also induces expression of vascular cell adimesiolecule-1 (VCAM-1), promotion of
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eosinophil transmigration across endothelium, mwsretion, and differentiation of T
helper type 2 lymphocytes leading to cytokine re¢ea

IL-4 contributes to airway obstruction in asthmeotigh the induction of mucin
gene expression and the hypersecretion of mucosde and human cell lines [55], and
increases the expression of eotaxin and othernmmflatory cytokines from human lung
fibroblasts that might contribute to inflammationdaung remodeling in chronic asthma
[56].

An essential biological activity of IL-4 in the delepment of allergic
inflammation is the ability to induce differentiati of naive T helper type 0 (0)
lymphocytes into 2 lymphocytes [57, 58]. Theseyd cells then proceed to secrete IL-
4, IL-5, IL-10 and IL-13. The induction ofyP-like lymphocytes is a unique biological
activity of IL-4 because IL-4 receptors and notllB-receptors are expressed on T cells
[59].

An important activity of IL-4 in promoting cellulanflammation in the asthmatic
lung is the induction of vascular cell adhesion esale (VCAM)-1 on vascular
endothelium[60]. Through the interaction of VCAM-1L-4 is able to direct the
migration of T lymphocytes, monocytes, basophiled aeosinophils to the site of
inflammation. IL-4 also promotes eosinophilic imfimation by inducing eosinophil
chemotaxis and activation through the increasedesspn of eotaxin. In addition, IL-4
is important in allergic immune responses owingtgoability to prevent apoptosis of T

lymphocytes and eosinophils.

1.5.5 Interleukin 5 (IL-5)
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The production of IL-5 by activated T cells iskay event in the induction of
eosinophilic inflammation. Although activated Thber cell populations are the main
source of IL-5, secretion from other cell typessfaophils, mast cells, CD4nd CD8 T
cells) have been reported [61]. IL-5 is the primayyokine involved in activation and
survival of eosinophils and marked proliferatiordanaturation of eosinophil precursors
[62]. Transgenic mice in which IL-5 is constitutiyeexpressed show a profound and
lifelong eosinophilia. IL-5 has also been showratmgment airway hyperresponsiveness

in asthma[63].

1.5.6 Interleukin 13 (IL-13)

IL-13 is produced by activated T cells, B cells andst cells. In the mouse,
almost exclusively §2 clones express IL-13, however, in humans it @expressed in
both Ty1 and T2 cells [64]. IL-13 is a cytokine closely relatexdIL-4 and binds to IL-
4Ro receptors [65]. It is present in increased amoimessthmatic airways and has very
similar biological activities to IL-4 [66, 67]. IgRroduction and the induction of VCAM-
1 are activities shared with the related cytokinetl In addition both cytokines inhibit
transcription of IFN and botha andp chains of IL-12. Thus, IL-13 may (like IL-4)
suppress the development of1T cells through down-regulation of IfNand IL-12
production by monocytes, favoring the generationlg2 cells. There is a significant
correlation between eosinophil BALF counts and levad IL-13 in animal models of
allergic asthma [68, 69]. Mice administered IL-2ibited goblet cell hyperplasia and

mucus glycoprotein accumulation in the airways [70]
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1.5.7 Interleukin 10 (IL-10)

IL-10 is another 12 cytokine, but its pathophysiological role in asthhas not
been clearly elucidated. Some evidence suggestsIltE0 production is reduced in
patients with asthma compared with nonasthmatiarebrsubjects [71], and murine
studies provide evidence that IL-10 suppressesldewent of eosinophilic inflammation
in the airways. Robinson et al. [72] found IL-10 MR was increased in BALF cells in
response to allergic sensitization and challenge.

Administration of recombinant IL-10 reduced allengaduced eosinophilic
airway inflammation but increased airway hyperrégt [73]. IL-10-induced airway
reactivity may be linked to release of histamirie10 has been shown to increase murine
mast cell and basophil proliferation, differentieitj and degranulation [74] and stimulate
MCP-1 production [75, 76]. MCP-1 suppresses moreog@ybduction of IL-12 and is a
potent stimulator of histamine release. DepletiortM&P-1 has been shown to reduce
airway reactivity without attenuating eosinophilia7]. Therefore IL-10 may induce

airway hyperreactivity through MCP-1 production.

1.5.8 Interleukin 1 (1L-1)

The major cellular sources of the pro-inflammatoyyokine IL-1 are monocytes,
macrophages, neutrophils, eosinophils, mast cellstelets, lymphocytes, NK cells,
endothelial cells, and airway smooth muscle céliskaeet al. [78] reported IL-1 plays
important rolesn the development of AHR. AHR, OVA-specific T celtoliferation, IL-

4 and IL-5 production by T cells, and IgG1 and |lg&duction by B cells were markedly

reduced in IL-1 deficient mice compared with wiigb¢ mice in an OVA-induced AHR
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model. In addition, patients with symptomatic asthshowed increased levels of IL-1 in
BAL fluid compared with patients with asymptomatisthma [79]. IL-1 increased the

expression of ICAM-1, E-selectin, and VCAM-1 in hambronchial tissue [80].

1.5.9 Tumor necrosis factar(TNFa)

TNFa is another pro-inflammatory cytokine that is présebundantly in
asthmatic airways. It is produced by many celldudimg macrophages, T cells, mast
cells, and epithelial cells, but the principal smuis the macrophage. Like IL-1, TNF
also increased the expression of ICAM-1, E-sele@id VCAM-1 in human bronchial
tissue [80]. There is evidence that IgE triggenngensitized lungs leads to increased
expression in epithelial cells in both rat and honi@l]. TNFa is present in the BAL
fluid of asthmatic patients[82]. It is reported thENFo is also released from alveolar

macrophages of asthmatic patients after allergafiesige [83].

1.5.10 Interleukin 6 (IL-6)

The pro-inflammatory cytokine IL-6 is secreted bymocytes/ macrophages, T
cells, B cells, fibroblasts, lung epithelial, antethelial cells [84, 85]. IL-1 or TG¥Fcan
increase IL-6 release from airway smooth musclés cahd fibroblasts [86, 87]. IgE-
dependent triggering stimulates the secretion @6 ftom both blood monocytes and
alveolar macrophages vitro [88] Increased production of IL-6 was observed in the
BALF of patients with allergic asthma at baselirmmpared to control subjects and a

further increase was measured after challenge[@9, 9

1.5.11 Granulocyte monocyte colony stimulatingda¢GM-CSF)
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GM-CSF is a pleiotropic cytokine that can stimulaed regulate growth,
proliferation, maturation, and function of hemat@c cells. Several airway cells
produce GM-CSF, including macrophages, eosinopfitsells, fibroblast, endothelial
cells, airway smooth muscle cell, and epithelidlsc®1]. Elevated levels of GM-CSF
have been well described in BALF, endobronchialpbie and sputum samples from
asthmatics [92-94]. Elevated levels of GM-CSF, édygderived from epithelial cells,
have been demonstrated to increase eosinophiladictivand survival in asthmatics [95-
97]. GM-CSF not only influences eosinophils chemoatioactand activation but also
participates in the etiology of bronchial hypermsgiveness in mild asthma. Dendritic
cells have been demonstrated to be essential &septing inhaled Ag to previously
primed T32 cells, and thus for chronic eosinophilic airwaflammation [98, 99]. GM-
CSF is a critical factor for dendritic cell matucat, increased expression of accessory
molecules such as ICAM-1, B7-1 (CD80), and B7-2 8] and dendritic cell

recruitment into the airway in murine models ohasa [99-101]

1.5.12 Monocyte chemoattractant protein 1 (MCP1/@CL

MCP-1 is a member of the cc family of chemokinesvds initially identified as a
monocyte-specific chemoattractant, but now has hésn shown to attract activated T
cells, NK cells, and basophils. MCP-1 displays inmenegulatory functions and may be
involved in Ty2 differentiation. MCP-1 modulates the differenbatof monocytes into
DCs. DCs generated in the presence of MCP-1 displayarkedly reduced production of

IL-12 and therefore may inhibityIL cell development [102].
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1.5.13 Thymus and activation-requlated chemokinfRRC/CCL17) and macrophage-

derived chemokine (MDC/CCL22)

TARC and MDC are CC chemokines which have recemtign reported to play
an important role in allergic airway disease. TARGd MDC are produced by DCs
amongst other pulmonary cells and bind to the Cé&rakine receptor 4 (CCR4), which
is found on CD4+ |2 cells. Upon allergen challenge, bronchial efligheells release
the cytokine TSLP which in turn stimulates dendrtells to produce TARC and MDC,
recruiting T42 cells to the airways and ultimately perpetuatheydisease [103, 104].

Studies have shown TARC and MDC are up-regulatatie airways and serum
of human subjects with asthma after allergen chglg105]. A mouse model of allergic
airway inflammation has also shown antibody treaimagainst TARC can inhibit

antigen-induced eosinophiliagZ cytokines, and bronchial hyperresponsiveness|[105

1.5.14 Transforming growth fact@r{TGF{3)

TGF{ is a profibrotic cytokine which stimulates fibrakts to promote the
synthesisand secretion of many proteins of the extracellmatrix [106, 107]Due to its
function in promoting growth and repair, TgHs thought to playan important role at
sites of wound healing and tissue remodeling ang peay a role irthe fibrotic changes
occurring within asthmatic airways [108]. In additj TGF$ is an immunomodulatory
cytokine anda potent chemoattractant for several cell typedudicg monocytes,
fibroblasts, and mast cells [109-111]. Major soarcef TGF$ are eosinophils,
neutrophils, airway smooth muscle cells, fibroldaspithelial cells, and mast cells [112].

Expression of TGEB- mRNA and protein production by eosinophils in asdtic subjects
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has been correlated with the severity of asthmathaedlegree of subepithelial fibrosis

[108].

1.6 Effect of Particles on Allergic Immune Response

There is epidemiological evidence that certain otlutants such as DE are
associated with the development of allergic airndigease [113-117], and recent
associations have been specifically linked to protyi to highways [118-120]. While
these effects need to be confirmed with better quetls exposure information,
investigations in animals and in a few human céhistudies have reported that air
pollutants may indeed contribute to the increasedlence of allergic disease and asthma
[121-126].

Animal experiments have demonstrated that manystygfeparticles including
ambient PM, DEP, residual oil fly ash (ROFA), carbblack particles (CB), and
polystyrene particles (PSP) can act as immunoladjavants when administered with an
antigen via intraperitoneal, intranasal, intratesadh and inhalation routes of exposure
[127-133]. In most cases the particles alone caffsmmation, but when administered
during sensitization, they also promote the devaleqt of allergic immune responses (in
the form of increased IgE antibodyy cytokines, and airway hyperresponsiveness).
Upon repeated challenge with antigen, these aniexdibit increased severity of allergic
type disease (pulmonary eosinophils, airway hypg@oasiveness, increased mucus
production, etc.) compared to control animals whrekeived antigen exposure and
vehicle control in the place of the pollutant.

The relationship between particle exposure andceas®d allergic symptoms has
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also been examined in limited human studies witih ladlergic and non-allergic subjects.
Individuals with allergic rhinitis and mild asthneaposed intranasally to 0.3 mg of DEP,
generated from an automobile, had significantlyagrded IgE antibody production in the
nasal mucosa [134]. In a later study, atopic subjegiven DEP prior to nasal

immunization with a neoantigen, keyhole limpet hegamin (KLH), produced antigen-

specific 1gG, IgA, and IgE as well as IL-4 in nasavage fluid [135], while subjects

given KLH alone only produced IgG and IgA, indiogt that the DEP acted as an
adjuvant to promote primary allergic sensitization.

While these specific studies used a diesel partiogdly enriched in organic
constituents, another body of literature also shtwet the carbonaceous core of the
diesel as well as more inert particles like carbtack and polystyrene particles (PSP)
can similarly induce adjuvant-like effects in rotkefil36]. Rats instilled with 100 pg of
fine (FCB) or ultrafine carbon black (UFCB) had someasure of allergic adjuvancy
compared to DEP [137], while the adjuvant effedt?8P were directly related to the
pro-inflammatory potential dictated by an increaséhe surface area of ultrafine versus
fine. In contrast, instillation of DEP, “represatite of heavy duty diesel engine
particulate emissions” according to the Nationaititate of Standards and Technology,
did not induce inflammatory or allergic responsashealthy or asthmatic subjects,

suggesting chemistry plays an important role inrésponse [138].

1.7 Dendritic Cells

Dendritic cells (DCs) are the most important antigeesenting cells in the lung

and are located throughout the basement membrangmeofairways, forming long
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extensions or dendrites to sample the lumen omént@l basis. Antigen uptake during
the presence of a “danger signal’ (e.g. damagecaded molecular patterns; DAMPS)
causes DC to process the antigen into the MHC cexn@cquire a mature phenotype
expressing co-stimulatory molecules (CD80/86), atigto the draining lymph node, and
present the antigen to naive CDRBcells. This “danger signal” could be inducedasy
allergen, microbial contaminant, or cytokines swah thymic stromal lymphopoietin
(TSLP). Depending on the signal type, maturatitatus, and the presence of other
mediators, dendritic cells can preferentially paarT lymphocytes to a il or Ty2
response.

Recent evidence shows airway DC populations areitapt in determining the
induction of pulmonary immunity or tolerance. Twamportant subtypes of DCs are
myeloid DC (mDC) and plasmacytoid DC (pDC). Bothtbése subtypes endocytose
antigen in the lung and present processed pepindesive T cells in the draining lymph
node. Intratracheal instillation of OVA exposednbenarrow-derived mDCs are
sufficient to induce 2 sensitization in mice, however pDCs have beemveio down-
regulate this effect [139, 140]. Depletion of pDédiging inhalation of protein allergens
in mice results in the development of asthmatic @yms such as airway eosinophilia,
goblet cell hyperplasia, and4Z cell cytokine production [141], while adoptivarisfer
of mDCs before sensitization results in an allegghenotype [141]. It has also been
shown that airway pDC are more abundant comparetX@ in the draining lymph node
of tolerized mice compared to the profile seen ativaly sensitized animals. Airway
mDCs play a central role not only in initiating sgie Ty2 cell immune responses

leading to asthmatic symptoms, but also in resttmd) effector T cells during ongoing

21



airway inflammation and antigen challenge [142].

1.8 Phase | and Phase |l Metabolism

The lung is a target organ for the toxicity of ildthcompounds (xenobiotics).
The lung has the capability of metabolizing sucimpounds with the aim of reducing
their potential toxicity. The metabolism of xendis is often divided into two groups,
called phase | and phase Il. DEP or CB has beenrstm significantly alter both phase |
and phase Il enzyme expression and activity iriithgs of rats [143].

Phase | introduces reactive and polar groups tlir@ugariety of enzymes. These
reactions involve hydrolysis, reduction, and oxiolat Phase Il reactions include
glucuronidation, sulfonation, acetylation, methigat and glutathione and amino acid
conjugation. These reactions generally act in cdrtoedetoxify xenobiotics and remove
them from cells. In some instances, the biotramsédion of a given compound can result
in the generation of more reactive, and frequentbyre toxic, metabolites. Polycyclic
aromatic hydrocarbons (PAHs) or N-nitrosamines @meexample of pro-carcinogens
which can be biotransformed into more reactive rmegliates that more easily form
DNA adducts than the parent compound.

Diesel exhaust emissions contains fine and ultra-#M composed of carbon
core surrounded by various adsorbed organic congsmumcluding PAHs, quinones, and
nitro-PAHs [144]. Many of these organic compoundsogiated with diesel exhaust
particles (DEP) are suspected to be mutagenic arathogenic [145]. Pathways involved
in phase | metabolic activation of these compoundkide formation of diol epoxides

catalyzed by several cytochrome P450s [146-148&]licah cations catalyzed by P450
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peroxidases [149, 150], and reactive and redoxveach-quinones catalyzed by
dihydrodiol dehydrogenases (DD) [151, 152].

In phase [, a variety of enzymes introduce reacéind polar groups into their
substrates such as -OH, -NH2, -SH, or -COOH. Ona®fmost common modifications
is hydroxylation catalysed by the cytochrome P-d&fendent mixed-function oxidase
system. Cytochrome P450 monooxygenases (CYP) plajmportant role in the defense
against inhaled toxicants, and are expressed inchral and bronchiolar epithelium,
Clara cells, type Il pneumocytes, and alveolar wpitages. CYP1Al, CYP1B1,
CYP2A6, CYP2B6, CYP2E1, CYP2Cs, CYP2D, CYP3A4, C¥B3and CYP3A5
MRNA expression has been detected in human lung. &tposure of rats to DEP or
carbon black (CB) has been shown to induce chamg€¥P1Al and CYP2B1 protein
levels in the lung. Recent studies have demonsiriitat these enzymes are primarily
responsible for the generation of intracellular RD8uced by DEP exposure [153]
suggesting that CYP enzymes may contribute to bmthinflammatory and genotoxic
mechanisms of DEP carcinogensis.

A widely accepted pathway of PAH activation invavermation of electrophilic
diol epoxides. For benzo[a]pyrene (B[a]P), a repnéative PAH, are initially converted
by CYP P450 to a variety of arene oxides that caml lzovalently to DNA. One
metabolite, benzo[a]pyrene-4,5-oxide is rapidly ctinatated by epoxide hydrolase.
However, benzo[a]pyrene-7,8-dihydrodiol-9,10-oxide not a substrate for epoxide
hydrolase and is highly mutagenic to mammaliarscell

A second pathway of PAH activation involves thenfation of radical cations

catalyzed by elevated levels of P450 peroxidase fHulical cations arise from one-
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electron oxidation at C6 on benzo[a]pyrene [1494]15The radical cations form

predominantly depurinating adducts. PAH-derived Dabilucts, which may play a role
in DEP-mediated mutagenicity and carcinogenicitgrevfound in rats after a short-term
(12 weeks) exposure to DEP [155]. Elevated levélBAH-derived DNA adducts have

also been observed in white blood cells of humahswing DEP exposure [156].

Quinones can be reduced by two- or one-electronctexh to the hydroquinone
or semiquinone form. Flavin-dependent quinone rethes and NAD(P)H quinone
oxidoreductase 1 (NQO1) reduce quinones, via a dl@otron reduction, to its
hydroquinone form which can then be conjugated wititathione or glucuronic acid and
are rapidly excreted. The second pathway of quinoeguction is catalyzed by
NAD(P)H-cytochrome P450 reductase, microsomal NABkbchrome b5 reductase, or
mitochondrial NADH ubiquinone oxidoreductase, amgults in the formation of the
extremely unstable semiquinone radicals which sylesetly undergo redox cycling,
leading to the production of highly reactive oxyggmecies (ROS) in the presence of
molecular oxygen. These reactive compounds inducédative damage and,
consequently, tissue degeneration, and apoptdtideath [60].

The phase Il enzymes, which include glutathioneaBsferases (GST), epoxide
hydrolases, aryl sulfotransferases, and UDP-gluodtansferases, conjugate the
activated xenobiotic metabolites with glutathioi&S@H), glucuronides, sulfate ester, or
amino acid derivatives to produce polar, readilgretable compounds. The induction of
phase Il enzymes has been shown to protect theflfong oxidative injury [157]. The
GSTs, for example play a critical role in providipgptection against electrophiles and

products of oxidative stress. These enzymes famlithe conjugation of glutathione with,
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and subsequent elimination of, the electrophilienpounds including quinones and

epoxides.

1.9 Hierarchical Stress Response

The PM-induced oxidative stress response has jpegrosed to be a hierarchical
event, which is characterized by the induction wficxidant and phase 1l metabolism
enzymes at lower tiers of oxidative stress androyipflammatory followed by cytotoxic
responses at higher levels of oxidative stress,[158] (Figure 1.2).

In this proposed response, the first tier of oxidatstress, epithelial cells and
macrophages respond by increasing expression wixatdnt and phase | and phase i
metabolizing enzymes such as superoxide dismutagalase, glutathione peroxidase,
glutathione reductase, glutathione S-transferagd)®H quinone oxidoreductase, heme
oxygenase 1 (HO-1). The transcription of these emzyis mediated in part by the
transcription factor nuclear regulatory factor 2rf@) which binds to the antioxidant
response element (ARE) in the promoter of theseg§l60].

If the antioxidant and detoxification pathways f&l neutralize the oxidative
stress response, pro-inflammatory cytokines arduymred (tier 2). DEP and DEP extracts
have been shown to activate the mitogen-activatetein (MAP) kinase and NB
signaling cascades in epithelial cells and macrgps®d161, 162]. Activation of these
pathways leads to the production of IL-4, IL-5,10; IL-13, TNF:, MCP-1, GM-CSF,
ICAM-1, and VCAM-1 [163]. These cytokines, chemadsn and adhesion molecules
play important roles in the pathogenesis of astantatherefore it has been suggested to

be the mechanism by which DEP exerts its adjuvéiiects[125]. In addition to the
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original oxidative stress insult, these signalinglecules lead to inflammation and
further oxidative stress.

The third tier of oxidative stress involves mitoadoal perturbation, which can
lead to apoptosis, apoptosis-necrosis, and supgkraeneration [164]. Reactive species
generated from phase | metabolism can disrupt thechondrial transmembrane
potential by interfering with the electron trangpahain. Uncoupling of oxidative
phosphorylation interrupts ATP production which m@&ses mitochondrial membrane
potential leading ultimately to apoptosis and nsiso The quinone-enriched polar
fraction of DEP extract decreased of membrane piateand mitochondrial membrane
mass, and induced of apoptosis in RAW 264.7 c&Bs].In addition, ultra-fine particles
have been observed lodged inside the damaged mitdohA suggesting direct

mitochondrial damage [166].

1.10 Genomic Analysis

The human genome project, along with the sequeraifi@NA from many other
organisms, has led to a dramatic increase in krag@l@bout gene structure and function
over the last two decades. Through this knowledgd the development of new
technologies for monitoring genetic sequences, tgenariation, and global gene
expression analysis, the field of genomics wasteted@roadly speaking genomics is the
study of how genes interact and influence bioldgmathways, networks, and cellular
physiology [167, 168]. Toxicogenomics, a new sisgigline in the field of toxicology,
takes this one step farther by examining how envirental and xenobiotic exposures

alter these interactions.
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Toxicogenomics, combiningonventional toxicological research and functional
genomicsis based on the fact that most relevant toxidolgffects of a compound also
alter gene expression, directly or indirectly. Tamgenomics data offers additional
insights into cellular mechanisms of toxicity beglothose derived from traditional
toxicological endpoints based on whole organ patiplor survival curves. Molecular
profiling of toxicants through microarray technojognhances our basic understanding of
some of the underlying mechanisms that cause tgxici

Several experimental studies have employed miagaechnology to study the
biological effects of DEP exposurestrays containing a limited number of genes were
used to study gene expression changesvo in rat lung. Reynolds and Richards [169]
assessed the effects of intranasal instillatioDEBP in rats with rat stress arrays. 10 genes
out of the 207 stress-related rat genes testea weregulated. These included mitogen-
activated protein kinase 2, calcium-binding prot2jr94 kDa glucose-regulated protein,
G1/S-specific cyclin D1, prothymosin-alpha, MAP &se kinase 5, M-phase inducer
phosphatase 2, and nucleoside diphosphate kinaséhiBh are involved in the lung’s
damage response. Sabal. [170]exposed rats to DE and surveyed cDNA expoessi
arrays with only 588 rat cDNAs to identify genesttimay be involved in DE-induced
carcinogenesis. Six genes, heat-shock proteisupgroxide dismutase, proliferating cell
nuclear antigen, retinoblastoma, A-raf, and K-ragre up-regulated in the lungs of

exposed rats.

In vitro microarray studies investigating the effects ofFDExtract were also
conducted. Koikeet al. [171] investigated the effects of DEP extract ab primary

alveolar macrophages by examining changes in gepeession levels after a 6 hr
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exposure using a toxicology array containing 43@ENAs. Six genes, heme oxygenase
(HO)-1 and -2, thioredoxin peroxidase 2, glutatki@transferase P subunit, NAD(P)H
dehydrogenase, and proliferating cell nuclear antiPCNA) were up-regulated. The
first five are involved in antioxidant response l@HPCNA is involved in DNA damage
repair. In addition, Koikeet al [172] also exposed epithelial cells to DEP extraati
evaluated gene expression changes using a 10,000 gpotted array. The 6 hr DEP
extract exposure increased expression of HO-1 @natther genes associated with drug
metabolism, antioxidant response, cell cycle/peodifion/apoptosis,
coagulation/fibrinolysis, and expressed sequengs. tln addition, 20 genes including
type |l transglutaminase (TGM-2), a regulator odgolation, were decrease. The authors
concluded HO-1 and TGM-2, genes with the higheBemintial responses, were good

biomarkers for PM exposure.

A microarray study by Verheyeret al. [173] exposed human alveolar
macrophages for 6 or 24 hrs to DEP. Oxidative n@disin, transcription regulation,
transport, signal transduction, as well as cellesyDNA repair, and immune response
genes were altered. CYP1B1, IL-1, thrombomoduhtegrir 7, similar toS. cerevisiae
Sec6p, TNF receptor superfamily member 1B, leupa@@l-41 protein, and BTG family
member 2 genes were up-regulated at both time soint addition peroxiredoxin 1,
collagen type 1 receptor, protein kinase cCAMP-dépen catalytic beta, butyrobetaine 2-
oxoglutarate dioxygenase 1, CDC-like kinase 1,hgtat 1, and high-mobility group
protein 2 were down-regulated at both time poifitee authors concluded a multitude of

biological processes are involved in DEP toxicity.
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1.11 Scope of this Dissertation

The studies performed in this dissertation wereused on elucidating the
mechanisms by which diesel exhaust (DE) enhandesgial lung disease. Chapter 2
evaluates the relative potency of three chemiaiiyinct DE particles (DEP) on allergic
airway inflammation in a murine ovalbumin (OVA) s#ization model. In addition to
the post-challenge adjuvant effects, this chapser assesses early immunologic changes
in lungs after exposure to DEP. This chapter hasnbsubmitted to Toxicological
Sciences for publication. In chapter 3 genomicro@oay technology was utilized to
identify altered pathways in the lung that wereoasded with the effects found in
chapter 2. This chapter identifies common and unjppthways associated with exposure
to the three DEP samples. Chapter 4 had two gbpats: investigate the adjuvant effects,
post antigen challenge, of a short term inhalaggposure to moderate doses (500 and
2000 pg/m) of DE; and 2) to identify global gene changesoaisged with altered
immune function. To this end immunologic endpoinesre examined in mice acutely
exposed by whole-body inhalation to moderate da$d3E in an ovalbumin mucosal
sensitization model. In addition, microarray asaywas utilized to determine global
lung gene expression changes associated with fibetebf DE exposure alone and with
antigen. The text and data in this chapter wasighdd in April 2008 in Toxicological

Sciences.
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Figure 1.1 Ty2 differentiation and allergic sensitization. Antigen presenting cells
(APC) present antigen to naive T helper cell{Tinducing activation and
differentiation into a ;2 or Tyl subset, depending on the cytokines present.
Differentiation into {1 cells occurs under the influence of IL-121Tcells produce high
levels of IL-2 and IFN. T2 differentiation occurs under the influence of4land these
cells produce IL-4, IL-5, and IL-13, which are ciggwes known for their role in allergic
airway inflammation. Both J cell sub-types are mutually antagonistic; IL-4 8nd0
down-regulate IL-12 and IFNdown-regulates IL-4.
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Level of Oxidative Stress

Tier 1 Tier 2 Tier 3

Normal Anti-  Inflammation Toxicity
Oxidant
Defense

Figure 1.2 Hierarchical stress response#t a low level of oxidative stress (Tier 1),
antioxidant enzymes and phase | and Il metabolieimgymes are up-regulated to protect
the cell from oxidative damage. At an intermedlate| of oxidative (stress), the cells
protective responses are overwhelmed and inflanoma&tsues. At a high level of
oxidative stress (tier 3), the cell responds byioidg apoptosis or apoptosis/necrosis
pathways. (Adopted from lat al.[174, 175])
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Chapter 2

Differential Potentiation of Allergic Lung Diseasein Mice Exposed to
Chemically Distinct Diesel Samples



Abstract

Numerous studies have demonstrated that diesel uskhparticles (DEP)
potentiate allergic immune responses however tleenadal components associated with
this effect and the underlying mechanisms are netl wnderstood. This study
characterized the chemical composition of threenubally distinct DEP samples and
compared post-sensitization and post-challengearmfiatory allergic phenotypes in
BALB/c mice. Mice were instilled intranasally witaline or 150 pug of NIST (N-DEP),
automobile (A-DEP), or compressor (C-DEP) with oithaut 20 pg of ovalbumin
(OVA) on days 0 and 13, and were subsequently ehgdid with 20 pug of OVA on days
23, 26, and 29. Mice were necropsied 18 hrs postiszation and 18 and 48 hrs post-
challenge. N-DEP, A-DEP, and C-DEP contained 1.68:6%, and 18.9% extractable
organic material (EOM), respectively. The post-tdraje results showed that DEP given
with OVA induced a gradation of adjuvancy as followC-DEP~ A-DEP > N-DEP. The
C- and A-DEP/OVA exposure groups had significardréases in eosinophils, OVA-
specific IgG1, and airway hyperresponsiveness.dditen the C-DEP/OVA exposure
increased the {2 chemoattractant chemokine, thymus and activagguated
chemokine (TARC), and exhibited the most severesascular inflammation in the lung
while A-DEP/OVA increased IL-5 and IL-10. In cordgta N-DEP/OVA exposure only
increased OVA-specific IgG1 post-challenge. Anays early signaling showed that C-
DEP induced a greater number gfZTcytokines compared to A-DEP and N-DEP. The
results demonstrate that immune potentiation wassotely related to the amount of
organic material and suggest that a balanced catibmof carbon and EOM was the

most effective adjuvant.
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2.1 Introduction

Epidemiology studies have shown that the incidenteasthma has almost
doubled in industrialized countries over the p&sy@ars [176-182]. Increases in ambient
particulate matter (PM) have been correlated witis@in hospitalization associated with
respiratory illnesses such as asthma [118, 183jsd)diexhaust particles (DEP) are an
important component of ambient air PM. Several ahiamd limited human studies have
shown that DEP can act as an immunological adjuteaimicrease the severity of allergen
induced asthma [114, 115, 123, 128, 134, 184-188jever, the physical and chemical
composition of DEP responsible for this effect amdletailed understanding of early
cellular signaling events are not well understood.

DEP are a complex mixture of organic and inorgatwenpounds that vary
depending on factors such as type of engine, |daaracteristics, and method of
collection. Two well studied DEP samples, an autbite derived DEP (A-DEP) and the
National Institute of Standards Technology Standgeference Material 2975 DEP (N-
DEP) sample generated from a forklift engine, haeen extensively studied for their
pulmonary inflammatory effects [187] and mutagewicj188], respectively. When
compared, these particles were found to have ctimiga physical and chemical
properties and involuntary aspiration in mice shdwestinct pulmonary toxicity profiles
indicating that not all DEP are the same [21].

Animal studies have shown DEP exert allergic airn@fgcts when given with an
antigen [128, 137, 185, 189, 190]. These effentdude increased R cytokines,
eosinophils, and airway hyperresponsiveness updigean challenge. Studies have

attributed this adjuvant effect to the organic comgnts or the particles themselves by
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examining either a DEP rich in organics and DERapig extractable material [191, 192]
or carbon black, synthetic model particles [193]196 DEP stripped of its organics
(washed DEP) [196], respectively. However, congmrs among the different studies
are complicated by the variability in the senstima and challenge regime as well as the
methods of particle preparation.

The present study was conducted to evaluate thaivwel potency of three
different DEP samples, N-DEP, A-DEP, and C-DEP égated from a diesel engine used
to power an air compressor) on allergic airwayamfination in a murine ovalbumin
(OVA) mucosal sensitization model. In addition tdjuwvant effects after antigen
challenge, pulmonary responses post-sensitizati@re wcharacterized to improve
understanding of the relationship between the glysind chemical components of DEP

and early signaling involved in the enhanced dgwalent of allergic immune response.

2.2 Materials and Methods

2.2.1 Animals

Female BALB/C mice (8-10 weeks old) were obtainedmf Charles River
Laboratories (Raleigh, NC) and allowed to acclinfatea minimum of one week prior to
dosing. Mice were randomly assigned to treatmeotigs and housed in an AAALAC-
approved animal facility at the US-EPA. All anim@adocedures were reviewed and
approved by the US-EPA'’s Institutional Animal Caaad Use Committee. Housing
environment conditions include a 12-h light/darkcleyat an ambient temperature of
22+1°C and relative humidity of 55+5°C. Mice wereyded water and mouse chawl

libitum. Additional mice from each facility were routinefgonitored serologically for
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Sendai, mouse pneumonia, mouse hepatitis, and atheme viruses, as well as

mycoplasma.

2.2.2 Particle samples

Standard Reference Material (SRM) 2975 diesel estharticle sample (N-DEP)
was purchased from National Institute of Standaedhhology (NIST) (Gaithersburg,
MD). The reported mean diameter of these partisles 11.2 0.1 pm by area
distribution, and the surface area, as determineditoogen adsorption, was 91
The certified analysis contains 11 certified condions and 28 reference
concentrations for selected PAHs found in the DEA%ie DEP was generated by a
heavy-duty forklift diesel engine and collected enthot” conditions without a dilution
tunnel (Table 2.1).

Automobile DEP (A-DEP) was generated and collectetler conditions
previously described [187, 197]. Briefly, the sdnwas generated by a light-duty
(2740cc), 4-cylinder Isuzu diesel engine. DEP wallected under “cold” (50 °C)
conditions onto glass-fiber filters and on steettdualls in a constant-volume sampling
system fitted at the end of a dilution tunnel (EaBl1).

Compressor DEP (C-DEP) was generated in-house swilded by Cao et al
[198] at EPA-RTP using a 30 kW (40 hp) 4-cylindeeuizx BF4M1008 diesel engine
connected to a 22.3 kW Saylor Bell air compressqrovide 20% load. The generated

particles were collected under “hot” conditionsibaghouse (Table 2.1).

2.2.3 Particle analysis
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Organic carbon (OC) and elemental carbon (EC) weedyzed using a thermal-
optical carbon analyzer with transmittance-basedrolggis correction (Sunset
Laboratory, Inc., Tigard, OR) using method 5040nidun the National Institute for
Occupational Safety and Health (NIOSManual of Analytical Method@NIOSH 1994).
DEP were extracted to determine mass distributiomital extractable organic matter
(EOM) and sub-fractions. Bulk samples of 2 g ofre8®EP were loaded in glass fiber
thimbles and extracted with dichloromethane (DCMing soxhlets overnight. Extracts
were subsequently concentrated under nitrogen,afigdots were dried on aluminum
pans and weighed. Another aliquot of each DCM extnaas further concentrated to 150
uL and readjusted to 12 mL with hexane. The hexamehible fraction of the extract
remained as a precipitate, and the other solublgiéms were applied to a DCM-rinsed
neutral silica gel column. The EOM was then elusatially with hexane, 50:50
hexane:DCM, DCM, and methanol. Each fraction wasceatrated, and the mass was

determined.

2.2.4 Experimental design

Following the protocol of Steerenbeegal [199], DEP samples (N-, C-, A-DEP)
were suspended at a concentration of 3 mg/ml imesalone or with 0.4 mg/ml of
ovalbumin. Particles were sonicated using a MimnodJltrasonic Cell Disruptor
(Micromix) for 10 min. Mice were randomly dividednto 8 treatment groups,
anesthetized with isofluorane, and exposed toesahit g OVA, 150 ug DEP, or DEP +
OVA by intranasal instillation on Days 0 and 13.icMwere either necropsied 18 hrs

later or went on to be challenged with 20 ug ofllowain on days 23, 26, and 29, and
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necropsied 18 or 48 hrs after the last challenggu(E 2.1).

2.2.5 Necropsy

Mice were euthanized with sodium pentobarbital atetl by cardiac puncture.
The chest wall was opened and the trachea canduldtee left lung lobe was clamped
off and the right lobes lavaged with three 0.6 wluwnes of warmed Hanks balanced salt
solution (HBSS) (Invitrogen, Grand Island, NY) andnediately cooled on ice. The left
lung lobe was inflated with 10% buffered formalimdaused for histopathological

analysis.

2.2.6 Bronchoalveolar lavage fluid and charact¢iona

The bronchoalveolar lavage fluid (BALF) was centgéd (800rpm, 15 min, 4 °C)
and the supernatant was stored at 4 °C for bioadamnalysis or -80 °C for cytokine
detection. The pelleted cells were resuspendddnt of RPMI 1640 (Gibco, Carlsbad,
CA) containing 2.5 % fetal bovine serum (FBS; Gib€arlsbad, CA). Total cell counts
in the lavage fluid of each mouse were obtainedc wait Coulter Counter (Beckman
Dickson, Hialeah, FL). Each sample (200 ul) wastrdeiged in duplicate onto slides
using a Cytospin (Shandon, Pittsburgh, PA) and equently stained with Diff Quik
solution (American Scientific, McGraw Park, PA) foell differentiation determination,

with at least 200 cells counted from each slide.

2.2.7 Biochemical analysis

BALF supernatant was analyzed using commerciallgilable kits adapted for
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automated analysis using a Cobas Fara Il centtifsgactrophotometer (Hoffman-La
Roche, Branchburg, NJ). All assays were modifieduse on the Konelab 30 clinical
chemistry analyzer (Espoo, Finland). Microalbunfi4) levels were determined using
a MALB SPQ kit (INCSTAR, MN) with a standard curpeepared with bovine serum
albumin (BSA). N-acetyl-B-D-glucosaminidase (NAG) asv measured using a
commercially prepared kit containing sodium 3-clesifonphthaleinyl-N-acetyl-B-D-

glucosinamide, which can be hydrolyzed by NAG, asieg 3-cresolsulfonphthalein
sodium salt (3-cresol purple), and standards frooch® Diagnostics (Mannheim,
Germany). BALF supernatants were assayed for fotatkein using Pierce Coomassie
Plus Protein Assay Reagent (Pierce Biotechnolagy, Rockford, IL). Concentrations
were determined from a standard curve using BSAdstals obtained from Sigma
Chemical Co. (St. Louis, MO). Supernatants wese alssayed for LDH activity using a
commercially prepared kit and controls from Sigmiae@ical Co. Both assays were
modified for use on a KONELAB 30 clinical chemistspectrophotometer analyzer

(Thermo Clinical Lab Systems, Espoo, Finland).

2.2.8 Cytokine analysis

Cytokine proteins in cell supernatants were asdgessing the Luminex 100
(Luminex Corp., Austin, TX) and LINCOplex kits (Leo Research, Inc., St. Charles,
MO) for simultaneous detection and measurementytafkines IL-4, IL-5, IL-6, IL-10,
IL-12, IL-13, IL-15, IL-17, TNFe, GM-CSF, IFNy, and a monocyte chemotactic protein
(MCP-1). The limits of detection of the Luminex ags were 0.3, 0.6, 0.7, 10.3, 3.7, 4.7,

9.3,1.7,0.9, 4.6, 0.7, and 6.3 pg/ml, respectiviehzyme-linked immunosorbent assays
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(ELISA) for thymus and activation-regulated chenmak{TARC) were conducted using a
commercially available kit (R&D systems, MinneagplMN) following manufacturer’s

protocol. The limit of detection was 15 pg/ml.

2.2.9 Antigen-specific serum IgE and IgG1

Antigen-specific IgE and IgG1 serum immunoglobuymoduction was measured
by sandwich ELISA. Serum was prepared and kegefiat -80 °C until assay. Briefly
96 well flat bottom plates are coated with 100 liwof ovalbumin (OVA) (Sigma-
Aldrich, St. Louis, MO) at a concentration of 109/ml in PBS and incubated overnight
at 4 °C. The following day, after a blocking stapdavashing, 100 ul of each serum
sample (IgE-neat and IgG1-diluted 1:10000) andf@l@serial dilutions of mouse anti-
OVA IgE (beginning at 1000 ng/ml; Serotec, Raleidi;) and IgG1 (beginning at 100
ng/ml; Zymed, San Francisco, CA) was added in dafdi wells to the plates. After an
overnight incubation at 4 °C and washing, the platere treated successively with 100
pl/well of biotinylated IgE or IgG1l and horseradiglkeroxidase-streptavidin (diluted
1:1000; Zymed, San Francisco, CA), with washes amodibation for lhr at room
temperature between each of these steps. Tetrgimatizidine substrate (TMB; DAKO
Corp., Carpinteria, CA) was added (20 min, RT), tbaction was stopped using 2 M
H2S04, and absorbance was measured at 450 nm ampacsl between treatment
groups. Optical density was read on a Spectram®PB4Plate Reader (Molecular
Devices Corp., Menlo Park, CA). Softmax Pro vers®.6.1 Software (Molecular
Devices Corp.) was used for data collection andvemsion from optical density to

antibody concentration was calculated with refegete standard curves of the known
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amounts of each antibody.

2.2.10 Histopathology

The left lung lobe of the lung was inflated ancefixwith 10% buffered formalin,
immersed in 10% buffered formalin for 24 hrs theansferred into 70% ethanol.
Samples were sent to Experimental Pathology Laboest (Research Triangle Park, NC)
for processing and histopathological evaluation &yboard certified veterinary
pathologist. Lung sections were stained with hemdito and eosin (H&E) to determine
inflammatory changes. Specifically, lung sectionsrevscored for perivascular and
peribronchial inflammation: 0-normal, 1-minimal,n&d, 3-moderate or 4-severe. The
total scores for each group (n=3) were averageatisBtal analysis of the data was not

performed, but the data were assessed for any imategdobvious trends.

2.2.11 Airway hyperresponsiveness (AHR)

Nonspecific airway responsiveness to increasingceoimationsof aerosolized
methacholine (Mch) in unrestrained mice iiZchamber whole-body plethysmograph
system (Buxco Electronics, TroldY) was measured on Day 31, A8after intranasal
challenge. Pressure signals were analyzed with \Biesh XA software(SFT3812,
version 2.0.2.4, Buxco Electronics) to derive whHobelyflow parameters that were used
to calculate enhanced pause (PenP@gnh was used as an index of airflow obstruction,
which has been correlated with changes in airwaystance [200]. After measuring

baselingparameters for 7 min, an aerosol of saline or Mtincreasingoncentrations
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(6.25, 12.5, and 25 mg/ml) was nebulized throaighnlet of the chamber. The recorded
Penh values were averaged during the baselinedseaiod the Mch challenges to obtain
mean values for each event and were representedaage from the mean during the

baseline period to the mean during each Mch chgdélen

2.2.12 Statistical analysis

The data were analyzed using a two-way analysisagince (ANOVA) model.
The two independent variables were OVA (at leveésent and absent) and treatment (at
levels A-DEP, C-DEP, N-DEP and Saline). Pair-wisenparisons were performed as
subtests of the overall ANOVA, subsequent to aiBg@mt main or interactive effect. If
the usual ANOVA assumptions were not satisfiedhegithe data were transformed so as
to satisfy the assumptions or, in cases where $sanaptions could not be satisfied, a
distribution free test was substituted for the ANQVThe level of significance was set at
0.05. No adjustment was made to the significamelleas a result of multiple

comparisons.

2.3 Results

2.3.1 Chemical characteristics of diesel exhaugigbes (DEP)

From the OC/EC ratios, the A-DEP comprised six srtiee amount of organic
carbon compared to elemental carbon, while the CNtDEP contained more elemental
carbon. The significant enrichment of organicAiDEP was also shown by the amount
of DCM-extracted organics (approximately 70% oftigées mass), which was much

larger than the 19% and 1.5% for C-DEP and N-DEBpectively (Table 2.1). However,
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the mass distribution of sub-fractions of EOM of&P and C-DEP were found to be
similar, showing that the EOM of A-and C-DEP werestly hexane soluble (less polar;
58-74% in organic extracts), while the EOM of N-D&Rs soluble in hexane or
methanol (more polar) at the same degree (Tab)e & frevious study [201] suggested
that A-DEP comprised a large amount of unburnet] fvleich was indicated by GC/MS
as a large amount of aliphatic hydrocarbons. GCAd&ysis on C-DEP also showed a
similar organic composition with A-DEP, with a l@argmount of alkanes by single
chemical quantitative identification analyses (datashown), suggesting that organics in
C-DEP could also result from incomplete combustbdiesel fuel, albeit at a lower

degree.

2.3.2 Post-challenge results

BALF cell differential counts

Mice were given either saline or DEP alone (nomsgged) or with OVA
(sensitized) on days 0 and 13, challenged with OdMAdays 23, 26, and 29, and
necropsied 18 and 48 hrs later (Figure 2.1). THREP- + OVA group at 18 hrs had a
significantly greater number of macrophages thamraups (Table 2.2). At the 48 hr
time point the total cell numbers in the BALF of sénsitized mice exposed to DEP was
increased compared to saline or DEP alone treagmerit which macrophages and
eosinophils were the predominant cell type (Tab8.2 Statistical analysis revealed an

interactive effect of DEP exposure combined witkigeem with respect to the number of
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eosinophils in the BALF at 48 hrs for the A- andDEP + OVA exposures. Eosinophils
in all DEP + OVA treated mice were significantlyegter than saline and DEP alone at
the 48 hr time point, however A- and C-DEP + OVAatied mice had a significantly
greater amount of eosinophils compared to the OWAtrol and N-DEP + OVA groups.
OVA control and non-sensitized A-DEP groups exlihita significant increase in
eosinophils at the 48 hr time point compared taneabnd N- and C-DEP alone.
Neutrophil and lymphocyte infiltration was highestthe C-DEP + OVA treatment for
both time points (Table 2.2 & 2.3). A significamiteractive effect from the combined
DEP and OVA exposures, with respect to the numbgmaphocytes in the BALF, was
apparent for both N- and C-DEP + OVA exposureso#i lime points and the A-DEP +
OVA exposure at the 48 hrs. Only the C-DEP + OVApasure demonstrated a
synergistic effect with respect to neutrophil itréition at both time points. These data
show that after DEP + OVA sensitization and allergballenge, (a) mice had increased
airway inflammatory cell influx compared with sa&inOVA, and DEP alone; (b) the
magnitude of inflammatory cell influx was greatértlze 48 hr time point; (c) while C-
and A-DEP + OVA mice displayed the strongest infiaaory response at 48 hrs, this
response was initially stronger in C-DEP + OVA,; ddjl at the 48 hr time point OVA

and A-DEP alone also resulted in a significantease in inflammatory cells.

BALF biochemical analyses

To determine if the increased lung inflammationspreé in DEP + OVA exposed
mice after allergen exposure was accompanied bygdsa in alveolar epithelial

permeability, BALF total protein and microalbumiiMIQ) were measured. Protein
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(Figure 2.2) and MIA levels (data not shown) in rs@msitized DEP treated mice were
not significantly different from each other or salicontrol. In sensitized mice, only C-
DEP + OVA displayed an increase in both biomarlegrthe early time point. However,
by 48 hrs protein both protein and MIA levels in &ad C-DEP + OVA groups were
significantly greater than saline, OVA, all non-skzed DEP, and N-DEP + OVA
exposed groups, suggesting that increased epithediameability accompanied the

inflammatory process (Figure 2.2).

To explore whether the allergen-induced inflamnrafio mice was accompanied
by increased lysosomal enzyme release, we meaBéveH NAG, an established marker
of alveolar macrophage activation[202]. A- and CHDE OVA sensitized mice exhibited
a significant increase in BALF NAG at the 48 hméi point compared with saline, OVA,
and DEP alone (data not shown). LDH levels in tA¢ B were measured as an index of
cellular toxicity. C-DEP + OVA exposed mice hadgndicant increase in LDH levels at
both points compared to saline, OVA, and non-seesitN- and A-DEP (Figure 2.3).
The A-DEP + OVA exposure induced a significant @age in LDH compared to saline
and non-sensitized N- and C-DEP at the 48 hr timietpFigure 2.3b). These results
suggest that the increased inflammation in mice associated with increased alveolar
epithelial permeability, release of lysosomal enegnfrom activated macrophages, and

cellular toxicity.

Serum antibody levels

To evaluate the influence of DEP exposure on deasiin, OVA specific IgE

and 1gG1 serum levels were measured 18 and 48dstschallenge. Saline and non-
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sensitized DEP exposed mice had undetectable lefel®VA specific IgE and IgG1.

There were no significant changes in IgE level®ssmall groups (data not shown). OVA
specific IgG1 antibody titers in the serum of alE® + OVA sensitized mice were
significantly increased compared to saline corfsoboth time points (Figure 2.4). Only
N- and C-DEP + OVA at 18 hrs and N-DEP + OVA ati8 had a significant increase

in IgG1 antibodies compared to OVA control.

BALF cytokine analyses

To determine the effects of DEP opZlpolarization, local production of4T (IL-
12 and IFNy) and T42 cytokines and chemokines (IL-4, 5, 6, 10, 13,4t 17, TNFe,
GM-CSF, MCP-1, TARC) in BALF was quantified 18 hpest-challenge. Although an
increase was seen in the OVA treatment group, &P D OVA exposures did not
enhance IL-4, 6, 12, 13, 15, 17, TNFGM-CSF, IFNy, or MCP-1 above OVA control
concentrations (data not shown). A-DEP + OVA ftmeait resulted in a significant
increase in IL-5 and IL-10 compared to saline, O\@Ad N-DEP + OVA (Figure 2.5a +
b). IL-10 was also significantly greater than C-DEROVA (Figure 2.5b). Thymus and
activation-regulated chemokine (TARC) levels wagniicantly increased compared to

saline, OVA, and N- and A-DEP + OVA in C-DEP + O\¢&posed mice (Figure 2.5c).

Airway hyperresponsiveness

Airway hyperresponsiveness (AHR) to methacholines waeasured by whole
body plethysmography. Forty-eight hrs after the €A challenge, all mice had similar

baseline readings but OVA and all DEP + OVA expesuresulted in an overall
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increased Penh for all methacholine challengeau(Ei@.6) compared to saline and DEP
alone exposures (data not shown). Intranasal letstih of A- and C-DEP + OVA and
OVA control significantly increased Penh in resporte 6 mg/ml of methacholine
compared to saline controls (Figure 2.6). In additiA- and C-DEP + OVA had a

significantly greater PenH than saline in respdnsk? and 25 mg/ml of methacholine.

Histopathology

Histology specimens from all animals were scoredtlie degree of perivascular
and peribronchial inflammation, with a score of ridicating mild to a score of 4
indicating severe change. Where appropriate, aswegre identified as being mainstem
bronchus versus secondary airways. Lung sectiams fron-sensitized mice given DEP
demonstrated minimal to mild perivascular inflamimat In contrast, all DEP + OVA
exposures appeared to mildly potentiate the inflamony response above that observed
with OVA sensitization alone. Specifically C-DEPONVA groups had the highest scores
for all measurements with perivascular inflammat{867) being the highest at 48 hrs

(Table 2.4).

2.3.3 Post-sensitization

BALF cell counts

To elucidate early cellular mechanisms that leathéodevelopment and intensity

of allergic inflammation seen after antigen chadiencellular profiling of the BALF was
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investigated. Mice were given either saline or D&Eh or without OVA on days 0 and
13 and necropsied 18 hrs later. As shown in Talde ron-sensitized A-DEP exposed
mice had a significant increase in the number ofrozhages in the BALF (Table 2.5).
Eosinophils were significantly increased in C-DERDYA exposed mice compared to
OVA control, A-DEP, C-DEP, and A-DEP + OVA. Non-séized N-DEP and C-DEP +
OVA mice had a significantly greater number of mephils in the BALF. In addition,
C-DEP + OVA exposure induced a significant increase in limgytes in the BALF
compared to all groups. Statistical analysis ingidaa synergistic effect from the
combined exposure of C-DEP and OVA with respea&dsinophil and lymphocyte lung

infiltration.

BALF biochemical analyses

To determine if the DEP exposure with or withoutigen directly induced
cellular lung injury and toxicity, the BALF was dyzed for total protein, MIA, NAG,
and LDH. MIA levels were unchanged across all gso(gata not shown). Only the non-
sensitized N-DEP exposure induced a significanteimge in NAG compared to saline
and OVA control (data not shown). In the contextaotigen, significant increases in
LDH compared to OVA control were measured in A- & ®EP + OVA exposures. C-
and N-DEP + OVA exposures significantly increasedl.B NAG levels. Total protein
levels were also elevated in A-DEP + OVA exposunmpared to OVA control (data not

shown)

BALF cytokine analysis
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To determine the effects of DEP given with antigarearly cell signaling events,
Ty2 cytokines (IL-4, 5, 10, 13, 15, and 17) and chemes (TARC, and MCP-1), and
proinflammatory cytokines (IL-6 and TNd) concentrations in BALF post-sensitization
were quantified. All DEP + OVA exposures increasiael production of IL-5 compared
to saline and OVA controls, however this increass wnly significant in N- and C-DEP
+ OVA exposed mice (Figure 2.7a). Instillation oDEP + OVA significantly increased
the concentration of they2 cytokine IL-4 above saline and OVA controls (Fg@.7b).
The Ty2 chemoattractant chemokine TARC was significamiyreased in all DEP +
OVA exposures (Figure 2.7c). Monocyte chemoattragbaotein (MCP-1) protein levels
were only significantly greater in C-DEP + OVA coaned to all groups (Figure 2.7d).
The proinflammatory cytokine IL-6 was greatly inased in response to C-DEP + OVA
exposure compared to all treatment groups (datsmmin). OVA and C-DEP + OVA
exposure significantly decreased the concentradiothe Tyl cytokine IL-12 (Figure
2.8). In contrast, N- and A-DEP + OVA exposuresréased the production IL-12

compared to OVA, however this increase was notifaigmt.

2.4 Discussion

Studies in humans and animals have shown diesauskiparticles (DEP) can act
as an immunological adjuvant to enhance the dewsop of allergic lung disease, and
this effect is influenced by the chemical compositiof the DEP. The chemical
components of DEP associated with allergic adjuyaard the underlying mechanisms

are not well understood. Furthermore, the hetereges nature of DEP samples adds to

49



the difficulty in determining what effects are commamong all DEP samples versus
specific characteristics of a particular sampleevitius studies have shown the organic
components such as polycyclic aromatic hydrocarld@#sHs) as well as the particles
themselves can induce allergic adjuvancy [191-19Hje present study investigated the
relative adjuvant potency of three different DEPnpkes, N-DEP, A-DEP, and C-DEP
which differed in the percentage of DCM extractainganic material (1.5%, 68.6%, and
18.9%, respectively) in a mucosal sensitization eh@dlopted from Steerenbeeg al.
[199]. This study demonstrated a synergistic effemin the combined exposure of DEP
and antigen with respect to injury and inflammatiG@verall the results showed that on a
comparative mass basis, the three samples inducegladation of post-challenge
adjuvancy and this was not solely dependent orotganic content. The inflammatory
component characterized by increased numbers ofnagdsls, neutrophils, and
lymphocytes was significantly increased in OVA, AP alone, and all DEP + OVA
treatment groups, with the C- and A-DEP + OVA gmugxhibiting the most robust
responses. Recruitment of these inflammatory cgds accompanied by increases in
alveolar epithelial permeability, macrophage atgivand general cellular toxicity as
measured by protein and MIA, NAG, and LDH levekspectively. AHR and histology

results were in overall agreement with these figgin

Antigen-specific IgE antibodies have been showmtoease in response to DEP
when given with antigen [128, 189, 190]. In thegant study, all DEP + OVA induced a
significant increase in OVA-specific IgG1 serumibatlies after antigen challenge, but
not OVA-specific IgE. However, other indicators allergic airway disease such as

eosinophilic airway inflammation and airway hypepensiveness were present in mice
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exposed to A- and C-DEP + OVA. In addition it hagvously been reported that
antigen specific IgG1, but not IgE, induced eosmbgegranulatiorex vivoin the sera
from ragweed pollen sensitive asthmatics [203]tllemore, late asthmatic reactions are
correlated with high 1gG1 but not IgE antibodie®4P Therefore, antigen-specific IgG1

appears to be an important indicator of adjuvanayis model.

Human and rodent studies have shown DEP induceergall asthma is
characterized by recruitment of T helper 2ZYlymphocytes and subsequent production
of Ty2 cytokines like IL-4, IL-5, IL-10, and IL-13, whicperpetuate the inflammatory
response. The importance ofi2Zl cells in allergic asthma is underlined by a stiudy
which adoptive transfer of these cells into naiveented to an allergic asthma phenotype
[205]. Conversely, removal of these cells preventatiction of asthma in sensitized
mice. Thymus activation regulated chemokine (TAR@ginly produced by dendritic
cells, selectively induces the migration of CCR4essing T2 cells [206, 207] and is
thought to play a crucial role in allergic asthntdevated TARC levels have been
observed in the BALF of patients with allergic asthafter allergen challenge [208], and
rodent studies have shown that neutralization isf¢hemokine attenuates OVA induced
lung eosinophilia, 2 cytokine expression, and associated increasesronchial
responsiveness after antigen challenge [209]. énptesent study, TARC levels post-
challenge in the BALF were significantly increasedC-DEP + OVA exposed mice
compared to all groups and this was accompaniedabgignificant increase in

lymphocytes.
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We and others have shown A-DEP alone and with antignduces the R
cytokine IL-5 in the BALF of mice and humans [1241, 210]. In agreement with these
studies, IL-5 levels in the BALF of mice exposedA®EP + OVA were significantly
increased above saline and OVA controls post-cahgdle IL-5 is an important factor in
the proliferation and activation of eosinophils andy explain the eosinophilia seen in
those mice. IL-10 is described as@Tcell factor that inhibits cytokine synthesis QylT
cells [211, 212]. Although others have found IL-tOdown-regulate IL-5 production
[213-215], in this study IL-10 was increased alomgh IL-5 in the BALF of mice

exposed to A-DEP + OVA providing more evidencetfair cooperative effect.

While most reports on PM-induced adjuvancy haveused on immune effects
post-challenge, we were also interested in asspssany signaling events caused by
DEP alone or in the context of antigen sensitizatiarhe direct injury and
proinflammatory effects of intranasal instillatioh DEP with or without OVA on the
airways was assessed by analyzing biochemistry,ddé&rential counts, and cytokine
profiling of the BALF 18 hours after the last DERpesure. All DEP exposures alone
caused no changes in the biochemical indicatomjafy which suggests no direct local
airway damage. The molecule NAG was also measweghandicator of macrophage
activation. Although A-DEP exposure increased thmiber of macrophages and N-DEP
increased neutrophil influx, NAG levels were sigrahtly elevated in the BALF of N-
DEP exposed mice. C-DEP alone had no direct etfedung injury, NAG, or cellular

infiltration.

In the context of antigen sensitization, N-DEP +AMduced a slight increase in
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LDH and NAG levels. This cellular injury and machage activation was accompanied
by an increase in lymphocytes and th& Themokines MCP-1 and TARC in the BALF.
This mild T42 phenotype post-sensitization was followed by level of adjuvancy

post-challenge. Exposure to A-DEP with antigen getla significant increase in LDH
and protein levels but exhibited no significantldar influx or cytokine production

compared to OVA control, although this treatmenbugr led to a robust adjuvant
response post-challenge. On the other hand, C-DERA was a strong adjuvant post-
challenge and induced a significant increase inGNA&osinophils, neutrophils, and
lymphocytes, as well as IL-4, 5, 6, MCP-1 and TARG&3t-sensitization. This indicates

an early induction of a;R2 phenotype in C-DEP + OVA exposure.

In the present study, C-DEP + OVA exposure indubedstrongest J2 response
post-sensitization although this sample was motanicad with respect to organic and
elemental carbon levels compared to the N-DEP aiRER, which contained very low
or very high OC/EC ratios, respectively. This immauskewing induced by C-DEP +
OVA exposure was followed by a robust adjuvant affgeost-challenge. On the other
hand, the organic rich A-DEP did not display g2 Tresponse when given with antigen
but did in fact induce a strong adjuvant effect tpdmllenge. This suggests that the
kinetics of the response or the mechanism may Hereint for inducing the post-

challenge adjuvant response in the A-DEP + OVA sxpe.

There is much evidence that the organic chemicalpomunds, such as PAHSs,
guinones, and nitro-PAHSs, absorbed on the surfaBE® play a role in ROS production

which in turn causes oxidative stress. If the levebxidative stress exceeds the cells
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natural antioxidant defense mechanisms then inflatang cytokines and chemokines,
which may contribute to the adjuvant effect of DR produced. The amount of DCM
extractable organic material present in the A-DBmM@e was about 3.5 times greater
than C-DEP; however, both samples when given wigngen induced similar degrees of
adjuvancy post challenge. An alternate explandborthese effects induced by exposure
to the different DEP samples is the presence dicodar species of compounds in the
organic fraction, rather than the overall amouatjld be responsible for the toxic effects.
Xia et al[165] demonstrated the quinone-enriched polatiyacf DEP was more potent

than the PAH-enriched aromatic fraction in ROS piaithn suggesting a greater ability
to cause oxidative stress. Further chemical arsmlg§ithe compounds present in the

fractionated DCM EOM of the DEP samples is needed.

This research highlights the capacity of differdigsel particles to modulate the
induction of an immune response. On an equal masis hll three particle samples could
enhance allergic sensitization as measured by emsgecific IgG1l antibodies in the
BALF after antigen challenges; however, the effeatse more pronounced with the C-
DEP and A-DEP samples which are composed of a highecentage of extractable
organic material. The adjuvant effects can be sumzexh as follows: C-DER A-DEP
>> N-DEP. To date investigations of underlying imatsms have mainly focused on
ROS production. Since these studies have investigat single DEP sample a
comparative study analyzing different samples usnglobal inspection approach of
transcriptional regulation is needed. This studgnidies the importance of chemical

composition when studying heterogeneous mixturége @xpanding knowledge of the
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immune effects of DEP could ultimately have widarplications for unraveling the

mechanisms of air pollution enhanced allergic ldrsgase.
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Tables

Table 2.1 Characteristics of A-DEP, C-DEP, and NPDE

Compound A-DEP C-DEP N-DEP
Source 4-cylinder 4JB1 | 30 kW (40hp) 4- Industrial
type Isuzu cylinder Deutz forklift; off-
automobile, Light | BF4AM1008 diesel | road
duty (2740cc); on-| engine used to
road power a 22.3 kW
Saylor Bell air
COMpressor;
stationary
Collection method Dilution tunnel | Diluted, cooled to | Diesel
terminus onto 35°C, and directed | exhaust filter
glass fiber filter to a small baghouse system,
(GD-100R, (Dusyex model T6- | under hot
203x254mm) at | 3.5-9 150 ACFM conditions
50°C, Particles pyramidal baghouse)
were scraped off
from the filter
Collection Date Early 1990’s October 2004 Late 1880
Organic carbon 5.56 0.33 0.08
(OC)/Elemental carbon
(EC)mass ratio
DCM EOM (% of DEP) | 68.6 18.9 1.5
Sub-fractions of EOM
(% of EOM)
Hexane 57.3 73.6 37.9
Hexane/DCM 3.2 7.1 4.4
DCM 0.7 1.1 1.5
Methanol 6.6 10.4 30.2
Precipitates 32.3 7.9 26.0

(hexane-insoluble)
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Table 2.2 Differential cell counts in the BALF 16hafter OVA challenge

Group Macrophages Eosinophils Neutrophils Lymphocytes
(x10*/ml BALF) | (x10*/mlI BALF) | (x10%/ml BALF) | (x10%/ml BALF)
Saline 24.27 £2.01 0.13 £0.05 4.61£1.16 0.49 £0.14
OVA 32.19 +5.03 8.33 +4.67 6.62 +2.01 1.90 + 1.00
NDEP 35.51 + 6.54 2.49 +2.46 7.61+3.63 1.96 +1.52
ADEP 28.68 + 3.99 2.45 +0.93 5.54 +1.72 1.35+0.33
CDEP 32.82 +6.47 0.22+0.19 9.71+2.05 2.16 +0.57
OVA + NDEP 39.11 +5.28 25.67 +13.18**° 19.68 + 6.64 10.68 + 4.41+*4P
OVA + ADEP 38.09 +8.61 29.24 +15.12**¢ 17.31£5.15 7.35 + 2.59*
OVA + CDEP | 40 54 + 10.15+"2b54¢ | 38,01 +17.82%%°° | 36.16 +9.79+"20¢ | 19.42 + 5.3g»"20¢

"P<0.05: significantly greater than saline contr®<0.05: significantly greater than
OVA control. 2P<0.05: significantly greater than N-DER<0.05: significantly greater
than A-DEP.°P<0.05: significantly greater than C-DEWP<0.05: significantly greater
than N-DEP/OVA?P<0.05: significantly greater than A-DEP/OVA.

Table 2.3 Differential cell counts in the BALF 4Bstafter antigen challenge

Group Macrophages Eosinophils Neutrophils Lymphocytes
(x10*/mI BALF) | (x10%/ml BALF) (x10*/ml (x10*/ml BALF)
BALF)
Saline 21.97 +3.53 0.40 £ 0.28 0.19 £ 0.09 0.25 £ 0.09
OVA 29.38 +4.38 12.37 + 4.67%° 0.62 +0.18 3.62 +1.01%2°
NDEP 25.52 +2.99 0.00 £ 0.00 0.64 + 0.08 0.50 £0.15
ADEP 30.18 + 6.37 11.32 +5.31%° 4.32 +2.62*° 3.41 +2.35*
CDEP 31.49 +1.70 0.23+0.15 0.40 + 0.08 0.57 +0.22
OVA + NDEP 43.79 + 6.62* 28.42 +5.72+*P° 2.67+1.13*° | 13.86 +3.94+%20¢
OVA + ADEP | g1 66 +11.00*0°9 | 77.74 £12.20+*25¢¢ | 411+ 1.22+**¢ | 19,82 + 2.66***<
OVA + CDEP 43.41 +
83.72 +12.86*%2%¢ | 81.96 +14.52+%2°%¢ | 17 47 +3.98+2° 13.83+"abed

"P<0.05: significantly greater than saline contr®?<0.05: significantly greater than
OVA control. 2P<0.05: significantly greater than N-DER<0.05: significantly greater
than A-DEP.°P<0.05: significantly greater than C-DEWP<0.05: significantly greater
than N-DEP/OVA.
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Table 2.4 Histopathology scores 18 and 48 hrs aftallenge

18 hrs 48 hrs
Group Perivascular Peribronchial Perivascular Peribronchial
Inflammation Inflammation Inflammation Inflammation
Saline 0.33 0.33 0.33 0.00
OVA 1.00 0.33 1.67 0.00
NDEP 1.00 0.33 0.00 0.00
ADEP 1.33 1.00 2.00 0.33
CDEP 0.00 0.00 0.33 0.00
OVA + NDEP 2.00 0.33 3.33 1.33
OVA + ADEP 2.33 1.33 2.00 1.33
OVA + CDEP 2.33 1.67 3.67 1.67
Table 2.5 Differential cell counts in the BALF 1Bslafter sensitization
Group Macrophages Eosinophils Neutrophils Lymphocytes
(x10%/ml (x10%ml BALF) (x10%/ml (x10%/ml BALF)
BALF) BALF)
Saline 5.32+2.26 0.15+£0.13 553 +2.50 0.28+0.13
OVA 9.12 £2.70 0.03+£0.03 9.27 £3.13 0.21 £ 0.06
NDEP 6.81+1.34 0.16 £ 0.07 31.89 +3.70+" 0.07 £0.06
ADEP 14.16 £ 2.39*° 0.00 £0.00 23.44 £6.40 0.06 £ 0.05
CDEP 5.62+1.61 0.00 £ 0.00 16.89+1.72 0.03+£0.03
OVA + NDEP 6.97 £ 1.60 0.09£0.05 13.85+£2.86 0.39 +0.03%"¢
OVA + ADEP 6.25+1.31 0.03+£0.03 13.85 +4.00 0.17 £0.07
OVA + CDEP 7.72+1.14 1.60 + 0.80%"°* 25.51+7.02* | 0.72 +0.07+"2Pc0e

"P<0.05: significantly greater than saline contr®<0.05: significantly greater than
OVA control. 2P<0.05: significantly greater than N-DER<0.05: significantly greater
than A-DEP.°P<0.05: significantly greater than C-DEWP<0.05: significantly greater
than N-DEP/OVA.. ¢P<0.05: significantly greater than A-DEP/OVA.
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Figures

Sensitization Challenge
Days 0 13 23 26 29
| |

O OX 00 X X

18 h 18h 48h

l = intranasal instillation (IN) of 150 pg of N-, A-, or C-DEP
O = IN of saline or 20 ug of ovalbumin

@ = IN of 20 pg of ovalbumin
X = Necropsy

Figure 2.1 Schematic of exposure regimeBALB/c mice were intranasally instilled
with saline or 150 pg of N-, A-, or C-DEP, withwithout 20 pg of OVA on days 0 and
12. Mice were challenged with an intranasal itedtdn of 20 pg of OVA on days 23, 26,
and 29 and necropsied 18 or 48 hrs later.
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Figure 2.2 Protein concentrations in the BALF afterchallenge. Protein levels @ 18
hrs (A) and 48 hrs (B).P<0.05: significantly greater than saline contrd?<0.05:
significantly greater than OVA controfP<0.05: significantly greater than N-DEP.
*P<0.05: significantly greater than A-DERP<0.05: significantly greater than C-DEP.
9P<0.05: significantly greater than N-DEP/OVA.
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Figure 2.3 LDH levels in the BALF after challenge.LDH levels @ 18 hrs (A) and 48
hrs (B). P<0.05: significantly greater than saline contf@<0.05: significantly greater
than OVA control.?P<0.05: significantly greater than N-DEPP<0.05: significantly

greater than A-DEPP<0.05: significantly greater than C-DE®P<0.05: significantly

greater than N-DEP/OVA.
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Figure 2.4 Kinetic development of OVA-specific IgGlserum antibodies in mice
exposed to diesel exhaust during allergic sensitizan. Mice were intranasally instilled
with 20 ug of OVA alone or in combination with 15@ of N-, A-, or C-DEP on days 0
and 12. Mice were challenged with 2§ of OVA on days 23, 26, and 29 and necropsied
after 18 or 48 hrs. OVA-specific IgG1 antibody levevere measured in the serum by
ELISA. "'P<0.05: significantly greater than saline contf®<0.05: significantly greater
than OVA control.
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Figure 2.5 IL-5, IL-10, and TARC production levelsin the BALF 18 hrs after
challenge. Mice were intranasally instilled with saline, 2@ of OVA alone or in
combination with 150 ug of N-, A-, or C-DEP on ddysand 12. Mice were challenged
with 20 ug of OVA on days 23, 26, and 29 and necropsied aftehrs. IL-5 (A), IL-10
(B), and TARC (C) levels were measured in the BAIYELISA. 'P<0.05: significantly
greater than saline contrdP<0.05: significantly greater than OVA contréP<0.05:
significantly greater than N-DEP + OVAR<0.05: significantly greater than A-DEP +
OVA. °P<0.05: significantly greater than C-DEP + OVA.
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Figure 2.6 Airway hyperresponsiveness in mice 48 hrafter OVA challenge.Mice
were intranasally instilled with saline, 2@ of OVA alone or in combination with 150
ug of N-, A-, or C-DEP on days 0 and 12. Mice wehallenged with 2@,g of OVA on
days 23, 26, and 29 and Airway hyperresponsive(df) was measured 48 hrs after
the last challenge. AHR was determined by an is@da enhanced pause (Penh) in

response to increasing concentrations to methawhd®<0.05: significantly greater than
saline control.
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Figure 2.7 Ty2 cytokine and chemokine levels in the BALF 18 hrafter sensitization.
Mice were intranasally instilled with saline, 2§ of OVA alone or in combination with
150 ug of N-, A-, or C-DEP on days 0 and 12 andopsied 18 hrs later. IL-5 (A), IL-4
(B), TARC (C), and MCP-1 (D) levels were measunedhie BALF by ELISA."P<0.05:
significantly greater than saline contrt®<0.05: significantly greater than OVA control.
apP<0.05: significantly greater than N-DEP + OV’R<0.05: significantly greater than A-
DEP + OVA.
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Figure 2.8 IL-12 production levels in the BALF 18 ns after sensitization.Mice were
intranasally instilled with saline, 20g of OVA alone or in combination with 150 ug of
N-, A-, or C-DEP on days 0 and 12 and necropsiechr8later. IL-12 levels were
measured in the BALF by ELISAP<0.05: significantly less than saline control.
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Chapter 3

Differential Transcriptional Changes in Mice Exposel to Chemically
Distinct Diesel Samples



Abstract

Epidemiological studies have linked ambient palatimatter with exacerbation
of asthmatic symptoms and pulmonary inflammatioresBl exhaust particles (DEP) are
a predominant source of vehicle derived ambientail experimental studies have benn
shown to be an allergic adjuvant when given wittaatigen. We previously assessed the
effects of three chemically distinct DEP samplesDEP, A-DEP, and C-DEP in a
murine ovalbumin (OVA) mucosal sensitization modéie present study exposed mice
to these DEP samples with and without OVA on dayand 13 and analyzed gene
expression changes in the lungs 18 hrs after gteebgposure. Transcription expression
profiling demonstrated DEP altered cytokine antltké receptor pathways regardless of
the sample or combination with antigen. Furtherlyms of DEP exposure with OVA
demonstrated the C-DEP/OVA treatment to inducegtieatest number of altered genes.
While all three DEP/OVA treatments induced cytokamal toll-like receptor pathways to
a greater extent than DEP alone, only A- and C-DBM treatments induced
differential expression of apoptosis pathways. Tdiction of apoptosis pathways by
these treatments was associated with a strong adjuesponse post-challenge in the
previous study. In addition, the C-DEP/OVA treatmpenhich had the greatestyd
response post-sensitization in the previous stadtgred expression of DNA damage
pathways. This comprehensive approach using gepeegsion analysis to examine
changes at a pathway level provides a clearerngiafithe events occurring in the lung

after DEP exposure in the presence or absenceigéan
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3.1 Introduction

Epidemiology studies have reported an associatietwden rises in ambient
particle matter (PM) levels and increases in haspdtes due to respiratory illnesses
including asthma [216]. Diesel exhaust particle&€R) are an important contributor to
ambient PM and many studies have focused on DEPnagdel anthropogenic pollutant.
These patrticles consist of a carbon core surrourdgesarious amounts of adsorbed
organic compounds, including polycyclic aromatidiocarbons (PAHS), quinones, and
nitro-PAHs [144]. Human and rodent studies havensh®EP to induce allergic lung
disease when given with an antigen [15, 121, 2118].2Although the biologic
mechanisms associated with the adverse healthetié®EP are not well understood, it
is likely to involve oxidative stress and inflammaat

The composition of DEP varies greatly dependingtantype of engine, load,
and method of collection, which in turn can altsrhiological function. Singbt al.[201]
investigated the chemical characteristics and poanp toxicity of two different
particles, an automobile derived DEP (A-DEP) anctidwal Institute of Standard
Technology standard reference material 2975 (N-DdgdPerated from a heavy forkilift.
The two particle samples exhibited disparate pukmprioxicity which reflected their
dissimilar chemical composition.

We previously assessed the effects of N-DEP, A-D&R| C-DEP (generated
from a diesel engine used to power a compressa@)nrine ovalbumin (OVA) mucosal
sensitization model [219]. These samples diffeénettheir percentage of dichloromethane
(DCM) extractable organic material (EOM); N-DEP,DEP, and A-DEP contained

1.5%, 18.9%, and 67%, respectively. Immune anaunfhatory endpoints showed that
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the potency of C-DEP/OVA: A-DEP/OVA >> N-DEP/OVA with respect to post-
challenge adjuvancy as measured by eosinophilianmhation and §2 cytokines in the
BALF, serum OVA-specific IgG1 antibodies, and aiywayperresponsiveness. C-
DEP/OVA, consistent with the strong degree of adnoy post-challenge, increased the
influx of eosinophils, neutrophils, and lymphocyt@screased the production ofyd
cytokines, and decreased the production of thk dytokine IL-12 in the BALF, 18 hrs
after sensitization. On the other hand, post-seasibn differential cell counts and
production of i1 and T2 cytokines were not significantly different foretlorganic rich
A-DEP/OVA compared to OVA control although this gpinduced a strong adjuvant
effect post-challenge. The relatively elementalboar rich N-DEP/OVA exposures
induced a mild ;2 phenotype post-sensitization followed by a md¢ugant effect post-
challenge. This suggests either the kinetics orntleehanism by which A-DEP/OVA
induces allergic lung disease differs from the otBEP samples. The results also
demonstrated the degree of adjuvancy was not sdéglgndent on organic content.
While in vitro andin vivo microarray studies have been conducted to identify
potential mechanisms for the adverse health eftfdd=P, there are no reports of global
transcriptional changes induced by DEP given withalergen. In addition, there have
not been studies comparing the transcriptional ilpofof chemically distinct DEP
samples. The present study used microarray analf/siole-lung RNA to elucidate the
pathways and networks involved in the effects dDEP, A-DEP, and C-DEP given with

or without allergen in BALB/C mice.
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3.2 Materials and Methods

3.2.1 Animals

Female BALB/C mice (8-10 weeks old) were obtainedmf Charles River
Laboratories (Raleigh, NC) and allowed to acclinfatea minimum of one week prior to
dosing. Mice were randomly assigned to treatmemtigs and housed in an AAALAC-
approved animal facility at the US-EPA. All animalocedures were reviewed and
approved by the US-EPA’s Institutional Animal Caaad Use Committee. Housing
environment conditions include a 12-h light/darkcleyat an ambient temperature of
22+1°C and relative humidity of 55+5°C. Mice wereypded water and mouse chawl
libitum. Additional mice from each facility were routinefgonitored serologically for
Sendai, mouse pneumonia, mouse hepatitis, and atheme viruses, as well as

mycoplasma.

3.2.2 Particle samples

Standard Reference Material (SRM) 2975 diesel estharticle sample (N-DEP)
was purchased from National Institute of Standaedhhology (NIST) (Gaithersburg,
MD). The reported mean diameter of these partiles 11.2 0.1 pm by area
distribution, and the surface area, as determineditogen adsorption, was 91
The certified analysis contains 11 certified condions and 28 reference
concentrations for selected PAHs found in the DEA%ie DEP was generated by a
heavy-duty forklift diesel engine and collected enthot” conditions without a dilution

tunnel.
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Automobile DEP (A-DEP) was generated and collectetler conditions
previously described [187, 197]. Briefly, the séngvas generated by a light-duty
(2740cc), 4-cylinder Isuzu diesel engine. DEP wallected under “cold” (50 °C)
conditions onto glass-fiber filters and on steettdualls in a constant-volume sampling
system fitted at the end of a dilution tunnel.

Compressor DEP (C-DEP) was generated in-house swilbed by Cao et al
[198] at the EPA using a 30 kW (40 hp) 4-cylindeeuizr BF4M1008 diesel engine
connected to a 22.3 kW Saylor Bell air compressgrovide 20% load. The generated

particles were collected under “hot” conditionsibaghouse.

3.2.3 Experimental design

DEP samples (N-, C-, A-DEP) were suspended at aerdration of 3 mg/ml in
saline alone or with 0.4 mg/ml of ovalbumin. Raes were sonicated using a Microson
Ultrasonic Cell Disruptor (Micromix) for 10 min. Mé were randomly divided into 8
treatment groups, anesthetized with isofluorand, edposed to saline, 20 pg OVA, 150
p1g DEP, or DEP + OVA intranasal instillation on Bay and 13 and necropsied 18 hrs

later.

3.2.4 Necropsy and RNA isolation

Mice were euthanized with sodium pentobarbital atetl by cardiac puncture.
The chest wall was opened and the left lung lobe mwaoved, quick frozen in liquid
nitrogen, and stored at -80° C. RNA from frozenguissue was isolated using RNeasy

(Qiagen, Valencia, CA) following manufacture’s mrodl. Quantity and quality of the
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RNA was measured using a Nanospot and Agilent Bilyaer (Agilent Technologies,

Palo Alto, CA), respectively.

3.2.5 Microarray

RNA samples were prepared, processed, and hyldidizthe Affymetrix Mouse
430A gene chip at Expression Analysis (Durham, N&3),described in the GeneChip
Expression Analysis Manual (Affymetrix; Santa Clata\). The hybridized probe array
was stained with streptavidin phycoerythrin confjegand scanned by the GeneChip®
Scanner 3000 (Affymetrix; Santa Clara, CA). The antoof light emitted at 570 nm is
proportional to the bound target at each locatiothe probe array.

The Mouse 430A Genome chip contains over 22,000epsets representing over
14,000 well-characterized mouse genes. A detadedcription can be found at

http://www.affymetrix.com/products/arrays/specifitduse430.affx A total of 24 gene

chips representing lung samples from 24 individuale (8 treatments, N=3) were used

in this study.

3.2.6 Overall data analysis strategy

The analysis approach of this data set, consigifng controls and 6 treatment
groups, was to use a binary comparison approaehdaf treatment group compared to its
respective control: N-DEP and saline, A-DEP andnsal C-DEP and saline, N-
DEP/OVA and OVA, A-DEP/OVA and OVA, and C-DEP/OVA&OVA. The analysis

of these data sets consisted of: 1) evaluatingdtta quality; 2) performing principal
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components analysis (PCA) for a global inspectioh vathin group sample
correspondence and to examine model and dose %ff8ft performing Gene Set
Enrichment Analysis (GSEA) to determine differeliyisexpressed gene sets between
treatment groups and controls; 4) extracting cameeg responsible for a particular gene
set identified as significant from the GSEA anaysh) determining common genes
across treatment groups; 6) mapping core genesinctional pathways using KEGG
pathways and MetaCore GENEG&@ identify altered pathways and networks unique o

in common among the treatments.

3.2.7 Principal component analysis (PCA)

PCA transforms microarray data from all gene chipa new coordinate system
using an orthogonal linear transformation, whicbduaes the data to a 3 dimensional
coordinate system while retaining those charadiesisf the data set that contribute most
to the variance. This analysis was employed toesutkie data for within-group outliers
and model and dose effects using Rosetta ResoResefta Inpharmatics, Agilent
Technologies, Palo Alto, CA) following linear weigihg normalization (p<0.001). Each
individual gene chip or gene expression profile wegsesented by a single data point and
the variance between each gene chip was compaxalke distance between the data
points whereby two similar gene expression profilesre projected as two adjacent
points and vice versa. This analysis was employea @asual tool to initially inspect the

data for within group and across group similariaesl dissimilarities.

3.2.8 Gene set enrichment analysis (GSEA)
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GSEA is a powerful computational method that utdizana priori defined set of
genes to determine statistically significant, codeot differences between two
phenotypes. For this analysis, raw data from 24egemnps were quantile normalized

using Robust Multichip Average (RMA) in Gene Pattgivww.genepattern.ojgto

generate estimated expression summaries. The RM&vavere imported into GSEA to
determine gene sets associated with each diesaimiat group compared to its
respective control. The molecular signature da@b@®SigDB) C2 provided on the

website http://www.broad.mit.edu/gsea/msigdb/msigdbindarlhtwhich contains 1687

gene sets, was queried for association with a quéati treatment in each pairwise
comparison (N-DEP/OVA and OVA, A-DEP/OVA and OVA;QEP/OVA and OVA,

N-DEP and saline, A-DEP and saline, and C-DEP alithey. Only gene sets with a
minimal gene set size of 15 genes per pathway anedxamum of 90 were queried. We
acknowledge our use of GSEA software and MolecS8ignature Database (MSigDB)

(http://www.broad.mit.edu/gseg220].

3.2.9 Pathway level analysis

The gene sets with an FDR g-value of < 0.01 weeel tis create a core gene list.
The core gene list comprised of genes responsiimeafgene set being considered
significant. These genes were exported and theiieapto two pathway analysis

programs, KEGG Pathway Analysitifp://gather.genome.duke.efiutdind MetaCore

GENEGT (http://www.genego.com/metacdrewhich maps genes to pathways and

determines significance. All pathways with a p-ealhf <0.001 and at least 5 or more

differentially expressed genes were reported.
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3.3 Results

3.3.1 Principle component analysis (PCA)

PCA was applied to provide a multidimensional gerpression profile of each
gene chip in a 3 dimensional space to reveal aistethe experimental data. All data
from the 24 gene chips were analyzed with eachrelatesenting a gene chip (Figure
3.1a). After analysis the gene chips were thenliglted in either blue (OVA treatment)
or red (saline control). Good separation of the tyvoups was observed illustrating a
model effect between antigen and saline. The sagmoup appeared to be more tightly
clustered than OVA indicating low within group \aility. To determine if exposure to
chemically different DEP samples induces diverseetie profiles, the gene chips were
highlighted according to diesel sample (purple- EFDand A-DEP/OVA, blue- C-DEP
and C-DEP/OVA, green- N-DEP and N-DEP/OVA, and gl saline and OVA)
(Figure 3.1b). The plot reveals a separation efsline and OVA treatment groups from
DEP treated groups. In addition, clustering of l®EP exposed mice regardless of
antigen is seen while the N-DEP and C-DEP exposuees clustered separately from N-

and C-DEP/OVA groups.

3.3.2 Gene set enrichment analysis (GSEA)

GSEA was developed to overcome the limitationsetdtively small individual
differential gene expression changes and small Eamipe. In contrast to conventional
microarray analysis programs, the algorithm empdolgg GSEA derives its power by

focusing on gene sets with biological relevancbaathan individual genes. [220, 221].
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To test for sets of related genes that were alteretie lungs of mice exposed to the
various treatments, we employed GSEA. The arrare weparated into 6 binary groups;
N-DEP/saline and saline, A-DEP/saline and salineDEP/saline and saline, N-
DEP/OVA and OVA, A-DEP/OVA and OVA, and C-DEP/OVAné OVA. The C2
collection of curated gene sets from the MSigDBengueried and a detailed description
of each gene set can be found on the website

http://www.broad.mit.edu/gsea/msigdb/msigdb indewrlh Gene sets with a false

discovery rate (FDR) g-value of < 0.001 were coe®d significant. The number of
significant gene sets associated with N-DEP, A-D&iRl C-DEP, as determined by the
pairwise comparisons (DEP exposure and saline apntwwas 101, 90, and 98,
respectively. In the context of antigen, 60, 68 &h3 gene sets were associated with N-,
A-, and C-DEP/OVA, respectively. The complete ldtthe significant gene sets is

found in Appendices 1-6.

3.3.3 Venn analyses

Venn analyses were performed to identify the comngenes to all DEP
exposures. The core genes (those genes respoffsibée gene set being considered
significant with a FDR g-values of <0.001) wereragted from the significant gene sets
associated with each diesel exposure identified G§EA. A venn diagram was
constructed to identify genes common among the 3/Bddline exposure pairwise
comparisons (Figure 3.2a). ADEP/saline exposureltexs in the greatest number of
differentially expressed genes (545). 200 genesewaymmon among all 3 DEP

treatments. Similarly a venn diagram was constrlfiie the genes associated with each
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DEP/OVA exposure (Figure 3.2b). CDEP/OVA exposwsulted in greatest number of
differentially expressed genes (800). 236 gene® imind common to all DEP + OVA
exposures. The two sets of common genes were dpfie@nother venn diagram to

identify the 117 common genes among all DEP exmss(Figure 3.2c).

3.3.4 KEGG pathway analyses

To understand the biological significance of thenomon genes associated with

the 3 DEP/saline exposures, the 200 genes werertetpmto the gene annotation tool,

Gather fittp://gather.genome.duke.efjiidnd the genes were mapped to KEGG pathways,
using the criteria that pathways must have 5 orenabiferentially expressed genes and
be overrepresented based on a hypergeometric tiéstpavalue <0.001. Cytokine-
cytokine receptor interaction and toll-like receptgnaling pathway were common to all
DEP/saline exposures (Table 3.1). The 236 genesnocomamong the 3 DEP/OVA
exposures also significantly populated the cytolaykine receptor interaction and toll-
like receptor signaling pathway as well as the KE&@dptosis pathway (Table 3.2).
Table 3.3, representing the 117 common genes foiDBP/saline and DEP/OVA
exposures, contains all but 3 of the genes founthen2 pathways common to the
DEP/saline (Table 3.1). These genes included campnoinflammatory cytokines and
chemokines such as IL1, IL6, Ccl2, 3, 4, 6, 7,,818 17, and 22.

To understand the effects of the individual DEP/O¥¥#posures, the extracted
core genes were mapped to KEGG pathways and th#ésrespresented in Tables 3.4-
3.6. CDEP/OVA altered the most number of pathwa@k.3 exposures populated the

cytokine-cytokine receptor pathway similarly with,%6, and 51 genes for NDEP/OVA,
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ADEP/OVA, and CDEP/OVA, respectively. Additionallthe toll-like receptor pathway
contained similar amounts of genes with 23, 26, &8d genes for NDEP/OVA,
ADEP/OVA, and CDEP/OVA, respectively. This pathwegntained toll-like receptors
as well as many proinflammatory cytokines and tteption factors. N-DEP/OVA and
C-DEP/OVA altered the expression of genes in therrgective ligand-receptor
interaction pathway. ADEP/OVA and C-DEP/OVA altergide apoptosis pathway.
Pyrimidine metabolism and aminoacyl-tRNA biosyntegsathways were unique to C-

DEP/OVA exposures.

3.3.5 GeneGo analysis

The C-DEP/OVA exposure gave the highest transorali changes based on the
numbers of significant gene sets, extracted comeegieand the KEGG pathways,
however, these analyses were not specific enoughaw an inference as to why or how
C-DEP was able to elicit a strongep2l response post-sensitization. We therefore
mapped the 3 sets of genes to GeneGo curated dasabad the results can be found in
Figures 3.3 and 3.4. Figure 3.3 depicts the simamte of the top 20 differentially
affected GeneGo process networks for all 3 DEP/@¥posures (N-DEP/OVA-blue; A-
DEP/OVA-red; C-DEP/OVA-orange). Using this approathe similarities and
differences of the groups are clear. All groupssicantly altered networks related to
antigen presentation, inflammation, and cell adiresi In addition the C-DEP/OVA
exposure also altered cell cycle, DNA damage, aotem degradation networks.

Differentially affected GeneGo analysis on a pathlexel revealed the common

pathways were associated with MHC class | antigessentation, inflammation, and
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other pathways related to the innate immune respoiite A-DEP/OVA and C-
DEP/OVA common pathways were involved with TNF nateld apoptosis pathways
whereas C-DEP/OVA alone also induced altered egpmesof FAS, IAP, and

mitochondrial mediated apoptosis and cell cyclaila&gn pathways (Figure 3.4).

3.4 Discussion

It has been established that DEP can act as annwlogic adjuvant when given
with antigen [15, 121, 217, 218]; however, thersti a lack of understanding as to what
component or components are responsible for thdecte and the underlying
mechanisms through which they act. The organicaetdble material (EOM) as well as
the particle itself has been shown to be respoadin the inflammatory and adjuvant
effects [131, 133, 222]. In addition, it has beemdnstrated that the physicochemical
composition of DEP influences its biological fureti[1].

We recently reported the adjuvant effects of tHpEeP samples with different
amounts of dichloromethane (DCM) EOM (N-, A-, anedDEP samples contained 1.5,
67, and 18.9%, respectively) in a murine mucosasisiegation model [219]. The results
demonstrated A-DEP/OVA and C-DEP/OVA exposures oedu strong allergic
responses after antigen challenge, while N-DEP,nwiigen with OVA, was a mild
adjuvant. To understand the mechanism behind tlesgp®nses, we examined changes in
the BALF 18 hrs after the last sensitization. Tlesuits were C-DEP/OVA > N-
DEP/OVA > A-DEP/OVA with respect to cellular influand T42 cytokine production
[219].

The present study was designed to identify the altdanscriptional changes in
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the lung after exposure to the three chemicalliirdisDEP samples (N-, A-, and C-DEP)
with or without OVA. While it is important to ideify individual genes that are
associated with a toxic response, most toxicityuce¢hrough interactions of multiple
genes. Therefore, our approach was to identify vo@ys common and unique to the
DEP/OVA exposures and to associate their transonak responses to their allergic
phenotype.

It is known that DEP exposure induces lung inflarioma DE and DEP have
been shown to induce pulmonary inflammation matef@®y neutrophil infiltration and
elevated levels of total protein, albumin, LDH, aR®S in the lung as well as up-
regulation of inflammatory pathways [201, 217, 21223, 224]. Based on these
observations, it was no surprise that the cytokiytekine receptor pathway was a
significantly altered pathway common to all DERfsalexposures. The genes in this
pathway included inflammatory, yI, and T2 cytokines and chemokines, but the
majority of them were associated with neutrophghsiling in the DEP/saline exposures.
In agreement with these findings, all three DERisabamples induced an increase in
neutrophils in the BALF at this time point, althéuthe increase was not significant
[219].

Toll-like receptor signaling was also alteredalhDEP/saline exposures. Toll-like
receptors (TLRs) play important roles in the iiba of both innate and adaptive
immune responses [225, 226]. Their activation isallg associated with viral or bacterial
exposure; however, TLRs can also signal in respaasendogenous molecules and
environmental pollutants. NQOadjuvant effects are dependent on TLR2 [227], and

airway hyperresponsiveness, induced by chronic @ axposure, is dependent on TLR4
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[228]. In addition, Zhotet al. [229] reported heat shock induced increases in2raRd
TLR4 mRNA and protein expression in monocytes. lkemnore, DEP has been shown to
induce TLR4 expression in the lung [230] and TLRefident mice develop airway
inflammation to a lesser degree in response to D&Mpared to control [231]. Our
results demonstrated that the toll-like receptdergction pathway was altered by all
three DEP/saline exposures, providing further ewgethat the TLR pathway is involved
in DEP induced inflammatory responses.

The cytokine-cytokine receptor interaction and-hék receptor signal pathways
were also common pathways associated with all tBieB/OVA exposures but with a
greater enrichment of genes in both pathways. bhtiad, GeneGo pathway analysis
revealed significantly altered immune responsdamimatory, and apoptosis pathways.
We have previously shown all three DEP/OVA exposurgluced allergic adjuvancy
after antigen challenge suggesting the pathwaysepted here may be important early
signaling pathways in DEP induced allergic disease.

Li et al. [174] proposed a hierarchical oxidative stress ehdd explain DEP
induced effects whereby low levels of oxidativeesy induce antioxidant defense
mechanisms to restore redox balance in the cell {). Intermediate levels of oxidative
stress (tier 2) activate MAPK and NB- cascades, which induce inflammation, while
high levels of oxidative stress (tier 3) activap®ptosis and apoptosis/necrosis pathways
[174]. The study presented here confirmed similéfiects in vivo. Antioxidant
transcription factor and enzymes such as Nrf2, hemggenase 1 (HO-1), and
superoxide dismutase 2 (SOD2) were up-regulatedesponse to all three DEP/OVA

exposures indicative of the tier 1 response. TéeZiresponses were also up-regulated:
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MAPKs, NF«B, as well as inflammatory, 4L, and {2 cytokines and chemokines. In
addition, A- and C-DEP/OVA exposures altered apsipt@tier 3) pathways; however, C-
DEP/OVA significantly altered the greatest numbkethese pathways. Furthermore, the
apoptosis pathway representation appears to ceneith the combined phenotypic
allergic responses of the three DEP/OVA. AlthougbSRproduction was not measured,
the results suggest that C-DEP/OVA, according &hierarchical stress model, induced
high levels of oxidative stress.

It has been established that DEP organic compocaragenerate reactive oxygen
species (ROS) [232] and excessive ROS productionlead to a variety of cellular
responses including DNA damage [233]. In fact, ek DNA damage (8-
hydroxydeoxyguanosine) has been detected in mausg DNA after DEP exposure
[234]. Although the A-DEP sample contained theaggst amount of DCM EOM, in the
present study, C-DEP/OVA exposure was unique iniogntly altering cell cycle and
DNA damage pathways. Global transcriptional anslyd lung tissue revealed up-
regulation of cell cycle control genes includingcgclin genes, 7 cell division cycle
genes, 7 members of the family of MAP kinases, dicydependent kinases, RAS p21
protein activator 3 (Rasa3), and 5 other RAS eelgiroteins.

In conclusion mice exposed to all three DEP samyi#ls or without OVA had
altered cytokine and toll-like receptor pathwayggesting these responses are a DEP
chemical class signature rather than an effect mdréicular component of DEP (i.e. the
percentage of DCM EOM). All DEP/OVA exposures iraged transcription of genes
involved in the hierarchical stress response mddstribed by Let al [166, 174, 175].

CDEP/OVA exposure significantly altered the mosmiver of apoptosis pathways as
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well as cell cycle and DNA damage pathways sugggshie C-DEP is the most bioactive
sample. This comprehensive approach using geneessipn analysis to examine
pathway changes at a transcriptional level provideslearer picture of the events
occurring in the lung after DEP exposure in thespnee or absence of antigen. Genomic
analysis revealed a wide range of altered pathwaggesting this method may be more
sensitive and can be used for identifying mechasigmvolved in adverse effects of

inhaled pollutants.
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Tables

Table 3.1 KEGG pathways mapped from the 200 commenes associated with
DEP/saline exposure

KEGG Pathway # Genes p Value

Cytokine-cytokine receptor interaction 28 < 0.0001
Ccl17 Ccl2 Ccl22 Ccl3 Ccl4 Ccl6 Ccl7 Ccl8I€€crl Ccr2 Csf2
Csf2rb1 Cxcll Cxcl10 Cxcl13 Cxcl2 Cxcl5 Ifi2glilb 111r2 118rb
Inhba Ltb Osmr Tnf Tnfrsf1b Tnfrsf9

Toll-like receptor signaling pathway 11 <0.0001
Ccl3 Ccl4 Cd14 Cxcl10 l11b Nfkb2 Nfkbia Pt Rac2 TIr2 Tnf

Table 3.2 KEGG pathways mapped from the 236 gemesnmon to all DEP/OVA
exposure

KEGG Pathway # Genes p Value

Cytokine-cytokine receptor interaction 40 <0.0001
Ccl11 Ccl17 Ccl2 Ccl22 Ccl3 Ccl4 Ccl6 Cclél&Ccl9 Ccrl Ccr2
Ccrb Csfl Csf2 Csf2ra Csf2rbl Csf2rb2 C€iR¢cll Cxcl10 Cxclll
Cxcl13 Cxcl2 Cxcl5 Cxcl9 Ifngr2 111a 111b1it1 111r2 112rg 116 118rb
Osmr Tgfbl Tnf Tnfrsflb Tnfrsf5 Tnfrsf9

Toll-like receptor signaling pathway 17 < 0.0001
Ccl3 Ccl4 Cd14 Cxcl10 Cxcl11 Cxcl9 lkbkehll6 Lbp Nfkb1
Nfkb2 Pik3cd Rac2 Statl TIr2 Tnf

Apoptosis 11 0.0002
Birc3 Cflar Csf2rb1l Csf2rb2 Il1a ll1b 111Nfkb1 Nfkb2 Pik3cd Tnf

Table 3.3 KEGG pathways mapped from the 117 geossmon to both DEP/OVA and
DEP/saline exposure

KEGG Pathway # Gene: p Value

Cytokine-cytokine receptor interaction 26 < 0.0001
Ccl17 Ccl2 Ccl22 Ccl3 Ccl4 Ccl6 Ccl7 Ccl8l€€crl Ccr2 Csf2
Csf2rb1 Cxcll Cxcl10 Cxcl13 Cxcl2 Cxcl5 Ifi2gli1b 111r2 118rb
Osmr Tnf Tnfrsflb Tnfrsf9

Toll-like receptor signaling pathway 10 < 0.0001

Ccl3 Ccl4 Cd14 Cxcl10 ll1b Nfkb2 Pik3cd RaElr2 Tnf
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Table 3.4 KEGG pathway mapped from the 526 gensecaged with N-DEP/OVA
exposure

KEGG Pathway # Gene: p Value

Cytokine-cytokine receptor interaction 56 <0.0001
Ccll11 Ccl17 Ccl2 Ccl22 Ccl3 Ccl4 Ccl6 Cclel&Ccl9 Ccrl
Ccr2 Ccrb Ccr6 Ccr7 Csfl Csflr Csf2 Csf2si2@hl Csf2rb2
Csf3r Cxcll Cxcl10 Cxcl11l Cxcl13 Cxcl2 Cxalxcl9 Ifnarl
Ifnar2 1fngr2 1110ra 115 [118rap ll1a 11181r1 11r2 112 112ra 112rg
I13ra 116 117r 118rb Ltb Osmr Tgfbl Tnf Tn&f10b Tnfrsfl3c
Tnfrsfib Tnfrsf5 Tnfrsf9 Tnfsf9

Toll-like receptor signaling pathway 23 <0.0001

Ccl3 Ccl4 Cd14 Cd86 Cxcl10 Cxcl11 Cxcl9 Fosmrl Ifnar2
Ikbke 111b 116 Lbp Nfkb1 Nfkb2 Nfkbia Pik3cRac2 Statl TIr2
TIr7 Tnf

Neuroactive ligand-receptor interaction 6 0.0002
Adora2b C3arl Ctsg Fprl P2ry6 Ptgerd

Table 3.5 KEGG pathways mapped from the 483 gemsscated with A-DEP/OVA
exposure

KEGG Pathway # Gene: p Value

Cytokine-cytokine receptor interaction 56 < 0.0001
Ccll11 Ccl17 Ccl2 Ccl22 Ccl3 Ccl4 Ccl6 Cclél&Ccl9 Ccrl Ccr2
Ccr4 Ccr5 Csfl Csf2 Csf2ra Csf2rbl Csf2ris®3€Cxcll Cxcl10
Cxcl11 Cxcl13 Cxcl2 Cxcl5 Cxcl9 Ifnar2 Ifnltfhg Ifngr2 1112a
112b 1112rb1 1l1a l11b H1rl N1r2 112 112y 114 115 116 118rb Inhba

Osmr Tgfbl Tgfbrl Tnf Tnfrsfla Tnfrsflb Tsfs Tnfrsf9 Tnfsf10
Tnfsfl3 Tnfsf13b

Toll-like receptor signaling pathway 26 < 0.0001
Ccl3 Ccl4 Cd14 Cxcl10 Cxcll1l Cxcl9 Ifnardifl Ikbke 112a 1112b
I11b 116 Lbp Map3k7ipl Mapkl3 Myd88 Nfkbl kb2 Nfkbia
Pik3cd Rac2 Statl TIrl TIr2 Tnf

Apoptosis 19 <0.0001
Bax Birc3 Capnl Casp3 Cflar Csf2rb1 Csfattha 111b 111r1
Myd88 Nfkb1l Nfkb2 Nfkbia Pik3cd Ripkl Tnf Tnsfla Tnfsf10
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Table 3.6 KEGG pathways mapped from the 800 gessscated with C-DEP/OVA
exposure

KEGG Pathway : Gene: p Value

Apoptosis 28 < 0.0001
Apafl Bax Bid Birc2 Birc3 Casp3 Casp7 Ca§fiar Chuk
Csf2rbl Csf2rb2 Dffa Ikbkb 1l1a 1l11b ll1ri3ta Irakl Myd88
Nfkb1l Nfkb2 Pik3cd Ripkl Tnf Tnfrsfla Traddaf2

Cytokine-cytokine receptor interaction 51 < 0.0001
Ccl11 Ccl17 Ccl2 Ccl22 Ccl3 Ccl4 Ccl6 Cclel&Ccl9 Ccrl
Ccr2 Ccr5 Csfl Csf2 Csf2ra Csf2rb1l Csf2ris23€Cxcll Cxcl10
Cxcl11 Cxcl13 Cxcl2 Cxcl5 Cxcl9 Ifngr2 ll11@®#l1a 1l1b 111rl
111r2 112rb 112rg 113ra 116 1171 118rb Inhbd tb Osmr Tgfbl Tgfbrl
Tnf Tnfrsfla Tnfrsflb Tnfrsf25 Tnfrsf5 TnfesTnfsf13b Tnfsf9

Aminoacyl-tRNA biosynthesis 13 < 0.0001
Aars Cars Farsl Farslb Gars lars Kars Nars Rars Vars2
Wars Yars

Toll-like receptor signaling pathway 28 < 0.0001

Casp8 Ccl3 Ccl4 Cd14 Chuk Cxcl10 Cxcl11l Ox&bkb Ikbke
II1b 116 Irakl Lbp Ly96 Map2k4 Map3k7 MapkM8yd88 Nfkbl
Nfkb2 Pik3cd Rac2 Statl TIr2 Tlr4 TIr7 Tnf

Pyrimidine metabolism 21 < 0.0001
Ctps Dck Dtymk Dut Ecgfl Nmel Nme2 Pola2d?ol
Pold2 Pole2 Polr2g Polr2h Polr3k Prim1l Rifixdrd1l Umpk
Umps Uppl

Neuroactive ligand-receptor interaction 7 < 0.0001
Adora2b Bzrp C3arl Grik5 Gzma P2ry6 Ptger4
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Figure 3.1 Principle component analysis plot from ntroarray data. PCA plots were
created in Rosetta Resolver. Each plot containe ghbips from all mice and each dot
represents a gene chip. Gene chips were highligigearding to the immunization
protocol (blue-OVA treatment or red-saline treatih¢A) or the diesel exposure
(yellow- saline and saline/OVA, pink- A-DEP and A&B/OVA, blue- C-DEP/saline and
C-DEP/OVA, and green- N-DEP/saline and N-DEP/OVB). (
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Figure 3.2 Venn analysesVenn analyses of the core genes from significaaltgred
gene sets associated with each exposure
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Figure 3.3 Results of GeneGo mapping of differentlly affected networks.
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Abstract

Diesel exhaust (DE) has been shown to enhanceaialleensitization in animals
following high dose instillation or chronic inhalah exposure scenarios. The purpose of
this study was to determine if short term exposuwegliluted DE enhance allergic
immune responses to antigen, and identify possibechanisms using microarray
technology. BALB/c mice were exposed to filtered @i diluted DE to yield particle
concentrations of 500 or 2000 pd/m hr/day on days 0-4. Mice were immunized
intranasally with ovalbumin (OVA) antigen or salioa days 0-2, challenged on day 18
with OVA or saline, and all mice were challengedhMDVA on day 28. Mice were
necropsied either 4 hrs after the last DE exposorday 4, or 18, 48, and 96 hrs after the
last challenge. Immunological endpoints includedAspecific serum IgE, biochemical
and cellular profiles of bronchoalveolar lavage (BAand cytokine production in the
BAL. OVA-immunized mice exposed to both concentas of DE had increased
eosinophils, neutrophils, lymphocytes, and IL-6 tpdsllenge compared to OVA
control, while DE/saline exposure yielded increaseseutrophils at the high dose only.
Transcriptional microarray analysis 4 hrs afterldst DE exposure demonstrated distinct
gene expression profiles for the high dose DE/OVVA ®E/saline groups. DE/OVA
induced oxidative stress and metabolism pathwaydewBE in the absence of
immunization modulated cell cycle control, growthdadifferentiation, G-proteins, and
cell adhesion pathways. This study shows for ih& time early changes in gene
expression induced by the combination of dieselaasgh inhalation and mucosal

immunization, which resulted in stronger developtredrallergic eosinophilia.
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4.1 Introduction

The prevalence of allergic asthma has risen owetast 4 decades and has been
linked to increased urbanization and exposure ooane pollutants [235-237]. Recent
studies have shown that the actual incidence dfn@stcould be related to residential
highway proximity [238, 239] or average ozone expesconcentrations [240, 241]. A
large contributor to urban air pollution and ambigarticulate matter (PM) is diesel
exhaust (DE). Human occupational exposures to &e from 1-100 pg/m3 (eight-
hour averages) in the trucking and transportatradustry, average 225 pg/m3 (time-
weighted average with adjustment for backgrouncelvfor Boston and New York
firefighters, and 100-1700 pg/m3 for undergrounitars [242, 243]. Experiments in
mice have shown that inhalation of fresh DE oraptimonary instillation of diesel
exhaust particles (DEPs) results in adjuvant agtithat increases the sensitization to
allergens [14, 15, 244]. Most of these studiesdusgh dose instillation or chronic
inhalation exposure scenarios to demonstrate #isntental health effect while some
limited instillation studies showed similar effeagtshumans [122, 135].

The mechanisms by which DE acts as an adjuvant@rglex. The adjuvant
potential of DE has been attributed to the genamadi reactive oxygen species (ROS) by
pro-oxidative organic chemical compounds on théaserof the particles [158, 164, 165,
245]. There is good evidence, however, that thdara core of DEPs also imparts
adjuvant activity through ROS production, as catbagpanying gases such as NI23,
189, 246-248]. ROS generation by any of these compis of DE may lead to a 3 tier
hierarchical oxidative stress response described.ibgnd co-workers (2003). Initial

responses to oxidative stress first lead to thedtdn of antioxidant and detoxification
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mechanisms which restore cellular homeostasisijidf the capacity of these systems is
overwhelmed, the ensuing inflammation (tier 2) k#ol apoptosis (tier 3) [174]. The
importance of oxidative stress in promoting allerghmune responses is supported by
reversal of these effects with thiol anti-oxidajits8, 249].

After DE exposure in the context of antigen, congrae of the immune response
responsible for allergic sensitization, such aglJUL-5 and IL-13, are upregulated. This
immune skewing results in a bias towards T-helpem&une activity, and increased
development of IgE antibodies [42]. Following geth challenge there are subsequent
increases in clinical indicators of asthma suclk@snophilic lung inflammation, airway
hyperresponsiveness, and airway mucous productdft]. [ While the chemical
components of DE that cause these adjuvant efi@otier high dose conditions are
diverse, demonstrating significant affects with eorealistic inhalation exposure
scenarios has been challenging because resultanges in response are much smaller in
magnitude.

Inhalation exposure studies are important from sirdetry perspective for risk
assessment calculations. Because low levels oXjibsure cause minimal changes in
disease over short exposure periods, we soughtéstigate more sensitive measures of
altered immune function and early signaling pathsvayhe field of toxicogenomics has
allowed simultaneous comparison of thousands ofegefollowing experimental
perturbations. Accompanying data sets and analyBoftware packages have been
critical in identifying pathways as opposed to camipg single genes [250]. While some
in vitro genomic studies of DEPs have been reported, noadlataurrently available for

in vivo inhalation exposures. Furthermore, the interactwth antigen sensitization has
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not been studied with a broad toxicogenomic pathavaalysis approach.

In this study mice were exposed by whole-body iatiah to filtered air or DE
diluted to yield 500 or 2000 pgfof DEP. Exposures were conducted for 4 hr/day ove
5 consecutive days (days 0-4). On days 0, 1, amiic were intranasally instilled with
100 pg of OVA or saline. Day 18 mice were eitheall@nged with OVA or saline and all
mice were challenged with OVA on day 28. Effeceyevassessed after the 2° challenge
to confirm that mild adjuvancy was accomplishedindy tissues taken 4 hrs after the last
DE exposure on day 4 were assessed for alteratoigbobal gene expression as an

indicator of changes associated with later develamgrof clinical disease.

4.2 Materials and Methods

4.2.1 Animals

Pathogen-free BALB/c female mice, 10-12 wk old, giwng 17-20 g, were
purchased from Charles River (Raleigh, NC). All tbk animals were housed in
AAALAC-approved animal facilities with high-efficrey particulate air filters and
received access to food and waddrlibitum The studies were conducted after approval

by the laboratory’s Institutional Animal Care anddJCommittee.

4.2.2 Diesel Exhaust Exposure and Monitoring

Diesel exhaust was generated in-house using a 3@4kWhp) 4-cylinder Deutz
BF4M1008 diesel engine connected to a 22.3 kW $&4dl air compressor to provide a
load. Diesel fuel was purchased from a local (Rege Triangle Park, NC) service

station and stored in drums. Replicate analydisr(ate, elemental, heating value, and
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specific gravity) of multiple batches of fuel puased over time indicated consistent fuel
properties and composition (data not shown). Emgibrication oil (Shell Rotella, 15W-
40) was changed before each set of exposure t8dis. engine and compressor were
operated at steady-state to produce 0%min of compressed air at 400 kPa. This
translates to approximately 20% of the engine’d-lédd rating. From the engine
exhaust, a small portion of the flow (14 L/min) weducted by an aspirator (3:1 dilution)
to a second cone diluter (10:1 dilution), and tileough approximately 15 m of flexible
food grade polyvinyl chloride (PVC) tubing (7.62 anside diameter) to two stainless
steel 0.3 MHinners inhalation exposure chambers housed indated animal exposure
room. The dilution air used was drawn from themaaliexposure room through a high
efficiency particulate air (HEPA) filter. TargetdP concentrations in the two chambers
were 2000 pg/f(high) and 500 pg/M(low). Control animals were housed in a third
chamber supplied with the same HEPA filtered ro@m BEP concentrations in the low
(500 pg/m) chamber were achieved by additional dilution gHfEPA filtered room air
just prior to entering the chamber. All three chans were operated at the same flow
rate (142 L/min) which resulted in 28 air exchangeshour.

Integrated 4 h filter samples (14.1 L/min) wereledied once daily from each
chamber and analyzed gravimetrically to determiartigdle concentrations. In addition,
8 and 20 min quartz filter samples (14.1 L/min) evepllected from the high and low
chambers, respectively, and analyzed using a thknptigal carbon analyzer (Sunset
Laboratory Inc., model 107, Tigard, OR) to deterenorganic carbon/elemental carbon
(OC/EC) patrtitioning of the collected DEP. Contws emission monitors (CEMs) were

used to measure chamber concentrations of PM bgrddpelement oscillating
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microbalance (TEOM, Rupprecht and Patashnick @uies 1400, Albany, NY); oxygen
(O,, Beckman Corp., model 755, La Habra, CA); and cannomoxide (CO., model 48,
Franklin), nitric oxide and nitrogen dioxide (NOdINO,, model 42c., Franklin), and
sulfur dioxide (S@ model 43c, Franklin) by Thermo Electron Corp., ktan(Waltham,
MA). Samples were extracted through fixed stamlseteel probes in the exposure
chambers. Gas samples were passed through a [sditlier prior to the individual gas
analyzers. Dilution air was adjusted periodicétlynaintain target PM concentrations as
measured by the TEOM. Particle size distributisese characterized using a scanning
mobility particle sizer (SMPS, TSI Inc., model 308022a, St. Paul, MN) and an
aerodynamic particle sizer (APS, TSI Inc., modeRB3St. Paul, MN). Chamber
temperatures, relative humidity, and noise were at®nitored, and maintained within

acceptable ranges.

4.2.3 Experimental Design

Figure 4.1 depicts the exposure regimen utilizeddfesel exhaust exposure and
intranasal ovalbumin (OVA) immunization and chatjenMice were exposed to HEPA
filtered air or DE at a particle concentration di05or 2000 pg/m4 hr/day for 5
consecutive days. The intranasal antigen expoggienen used was a modification of
that used by Farragt al. [251]. Mice were anesthetized in a small plexiglaeg using
vaporized isofluorane (Webster Veterinary Supplg. IrSterling, MA). Anesthetized
mice were treated with an intranasal instillatidN)(of 100 pg of ovalbumin (OVA;
Sigma-Aldrich Inc, St. Louis, MO) in 2Ql of sterile saline (Hospira Inc., Lake Forest,

IL) or saline only (as negative control) dividedealy between each nare. The
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immunization phaseonsisted of a single instillation of OVA or salinace per day, 40
min after DE exposure, for 3 consecutive days (d@y®). Immunized mice were
challenged on days 18 and 28 with the same volumdecancentration of antigen as the
instillations during the immunization phase andvaanice were instilled with saline on
day 18 and OVA on day 28. Mice were either necexpgl hrs after the final chamber

exposure on day 4, or 18, 48, or 96 hrs after th®\2A challenge.

4.2.4 Bronchoalveolar lavage fluid

Mice from each treatment group were euthanized waithium pentobarbital and
the trachea was exposed, cannulated, and secutieduwture thread. The left mainstem
bronchus was isolated and clamped with a microh&hosThe right lungs lobes were
lavaged 3 times with a single volume of warmed Hah&lanced salt solution (HBSS)
(Invitrogen, Grand Island, NY) (35ml/kg). The réswg lavage was centrifuged (717 x
g, 15 min, 4 C) and 150 pl was stored at@ (for biochemical analysis) or -8CQ (for
cytokine measurement). The pelleted cells weresganded in 1 ml of RPMI 1640
(Gibco, Carlsbad, CA) containing 2.5 % fetal boveseum (FBS; Gibco, Carlsbad, CA).
Total cell counts in the lavage fluid of each mousse obtained with a Coulter Counter
(Beckman Dickson). Each sample (200 ul) was degeed in duplicate onto slides using
a Cytospin (Shandon, Pittsburgh, PA) and subselyustatined with Diff Quik solution
(American Scientific, McGraw Park, PA) for cell difentiation determination, with at
least 200 cells counted from each slide. Thelddié was removed for RNA isolation at

the 4 hr time point post immunization.
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4.2.5 Cytokine measurements

Macrophage inflammatory protein-2 (MIP-2), IL-4,-8, IL-6, IL-10, IL-12, and
TNFa concentrations in bronchoalveolar lavage fluid (BAwere measured by enzyme-
linked immunosorbent assay (ELISA) with commergiaVailable paired antibodies per

manufacturer’s instructions (Pharmingen, Frankkkés, NJ).

4.2.6 Cellular biochemistry

Lactate dehydrogenase (LDH) and total protein wmiadified for use on a
Konelab 30 clinical chemistry analyzer (Thermo @ah Lab systems Espoo, Finland).
Activity for LDH was determined using a commergyadivailable kit from Thermo DMA
Corp (Cincinnati, OH). Total protein concentrasorwere determined with the
Coomassie plus protein Reagent (Pierce Chemicalkfil, IL) with a standard curve

prepared with bovine serum albumin from Sigma-Addr{St. Louis, MO).

4.2.7 Antigen-specific serum IgE

Antigen-specific serum IgE production was measuteg enzyme-linked
immunosorbent assay (ELISA). Briefly, 96 well flawttom ELISA plates were coated
with 100 pl of OVA at a concentration of 2 pg/midaimcubated overnight at 4°C. The
following day, after a nonspecific protein blockistep using bovine serum albumin
(BSA) and washing, 100ul of each serum sample an@®¥A-specific IgE antibody
(Serotec, Ltd., Oxford, UK) for the standand cohtwvas added in duplicate wells to the
plates. Following an overnight incubation at 4%@l avashing, the plates were treated

successively with 100 pl/well of biotinylated rattiamouse IgE (Serotec, Ltd., Oxford,
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UK), horseradish peroxidase-streptavidin (dilute#l5D0), with washes and incubation
for 1 hr at room temperature between each of teeges. Finally, 100 pl/well TM Blue
(Dako Corporation, Carpinteria, CA) was added aslzstrate for horseradish peroxidase
and reactions were allowed to develop at room teatpee for at least 10 minutes. Plates
were read at 650 nm by a Spectromax ELISA platdee@MVolecular Devices, Menlo

Park, CA).

4.2.8 RNA isolation

RNA from frozen lung tissue was isolated using Reye@iagen, Valencia, CA)
following manufacture’s protocol. Quantity and ttyaof the RNA was measured using

a Nanospot and Agilent Bioanalyzer (Agilent Teclugids, Palo Alto, CA), respectively.

4.2.9 Microarray

RNA samples were prepared, processed, and hyldidizthe Affymetrix Mouse
430A gene chip at Expression Analysis (Durham, N&3),described in the GeneChip
Expression Analysis Manual (Affymetrix; Santa Cla@#). The Mouse 430A Genome
chip contains over 22,000 probe sets representreg 4,000 well-characterized mouse
genes. A detailed description can be found at

http://www.affymetrix.com/products/arrays/specifiuse430.aftx A total of 24 gene chips

representing 4 hr samples from 24 individual m@eréatments, N=4) were used in this

study. The microarray data have been deposited eto@e Expression Omnibus
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database http://www.ncbi.nlm.nih.gov/ged/and are accessible through GEO series

accession number GSE9383.

4.2.10 Statistical analysis of inflammatory, bioatieal, and immune endpoints

The data were analyzed using a two-way analysi@oince (ANOVA) model.
The two independent variables were exposure (DERvats 0, 500, and 2000 pgim
and treatment (at levels saline and OVA). Pairwiemparisons were performed as
subtests of the overall ANOVA, subsequent to aiBggmt main or interactive effect. If
the usual ANOVA assumptions were not satisfiedegithe data were log transformed
S0 as to satisfy the assumptions or a distributes test was substituted for the ANOVA.
The level of significance was set at 0.05. No sihjent was made to the significance

level as a result of multiple comparisons.

4.2.11 Overall data analysis strategy

The analysis of this data set consisted of 6 grdfifpsred air, 500 pg/r[low],
or 2000 pg/m [high] DE with or without OVA). Steps were made i) evaluate the
data quality; 2) perform principal components asal\((PCA) for a global inspection of
within group sample correspondence and to exammgehand dose effects; 3) perform
Gene Set Enrichment Analysis (GSEA) to determirfiemdintially expressed gene sets
between groups; 4) extract core genes responsibla particular gene set identified as
significant from the GSEA analysis; and 5) map ageaes to functional pathways using
MetaCore GENEG® to identify altered pathways unique or in commanoag the

treatments.
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4.2.12 Principal component analysis (PCA)

PCA transforms microarray data from all gene chipa new coordinate system
using an orthogonal linear transformation, whicbuaes the data to a 3 dimensional
coordinate system while retaining those characiesisf the data set that contribute most
to the variance. This analysis was employed toesutkie data for within-group outliers
and model and dose effects using Rosetta ResoResefta Inpharmatics, Agilent
Technologies, Palo Alto, CA) following linear weigihg normalization (p<0.001). Each
individual gene chip or gene expression profile wegsesented by a single data point and
the variance between each gene chip was compaxalke distance between the data
points whereby two similar gene expression profilesre projected as two adjacent
points and vice versa. This analysis was emplogea @asual tool to initially inspect the

data for within group and across group similariaes dissimilarities.

4.2.13 Gene set enrichment analysis (GSEA)

GSEA is a powerful computational method that utdizana priori defined set of
genes to determine statically significant, concotdhfferences between two phenotypes.
For this analysis, raw data from 24 gene chips werealized using Robust Multichip

Average (RMA) in Gene Pattermyw.genepattern.ojgo generate estimated expression

summaries. The molecular signature database (MSigDB provided on the website

http://www.broad.mit.edu/gsea/msigdb/msigdbindexint which contains 1687 gene

sets, was queried for association with a partictiEatment in each pairwise comparison

(low DE/OVA vs. air/lOVA, high DE/OVA vs. air/OVA, igh DE/saline vs. air/saline,
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air/OVA vs. air/saline, low DE/OVA vs. low DE/saén and high DE/OVA vs. high
DE/saline). Only gene sets with a minimal genessat of 15 genes per pathway and a
maximum of 500 were queried. To determine theiBg@mce of a gene set for each
pairwise comparison, GSEA ranked all genes accgrthnthe difference in expression
using a signal-to-noise metric. A running sumistattermed the enrichment score (ES)
was determined for each gene set and the maximuMES) over all gene sets in the
actual data was recorded. The ES reflects the degwe which a gene set is
overrepresented at the top or bottom of the ramjesks. To determine the significance
of the MES, a comparison was made between the labtE& and that seen in 1000
permutations that shuffled the gene set labeldiagea null distribution. In addition the
data were normalized based on the size of the gehgnhormalized expression set
[NES]). A false discovery rate (FDR) was calcutht®rresponding to each NES. Gene
sets with a FDR of <25% were considered significaHeatmaps were generated from
the top 50 genes that were most strongly associaitthdthe DE or DE/OVA treatment.
GSEA software and Molecular Signature Database ¢lB) are available at

http://www.broad.mit.edu/gsda20].

4.2.14 Pathway level analysis

The gene sets with an FDR of <25% were used tdeceeaore gene list. The core
gene list comprised genes responsible for a genleesay considered significant. These
genes were then applied to a pathway analysis amogralled MetaCore GENEGO

(http://www.genego.com/metacQrewhich maps genes to pathways and determines

significance. All pathways with a p-value of <O@#&re reported.
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4.3 Results

4.3.1 Diesel exposures

Table 4.1 shows a summary of the 5 day averagesexpalata for the low (500
ng/m®) and high (200Qug/m®) DE concentrations. These target chamber coratéts,
determined and adjusted based on continuous TEO&sunements were achieved with
relatively low variability either within a particait 4 hr exposure or between different
days. Chamber particle concentrations determgnadimetrically from integrated filter
samples (one 4 hr sample per exposure day), agwgedthe TEOM measurements
within 10%. CO, NO, NQ and SQ concentrations in the high chamber averaged 4.3,
9.2, 1.1, and 0.2 ppm, respectively. Concentratiosnthe low chamber were below
detection limits, as indicated. Particle numbenagamtrations were relatively high, and
corresponded to particle size distributions (PSBigh a well established accumulation
mode and little evidence of notable nuclei or ceareodes. Geometric median number
and volume (assuming spherical particles) diametér86 and 195 nm, respectively,
were measured in both chambers. OC/EC wt ratids ©from both chambers indicate

that approximately 41% of the DEP was comprisedrgénic carbon.

4.3.2 Post-challenge endpoints

Ovalbumin specific IgE antibodies

Mice exposed to the low and high DE during loc@munization produced

increasing OVA-specific IgE antibodies over timdice exposed to the high dose of DE
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(2000 pg/m) had a mild but non-significant increase (relativeDVA control) in these
antibodies at the 48 hr time point (Figure 4.2h the absence of immunization with

OVA, OVA-specific IgE antibodies were not detec{ddta not shown).
Bronchoalveolar lavage cell differential counts

To evaluate the effect of DE exposure with or withOVA immunization on
airway inflammation post-challenge, the cellulanfpe of BALF fluid 18, 48, and 96 hrs
after OVA challenge was assessed. Cell profilehetl8 and 96 hr time points did not
differ across treatment groups. At the 48 hr timephowever, eosinophils, neutrophils,
and lymphocytes were statistically increased in owenunized mice exposed to both
concentrations of DE (Figure 4.3). With DE expe@saione, only neutrophils were

statistically increased in the high DE concentratio
Cytokine production in the bronchoalveolar lavatyed

To characterize the role of local cytokine prodowcton the effects of DE in an
ovalbumin immunization model, the production of moghage inflammatory protein-2
(MIP-2), IL-4, IL-5, IL-6, IL-10, IL-12, and TNE were quantified. IL-6 production was
significantly increased in mice exposed to the higlse DE (2000 pg/fhat the 96 hr
time point (Figure 4.4A). Although not signifidarL-10 was seen to increase in mice
exposed to the high dose DE for the 48 and 96nme points (Figure 4.4B). All other

cytokines measured were unchanged compared tootantr

4.3.3 Post-immunization endpoints
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Pulmonary inflammation and lung injury

Mice were exposed to filtered air or diesel exhdD&) at a concentration of 500
or 2000 pg/mon days 0-4, given an intranasal instillation iher saline or 100 pg of
ovalbumin (OVA) 40 min after the chamber exposunedays 0-2, and necropsied 4 hrs
after the last chamber exposure as depicted inr&igju Cell differential counts in the
BALF were quantified to assess pulmonary inflamorati No differences among the
groups were observed for macrophage, lymphocytetroghil, and eosinophil counts
(data not shown). Protein and LDH levels were gtiadtto determine if DE and/or
antigen exposure induced cellular lung injury. Sé&ndiomarkers were not found to be

increased in BALF of any group (data not shown).
Principle component analysis (PCA)

PCA was applied to provide a multidimensional gerpression profile of each
gene chip in a 3 dimensional space to reveal cistethe experimental data. All data
from the 24 gene chips were analyzed with eachrelatesenting a gene chip (Figure
4.5). The first 3 PCs combined reflected approxatyat0% of the variance among all
samples. After analysis the gene chips were thghliphted in either blue (OVA
treatment) or red (saline control). Good separabbrthe two groups was observed
reflecting different expression profiles illustragi a model effect between antigen and
saline (Figure 4.5A). To determine if there wadiesel dose effect, the gene chips were
highlighted according to diesel concentrations €blair/saline and air/OVA, red-500 pg
DE/m%saline and 500 pg DEMMOVA, green- 2000 pg DEfifsaline and 2000 pg

DE/m*/OVA) (Figure 4.5B). The plot was rotated to relvelaistering among the 2000
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Hg/nt DE exposure groups.

Gene set enrichment analysis (GSEA)

To test for sets of related genes that might kerexdtin the lungs of mice exposed
to the various treatments we employed GSEA. Inregshto conventional microarray
analysis programs, the algorithm employed by GSEAvds its power by focusing on
gene sets with biological relevance rather thanviddal genes. [220, 221]. Pairwise
comparisons revealed significant gene set diff@snbetween high DE/saline vs.
air/saline and high DE/OVA vs. airfOVA. For eachngmarison, a heatmap was
constructed of the top 50 genes associated withirda@ment of interest. The degree of
correlation in each chip is represented by a rawigeolors reflecting the strength of
correlation (red: high, pink: moderate, light bluew, and dark blue: lowest). Visual
inspection of the high DE/saline heatmap (Figu) dhowed striking contrast of the top
50 genes between the diesel and air treatmentgndas map was also constructed for
the high DE/OVA vs. airfOVA comparison, where tlop 50 genes associated with DE
in the context of OVA are shown (Figure 4.7). \ehihe contrast was less strong in this
comparison, a binary response was still evidentr Both heat maps there was good
consistency across each of the 4 animals per geunesented by individual gene chips
(individual animals). 10 genes from the top 50 gerid90003K14RIK, CD14, CXCL1,
CXCLS5, IFITM1, LCN2, PIGR, PROM1, REG3G, and RETNLAvere in common

between both heat maps.

The C2 collection of curated gene sets from the gid8i were queried and a

detailed description of each gene set can be fouodd the website
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http://www.broad.mit.edu/gsea/msigdb/msigdb indewlh A table was contructed for

the high DE/saline vs. air/saline comparison of tihg 20 gene sets associated with the
DE phenotype, as ranked by normalized enrichmearesqAppendix 7). The core genes
in these gene sets are involved in cellular pr@iien and inflammatory effects. The top
20 gene sets associated with the DE/OVA phenotgmermgted from the high DE/OVA
vs. airfOVA comparison (Appendix 8) contained gem@solved in oxidative stress
responses. The gene set WANG_MLL_CBP_VS GMP_UP agasciated with both

high DE/saline and high DE/OVA phenotypes.

Pathway analysis

A total of 49 enriched gene sets with a FDR < 25&gendentified in the high
DE/saline compared to air/saline. The combined &irf@ genes from these significant
gene sets were extracted and imported into a pathamalysis program MetaCore
GENEGC. The list of pathways significantly altered by Bmpared to air in the
absence of antigen was clearly related to immunetion and cell signaling pathways
(Table 4.2). Specifically pathways included those dell adhesion, cell cycle control,

apoptosis, growth and differentiation, and cytolsignaling among others.

The pairwise comparison of high DE/OVA vs. air/OVflded 23 enriched gene
sets with a FDR < 25%. The 412 core genes wererieg into the MetaCore pathway
program. The pathways associated with the highOM& phenotype were distinct from
those associated with the DE/saline phenotype. mdjerity of these pathways could be
functionally classified under metabolic processés wxidative stress systems including

oxidative phosphorylation, mitochondrial and pesaxnal oxidation, ubiquinone,
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glutathione, vitamin E, and PPAR regulation of diphetabolism being very prominent

(Table 4.3).

4.4 Discussion

Diesel exhaust has been shown to act as an adjtoraallergic inflammation in
animals and humans but the precise signaling pathaee not clear. Many studies have
used instillation boluses of DEP or DEP extractexplore the mechanisms of diesel
enhanced allergic immune responses. While theskaugtare simpler and cheaper than
inhalation, and can be used for hazard identificgtthey are not representative of real
world exposures. Previous inhalation studies hesesl chronic exposures, between 5-34
weeks, and antigen administration has often beestesyc or in combination with
adjuvants such as alum. These studies have showneases in neutrophils and
eosinophils in the BALF [14, 252] but it is not afeif short term, moderate dose
exposures would have the same effect on mucosalumaation. Moreover, these
inhalation studies have not investigated the siggaimechanisms responsible for
increased immunity and clinical disease. The prestady had two goals: 1) to
investigate the adjuvant effects, post antigen lenge, of a short term inhalation
exposure to moderate doses (500 and 2000 Yy @hDE; and 2) to identify global gene
changes associated with altered immune functionr data demonstrate for the first time
that even short term inhalation exposure to moderahcentrations of DE, when given
with an antigen, can induce allergic lung disedser antigen challenge. Furthermore,
these adjuvant effects were associated with chaimggsne expression 4 hrs after DE

exposure in mice given antigen that were distimmtnfchanges in animals exposed to DE
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alone.

The post-challenge results demonstrate DE expasitineantigen resulted in mild
adjuvancy as evidenced by significant increaseoginophils, neutrophils, lymphocytes,
and IL-6 in the BALF. Saline and OVA control micilehot induce an asthma phenotype
after the 2° OVA challenge and DE alone only insegh neutrophils, indicating the
combination exposure of DE and antigen was essdotipromote the development of
allergic lung disease. In life measures showed tioaie of the animals lost weight or
experienced any indicators of the lung injury.

For the second goal, microarray analysis was engpldg examine global gene
changes 4 hrs after the last DE exposure to uraaetsthe mechanisms involved in
promoting adjuvancy. While cellular and biocherhiceeasures showed no changes in
clinical indicators of inflammation, principal compent analysis (PCA) of the gene
expression data revealed a model (OVA) and a higie dE (2000 pg/f effect. Gene
set enrichment analysis (GSEA) was applied to @&rtmvestigate gene changes
associated with adjuvancy. The pairwise comparcfaair/OVA vs. air/saline yielded no
significant gene sets. A plausible explanationtlfios is the last OVA dose was given on
day 2 while the lungs were harvested for gene egma analysis on day 4 (figure 1)
when the mild immune stimuli could have subsidelde TSSEA comparison of low DE
(500 pg/m)/OVA vs. air JOVA resulted in no significant gesets associated with the
low DE/OVA treatment. Comparison of the high (2006/n?) DE/OVA vs. air/fOVA
however showed significant changes in 23 gene g$aisthis reason subsequent analyses
were focused on the high DE/OVA vs. OVA comparisord the high DE/saline vs.

saline comparison.
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DE inhalation has been shown to induce lung inflatom in humans [253] and
in rodents [14, 254]n vitro studies have demonstrated DEP exposure induceaseebf
inflammatory cytokines, ILfi, IL-8, and granulocyte-macrophage colony-stimalgti
factor (GM-CSF) [216, 217, 255, 256]. Here theseéi exposures caused an up-
regulation of neutrophil homing chemokines gene€l(& CXCL1, -5, and -6) and
inflammatory cytokines (IL-g, CXCL2 [mouse equivalent to IL-8], and GMCSF). In
addition, 32 other signaling molecules were alseoeisted with diesel exposures
including numerous interleukins and TNF subtypesd an array of CC and CXC
chemokines.

Chronic DE exposures induce epithelial cell proéfen in the airways and
alveoli, and increase the number of resident mdmages [257-259]. Am vitro study
reported that serum starved A549 cells proliferatedesponse to a low dose (up to 10
pg/ml) DEP exposure [260]. Analysis of diesel exgabsungs revealed increases in
growth and differentiation pathways such as IGF-&ld PDGF signaling, and
granulocyte development. Jak-STAT cascades invoimeckell growth and survival, as
well as genes in G1/S transition cell cycle contkalre also altered. While cell cycle
control genes such as cyclin E2, cell division eya$sociated 7, cyclin-dependent kinase
8, E2F transcription factor 5, mitogen-activatedotpin kinase kinase kinase 5
(MAP3K5), and mitogen-activated protein kinase 6ARKG), retinoblastoma 1 (Rb1)
were increased, we also observed up-regulationewtral genes up-stream of this
pathway such as Jun-B oncogene (JunB), trans-attamgcription factor 1 (Spl), and
early growth response 1 (Egrl) that could be dgythis proliferative response.

A substantial amount of evidence has shown thatiiiding DEP acts as an
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adjuvant when given with antigen. The proposed raesm is a hierarchical model
whereby low levels of oxidative stress induce antlant defense mechanisms to restore
redox balance in the cell. Intermediate levels>afiative stress activate MAPK and NF-
KB cascades, which induce inflammation, while higiels of oxidative stress disrupt the
mitochondrial permeability transition pore and é@lec transport chain resulting in cell
death [174]In vitro studies have shown that DEP extracts and ultrgfarécles (UFPs)
induce ROS production and oxidative stress by feterg with the mitochondrial
electron transport chain [165, 166]. The studyented here confirmed similar effeats
vivo. Global transcriptional analysis of lung tissuenfr mice in the high DE/OVA
treatment group expressed increased transcripfidd genes involved in the NADH and
FADH, respiratory chain located in the inner membranghef mitochondria. These
include 6 ATP synthases, 6 ATPases, 8 cytochromeoxiases, 20 NADH
dehydrogenases, and 2 ubiquinol-cytochrome c redast the majority of which were
up-regulated. The genomic profile for the DEP/OYroup also altered a significant
number of genes reflecting phase | metabolism, utioly cytochrome P450s,
dehydrogenases, carboxylesterases, and reductasks,consistent induction of phase Il
transferases. These data confimvitro findings that have shown polycyclic aromatic
hydrocarbons (PAH) induce oxidative stress indiyedhrough biotransformation by
cytochrome P450, expoxide hydrolase, and dihydiatbbydrogenase to generate redox
active quinones [261].

In conclusion mice exposed to high DE alone hasredt inflammatory, cell cycle
control, growth and proliferation, and cell adhespathways. Consistent with the Li et

al premise, DE exposure in the context of antigemunization induced oxidative stress
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pathways, possibly through disruption of the inmeitochondrial membrane. These
effects were associated with mild adjuvancy as enadd by increases in eosinophils,
neutrophils, and lymphocytes as well as IL-6 pdstHenge. Genomic alterations in lung
tissues after both high DE/saline and high DE/O\kfasures are more likely to reflect
molecular changes within the resident lung cellydatpon rather than the infiltration of
new cells because the cell differential counts wearehanged compared to saline and
OVA controls at that time point. This comprehensamproach using gene expression
analysis to examine changes at a cellular and milaledevel combined with more
traditional immunotoxicity endpoints provide a akapicture of the events occurring in
the lung after DE exposure in the presence or aieasehantigen. The results show that
relatively short exposures to DE, at concentratieeen in severe occupational
environments, cause mild increases in immunologitsiization to allergen. Genomic
analysis revealed a wide range of altered pathwaggesting this method may be more
sensitive and can be used for identifying mechasigmvolved in adverse effects of

inhaled pollutants.
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Table 4.1 Summary of concentrations and charatiteyisf the diesel exhaust particles

Tables

and gases within the animal exposure chanibers

Constituent Units Low exposure High exposure
Particle mass

concentration (TEOM) ng/nt 56119 213663
Particle mass pg/ne 54629 1983455
concentration (filteP)

Particle number #lcnt 5.6x10° 2.0x10°
concentratioh +4.1x10° +9.9x10°
Oxygen (Q) % 20.7+0.11 20.3+0.07
Carbon monoxide (CO) ppm <1.0 4.3+0.07
Nitric oxide (NO) ppm <2.5 9.2+0.30
Nitrogen dioxide (NQ) ppm <0.25 1.1+0.05
Sulfur dioxide (SQ) ppm <0.06 0.2+0.10
Number median B nm 80+2 86+2
Volume median nm 18442 195+2
OC/EC wt ratio 0.7+0.05 0.7+0.05

®Tapered element oscillating microbalance (TEOM), @D, NO, NQ, and SQ data

represent mean values from continuous measurenaets over the five day exposure *

SE.

PFilter data represent mean values from one measuntaper day taken over the five day

exposure + SE.

“Particle number concentration data represent males from two measurements (low
exposure) and three measurements (high exposkez) tver one representative

exposure day + SE.

de indicates particle geometric number and volumeiarediameters for a single
representative particle size distribution + geomedtandard deviation. Note that volume
information is calculated from number based maopdiameters and assume spherical
particles.

®OC/EC (organic carbon to elemental carbon ratitd depresent mean values from one
measurement per day taken over the five day expasGE.
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Table 4.2 Significantly altered pathways by high/€dtine compared to air/saline

Pathway p-Value Genes
Cell Adhesion
Chemokines and adhesion 6.98E-05 18/153
Cytoskeleton remodeling 7.32E-03 15/177
FAK signaling 2.43E-03 9/70
PLAU signaling 3.14E-03 7147
Cell Cycle Control
Regulation of G1/S transition (p.1) 4.08E-03 8/62
Cell Death/Apoptosis
FAS signaling cascades 9.45E-03 6/44
Cell Survival
EPO-induced Jak-STAT pathway 7.37E-04 7137
Cyto/chemokines
CXCR4 signaling pathway 1.68E-03 8/54
IL4 - antiapoptotic action 1.20E-03 7140
IL6 signaling pathway 2.18E-03 6/33
G-proteins
A3 receptor signaling 1.60E-03 10/79
A2B receptor: action via G-protein alpha s 9.2F-0 7/57
cAMP signaling 9.29E-04 13/114
CREB pathway 9.48E-03 10/101
M-RAS regulation pathway 7.07E-03 4/19
RABS5A regulation pathway 6.97E-03 3/10
Regulation of CDC42 activity 2.74E-03 5124
Growth and Differentiation
IGF-RI signaling 7.54E-06 13/72
Membrane-bound ESR1.: interaction with G-proteigmaling 2.96E-03 9/72
PDGF signaling via STATs and NF-kB 5.91E-03 6/40
Leptin signaling via JAK/STAT and MAPK cascades 45E-03 5/29
Membrane-bound ESR1: interaction with growth fagtgignaling 7.53E-03 6/42
TPO in cell process 4.83E-05 10/52
Transcription regulation of granulocyte development 4.84E-04 8/45
PIP3 signaling in cardiac myocytes 1.19E-03 10/76
Growth factors
Prolactin receptor signaling 4.08E-03 8/62
Hormones
Androgen Receptor nuclear signaling 1.19E-03 10/76
Insulin signaling:generic cascades 7.61E-03 7155
Non-genomic (rapid) action of Androgen Receptor 43E-03 9/70
Kinases
AKT signaling 2.39E-03 8/57
Metabolism - Lipid
Insulin regulation fatty acid metabolism 2.29E-04 9/51
Insulin regulation of glycogen metabolism 9.23E-03 7/57
Metabolism - Regulators
Transcription regulation of aminoacid metabolism .96E-04 8/42
Insulin receptor signaling pathway 1.86E-03 7143
Neuroscience
Regulation of CDK5 in CNS 1.30E-03 6/30
GDNF signaling 3.31E-03 5/25
Phosphatases
PTEN pathway 4.13E-04 9/55
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Transcription Factors

PPAR Pathway 7.58E-04 8/48
Translation Regulation

Insulin regulation of the protein synthesis 7.60FE- 7/55
Regulation activity of EIF2 8.39E-03 7/56
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Table 4.3 Significantly altered pathways by high/lO¥A compared to air/OVA

Pathway p-Value Genes
Cell Cycle Control
Role of Brcal and Brca2 in DNA repair 1.60E-06 9/40
Metabolism - Aminoacid
Leucune, isoleucine and valine metabolism p.1 4.00E-04 4/13
Leucune, isoleucine and valine metabolism p.2 4.92E-06 7125
Phenylalanine metabolism 1.12E-05 7/28
TCA 8.99E-07 7/20
Metabolism - Carbohydrates
Glycolysis and gluconeogenesis (short map) 3.55E-03 5/36
Glycolysis and gluconeogenesis 5.53E-03 3/13
Propionate metabolism p.1 5.48E-04 4/14
Propionate metabolism p.2 1.88E-06 7122
Pyruvate metabolism 5.39E-03 4/25
Metabolism - Energy
Oxidative phosphorylation 7.31E-36 40/99
Metabolism - Lipid
Mitochondrial long chain fatty acid beta-oxidation 2.57E-10 9/17
Mitochondrial unsaturated fatty acid beta-oxidation 2.46E-09 8/15
Mitochondrial ketone bodies biosynthesis and metabolism 4.41E-06 5/10
Peroxisomal branched chain fatty acid oxidation 1.55E-05 6/20
Peroxisomal straight-chain fatty acid beta-oxidation 5.48E-04 4/14
PPAR regulation of lipid metabolism 3.02E-09 10/28
Regulation of fatty acid synthesis 1.77E-03 3/9
Metabolism - Nucleotide
ATP metabolism 1.66E-03 7/60
ATP/ITP metabolism 1.79E-08 14/73
CTP/UTP metabolism 1.75E-15 20/67
dATP/dITP metabolism 6.99E-04 7/52
dCTP/dUTP metabolism 3.05E-06 9/43
dGTP metabolism 9.40E-04 6/40
GTP-XTP metabolism 1.41E-07 12/61
TTP metabolism 1.04E-05 8/38
Metabolism - Vitamin and Cofactor
Glutathione metabolism 7.64E-13 14/37
Heme metabolism 8.48E-03 5/44
Ubiquinone metabolism 3.30E-18 23/73
Vitamin E (a-tocopherol) metabolism 9.16E-05 5/17

Regulation of Transcription
Ligand-Dependent Transcription of Retinoid-Target genes 4.24E-03  10/129
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Figures

Immunization 1° Challenge 2° Challenge
Days 0 -4 Day 18 Day 28
I I I
1
X X X X
4h 18h 48h 96h

l = inhalation of air, 0.5 mg/ni, or 2.0 mg/m® diesel exhaust
O = IN of 100 pg of ovalbuminin 20 pl of saline or saline alone

@ =N of 100 pg of ovalbuminin 20 pl of saline
X = Necropsy

Figure 4.1 Schematic of exposure regimé3BALB/c mice were exposed to filtered air,
500, or 2000 pg/fhof DE on days 0-4. After the first three dayerposure, mice were
treated with an intranasal instillation of 100 pg20 ul of saline or saline alone. Mice
were challenged with the same dose and concemntratieither OVA or saline alone on
day 18 and all mice were challenged with OVA on 88y Necropsies were either 4 hrs
(n=4) after the last air or DE exposure or 18,36 hrs (n=6-8) after the last challenge.
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Figure 4.2 Kinetic development of OVA-specific semn antibodies in mice exposed
to diesel exhaust during allergic immunization.Mice were exposed to filtered air or
DE at a particle concentration of 500 or 2000 [’gimdays 0-4 for 4 hr/day, intranasally
instilled with OVA on days 0, 1, 2, 18, challengsih OVA on day 28, and necropsied
18, 48, and 96 hrs later. OVA-specific IgE antibdeyels were measured in the serum
by ELISA. n=6-8
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Figure 4.3 Allergen-induced pulmonary inflammatory cells in mice exposed to
filtered air or diesel exhaust with or without OVA. Mice were exposed to filtered air
or DE at a particle concentration of 500 or 2000mfgon days 0-4 for 4 hr/day,
intranasally instilled with OVA or saline on days 1) 2, 18, challenged with OVA on
day 28, and necropsied 18, 48, and 96 hrs latda Bahown for 48 hr time point only.
Eosinophils A), Neutrophils B), and lymphocytesQ) were measured in BALF. n=6-8;
Significantly different from saline control(p<0.05; " p<0.01. Significantly different
from OVA control: p<0.05;” p<0.01:" p<0.001.
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Figure 4.4 Quantification of IL-6 and IL-10 protein levels. Mice were exposed to
filtered air or DE at a particle concentration df05or 2000 pg/fion days 0-4 for 4
hr/day, intranasally instilled with OVA or salinenaays 0, 1, 2, 18, challenged with
OVA on day 28, and necropsied 18, 48, and 96 les.ldL-6 (A) and IL-10 B) protein
levels were measured by ELISA in the BALF of theneamice as described in Figure 1.
n= 6-8; Significantly different from OVA control:p<0.01.
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Figure 4.5 Principle component analysis plot from ncroarray data. Mice were
necropsied 4 hours after the last diesel exposarBay 4. RNA was isolated from the
lungs and hybridized to Affymetrix Mouse 430A gectaps (n=4). PCA plots were
created in Rosetta Resolver. Each plot containg ghips from all mice and each dot
represents a gene chip. Gene chips were highlightedrding to the immunization
protocol (blue-OVA treatment or red-saline treattheA) or the diesel concentration
(blue- air/saline and air/OVA, red-500 ug DE/saline and 500 ug DEAMOVA, green-
2000 pg DE/r¥saline and 2000 pg DEA®VA) (B).
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Figure 4.6 Heat map of top 50 genes associated witigh DE in non-allergic mice.

In the heat map, expression values for the topeéteg in each chip is represented as a
color, where the range of colors (red, pink, ligthte, dark blue) shows the range of
expression values (high, moderate, low, lowesthelsal-4 are high DE/saline and 5-8
are air/saline.
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Figure 4.7 Heat map of top 50 genes associated witigh DE in OVA-allergic mice.

In the heat map, expression values for the topdsteg in each chip is represented as a
color, where the range of colors (red, pink, ligghte, dark blue) shows the range of
expression values (high, moderate, low, lowesthesal-4 are high DE/OVA and 5-8 are
air/OVA.
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Chapter 5

Discussion



Over the past several decades the prevalence, ditgrtand mortality of asthma
has been increasing at an alarming rate, making rhajor public health concern.
Increases in ambient particulate matter (PM) haeenbcorrelated with a rise in
hospitalization associated with respiratory illresssuch as asthma [118, 183]. Diesel
exhaust particles (DEP) are a major constituerdirobient particulate matter in urban
environments and occupational settings. Severaliegtuin humans and animals have
shown that diesel exhaust (DE) as well as DEP cailasaan immunological adjuvant to
increase the severity of allergen induced asthnid,[115, 123, 128, 134, 184-186].
However, there is still a fundamental lack of urstiending as to what component or
components are responsible for these effects aadutinlerlying mechanisms through
which they act. The purpose of this research waBwtestigate the relative adjuvant
potency of 3 chemically distinct DEP given with @lergen, and to identify the cellular
mechanisms responsible for this effect.

The heterogeneous nature of DEP samples adds tdiffloeilty in determining
what effects are common among all DEP exposuresusespecific characteristics of a
particular sample. Several studies investigatirgatijuvant potential of the particle itself
have demonstrated its ability to induce antigercgjpelgE antibodies when given with
antigen [194, 195, 262]. Nygaard et al. [262] stddihe adjuvant effect of polystyrene
particles (PSP) of various sizes (0.0588 to 11, carbon black (CB; 0.03om), and
DEP (0.030um) in mice. The results demonstrated the smalld? FEB0588 and 0.202
um), CB, and DEP increased allergen-specific IgEursetevels. Furthermore linear
regression analysis indicated particle diameter surfce area were predictive of IgE

response [262]. Another body of evidence suppibkisnotion that adsorbed chemical
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substances found on the particles such as polgcgotimatic hydrocarbons (PAHS) can
induce allergic adjuvancy [191-195]. Most of theahanistic studies have focused on
the role of oxidative stress and the generatiomeattive oxygen species (ROS) from
organic rich DEP or DEP extracts. The present woviestigated the relative adjuvant
potency of three different DEP samples, N-DEP, APDBnd C-DEP which differed in
the percentage of dichloromethane (DCM) extractaw@ganic material (EOM) (1.5%,
68.6%, and 18.9%, respectively) in a mucosal seatitn model adopted from
Steerenbergt al.[199].

Results of this research show that DEP inducesnastltke parameters of
antigen-specific 1IgG1, airway hyperresponsiven@g¢s$R) and inflammation, as well as
alterations in local lung cytokine levels and irages in lung permeability. In addition,
on a comparative mass basis, the three samplesadda gradation of post-challenge
adjuvancy and this was not solely dependent onatlganic content. Immune and
inflammatory endpoints demonstrate C-DEP/O¥YA-DEP/OVA >> N-DEP/OVA with
respect to post-challenge adjuvancy as measuregbsinophilic inflammation andyPR
cytokines in the BALF, serum OVA-specific IgGl dudies, and airway

hyperresponsiveness.

Human and rodent studies have shown DEP induceergall asthma is
characterized by recruitment of T helper 2Z¥lymphocytes and subsequent production
of Ty2 cytokines like IL-4, IL-5, IL-10, and IL-13, whicperpetuate the inflammatory
response. The importance of 2l cells in allergic asthma is underlined by a study
which adoptive transfer of these cells into naiveented to an allergic asthma phenotype

[205]. Conversely, removal of these cells preventatiction of asthma in sensitized
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mice. Thymus activation regulated chemokine (TAR@ginly produced by dendritic
cells, selectively induces the migration of CCR{essing T2 cells [206, 207] and is
thought to play a crucial role in allergic asthritathe present study, TARC levels post-
challenge in the BALF were significantly increasedC-DEP + OVA exposed mice
compared to all groups and this was accompaniedabgignificant increase in

lymphocytes.

While most reports on PM-induced adjuvancy havaised on immune effects
post-challenge, we were also interested in asges=any signaling events caused by
DEP in the context of antigen sensitization. C-DEWA, consistent with the strong
degree of adjuvancy post-challenge, increasednttiexiof eosinophils, neutrophils, and
lymphocytes, increased the production g2 tytokines, and decreased the production of
the Tyl cytokine IL-12 in the BALF, 18 hrs after sensation. On the other hand, post-
sensitization differential cell counts and prodotof Tyl and K2 cytokines were not
significantly different for the organic rich A-DEB¥A compared to OVA control
although this group induced a strong adjuvant effgast-challenge suggesting the
kinetics of the response may be different. The elgal carbon rich N-DEP/OVA
exposures induced a mildy2 phenotype post-sensitization followed by a miguaant

effect post-challenge.

There is much evidence that the organic chemicalpomunds, such as PAHSs,
guinones, and nitro-PAHSs, absorbed on the surfaBE® play a role in ROS production
which in turn causes oxidative stress. If the levebxidative stress exceeds the cells

natural antioxidant defense mechanisms then inflatarg cytokines and chemokines,
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which may contribute to the adjuvant effect of DBRe produced. The amount of DCM
extractable organic material present in the A-DBm@e was about 3.5 times greater
than C-DEP; however, both samples when given wigngen induced similar degrees of
adjuvancy post challenge. One possible explanaisorthe adjuvant response was
saturated. In other words the A-DEP sample mayymedhe same degree of adjuvancy
at a lower dose than the C-DEP. An alternate egpiam for these effects induced by
exposure to the different DEP samples is the poesefiparticular species of compounds
in the organic fraction, rather than the overalloamt, could be responsible for the toxic
effects. Xia et al [165] demonstrated the quinoneebed polar fraction of DEP was

more potent than the PAH-enriched aromatic fractrolROS production suggesting a
greater ability to cause oxidative stress. Theggfdris possible that C-DEP contains a
more potent compound. Complete chemical analysith@fcompounds present in the
fractionated DCM EOM of the DEP samples may bermgtive in further examination

of this hypothesis.

To elucidate possible mechanisms and biomarkers tliese effects, early
signaling events and global gene expression changeé® lung were assessed. Certain
exposures to DEP induce lung inflammation. DE arfPOhave been shown to induce
pulmonary inflammation manifested by neutrophilltrdtion and elevated levels of total
protein, albumin, LDH, and ROS in the lung as vesl up-regulation of inflammatory
pathways [201, 217, 219, 223, 224]. Based on thbservations, it was no surprise that
the cytokine-cytokine receptor pathway was a sigaiftly altered pathway common to
all DEP/saline exposures. The genes in this pathwawded inflammatory, g1, and

Ty2 cytokines and chemokines, but the majority ofrthveere associated with neutrophil
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signaling in the DEP/saline exposures. In agreenvattt these findings, all three
DEP/saline samples induced an increase in neutsophthe BALF at this time point,
although the increase was not significant [219].

Toll-like receptor signaling was also alteredalhDEP/saline exposures. Toll-like
receptors (TLRs) play important roles in the iriba of both innate and adaptive
immune responses [225, 226]. Their activation isallg associated with viral or bacterial
exposure; however, TLRs can also signal in respaasendogenous molecules and
environmental pollutants. NQdjuvant effects are dependent on TLR2 [227] arvdag
hyperresponsiveness, induced by chronic ozone expos dependent on TLR4 [228].
In addition, Zhouet al. [229] reported heat shock induced increases inZraRd TLR4
MRNA and protein expression in monocytes. Furtheen®EP has been shown to
induce TLR4 expression in the lung [230] and TLRefident mice develop airway
inflammation to a lesser degree in response to D&Mpared to control [231]. Our
results demonstrated that the toll-like receptdergction pathway was altered by all
three DEP/saline exposures, providing further ewgethat the TLR pathway is involved
in DEP induced inflammatory responses.

The cytokine-cytokine receptor interaction and-hiék receptor signal pathways
were also common pathways associated with all tBeB/OVA exposures but with a
greater enrichment of genes in both pathways. bhtiad, GeneGo pathway analysis
revealed significantly altered immune responsdammatory, and apoptosis pathways.
We have previously shown all three DEP/OVA exposurgluced allergic adjuvancy
after antigen challenge suggesting the pathwaysepted here may be important early

signaling pathways in DEP induced allergic disease.
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Li et al. [174] proposed a hierarchical oxidative stress ehdd explain DEP
induced effects whereby low levels of oxidativeess induce antioxidant defense
mechanisms to restore redox balance in the cell {). Intermediate levels of oxidative
stress (tier 2) activate MAPK and NB cascades, which induce inflammation, while
high levels of oxidative stress (tier 3) activatpoptosis and apoptosis/necrosis
pathways[174].

The study presented in chapter 3 demonstrateckdltesinscription of genes in all
three tiers simultaneously with DEP/OVA exposurevivo. Antioxidant transcription
factor and enzymes such as Nrf2, heme oxygenad®11j, and superoxide dismutase 2
(SOD2) were up-regulated in response to all thrE@ VA exposures indicative of low
oxidative stress levels according to the tiered ehot@ihe tier 2 responses were also up-
regulated in the lungs of mice exposed to all tHb&® samples when given with OVA
(i.e. MAPKs, NF«B, as well as inflammatory,qIL, and T,2 cytokines and chemokines).
In addition, A- and C-DEP/OVA exposures alteredpsis (tier 3) pathways; however,
C-DEP/OVA significantly altered the greatest numbéithese pathways. Furthermore,
the apoptosis pathway representation appears twidei with the combined phenotypic
allergic responses of the three DEP/OVA. AlthougbSRproduction was not measured,
the results suggest that C-DEP/OVA, according &hierarchical stress model, induced
high levels of oxidative stress.

While the hierarchical oxidative stress model sstgja dose-dependent response,
because we were examining whole lungs rather th@imidual cell lines it is possible the
discrepancy seen in this study was due to celloiten rates, varying concentration of

DEP throughout the lung, as well as differencetheresponse of different cell types to
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DEP.

It has been established that DEP organic compocaragenerate reactive oxygen
species (ROS) [232] and excessive ROS productionlead to a variety of cellular
responses including DNA damage [233]. In fact, akile DNA damage has been
detected in mouse lung DNA after DEP exposure [234lthough the A-DEP sample
contained the greatest amount of DCM EOM, in thesent study, C-DEP/OVA
exposure was unique in significantly altering ogjcle and DNA damage pathways.
Global transcriptional analysis of lung tissue ded up-regulation of cell cycle control
genes including 6 cyclin genes, 7 cell divisionleygenes, 7 members of the family of
MAP kinases, 2 cyclin-dependent kinases, RAS p2iepr activator 3 (Rasa3), and 5
other RAS related proteins. This suggests the amouDCM EOM does not directly
relate to the ability of the sample to generate ROS

In addition to the role of oxidative stress, thetotyxicity and immune-
modulating effects of DEP have been examined inraler of studies. DEP has been
shown to induce the degranulation of eosinophild anhance their adhesiveness to
epithelial cells [263]. Also, DEP exposure may drthe epithelial barriewhich would
further increase the cell’'s response to increageeld of proinflammatory cytokines
[264] and allowantigens like OVA to become more easily availablarttigen-presenting
dendritic cells thus increasing adjuvancy [265].eTpathology results presented in
chapter 2 demonstrate C-DEP/OVA exposure to induegreatest amount peribronchial
and perivascular inflammation.

All DEP samples with or without OVA had altered alihe and toll-like receptor

pathways suggesting these responses are a DEPcahataiss signature rather than an
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effect of a particular component of DEP (i.e. thergentage of DCM EOM). All
DEP/OVA exposures increased transcription of gemeslved in each tier of the
hierarchical stress response model described bst il [166, 174, 175]. CDEP/OVA
exposure significantly altered the most number pdpdosis pathways as well as cell
cycle and DNA damage pathways suggesting the C-BERe most bioactive sample.
This comprehensive approach using gene expressiatysss to examine pathway
changes at a transcriptional level provides a elegicture of the events occurring in the
lung after DEP exposure in the presence or absehcantigen. Genomic analysis
revealed a wide range of altered pathways sugggestia method may be more sensitive
and can be used for identifying mechanisms involuedadverse effects of inhaled
pollutants.

In conclusion the data suggest that three DEP ssmmqppear to have signature
responses. For example the C-DEP/OVA treatmeneasad eosinophil and lymphocyte
lung infiltration, TARC, MCP-1, IL-4, and IL-5 pradtion in the BALF, and altered
transcription of immune, inflammation, protein dagation, cell adhesion, DNA damage,
and cell cycle networks. These post-sensitizaBaponses were associated with a strong
adjuvant response after antigen challenge. A-DER¥@Xposure induced transcriptional
changes in networks associated with immune resgoigammation, and cell adhesion
but to a less extent than C-DEP/OVA. This exposuse resulted in a strong degree of
adjuvancy post-challenge. The N-DEP/OVA exposurerdased TARC and IL-5
production in the BALF and altered transcription iofmune, inflammation, and cell
adhesion networks post-sensitization. This resparaseassociated with mild adjuvancy

post-challenge. An in-depth analysis of the plrtchemistry for each sample would
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provide a means to relate chemical compounds W#géc potential.

In addition, this work also explored immune resganis mice acutely exposed to
moderate doses of DE in an OVA mucosal sensitizatndel and identified possible
mechanisms using genomics. Many studies have uasétation boluses of DEP or DEP
extracts to explore the mechanisms of diesel erdthaltergic immune responses. While
these methods are simpler and cheaper than intralaeind can be used for hazard
identification, they are less representative ofl r@arld exposures than inhalation
exposures. Previous inhalation studies have u$ednic exposures, between 5-34
weeks, and antigen administration has often beestesyc or in combination with
adjuvants such as alum. These studies have showmneases in neutrophils and
eosinophils in the BALF [14, 252] but it is not afeif short term, moderate dose
exposures would have the same effect on mucosalumzation. Moreover, these
inhalation studies have not investigated the siggaimechanisms responsible for
increased immunity and clinical disease.

The study described in chapter 4, exposed miceEaeénerated from an engine
used to power an air compressor. This is the samgme and operation procedures used
to generate the C-DEP sample. The two goals ofgtidy were: 1) to investigate the
adjuvant effects, post antigen challenge, of atsieom inhalation exposure to moderate
doses (500 and 2000 pgjnof DE; and 2) to identify global gene changesoeisged
with altered immune function. Our data demonstfatethe first time that even short
term inhalation exposure to moderate concentratdi3E, when given with an antigen,
can induce allergic lung disease after antigenlehgé. Furthermore, these adjuvant

effects were associated with changes in gene esipred hrs after DE exposure in mice
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given antigen that were distinct from changes imais exposed to DE alone.

The post-challenge results demonstrate DE expagitineantigen resulted in mild
adjuvancy as evidenced by significant increaseoginophils, neutrophils, lymphocytes,
and IL-6 in the BALF. Saline and OVA control micklehot induce an asthma phenotype
after the 2° OVA challenge and DE alone only insegh neutrophils, indicating the
combination exposure of DE and antigen was essdntipromote the development of
allergic lung disease.

For the second goal, transcriptional analysis ofARBblated from whole lung
tissue of mice 4 hrs after the last DE exposure assessed. GSEA was applied to
identify pathway level changes associated with Dl ®E + OVA exposures. DE
inhalation has been shown to induce lung inflamomatn humans [253] and in mice [14,
254]. In agreement with these studies, the DE axgsscaused an up-regulation of
neutrophil homing chemokines genes (CCL4, CXCL1, abd -6) and inflammatory
cytokines (IL-B, CXCL2 [mouse equivalent to IL-8], and GMCSF) aslivas 32 other
signaling molecules including numerous interleulkamsi TNF subtypes, and an array of
CC and CXC chemokines. Similar pathways were alteveh the C-DEP instillation
exposures.

Cell cycle control genes such as cyclin E2, cellisibn cycle associated 7,
cyclin-dependent kinase 8, E2F transcription fa&omitogen-activated protein kinase
kinase kinase 5 (MAP3K5), and mitogen-activated tgpro kinase 6 (MAPK®6),
retinoblastoma 1 (Rb1l) were increased with DE iatiah and also in the C-DEP/OVA
exposure. In addition, we observed in both exposyséems, an up-regulation of several

genes up-stream of this pathway such as Jun-B eneogJunB), trans-acting
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transcription factor 1 (Spl), and early growth cesge 1 (Egrl) that could be driving this
proliferative response.

Global transcriptional analysis of lung tissue framice in the high DE/OVA
treatment group expressed increased transcripfidd genes involved in the NADH and
FADH, respiratory chain located in the inner membranehef mitochondria. These
include 6 ATP synthases, 6 ATPases, 8 cytochromeoxiases, 20 NADH
dehydrogenases, and 2 ubiquinol-cytochrome c redast the majority of which were
up-regulated. The genomic profile for the DEP/OYroup also altered a significant
number of genes reflecting phase | metabolism, utoly cytochrome P450s,
dehydrogenases, carboxylesterases, and reductasks,consistent induction of phase Il
transferases. This was very similar to the pathwaysegulated in the C-DEP/OVA
exposures. These data confiim vitro findings that have shown polycyclic aromatic
hydrocarbons (PAH) induce oxidative stress indiyedhrough biotransformation by
cytochrome P450, expoxide hydrolase, and dihydiatbbydrogenase to generate redox
active quinones [261].

In conclusion, mice exposed to high DE and C-DEéradl inflammatory and cell
cycle control pathways post-sensitization. Consisteth the Liet al premise, DE and
C-DEP exposure in the context of antigen immunoratinduced oxidative stress
pathways, possibly through disruption of the inmeitochondrial membrane. These
effects were associated with adjuvancy post-chglerGenomic alterations in lung
tissues after both high DE/saline and high DE/O\kfpasures are more likely to reflect
molecular changes within the resident lung cellydaton rather than the infiltration of

new cells because the cell differential counts wearehanged compared to saline and
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OVA controls at that time point; however a sigrafit influx of eosinophils, neutrophils
and lymphocytes were present in the lung post-8eason for the C-DEP/OVA
exposure.

This comprehensive approach using gene expresaglgss to examine changes
at a cellular and molecular level combined with endraditional immunotoxicity
endpoints provide a clearer picture of the eventaiging in the lung after DE and DEP
exposure in the presence or absence of antigeror@eranalysis revealed a wide range
of altered pathways suggesting this method may bee reensitive and can be used for
identifying mechanisms involved in adverse effaftshaled pollutants.

T2 cells play a crucial role in the initiation, pregsion, and persistence of
allergic asthma. While previous studies have sugdethat a disturbance in balance
between ;1 and T2 cells underlies the allergic response to otherisrmless antigen,
the data presented here indicates other immuno-akty mechanisms may be
responsible for the adjuvant effect of DE and DE®WA exposure in mice. Regulatory
T (Treg) cells are capable of preventing allerginsstization and progression of allergic
responses. Down-regulation or apoptosis of theke isea possible mechanism by which
DEP may induce adjuvany. A- and C-DEP/OVA exposuesk to a strong allergic
response after antigen challenge. The genomic pisented in chapter 3 indicated
altered expression of apoptosis pathways after itsg@ton was unique to these
exposures. Cell death of Treg cells may provideemplanation for the DEP induced
adjuvant effect. Investigation of Treg cell numbiershe lung after DEP/OVA exposures
as well as the relative susceptibility of this gaulation to the cytotoxic effects of DEP

ex vivg may be informative in further examination of thigoothesis.
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Appendix 1

Significantly altered gene sets by N-DEP/saline parad to saline

NAME SIZE ES NES FDR g-val
CARIES_PULP_HIGH_UP 68 0.81 2.85 < 1.00E-06
LAL_KO_3MO_UP 46 0.84 2.80 < 1.00E-06
FLECHNER_KIDNEY_TRANSPLANT _

REJECTION_UP 72 0.78 2.79 < 1.00E-06
LINDSTEDT_DEND_8H_VS_48H_UP 58 0.81 2.78 < 1.00E-06
LAL_KO_6MO_UP 58 0.80 2.75 < 1.00E-06
WIELAND_HEPATITIS_B_INDUCED 71 0.77 2.71 < 1.00E-06
GALINDO_ACT_UP 75 0.74 2.66 < 1.00E-06
YANG_OSTECLASTS_SIG 39 0.84 2.61 < 1.00E-06
NAKAJIMA_MCS_UP 85 0.70 2.55 < 1.00E-06
BLEO_HUMAN_LYMPH_HIGH_24HRS_UP 86 0.69 2.54 < 1.00B
BASSO_GERMINAL_CENTER_CD40_UP 82 0.69 2.54 < 1.00E-
HINATA_NFKB_UP 89 0.69 2.52 < 1.00E-06
NADLER_OBESITY_UP 57 0.73 2.51 < 1.00E-06
SANA_TNFA_ENDOTHELIAL_UP 61 0.72 2.50 < 1.00E-06
NEMETH_TNF_UP 82 0.69 2.49 < 1.00E-06
MUNSHI_MM_VS_PCS_UP 64 0.67 2.34 < 1.00E-06
MUNSHI_MM_UP 57 0.69 2.34 7.18E-05
NI2_MOUSE_UP 40 0.74 2.33 6.78E-05
TNFA_NFKB_DEP_UP 17 0.86 2.33 6.43E-05
SHIPP_FL_VS_DLBCL_DN 30 0.74 2.24 6.11E-05
LINDSTEDT_DEND_UP 44 0.69 2.23 5.81E-05
TAVOR_CEBP_UP 42 0.69 2.22 5.55E-05
HOUSTIS_ROS 32 0.73 2.21 5.31E-05
MARTINELLI_IFNS_DIFF 16 0.83 2.19 5.09E-05
ZUCCHI_EPITHELIAL_DN 36 0.68 2.19 4.88E-05
TPA_SENS_MIDDLE_UP 55 0.64 2.17 1.39E-04
ROSS_CBF_MYH 38 0.70 2.17 2.21E-04
CROONQUIST_IL6_RAS_UP 18 0.81 2.15 2.99E-04
ZHAN_MULTIPLE_MYELOMA_VS_

NORMAL_DN 33 0.71 2.15 2.89E-04
NAKAJIMA_MCSMBP_MAST 37 0.69 2.14 3.19E-04
ABBUD_LIF_UP 45 0.66 2.14 3.09E-04
KNUDSEN_PMNS_UP 65 0.62 2.14 2.99E-04
JECHLINGER_EMT_UP 56 0.63 2.12 4.73E-04
DAC_BLADDER_UP 23 0.76 2.12 4.59E-04
DAC_IFN_BLADDER_UP 16 0.82 2.12 4.46E-04
PEART_HISTONE_DN 63 0.61 2.11 4.34E-04
RADAEVA_IFNA_UP 38 0.67 2.10 4.22E-04
ZELLER_MYC_UP 23 0.73 2.10 4.11E-04
CANCER_UNDIFFERENTIATED _META_

uP 62 0.61 2.10 4.62E-04
MARSHALL_SPLEEN_BAL 25 0.74 2.09 4.50E-04
PROTEASOMEPATHWAY 21 0.73 2.09 4.69E-04
TNFALPHA_ALL_UP 66 0.59 2.08 5.41E-04
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EMT_UP
SCHUMACHER_MYC_UP
PASSERINI_INFLAMMATION
APPEL_IMATINIB_UP
MYC_TARGETS
ADIP_DIFF_CLUSTER4
CMV_24HRS_UP
OXIDATIVE_PHOSPHORYLATION
CMV_ALL_UP
HOFMANN_MDS_CD34_LOW_AND_
HIGH_RISK
FERRANDO_MLL_T_ALL_DN
IFNALPHA_NL_UP
ERM_KO_SERTOLI_DN
AGED_MOUSE_NEOCORTEX_UP
INOS_ALL_UP

CANTHARIDIN_DN
COLLER_MYC_UP
ROS_MOUSE_AORTA_DN
PROTEASOME

NKTPATHWAY

HADDAD_CD45CD7_PLUS_VS_MINUS_

UP

IL6_FIBRO_UP
HEARTFAILURE_VENTRICLE_DN
APOPTOSIS
TAKEDA_NUP8_HOXA9_3D_DN
LIAN_MYELOID_DIFF_GRANULE
HADDAD_HSC_CD7_UP

ST_TUMOR_NECROSIS_FACTOR_
PATHWAY

MOOTHA_VOXPHOS
CHAUHAN_2ME2
RIBOSOMAL_PROTEINS
TNFALPHA_4HRS_UP
LEE_MYC_TGFA_UP
MOREAUX_TACI_HI_IN_PPC_UP
BHATTACHARYA _ESC_UP
BRCA_BRCA1_POS
IFNALPHA_HCC_UP
DSRNA_UP
PROTEASOME_DEGRADATION
BENNETT_SLE_UP

TARTE_PC

CMV_HCMV_TIMECOURSE_12HRS_

UP

TNFALPHA_30MIN_UP
UVB_NHEK3_CO
GOLDRATH_CYTOLYTIC
LIAN_MYELOID_DIFF_RECEPTORS
PARK_RARALPHA_UP

140

55
47
23
29
39
31
61
55
81

31
71
19
17
60
47
45
17
68
17
28

52
35
56

64
20

28

52

28
73
42
78
34
54
43
57
68
23
32
32
19
65

21
37
73
24

33
34

0.60
0.63
0.73
0.70
0.65
0.68
0.61
0.61
0.57

0.68
0.57
0.74
0.77
0.59
0.61
0.61
0.77
0.57
0.75
0.67

0.58
0.63
0.59

0.56
0.71

0.67
0.58

0.67
0.55
0.60
0.54
0.63
0.57
0.59
0.57
0.56
0.70
0.64
0.64
0.70
0.55

0.69
0.61
0.54
0.67

0.61
0.61

2.08
2.07
2.07
2.07
2.07
2.07
2.06
2.06
2.05

2.05
2.03
2.01
2.01
2.01
2.01
2.00
2.00
2.00
2.00
1.99

1.99
1.99
1.99

1.98
1.97

1.96
1.96

1.96
1.95
1.95
1.95
1.94
1.94
1.94
1.94
1.94
1.94
1.94
1.93
1.93
1.93

1.93
1.92
1.92
1.92

1.92
1.91

5.29E-04
5.17E-04
5.05E-04
4.94E-04
4.84E-04
4.99E-04
4.89E-04
5.28E-04
6.36E-04

7.14E-04
9.73E-04
1.16E-03
1.18E-03
1.16E-03
1.16E-03
1.22E-03
1.43E-03
1.40E-03
1.38E-03
1.53E-03

1.51E-03
1.48E-03
1.55E-03

1.84E-03
1.85E-03

2.33E-03
2.39E-03

2.56E-03
2.71E-03
2.76E-03
2.77E-03
2.91E-03
2.89E-03
2.97E-03
3.07E-03
3.09E-03
3.13E-03
3.09E-03
3.26E-03
3.39E-03
3.58E-03

3.58E-03
3.71E-03
3.89E-03
3.84E-03
3.84E-03
4.34E-03



IL2PATHWAY
STEMCELL_COMMON_DN
AGED_MOUSE_CEREBELLUM_UP
DER_IFNG_UP

CCR5PATHWAY
HALMOS_CEBP_UP
ZHAN_MM_CD138_MF_VS_REST

HOHENKIRK_MONOCYTE_DEND_

UP
ST_GAQ_PATHWAY
PHOTOSYNTHESIS
IFN_GAMMA_UP

IFNA_UV-CMV_COMMON_HCMV_6HRS_

upP

21
54
58
54
18
41
30

85
24
21

35

20

0.68
0.56
0.55
0.56
0.70
0.57
0.62

0.51
0.65
0.67
0.59

0.67

1.90
1.90
1.89
1.88
1.87
1.86
1.85

1.85
1.85
1.85
1.84

1.84

4.71E-03
4.66E-03
5.69E-03
6.10E-03
7.21E-03
8.29E-03
8.56E-03

8.52E-03

8.95E-03
9.02E-03

9.97E-03

9.88E-03

ES = enrichment score; NES = normalized enrichreeotte; FDR = false discovery rate
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Appendix 2

Significantly altered gene sets by A-DEP/saline parad to saline

NAME SIZE ES NES FDR g-val
CARIES_PULP_HIGH_UP 68 0.77 2.89 < 1.00E-06
LAL_KO_3MO_UP 46 0.78 2.73 < 1.00E-06
LAL_KO_6MO_UP 58 0.73 2.65 < 1.00E-06
DNA_REPLICATION_REACTOME 41 0.75 255 < 1.00E-06
ELECTRON_TRANSPORT_CHAIN 86 0.65 255 < 1.00E-06
CANCER_UNDIFFERENTIATED_META_UP 62 0.69 251 < 1B06
MOOTHA_VOXPHOS 73 0.67 248  <1.00E-06
YANG_OSTECLASTS_SIG 39 0.74 245  <1.00E-06
MANALO_HYPOXIA_ DN 73 0.65 244  <1.00E-06
CANCER_NEOPLASTIC_META_UP 59 0.68 244  <1.00E-06
YU_CMYC_UP 37 0.72 238 < 1.00E-06
GALINDO_ACT_UP 75 0.62 237 < 1.00E-06
OXIDATIVE_PHOSPHORYLATION 55 0.66 236 < 1.00E-06
FLECHNER_KIDNEY_TRANSPLANT _

REJECTION_UP 72 0.62 2.34 < 1.00E-06
LINDSTEDT_DEND_8H_VS_48H_UP 58 0.65 232  <1.00E-06
CANTHARIDIN_DN 45 0.66 231 < 1.00E-06
SERUM_FIBROBLAST_CELLCYCLE 88 0.58 230 < 1.00E-06
FERRANDO_MLL_T_ALL_DN 71 0.61 230 < 1.00E-06
SCHUMACHER_MYC_UP 47 0.66 229 < 1.00E-06
WIELAND_HEPATITIS_B_INDUCED 71 0.62 229 < 1.00E-06
ADIP_DIFF_CLUSTER4 31 0.72 228 < 1.00E-06
P21_ANY_DN 27 0.74 228 < 1.00E-06
HOUSTIS_ROS 32 0.71 227  <1.00E-06
PEART_HISTONE_DN 63 0.62 227  <1.00E-06
IDX_TSA_UP_CLUSTER3 81 0.60 2.26 4.59E-05
NEMETH_TNF_UP 82 0.59 2.25 4.42E-05
CMV_IES6_UP 42 0.67 2.24 4.25E-05
BLEO_HUMAN_LYMPH_HIGH_24HRS_UP 86 0.57 2.21 4.105-0
INOS_ALL_UP 47 0.64 2.21 3.96E-05
MENSSEN_MYC_UP 30 0.70 2.21 3.83E-05
UVB_NHEK2_UP 55 0.61 2.17 2.29E-04
NI2_MOUSE_UP 40 0.64 2.16 2.97E-04
PROTEASOME_DEGRADATION 32 0.67 2.15 4.35E-04
RIBOSOMAL_PROTEINS 78 0.56 2.15 4.57E-04
BHATTACHARYA _ESC_UP 57 0.59 2.12 5.44E-04
HG_PROGERIA_DN 24 0.71 2.12 5.29E-04
NAKAJIMA_MCS_UP 85 0.55 2.12 5.47E-04
COLLER_MYC_UP 17 0.76 2.10 6.62E-04
HEARTFAILURE_VENTRICLE_DN 56 0.58 2.09 6.74E-04
OLDAGE_DN 45 0.61 2.09 6.58E-04
BASSO_GERMINAL_CENTER_CD40_UP 82 0.54 2.07 9.37E-04
DOX_RESIST_GASTRIC_UP 30 0.65 2.06 1.26E-03
ZELLER_MYC_UP 23 0.69 2.04 1.70E-03
UVB_NHEK1_C1 41 0.60 2.03 1.69E-03
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MOREAUX_TACI_HI_IN_PPC_UP 43 0.60 2.03 1.70E-03

RIBAVIRIN_RSV_UP 18 0.72 2.01 2.22E-03
P21_P53_ANY_DN 35 0.62 2.01 2.17E-03
BREAST_DUCTAL_CARCINOMA_GENES 19 0.71 2.01 2.30E-03
CMV_24HRS_UP 61 0.55 2.00 2.42E-03
REN_E2F1_TARGETS 37 0.60 2.00 2.52E-03
IDX_TSA_UP_CLUSTER5 82 0.52 2.00 2.49E-03
CROONQUIST_IL6_STARVE_UP 32 0.62 1.99 2.51E-03
TNFALPHA_ALL_UP 66 0.53 1.99 2.60E-03
TSA_CD4_UP 24 0.65 1.99 2.55E-03
PYRIMIDINE_METABOLISM 55 0.55 1.98 2.90E-03
HINATA_NFKB_UP 89 0.51 1.97 3.15E-03
MYC_TARGETS 39 0.59 1.96 3.66E-03
ADIP_DIFF_CLUSTERS5 34 0.59 1.95 4.09E-03
SHIPP_FL_VS_DLBCL_DN 30 0.61 1.95 4.06E-03
TNFA_NFKB_DEP_UP 17 0.71 1.95 4.23E-03
ATP_SYNTHESIS 20 0.67 1.95 4.18E-03
TNFALPHA_30MIN_UP 37 0.58 1.95 4.12E-03
HPV31_DN 37 0.58 1.94 4.28E-03
P21_P53_MIDDLE_DN 17 0.71 1.94 4.23E-03
TAVOR_CEBP_UP 42 0.57 1.93 4.64E-03
PHOTOSYNTHESIS 21 0.67 1.93 4.74E-03
PROTEASOMEPATHWAY 21 0.65 1.92 5.43E-03
TARTE_PC 65 0.52 1.91 5.70E-03
TYPE_Ill_SECRETION_SYSTEM 20 0.67 1.91 5.66E-03
CMV_ALL_UP 81 0.50 1.91 5.88E-03
UEDA_MOUSE_SCN 86 0.49 1.91 5.82E-03
G1_TO_S_CELL_CYCLE_REACTOME 65 0.51 1.90 6.40E-03
STRESS_TPA_SPECIFIC_UP 34 0.59 1.90 6.36E-03
CELL_CYCLE 71 0.50 1.90 6.42E-03
FLAGELLAR_ASSEMBLY 20 0.67 1.89 6.60E-03
ABBUD_LIF_UP 45 0.54 1.89 7.01E-03
KNUDSEN_PMNS_UP 65 0.51 1.88 7.46E-03
TPA_SENS_MIDDLE_UP 55 0.53 1.88 7.62E-03
CARBON_FIXATION 18 0.66 1.88 7.67E-03
MMS_HUMAN_LYMPH_HIGH_24HRS_UP 18 0.69 1.88 7.58E-03
ZHAN_MM_CD138_PR_VS_REST 28 0.62 1.87 7.97E-03
ZUCCHI_EPITHELIAL_DN 36 0.58 1.87 8.21E-03
TIS7_OVEREXP_DN 17 0.67 1.87 8.23E-03
ZHAN_MULTIPLE_MYELOMA_VS_

NORMAL_DN 33 0.58 1.87 8.23E-03
ROS_MOUSE_AORTA_DN 68 0.50 1.87 8.17E-03
BRENTANI_DNA_METHYLATION_AND_

MODIFICATION 23 0.63 1.86 8.83E-03
NADLER_OBESITY_UP 57 0.52 1.86 8.73E-03
BLEO_MOUSE_LYMPH_LOW_24HRS_DN 24 0.63 1.86 8.70E-03
ET743_SARCOMA_UP 56 0.51 1.86 8.63E-03
UVB_NHEK3_C6 25 0.61 1.85 9.32E-03

ES = enrichment score; NES = normalized enrichreeotte; FDR = false discovery rate
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Appendix 3

Significantly altered gene sets by C-DEP/saline garad to saline

NAME SIZE ES NES FDR g-val
CARIES_PULP_HIGH_UP 68 0.77 290  <1.00E-06
GALINDO_ACT_UP 75 0.72 279  <1.00E-06
YANG_OSTECLASTS_SIG 39 0.79 274  <1.00E-06
LINDSTEDT_DEND_8H_VS_48H_UP 58 0.70 269  <1.00E-06
HINATA_NFKB_UP 89 0.65 264  <1.00E-06
NAKAJIMA_MCS_UP 85 0.65 258  <1.00E-06
NEMETH_TNF_UP 82 0.64 257  <1.00E-06
LAL_KO_6MO_UP 58 0.68 257  <1.00E-06
WIELAND_HEPATITIS_B_INDUCED 71 0.66 253 < 1.00E-06
LAL_KO_3MO_UP 46 0.73 252  <1.00E-06
HOUSTIS_ROS 32 0.75 249  <1.00E-06
SANA_TNFA_ENDOTHELIAL_UP 61 0.66 248  <1.00E-06
FLECHNER_KIDNEY_TRANSPLANT _

REJECTION_UP 72 0.64 247  <1.00E-06
BLEO_HUMAN_LYMPH_HIGH_24HRS_UP 86 0.61 245  <1.00B
NADLER_OBESITY_UP 57 0.66 245  <1.00E-06
ADIP_DIFF_CLUSTER4 31 0.74 244  <1.00E-06
MYC_TARGETS 39 0.71 244  <1.00E-06
TNFA_NFKB_DEP_UP 17 0.86 242  <1.00E-06
NI2_MOUSE_UP 40 0.71 241  <1.00E-06
INOS_ALL_UP 47 0.68 239  <1.00E-06
TPA_SENS_MIDDLE_UP 55 0.66 238  <1.00E-06
TSA_CD4_UP 24 0.76 235  <1.00E-06
CANCER_UNDIFFERENTIATED_META_UP 62 0.62 235 <1006
ZELLER_MYC_UP 23 0.76 233 < 1.00E-06
ZUCCHI_EPITHELIAL_DN 36 0.70 233  <1.00E-06
CMV_IES6_UP 42 0.66 2.26 5.58E-05
CMV_24HRS_UP 61 0.59 2.26 5.37E-05
MUNSHI_MM_UP 57 0.59 2.24 1.03E-04
DAC_BLADDER_UP 23 0.74 2.23 1.47E-04
PASSERINI_INFLAMMATION 23 0.71 2.19 3.21E-04
BASSO_GERMINAL_CENTER_CD40_UP 82 0.56 2.19 3.11E-04
IDX_TSA_UP_CLUSTER3 81 0.56 2.18 4.32E-04
MARTINELLI_IFNS_DIFF 16 0.79 2.18 4.19E-04
CMV_ALL_UP 81 0.54 2.17 4.47E-04
P21_ANY_DN 27 0.69 2.16 4.73E-04
MANALO_HYPOXIA_ DN 73 0.55 2.16 4.97E-04
MUNSHI_MM_VS_PCS_UP 64 0.58 2.15 5.20E-04
FERRANDO_MLL_T_ALL_DN 71 0.56 2.15 5.06E-04
SHIPP_FL_VS_DLBCL_DN 30 0.66 2.14 5.30E-04
MMS_HUMAN_LYMPH_HIGH_24HRS_UP 18 0.76 2.14 5.16E-04
DAC_IFN_BLADDER_UP 16 0.78 2.14 5.37E-04
DNA_REPLICATION_REACTOME 41 0.62 2.13 5.24E-04
PROTEASOME_DEGRADATION 32 0.66 2.13 5.43E-04
ROSS_CBF_MYH 38 0.61 2.12 7.18E-04
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HG_PROGERIA_DN
ROS_MOUSE_AORTA_DN
OLDAGE_DN

COLLER_MYC_UP
KNUDSEN_PMNS_UP

TARTE_PC

PROTEASOME

DER_IFNG_UP
CANCER_NEOPLASTIC_META_UP
CHAUHAN_2ME2
SCHUMACHER_MYC_UP
UVB_NHEK2_UP

NKTPATHWAY
MENSSEN_MYC_UP
SERUM_FIBROBLAST _CELLCYCLE
TAVOR_CEBP_UP
PROTEASOMEPATHWAY
IFNALPHA_NL_UP
JECHLINGER_EMT_UP
ABBUD_LIF_UP

IL6_FIBRO_UP
PEART_HISTONE_DN
AS3_FIBRO_DN

YU_CMYC_UP
P21_P53_MIDDLE_DN
STRESS_TPA_SPECIFIC_UP
DSRNA_UP
ERM_KO_SERTOLI_DN
RADAEVA_IFNA_UP
TNFALPHA_4HRS_UP
CANTHARIDIN_DN
IFN_GAMMA_UP
HOFMANN_MDS_CD34_LOW_AND_
HIGH_RISK
ADIP_DIFF_CLUSTERS5
TIS7_OVEREXP_DN
LIAN_MYELOID_DIFF_RECEPTORS
MARSHALL_SPLEEN_BAL
NAKAJIMA_MCSMBP_MAST
TAKEDA_NUP8_HOXA9_3D_DN
PYRIMIDINE_METABOLISM
TNFALPHA_ALL_UP
CMV_HCMV_TIMECOURSE_12HRS_UP
HEARTFAILURE_VENTRICLE_DN
IFNALPHA_HCC_UP
HYPOXIA_REVIEW
LINDSTEDT_DEND_UP
CROONQUIST_IL6_RAS_UP
LEE_MYC_TGFA_UP

EMT_UP

LEE_ACOX1_UP
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24
68
45
17
65
65
17
54
59
42
47
55
28
30
88
42
21
19
56
45
35
63
26
37
17
34
32
17
38
34
45
35

31
34
17
33

25

37
20

55

66

21
56
23

68

44
18
54

55

58

0.70
0.55
0.60
0.76
0.55
0.54
0.75
0.56
0.55
0.60
0.60
0.57
0.65
0.64
0.52
0.59
0.69
0.71
0.55
0.59
0.60
0.53
0.65
0.59
0.71
0.61
0.60
0.71
0.59
0.60
0.55
0.59

0.61
0.59
0.69
0.59

0.63

0.58
0.67

0.52

0.51

0.65
0.52
0.64

0.50

0.54
0.67
0.51

0.51

0.51

2.11
2.10
2.09
2.09
2.08
2.07
2.07
2.06
2.06
2.06
2.06
2.06
2.06
2.06
2.05
2.05
2.04
2.04
2.04
2.04
2.03
2.02
2.01
2.01
2.01
2.01
2.00
1.99
1.99
1.99
1.98
1.98

1.97
1.97
1.97
1.97

1.95

1.94
1.93

1.93

1.92

1.92
1.92
191

191

1.91
1.90
1.89

1.89

1.89

7.33E-04
8.96E-04
1.05E-03
1.14E-03
1.29E-03
1.37E-03
1.37E-03
1.37E-03
1.40E-03
1.48E-03
1.45E-03
1.50E-03
1.50E-03
1.52E-03
1.54E-03
1.58E-03
1.71E-03
1.68E-03
1.70E-03
1.76E-03
1.79E-03
2.33E-03
2.34E-03
2.34E-03
2.31E-03
2.40E-03
2.60E-03
2.64E-03
2.73E-03
2.90E-03
2.97E-03
3.04E-03

3.31E-03
3.27E-03
3.22E-03
3.36E-03
4.34E-03
4.80E-03
5.19E-03
5.34E-03
6.17E-03
6.12E-03
6.14E-03
6.44E-03
6.64E-03
6.87E-03
7.79E-03
7.81E-03
8.20E-03
8.21E-03



BENNETT_SLE_UP 19 0.65 1.88 8.45E-03

ZHAN_MMPC_SIMAL 41 0.55 1.88 8.40E-03
P21_P53_ANY_DN 35 0.57 1.88 8.63E-03
BREAST_DUCTAL_CARCINOMA _

GENES 19 0.65 1.88 8.74E-03

ES = enrichment score; NES = normalized enrichreeate; FDR = false discovery rate

146



Appendix 4

Significantly altered gene sets by N-DEP/OVA congpkio OVA

NAME SIZE ES NES FDR g-val
CARIES_PULP_HIGH_UP 68 0.81 2.76 < 1.00E-06
LAL_KO_3MO_UP 46 0.83 2.61 < 1.00E-06
LAL_KO_6MO_UP 58 0.79 2.60 < 1.00E-06
NEMETH_TNF_UP 82 0.74 2.59 < 1.00E-06
WIELAND_HEPATITIS_B_INDUCED 71 0.74 2.54 < 1.00E-06
NADLER_OBESITY_UP 57 0.76 2.51 < 1.00E-06
YANG_OSTECLASTS_SIG 39 0.82 2.50 < 1.00E-06
LINDSTEDT_DEND_8H_VS_48H_UP 58 0.73 2.45 < 1.00E-06
NAKAJIMA_MCS_UP 85 0.69 2.44 < 1.00E-06
SANA_TNFA_ENDOTHELIAL_UP 61 0.71 2.41 < 1.00E-06
BASSO_GERMINAL_CENTER_CD40_UP 82 0.69 2.40 < 1.00E-
GALINDO_ACT_UP 75 0.69 2.40 < 1.00E-06
FLECHNER_KIDNEY_TRANSPLANT _

REJECTION_UP 72 0.69 2.39 < 1.00E-06
HINATA_NFKB_UP 89 0.64 2.26 < 1.00E-06
NI2_MOUSE_UP 40 0.70 2.16 3.02E-04
BLEO_HUMAN_LYMPH_HIGH_24HRS_UP 86 0.60 2.14 2.83E-0
GOLDRATH_CYTOLYTIC 24 0.77 2.14 3.32E-04
BRENTANI_IMMUNE_FUNCTION 42 0.68 2.13 3.75E-04
JECHLINGER_EMT_UP 56 0.64 2.11 5.30E-04
ADIP_DIFF_CLUSTER3 28 0.73 2.10 5.03E-04
TNFA_NFKB_DEP_UP 17 0.80 2.09 5.83E-04
YU_CMYC_DN 53 0.65 2.09 5.57E-04
YAGI_AML_PROGNOSIS 31 0.70 2.07 7.26E-04
ROSS_MLL_FUSION 60 0.62 2.05 1.12E-03
LIAN_MYELOID_DIFF_RECEPTORS 33 0.69 2.03 1.47E-03
EMT_UP 55 0.61 2.02 1.50E-03
PASSERINI_INFLAMMATION 23 0.74 2.01 1.69E-03
APPEL_IMATINIB_UP 29 0.70 2.01 1.96E-03
ABBUD_LIF_UP 45 0.64 2.01 1.89E-03
TAKEDA_NUP8_HOXA9_3D_DN 20 0.74 2.01 1.86E-03
LINDSTEDT_DEND_DN 53 0.61 2.01 1.87E-03
CMV_ALL_UP 81 0.56 2.01 1.81E-03
TAVOR_CEBP_UP 42 0.63 1.99 2.34E-03
STEMCELL_COMMON_DN 54 0.60 1.98 2.89E-03
SCHUMACHER_MYC_UP 47 0.61 1.97 3.54E-03
ERM_KO_SERTOLI_DN 17 0.75 1.96 3.66E-03
DAC_IFN_BLADDER_UP 16 0.77 1.95 4.26E-03
SANA_IFNG_ENDOTHELIAL_UP 45 0.62 1.95 4.26E-03
WANG_HOXA9_VS_MEIS1_UP 25 0.68 1.94 4.75E-03
LIAN_MYELOID_DIFF_GRANULE 28 0.68 1.93 5.19E-03
CMV_24HRS_UP 61 0.58 1.93 5.58E-03
MARTINELLI_IFNS_DIFF 16 0.75 1.93 5.45E-03
TARTE_PC 65 0.56 1.92 5.48E-03
MYC_TARGETS 39 0.63 1.92 5.46E-03
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WANG_MLL_CBP_VS_GMP_UP 42 0.61 1.91 6.10E-03

XU_CBP_UP 25 0.68 1.91 6.53E-03
LOTEM_LEUKEMIA_UP 22 0.69 1.91 6.39E-03
LINDSTEDT_DEND_UP 44 0.61 1.90 6.60E-03
LU_ILABCELL 62 0.56 1.90 6.79E-03
ZELLER_MYC_UP 23 0.69 1.90 6.99E-03
CASPASEPATHWAY 20 0.69 1.90 6.89E-03
ROSS_CBF_MYH 38 0.62 1.90 6.76E-03
CMV_8HRS_UP 27 0.66 1.88 8.38E-03
TPA_SENS_MIDDLE_UP 55 0.57 1.88 8.27E-03
DSRNA_UP 32 0.63 1.87 8.52E-03
NAKAJIMA_MCSMBP_MAST 37 0.61 1.87 8.37E-03
CROONQUIST_IL6_RAS_UP 18 0.72 1.87 8.38E-03
GENOTOXINS_ALL_24HRS_REG 22 0.68 1.87 8.26E-03
HOHENKIRK_MONOCYTE_DEND_UP 85 0.53 1.87 8.40E-03
SHIPP_FL_VS DLBCL DN 30 0.63 1.87 8.34E-03

ES = enrichment score; NES = normalized enrichreeotte; FDR = false discovery rate
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Appendix 5

Significantly altered gene sets by A-DEP/OVA congaaito OVA

NAME SIZE ES NES FDR g-val
YANG_OSTECLASTS_SIG 39 0.86 284  <1.00E-06
LAL_KO_6MO_UP 58 0.74 259  <1.00E-06
NAKAJIMA_MCS_UP 85 0.68 258  <1.00E-06
LINDSTEDT_DEND_8H_VS_48H_UP 58 0.73 258 < 1.00E-06
LAL_KO_3MO_UP 46 0.76 256  <1.00E-06
NADLER_OBESITY_UP 57 0.72 256  <1.00E-06
GALINDO_ACT_UP 75 0.70 254  <1.00E-06
SANA_TNFA_ENDOTHELIAL_UP 61 0.71 252  <1.00E-06
CARIES_PULP_HIGH_UP 68 0.70 250  <1.00E-06
NEMETH_TNF_UP 82 0.66 243  <1.00E-06
JECHLINGER_EMT_UP 56 0.67 232  <1.00E-06
HINATA_NFKB_UP 89 0.60 229  <1.00E-06
TNFA_NFKB_DEP_UP 17 0.85 229  <1.00E-06
NI2_MOUSE_UP 40 0.70 2.26 7.14E-05
ERM_KO_SERTOLI_DN 17 0.83 2.25 6.67E-05
BASSO_GERMINAL_CENTER_CD40_UP 82 0.61 2.24 6.25E-05
WIELAND_HEPATITIS_B_INDUCED 71 0.62 2.22 5.88E-05
EMT_UP 55 0.63 2.21 5.56E-05
PASSERINI_INFLAMMATION 23 0.75 2.19 5.26E-05
NAKAJIMA_MCSMBP_MAST 37 0.68 2.17 5.00E-05
TPA_SENS_MIDDLE_UP 55 0.62 2.16 4.76E-05
LIAN_MYELOID_DIFF_RECEPTORS 33 0.69 2.14 1.40E-04
BENNETT_SLE_UP 19 0.77 2.13 2.24E-04
TGFBETA_C2_UP 17 0.79 2.12 2.14E-04
TAKEDA_NUP8_HOXA9_3D_DN 20 0.76 2.12 2.48E-04
RADAEVA_IFNA_UP 38 0.65 2.10 3.19E-04
IL1_CORNEA_UP 53 0.60 2.08 5.72E-04
DAC_BLADDER_UP 23 0.72 2.08 5.89E-04
DAC_IFN_BLADDER_UP 16 0.79 2.08 6.03E-04
MARTINELLI_IFNS_DIFF 16 0.77 2.07 6.89E-04
TAVOR_CEBP_UP 42 0.62 2.06 7.32E-04
AS3_FIBRO_DN 26 0.70 2.05 7.74E-04
HEARTFAILURE_VENTRICLE_DN 56 0.59 2.03 1.03E-03
CANCER_UNDIFFERENTIATED_META_UP 62 0.56 2.01 1.488-
FLECHNER_KIDNEY_TRANSPLANT _

REJECTION_UP 72 0.55 2.01 1.39E-03
ADIP_DIFF_CLUSTER4 31 0.64 2.01 1.38E-03
KNUDSEN_PMNS_UP 65 0.56 2.00 1.39E-03
AGED_MOUSE_CEREBELLUM_UP 58 0.58 1.99 1.66E-03
CMV_ALL_UP 81 0.54 1.98 1.90E-03
BLEO_HUMAN_LYMPH_HIGH_24HRS_UP 86 0.52 1.98 2.068-0
MATRIX_METALLOPROTEINASES 24 0.69 1.98 2.04E-03
DORSEY_DOXYCYCLINE_UP 23 0.68 1.96 2.53E-03
PASSERINI_EM 34 0.62 1.96 2.56E-03
TSA_CD4_UP 24 0.66 1.95 2.62E-03
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CROONQUIST_IL6_RAS_UP 18 0.70 1.95 2.70E-03

ZUCCHI_EPITHELIAL_DN 36 0.60 1.94 3.52E-03
CMV_8HRS_UP 27 0.64 1.93 4.18E-03
IFNALPHA_HCC_UP 23 0.66 1.92 4.21E-03
SANA_IFNG_ENDOTHELIAL_UP 45 0.58 1.92 4.35E-03
APPEL_IMATINIB_UP 29 0.63 1.92 4.30E-03
SHEPARD_POS_REG_OF_CELL_

PROLIFERATION 85 0.52 1.92 4.22E-03
CROONQUIST_IL6_STROMA_UP 34 0.60 1.92 4.34E-03
SERUM_FIBROBLAST_CELLCYCLE 88 0.50 1.91 4.61E-03
DSRNA_UP 32 0.61 1.91 4.91E-03
MYC_TARGETS 39 0.58 1.90 5.89E-03
INSULIN_NIH3T3_UP 15 0.72 1.89 6.12E-03
CHAUHAN_2ME2 42 0.56 1.89 6.17E-03
CAMPTOTHECIN_PROBCELL_DN 21 0.66 1.89 6.08E-03
LINDSTEDT_DEND_DN 53 0.55 1.89 6.21E-03
LEE_DENA_UP 55 0.54 1.88 6.31E-03
ROSS_MLL_FUSION 60 0.53 1.88 6.51E-03
CCR5PATHWAY 18 0.68 1.88 6.64E-03
PEART_HISTONE_DN 63 0.52 1.88 6.61E-03
IRITANI_ADPROX_DN 45 0.55 1.87 7.03E-03
ABBUD_LIF_UP 45 0.56 1.87 7.16E-03
MUNSHI_MM_UP 57 0.53 1.87 7.10E-03
ZHAN_MULTIPLE_MYELOMA_VS_

NORMAL_DN 33 0.61 1.87 7.10E-03
NKTPATHWAY 28 0.62 1.85 9.28E-03

ES = enrichment score; NES = normalized enrichreeatte; FDR = false discovery rate
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Appendix 6

Significantly altered gene sets by C-DEP/OVA coneplaio OVA

NAME SIZE ES NES FDR g-val
CARIES_PULP_HIGH_UP 68 0.80 2.94 < 1.00E-06
WIELAND_HEPATITIS_B_INDUCED 71 0.76 2.83 < 1.00E-06
NEMETH_TNF_UP 82 0.73 2.77 < 1.00E-06
YANG_OSTECLASTS_SIG 39 0.82 2.73 < 1.00E-06
LINDSTEDT_DEND_8H_VS_48H_UP 58 0.76 2.73 < 1.00E-06
FLECHNER_KIDNEY_TRANSPLANT _

REJECTION_UP 72 0.73 2.71 < 1.00E-06
IFNA_HCMV_6HRS_UP 38 0.80 2.64 < 1.00E-06
LAL_KO_6MO_UP 58 0.76 2.64 < 1.00E-06
GALINDO_ACT_UP 75 0.71 2.62 < 1.00E-06
LAL_KO_3MO_UP 46 0.77 2.60 < 1.00E-06
SANA_TNFA_ENDOTHELIAL_UP 61 0.73 2.59 < 1.00E-06
CMV_ALL_UP 81 0.67 2.50 < 1.00E-06
SANA_IFNG_ENDOTHELIAL_UP 45 0.74 2.50 < 1.00E-06
RADAEVA_IFNA_UP 38 0.76 2.49 < 1.00E-06
CMV_8HRS_UP 27 0.81 2.48 < 1.00E-06
BASSO_GERMINAL_CENTER_CD40_UP 82 0.66 2.48 < 1.006-
NAKAJIMA_MCS_UP 85 0.65 2.46 < 1.00E-06
DER_IFNA_UP 53 0.69 2.45 < 1.00E-06
CANCER_NEOPLASTIC_META_UP 59 0.69 2.45 < 1.00E-06
DER_IFNB_UP 76 0.65 2.41 < 1.00E-06
HINATA_NFKB_UP 89 0.63 2.41 < 1.00E-06
CMV_HCMV_TIMECOURSE_12HRS_UP 21 0.82 2.39 < 1.00E-0
CANCER_UNDIFFERENTIATED_META_UP 62 0.66 2.34 < 1D06
CMV_24HRS_UP 61 0.66 2.34 < 1.00E-06
MANALO_HYPOXIA_ DN 73 0.62 2.33 < 1.00E-06
NADLER_OBESITY_UP 57 0.66 2.32 < 1.00E-06
IFNA_UV-CMV_COMMON_HCMV_6HRS_UP 20 0.81 2.32 < 1B®6
SCHUMACHER_MYC_UP 47 0.68 2.32 < 1.00E-06
DER_IFNG_UP 54 0.66 2.28 < 1.00E-06
IFN_ANY_UP 71 0.61 2.27 < 1.00E-06
PEART_HISTONE_DN 63 0.63 2.26 < 1.00E-06
IFN_BETA_UP 55 0.64 2.26 < 1.00E-06
ADIP_DIFF_CLUSTER4 31 0.72 2.25 < 1.00E-06
IFNALPHA_NL_UP 19 0.80 2.25 < 1.00E-06
IFN_GAMMA_UP 35 0.69 2.23 < 1.00E-06
GOLDRATH_CYTOLYTIC 24 0.75 2.21 < 1.00E-06
IFNALPHA_HCC_UP 23 0.74 2.20 < 1.00E-06
CANTHARIDIN_DN 45 0.65 2.20 < 1.00E-06
MOREAUX_TACI_HI_IN_PPC_UP 43 0.66 2.19 < 1.00E-06
DAC_IFN_BLADDER_UP 16 0.82 2.19 < 1.00E-06
BENNETT_SLE_UP 19 0.79 2.18 < 1.00E-06
STRESS_TPA_SPECIFIC_UP 34 0.69 2.17 2.91E-05
TNFA_NFKB_DEP_UP 17 0.81 2.17 2.84E-05
TARTE_PC 65 0.60 2.17 2.77E-05
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BLEO_HUMAN_LYMPH_HIGH_24HRS_UP
DSRNA_UP

TSA_CD4_UP

JECHLINGER_EMT_UP
INOS_ALL_UP

IFN_ALL_UP

IFN_ALPHA_UP
LIAN_MYELOID_DIFF_RECEPTORS
BRCA_BRCA1_POS
ERM_KO_SERTOLI_DN
COLLER_MYC_UP
AMINOACYL_TRNA_BIOSYNTHESIS
PROTEASOMEPATHWAY
HSC_INTERMEDIATEPROGENITORS_ADULT
PASSERINI_INFLAMMATION
LINDSTEDT_DEND_DN
ROSS_CBF_MYH

LU_ILABCELL
DNA_REPLICATION_REACTOME
STRESS_GENOTOXIC_SPECIFIC_DN
SERUM_FIBROBLAST _CELLCYCLE
YAGI_AML_PROGNOSIS

EMT_UP
PROTEASOME_DEGRADATION
NI2_MOUSE_UP
HSC_INTERMEDIATEPROGENITORS_SHARED
LINDSTEDT_DEND_UP
TRNA_SYNTHETASES
SHIPP_FL_VS_DLBCL_DN
INSULIN_ADIP_INSENS_UP
PROTEASOME
GOLDRATH_CELLCYCLE

ZHAN_MULTIPLE_MYELOMA_SUBCLASSES_
DIFF

YU_CMYC_DN
UV-CMV_UNIQUE_HCMV_6HRS_UP
CHOLESTEROL_BIOSYNTHESIS
TAKEDA_NUP8_HOXA9_3D_DN
YU_CMYC_UP

UEDA_MOUSE_SCN

APOPTOSIS

ZELLER_MYC_UP
DAC_BLADDER_UP

MYC_TARGETS
BLEO_MOUSE_LYMPH_HIGH_24HRS_DN
CMV_HCMV_6HRS_UP
HDACI_COLON_CUR24HRS_UP
UNDERHILL_PROLIFERATION
MENSSEN_MYC_UP
IL1_CORNEA_UP

FASPATHWAY
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86
32
24

56
47
16
34

33

68

17

17
18
21

88

23
53
38
62
41
36
88
31
55
32
40
80
44

17

30

17
17
28

26
53
83
15
20
37
86
64
23
23
39
32
19
28
18
30
53
25

0.57
0.69
0.73

0.61
0.62
0.79

0.67

0.67

0.58

0.78

0.78
0.75
0.73

0.54

0.70
0.59
0.63
0.57
0.64
0.63
0.54
0.65
0.58
0.65
0.62
0.54
0.61

0.75

0.66

0.73
0.74

0.65

0.67
0.58
0.53
0.76
0.70
0.61
0.53
0.55
0.68
0.67
0.58
0.62
0.70
0.63
0.69
0.63
0.55
0.65

2.17
2.16
2.15

2.14
2.14
2.14
2.13

2.13

2.13

2.12

2.12
2.10
2.09

2.09

2.08
2.07
2.07
2.06
2.06
2.06
2.05
2.05
2.05
2.05
2.05
2.05
2.04

2.03

2.02

2.02
2.01
2.01

2.01
2.00
2.00
2.00
2.00
1.99
1.98
1.98
1.96
1.96
1.94
1.94
1.94
1.94
1.93
1.93
1.93
1.93

2.71B-0
2.65E-05
5.32E-05
1.30E-04
1.27E-04
1.25E-04
1.95E-04
1.91E-04
2.11E-04
2.07E-04
2.03E-04
4.86E-04
5.20E-04
5E-04
6.52E-04
6.83E-04
7.52E-04
7.81E-04
7.68E-04
9.11E-04
9.35E-04
9.21E-04
9.07E-04
9.12E-04
9.88E-04
4E704
1.05E-03
1.19E-03
1.29E-03
1.36E-03
1.46E-03
1.52E-03

1.68E-03
1.72E-03
1.72E-03
1.69E-03
1.69E-03
1.77E-03
2.20E-03
2.34E-03
3.06E-03
3.11E-03
3.99E-03
3.978-0
3.99E-03
3.96E-03
4.03E-03
4.16E-03
4.15E-03
4.18E-03



MUNSHI_MM_UP 57 0.54 1.92 5.04E-03
IDX_TSA_UP_CLUSTER3 81 0.51 1.92 5.09E-03
ST_TUMOR_NECROSIS_FACTOR_PATHWAY 28 0.64 1.91 5.40%E
PYRIMIDINE_METABOLISM 55 0.54 1.91 5.39E-03
KNUDSEN_PMNS_UP 65 0.53 1.91 5.40E-03
NFKBPATHWAY 23 0.65 1.90 5.53E-03
HEARTFAILURE_VENTRICLE_DN 56 0.53 1.90 5.62E-03
CMV_UV-CMV_COMMON_HCMV_6HRS_UP 17 0.70 1.90 6.00B-0
ABBUD_LIF_UP 45 0.56 1.88 7.06E-03
HPV31_DN 37 0.57 1.88 7.03E-03
LOTEM_LEUKEMIA_UP 22 0.65 1.88 7.17E-03
TPA_SENS_MIDDLE_UP 55 0.54 1.88 7.59E-03
CASPASEPATHWAY 20 0.67 1.88 7.62E-03
UVC_HIGH_D3_DN 35 0.59 1.87 7.75E-03
WANG_MLL_CBP_VS_GMP_UP 42 0.56 1.87 8.33E-03
MARSHALL_SPLEEN_BAL 25 0.62 1.86 9.11E-03
XU_CBP_UP 25 0.61 1.86 9.64E-03
MUNSHI_MM_VS_PCS_UP 64 0.51 1.86 9.70E-03
GENOTOXINS_ALL_24HRS_REG 22 0.64 1.86 9.65E-03

ES = enrichment score; NES = normalized enrichreeaitte; FDR = false discovery rate
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Appendix 7

Significantly altered gene sets by high DE/saliompared to air/saline

NAME SIZE ES NES NOM p-val
WANG_MLL_CBP_VS_GMP_UP 42 05829  1.8836 < 1.00E-06
HSC_MATURE_SHARED 169 0.4647 18517 < 1.00E-06
CARIES_PULP_HIGH_UP 68 0.5137  1.8385 < 1.00E-06
HSC_MATURE_ADULT 232 0.4448  1.8207 < 1.00E-06
NEMETH_TNF_DN 26 0.5976  1.7882 0.00430
SA_MMP_CYTOKINE_CONNECTION 15 0.6905  1.7827 0.00938
UVB_NHEK3_C2 35 0.5643  1.7761 0.00546
GSK3PATHWAY 26 0.5953  1.7462 0.00147
ZHAN_PCS_MULTIPLE_MYELOMA_SPKD 20 0.6155  1.7248 0486
TAKEDA_NUP8_HOXA9_16D_DN 126 0.4403  1.7221  <1.00§-
CORDERO_KRAS_KD_VS_CONTROL_DN 48 0.5109  1.7068  BOE-06
LE_MYELIN_UP 91 0.4602  1.6978 0.00122
NI2_MOUSE_UP 40 05196  1.6940 0.00409
YANG_OSTECLASTS_SIG 39 0.5290  1.6935 0.00955
IGFIMTORPATHWAY 19 0.6039  1.6913 0.01351
CHEN_HOXA5_TARGETS_UP 135 0.4345 16912 < 1.00E-06
UVB_NHEK3_C5 30 0.5573  1.6886 0.00980
HOHENKIRK_MONOCYTE_DEND_DN 100 0.4442  1.6822 0.0212
TENEDINI_MEGAKARYOCYTIC_GENES 47 0.5038  1.6754 kiv:1))
HCC_SURVIVAL_GOOD VS _POOR_DN 118 0.4318  1.6661 (Roi)

ES = enrichment score; NES = normalized enrichreeote; NOM p-val = nominal p-

value
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Appendix 8

Significantly altered gene sets by high DE/OVA camgal to air/OVA

NAME SIZE ES NES NOM p-val
ELECTRON_TRANSPORT_CHAIN 86 0.5388  1.8950 < 1.00E-0
MOOTHA_VOXPHOS 73 0.5432  1.8901 < 1.00E-06
CANTHARIDIN_DN 45 0.5841  1.8698 < 1.00E-06
WANG_MLL_CBP_VS_GMP_UP 42 0.5782  1.8590 < 1.00E-06
FETAL_LIVER_VS_ADULT_LIVER_GNF2 53 0.5481  1.8214 1<00E-06
LVAD_HEARTFAILURE_DN 33 0.5996  1.8206 < 1.00E-06
MITOCHONDRIA 355 0.4661  1.7823 < 1.00E-06
GLUTATHIONE_METABOLISM 28 0.5990  1.7704 0.0012
FLECHNER_KIDNEY_TRANSPLANT _

REJECTION_UP 72 0.5018  1.7340 < 1.00E-06
CMV_HCMV_TIMECOURSE_14HRS_UP 33 0.5748  1.7278 0201
WIELAND_HEPATITIS_B_INDUCED 71 0.4953  1.7061 < 1PD6
INNEREAR_UP 34 0.5598  1.7037 0.0012
HUMAN_MITODB_6_2002 352 0.4416  1.7015 < 1.00E-06
ROSS_MLL_FUSION 60 0.5003  1.6858 0.0022
AMINOACYL_TRNA_BIOSYNTHESIS 18 0.6183  1.6649 0.0076
PYRIMIDINE_METABOLISM 55 0.5008  1.6546 0.0011
FATTY_ACID_DEGRADATION 23 0.5875  1.6440 0.0036
OXIDATIVE_PHOSPHORYLATION 55 0.4895  1.6302 0.0011
ABBUD_LIF_UP 45 0.5048  1.6222 0.0045
ROS_MOUSE_AORTA_UP 23 0.5807  1.6160 0.0086

ES = enrichment score; NES = normalized enrichreeote; NOM p-val = nominal p-

value
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