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6 Abstract

Chemokines play multiple roles in immune regulation including homeostatis, cellular

activation, and cellular traficking, We hypothesized that the presence of systemic levels

of chemokine as well as deta¡led analysis of allergen-driven chemokine production by

non-allergic, allergic and allergic mildly ashtmatic peripheral blood mononuclear cells

(PBMC) may argue for additional roles of chemokines in atopic disease. Here we set

out to: (1) ldentify the presence and intensity of systemic levels of type 1 (Mig, IP-10)

and type 2 (Eotaxin, TARC) chemok¡nes as potential clinical markers of allergic disease

(2) Examine potential differences in regulation of allergen-driven type 1 and type 2

chemokine production from fresh PBMC isolated from non-allergic, allergic, and allergic

mildly asthmatic subjects. (3) Determine the ability of exogenously added or

endogenously produced T cell derived cytokines to regulate the intensity of allergen

driven chemokine production. (4) ldentify T cell and ant¡gen presenting cell (APC)

requirements for initiation of allergen-driven type 1 and type 2 chemokine production

from PBMC isolated from non-alfergic, allergic and allergic mild asthmatic subjects.

To examine these parameters we recruited non-allergic, allergic and atlergic mild

asthmatic individuals based upon skin tests and clinical history. Peripheral blood from

each individual was fractionated into PBMC and plasma. Plasma was analyzed for type

1 and type 2 chemokines using chemokine specific sandwich ELISA that we developed.

PBMC were placed Into short term primary culture and stimulated w¡th allergens, non-



allergenic antigens, or polyclonal act¡vators to identify any potential differences, by

ELISA, in chemokine product¡on that may be related to clinical status.

We have shown that type '1 and type 2 chemokines are readily demonstrable in

circulation in vivo. They are found at a wide range of concentrations (4pglml to 20

ng/ml) systemically in the great majority of both non-allerg¡c and allergic individuals.

However, systemic levels of these type '1 and type 2 chemokines were not indicative of

clinical status as atopic groups did not differ from non-atopic subjects.

We subsequently demonstrated the ability of fresh PBMC from atopic and atopic mild

asthmatic subjects to produce dramatically elevated levels of TARC, a lype 2

chemokine, relative to the levels produced by healthy controls upon short term allergen

specific stimulation. ln addition we show the ability of exogenously added and

endogenously produced IL-13, lL-10 and lFNy to differentially modulate the intensity of

allergen-driven chemokine production. We demonstrated that alfergen-driven type 1

(Mig) and type 2 (TARC) production is dependent upon T cell recognition of allergen in

the context of MHC class ll. lnterestingly, we identified differential requirements for 87-

1 or B7 -2 signaling to drive the ínitiation of allergen-stimulated Mig and TARC

production depending upon clinicaf status.

ln summary, we demonstrated that chemokines are important mediators in the

maintenance of allergic inflammation as allergic and allergic asthmatic subjects display

a propensity for elevated allergen-driven, but not polyclonal driven, type 2 chemokine

(TARC) production. Together with the ability of type 1 and type 2 cytokines to regulate

the intensity of a llergen-driven, MHC class ll dependent, chemokine production we



hypothesize that there exist additional roles for chemokines in promot¡ng the

maintenance of allergic inflammation.
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I lntroduction

8.1 AIIergy and lgE

Relevance

Allergic díseases affect a pp roximately 25-30To of the population in developed nations

and are responsible for the greatest number of days lost from work and school.

Treatment costs bìllions of dollars in North America alone each year [1], [2], [3], [a]. lt is

the aim of this thesis to identify key mediators critical to the maintenance of allergic

disease. I will begin with a review of several current factors that have been

hypothesized to be tightly associated with the development of allergic disease, but wifl

focus on recent literature aimed at a group of key mediators involved in the

maintenance of allergic disease.

Histoical Development

The term 'allergy' was first coined over a hundred years ago by von Pirquet and was

initially defined as an 'altered reactivity to antigenic stimulation'. Efforts to further clarify

this definition of allergy have proven difficult due to the extreme complexity and

multigenic nature of the disease. ldentifying the key factors involved in the development

and maíntenance of allergy is essential for better understanding and possible treatment

of these diseases. Today allergy is commonly described as a symptomatic reaction to a

normally innocuous antigen. lt results from the interaction between an antigen and the
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ant¡body or T cells produced by earlier exposure to the same antigen. Allergens are

antigens that can elicit specific lgE responses that are sufficiently robust to be

associaied with clinical evidence of lgE associated hyperse ns¡t¡vity responses.

Allergens are typically proteìns, often glycoproteìns, or chemicals (haptens) that can

become bound by proteins. Examples of common allergens include grass, tree and

weed pollens, dust mite, animal dander, insect venoms, latex, nickef as well as

pharmaceut¡cals such as penicillin. Allergens are often airborne particles which may be

constitutively, (house dust mite, animal dander) or seasonally (grass, tree pollens)

present in the air we breathe.

The first documentation of allergy was by Bostock in 1819, detailing the classical

symptoms of seasonal allergic rhinitis in his patients. ft wasn't until 40 years later that

Salter identified the etiological agents involved in allergy and subsequently developed a

test (erythematous sk¡n reaction) to ¡dentify the environmental agents responsible.

However, it was Prausnitz and Kustner in 1921 who are credited with identifying a factor

found in the serum that was responsible for the allergic reaction. They hypothesized

that clinical sensitivity to an allergen was a result of an unidentified serum factor. To

test their hypothesis they obtained serum from a fish allergic individual (Kustner) and

injected it into a fish non-allergic individual (Prausnitz). By exposing the area injected

with the fish allergic serum to fìsh proteins they were able to show clinical sensitivity to

fish in Prausnitz. The serum factor was termed 'reagin' and it wasn't until the mid 1960s

that'reagin'was classified and renamed lgE, [5].

18



Current Overv¡ew

lgE is found at very low levels in the c¡rculat¡on of adults. lt makes up only 0.01% of the

total serum immunoglobulin (lg) and has the shortest serum half-life of all lg, only 2.5

days [6]. However, once bound to Fc,R1 on mast cells or circulating basophils, lgE can

rema¡n ¡ntact and functional for days to weeks. The lgE monomer is made up of two

light and heavy immunoglobulin chains similar to other lg. lgE resembles lgl\4 with five

instead of the common four domains (four constant domains, and one variable domain)

in the heavy chains. In contrast to most antibody classes lgE does not contain a h¡nge

region, and is heat labile at a relatively low temperature (56C), lgE is believed to be

important in the expulsion of parasites from the gut, because of its ability to bind Fc,Rl

on eosinophils, which once activated, have cytotoxic activity, ln allergy, cross-linking of

normally innocuous multivalent allergens to lgE bound to Fc,R1 on mast cells or

basophils results in release a wide array of inflammatory mediators. B cell class

switching to lgE can result from stimulation of B cells by lL-4 or lL-'13 produced by T

cells [7], [8], [9]. Clearly, lgE is tightly associated with the initial wheal and flare

inflammation (early-phase). However, it is the late phase response governed by

cytokines and chemokines that recruit and activate inflammatory cells which is primarily

responsible for the maintenance of allergic inflammation [10].

Mast cells and basophils are responsible for the development of many of the symptoms

associated with allergy 111, 121. Mast celts are present in the tissues, mucosal and

connective, whereas basophils are restricted mainly to the circulation. Both express

Fc,R1 const¡tutively at high levels and bind allergen-specific lgE with high affiniÇ (Ka=
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1010 M-1). When lgE Ab are produced in atopic ìndividuals upon exposure to allergen,

they bind to Fc,R1 on mast cells and/or basophils. Upon subsequent allergen exposure,

multivalent allergens cross-link lgE antibodies, activating the mast cell or basophil.

lmmediately after lgE cross-linking, enzyme cascades involving protein kinase C, and

tyrosine kinase are activated, and an influx of calcium ions results in the release of

preformed (histamine) and newly synthesized chemical mediators such as Ieukotrienes

and/or prostaglandins. [ 1], t131, t141. Histamine is a vasodilator, a constrictor of

smooth muscle, and a potent stimufator of vascular permeability. lt exerts its effects by

binding H1 receptors expressed on a variety of cell types including smooth muscle cells,

neurons, glandular cells, blood cells, and cells of the immune system. Leukotrienes

(LT) and prostagland¡ns (PGD) are derived from arachidonic acid, which is made

available from cell membrane phospholipids by the action of phospholipase C and

diacylglycerol lipase or by phospholipase A2. LT and PGD have a similar biologic

activity to histamine, but PGD can also induce smooth muscle contraction, as well as

platelet aggregation and degranulation [10-12, 15]. ln addition to these mediators, a

great number of cytokines and chemokines are synthes¡zed and released. They are

important in regulating the duration and ¡ntensity of the immune response by promoting

adhesion molecule expression, and recruiting inflammatory cells ['1 1] among other

activities.

To date, the most effective treatments for atopic diseases have relied upon

corticosteroids. Corticosteroids may be administered topically, (and orally) allowing for

their usage in a variety of disease manifestat¡ons. lt is important to remember that

corticosteroids are not curative, and inflammation reoccurs when usage is discontinued.
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Mediator antagonists such as anti-histamines and anti-leu kotrie nes as well as tryptase

inhibitors are transiently effective in neutralizing the dominant mediators responsible for

the symptoms of allergic inflammation, [16] but are not preventative in the treatment of

allergy. In order to address the immunolog¡cal abnormalities that are responsible for

allergic disease, many researchers have looked towards identification of mediators

involved in the development or ma¡ntenance of atopic disease. Specifically, cytokine

modulators are of much interest because of their involvement in ihe development and

maintenance of allergic inflammation [1 7] [f 8, 19].

8.2 Potential Factors lnvolved in the Development of Allergic Disease

Several studies have demonstrated that the prevalence of allergic diseases in

industrialized countries has increased over ihe past few decades. ln Japan, the

incidence of hay fever due to pollen from the Japanese Cedar tree tripled from 1974 to

1981 and continues to show yearly increases [20]. The incidence of allergic rhinitis in

developed nations is as high as 24-38.6% in the UK 121 ,221,20.60/o in Norway and

33.6% in the United States [22]. Recent estimaies suggest the incidence in developed

countries will approach 50% over the next two generations [23]. These studies clearfy

demonstrate a continuing upward trend in the incidence of allergic d¡sease indicating a

need for insight into the mechanisms involved and the development of better

treatments, as none to date are curative. There are two major facets of investigation in

allergy. Environmental influences as well as genetic predisposition are the most

promising avenues for elucidating mechanisms involved. The majority of the literature to

date focusing on potential genetic influences is complex, reflecting the polygenic nature
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of allerg¡c disease. ln addition to genetic influences allergic disease is postulated to be

influenced by several environmental factors. ln reality, it is most likely that both

genetics and environment are responsible for the increasing prevalence of atopic

disorders. Therefore, I will review the potential genetic and environmental influences in

allergy.

8.2.1 Geneticlnfluences

Genetic influences have been postulated as a predictive marker for allergy. Utilizing

genetic pred¡spos¡t¡on in predicting which individuals, within a populat¡on equally

exposed to environmental stimuli, will be susceptible to allergy is unlikefy to explain the

rapid increases over the past 200 years. However there are a number studies ihat do

indicate the involvement, even if minor, in ihe development of allergic disease.

Monozygotic (MZ) twins share identical genotypes whereas dizygotic (DZ) share

approximately 50% of their genes. Siudies of twin pairs show that the rate of

concordance of hayfever, exzema, asthma, BHR, SPT responses, and serum total and

specific lgE were all substantially higher for the MZ twins compared to DZ 124,25J.

lnheritance of allergic disease has been identifìed through the concordance of allergy in

children wíth allergic parents [26]. The incidence of disease doubles with two allergic

parents compared to one. However, the allergen sensitivity, severity of disease and

time of disease onset of the parent is often different from the child, making it difficult to

predict the type and time of disease onset. f n contrast, the risk of a sibling of an

asthmatic subject also has asthma is dramatically lower compared to cystic fìbrosis or

schizophrenia. [27].
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Candidate Genes

ldentification of genes that may indicate increased susceptibility to allergy has allowed

researchers to identify several important med¡ators in allergy. ln particular the 3q

chromosome contains the'chemokine clustei which are important in recruiting

inflammatory cells. ln addition, the 5q chromosome contaÌns numerous candidate

genes including lL-4, tL-5, lL-9 and lL-13. These cytokines are critical for B cell

switching of chromosome 5 contains a G-protein coupled receptor (chemokine receptor)

that is found in the lung. This work demonstrates the potential importance of cytokines

and chemokines in allergy. However, the immense numbers of possible candídates is

extremely ineffective for research purposes. As well, there exists a very likely possibility

of multiple mediators working in sequential co-ordinated patterns that would not be

indentified through this technology. The importance of genetic information is useful for

the identification of poss¡ble mediators involved in allergic disease but does not isolate

key molecules nor does it rank their importance in allergy. The use of genetic

information clearly has ¡ts uses and it's limitations. To identify the key molecules

involved in the pathogenesis of the disease clearly other avenues will need io be

pursued.
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8.2.2 Environmental lnfluences

The potential environmental factors that may play a major role include early childhood

infections, pollution, urban vs rural environment, as well as allergen exposure.

Hyg¡ene Hypothesis

Due to fact that the natural mutation rate is low, aftered environmenta l/lifestyle

conditions have been heavily favored as a critical factor for the increasing prevalence of

allergic diseases. Specifically, the inverse relationship between the relative lack of

infectious diseases in early childhood and high incidence of allergic disorders [28] has

led to the development of the 'hygiene hypothesis'. This hypothesis is based upon a

large body of evidence that states the induction of cell mediaied immunity (Type I ) in

the early years of life (0 - 5 yrs) via viral or intracellular bacterial infections is required to

deviate from the predominance of humoral immunity (Type 2) at birth. Therefore if there

is a deficit in type 1 stimulation, either due to excessive antibiotics or natural decrease

in bacterial infections, this will lead to activation of type 2 immunity (lgE production and

mast cell activation) that is closely associated with allergic disease 127,291.

Alternatively many argue that a lack of parasitic infections (particularly helminth) leaves

a highly evolutionary-conserved immune mechanism (type 2 immunity) without its usual

target antigens. This hypothesis supports the possibility that the lgE response to

common aeroallergens is default present in the absence of helminths and other

parasites t30, 311.
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These two v¡ewpo¡nts of the 'hyg¡ene hypothesis' indicate the importance of childhood

infections for the development of a healthy ¡mmune system. However, both fail to

identify the ideal time frame in which infections (viral, bacterial, and helminth) are

required for adequate development of the immune system. A study conducted in East

Germany monitored the development of allergy of children that attended day care. The

siudy showed that if children from small families entered day care between six to eleven

months (15.7%) of age compared to tlvelve to triventy{hree months (21.8%) or after the

second birthday (27%), they were significantly less likely to develop allergy. The

development of allergy was monitored from five to fourteen years [32]. The presence of

bacterial and/or parasitic infections after the onset of atopic disease has shown to

exacerbate inflammation [33-36]. Therefore the importance of infection in preventing

allergy appears to occur before or during allergen sensitization, not once the disease

has been established. The point at which point infection becomes beneficial or

detrimental requires elucidation.

Pollution

Another environmental factor that has received a lot of aitention in recent years is the

potential effect of pollution on the development and severity of atopic diseases.

Specifically, diesel particles have been shown to be effective molecules in the

exacerbation of allergic inflammation wiih and without allergen exposure [37, 38].

Diesel particles alone can induce/increase IgE, cytokine, and chemokine production.

Atopic PBMC stimulated with díesel particles in combination with allergen (house dust

mite) promote a 16 times greater allergen-specific lgE production compared to diesel
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particles alone m v¡tro [39-41]. The basis for the synerg¡stic effects may be due to the

ability of diesel particles to provide the required cognate plus noncognate signals

necessary to drive human mucosal B cells to undergo , isotype switching in vivo l42l ln

addition, the ability of diesel particles to absorb allergens suggests a potential carrier to

increase deposition in the respiratory tract, thereby increasing the allergen dose that

reaches the fungs as well as enhancing their antigenicity þ3, aal. The causal

relationship between allergy and air pollutants ¡s supported by a Swiss study that

demonstrated that living on busy roads is associated with a twofold higher risk for

sensitization to pollen [45]. However, removal of pollution (particularly diesel) from the

industrialized worfd has proven to be neady impossible. Nonetheless, ìn an effort to

reduce allergy, specific measures to reduce diesel particles, through emission controls

have been implimented in a few countries around the world.

Urban vs Rural Environmental

A recent observation reported by several authors strongly suggests being raised on a

farm may confer protection from the development of allergy [46-49]. A large study of

the prevatence of hayfever in Bavarian children aged five to seven years raised on a

farm was strongty decreased compared to their peers from the same rural area whose

parents were not farmers [46].

The living conditions of farming families have significant differences from urban and

non-farming rural areas. The increased presence of microbial flora present is thought io

promote cell-mediated immunity in the early years of immune system development.

Specifically, it is hypothesized that the presence of LPS, which is a commonly found in

stables, signals through the CDl4 receptor promoting the production of lL-12, a strong
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cytok¡ne mediator for the development of cell mediated immunity and inhibitor of fype 2

immunity. Bacteria found in unpasteurìzed cow's milk may also provide a source of

bacter¡a. Evidence for thÌs was supported in the Bavarian survey where they were able

to show a strong inverse dose-dependent relationship between exposure to livestock

and the prevalence of atopic diseases (1 3.5% vs 3a.8% p=a 61¡ ¡a6¡

Allergen Exposure

The degree of allergen exposure during the early years of life suggests an additional

possible risk factor for the development of atopy. Specifically, the concentration of

house dust mite and cat allergen has been examined by two different groups both with

¡nterest¡ng, yet contradictory conclus¡ons. A large multi-center study conducted by

Whan et al [50] examined the possible correlation between carpet dust mite and cat

allergen concentration and the development of atopy in a large birth cohort to seven

years of age (MAS study). They were able to identify a strong correfation between high

dust and cat allergen concentrations and the development of atopic sensitization toward

that specific allergen within the first three years of life. This indicates that high antigen

exposure during the first few years of life often results in sensitization towards that

allergen. ln contrast Platts-Mills [51] recenily peformed a similar study examining the

prevelance of sensitization and lgG antibody to a range of concentrations of dust mite

and cat allergen. lncreasing exposure to dust mite was associated with increased

sensitizat¡on. lnterestingly, in response to high concentrations of cat allergen they

demonstrated a high lgG and lgG4 response without sensitization, a fìnding indicating

exposure io high levels of cat allergen is protective against sensitization.
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Clearly, these studies have shown that environmental and genetic factors are strong

candidates for the increasing incidence of atopy. However, whether an individual

becomes allergic has become secondary to determ¡ning factors involved in the

maintenance of allergic disease. Clearly, allergic individuals are most interested in how

to manage their disease, and ultimately reach the goal of eradicating the symptoms. lf

we understand how allergy is maintained in an allergic individual we may open up

possibilities to control the disease.

8.3 Current Treatment of Allergy

Attempts to effectively treat allergy has been an ongoing since the first documented

cases. At present there is no one universally effective treatment for all types of allergies

(allergic rhinitis, drug sensitivity). However, there exist three major possible

management strategies for allergy that are used today with moderate success: 1)

Allergen Avoidance, 2) Pharmacological solutions, 3) Allergen lmmunotherapy.

Allergen Avoidance

Avoidance thus far has been a commonly used management approach to specifìc types

of allergy. Avoidance of food atlergens such as peanut or milk may be managed

through screening of the ingredients found in the food consumed. However, in the case

of animal danders, dust mite, and several polfens (grass, ragweed) measures to prevent

exposure to allergens are not effective in the treatment of ihe atopic diseases, because

removal of allergens from the environment is not possible. For example, grass pollen

released into the atmosphere from spring to fall and cannot be prevented. Avoidance

does not provide a cons¡stent, effective treatment regime for atopic disease.
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Ph armacologic al So lutions

Pharmacological solutions to allergy generally target the med¡ators formed by mast cells

and basophils that result in the massive vasodìlation and inflammation or they work by

globally inh ibiting immune responses.

Currently the most effect¡ve method of treating allergy and asthma is corticosteroids [16,

52-541. Corticosteroids bind to a cytosolic glucocorticoid receptor. Binding results in

translocation to the nucleus and formation of a homod¡mer that can bind to DNA to

activate genes, including anti-inflammatory genes. However, the important anti-

inflammatory effect of corticosteroids is the¡r abil¡ty to suppress multiple inflammatory

genes, such as inflammatory cytokines, enzymes, adhesion molecules, and

inflammatory mediator receptors [16, 52, 53]. Recently, it was demonstrated that

glucocorticoids are able to prevent the upregulation of nasal mucosal secretion of

eotaxin, a chemoattractant and act¡vator of eosinophils, that is normally seen in allergic

rhinitis patients during the grass pollen season [55-57]. Putlerits et al were able to

demonstrate the benefit of system¡c and topical glucocorticoids respectively on

suppressing muftiple components of allergic airway inffammation [55]. This broad

immunosuppressive effect is the reason why corticosteroids are so effective at treating

the complexity of atopic disorders. However, corticosteroids are not curative and

inflammation returns after their usage is discontinued.

B2 agonist are molecules that bind to p2 adrenergic receptors. The¡r binding results in

bronchodilation, which has made B2 agonists a popular choice for the treatment of

acute exacerbation of allergy and/or asthma. Much work has been done io develop a

29



Iong acting B2 agonist that would be abìe to replace corticosteroid treatment [58-61].

Concern has been expressed about whether long-acting p2 agonists may, by their

bronchodilator and symptom-relieving effects, mask the development of persistence of

airway inflammatìon and put the subject at risk of more serious disease. [62].

Similar to corticosteroids, B2 agonists only provide iemporary relief from the symptoms,

but do not address the underlying mechanisms responsible.

Antile ukotrienes and antihistamines are two classes of mediator antagonists aimed at

blocking mediators produced by cells involved in atopic d¡sease. Leukotrienes are

powerful bronchoconstrictors and inducers of plasma exudation and may promote

eosinophilic inflammation [63]. Unfortunately, recent clinical trials of a ntileukotrienes in

allergic rhinitis display little benefit compared with nasal corticosteroids [55]. Histamines

are potent vasodilators and promoters of mucus production and constriction of smooth

muscle. They are commonly produced when FceRl on mast cells is cross-linked [10].

Antihistamines are H1-receptor (histamine receptor) antagon¡sts and have been used to

treat atopic diseases for many years, [64]. Med¡ator antagon¡sts may be effective at

relieving the symptoms of ongoing inflammaiion but their usage is required daily if not

more frequently and symptoms return shortly after their usage is stopped.

Unfortunately, to date there is no preventative and/or long lasting immunological

treatment of most allergies. To provide this type of therapy insight into the mechanism

of ongoing inflammation is required. At present we have a wide variety of

pharmacological treatments to block the symptoms of inflammatory mediators or to

inhibit global immune responses thereby allowing the possibility of opportunistic
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infections. More work is needed to identify mediators that will promote remodeling of

the ¡mmune system towards a protective and preventative response to allergens.

Allergen I m m un oth erapy

lmmunotherapy is a technique that has been used for decades as a method of

'desensitizing'a susceptible individual towards an allergen. The basic protocol uses

increasing doses of allergen that the atopic individual is sensitìve towards, The goal is

to prevent the production of lgE and other inflammatory mediators in response to

allergen. Whether immunotherapy works to remove, inhibit, or alter the immune

response is not well understood, lt has the disadvantage that it is not consistently

effective. Presently, there are several hypotheses that focus on determining the factors

and/or processes involved in immunotherapy with the goal of improving this strategy

The first two hypotheses focus on the cytokine med¡aiors produced by T celts specific

for the allergen. Differences between these two possibilities lies in the "type" of cytokine

that is involved. The last hypothesis focuses on the possibility that the allergen specific

T cells are inactivated or become 'anergic'.

To begin with, there is an increasing body of evidence ihat cla¡ms that immunotherapy

can result in the development of a population of T helper cells that predominantly

produce lL-10 and TGFP, [65-67]. lnitially these T cells were identified in a mouse

model [68] but were recently identified in human PBMC [69-71]. This subset of Th cells

arises after chron¡c antigen T cell stimulation. However, they fail to proliferate after TCR

stimulation, possibly through downregulation otlL-2,170,711 but are characteristically

producers of large quantities of lL-10, 172-761. lt is believed that through the production

of IL-10 and TGFß but not lL-4 [77] surrounding Th cells are transformed into
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"regulatory T cells" (Tr). Tr cells express CD45RBro* and CD25+ and have been shown

to be potent inhibitors of polyclonal T cell activation [78], allogeneic responses [65], and

experimental autoimmune disease [79]. However, this powerful inhibitory property was

demonstrated to be restricted to a contacldepende nt mechanism [73].

Alternatively, Umetsu et al was able to reverse establ¡shed a llergen-ind uced airway

hyperreactivity in a mouse model through the usage of an lL-18 expressing adenovirus

[80]. Adm¡n¡stration of IL-18 was able to reduce airway hyperreactÌvity, and f L-4

production. ln addition Hamid et al demonstrated the abif ity of lL-12 (a potent mediator

driving cell-mediated immunity) to promote eosinophil apoptosis in vitro 1811. Each of

these approaches utilize the well known documentation of long term allergen-specif¡c T

cell clones from the peripheral blood of nonallergic individuals have been shown to

produce Th1 cytokines [82, 83]. ln addition the abifity of Th'1 cytokine producing cells to

cross regulate the production of cytokines (eg lL-4, lL-13) that promote the development

of atopy [84] was shown to be a very useful technique for treatment purposes. Through

using specific allergens in combinatíon with cytokines (Th1) that inhibit the development

of allergy one may be able to achieve positive results with immunotherapy [85].

However, studies to date utilizing recomb¡nant cytokines such as lL-12 have not been

very promising. Administration of lL-12 was able to reduce circulating eosinophils, but

did not reduce airway hyperreactivity. This disappointing fìnding was compounded by

the toxic effects seen in human systems [86, B7]. Although administration of rlFNy to

sensitized animals resulted in inhibition of eosinophilic inflammation, a similar effect was

not seen in a comparible human model [88, 89]. Monoclonal antibodies against lL-5, an

important type 2 cytokine key for development of eosinophils, were used to attempt to
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reduce system¡c eosinophils, the late asthmatic response and airway hyper-

reponsiveness. Similar to rhlL-12, crlL-5 mAb reduced the number of circulating

eosinophils but did not significantly alter the late asthmatic response or the airway

hype r-react¡v¡ty [90]. Clearly, there are multiple mechanisms working concertedly,

thereby requiring more than one mediator to reverse an unwanted, yet ongoing immune

response.

Lastly, a hypothesis that has gained much support over the past few years focuses on

the possíbility that chronically activated allergen specific T cells or T cells stimulated

with greatly elevated allergen concentrations results in long{erm u n responsiveness or

anergy [91, 92]. Through this mechanism, repeated treatment of refatively large

quantities sensitizing allergen results in the short{erm production of cytokines that

promote the development of allergy (lL4). Shortly afier activation allergen specifìc Th

cells enter a siate of non-responsiveness whereby the cells do not produce cytokines

and do not replicate- Transition to this state is conditional upon the presence of

cytokine mediaiors present during TCR stimulation. Specifìcally, the presence of lL-4

may prevent T cell anergy and there is evidence for dependence upon the presence of

allergen to maintain the unresponsive, anergic CD4+T cell population [93]. The time,

dosage, and route are all factors that may alter the time of onset of anergy and how

long it may last. Whether this is merely a temporary state, or whether it is possible to

administer large quantities of certa¡n allergens (eg peanut) for anergy to occur remains

unknown.

The potential ability of immunotherapy to act upon and deviate the immunological

mechanisms involved in allergy makes this technique a beneficial tool. However, there
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are several caveats to allergen immunotherapy, such as the inability of some allergens,

(eg. Peanut), to be administered, even at low doses, due to the likelihood of fatal

anaphylaxis. Additionally some allergens, such as grass pollen, are much less effective

at'desensitization'in comparison to others, such as hymeroptera (insect venom). What

physical and chemical characteristics constitute a'good allergen'for immunotherapy

remain unknown, Additionally, the long term protection that is provided is not well

documented and tends to vary with allergen, model system, and ind¡vidual subject. ln

general, more work needs to be done to determìne how anergy may be induced in Th

cells, how Tr develop from a heterogenous population and why non-atopic and atopic

individuals have different ratios of Tr cells.

The treatment of allergic disease over the past 200 years has yielded some beneficial

results. lndeed, most allergic diseases may be managed through the use of

pharmacologics, or at t¡mes immunotherapy. However, the restrictions placed on these

treatments, such as length of relief from allergy symptoms, cost and quality of life has

driven the demand towards more cost effective and permanent solutions. Specifically,

treatment should directly act upon the cefls involved in the maintenance of an allergen

specific immune response. Due to the chronic inflammation that is commonly seen in

several atopic diseases there is much evidence for positive feedback loops. We need

to ident¡fy these key mediators driv¡ng ongoing inffammation. Additionally, comparing

allergic and non-allergic individual responses to allergens within a system similar to that

seen in vivo ¡s still requ¡red. Clearly, allergy is a multifaceted disease involving key

mediators driv¡ng downstream events that are not immunologically beneficial to the
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population as a whole. ldentification of a treatment that effectively treats the underlying

causes of allergy for long{erm would be a great advantage to allergy sufferers,

8.4 Grass AIlergy

Grass pollen allergens belong to the most frequent and potent elicitors of allergic

symptoms. At least 40% of allergic pat¡ents are sensitized against grass pollen

allergens, [94]. lt is commonly referred to as allergic rhinitis as well as hayfever.

Certainly in Manitoba, grass pollen represents the major seasonal allergen. Allergy to

grass is a result of pollen grains released into the atmosphere during pollination in the

summer (peaking June/July). The atmospheric pollen grain counts remain at relatively

high levels until the fall (September). lt is during the grass pollen'season'(spring to fall)

that sens¡t¡zed individuals are cont¡nuously exposed towards greatly elevated levels of

af lergen. (Lesley ShyJak, Aerobiology Research Laboratories 1999, 2000) The majority

of the grass allergic population produces tgE specific antibodies against the t¡mothy

grass allergens: Phl p 1, 2,3,4, and 5. Over 94% of grass pollen specific lgE from

grass atopic Canadians, Europeans and Japanese individuals witl bind Phl p1, and 5

195, 961. The isolaiion and production of recomb¡nant allergens using E. coll has been

useful for identifying the major grãss allergens that the majority of individuals are

sensitized against. However, the use of recomb¡nant allergens is controversial

specifically for analysis of in vivo responses to grass pollen (ie skin testing and

identification of lgE specific Ab). A recent study examin¡ng the efficacy of diagnosis of

clinical hypersensitivity to grass pollen compared recombinant (Php 1-5) and natural

allergens [95]. lnterestingly, they demonstrated that a proportion (-30%) atopic



individuals produce lgE Ab against mÌnor allergens within the Phl p family (Phl p 2, Phl p

4). ln additìon a proportion (-25%) of atopic individuals produce lgE specific to antigens

prevalent in their environment (eg. Red top or Kentucky Blue grass). The presence of

bacterial contaminants in the recombinant preparat¡on as well as inappropriate folding

or inconsistencies in glycosylation of the prote¡n has favored the use of the natural

allergen extracts for testing of allergy as well as lor use in vitro.

Allergic rhinitis is one of the most prevalent allergic disorders. lmmunotherapy and

pharmacological treatmenis have not provided consistent, long-lasting, or preventative

solutions. Efforts to elucidate ihe key mediators involved ín the pathogenesis of

maintenance of grass pollen specific allergic inflammat¡on are essentìal to build towards

universally effective treatment.
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8.5 Classification of T cell subseús based upon the profile of functional ability
and cytok¡ne profiles

8.5-1 CD4+ and CD8+ subsets

T cells are key regulators of the immune response and are indispensable for the

maintenance of a healthy immune system. Antigen-specific T cells are able to perform

a variety of immunoregulatory functions including: Recognition of foreign, pathogenic

organisms, effective removal of the pathogen, maintenance of a memory population,

downregulation of the immune response once the infection is cleared and most

importantly regulate the intensity of each individual ongoing immune response. To

accomplish these tasks there exists more than one specialized form of T cell. This

subdivision is based upon the T cells ability to effectively respond to various types of

antigens and the effector mechanisms they emptoy.

T cells are characterized as circulating mononuclear cells that express a TCR-CD3

complex on their extracellular surface. The TCR complex is made up of tlvo polypeptide

immunoglobulin-like chains. Two different combinations of lglike polypeptide chains

have been described: op and yõ. The main purpose of the op or yõ chains is to

physically recognize and bind antigen. The oB TCR can bind a seemingly endless array

of antigens whereas yö TCR have been shown to be restricted to evolutionarily

conserved motifs such as pept¡doglycan, a major component in bacterial cell walls. The

TCR contains several conserved sequences that recogn¡ze MHC molecules commonly
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found on APC. Through hydrophobic and hydrophilic interactions as well as salt bridges

and hydrogen bonds a TCR-CD3 complex can bind ant¡gen ¡n the context of MHC [97,

e8l.

The CD3 complex consists of two epsilon chains as well as a gamma chain, a delta

chain and a homodimer of zeta chains. The CD3 complex forms a critical part of the

peptide-MHC-TCR trimer and is essential for signaling the T cell. The cytoplasmic tails

of the CD3 complex contain multiple ITAM sequences which upon activation recruit

intracelfular signaling molecules such as Src and ZAP70 (tyros¡ne kinases) to initiate an

intracellular cascade of (de) phosphorylation events which lead to nuclear translocation

of transcription factor and ult¡mately transcription of genes. The CD3 complex is

essential for the TCR to efficiently bind and signal the T cell once the TCR has

'recognized'a foreign peptide in the context of MHC [6].

Co-stimulatory mofecules CD4 and CD8 are expressed on the cellular surface of op T

cells. CD4+ T cells preferentially bind MHC class ll molecules on the surface of antigen

preseniing cells (APC). CD4 polypeptide recognizes a conserved region on the MHC ll

complex and is essential in stabilizing the trimer [S9-101]. MHC ll molecules are

expressed on professional APC and display exogenous antigens. The MHC ll

expression pattern ¡s usually constitutive at low levels and is upregulated through

stimulation from cytokines such as lFNy [102]. Antigens that are taken up by the celf

either through pinocytosis or phagocytosis are digested within endocytic compariments

through fusion with lysosomal vesicles with a low pH and digestive enzymes. The

digested peptides bind to conserved residues on the MHC ll complexes and are

displayed on the APC cell surface. Therefore, CD4+ T cells recognize exogenous
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antigens (eg. Grass pollen) in the context of MHC ll [103-106]. Upon stimulation, CD4+

T cells generally respond by synthesis of inflammatory mediators such as cytokines or

they may stimulate other cells to produce a tightly orchestrated pattern of cytokines that

can function to amplify mainta¡n or suppress an immune response. Due to the ability of

CD4+ T cells to regulate the immune response they have been collectively termed

'helper T cells' (Th).

Alternatively oB T cells may express CD8 on their cell surface. CD8 co-stimulatory

molecules exclusively recognize MHC I molecules that are expressed on every

nucleated cell. MHC I molecules generally present peptides from intracellular

pathogens, such as intracellular bacteria and viruses. [6, 107] [1081. Due to the

infectious nature of most intracellular pathogens, the response of CD8+ T cells is to

directly kill the target cell- Killing is accomplished through Fas-FasL expression, release

of perforin and granzymes and secreted cytokines to recruit cells to ensure the infection

is cleared [109-1 11]. Due to their ability to effectively kill viral and bacterial infected

cells CD8+ T cells are often referred to as'cytotoxic T cells' (Tc).

8.5.2 Type 1lïype2 Hypothesis

When naiVe T cells encounter antigen for the first time, they begin a process of

diflerentiation that involves a commitment to a specifìc pattern of cytokine production.

Naive T cells produce lL-2 when they first recognize antigen in the context of MHC

class I or ll in the periphery but are incapable of producing large quantities of other

cytokines, such as lL-4 and IFN(. Three stages of differentiation may occur in naive T

cefls after initial stimulation through the TCR-CD3: I ) the lnitiation Phase, 2) the
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Commitment phase, and 3) the Acute phase [1 l2]. The initiation phase is highly

dependent upon the'type'of antigen, cytokine and/or cytokine-Ìnd uced STAT

transcriptional proteins present dur¡ng stimulation. The ability of extracellular factors

such as cytokines to direct T cell differentiation will be reviewed in detail later. The

comm¡tment phase involves the transcription factors that will determine the commÌtment

of T cells into two different populations. lt is at this stage due to selected transcription

factors that dÌfferentiated T cell phenotypes are stabilized and maintained in the

absence of further stimulation. Finally an acute phase of gene transcription is initiated

through secondary contact of the differentiated T cell with the specific antigen [1 13,

1'141. lt is during the acute phase that one can distinguish between two populations

based upon their cytokine profiles. Mosman [1'15] and Del Prete [1 16] wereableto

demonstrate in mice and humans respectively that two types of cytokine profiles could

be elicited from stimulated Th cell clones. The two Th cell populations were termed

'Th1 and Th2 cetfs" and the resulting cytokine profìles elicited from these cellular

isolates has led to the generation of the Th1/Th2 hypothesis. The Th1Æh2 hypothesis

follows that the cytokine profiles from differentiated T cells can mould the type of

immune response generated against antigen 1117-1201. Shorily after the discovery of

Th1 and Th2 clones, cytotox¡c T cells (Tc1/Tc2) and dendritic cefls (DC1iDC2) with

similar cytokine profiles were isolated 1121-124J. This is important because it

demonstrates ihe involvement of APC as well as cytotoxic cells in directing the

development of an immune response. As a result the 'Th1/Th2 hypothesis' has been

more accurately termed the'Type1/Type 2 hypothesis'. Type 1 cells produce cyiokines

lFNy, lL-12 and TNFB. Type 1 cytokines are highly protective against infections
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mounted by the majority of microbes, because of the ability of type 1 cytokines to

act¡vate phagocytes and to promote the production by B lymphocytes of opsonizing and

complement-fixìng antibodies. Type 1 immunity is also known as cell mediated

immunity (CMl) t1 151. However, when the antigen ¡s not rapidly removed from the body,

the type 1 response may become dangerous for the host due to the strong and chronic

inflammatory reaction evoked (eg Tuberculosis, Multiple Sclerosis). Type 2 cells

produce the cytokines lL-4, lL-5, lL-6, lL-9, and lL-13 which induce the d ifferentiation,

the activation, and the survival of eosinophils, promote the production of lgE as well as

other lg isotypes from B lymphocytes, as well as the development of mast cells and

basophils. ln addition type 2 cytokines inhibit several macrophage functions and the

development of Thl cells. Thus the phagocyte-independent type 2 response is usually

less protective than the type I response against the majority of infectious agents, with

the exception of helminths. Type 2 immunity is often referred to as humoral immunity

r251. ln addition to cytokine production profiles there are additional markers for type 1

and type 2 cells. Chemokine receptors are preferentially expressed on T cell clones

with type 1 or type 2 cytokine profiles. Specificatly CXCR3 and CCRS are found upon

on Th1 cells, and CCR4 as well as CCRS are exclusively expressed on Th2 cell lines

11261-

T cells expressing cytokine of both patterns have been designated as type 0 (ThO). ThO

cells usually mediate intermediate effects depending upon the ratio of cytokines

produced and the nature of the responding cells. [127]. lt is possible that type 0 cells

are involved in eliminating many pathogens, where a balance of both regulated cell-

mediated immunity and an appropr¡ate humoral response will eradicate an invading
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pathogen with min¡mum immunopathology. To what numerical extent type 1 and type 2

cefls dominate such in vivo responses is as yet not clear, but the¡r ability to influence

chronic disease or pathology by their production of high levels of regulatory cytokines is

not in doubt 1120, 1281.

8.5.3 Factors involved in directing type 1 versus type 2 development

It has become evident over the past few years that Th'l and Th2 cells are not derived

from distinct lineages but rather develop from the same T helper cell precursor under

the influence of both environmental and genetic factors acting at the level of antigen

presentation. The strength of interaction mediated through the TCR and MHC/peptide

complex or the dose of antigen can directly affect lineage commitment of CD4+ T cells

[f 29-131]. The nature of the ant¡gen [132] as well as the relative involvement of co-

stimulatory molecules B7-1 and 87-2 may differentially regulate Th1 and Th2

development [133-137]. lnterestingly, Th cells that do not express CD4 co-receptor are

unable to mount a type 2 response against an antigen rn vivo and in [138, 1 39].

However, there exist many conflicting reports and additional work is required to

elucidate the mechanisms for the aforementioned phenomena.

The most clearly defined factor determining Th1 and Th2 differentiation from the Th cell

precursor is the cytokine environment present during the initiation of the immune

response 1118,1281. Bacterial (LPS) stimulation of macrophages results in the

production of type 1 cytokines lL-1 2 a nd lFNy that promote the development of type 1

immunity. ln contrast, early lL-4 product¡on possibly by NKl .1+ cells or basoph¡ls in

response to helminth infection favors development of the type 2 lineage. Interestingly,



sufficient levels of lL-4 present during allergen sens¡tizat¡on results in the commitmeni of

type 2 immuniiy even if significant levels of lFNy are present as well [140]. Type 1 and

type 2 cytokines can effectively cross-regulate the development and intensity of each

other- For example, lL-4 and lL-13 inhibit the actions of type 1 cytokines, lFNy and lL-

12. Conversely, lFNy inhibits the development of type 2 cells and humoral immunity in

the absence of sufficient levels of early lL-41141J. Cytokines that are e¡ther d¡rectly

related towards the development of type 1l type 2 immunity or are crit¡cal mediators of

established type 1/ type 2 responses will be reviewed in detail.

lL4 is an important cytokine in the development of type 2 immunity. It binds to a 140Kd

transmembrane protein, lL-4Rcr, in combination with the common y chain. However, yc

KO cells may use the IL-'l3Rcr as an accessory factor to allow lL-4 signaling 11421. lL-

4R binds lL-4 with high affinity (Kd=400pmol) and recruits tyrosine kinase signal

transduction molecules STAT6 and Janus Kinases. lL-4R is expressed on

macrophages, NK cells, fibrobtasts, eosinophils, airway smooth muscle, and endothelial

cells highlighting its pleiotropic ability. lL-4 is initially produced from as yet unidentified

source. Reports suggest that early lL4 production is from NK1.1+ (NK T), naÏve CD4 T

cells or basophils, [143-146] however this remains to be elucidated. Early lL4

production results in naiVe T cell expression of lL-4R, creating an amplification of lL-4

production from Th2 cells. lL-4 promotes B cell class switching to lgE and inhibits pro-

inflammatory cytokine production including lL-12, which promotes type 1 immuniiy.

Most importantly lL4 promotes Th 2 cell d¡fferentiation 1118,147-1491. lL-4 present at

threshold levels will preferentially drive type 2 differentiation regardless of the presence

of sufficient type 1 cytokines [1 18, 150]. lL-4 expression from Th2 cells and mast cells
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is transient and ¡s often undetectable after 12 hours [151-1 53]. Interestìngly, lL-4 may

not be the only mediator driving type 2 immunity because lL-4 deficient mice are able to

mount Th2 responses towards allergens, and parasitic infections [f 54, 1 55]. However,

lL-4 KO mice do display reduced type 2 immunity in response to helminth infection,

Therefore, lL-4 is regarded as a key molecule mainly involved in the initiation of type 2

immunity, but is not required after T cell actrvation.

lL-13 was first cloned in the mouse in 1989 and its'human counterpart in 1993. lt

shares a number of structural as well as functional characteristics with lL4. However,

these similarities are often due to the finding that lL-13R is a multi-subunit structure that

requires the lL-4Rachain for efficient signaling [156-158]. lL-13R is found upon

macrophages, fibroblasts, eosinophils, basophils, mast cells, airway smooth muscle,

human B cells, mouse T cells, endothelial cefls, dendritic cells and NK cells. [152, 155,

1601 The lL-13R complex consists of eitherthe lL-13Ro1 or lL-13Ro2 chain in

conjunction with the lL4Ra chain. The lL-13R binds lL-13 with varying affinities but is

most effective when it binds lL-l3Ra plus lL-4Ro, (Kd=40Opmol). lL-13Rcr alone can

bind lL-13 but with much lower affinity (Kd=4-50pmol) and no signaling capacity. The

lL-4Ra chain is absolutely required for lL-13R signaling. Using the identical signaling

chain (lL-4 also uses yc) results in very similar s¡gnal transduction pathways.

Specifically, signaling through lL-4Rcr results in the phosphorylation of STAT6 as well as

Janus kinases [161, 162]. Activation of these signal transduction pathways resufts in

increased expression of MHC II, CD80 and CD86, which allow for enhanced capacity to

stimulate antigen specific T cells. ['163, 164] ln addition, lL-13 signaling promotes

integrin expression on endothelial cells, T cells, monocytes (CDl 1b, CD1 1c, VLA-4),



and eos¡nophils @aþ1) 1152, 1641. lntegrin up-regulation results in the cellular

recruitment and eosinophil survival at sites of allergic ¡nflammat¡on further emphasizing

the importance of this cytokine ¡n the pathogenesis and maintenance of allerg¡c

responses. lL-13 up-regulates lgM, lgG, lgA, lgE and CD23 (low affinity FceR)

expression by B cells, as well as promote B cell growth and prevents apoptosis hence,

the association wìth humoral immunity. lL-13 expression remains at high levels for

extended periods after T cell activation (+72 hours in vitro' in vivo duration unknown)

[151]. ln contrast, lL-4 expressìon ¡s trans¡ent, at 100-1000 fold lower levels, and is

rarely seen more than 12 hours after T cell act¡vation. However, human T cells and

mouse B cells do not express a functional lL-13R and therefore lL-13 cannot directly

influence Th2 cell differentiation nor lgE or lgG4 class switch in m¡ce [152, 159' 165]. lt

is therefore hypothesized that lL-13 is important in maintaining allergic inflammation

through B cell survival, lg production (lgE) as welì as recruiting key inflammatory cells

through intergrin expression. ln addition, lL-13 promotes type 2 immunity through

inhibiting type 1 responses. lL-'13 inhibits proinflammatory cytokines and chemokines

lL-12,1L-1o.,,lL-lÊ, lL-6, TNFc¿, lL-8, MIP-lcr, MtP-1Ê, and MCP-3 [152]' ln addition,

stimulation by lL-13 decreases NO production from macrophages [152, 153' 163]'

Recentty, Barner M. et al demonstrated the importance of lL-1 3 in the development of

type 2 immunity. Specifically, they were able to shown that lL-4Ra defÌcient mice (no lL-

4 nor lL-13 signaling) were more severely affected by nematode N¡ppostonavlus

brasrtens/s infection compared to lL-4 deficient mice ['166].
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lL-10 was or¡g¡nally described as a Th2 cytokine in mice, inhibiting cytokine synthesis

by Th 1 cells [167]. Today there ¡s increasing evidence that lL-1 0 acts as a general

inhibltor of proliferation and cytokine responses [168-171]. lL-10 ís produced by

monocytes, macrophages [170], NK cells [172], as well as type 1 and type 2 CD4 as

well as CD8 cells [173]. The effects of lL-10 have been demonstrated to be directed

primarily against APC. lL-10 down-reguìates MHC class ll expression thereby

diminishing their effect on the a ntigen-specific T cell proliferation 1170,1711. Moreover,

lL- 10 down-regulates the 87 expression on Langerhans cells, dendritic cells and

macrophages Í168, 174-1771. Recently, lL-'10 was shown to downregulate LPS induced

production of MCP-1 by human blood monocytes [f 78, 179]. ln contrast whole blood

culture treated wiih lL-10 resulted in an increase in MCP-1 production [180]. Recent¡y,

a Tcell subset has been designated as T regulatory 1 cells, which produce high levels of

lL-10 but little or no f L-2 and lL-4 suggesting lL-10 may play a role in tolerance [75].

IFNy is an ¡mportant mediator of type 1 immunity. NK and T cells as well as NKT cells

produce lFNy. Levels are enhanced by the addition of lL-12 and lL-18 [181-185]. As

well, lFNy promotes itself through an autocrine pathway thereby making it a potentially

important cytokine in treating ongoing inflammatory responses. lFNy functions to

enhance lL-12Rþ2 (receptor for lL-12) expression on mouse CD4+ T cells which

provides evidence to its role in regulating the magnitude of the Th1 response [f 86-188].

ln addition, lFNy promotes lgG2a class switching (in mice) and interferes with the class

switching regulatory effects of lL-4 [140]. Because lFNy is produced shortly after Th1

cell activation and continues for an extended period, the involvement of lFNy in

maintaining type 1 responses ¡s an attract¡ve hypothesis. Although treatments w¡th
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rlFNy have not been as successful as one would have hoped (Section 5.3) mediators

enhanced or inhibited by lFNy are now ideal targets.

Clearly, cytokines are important regulators of type 'l and type 2 ¡mmunity. However, the

degree to which one cytokine can be the sole ¡nstigator of an ongoing allergic

inflammation is slight. As well, the use of recombinant type 1 cytokines as a method to

reverse and/ or deviate the immune response has met w¡th limited success. Due to our

inability to knock out genes in human subjects compounded with the fact that removal of

signaling molecules (eg 87'1 or 872) is immunologically inappropr¡ate results in our

need for understanding the pathways involved in the maintenance of allergy. Key

molecules involved in recruiting type 2 celìs such as Th2, mast cells, basophils, and

eosinophils may help us to identify a possible target for therapy. Type 2 cells as well as

the cytokines and chemokines they produce that are directly responsible for the

recruitment of inflammatory cells in atopic disease are currently of great ínierest

especiafly ¡n terms of a possible therapeutic.



8-6 Polyclonal and allergen driven immune responses

To measure cytokÌne/chemokin e production by allergen-specific Th2 cells there are

many benefits in utilizing ant¡gen, as opposed to polyclonal activators such as ant¡-CD3

and PHA. Firstly only the antigen-specífic cells will respond to the antigen wh¡ch

accounts for approximately 0.01-0.001% of the T cell repertoire. In contrast, polyclonal

actÌvators often stimulate virtually all of the T cell population. Thus, stimulation of cells

that would not normally be stimulated in vivo draslically compromises the relevance of

the data. Secondly, the receptor through which activation by antigen is signalled is the

same pathway as the one activated in vivo. ln contrast different receptors and

pathways are involved in signaling of polyclonal activators. When different receptors

and pathways are used for activation the result can be qualitatively and quantitatively

different.

Differences in antigen stimulation and polyclonal stimulation were shown directly by

lmada et al in a study of grass pollen allergic and non-allergic subjects [189]. ln

response to allergen the atopic subjects displayed an enhanced IL-4 and lL-10levels as

well as decreased IFNi, production in comparison with non-atopic subjects. However,

these differences were not seen with the use of polyclonal activator. ln addition, they

demonstrate thai specific polyclonal activators display global type 1 or type 2 bias in

terms of cytokine production. PHA efícited a Th2 dominated response, whereas anti-

CD3 elicited a Th1 dominated response regardless of atopy. These results indicate the

¡mportance of using antigen stimulation to alfow for interpretation of the refative

importance of cytokines/chemok¡nes in atopic disease.
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8.7 Chemokines

8.7.1 Chemokine Biology

Chemokines (chemotaclic cytokrnes) are relatively small molecular weight proteins (8-

12kDa) that were first identified approximately 20 years ago due io their critical

involvemeni in cellular trafficking. fl 90-1941 They are highly pleiotropic proteins

produced by virtually every cell under appropriate stimulation and are able to act upon

almost every cell type resulting in often overlapping, but not always redundant functions

[1 94-196]. Chemokines are produced by both structural and inffammatory cells under a

range of stimuli (LPS, cytokines) or are produced constitutively to maintain homeostasis

within microenvironments such as lymph nodes fl91, 194, 197-2011. A remarkable

feature of chemokines is their promiscuity with respect to receptor ligand interactions. In

contrast to cytokines, chemokines may bind multipfe chemokine receptors (eg RANTES

binds CCR1, CCR3 and CCRS) as well as multiple chemokines may be specific for one

receptor (eg lP-10, Mig, I-TAC bind CXCR3). Multiple possible receptor lígand

interactions may be due to redundancy or may represent a tightly regulated system

resulting in discrete functions based on time or location of expression.

Chemokines demonstrate a rcnge (2)-70o/o) of homology with each other, but retain

striking símilarity in their tertiary structures such as 3 conserved B-pleated sheets and a

C{erminus o-helix [200, 202]. ln addition to structural motifs they exhibit conserved

primary sequences distinguishing the tlvo largest subfamilies by the presence (CXC) or
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absence (CC) of an intervening amino acid between the f¡rst tvvo conserved N{erminal

cysteine residues [194]. Currently there are approximately 40 chemokines classified

into fourfamilies CC, CXC, C, and CXC3C (Table 1) [195, 203]. ln addition the CXC

family ís divided into 2 subfamilies based upon the presence/absen ce of a tri-peptide

sequence consisting of a gtutamine-leucine-a rg in ìne (ELR). Presence of this tri-pept¡de

has been shown to selectively chemoattract neutrophils, whereas, CXC chemokines

facking the ELR sequence primarily attract lymphocytes [197, 199,204,2051.

lnterestingly, ELR containing chemokines demonstrate angiogenic properties such as

promot¡ng endothel¡al cell growth and chemotaxis. Whereas, non-ELR chemokines

tend to promote angiostasis through ill defined mechanisms. [193, 195, 206]

One recent classification system broadly characterizes chemokines based upon the site

of production and the eliciting stimul¡. Funct¡onafly, chemokines can be distingu¡shed as

either "inflammatory/inducible" and "homeostatic/constitutive" chemokines U94,207 '

2081. lnflammatory chemokines are produced by structural and inflammatory cells in

response to stimuli (LPS, cytokines). Through receptor-ligand interactions they attract

effector and memory lymphocytes as well as other cell types of the innate immune

system (neutrophils, monocytes) to the site of inflammation. [194, 209-2121

Tissue cells such as stromal cells and endothelial cells primarily produce homeostatic

chemokines. They function pr¡mar¡ly in maintaining homeostasis in primary and

secondary lymphoid organs via chemotaxis (reviewed in 1194,201 ,2131. ln addition,

they are responsible for cell compartmentalization, feukocyte trafficking and

hematopoiesis. BCA-1 and SLC are both examples of homestatic chemokines. The

importance of these chemokines is evident when a mouse model deletion of SDF-1,
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produced a lethal phenotype [214]. A third group w¡thin this classification contains both

inflammatory and homeostatic characteristics. MDC and TARC are examples of

chemokines that are capable of dual roles. They are induced in a variety of cell types

(mainly APC) by appropriate stimuli and are constitutively produced at low levels in

primary and secondary lymphoid organs, ln both systems these molecules are

¡mporiant in bringing APC and T cells together for TCR sampling of MHC-peptide

complexes. This merging of inflammatory and homeostatic properties is one of many

examples demonstrating the diverse role chemokines play in maintaining a healthy

immune system.

A new nomenclature system was recently establíshed to rename chemokines.

Chemokines were previously identified based on a range of characteristics often chosen

by the individual investigator that has resulted in a patchwork of functionally defining

and tíssue specific names. To bring order to the nomenclature the CC chemokines are

now designated CCL| -27 and the CXC chemokines CXCLI -1 5. [193, 215]. As this

nomenclature is relatively recent, the historic names of chemokines are still

commonplace (ie TARC=CCR17). The more widely recognized previous nomenclature

is used here for simplicity.

The role of chemokines in directing cellular movements is well established.

Chemokines ensure migration of APC to the site of inflammation and then are able to

direct movement to lymphoid organs as the APC matures. Within the lymph nodes,

chemokine receptor interactions bring T cells and APCs together and are ultimately

responsible for directing effector T cells to sites of inflammat¡on [194, 207, 208]. ln

addition to trafficking, chemokínes are key players in ang iogenesis/ang¡ostasis [204,
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2161, homeostasis [217], hematopoiesis f197,2181, inhibition of tumor growth [219],

modulation of cytokine responses 1220,221), degranulation of inflammatory cells [194],

as well as actrvation and regulat¡on of the immune system [195, 197,222,223].

Although cellular trafficking is an important role within these additional roles, they clearly

go above and beyond chemotaxis. The ability of chemokines to influence ongoing

immune responses has been of much interest. Specifically, the possible role of

chemokines in maintaining inflammation as well as exacerbations may reveal critical

new insights into the pathogenesis of inflammatory disorders. Cfearly, more work is

required to cfarify the extent of the involvement of key chemokines in directing

infl ammaiory responses beyond chemotaxis.

Table I Chemokine Families and their Receptors

Chemokine Family Receptor S u bfam iles Exam ples

(New nomenclature)

CXC (o) CXCR ELR

NON-ELR

rL-8 (CXCL8 )

rP-10 (cxcl10)

CC (B) ccR Eotaxin (CCLI 1)

(Y) CR Lymphotactin (CL1)

cx3c (õ) CX3CR Fracialine (CX3CL1)
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8.7.2 Chemokine Receptors

Chemokines bind seven transmembrane domaìn receptors coupled to B. perfussls

toxin-sensitive G-proteins for signal transduction. [190]. ln addition, they bind to

sulphated proteoglycans present along the surface of endothel¡al cells forming a

gradìent and activate chemokine receptors on rolling leukocytes. This is important in

leukocyte extravasat¡on and localizatron at sites of inflammation but does not induce

intracellular signaling 1191 ,204,2241. f o date there are 15 chemokine receptors

identified numerically as CCRl-7 and CXCRl-5, as well as XCR1, and CX3CR1 [200,

203,217,225,2261.

Chemokine receptors display conserved structuraf motifs including two conserved

cysteines, one in the NH2{erminal domain and the other in the third extracellular loop

that are thought to form a disulfide bond critical for the conformation of the ligand-

binding pocket [200]. Chemokine receptors are unique in that they only bind

chemokines exclusively often displaying selectivity as well as redundancy. However,

families of chemokines (CXC, CC, C, CX3C) will only bind the same family of receptors

(CXCR, CCR, CR, CX3CR). ln addition different chemokine receptors expressed on the

same cell can induce specific signafs, suggesting receptors are coupled to distinct

intracellular pathways. This phenomenon is apparent with the ability of lL-8 to bind to

neutrophils via CXCRI and/or CXCR2. Binding to CXCR1 results in a vastly different

cellular response compared to binding CXCR2 regardless of the similar affinity IL8 has

for both receptors [227]. Wh¡le the majority of chemokines may interact with more than

one receptor, there are a few examples of ligand-receptor restriciions. Specifically, lP-

53



.10, Mig and I-TAC are restricted to CXCR3 as well as TARC and MDC are exclusive for

CCR4.

Binding of chemokine receptors results in the internalization of the receptor l¡gand

complex, proteolytic degradation of the ligand and recycling of receptor to the surface

Í196,2241. The intensity of receptor expression may be up-regulated at different stages

of maturation, Ìn response to antigenic stimuli or in response to chemokine binding.

Loetscher et aì demonstrated the abil¡ty of IL-2 to up-regulate chemokine receptor

expression in lymphocytes [228]. lnterestingly, there exists a non-signaling seven

transmembrane receptor expressed on erythrocytes and endothelial cells that binds

chemokines from both CXC and CC subfamilies and is also a receptor for Plasmodium

vivax and Plasmodium knowlesì. This receptor was named Duffy antigen receptor for

chemokines (DARC) [229]. Approximalely 70o/o of African Americans are Duffy

negative, most likely as a evolutionary response to malaria infection [230]. lnitially,

DARC was postulated as a s¡nk for systemic chemokines. Today there ¡s interest ¡n

whether relative expression of DARC is related to disorders characterized by excessive

inflammation. However, population studies have not found a correlation between lack of

DARC expression in African Americans and asthma 1197,2311.

Chemokine recepiors are unique in that they are part of a select group of celf surface

markers that are exclusively expressed on Th1 and Th2 cells. Although this is useful for

identification of cell populations, it also indicates a possible mechanism through which

chemokine receptor interactions may influence T cell mediated immune responses.

Specifically, CXCR3 and CCRS are restricted to Th1 cell lines [232, 233]. CCR3 and

CCR4 are exclus¡vely expressed on Th2 cell lines [234, 235]. ln addition the ability of
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type 1 cytokines (lFNy) to enhance CXCR3 ligands as well as type 2 cytokines (lL-4, lL-

13) to enhance production of CCR3 and CCR4 ligands has fed to the designation of

type 1 and type 2 chemokines respectively [60, 236, 2371. ltl addìtion elevated lP-10

and Mig (CXCR3 ligands) levels have been documented in type 1 dominated disorders

such as multiple sclerosis and rheumatoid arthritis. [238]. MDC, TARC, and eoiaxin

(CCR4 and CCR3 ligands respect¡vely) levels are elevated in type 2 dom¡nated

disorders such as atopy [239, 240]. This exisience of chemokine receptor resiriction

upon Th cell surfaces suggests an active role for chemokines in maintaining ongoing

inflammation. The specificity of key chemokíne receptors for Thl and Th2 cells is useful

not only as a marker but as an indicator of key chemokines involved in maintaining

inflammation.
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8.8 Chemokines in Inflammation

The ability of chemokines to recruit various cell types represents a mechanism through

which chemokines could mould the development and maintenance of inflammation.

The recruitment of Th2 cells, mast cells, eosinophils and neutrophils to the site of initial

inflammation results in what is termed the late phase reaction. The influx of these cell

iypes results in inflammation that is often more severe than the initial inflammation

caused by lgE cross-linking on mast cells. Recruiting inflammatory cells that contribute

to ihe damage recognized by the late phase reaction is a critical step in which

chemokines are directly involved. The chemokine eotaxin has generated considerable

interest because of its lineage-specific effect on eosinophils, as opposed to other cell

types. Studies of eotaxin-deficient mice demonstrate that eotaxin is important in the

early recruitment of eosinophils after allergen challenge [241]. However, eosinoph¡l

recruitment at later time points after allergen challenge is eotaxin-¡ndependent,

suggesting an important role for several additional chemokines.

Over the past five years there is growing evidence that chemokines may participate in

much more than cellular trafficking. Specificalfy, chemokines are able io induce cellufar

activat¡on and inflammatory mediator release in T cells, mast cells, basophils, and

eosinophils. ln addition cytokines and chemokines are involved in a tightty controlled

amplificatíon loop in which chronic inflammation and/or exacerbations may be

manifested. These will be discussed in detail as they relate to the involvement of

chemokines in inflammation.
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Chemokine lnduced Cellular Activation & Mediator Release

Mediators released from f cells, basophils/mast cells, and eosinophils are dìrectly

responsible for the intense inflammation experienced upon subsequent exposure to

allergen in atopic individuals. Preformed and newly synthesized mediators such as

histamine, and prostaglandins produced by activated basophils and masts cells are

capable of inducing contraction of smooth muscle, mucus secretion and subsequently

participate in eliciting an inflammatory cell inf¡ltrate 111, 12,2421. Eosinophils release a

variety of preformed cyioplasmic granule mediators, such as major basic proiein (MBP)

and eosinophif cationic prote¡n (ECP) upon aciivation resulting in significant tissue

injury. ln addition to these potent mediators, basophils, mast cells and eosinophils

release cytokines and chemokines [1 
'l , 12, 243-2451. Cytokines and chemokines work

to promote cellular infiltrate by promoting adhesion molecule expression.

T cells recruited to the site of inflammation are capable of releas¡ng a range of

mediators. Cytokines such as lL-3 and lL-5 work to promote hematopoies¡s of CD34+

progenitor cells in the bone marrow to differentiate into eosinophils and mast cells [1 1,

12,2461. Chemokines such as TARC, MDC, Eotaxin, tP-1 0 specificalty recruit

inflammatory cells. ln addition to cellular recruitment, chemokines are capable of

promoting maturation and act¡vation of various cell populations involved in the late

phase response. The majority of the work in this area has focused on the ability of

chemokines to activate basophils and eosinophils as well as promote their development

from the bone marrow.

MCP-1 , MCP-4, MCP-3, RANTES, MCP-2, MIP-1a and eotaxin are capable of inducing

basophil degranulation with varying degrees of potency 1240,247-2521. lnterestingly,
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ch emokine-ind uced histamine release ¡s rapid (seconds) compared to allergen-lgE

interact¡on 1253-2551. Co-stimulat¡on with lL-5, a known promoter of basophil

development, primes basophils to further augment histamine release by chemokines

1254,2561. RANTES, MCP-3, MCP-4, eotaxin, and eotaxin-2 induce eosinophils to

release granule proteins and reactive oxygen species 1247 ,248,257-2611.

The ability of chemokines to stimulate activation and maturatÌon of key cell populations

brings forth an important new role for chemokines in inflammation.

Amplification of Type 1/Type 2 Immune Responses by Chemokines

The discovery of discrete sets of chemokine receptors on Th1 (CXCR3, CCR5) and Th2

(CCR3, CCR4) cell lines has led investigators to speculate about a possible mechanism

through which chemokines could be involved in the development and maintenance of

polarized type 1 and type 2 immune responses. ln addition to receptor expression,

certain chemokines are regufated by type 1 and type 2 cytokines. Specifically, Mig and

lP-10 are induced by lFNy produced primarily by T cell and NK cells [236]. Preferential

recruitment of Th1 lFNy producing cells via CXCR3 to the site of inflammation will

induce an increase in lP-10 and Mig expression. This characteristic is thought to be

important in maintaining an amplification circuit that retains Thl celfs at the site of

inflammation. A similar feedback system is thought to operate in type 2 disorders such

as atopy. MDC production by monocytes is enhanced by exogenous lL-4 and lL-13

1262} The exclusive expression of CCR4 on Th2 cell lines in combination with the

restr¡ction of MDC for CCR4 has led many investigators to speculate on the involvement

of MDC in atopic disorders. Unfortunately, to date the majority of studies have
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exclusively examìned systemic levels of chemokines as well as receptor expression on

tìssue sect¡ons from sites of inflammation [24O,262-2711.

lnvestigation of the relative intensity of type 1 and type 2 chemokine production within

individuals w¡th type 1 or type 2 disorders is essential to determine the extent of the

involvement of these potential mediators in chronic inflammation.

Type 1 associafed drseases

Multiple sclerosis (MS) is a chronic relapsing neuroinflammatory disease in which

inappropr¡ate recognition of an autoantigen in myelinated nerve fibres recruits T

lymphocytes and APC into the central nervous system [272]. Th1-associated

immunopathology often results and is exacerbated by injection of lFNy [273].

Expression of Th'1 chemokine receptors, CXCR3 and CCR5 is up-regulated on fresh

CD3+ cells in the circulation of MS patíents 1274,2751. ln addition, brain tissue samples

from MS cadavers revealed marked up-regulation of these receptors and their cognate

ligands, IP-10, Mig, and RANTES [276]. Similar to MS, rheumatoid arthritis is

characterized by autoimmune responses resulting in T cell med¡aied inflammation

mainly associated with a type 1 response. lnflammation often occurs in the synovium

resulting in stiffness and swelling in the joints. CXCR3 and CCR5 are highly expressed

in both circulating and synovial fluid lymphocytes. ln addition, CCR5 and it's ligands are

elevated in the synovial fluid of RA patients 1277-2791.

lnterestingly, there exists a naturally occurring 32 basepair deletion in the CCRS gene

termed CCRS 432. lndividuafs homozygous for this mutation do not express functional
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CCR5 receptors and heterozygous individuals have reduced levels. Surprisingly, ihere

is no significant difference in the allele frequency of the CCR5 432 gene between MS or

RA patients and the control population suggesting that CCR5 (and it's correspond¡ng

ligands) may not be key for the development of MS or RA. However, there are few

homozygous individuals and heterozygous individuals do experience reduced

symptoms, slower progression and delayed onset of disease suggesting that

CCR5 may be important but not critical to the development of RA or MS [280-282].

Type 2 assoc¡ated disorders

As mentioned in detail earlier, allergy is a result of a type 2 biased cytokine response

towards an allergen. The involvement of chemokines in the late phase response of

allergic inflammation has been studied extensively. Biopsies of mucosa from allergic

asthmatic individuals contain elevated eotaxin tevels [240]. Eotaxin production by

multiple cell types including lung epithelium, smooth muscle cells and eosinophils can

induce signals in both tissue and blood eosinophils 1240,257,283,2841. T. Pullerits et

al demonstrated elevated eotax¡n mRNA in the nasal mucosa of patients with allergic

rhinitis after provocation with allergen [271]. However, an independent study examining

the nasal mucosa of allergic rhin¡t¡s pat¡enis did not see an increase in eotaxin positive

cells after nasal provocation with 10 000 BU of grass pollen extract [285]. Nonetheless,

Teixeira M et al and Heath et al demonstrate in a mouse and human model respectively

the abilíty to inhibit eosinophil recruitment by blocking the CCR3 receptor with an

antibody 1286,287). As well, Rothenberg et al demonstrated that deletion of the eotaxin

gene {-l) resulied in a significant, but not total, (70%) reduction of airuay eosinophilia in
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ovalbu min-sens itized mice, and a 50o/o reduction in antigen-induced corneal

eosinophilia [241]. Although the reductions in eosinophilia are substantial they do

indicate the involvement of other molecules, most likely alternative ligands for the CCR3

receptor such as RANTES, MCP-1 , MCP-3, MCP-4 and MIP-1cr 12411. ll ¡s ¡mportant to

remember that prevention of eos¡nophil recruitment does not ensure prevention of atopy

symptoms, a finding clearly demonstrated by the clincal trials using blocking mAb to lL-5

[90]. Mast cell and basophil degranulation is still capable of causing many of the

symptoms of atopy. ln addition, blocking CCR3 does not prevent type 2 cytokine

production and memory generation, thus a constant level of circulating blocking

antibody to is required to prevent eosinophil recruitment.

The involvement of specific chemokines in inflammatory disorders has led to selectíon

of several candidates for development of potential therapeutics to treat atopic disorders.

The identification of the regulatory mechanisms driv¡ng the initiation and intensity of

these candidate chemokines is required to allow critical analysis of their involvement in

inflammatory d¡sorders such as atopy.

6I



Possi ble Can didate Ch emokin e s

To study the involvement of chemokines in maintaining inflammatory responses such as

atopy, selection of candidates that contarn the following properties are essential:

i) Documented elevated/decreased levels of chemokine or cognate receptor in type

1 or type 2 dominated disorders (Multiple Sclerosis, asthma)

ii) Ability to specifically recruit Th'1 or Th2-like cells as well as other relevant effector

cells to the site of inflammation via chemokine receptors.

With such restrictions there exist a limited number of possible candidates that are

known promoters of type 1 and type 2 immunity through discrete mechanisms.

lP-10 and Mig

IFN( inducible protein of 10 kDa (lP-10) and monokine induced by lFNy (Mig) are related

chemokines of the non-ELR CXC subfamily. Both induce T cell chemotaxis Ql_yjltp)

exclusively through CXCR3 at concentrat¡ons within 10-50 ng/mf [288-290]. As their

names suggest, they are induced by lFNy in various cell types such as keratinocytes,

neutroph¡ls, endothelial and epíthelial cells [29'1-298].

Approximately 40% of rest¡ng T lymphocytes and a low number of B cells and NK cells

stain positive for CXCR3 but these cells did not respond to lP-10 or Mig. However,

treatment with lL-2 for 10 days resulted in fully responsive CXCR3+/CD45RO+ T cells

[88, 290, 299]. CXCR3 expression is elevated in ThO and Th1 lymphocytes [232] and

lP-10 levels are elevated in Th'1-type disorders such as RA and MS Í275,300-3021.

lnterestingly, a recent study by our lab clearly demonstrates the ability of exogenous

rlP-10 to enhance allergen-stimulated lFNy production in PBMC from non-atopic, but not
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atop¡c, subjects. lnterestingly, rlP-10 add¡t¡on to allergen-stimu lated PBMC did not alter

lL-4 levels in non-atopics or aiopics [220]. Due to these observations, it has been

suggested that locally high concentrations of lFNy up-regulate lP-10 and Mig, which

then results in the recruitment of activated/effector T cells, thereby ¡nitiating and

maintaining the effector arm of type 1 immunity [303].

TARC and MDC

Thymus and act¡vation-reg u lated chemokine (TARC) and macrophage-derived

chemokine (MDC) are recently identified members of the CC family [304, 305]. TARC

and MDC are both homeostatic and inflammatory chemok¡nes. TARC is expressed

const¡tut¡vely in the thymus and trans¡ently in PHA-stimulated PBMC and LPS

stimulated dendritic cells [209, 304].

MDC is constitutively produced by dendritic cells, B cells, macrophages, and thymic

medullary epithelial cells [306, 307]. Monocytes, NK cells and CD4+T lymphocytes

produce MDC only upon appropriate stimulation [306]. TARC and MDC binds

exclusively to CCR4, which is found primarily on T cells, dendritic cells, macrophages

and to a lesser degree NK cells [304, 305, 308-31 1]. lnterestingly, CCR4 is exclusively

expressed upon Th2 cell lines and chronically activated Th2 cells 1232,233,3061. MDC

production from human monocytes is elevated in response to exogenous lL-13 and lL-4

and ¡s suppressed by IFN(, as well as lL-121237,268, 306, 3121. ln addition, MDC was

detected in the sera of individuals suffering from Th2 disorders such as atopic dermatitis
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Eotaxin

Eotaxin is a member of CC family of chemokines and is selective in binding specifically

to CCR3. Additional chemokines are able to bind to CCR3 such as RANTES, MCP-1 ,

MCP-3 and l,ticP-A 1240,250,2511. CCR3 is primarily expressed on eosinophils,

basophils, mast cells and to a lesser degree T cells [239, 249,313,314]. Today there is

a compelling amount of information indicating that CCR3 ligands are involved in both

the migration and the activation of eosinophils and basophils during an allergic

response 1247 -2491. However, eotaxin is the most selective and effective inducer of

eosinophil chemotaxis [239]. Extensive infiltration of eosinophils into the Iung is not only

a hallmark of allergic asthma but also contributes to much of the damage of respiratory

epithelium during the late phase response [315, 316]. ln addition, atopic asthmatic

subjects have high concentrat¡ons of eotaxin in the BAL fluid and an increase in the

expression of eotaxin mRNA and protein in the epithelium and submucosa of their

airways when compared to normal controls [252]. The expression on CCR3 on type 2

cellufar mediators combined with the presence of elevated levels of eotaxin within type

2 inflammatory environments makes eotaxin an attractive candidate for pathogenesis of

allergic disorders. lnterestingly, several groups have demonstrated the ability of type 2

cytokines, tL4 and lL-13, to elevate eotaxin levels from human dermal fibroblasts as

well as murine airway epithelial cells [317]. Together these characteristics demonstrate

a key mediator of the late phase response most likely through a combination of

chemotaxis of inflammatory cells and their subsequent activat¡on.
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Rationale

A common characteristic of these possible candidates is a lack of information

concern¡ng the intensity of allergen driven chemokine responses in non-atopic versus

atopic individuals. Atopic disorders are complex with multiple factors involved, Analysìs

of direct ex vivo responses of PBMC to allergen is critical for defining possible

associations between atopic disease and altered chemokine production or

responsiveness. The relative intensity of type 1 and type 2 chemokines ín atopic

disease requires elucidation as numerous siudies have exclusively examined single

specific chemokines only. The possibility that all "inflammatory" chemokines are

upregulated during an immune response to allergen has not been addressed. Analysis

of the intensity of allergen driven type I and type 2 chemokine production in atopic and

non-atopics may indicate an underlying mechanism by which inflammatory disorders

are regulated. As well, regulatory factors involved in dríving possible differences

between these two populations should be addressed.
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8-9 Summary of Project

We hypothesize that type 1 and type 2 chemokine production may determine the ability

of representative type 1 and type 2 chemokines to serve as potential markers of atopic

disease in vivo and in vitro. ln addition, we hypothesized that there are several

parameters involved in regulating the initiation and intensity of type 1 and type 2

chemokine production in vitro- We speculate that identification of the differences

between type I and type 2 chemokines in vivo andlor in vitro is critical to understanding

the involvement of chemokines in atopic d¡sease.

Utilizing clinical status as a parameter we investigated whether the presence and

intensity of type 1 (lP-l 0, M¡g) and type 2 (Eotaxin, TARC) chemokines in vivo could be

used as a potential marker of allergic rhinitÍs. Additionally, we developed a novel in vitro

culture system to quantify alfergen-driven type '1 and type 2 chemokine production from

PBMC taken directly ex ylvo. We made use of subjects exhibiting a spectrum of grass

pollen sensitivity by examining (1) non-atopic, (2) grass atopic and (3) grass atopic mild

to moderate asthmatic subjects allowing for detailed examination of a range of disease

severity.

One strength of this study lies in the use of fresh PBMC directly ex ylvo to analyze

allergen-driven (as opposed to polyclonal driven) analysis of chemokine production from

a mixed population of T cells, B cell and APC. Utifizing an allergen-driven system

enabled us to examine if type I and type 2 chemokine production was differentially

regulated in response to an allergen in allergic versus non-allergic subjects. We tested

a range of allergen concentrations for grass pollen and house dust mite, as wefl as a
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non-allergenic bacterial antrgen, (streptokinase) to determine the optimal concentrat¡on

of antigen for chemokine production. We compared antigen driven chemokine

production to commonly used polyclonal activators (TSST-1 and PHA) to determine

whether the balance and intensity of type 1 and type 2 chemokine production was

dependent upon the type of stimulus used. Usage of allergen-driven PBMC directly ex

vlvo allowed detailed analysis of a llerge n-specific type '1 and type 2 chemokine

production based upon clinicaf status. Specifically, we were able to critically examine:

'1) Potential differences in allergen-driven chemokine production between non-atopic

and atopic/ atopic mild asthmatics. 2) Regulation of representative type 1 (Mig) and

type 2 (TARC) chemokine production by exogenously added and endogenously

produced cytokines (lFNy, lL-10, lL-13 and lL-4). 3) Activation requirements to allow for

the initiation of allergen-driven chemokine production. 4) lmmunocytochemical analysis

of populations within PBMC to determine which are responsible for Mig production rn

vitro.
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9 Materials and Methods

9.1 Subjects

Blood was obtained from healthy non-atopic, grass atopic, and grass atopic mild

asthmatic subjects, randomly recruited subjects between 23 and 45 years of age.

Clinical diagnosis of allergy was determined using: 1) skin prick test to 14 different

allergens including a grass pollen mixture (Mixture #1649 containing June/Kentucky

Blue grass, Timothy grass, Orchard grass, Brome grass and Red{op grasses, Hollister-

Stier/Miles, Canada, Toronto, Ontario) and 2) A minimum two year documented history

of seasonal allergic rhinitis. We recruited 20 grass atopic subjects as well as 20 non-

atop¡c volunteers who had no history of asthma or other allergic disorders including

allergic rhinitis. Non-atopic volunteers exhibited negative epicutaneous tests to the

grass pollen mix used in this study.

We recruited 20 mild to moderate asthmatics based upon prior diagnosis of asthma as

well as substantial improvement in spirometry tests after administration of Ventolin. Mild

asthmatics chosen for this study were not currently (3 days prior to blood collection)

using anti-inflammatory medication such as anti-h istamines, corticosteroids or p2

agonists. All participants were between the ages of 23 and 45 years of age. This study

was approved by the Univers¡iy of Manitoba Faculty Committee on the Use of Human

Subjects in Research and written informed consent was obtained from each indívidual.
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9.2 Isolation of Peripheral Blood Mononuclear Cells (PBMC) and Plasma

Peripheral blood (40 ml) was collected in March/April (1999, 2000, 2001), July/August

(1 999/2000, 2001) and November (2000) by venipuncture into 2ml of 2.7% EDT A

(Sigma Oakville, ON, Canada). Peripheral blood was diluted by % in 0.85%NaCl (40m1

blood + 20 ml 0.85% NaCl). Diluted blood (10m1) was layered onto a 3.5 ml Ficoll

gradient (Sigma) and centrifuged at 460 x g for 30 minutes (Eppendorf Centrifuge 5804)

to separate mononuclear cells from polymorphon uclear cells, platefets and red blood

cells- Platelelpoor plasma was collected after centrifugation. Usualfy, plasma was

treated with 0.5% NP40 (Sigma) and stored at -20 C untif analysis of plasma

chemokine levels. Preliminary experiments demonstrated that NP40 treatment or

freeeze-thawing did not affect the ability to quantify plasma chemokines, (Table 3).

"Buffy coat" of PBMC between plasma and Ficoll fluid was carefully collected and

washed twice in 0.85% NaCl. Cells were resuspended in 10% fetal calf serum in RPMI-

1640 (Sigma) with Penicillin/Streptomycin/Fungisome (P/S/F) and 2-mercaptoethanol.

PBMC concentration was calculated using a hemocytometer. Trypan blue was used for

viability calculations. >98% viability was obtained in all samples collected.

9.3 Chemokine ELlSAs

Human plasma chemokine levels were determined using specific sandwich ELISAS for

lP-10, Mig, TARC, Eotaxin, MCP-l and MDC developed by the candidate.

Recombinant human chemokines, anti-chemokíne capture MAbs and biotinylated anti-

chemokine detection Abs were obtained from R&D Systems (Minneapolis, MN) and

Peprotech (Rocky Hill, NJ). ELISAs were optimized using monoclonal capture
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antibodies, (mouse anti-human lgG) and polyclonal biotinylated detection antibodies,

(goat anti-human lgG). Mouse anti-human and goat ant¡-human antibodies were

developed by the manufacturers and were used to identify and capture human

chemokines specifìcally. ELISAs were developed using streptavid in-a lkaline

phosphatase (Jackson -lmmunoresearch). Using a 3-fold range of both capture and

biotÌnylaied aniibociies we iested each antibody concentration inciepenciently to

determine the optìmal concentrat¡on of antibody for maximum sensit¡vity (Figure 2).

Chemokine protein was quantified in reference to serial dilutions of recombinant

standards falling on the linear part of the standard curve for each specific chemokine

measured. Unknown samples were quantified by averaging the serial d¡lutions (4-8X) of

each sample against the standard curve. The sensitivities of the chemokine ELISAS' are

as folfows:

Sensitivity of an ELISA assay refers to the ability of ihe coating and biotinylate antibody

pair to detect the presence of a known amount of recombinant chemokine (standard

Table 2 Chemokine ELISA development time and sensitivity

CHEMOKINE DURATION OF ASSAY
DEVELOPMENT IHOURS)

STANDARD CURVE ASSAY
SENSITIVITY

MDC 2 2000-15.6pq/ml 31.3 oq/ml

TARC 500-3.9oo/ml 3.9 oo/ml

tP-10 4 1000-7.8oqiml 7.8 oqlml

MIG 4000-31 .3oo/mf 31 .3 oo/ml

MCP.l t 4000-31.3pq/ml 62.6 pq/ml

EOTAXIN 3 1000-7.8oo/ml 15.6 oo/ml
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curve) with absorbance values above backg rou nd/control conditions- Control wells

contain both coating and b¡ot¡nylated ant¡body but did not contain any recombÌnant

chemokine specific for that antibody pa¡r. For example the control wells for the lt/lDC

ELISA display absorbance values comparable to those seen when 15.6p9/ml of

recombinant human MDC were added to the standard curve well. However,

absorbance vaiues for 31.3pgiml are weli above ihose seen in the conirol wells. Thus,

the MDC ELISA can not measure levels of MDC below 31.3p9/ml and is therefore

stated to have an assay sensivity of 31 .3pg/ml.

9.4 PBMC culture

PBMC were suspended in complete media (RPMI-1640,10% heat ¡nactivated fetal

bovine serum, P/S/F, and 2-mercaptoethanol) at a concentration of 2.5 x 106 cells/ml.

250 000 cells were cultured with optímized antigen concentrations. Time course and

antigen concentration was determined by preliminary experiments (Figure 9).

Antigens: Grass Pollen Mixture-Timothy, Kentucky Blue, Red Top and Orchard

grasses (Hollister-Stier/Miles, Canada, Grass Mix 1649)

Crude House Dust Mite-D. pteronyssinus (Meridian Biomedical lnc.)

Streptokinase-Streptase (Hoechst, New York, NY)

Recombinant human cytokines: rhlL-10, rhlL-13, rhlL4 (Peprotech), and rhlFNy (NlH

Standard)

mouse anti-human IL-10 (ATCC, Manassas, VA)

Mouse anti-human lL-13 (Peprotech)
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Mouse anti-human lL-4 (Pharmingen)

Mouse anti-human lFNy, CD4, HLA-DR, HLA-DR/DP/DQ,

87-1 , 87-2 (BD Pharmingen, lvlississauga, ON)

Mouse anti-human CTLA-4lg-(Gift from Dr. P. Nickerson,

U niversity of Manitoba)

Mouse lgG'1 isotype matched antibody (Pharmingen)

Mouse IgG2a isotype match antibody (Pharmingen)

Cells were cultured for 16 hours to 7 days depending on the chemokine analyzed or

antigen used (e.9. Grass stimulation-day 5, TSST-1 stimulatíon-day 3) and were kept at

37oC with 5% CO2. Supernatants were harvested and stored at -20oC until chemokine

concentrations could be quantified.

9.5 FIow Cytometry

Whole blood (40m1) was collected by venipuncture into 2 ml of 2.7% EDTA. 1Oul of

whole blood was affocated for flow cytometry. Antibod¡es that were used in flow

cytometry were as follows: Mouse anti-human Fy6b mAb (BD Pharmingen) was used to

identify an isotype of DARC. F|TC-conjugated goat antl-mouse lgG (Jackson

lmmunoResearch Laboratories lnc., West Grove, PA) was used as a secondary

antibody to detect Fy6 MAb antibody. lsotype matched control Ab (BD Pharmingen)

were used with each bfood sample to determine specificity of goat anti-mouse mAb-

FITC.
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Each 10ul sample of whole blood was stained with MAb (Fy6 or lsotype match lgG) for

45 minutes at 4 C and then washed twice with FACS washing solution (1% BSA in PBS

with 0.02% NaN3). Secondary FITC-Ab was then added for 45 minutes at 4 C in the

dark and then washed twice with FACS washing solution. Cells were then resuspended

in 0.5m1 2Vo paraformaldehyde in PBS prior to analysis on a Beckman-Coulter Flow

Cyiometer-EPICS ULTRA CELL SORTER ihai was calibraiecj ciaily with CaliBRlTE

beads. Acquisition and analysis of data was determined using EXPO 2 software.

Staining of duplicate blood sample aliquots revealed less than 0.5% variation inherent in

the procedure (data not shown).

Chemokine receptor expression on CD4+ antigen experienced (CD45RO+) PBMC were

measured by 3 color flow cytometry. Cy-Chrome-labeled anti-human CD4 and PE-

labeled anti-human CD4SRO (both from Pharmingen) were used to identify

CD4+/CD45RO+ cells. Mouse lgGl anti-human CXCR3 and mouse anti-human lgG2b

anti-human CCR3 (both FlTC-labeled antibody from R& D Systems) were used to

determine chemokine receptor express¡on levels. FITC-labeled control mAbs (R&D

Systems), isotype matched to the anti-chemokine receptor mAbs, were used with each

blood sample to determine background fluoresence and set quandrant markers for

scatter plots. For each sample, 50ul of whole blood was stained with combinations of

mAbs for 15 minutes at room temperature and red blood cells lysed with 1X FACS

lysing solution (Becton Dickenson, San Jose, CA) according to the manufactureis

protocol. Cells were then resuspended in 0.5 ml 2% paraformaldehyde in PBS prior to

analysis on a FACSCalibur flow cytometer (Becton Dickenson) calibrated daily with

CaliBRlTE beads. For each sample, lymphocytes (1 X104 events) were gated based
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on forward and side scatter parameter. A secondary gate was drawn around the CD4+

populat¡on to allow analysis of chemokine receptor expression on the CD45RO+l

subsets on CD4+ cells. Data were analyzed using CellQuest software (Becton

Dickenson).

9.6 lmmunocytochemistry

PBMC were obtained from healthy and atopic individuals (described above). Golgi plug

(Pharmingen) was added to cells 6 hours prior to harvest to prevent export of the

chemokine from the Golgi Apparatus to the endocytic vesicles and out of the cell. Cells

were washed twice and resuspended in Hanks' buffer (Sigma, St. Louis, MO). 1-2 x 106

cells were placed on adhesive slides, (slides treated with poly-L-lysine from Sigma) for

10 minutes at room temperature. Cells were then fixed with 2o/oparaformaldehyde for

20 minutes at 4oC and then washed three times with Hanks buffer- Slides were then

blocked with 2o/o FCS in Hanks buffer for 10 minutes at 37oC. Slides were then washed

three times with Hanks buffer, dried and placed at -20oC untif staining. Cells were

hydrated and stained for surface CD3 using mouse anti-human CD3-FITC MAb

(Pharmingen) for 2 hours at room temperature. Cells were then washed three times

with buffer, Cells were permeabilized using 0.1% saponin (Sigma) in Hanks buffer.

Cells were first stained with goat anti-human polyclonal anti-Mig Ab or isotype matched

goat lgG for t hour at room temperature. Slides were washed three times and stained

with donkey anti-goat Cy3 conjugated MAb (Jackson lmmunoResearch Laboratories

Inc.) for 2 hours. Slides were then washed three times and mounted using mounting

media containing Mowiol (CALBIOCHEM, LaJolla CA). Observed using an

OlympusBx60 EpiFluorescence microscope fitted with a CCD camera (Mefville, NY).
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Acquisition and analysis of data was performed using lmage Pro Version 4.1 .0.2 (Media

cybernetics, Silver Spring Maryland).

9.7 StatisticalAnalysis

Chemokine values were converted to base-10 logarithms to satisfy normality

assumptions for statistical analysis. Correlations were determined w¡th parametr¡c

statist¡cs (Pearson product-moment correfat¡on coefficient). Associations were

determined with non-parametric (Mann-Whitney U) and parametric statistics (Student's

T test) with raw and log converted data respectively. All statistics were peformed using

SPSS version 10.0 software (SPSS lnc., Chicago, lL) and/or PRIZM (PRIZM lnc., San

Diego CA). All p values shown are 2{ailed-
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l0 Results

10.1 Characterization of Subjects and lsolation of PBMC

Ch a racte ri zati o n of S u bj e cts

We randomly recruited healthy non-atopic, grass atopic, as well as grass atopic mild

asthmatic individuals before (winter), during (summer) the grass pollen season for this

study. The atopic status of the subjects was characterized using a skin prick test

including a panel of 14 seasonal and perennial allergens as well as clinical history. A

grass atopic individual was defined as a subject with a positive skin prick test as well as

a cfinical history of sensit¡vity to grass pollen such as itchy eyes, sneezing, or

bronchoconstriction. As a precaution any anti-inflammatory medications (eg anti-

histamines) utilized by the subjects were screened to prevent any false negative skin

results. The intensity of the inflammatory response experienced during the grass pollen

season was combined with the skin test results to determine a severity score that was

given to each atopic subject ranging from 1-5. All of the atopic individuals enrolled

displayed sever¡ty symptoms equal to or above 3+ with the majority of the recruited

subjects displaying symptoms equal to 4+.

The presence of allergy induced asthma or mild asthma was determined by examining

clinical history (previous diagnoses) as well as a spirometry test before and after

administration of Ventolin. Ventolin is a bronchodilator and was administered to the

atopic patients who reported wheezíng during exposure to allergen. ln all cases,

spirometry tests after administration of ventolin improved. The combination of cfinical

history of asthma and grass pollen sensitivity and significant improvement in forced
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expired volume (FEV) after treatment with Ventolin, and skin test reactivity to grass

pollen determined atop¡c asthmatic classification.

Isolation of PBMC

Peripheral blood was taken via venupuncture into a 50ml sterife polypropylene tube

contain¡ng 2% EDf A final. A Ficoll density gradient was used to separate peripheral

blood mononuclear cells (PBMC) from RBC, polymorphon uclear cells as well as

plasma. ln figure 1 we identify the layers of blood components resulting from

centrifugation of whole peripheral blood on a Ficoll density gradient. Within this thesis

we identified the presence and the intensity of type 1 and type 2 chemokines within

each layer. Specifically:

(1) The top layer contains plasma, which is the fluid that the circulating cells are

immersed in. lt contains several secreted proteins from the tissue and/or from the

circulating cells. We were ¡nterested in the presence of chemokines within the plasma.

Upon separation of peripheral blood we allocated several milliliters of plasma for the

purpose of chemokine analysis. Plasma was treated with NP-40 and NaN3 for safety

reasons and to allow for non-sterile identification and measurement of plasma

chemokines in an ELISA. NP-40 is a surfactant that disrupts the plasma membrane and

results in fysis of bacteria, enveloped viruses, as well as eukaryotic cells. NaN3

interferes with cellular respiration resulting in arrest of cell division and eventually

results in prokaryotic and eukaryotic cell death. The potential ability of NP-40 and NaN3

to alter chemokine levels (ie as an assay confounder) was determined by comparing

both CXC and CC chemokine levels in treated and untreated plasma samples (Table 3)

via a chemokine specific ELISA that we developed (Figure 2). Mig, lP-10, Eotaxin and
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TARC levels were not significantly altered by the addition of NP-40 and NaN3 therefore

allowing usage of these chemicals for safety purposes of the investigator and the

plasma sample from bacterial contamÌnation.

There are several studies to date that examine the presence and/or intensity of plasma

chemokines from peripheral blood treated with a range of possible anti-coagulants such

as heparin, EDTA or sod¡um citrate. Additionally, allowing peripheral blood to coagulate

and separate results in isolation of serum which has been demonstrate to contain

several types of chemokines Í266,268,3181. We examined the ability of different anti-

coagulants to alter the presence or intensity of plasma chemokines. Peripheral blood

from the same subject was left to coagulate (serum) or treated with EDTA, Heparin or

sodium citrate. Treatment of peripheral blood with different anti-coagulants resulted in

strikingly different chemokine levels. Plasma chemokines (lP-10, Mig, Eotaxin, TARC)

isolated from blood treated with EDTA, Heparin or nothing (serum) revealed very simifar

levels. Surprisingly sodium citrate treatment resulted in substantiafly lower plasma

chemokine levels compared to peripheral blood treated with EDTA, Heparin, or nothing

(serum). Further subjects are required to confirm the statistical significance of these

results (Table 4).

Therefore we argue that the addition of NP40 and NaNg to plasma isolated from

peripheral blood treated wilh EDTA does not alter systemic CC or CXC chemokines.



Table 3 NP-40 and NaN3 addition to plâsma does not âlter analysis of Mig, II'-10, TARC or
Eotaxin levels

Subject +N P40+Na N 3 Mig (pg/ml) lP-10 (pg/ml) Eotaxin (pg/ml) TARC (pg/ml)

# 067 No 4140 140 45

# 067 Yes 4450 180 90 50

# 066 No 420 105 40 10

# 066 Yes 400 '1 15 35 l0



Condition Mig (pg/ml) lP-10 (pg/ml) Eotaxin (pg/ml) TARC (pg/ml)

Subject #066

Heparin 500 I .1i) 45 20

Citrate 100 20 10

EDTA 400 115 10

Serum 430 135 40 15

Subject # 067

Hepar¡n 4370 190 235 60

Citrate 3510 145 75 35

EDTA 4450 180 90 50

Serum 4650 155 100 110

Table 4 Choice of anti-coagulant for peripheral blood may alter evaluation of plasma
chemokine levels

PBMC are comprised of mainly CD4+ and CD8+ T cells, B cells, NK cells,

monocytes, macrophages and possibly dendritic cells. To examine whether

polymorphonuclear cells such as basophils or neutrophils were contaminants

within the PBMC, we randomly selected a freshly isolated sample of PBMC.

Staining the cells with Wrights'stain and using physiological markers we counted

the number of mononucfear cells and pofymorphonuclear cells based upon

(2)
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morphology (Table 5). We observed virtually no (<3%) po lymo rphon uclear cells

within the sample. This is important because it indicates that any chemokine

product¡on measured in vitro is restricted to the mononuclear cell populations.

PBMC were placed into short-term primary culture immediately after isolation.

We utilized a range of different types of antigens to compare the differences

between the intensity of strmuii and resulting chemokine prociuction. Specifically,

PBMC were stimulated with either grass pollen, house dust mite, streptokinase,

TSST-1 or PHA. Grass pollen is a seasonal allergen peaking in atmospheric

concentrations during the summer months. House dust mite is present

throughout the year and is commonly at high concentrations in mattresses as

well as carpets [319, 320]. Streptokinase is an enzymatic component of

extracellular streptococcal bacteria and is a commonly used recall antigen. The

great majority of the population have been previously exposed to this antigen are

able to mount a memory response resulting in an expanded antigen specific T

cell population. TSST-1 is a superantigen that binds simultaneously to the TCR

(VB chain) and the (cr chain) of MHC ll. TSST-1 targets spec¡fic types of TCR

chains as well as MHC ll resulting in activation of approximately 2-20 o/o of the

CD4+ cell repertoire. PHA (phytohemagglutinin) is a polyclonal activator that

binds to carbohydrate chains found on the surface of T cells. cx,CD3 Ab binds to

ihe CD3 complex of the TCR. Aggregation of the Ab results in the activation of

the TCR.

Chemokines present in the supernatants of stimulated and untreated cells were

analyzed using a chemokine spec¡f¡c sandwich ELISA that we developed to allow
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(3)

for ultra-sensitive measurement of extremely low concentrations of chemokine

(.5p9/ml) (Figure 2). Analysis of polyclonal as well as allergen-driven chemokine

and cytokine production was performed on all three subject groups. We

examined the underlying mechanisms regulating the intensity of aflergen-driven

chemokine production such as exogenous and endogenous type 1 and type 2

cytokines. ln addition, we examined the requirements of criticai co-receptors and

co-stimulatory molecules involved in antigen presentation for the initiation of

chemokine production.

Using flow cytometry we were able to analyze the presence and frequency of

chemokine receptors present on PBMC in atopic and non-atopic populations.

Specifically, CXCR3 and CCR3 expression on CD4+/CD45RO+ and

CD8+/CD45RO+ T cells was analyzed using four color flow cytometry. Freshly

isolated PBMC were stained with the appropriate monoclonal antibodies and kept

on ice until analysis could be performed.

Erythrocytes (RBC) were examined for the presence of the Duffy aniigen

receptor for chemokines (DARC). DARC is a seven transmembrane cell surface

protein that indiscriminately binds both CXC and CC chemokines, reviewed ¡n

[197]. DARC is also a critical receptor for entry of malaria into RBC.

Approximately 70o/o of African Americans are negative for the gene responsible

for DARC probably as an evolutionary acquired resistance to malaria. We were

interested in examining differences, if any, in the frequency and/or intensity, of

DARC expression on atopic and non-atopic individuals. Differences in frequency

or intensity of DARC expression is important because of the possibility that

(4)



reduced express¡on of DARC on RBC may result in extended exposure of the

vascular endothel¡um to systemic chemokines. We obtained a monoclonal

antibody specific DARC (Fy6) and examined the frequency and intensity in

comparison to isotype matched control antibodies via flow cytometry in both

atopic and non-atopic populations.

Table 5 Percentages ofcell types found within PBMC isolated from human peripheral
blood via Ficoll gradient purification

Subject Lymphocytes Monocytes Basophils Neutrophils

# 068 71.3 % 0.6% o.9%

# oo2 65.84 Yo 31 % 1 .4 0/" 1 .6 o/o



Figure I Or,ervierv of isolation of human Plasma, PBMC, and RBC from peripheral blood
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70.2 Development of Sensitive Chemokine ELlSAs

The goal of this study was to examine allergen-dr¡ven chemokine production in human

PBMC isolated from atopic and non-atopic populations. Considering the lim¡tations

discussed earlier that are associated with the usage of polyclonal activation of PBMC

we decided to perform direcl ex vivo analysis of allergen-driven chemokine production

in atopic and non-atopic populations, an approach we believe to be more reflective of

lhe in vivo immune response to allergen. ldentification of a predisposit¡on towards type

1 or type 2 chemokine production in response to allergen would be beneficial towards

understanding the role of chemokines in allergic disease. Due to the fact that allergen-

driven chemokine production is of much fower intensity compared to polyclonal

activation in long term T cell clones or hybridomas, a prerequisite for successful

detection of chemokine synthesis in this study was the availability of highly sensitive

and specific chemokine measurement techniques. We therefore optimized a chemokine

specific sandwich ELISA to aflow for measurement of low chemokine concentrations as

low as 4 pg/ml.



Optimizing TARC ELISA: Representative Chemokine ELISA

Highly sensitive chemok¡ne ELISA's were developed for the measurement of lP-10, MÌ9,

TARC, Eotaxin, MCP-1 and MDC. I will describe in detail how the TARC ELISA was

optimized as it is representative of how additional chemokine ELISAS were optimized.

Using purified anti-TARC mAb (R & D systems MAB 366) and biotinylated anti-TARC

polyclonal Ab (R & D systems BAF 366) as capture and developÌng mAbs respectively,

this assay quaniitates concentrations as low as 4 pglml. To determine the optimal

concentration of coating and detection antibodies we tested a range of concentrations of

capture and detection antibody. ln figure 2 we demonstrate the absorbance values

obtained during the optimization of the TARC ELISA. Beginning with the manufacturers'

suggested concentrat¡ons of antibody we tested four decreasing amounts of capture

antibody as well as three decreasing amounts of detection antibody in concert. Well 1A

was used as a blank to account for any absorbance due to the buffers used during each

stage of the ELISA protocol. Recombinant human TARC was added to each lane at

500 pg/ml. Seven doubling dilutions were performed resulting in a calculated 7.8 pg/ml

of TARC in the second last well of each column. Row H is a controf lane and did not

receive recombinant chemokine but did receive capture and detection antibody at

concentrat¡ons allocated to that column. This control lane was used to examine any

non-specific binding by the SAAP-PNPP conjugate. The SAAP-PNPP conjugate is the

enzymatic cleavage of streptavidin alkaline phosphatase bound to the biotin marker on

the biotinylated antibody by PNPP. This cleavage results in a flouresence that is

quantified as absorbance at 405-690nm. The optimized concentration of capture

antibody and detection antibody was chosen based upon the ability of the antibody pair
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to recognize the lowest concentration of recombinant chemokine with an absorbency

reading above the normal background absorbency providing a linear standard curve.

For TARC assay we decided upon 0.25 ug/ml of capture antibody and 35 ng/ml of

detection antibody. The TARC standard curve in our ELISA is able to detect 3.9 pg/ml

(n>500).



Figure 2 Optimization of TARC ELISA

BIOTINYLATED ANTIBODY (in pg/ml)
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G 1.273 0.630 0A20 1.057 0.654 0.451 1.075 0.730 0.41 o 771 0.555 0.359

H o.582 o.425 0.272 ).771 0.479 0.289 o.824 0.545 0.31 0.588 0.351 o.218

2.0 ug/ml 1 .0 ug/ml

+
0.5 ug/ml

COATING ANTIBODY

Figure 2: Representation of the data obtained during the optimization of the TARC
ELISA. Using 96 well ELISA plate we coated with a range of "coating" antibody
concentrations (2.O,1.0,0.5, and 0.25 ug/ml). Blocking solution containing 1% BSA was
added to the wells to ensure that any ThTARC present will bind to the mouse ant¡-
human TARC antibodies present. Standard recombinant human TARC was added to
each of the wells in Row A at 500p9/ml. The ThTARC was then serially diluted 7 times
down each column. A "secondary" biotinylated antibody was then added at a range of
concentraiions (150, 75, and 37.5 ng/ml). Using SAAP-PNPP to identify any
boitinylated antibody bound to "coating" antibody we were able to determine the optimal
amount of "coating" and b¡otinylated antibody required to detect as liitle as 3.9 pg/ml.
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10.3 Analysis of Samples via Chemokine-Specific Sandwich ELISA

An allergen-driven culture system allowed us to analyze the intensity of type 1 and type

2 chemokine production in PBMC obtained from atopic and non-atopic populations.

However, due to the low number of a llergen-specific T cells (0.1-O.01% or less of

¡ira,¡lrf inn h¡rnnhn¡rrtac\ rr¡o ran¡,ira¡l â ê\,êfôm thâf /-^r rl.l avtrcrnalv lnr¡r lavolcv,¡ vu ¡e!,¡ ¡Y

of chemok¡ne. Most chemotaxis assays utilize 10-1 00ng/ml. Utilizing the optimized

chemokine specific ELISA (section 7.2) we developed, we were able to measure

concentrations of chemokine as low as 4 pg/ml. Stimulating PBMC with grass pollen

allergen produced supernatants that contained various levels of type 1 and type 2

chemokines. To accurately determine the concentration of chemokine within each

sample we performed four doubling dilutions of the same sampfe. Absorbencies that

fell onto the linear portion of the standard curve were accepted as representative

concentrations within the sample. lf all four dilutions produced absorbencies that fell

within the linear portion of the standard curve we averaged all four concentraiions

calculated from each dilution. ln figure 3 we provide an example of concentration

determination using four doubling dilutions. We can see that 4460, 4883, 4966, and

4339 pg/ml were all contained within the linear part of the standard curve and are within

an acceptable range (-10% variation). An average of these four concentrations results

in a value of 4662 pg/ml. This concentration is then used as ihe representative

concentration of TARC within that sample. Occasionally the top well or the bottom well

does not fall within the linear part of the standard curve and is removed from the

analysis. On average we were able to measure 3-4 dilutions per sample allowíng for a

considerable amount of confìdence in the determined concentration. The chemokine
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assays that we developed were tested for interassay var¡ation as well. To test ths

concentrat¡ons were assessed on two or more independent days demonstrating an

interassay variation ranging from 5-12%-

One strength of this study lies within the ultra-sensitive chemokine specific sandwich

ELISA and allergen drÌven primary culture system we developed to study the presence

and relative intensity of type 1 and type 2 chemokines in atopic disease.

Figure 3 Sample calculation of "unknown" TARC concentration using multiple dilutions

absorbancy
IvG

concentrations of "unknown"

\
RÉsnlt Std ód

GOI 116.O2ß ô ôoc oo ln n
tvt2 214.143 21¡{-183 om0 oo
Êo1 124-152 121152 o o{ìo on ,+966.O4o
30¡ 54 2A o (rm oo 4339.6¡fì

R - Od6¡de siånderd 17¡ãñ
tôeen Âdjusted Rssu( ¡ee¿.s2 )Y

Statistical average ./ '

Figure 3: Demonstration of data obtained from analysis of an unknown sample using
chemokine specific sandwich ELISA. Using a 96 well plate coated with a monoclonal
mouse anti-human TARC antibody we added the "unknown" sample into row G at a I in
10 dilution (ie 10ul sample + 90 uf buffer). The "unknown" was then serially diluied at a
1:2 ratio 3 times (note wells 48, 88, C8, and D8). Therefore, the "unknown" sample is
measured at 4 different dilutions (1:10,1:20,1:40 and 1:80). Softmax Pro software
calculates the amount of chemokine in the "unknown" sample by comparing the
"unknowns" absorbancy at 405-690nm to a standard curve. The standard curve is
created using recombinant chemokine at known concentrations (500pg/ml - 3.9p9/ml).
This "unknown" displays concentrations of TARC at 446O.277 ,4883.268, 4966.080, and
4339.653 pg/ml. A statistical average of all four determined concentrations is then
calculated to be 4662.32 pg/ml. Assuming all dilutions of the "unknown" fall onto the
linear part of the standard curve a concentration of 4662.32 pglml of TARC is given to
the "unknown"-
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10.4 Stabílity of Plasma Chemokines

There has been a considerable amount of work demonstrat¡ng that the upregulation of

plasma chemokine levels are directly correlated with intense inflammatory disorders

lzoö, J röj. up-regurauon oT cllellìoKrfre reuelJrurs \u^ur(J, uur(c/ f ras uee

demonstrated at sites of chronic inflammation such as rheumato¡d arthritis and multiple

sclerosis Í2751. A critical examination of the degree of variation naturally present with¡n

plasma chemokines as well as the¡r receptors is required to accurately interpret cross-

sectional and longitudinal data. To address this we examined the expression of a range

of type 1 and type 2 plasma chemokines (lP-10, Mig and Eotaxin, TARC) as well as Th1

and Th2 associated chemokine receptors (CXCR3 vs CCR3) from six healthy

individuals over a three week period. Platelet-poor plasma was isolated from whole

blood treated with 2o/o EDTA using a Ficoll density gradient (see Figure 1). Utilizing a

chemokine specific sandwich ELISA that we developed, we were able to quantitate

plasma chemokine at levels as low as 4pglml. Within our subject groups we observed a

wide range in the amount of plasma chemokines (4-5 log) from <4pglml to >30 ng/ml.

Regardless of the range of plasma chemokines present within the 5 subjects examined,

the levels of each chemokine examined were extremely stable over the three-week

period. ln figure 4a and 4b we see that representative type 1 (lP-10, Mig) and type 2

(Eotaxin, TARC) plasma chemokines demonstrate median variation levels between 4.3-

5.5% over the time period.
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Figure 4a: Plasma lP-10 and Mig protein levels are stable in healthy subjects. lP-10
and Mig protein levels in human plasma were determined on day 1, 3,'5' and 21. On
each day, plasma was separated from cells with¡n 30 min of blood collection by
centr¡fugation of EDTA{reated whole blood. lP-10 and Mig levels were quantified by
specific ELISAs as descr¡bed in Materiats and Methods. Each data point represents
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ln concert we examined the frequency of cells bearing CXCR3 (Th'1 associated) as well

as CCR3 (Th2 associated) on CD4+/CD45RO+ T cefl populations using four color flow

cytometry. The levels of CXCR3 and CCR3 we observed fall within the range of those

reported previously for T cells in single time point cross-sectional analysis of healthy

individuaìs: 1-10o/. for CCR3 [232, 234], 41-80o/o forCXCR3 [321]. Sìmilarto plasma

chemokines, we found that the percentage of CXCR3 and CCR3 positive cells were

remarkably stable over a three week period (<5% variation).

Taken together these data indicate: (1) Type I (lP-10, Mig) and type 2 (Eotaxin, TARC)

plasma chemokines are present in the circulation of healthy subjects but vary

dramatically between subjects (100p9/ml vs 20 ng/ml). Similarly, CXCR3 (Th-1

associated) and CCR3 (Th-2 associated) expression on PBIt/lC vary markedly between

normal healthy subjects. Due to the high levels of intersubject variability a large sample

size is required to identify significant differences between disease and control groups.

Plasma chemokines as well as chemokine receptors CXCR3 and CCR3 expressed on

PBMC of any given individual displayed very little variation over the three week period

(.5%). This is important because it indicates a reliable baseline of in vivo plasma

chemokine and receptor expression among healthy subjects. These results support the

potential for cross sectional examination of plasma chemokine levels and their cognate

receptors for the purpose of determining the involvement of plasma chemokines or their

receptors as markers of inflammatory d¡sease.

94



10.5 Plasma Chemokines and Atopic Drsease

Cross Secfional Comparison of Plasma Chemokines in Non-atopic and Atop¡cs

Plasma chemokines have been suggested to be important clinical markers of atop¡c

disorders. Specifically in allergic disease, elevated type 2 plasma chemokine (eotaxin,

MDC) levels have been reported in asthmatics as well as atopic dermatitis subjects

compared to normal controls [268, 318]. Additionally, serum TARC levels were closely

related with disease activity in atopic dermatitis (AD). However, type 2 plasma

chemokines were exclusively measured and only during acute exacerbation of disease

(eg. emergency room admission, severe AD). We sought to determine the relative

intensity of type 1 and type 2 chemokines in the circulation of healthy and stable atopic

individuals. We hypothesized that type 1 and type 2 plasma chemokines would prove to

be useful markers of allergic rhinitis and that their levels of expression would correlate

with allergen exposure before (winter) and during (summer) the grass pollen season.

Subjects were analyzed over two grass pollen seasons to ensure the results were not

representative of a single weak or strong grass pollen season.

We randomly recruited 34 non-atopic and 53 grass atopic individuals and studied their

plasma chemkokine levels in the winter and summer of 1999 and 2000. Platelelpoor

plasma was isolated and chemokine fevels were measured utilizing chemokine specific

sandwich ELISA. Mig and lP-10 levels in the plasma were selected representat¡ve type

I chemokines due to exclusíve expression of CXCR3 on Th'l clones and the ability of

IFN( to enhance their production. Eotaxin and TARC were examined as representative

type 2 chemokines. Eotaxin is directly linked to eosinophil and basophil recruitment
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whereas TARC has been shown to attract primarily CCR4 expressing Th cells to the

site of allergen exposure. 1202,311,322,3231

Within both atopic and non-atopic populations ihere ex¡sts relatively high (>1000 pg/ml)

levels of plasma chemokines as well as extremely low levels (<3.9p9/ml) of plasma

chemokine. A significant portion of the population displayed plasma chemokine levels

ranging between these two exfremes. All four chemokines measured displayed a

remarkable range of concentrations (4-5 log). We found that through analysis of plasma

chemokine levels in atopic and non-atopic subjects:

'1) No significant differences between a representative type '1 plasma chemokine, lP-

10, ín non-atopic and atopic individuals (Figure 5a). Mig, an alternative type 1

chemokine, also did not demonstrate different systemíc levels in either subject group

(data not shown).

2) Representative type 2 plasma chemokine, Eotaxin, was not elevated in atopic

subjects (Figure 5b). ln addition an alternative type 2 plasma chemokine, TARC, d¡d

not differ between groups (data not shown).

3) Seasonal exposure to greatly elevated levels of sensitizing allergen (grass pollen)

did not generate disparities between type 1 or type 2 plasma chemokines within

either atopic or non-atopics. Specifically, after extensive exposure to grass pollen

(Summer) plasma type 1 and type 2 chemokine levels did not differ between atopic

and non-atopics.
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Figure 5a Levels of fype I plasma chemokine IP-10 do not differ betrveen atopic and non-

atopics
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Figure 5a: Cross-sect¡onal analysis of systemic levels of lP-10 and M¡9, are not indicative

ofãtopy. Type 1 chemokines, lÞ-10 and M¡g (data not shown) were quantified via ELISA ¡n

platelet-poor plasma from healthy, non-atopic (n=34) and grass atopic (n=53) Ind¡viduafs in

the winter and summer of 1999 ãnd 2000. Data were converted to logar¡thmic equ¡valent to

allow for parametr¡c analysis using a Students T test. Med¡an values are ind¡cated by a bar-
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Figure 5b Levels of type 2 plasma chemokine Eotarin do not differ betrveen atopic and
non-atopics
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non-atop¡c (n=34) and grur. uropi" (n=S3) individ.ualsìn the spring and summer of 1999 and-2000'
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We believe that this data clearly shows that systemic levels of lP-10, Mig, Eotaxin and

TARC are not correlated with allergic rhinitis. This does not exclude the possibil¡ty that

alternative chemokines such as RANTES, or MIP-1a could be utilized as markers of

allergic rhinitis. We argue that conclusions drawn from published data suggesting a

direct relation between atopic disorders and altered levels of plasma chemokines are

not applicable to allergic rhinitis.

Longitudinal Analysis of Plasma Chemokine Levels

Cross-sectional analysis of type 1 and type 2 plasma chemokines (above) did not

demonstrate any significant differences that correlated with cfinical sensitivity. ln a

slightly different approach we examined non-atopic and stable atopics longitudinally to

determine the ability of elevated grass pollen exposure to modulate systemic chemokine

levels. Exposure to grass pollen occurs at its highest in Manitoba during the summer

(peaking in June/July). Grass atopic individuals often experience intense type 2

mediaied inflammatory reactions during this period.

We hypothesized that circulai¡ng levels of Eotaxin and TARC, (type 2 chemokines) in

atopic subjects would be elevated in comparison to healthy controls due to extensive

exposure to greatly enhanced levels of grass pollen. Platelet-poor plasma was isolated

from atopic (n=56) and non-atopic (n=34) subjects. Levels of lP-10, Mig, Eotaxin and

TARC within the plasma were measured using a chemokine specific sandwich ELISA.

As observed in Figure l, a noteworthy range in type 1 and type 2 plasma chemokine

levefs (4-5log) ranging from 4pg/ml to 20 ng/ml within atopic and non-atopic populations

exists. Surprisingly, a decrease in plasma lP-10 (type 1 chemokine) levels during the
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grass pollen season (summer) was observed both atopic and non-atopics (Figure 6a).

lnterestingly, the non-atopics demonstrated a signifÌcant decrease in plasma eotaxin

Ievefs in the summer compared to winter (Figure 6b).



Figure 6a Systemic levels of type I chemokine IP-10, but not llf ig, are signifìcantly
decreased over the grass pollen season

Figure 6a: Longitudinal analys¡s of systemlc levels of circulating lP-10
reveals sign¡fìcantly decreased over the grass pollen season. Platelet-poor
plasma was isolated from atopic (n=53) and non-atopic (n=34) individuals
during the winter and summer of 1999 and 2000. lP-'10 and Mig were
measured using ELISA. Data were converted to logarithmic equivalent to
allow for parametric analysis us¡ng a Paired T test. Median values are
shown as a bar-
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Figure 6b Systemic levels of type 2 chemokine Eotaxin, but not TARC, are signilìcantlv
decreased over the grass pollen season in non-atopics onh'
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Figure 6b: Longitudinal analys¡s of systemic levels of circulating Eotaxin
reveals a decrease in non-atopics over the grass pollen season'
Platelet-poor plasma was isolated from atopic (n=53) and non-atopic
(n=34) individuals during the winter and summer of 1999 and 2000. Eotaxin

and TARC were measured using ELISA. Data were converted to
logarithmic equ¡valent to allow for parametric analysis uslng a Paired T test.

Median values are indicated by a bar.
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The cognate receptors to lP-10 and Mig (CXCR3) as well as eotaxin (CCR3) on PBMC

were examined to complement the plasma chemokine results and poss¡bly shed light

into the mechanisms driving the unÌque patterns we observed. We hypothes¡zed that

alteration in the intensity of CXCR3 and CCR3 during significant allergen exposure may

províde evidence for a mechanism through which systemic chemokines may promote

type I or type 2 immunity. We measured CXCR3 and CCR3 expression levels on

CD4+ CD45RO+ T cells by flow cytometry. CXCR3 is able to recruit ant¡gen

experienced Th1 (lFNy secreting) cells to the site of inflammation via Mig, lP-10 and l-

TAC. [290, 293,299] CCR3 recruits eosinophils, basophils and even fh2 (lL-4

secreting) cells to the site of inflammation via eotaxin as well as other chemokines [42,

25O,3241. CXCR3 and CCR3 expression on CD4+ antigen experienced (CD45RO+)

PBMC was measured by four-color flow cytometry.

Non-atopics demonstrate a significant increase in CXCR3 expression dur¡ng the grass

pollen season whereas atopics did not (Campbell et al, submitted Sept 2001). CCR3

levels observed on CD4+ CD45RO+ cells were present at extremely low levels (-5%).

Therefore we did not observe significant changes in CCR3 expression on

CD4+/CD45RO+ T cells during the grass pollen season. An increase in CXCR3

expression levels on CD4+/CD45RO+ T cells is important because it indicates a

mechanism through which clinical tolerance may be maintained within non-atopics.

Specifically an increase in CXCR3+ CD4+ antigen experienced cells and sysiemic

levels of the cognate ligand, lP-10, suggests evidence for an active mechanism by

which lFNy secreting cells are recruited to the s¡te of allergen exposure. Decreased
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eotaxin levels Ìn non-atop¡c subjects may represent fewer eosinophils, basophils, and

mast cells releasing eotaxin in response to allergen.

We conclude that exposure to significant levels of natural allergen (grass pollen) results

in up-regulat¡on of syslemìc lP-10 levels as well as CXCR3 expression on antigen

experienced Th cells in non-atopics. Due to the preferential expression of CXCR3 on

Th1 cell l¡nes we argue that preferential up-regulation of CXCR3 on Th cells may

represent enhanced recru¡tment of lFNy secreting cells to the site of allergen exposure

promoting type 'l immunity and clinical tolerance.

Type 1 and Type 2 Plasma Chemokine Correlation

Since the discovery of T cell clones that preferentially express type 1 or type 2 cytokines

[1 I 5, 1 16j in response to antigen, it has become clear that type 1 and type 2 cytokine

production (ie IFN y vs lL-4) is often negatively correlated. This imbalance has been

hypothesized to be responsible for immune dysregulation and unnecessary

inflammation in response to innocuous allergens. Due to the importance of chemokines

in immune regulation, as well as preferential expression of chemokine receptors on Th1

and Th2 clones, we hypothesized that type 1 and type 2 plasma chemokines exhibit a

negative correlation. To test this hypothesis, plasma chemokines, lP-10 and Mig (type

1) as well as Eotaxin and TARC (type 2) were measured in atopic (n=106) and non-

atopics (n=68) using ELISA.

We observed a positive correlation between our representative type 1 chemokines lP-

10 and Mig ¡n both atopic and non-atopic populations. (Figure 7a). Similarly,

representat¡ve type 2 chemokines, eotaxin and TARC were positively correlated

104



regardless of atopic status. These results are consistent w¡th cytokine data

demonstrating a positive correlation within type 1 as well as type 2 cytokines Í127,3251.

Surprisingly, we observed a strong positive correlation between representative type I

and type 2 plasma chemokines, (Figure 7b). lndividual analysis of atop¡c and non-

atopics resulted in equally strong positive correlat¡ons (r=0.679 and 0.481 respectively).

This indicates a tendency towards maintaining similar levels of type 1 and type 2

plasma chemokines regardless of clinical status. These results are in stark contrast to

negative correlations observed when comparing type I and type 2 cytokines (eg lFNy

and lL4) [326]. lnterestingly, a decrease in ihe lP-10 and eotaxin plasma fevels in non-

atopics over the grass pollen season (Figure 6a) did not alter the post¡ve correlation

existing between type 1 and type 2 chemokines in non-atopics.

We conclude that lP-10 and Mig (type 1) as well as Eotaxin and TARC (type 2) are

positively correlated. We report a positive correlation between type 1 and type 2

chemokines that we examined. These results may be indicative of an unidentified

regulatory mechanism responsible for regulaiing systemic chemokine levels. Further

work is required to determine the mechanisms underlying this unique finding. The

potential implications of several elevated plasma chemokine levels include inappropriate

activation of leukocytes and immune dysregulation.
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Figure 7a Type I and type 2 plasma chemokines are positively correlated rvithin âtopics
and non-atopics
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Figurc 7a: Type 1 ciemok¡nes (lP-l0, M¡g) as welt as type 2 chemokines (Eotax¡n, T.4,RC) a¡e pos¡tivety correlated.chenokines were measured from platelet-poor plasma isolated from 68 non-atopic, and 106 atàpic inaiíiJuars usingELISA. Data were convened to logarithm¡c equ¡valent to allow for pa¡-ametric anatysis using a Spe.rmaniËr.
lndiv¡duals selected for non-atopic status d¡spfayed simi¡ar correlations (lp-10 vs Mig, r=O.aì3, p.O.OO5 aJÉotax¡n
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Figure 7b Type 1 and type 2 plasma chemokines are positively correlated in atopic and

non-âtopics
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F¡gufe 7b: Fìepresentative type 1 (lP-10, Mig) and type 2 (eotaxin,TARC) plasma chemokines are posiüvely

correlated ¡n non-atopic and atopic individuals- Plasma was ¡solated lrom 68 non-atopìc healthy, and 106 grass

atopic ind¡viduals. ChemokÌne levels were determined us¡ng a chemokine spec¡lic sandwich ELISA. Data were

log converted to allow for parametric analysis using a Spearman's test.
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DARC and Plasma Chemokines

DARC is a chemokine receptor found on red blood cells (RBC), endothelial cells of

postcapillary venules, and Purkinje cells of the cerebellum. DARC is unique in that ìt

binds both CXC and CC chemokines with equal affìnity [327]. lt has been postulated to

act as a sink for systemic chemokines intended to prevent ¡nappropriate cellular

trafficking or activation- Given the wide (>4 fog) variation in plasma chemokine levels

seen, we hypothesized that the intensity of DARC expression on RBC was negatively

correlated with plasma chemokine levels. Analysis of the frequency of DARC on human

RBC by flow cytometry revealed DARC expression on virtually all RBC (97%) in each of

the individuals studied (Table 2). Due to the unique ability of DARC to bind a wide

range of CXC and CC chemokines and ihe high frequency of DARC expression on RBC

the possibilíty that DARC expression influences the amount of free circulating

chemokine proved extremely likely. We isolated platelet-poor plasma from peripheral

blood of atopic (n=1 0) and non-atopic (n=10) and measured a range of type 1 (lP-10,

Mig) and type 2 (MDC, MCP-1 , Eotaxin, TARC) chemokines via chemokine specific

ELISA. ln addition the mean fluoresence intensity (MFl) of DARC expression on RBC

was quantified.
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SubjecVStatus lsotype Match lgc (MFi) DARC mAb (MFl) FITC Ab alone (MFl)

060 MLS /atoprc 1/ ¿z 1.9

005 A-V / alopic 13I 4

u4u JrN / aloptc 1.U z/.1

036 NAS / atopic 4.O 2A.0 2.3

u5ð M5L / AtOptC I 1.8

061 LLO / atopic 3.4 156

u4l uAl-j / âloprc 3.0 16

034 KAB / êlopic 36

utiz ÇHLJ / aloprc 16.6 3.0

046 RGD / atopic 1ö.ö

012 tsMK / atop¡c 2.4 20.9 2.1

024 GWG / non-atopic 4.2 246

ul9UUl/non-atoprc 3.1 19.O

041 BWS / non-atopic

ul3 UMK / ñon-atoprc 3.9 7.9 2.6

015 LFB / non-aloprc 1 / .ïi 2.1)

uoa sMZ / non-alopfc I 16.5 2.7

055 CPT / non-alopì(

022 NCG / non-alopic 2.6 36.4 1.8

ul4 JUU / non-âlopfc 2.5 ¿o.1 2.8

Table 6 There is no detectable difference in the frequency ofDARC expression on RBC in
atopic ând non-a topics
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We observed a range in the MFI of DARC expression ( 10-40 MFI) on RBC. This is

important because ¡t demonstrates a difference in the intensity of a key chemokine

receptor, therefore suggesting a range in the ability to bind free chemokine. lsotype

matched controls yielded MFI < 5. Surprisingly, there is no apparent correlation

between the level of plasma chemokines and the frequency and intensity of DARC

expression on RBC (Figure 8).

We examined the possibifity that higher or longer exposure of bfood vessel endothelial

cells to chemokines due to differences in the intensity of DARC expression on RBC

might contribute to the pathogenesis of atopy. lndependent analysis of atopic and non-

atopic groups did not reveal a correlation between the intensity of DARC expression

and the chemokines analyzed (data not shown).

To determine whether clinical sensivity was correlated with DARC expression, as

opposed to type 1 and type 2 plasma chemokines, we compared the intensity of DARC

expression with the presence of atopic d¡sease (skin tesis, clinical history). Similarly,

we observed no correlation between the intensity of DARC expression and clinical

sensit¡vity (data not shown).
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Figure 8 Plasma chemokine levels are not correlated w.ith the intensih of DARC
exp ression on RBC

Figure 8. Plasma chemokine are nol correlated with the ¡ntensity (t!4Fl) of DARC expression on human RBC. RBC from ¡ndìvìduals
selected for atopic disease (n= 10) as well as healthy non-atopic ind¡viduals was ¡solated from whole blood. RBC were stained with a
primêry mAb (lgG I ) against DARC (Fy6) followed bya secondary polyclonal FITC conjugated goat-anti-mouse lgc1. Plãsma levets were
converted to loga¡ithmic equivalent to allow for paramelric analysis using a Pearsons'Test for correlation with intensity of DARC on RBC.
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Taken together these data demonstrate a range in the intensity of DARC expression

(10-40 MFI) on a substantial percentage (-97o/o) of RBC implicating the majority of RBC

in bÌnding systemic chemokines. DARC expression on RBC is frequently absent (>70%

population) in African indrviduals as a result of resistance to malarìa (reviewed in [197j).

Taken with the high prevalence of allergic airway disease among African Americans

Í328,3291there is reason to speculate a possibfe correlation between DARC

expression and atopic disorders. We argue that the intens¡ty or frequency of DARC

expression does not correlate with systemic levels of type 1 and type 2 plasma

chemokines within grass non-atopic and atopic indivíduals. More importanily the

intensity or frequency of DARC expression does not correlate with clinical sensitivity to

grass pollen (ie allergic rhinitis).
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10.6 Kinetics of Allergen and Polyclonal Driven Chemokine Production

Several chemokines have been implicated in the exacerbation of inflammatton.

lnformation regarding ke¡l chemokines involved in recruiting polarized T cell populatÌons

to the sÌte of inflammation has been limited. What is known is the existence of exclusive

chemokine receptors on Th1 or Th2 cell l¡nes suggest¡ng that up-regulation of the

cognate ligands may represent a possible positive feedback foop. (Reviewed in [195])

The majority of information regarding chemokine production from isolated cell

populations or cell lines has been restricted to the use of polyclonal activators.

We hypothesized that allergens represented sufficient stimuli to elicit chemokine

production in a primary culture system containing freshly isolated PBMC. ln addition we

wished to compare the intensity and kinetics of chemokine production elicited by

allergen stimulation (grass pollen) and polyclonal stimulation (TSST-1). The ability of

our ELÍSA to measure chemokine levels as low as 4pg/ml in culture supernatants was

essential to determine the ability of allergen to stimulated chemokine production from

PBMC.

We stimulated freshly isolated PBMC (5 x 106) from five healthy non-atopic individuals

with 0.1ng/ml of TSST-1 or 400 ug/ml of grass pollen (concentrations which represent

previously optimized concentrations for cvtokine production). We chose to examine the

lP-'l0 (type 1)and TARC (iype 2) production by PBMC due to the ability of these

chemokines to preferentially bind Th I and Th2 clones respectÌvely. Supernatants were

collected 24 hours, 3 days, 5 days and 7 days after stimulation and f P-10 as well as
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TARC levels were measured using chemokine specific sandwich ELISA. This analysis

revealed a time dependent expression pattern of both chemokines (Figure 9). Allergen

driven chemokine production was measurably lower than polyclonal stimulation but was

present at modest levels (300 pg/ml TARC, 8000 pg/ml lP-10) peaking at later time

points. Specifically, allergen-driven chemokine production was optimal on day 5

whereas polyclonal strmulation resulted in optimum chemokine levels 3 days post

stimulation. For both lP-10 and TARC, the concentrations detected in the supernatants

decreased significantly by day 7. PBMC stimulated with lower concentrations of grass

pollen (40 ug/ml and 4uglml) displayed a slight increase in both lP-10 and TARC

production (data not shown). Similar results were found with addition of type 1

chemokine, Mig, (data not shown). Therefore, an optimization of the optimal allergen

concentration for chemokine production was required.

We demonstrated the ability of allergens to stimulate representative type 1 and type 2

chemokines from PBMC directly ex vivo. Comparison of allergen and polyclonal stimuli

reveals characteristically different times of optimal chemokine production. Differences

in intensity and kinetics of chemokine production are most likely due to the ability of

polyclonal activators to stimufate a greater proportion of the cells present compared to

allergens (stimulate <O.1o/o f cells). These results reflect the qualitative and quantitative

differences in polyclonal and allergen activation. Based upon this finding we wiff

continue to harvest allergen cultures five days after stimulat¡on and polyclonal

st¡mulated culture three days after culture.

tt4



Figure 9 Kinefics ofallcrgen and polyclonal driven chemokine producfion
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Figure 9: Allergen and polyclonal driven chemok¡ne production in short lerm primary cullure of
fresh PBMC directly ex vivo ¡s opt¡malat different time points. PBMC from one of 5 non-alopic,
healthy ind¡v¡duals was st¡mulated with grass pollen allergen (400u9/ml) or ÍSST-1 (0.1ng/ml) for
seven days, lndiv¡dual cultures were exam¡ned for each l¡me point. Supernatents were
quantif¡ed for lP-10 and TARC levels us¡ng chemok¡ne'specif¡c sandwich ELlSAs. Samples were
analyzed on two separate days wilh four doubl¡ng dilutions for each ELISA to determine SEM.



10.7 Polyclonal Stimulation does not Differentiate Between Atopic Status

The majority of information regarding chemok¡ne production from isolated cell

oopulations or cell lines ¡s restricted to the use of polyclonal act¡vators. As mentioned

prev¡ously, chemokines have been implicated in key stages of atopic disease. To our

knowledge there is little information detailing differences in intensity of polyclonal-driven

chemokine production between atopic and non-atopic PBMC. A recent paper from our

lab clearly shows that cytokine production from polyclonal stimulated PBMC does not

differentiate between atopic and non-atopic status. However, allergen driven cytokine

production demonstrated enhanced lL-13 production (type 2 cytokine) in atopic subjects

only [330].

We hypothesized that polyclona l-d riven type 1 and type 2 chemokíne production does

not d¡fferentiate between atop¡c and non-atop¡cs. We recruited 20 grass atopic and 10

non-atopic healthy individuals for th¡s study. PBMC were isolated and placed into

primary culture with either PHA (2uglml) or TSST-I (0.1ng/ml) for three days. We

chose to examine representative type 1 (tP-10) and type 2 CIARC) chemokines in the

culture supernatant via the chemokine specific ELISAs we developed.

Stimulating PBMC with e¡ther PHA or TSST-1 resulted in enhanced tevels of both lP-10

and TARC levels compared to media afone ¡n culture. ln Figure 10 we demonstrate no

difference in polyclonal-d riven type 1 or type 2 chemokine product¡on between atopic

and non-atopics. lnterestingly, PHA dr¡ven chemok¡ne product¡on was s¡gn¡ficantly

lower than TSST-1 stimulation. We specufate that this is representative of functionally



different stimuli suggesting that TCR stimulation may be more important in lP-10 and

TARC production from PBMC. TSST-1 ìs a superantigen that b¡nds to the TCR and the

MHC class ll simultaneously resulting in activation of the T cell regardless of the antigen

presented in the MHC class ll peptide-binding groove. Thus TSST-1 stimulation is TCR

specific whereas PHA enters the T cell regardless of the presence of the TCR,

Chemokine production through TCR-MHC class ll crosslinking operates through similar

pathways that allergen specific T cell activat¡on would occur. TSST-1 was therefore

chosen as a positive control for future experiments.

Therefore, we argue that polyclonal driven lP-10 and TARC production does not

differentiate between atopic status. This is important because it demonstrates the

requirement for analysis of physiologically relevant stimuli to determine differences, if

any, between atopic and non-atopic subjects ¡n terms of chemokine production.
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10.8 Allergen-driven Chemokine Production differentiates between Atopic Status

The abÌlity of the immune system to preferentially recruit polarized populations of T cells

to the site of inflammation is crucial to the outcome of the immune resÞonse. ln atooy it

is detrimental to the host to preferentially recru¡t Th2 cells to the lung, nose, or skin in

response to allergen. lnformation regarding the ¡nvolvement of chemokines in Th2 cell

recruitment has been l¡mited to analysis of chemokine receptors. We hypothesize that

PBMC from atopics produce significantly more type 2 chemokine compared to non-

atop¡cs ¡n response to allergen thereby promoting Th2 cell recruitment, ln addition, we

speculate that allergen-driven type '1 chemokine production is relatively higher in non-

atopics compared to atopics ensuring primarily Th1 cell recruitment in response to

allergen.

We randomly recruited 1 0 non-atopic, 1 0 grass atopic and '10 grass atopic mild

asthmatics for this study. We specifically included atopic asthmatics in the study to

examine the possible range in intensity of chemokine production in response to

allergen. Atopic asthmatics experience intense inflammatory responses to allergen,

often greater than those seen in atopics. fn addition, severaf other factors such as pre-

existing airway hyperesposiveness in response to inhalent allergens may intensiry an

immune response. We were interested in examining whether atopic asthmatics

manifested an amplified chemokine response due to heightened sensitivity towards

allergen. We stimulated PBMC from aff three groups with 3 different concentrations of

grass pollen allergen beginning with the lowest previously tested concentration that
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demonstrated significant allergen-dr¡ven lP-10 and TARC production (4uglml). We

chose to utilize lower concentrations of grass pollen allergen (as well as other allergens

examined) to test the relevance of 'physiological' concentrations of allergen. ln addition,

we examined grass pollen concentrations at 0.4 ug/ml and 0,04ug/ml. House dust m¡te

is a perennial allergen as opposed to seasonal grass pollen which we tested at 100

AU/ml, 20 AU/ml and 5 AU/ml. Our representative recall ant¡gen, streptokinase, was

examined at 500 AU/ml, 50 AU/ml and 5 AU/ml as well as TSST-1 at 0.'l ng/ml.

Afl three subject groups produced both lP-10 and TARC in response to grass pollen,

house dust mite (HDM), streptokinase (SK) and TSST-'1 . Focusing on our

representative type 1 chemokine, lP-10, we demonstrate similar intensities in response

to all concentrations examined for grass pollen (Figure 1 1a), house dust mite (data not

shown) and streptokinase (Figure 1 1b) from all three subject groups. This implies that

lP-10 production in response to allergen is not indicative of atopic status. We examined

an alternative type 1 chemokine, Mig and also did not observe any dífferences between

subject groups. This does not exclude the fact that non-atopics may have increaSed

levels of the cognate receptor, CXCR3. Unfortunately we were not able to analyze

CXCR3 expression concurrently during this study,

Focusing on our representative type 2 chemokine, TARC, we clearly show elevated

TARC production by atopics and atopic asthmatics compared to non-atopics ¡n

response to grass pollen (Figure 11a). The ability of sensitized individuals to produce

enhanced TARC levels was observed regardless of type of allergen we used (grass

pollen and HDM) or concentralion (4,0.4,0.04 ug/ml grass pollen and 100, 20, 5

AU/ml). lnterestingly, a similar picture emerged when we examined TARC production in
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response to streptokinase (Fìgure 1 1b). Streptokinase is an enzymatic component of

extraceflular type B streptococci and should therefore be recognized as structurally and

functionally unique compared to allergens such as grass pollen or house dust mite.

However, it appears that atopic and atopic asthmatic individuals produce significantly

more TARC in response to SK compared to non-atopics. Streptococci are extracellular

bacteria and therefore utilize similar pathways for antìgen presentatìon compared to

allergen. We speculate that elevated levels of TARC in response to SK is

representative of a biased immune response to produce type 2 chemokines in response

to extracellular antigen.

lnterestingly we did not observe a difference between atopic and atopic asthmatic

populations in TARC, lP-10 or Mig production in response to any of the antigens tested.

Atopic asthmatics produced similar elevated levels of TARC compared to atopics

demonstrating their bias towards type 2 immunity in response io alfergen. This finding

is important because ii demonstrates a common elevated type 2 chemokine response in

asthma and atopy hilighting the common immune dysregulation seen in both subject

groups.

We observed no significant differences between the allergen concentrations tested (le

between grass polfen alfergen at 4ug/ml, 0.4uglml or 0.04u9/ml). However, there was a

higher median production of lP-10, TARC, and Mig when PBMC were stimulated with

grass pollen allergen ai 4ug/ml, HDM allergen at 1004U/ml and SK at 5004U/ml. Thus,

we chose to use these concentrations of allergens for future analysis of chemokine

production from PBMC in vitro.
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Figure lla Allergen driven TARC production, but not IP-10, is elevated in atopic subjects
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Figure 11a: A type 2 chemokine (TARC) response is signiícantly elevated in allergen driven and
unstimulated PBMC from sens¡tized indíviduals compared to healthy, non-atopic controls. PBMC were
isolated from fresh per¡pheral blood of grass atopic (n=10). grass atopic m¡ld asthmat¡cs (n='10). and
normal healthy ind¡viduals (n=10). fP-10 and TARC were measured us¡ng a specifìc sandwich
ELlSAs, Data was analyzed using a Students T test.
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Figure llb Antigen (Streptokinase) driven TARC production, but not IP-I0, is elevated in
atopic subj ects
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Figure I 1b: A type 2 chemok¡ne (TARC) response ¡s sign¡ficantly elevated in antigen dr¡ven and
unstimulated PBMCfrom sensitized indìviduals compared to heatlhy, non-atopic controls. PBMC were
isolated from fresh peripheral blood of grass atopic (n=10), grass atop¡c m¡ld asthmatics (n=10) and
nofmal healthy controls (n=10). Supernatents were collected and analyzed as in Figure 11a. Data was
analyzed us¡ng a Students' T test.
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The finding of enhanced TARC production by sensitized individuals represents a key

stage in understanding how allergic inflammation is maintained. TARC binds

exclusively to CCR4, which is primarily expressed on a ntigen -experien ced Th2-like

cells. lncreased expression of TARC by atopic PBMC may be directly involved in

maintaining allergic inflammation through the recruitment of Th2 cells to the site of

allergen exposure. We argue that enhanceci type 2 chemokine, TARC, production by

atop¡c individuals represents the possibility of a pos¡tive feedback loop important for the

maintenance of allergy. Analysis of CCR4 expression on atopic, and non-atopíc Th

cells would be required to firmly establ¡sh the possibility of a feedback loop in atopics

but unfortunately specific antibodies for CCR4 are not available at this time.

10.9 Exogenous Cytokines Regulate the Intensity of Type I and Type 2
Chemokine Production

The cytokine milieu present during T cefl recognit¡on of antigen is extremely influential in

promoting induction and maintenance of type I or type 2 immunity. Several studies

have demonstrated the ability of cytokines to modulate chemokine production from cell

lines or isolated cell populations. Specifically, lFNy has been shown to enhance

production of the type I chemokines lP-10 and Mig with or without polyclonal activation

[296-298, 331]. Not surprisingly, the addition of the anti-inflammatory cytokine lL-10 to

isolated neutrophils resulted in downregulation of lP-10, Mig and I-TAC. Unfortunately

none of the aforement¡oned studies examined type 2 chemokines in concert, raising

concern over the ability of lFNy and lL-1 0 to regulate the intensity of type 2 as well as

type I chemokines.



lL-4 has been demonstrated to inhibÌt lFNy driven lP-10, Mig and l-TAC productron in

neutrophils, monocytes and macrophages [176, 296, 3321. ln contrast, addition of

exogenous type 2 cytokine, (lL-4) to isolated keratinocytes enhanced lFNy or LPS

driven lP-10, Mig and Í-TAC production. These confl¡cting reports may represent some

of the difficulties using isolated cell populations stimulated with polyclonal activators or

may reflect the ability of exogenous cytokines to regulate the intensity of chemokine

production. lL-13 and lL-4 have been shown to induce TARC productÌon from bronchial

ep¡thelial cell f¡nes. Surprisingly, optimal up-regulation of TARC required lFNy and

TNFc¿ at severely elevated levels (300 U/ml of IFN( and SOng/ml of TNFa). The inability

of lL-13 and lL-4 to up-regulate TARC without the 'help' of a type 1 cytokine suggests

further investigation of the role of lL-4 and f L-13 in promoting TARC production [265].

lL-4 present in the surrounding cytokine milieu is able to promote T cell commitment

towards type 2 immunity in terms of cytokine production, even in the presence of

substant¡al type 1 cytokine levels [140] demonstrating it's importance in driving the

development of type 2 immunity. ln the absence of sufficient levels of lL-4 during

antigen-recogn ition IFN( is able to drive type I immunity.

We focused on the potential capacity of lL-4, lL-13, lL-10 and IFNy to independently

modulate the intensity of allergen-driven chemokine production. We hypothesized ihat

allergen-driven type 1 and type 2 chemokine production would be selectively enhanced

by the presence of exogenous type 1 and type 2 cytokines respectively. We examined

representative type 1 (Mig) and type 2 (TARC) chemokines in non-atopic, atopic and

atopic mild asthmatic subjects fo determine any differences in the intensity of allergen

driven chemokine production in response to exogenous cytok¡ne. PBMC were



stimulated with grass pollen (4ug/ml) or streptok¡nase (5004u/ml) in the presence of

exogenous cytokines to detect any differences between two different classes of antigen.

To observe the ability of exogenous cytokines to modulate we cultured allergen-

stimulated PBMC wìth 25 ng/ml of either lL-4, lL-13, lL-10 or lFNy. 25ng/ml was chosen

based upon several stud¡es demonstrating the ability of IFNy, lL-'13, lL-10 and lL-4 to

modulate chemokine responses atthis concentration [209,210,265,297,298,331].

We typically measure between 0-25 pg/ml of lL-4 ¡n supernatants from PBMC

stimulated with grass pollen. [326]. Similar culture conditions result ¡n approximately

8Opg/ml of lL-13, and 100p9/ml of lL-10 [330], We were concerned that 2Sng/ml (1000

fold higher) may not be representative of the m¡croenvironment in vivo dur¡ng allergen

exposure. Thus, we examined the ability of cytokine to modulate allergen-driven

chemokine responses at concentrations that we commonly detect from allergen

stimulated PBMC in response to allergen (100-1000 pg/ml). Specifically we analyzed

the ability of lL-4 at 100 pg/ml, and lL-13, lL-10 or lFNy at l000pg/ml to alter allergen-

driven chemokine production. We observed the following:

1) Addition of exogenous lFNy at 25 ng/ml selectively enhanced allergen driven Mig

production and signifÌcantly inhibited TARC production. (Figure 13a and 12a

repectively). Atopic, non-atopic and atopic asthmatic populations were equally

responsive to exogenous lFNy often with 3 to 4 fold increase or decrease in Mig

(Figure 1 3b) or TARC (Figure 12b) production respectively. Similar results were

seen when PBMC were stimulated with streptokinase (data not shown). Exogenous

lFNy at 1 ng/ml significantly decreased alfergen-driven TARC productíon but did not

alter allergen-driven Mig production. Differences between 25 nglml and 1 ng/ml on
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allergen-driven Mig production may indicate the ability of other cytokines to

preferentially modulate the tntensity of Mig production. Due to the involvement of

lFNy in allergen-driven chemokine production at 25 ng/ml, but more ¡mportantìy at

lng/ml (Figure 12d) we argue that lFNy is important in shaping allergen-driven

TARC and Mig responses.

2) Addition of exogenous lL-10 at 25ng/ml dramatically down-regulated both Mig and

TARC production in response to allergen-driven and bacterial (SK) stimulation

(Figure 12a, 13a). Non-atopic, atopic and atopic asthmat¡cs were all inhibited to a

similar degree (Figure 12c and figure 13c). The dramatic inhibition of both grass

pollen and SK driven chemokine production demonstrates the globat

immunosuppressive ability of lL-'10. Additionally, exogenous lL-10 at 1ng/ml was

able to inhibit a¡lergen-driven Mig and TARC production (Figure 12d), indicating the

physiological relevance of lL-10 during grass pollen or SK driven chemokine

production.

3) Addition of exogenous lL-4 and lL-13 (25n9/ml) preferent¡ally up-regulated TARC

production in response to allergen as well as SK. Non-atopic, atopic and atopic

asthmatic populat¡ons all experienced significant up-regulat¡on of TARC production

(Figure 14a). lnterestingly lL-4, but not lL-13, was able to inhibit allergen driven Mig

production when added at 25 ng/ml (Figure 14b). This suggests allergen driven Mig

production is dependent upon Th cell ¡nfluences due to the inability of lL-13 to bind

human Th cells ['1 52, 1 59, 165]. Surprisingly when we examined a concentration of

lL-4 commonly found in allergen stimulated culture, 100 pg/ml of lL-4; we did not

observe any alteration in TARC or Mig production (data not shown). Similarly,



add¡tion of 1ng/ml of exogenous lL-13, a commonly detected concentration in

allergen stimulated culture of PBMC, we did not observe any alteration of TARC or

Mig production (data not shown). These results stress the importance of the amount

of cytokine used in vitro. Thus we are cautious in stating the ability of exogenous lL-

4 and lL-13 to modulate the intensity of allergen-driven (or bacterial) Mig and TARC

pi'oduction. lt is clear that ai spec¡f¡c concentrations of lL-4 ancj iL-'i3 (25nglml) the

intensity of allergen driven Mig and TARC production is significantly altered.
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Table 7 Summary of the impact of exogenously added and endogenously removed typc I
ând type 2 cytokines on allergen driven Mig and TARC production from non-atopics,
atopics, and atopic âsthmatics

TableT: The presence or absence of key T celf-derived cytokines modulates the
intensity of allergen-driven TARC production. Non-atopic (n=10), atopic (n=10) and
atopic asthmatic (n=10) subjects were stimulated with a previously optimized
concentration of grass pollen allergen (4ug/ml) +/- 2sng/ml or 0.1-l ng/ml of
recomb¡nant human lFNy, lL-10, lL-13 or lL-4. fn addition allergen-driven TARC and
Mig production was in several cases dramatically altered by the addition of 2uglml of
blocking antibody against lFNy, IL-10, tL-13 or lL4. ln comparison to TARC/Mig
production determined dur¡ng allergen stimulation alone, TARC/Mig product¡on was
significantly increased (J), decreased (J) or no significant change (NO Â) was observed.

STIMULUS CONC. Mig TARC
NON-
ATOPIC

ATOPIC ATOPIC
ASTHMATIC

NON-
ATOPIC

ATOPIC A I UHIU
ASTHMATIC

tL-13 1 ng/ml NOA NO^ NO^ NO^ NO^ NOA
tL-13 25 nglml NO^ NOA NO^ 1 1 1

qlL-13 2ug/ml NOA NOA NOA J J t
lL4 100 pg/ml NOA NOA NOA NO^ NOA NO^
tL4 25 nglml J J J 1 1 1

clL-4 2ug/ml NO^ NO^ NO^ NOA NO^ NO^

tL-10 1 ng/ml J t t J L t
tL-10 25 nglml I i J J J

qlL-10 2uglml NO^ NO^ NOA 1 1 1

lFNy 1 ng/ml NO^ NO^ NO^ t I J

lFNy 25 ng/ml 1 1 1 J J J

clFNy 2uglml NOA NO^ NOA 1 1 NO^
TableT: The presence or absence of kev T modulates



Figure l2a The addition oferogenous T cell derived c-vtokines IFNy and IL-10 markedll
regulates the infensitr. of allergen-driven TARC production
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Fioure 12a: The addition of exooenous T cell der¡ved cytokines to allergen st¡mulated PBMC d¡rectly ex vivo
mãrkedlv reoulates the ¡ntensitvóf TARclevels. Non-atop¡c (n=5), grass atop¡c (n=5) and grass atop¡c mrld
asthmatíc (n-=5) PBMC were isõlated from fresh EDTA-treated whole blood. PBMC were st¡mulated wlth.grass
poiien (auç|,m¡ ãnd either rhlFNy, or rhlL-10 (25ng/ml)._TARC levels were determ¡ned using TARC spec¡f¡c

bandwich ELISA. Data were analyzed using a paired T test.
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Figure l2b Addifion ofcxogcnous IFNl dramatically reduces allergcn-drivcn TAIìCproduction from non-atopic, atopic, and atopic âsth;âtic pIlMC.

NON-ATOPIC ATOPIC
ATOPIC

ASTHMATIC
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I,p.",r: 129, Allergen-dr¡ven TARO producrion from non aropic, grass atopic, and grass atop¡c, mird aslhma¡cPBMc ¡s d¡amatically inhib¡ted upon addition of exogenous rhlFNl. PBtr4C are stimulated with a pr"u'or"lu
oplrmrzed concenkation of grass poflen allergen (4ughl) +l- 25 nglml of rhlFNy. TARC tevels in the superáatents
were me.qsured 5.days atter allergen +/- recomb¡nant cylokine slimulation using a TARC specif¡c sand;ichEL¡SA. Non-alõpic (c¡rcle, n=5), grass atopic (square, ñ=5) andorass atooic. rñild asthmatjcltrianoie n=sl
subjects were equally ¡nhibited by add¡t¡on of exogenous rhlFNy, .p<0.05.
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Figure 12c Addition oferogenous lL-10 dramaticall¡,rcduccs allergcn-driven TÂRC
production from non-atopic, atopic, and atopic asthnratic PBMC.
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Figure l2d Addition oferogenous rrFNy antr rlL-r0 at concentrâtions tlìat rcprcscnt
physiolngical levels fountl during allergcn stimulation dramaticallv dorvnregulate allcrgen
d riven TARC p rod uction.

NON.ATOPIC

N
GRASS +rhFNy

F¡gure 12d: Phys¡ological levels of rhlFNy s¡gnificantly inhibit alfergen-dr¡ven TARC production. Non-atopic
(circles, n=10), grass atopics,squares, n=f0) and grass atopic mild asthmal¡c (triangles, n=10) groups were
stimulated with grass pollen allergen (4uglml) +l- rh¡FNy (1ng/ml), Supernatants were collected f¡ve days
atter st¡mulation and TARC levels were determìned using a TARC specific sandwich ELISA. Statistics were
determ¡ned using a paired T tesl. 'p<0.005
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Figure l3a The addition of exogcnous 'I' cell derivcd cytokines IL-10, but not IFNy,
markedly regulates allcrgcn-drivcn Mig production
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Figu-re 13b Addìtiou of exogenous IFNy dramatically reduccs allcrgcn-drive n Mig
production frorn non-atopic, âtopic, and atopic asthmatic pBMC.

NON-ATOPIC ATOPIC
ATOPIC

ASTHMATIC

Frqure 13b: Alreroen-d'ven Mio ôroducùon rrom human pBMc isenhanced by the add¡rion of exogenousrhlt Nr. N_on-âtodic 1n=5, circleii, grass arop¡c in=S, squaleii r-nä öä." 
"top,", 

mrtd asthmat¡c (n=5,lriangles) PBMc were stimurared wìlh +ugrmt otgrasi pótten .,il r¡iri" ar 2inormr. Mio revprs ¡; rhêsupe¡natenls were measured 5dayslalerus¡ng a Mjg spec¡fic sandw¡ó¡ gftsel .p.0.óË--'-- '-

4
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Figurc l3c Addition of cxogcnous IL-10 dramatically reduces allergen_drivcn Mig
pÌoduction from non-atopic, atopic, and atopic asthmâtic pBMC.

NON.ATOPIC ATOPIC
ATOPIC

ASTHMATfC

F¡gufe 13c: Allergen'driven Mi9 production Írom human PBMC ¡s inhibited by the addition of exogenous
rhlL-10. Non-atopic (n=5, circles). grass atopic (n=5, squares), and grass atopic, mild asthmat¡c (n=5,
triangles) PBMC were st¡mulated wìth 4uglml ofgrass pollen +/- rhlL-10 at 2sng/ml. Mig levels ¡n the
supernalenls were measured 5 days later using a Mig specific sandwich ELISA. 'p<0.05.
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Figure l4a Thc addition ofcrogcnous Th2 derivcd cvtokines II--4 and Ir,-13 dramaticarr'
uprcgulatcs allergeû-driven TAIIC, a h,pe 2 chernokinc, protluction

ot!
F

GRASS

F¡gure l4a: The addition of exooenous.T cell derived cylok¡nes to anl¡gen stimulaed pBMc ma.kedly regulates the inlensilvof TAFIC production. Non-alooiðs rn=s¡ qra-st àtopic 1å=sl, ã".ìgiåäi'àr"pic mitd asthmaric (n=5) p.BMó were isotaredrrom rresh EDrA'lreated whole uroò¿. Þs-rrrc waJ 5t'"ì,raiéài'ir¡iia"""ì;í"; i;;ü;rj ;;ïJiir,ãiJn"rr'!"s ä,. ,r, rr-+1esns/mD. TARo levers were measured usins a TARC specit¡c sárìoñicñ eLiSÃ òi;ri=;;!;;ã ö!ri,jiür'" ji!¡"s a paired r

GRASS + rhll-4 GRASS + rhll-13

137



Figurc l4b rhe addition oferogcnous Th2 dcrived cyfokincs IL-4, but nof IL-I3, markedly
inhibits allcrgen-d riven Mig procluction

GRASS GRASS + rhll-4

l. ¡l-iãl

g

Eà

Figure 14b: The add¡1¡on of exogenous T cell derived cytokines to antigen st¡mutaed pBMc markedly reou¡ates the rnlensitvor M¡s-product¡on. Non-aropics'in=5)._srass atopic 1n=5), ano grass aio!i"'; jË;"ù;;i;ì;' Ë;'Ëäiüciä'.?.;ä;i"ä i;;;''f.esh EDTA-keated whole blood. pBi¡Õ¡¡as sl¡mulàte_q yirltr gr3ss 14ug7mt) and either ri'll is ór ,hlL ¿ i2Ï ng/mt). Mrglevels were measured us¡ng a Mig spec¡fic sandwich ELlSA..- Stãì¡sìicJ*eíe pertoimeo us'nj ã p"ì,ão ìï"r.
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These results clearly demonstrate the ability of exogenous T cell derived cytok¡nes to

regulate the intensity of type 1 and type 2 chemokine production. This is important

because it indicates the ability of allergen-driven cytokine production to regulate

chemokine production. Chemokine production is a critical step in the development and

maintenance of inflammation due to the ability of chemokines to preferentially recruit

polarized T cell populations to the site of inflammation. The chemokines we measured,

Mig and TARC, preferentially recruit polarized Th1 or Th2 cells respectively. The ability

of type 1 and type 2 cytokines to modulate the intensity of chemokine production

indicates the possibility of feedback loops responsible for the maintenance of clinical

sensitivity or tolerance. For example, allergen-driven lFNy production by Th cells in

non-atopics preferentially promotes the up-regulation of Mig levels, resulting in

preferential recruitment of CXCR3+ CD4ICD45RO+ Th cells to the site of inflammation.

.CXCR3+ cells primarily produce lFNy upon restimulation with antigen thereby

mainta¡ning the presence of type 1 immunity in response to antigen. lL-4 and IL-13

driven TARC product¡on may operate through a similar mechanism involving CCR4+

CD4/CD45RO+ Th cells.

To what degree lL-4 and IL-13 regulate alfergen-dr¡ven chemokine production in vivois

questionable. The ability of lL-13 and lL-4 to enhance TARC production at 25 ng/ml is

novel, but may not be relevant. The ability of exogenous lL-13 and lL-4 to enhance

allergen-driven TARC production at levels commonly observed in similar culture

conditions appears to be more relevant lo the in vivo response. Thus, we are cautious

in claiming the ability of lL-4 and IL-13 to modulate allergen-driven chemokine
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production in vivo unlil further experiments are able to shed light into the relevance of

these findings.

ln conclusion, we argue that exogenous lFNy, lL-10, IL-4 and lL-13 Ìndependenfly

regulate the intensity of allergen-driven Mig and TARC production. The amount of

exogenous cytok¡ne added to a llergen-stimulated PBMC resulted in varìed responses

with 2Sng/ml demonstratìng the strongest influence on the intensity of TARC and Mig

production. The relevance of lL-4 and lL-13 on allergen-driven Mig and TARC

production requires further examination 10 determine the relative importance of these

two cytokines in modulating Mig and TARC responses. These findings are important

because they demonstrate the ability of the cytokine milieu to regulate the intens¡ty of

allergen-driven type 1 and type 2 chemokine production. We argue that the link

between 1úffh2 cytok¡nes that are tightly correlated with allergic inflammation and the

ability of these cytok¡nes to regulate the intensity of chemokine production indicates a

possible role for chemokines in atopic d¡sease.

140



7 0.10 Endogenous Cytok¡ne Modulates the Intensity of Allergen-driven
Chemokine Production

Addition of exogenous cytokines to allergen or bacterial (sK) stimulated culture has

provided extremely useful information the ability of cytokines to modulate the intensity of

chemokine production. whether the basal levels of allergen-driven chemokine

production we are measuring are currenfly under the influence of endogenous cytokines

is currently undetermined. Previous work done by our lab has demonstrated that atopic

PBMC produce elevated lL-13 in comparison to normal healthy controls in response to

grass pollen [330]. Additional studies demonstrated higher frequencies of atopic

individuals capable of exhibiting inhafant allergen-driven lL-4 responses in primary

culture while displaying lower lFNy responses [326, 333]. The ability of atopic pBMC to

preferentially produce elevated levels of lL-4 and lL-i3 may represent how allergen-

driven TARC production is elevated in atopics. we speculated that removar of

endogenous lL-4 or lL-13 present during allergen-driven chemokine production may

clarify the relative involvement of lL-4 and lL-13 that we encountered (section 7.9).

Advantages of this technique over the addition of exogenous cytokine lies in the

physiological relevance of adding exogenous cytokine to curture. we argue that

removal of endogenous cytok¡ne allows for examination of the relative impact of

cytokines present on the intensity of allergen-driven chemokine production. Thus we

hypothesized that endogenous cytokines, lL-4 and lL-13 preferentially upregulate

allergen-driven TARC (type 2) production while suppressing allergen driven Mig

production (type 1)- fn addit¡on, endogenous rFNy is able to drive type I chemokine

production and ínhibit Çpe 2 chemokine production.



To investigate the ability of endogenous cytokine to modulate chemokine production we

utilized mAb to block lFNy, lL-4, lL-13, as well as lL-10 during allergen-stimulation. We

measured representat¡ve type 1 (Mig) and type 2 (TARC) chemokines in response to

allergen co-cultured with blocking mAb to lFNy, lL-4, lL-13, or lL-10. We observed

strik¡ng results when each of the endogenous cytokines was blocked.

1) Blocking endogenous lFNy significantly increased the amount of TARC produced by

PBMC stimulated with grass pollen as well as streptokinase (Figure 15a). Atopic,

and non-atopic subjects responded similarly to the removal of lFNy often with

responses as robust as 3 fofd over allergen-driven alone. lnterestingly, atopic

asthmat¡cs did not display a signif¡cant increase in allergen-driven TARC product¡on

in response to mAb crlFNy treatment (p=0.1230). This may be a reflection of a fack

of lFNy production by PBMC in response to allergen, consistent with the presence of

biased type 2 immunity in response to allergen.

ln contrast, blocking lFNy díd not sign¡f¡cantly alter allergen-driven Mig production

suggest¡ng that endogenous lFNy does not enhance allergen-dr¡ven Mig production.

(Figure l5b) This is important because it demonstrates the abif ity of endogenous

lFNy to preferentially inhibit TARC production, but not Mig production. This is

consistent with early results demonstrating the ability of 25nglml but not I ng/ml to

enhance Mig production. We believe this further reinforces the importance of using

caution in interpreting the abílity of exogenous cytok¡nes to modulate chemokine

responses ìn vitro to what normally occurs in vivo.

2) Blocking endogenously produced lL-13 significantly reduced allergen-driven TARC

production but did not alter Mig production. (Figure 16a and 16b respectively) ln
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contrast blocking lL-4 did not significantly alter allergen-driven Mig or TARC

production. Non-atopic, atopic and atopìc asthmatic subjects all responded equally

to treatment with mAb c¿lL-'f 3 or mAb o.lL-4 with median decreases in response to

c¿lL-'13 mAb treatment 3 fold below allergen stimulation alone. This finding

demonstrates the ability of endogenous lL-13 to enhance allergen-driven TARC

procjuciion.

Atopic subjects produce enhanced TARC and lL-13 levels in response to allergen.

Combined with the finding that lL-13 at 25ng/ml but not lng/mt is able to enhance

allergen-driven TARC production may reflect the requirement for higher fevels of lL-

13 to drive elevated TARC production in atopics. The ability of exogenous bul not

endogenous IL-4 to modulate the intensity of TARC and Mig production indicates

that lL-4 may not be a critical for driving type 2 chemokine production rn yiyo.

Specifically, the inabifity of 10 or'100 pg/ml of lL4 to enhance allergen-driven TARC

production supports this hypothesis because allergen-driven lL-4 production from

PBMC is normally less than 100p9/ml and blocking endogenous lL4 did not alter

TARC production. The relevance of 2sng/ml or even lng/ml is questionable due to

low levels of lL-4 normally produced in vivo.

3) Blocking lL-10 moderately enhanced TARC production in response to allergen but

did not significantly alter M¡g production, (F¡gure 'l5a and 1 5b respectively) On

average there was a 31% increase in allergen-driven TARC production when

endogenous lL-10 was blocked. Although blocking endogenous IL-10 statistically

did increase the amount of allergen driven TARC production, the effects were

modest. We did not observe any differences between non-atopic, atopic and atop¡c
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asthmatics suggesting that a lack of endogenous lL-10 in atopic subjects is not

inherently responsible for the enhanced allergen-driven TARC production. This work

supports the current hypothesis regarding the abílity of lL-10 to down-regulate

immune responses. The inability of endogenous lL-10 to inhibit allergen-driven Mig

production may be a result of Ìnsufficient levels of endogenous lL-10 suggesting

differenf rêôüirêmêntc fnr dnurn-renr r lrtinn nf fvna I /Àiin\ and l\,^ô , /T^Þ1-\9¡\,1,v¡\¡rl¡y/v¡¡v

chemokine responses.

Taken together, our system clearly demonstrates the ability of type 1 and type 2

cytokines to directly regulate the intensity of type 1 and type 2 allergen-driven

chemokine production. This work is important because it demonstrates the ability of

endogenously produced type 1 and type 2 cytokines to influence type 1 and type 2

chemokine production. We speculate the existence of type 1 and type 2 positive

feedback loops ¡nvolv¡ng cytok¡nes, chemokines, and chemokine receptors to maintain

clinicaf tolerance or sensitivity to allergen. lFNy, lL-4 and ll-'l3 are d¡rectly involved in

the development of type 1 and type 2 immunity strongly implicating their role in atopic

d¡sease. The ability of endogenously produced lFNy, IL-4 and lL-13 to regulate the

intensity of M¡g and TARC combined with CXCR3 and CCR4 expression exclusively on

Th1 and Th2 clones implicates these two chemokines in the maintenance of atopic

disease.



Figure l5a Blocking ke¡' T ccll dcrivcd cytokines IFNy or IL-10 significantly cnhances
allergen-d rivcn TARC p rod uction
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Figure 154: Neukalisalion ol kev T cell-def¡ved cylok¡nes s¡gnifican y alters-allergen driven TARc pfoduclion. pBMc lromnon-atop¡c (n=10)' orass aloo¡c 6=lo) and grass'atopic miì¿'äiir,ääicin=r ol *e;.e isotared from fräsh EDT;_rreared whoteblood PBMC were placed iälo ètrort.ierm.iulturelii't"iäi;);ìh ö;;;stporen arergen ( ug/mr) +r- monocronar mouseant¡.human btock¡nq ant¡bodies to tL f0 or lFNi(ãuìl/r;U. 
. 
í.1ityiiä:,å'"iËi"" conlro¡ (mouse mAb_tsGl ) did not atrera¡iergen-driven TARC or Mio oroÍir¡ct¡on, (dala nol ùo;l). TÁhc le;;ii were determined us¡ng a spec¡fic sandwich ELlsA.Slal¡sl¡cs were performed uíing a paired i test, .p.O.OOSI 
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Figure l5b ììlocking key T ccll dcrived cytokines IFNy or IL-I0 did not dramatically âlter
allergen-d riven Mig prod ucfion
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F¡gure 15b: Neutralisalion of key T cell derived cylokines does not alter a¡lergen dr¡ven Mig production. PBMC from
non-atopic (n='10), grass atopic (n=10) and grass atopic mild asthmatíc (n=10) were isolated lrom fresh EDTA-t¡eated whole
blood- PBMC were placed into short term culture with grass pollen allergen (4ug/ml) plus monoclonal mouse anti-human
block¡ng anlibodies lo lL-10 or lFNy (2uglml). Mìg levels were determined us¡ng a spec¡fic sandw¡ch ELISA. Statistics were
performed using a paired T test, 'p<0-005, n=30.
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Figure I6a Blocking Th2 derived cytokine lL-13, but not IL-4, markcdly inhibits allcrgen-
driven TARC production
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F¡gure 16a: Neutral¡sal¡on of key T cell derived cytokines s¡gnif¡canlly alters allergen driven TARC production. PBN,IC from
noi-atopic (n=10), grass atopic (n='10) and grass atopìc m¡ld asthmatic (n=10) were ¡solaled kom fresh EDTA-treated whole
blood. PBMC were placed inlo short term culture (five dâys) w¡th grass pollen allergen (4ug/ml) +/- monoclonaf mouse
ant¡-human blocking antibod¡es to IL-13, lL-4 (2ug/ml). lsotype-malched control (mouse mAb-lgG1)d¡d notalter
allergen-driven TAFC or Mig p¡oduction (dala not shown). TARC levels were measured using a specif¡c sandwich ELISA.
Stat¡stics were performed us¡ng a paired I test, 'p<0.005, n=30.
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Figure l6b Blocking Th2 dcrivcd cytokine IL_13
driven Mig production
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F¡gure 16b: Neutralisat¡on of kev T c-ellderived cytokines sign¡ficantly allers-al¡ergen driven M¡g product¡on. pBMC komnon-atop¡c (n=f 0). orass aroniiì rh=t61 ¿¡¿ g¡¿i j'"lopi;;id"ä;iñäiä (n_f.o) were isotated ho-m.tresh EDTA_keated whoreblood PBMC wdre olaced iäto àhol ierm iurtLireli¡ie ¿aió w*¡ìt' iiåiJ po en qtrergen (4ug/mt) +/- monoctonal mouseant¡-human brock¡no antibodies t. rr:11,3 gl lL-¿. aãugr'riiÍö tË"är." ü'Ji"'quânilri;; i;¡nò ;=späË¡rìà JäXäiïåi rL¡seStat¡st¡cs were perfórmed using a paired Ttest, n=ã0. ' v - - r Yud¡rL¡'rcu uù¡¡'g d specrrrc sanowrcl
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10.11 Allergen-driven TARC and Mig production ís MHC ll and CD4 dependent

Chemokine production has primarily been demonstrated using cell lines or isolated cell

populations stimulated with LPS, PHA as well as other polyclonal act¡vators mak¡ng ¡t

dÌfficult to assess the requirement of antigen presentat¡on for chemokine production. ln

addition, many chemokines are constitutively produced and may be induced under

'appropriate st¡muli' making it difficuft to determine whether chemokine detected is due

to the stimuli or not. A study by Herold et al demonstrated the dependence of isolated

murine T cells for stimulat¡on through both cr,C D3 and crCD28 for MIP-1c¡ production.

They were able to show the requirement for CD28 binding because chemok¡ne

production could not be replaced through lL-2 administration, indicating the requiremenl

for intracellular signaling elicited during antigen recognition. ln addition, MIP-1o

production from bulk populations of murine spleen cells stimulated with c¿CD3 was

subsequently ínhibited by co-culture with anti-B7 mAbs, indicating that full production of

the chemokines was dependent upon interactions with 87 ligands [334]. MIP-1cx, is

produced by T cells, monocytes, as well as many other cell types. Regardless of the

cell type produc¡ng MIP-1cr production was abrogated if TCR signaling could not

properly occur, suggesting that T cell recognition of peptide is required for MIP-1c¡

production. To date, no studies examining the activation requirements type 1 and type

2 chemokine product¡on from human T cells or APC exists. ln our system, Mig and

TARC are primar¡ly produced by APC but they are regulated by T cell derived cytokines

and bind to receptors found primarily on Th1 or Th2 clones respectively. We were
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interested in determining whether T cell activation was a prerequÌsite for primarily Apc

dr¡ven chemok¡ne production.

To test our hypothesis we co-cultured freshly Ìsolated pBMC stimulated with grass

pollen allergen at the previously optimized concentration (4ug/ml) and blocking

antibodies to the dominant MHC ll haplotypes HLA-DR. we examined both non-atopic

anci atopic individuais to address whether the presence of atopy to a particular antigen

results in reduced or functionally different requirements for chemokine production from

APC. optimal concentrat¡on of c¿HLA-DR was determined in a previous exper¡ment to

be Sug/ml (data not shown).

ln addition we considered the importance of cD4 for formation of a stable TCR-peptide-

MHC class ll in chemokine production. ln the case of exogenous antigens such as

allergens, cD4 co-receptors are critical for the formation of the TcR-peptide-MHC class

ll irimer. we hypothesized that cD4 co-receptor was critical for trimer formation

resulting in T cell activation leading to allergen-driven chemokine production. To test

our hypotheses we analyzed allergen-driven Mig and rARC production from atopic and

non-atopic PBMC co-cultured with blocking antibodies to CD4.

We observed a complete inh¡bition of allergen driven Mig and TARC production by

treatment with oHLA-DR or acD4. (Figure 17) This is contrary to many studies that

have demonstrated the ability of isolated cell populat¡ons such as neutrophils stimulated

with cytokine alone or polyclonal activator to be capable of producing vast amounts of

Mig [296]. ln addition, TARC production by isolated macrophage derived dendritic cells

was induced by LPS stimulat¡on alone 1209,2321.
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This is important because it demonstrates the dependence upon T cell recognition of

allergen before chemokine production is induced from the APC. We did not observe

any differences between atop¡c and non-atopic subjects ¡n terms of inhibition of

chemokíne production. Therefore, we argue that production of TARC and Mig is

dependent upon T cell recognition of allergen in the context of MHC class ll. This does

not dispute the fact that siructurai cells are able to prociuce chemokine in response io

inflammatory stlmuli such as cytokines or LPS but rather suggests an additional level of

regulation within a ntigen-p resenting cells in the circulation to present antigen to the T

cell before chemokine production may occur. We demonstrated earlier the abifity of T

cell der¡ved exogenous cytokines to shape the intensity of chemokine production in

response to allergen. Taken together this data demonstrates the ability of T cells

regulate the initiation and ¡ntensity of allergen-driven chemokine production.
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Figurc l7 Allcrgen-drivcn Mig and rARC production is MI{C clàss II and cD4 rlepcndcnt
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10.1 2 Allergen-driven TARC and Mig production is dependent upon co-
stimulatory molecules involved in antigen presentation

MHC class Il restriction of allergen-driven TARC and Mig production from primarily APC

i-r:^^¡^ I rl.^ -^^..:-^ - ^ -rr!¡ruarçu ü¡s rcvuüçllrË¡¡r ur sullrurilLrull t¡ulltd ct9c -spcu tc I L:g¡¡s Lo aullvate lne

APC. A physical interaction resulting from TCR recognition of allergen in the context of

MHC class ll reveals itself as the most obvious type of signal. MHC class ll molecules

bind TCR-CD3 via hydrophobic and hydrophilic interactions. Co-stimulatory molecules

present on APC specif¡cally bind to cognate receptors tightly linked to T cell activation.

Co-si¡mulatory molecules that have been demonstrated to be important in activation

include B7-1 and 87-1 (CD80 and CD86 respectively) found on ihe APC that select¡vely

bind to CD28 on the Th cell initially. This is important for T cell activation. CTLA-4 is

then upregulated on the surface of Th cells and competes for binding lo B7-1 and 87-2.

CTLA-4 binding results in downregulation of Th cell activation, presumably as a

mechanism to ensure immune response are not uncontrolled. There is much interest in

blocking 87-1 and/or B7-2 molecules as a possible treatment of inappropriate immune

responses such as transplants and atopy. Several studies have demonstrated the

inhibition of cytokine production from Th celfs by bfocking either B7-1 or 87-2.

lnterestingly, there is a controversy over whether 87-1 or 87 -2 is responsible for the

activation of cytokine production, specifically type 2 cytokines. Some reports suggest

lhat 87 -2 (CD86), but not B7-1 (CD80), co-stimulation can preferentially activate Th2

cytokine expression and Th2 development. [133, 135, 136, 335]. Otherstudies

suggest that although human PBMC memory responses, including those to allergen,

t53



are dependent upon B7-2 (CD86) co-stimulation, recently activated T cells and human

Th clones are not susceptible to inhibition by antr-97 -2 Abs. [137, 336, 337] There are

relatively few if any stud¡es to our knowledge that have examined the impact of blocking

87-1 or 87-2 co-st¡mulatory molecules on allergen driven chemokine responses in non-

atopic, atopic, or mild asthmatic subjects.

We hypothesized that aiiergen-driven TARC product¡on was dependent upon co-

stimulatory molecule 87 -2 and to a lesser degree 87-1 . Allergen-driven Mig product¡on

would be equally dependent upon both B7-1 and 87-2 co-stimulatory molecules.

Finally, we speculated that all three subject groups would experience a range of

inhibition due to the blocking B7-1 and B7-2 mAbs together, with the non-atopics

exper¡encing the strongest inhibition and the atopic asthmatics experiencing the

weakest inhibition. To test this hypothesis, we examined fresh PBMC directly ex vivo

from 10 non-atopic, 10 grass atopic, and 10 grass atopic mild asthmatic stimulated with

grass pollen allergen +l- 0.jB7 -1 , aB7-2, aB7-1 + aB7 -2, or CTLA4-lg, CTLA-4-lg binds

to both B7-'1 and 87-2 with equal affìnity preventing binding of CD28, and has been

demonstrated to prevent allergen-driven proliferation of PBMC. [133]

ln Figure 18 we can see that allergen-driven TARC and Mig production was reduced to

varying degrees folfowing the addition of block¡ng antibodies to 87-1, 87-2, 87-1 and

87 -2 as well as treatment with CTLA-4-lg. When we examined the subject groups

separately TARC production from the atop¡c asthmatic and atopic populations are not

significantly reduced by treatment with B7-1 treatment whereas the non-atopics were

(Figure 19a). Specifically, blocking with B7-1 or B7-2 resulted in a similar reduction in

TARC production from non-atopic PBMC. This is in agreement with previous studies
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demonstrating the greater importance of 87-2in Th2 cytokine product¡on [133, 135,

136, 3351.

ln contrast allergen-driven Mig production was significantly reduced by 87-1 in atopic

and atopic asthmatics but not non-atopics. The requirement for both 87-1 and 87-2

signaling in non-atopics for TARC production may be under more complex regulation

compareci io aiopics (Figure i 9b). The same coulcj be hypothesized tbr allergen-driven

Mig production from atopics compared to non-atopics-

We observed an add¡t¡ve effect when both B7-1 and 87 -2 blocking mAb were used as

well as CTLA-4-lg suggesting that both B7-1 and 87-2 are important in delivering the

signafs required for a robust chemokine response. TARC and Mig production from all

three subject groups were equally reduced by blocking 87 -2 alone suggesting that

regardfess of atopic status signaling through B7-2 is critical for allergen driven Mig and

TARC production from APC. This is in agreement with previous studies that

demonstrate the importance of 87 -2 in allergen-driven cytokine product¡on. However,

allergen-driven chemokine production is regulated by 87-1 , depending on the

chemokine examined as well as the atopic status. This is important because it

demonstrates the importance of signaling events that occur after the trimer formation for

a great deal of allergen-driven chemokine production.
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Figurc l8 Allergen-driven TARC and Mig producfion is dependent upon signaling through
B7-l and Il7-2
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Figurc l9a Co-stimulation through B7-2, and to a lesser cxtent 87-1, regulates allergcn
driven TARC production from non-atopics, atopics and atopic asthmatics.

ATOPIC ASTHMATIC

Figure 19a: Non-atopic, atop¡c and atop¡c asthmatics produce significantly less allergen-
driven TARC when B7-2, and to a less extent B7-1 , is blocked. Non-atopic (n=10),
atopic (n=10) and atopic mild asthmatic (n=10) PBMC were stimulated with previously
optim¡zed concentrat¡on of grass allergen (4uglml) combíned with either 87- 1 (5ug/ml),
B7-2 (5ug/ml), 87-1+ 87-2 (Sug/ml) or CTLA-4-lg (20u9/ml). TARC and Mig tevels were
measured using specific sandwich ELISA. Statistics were deterrnined using a Paired T
test (-p<0.01).
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Figure l9b Co-stimulation through 87-2, and to a lcsser extent 87-I, regulafcs allergen-
driven Mig production from non-atopics, ato¡rics and atopic asthmatics.

ATOPIC ASTHMA

Fþure 19b: Non-atopic, atop¡c and atopic produce signif¡canfly less allergendriven Mig
when B7-2, and to a lesser extent B7-1 , isblocked. Non-atopic (n=10), atopic (n=10)
and atopic mild asthmatic (n=10) PBMC were as indicated in Figure l8a. TARC and
Mig levels were measured us¡ng specific sandw¡ch ELlsA. statistícs were deteremined
using a Paired T test (*p<0.01).
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10.1 3 Immunohistochemistry identification of Mig from allergen-stimulated PBMC

ln this system, we demonstrated the ability of T cells to regulate the initiation and

intensity of allergen-driven Mig production. Cell populations within PBMC include T and

B lymphocytes, monocytes, macrophages, and a low number of dendritic cells. We

hypothesized that APC were the primary producers of allergen-driven Mig production in

our system. To test our hypothesis we stimulated fresh PBMC from normal healthy

donors with grass pollen in short term culture. Cultured cells were fixed to glass slides

using Poly-L-lysine. To maintain the integrity of the plasma membrane

paraformaldehyde was used to preserve the intact cell membrane. Extracellular

sia¡n¡ng of CD3 molecules using FITC (Green) was used as a marker for T cells.

Permeabilization allowed for intracellular and extracellular sta¡ning of Mig using Cy3

(Red). There was quantitatively less (Tabfe 6) and qualitatively less intense Mig

staining observed in cells that were not stimulated, a greater amount seen in the grass

pollen stimulated as well as quafitatively observed extremely high amounts in the TSST-

'1 stimulated cultures reflecting what was observed by ELISA (Figure 20). We observed

nearly half of the Mig+ cells to be CD3+(Figure 21). This is not consistent with the

frequency of allergen-specific T cells in the peripheral btood (-0.1%). lnterestingly, the

staining of the CD3+/Mig+ cells was confined to primarily the edges of the cell similar to

that seen with the CD3 staining suggesiing the presence of Mig bound to CXCR3 (found

on CD4ICD45RO Th cells). We could not conf¡rm the binding of Mig to CXCR3 but

were interested in the reasoning for the great majority of double pos¡t¡ve cells within our



system. The observed sta¡n¡ng of Mig on both CD3 + and CD3 - cell populations

índicates one of the following:

'1) Aflergen-driven Mig production Ìs from CD3+ and CD3- cell populations, presumably

represent¡ng T cells and APC.

2) Allergen-driven Mig product¡on is a result of T cell recognition of allergen and

subsequent act¡vation of APC to produce Mig. Mig released from APC is then able

to bind to CXCR3 present on -50o/o CD4ICD4SRO+ T cells.

There have been studies demonstrating the downregulation of CXCR3 expression

following Th cell activation followed by a slow recovery period [228] where CXCR3

expression is mainly restricted to Th'1-like CD4+/CD45RO+ cells_

ln an attempt to determine whether CD3+/ Mig+ cells represent a populat¡on of CD4+ T

cells express¡ng CXCR3+ with bound Mig we examined the frequency of CXCR3+

expression by flow cytometry on fresh and allergen-stimulated PBMC. PBMC from two

healthy non-aiopic donors were examined directly ex vivo via flow cytometry (Fresh). ln

addition, we cultured isolated PBMC in either media alone or grass pollen allergen for

five days and the harvested the cells, washed them and examined CXCR3 expression

on both the T cell and B cell population.

We observed a dramatic downregulation in the frequency of CXCR3+ cells after 5 days

of culture (-40% vs -10%). This is important because it argues that the Míg staining

seen on CD3+ cells is probably not due to Mig binding receptor alone and is possibly

due to the abifity of T cells to produce Mig. Unfortunately, at this time we cannot

conclude that allergen-driven T cells can produce Mig because we cannot confirm that
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CD3+/Mìg+ cells are not representative of CD3+/CXCR3+ that have bound Mig

produced from other cells. We argue that regardless of the ability of T cells to produce

Mig, a llergen-presentation ¡s a pre-requisite for Mig production (Figure 17 and 18) and

that immunohistochemically we can observe CD3- cells either producing Mig or have

Mig bound via CXCR3.
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TSST-1

Figure 20, Fresh human PBMC stain for Mig with varying intensitres depending upon
stimulus- Human PBMC (n=10) were st¡mulated in culture with either grass pollen
(4uglml) or TSST-1 (0.1ng/ml). Cells were then harvested and placed onto slides and
sta¡ned w¡th antibodies described in Materials and Methods. RED stain¡ng represents
Mig.



Figure 21: Fresh human PBMC stimulated with grass pollen produces two different
populatìons based upon CD3 expression- There exists CD3+ (cREEN)/ Mig + (RED)
double posit¡ves and CD3JMig+ PBMC. Human PBMC (n=10) were stimulated in
culture w¡th grass pollen (4uglml). Cells were then harvested and placed onto slÌdes
and stained with antibodies desc¡ibed in Materials and Methods, Panel A demonstrates
two single postive leukocytes. Panel B demonstrates polarized staining of Mig (RED)
on a CD3+ (GREEN) cell. Panel C demonstrates varying degrees of Mig and CD3+
double staining.
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Table 8 Quantitative analysis of Mig and CD3 immunocytostaining of human PBMC
stimulated rvith grass pollen allergen, or TSST-l

SUBJECT STIMULUS MIG + C D3+ M lG+/C D3+

KTH MEDIA 2 106 0

GRASS 52 92 22

TSST-J 70 ii5 44

HSK MEDIA 0 84 o

GRASS 61 125 JÕ

TSST-,1 90 144 50

Table 9 Florv cytometry analysis offresh and allergen-driven CXCR3 cxpression on
human PBMC

Subject Condition Day CXCR3

OO4 PLJ

Not Appl¡cable Fresh 38.41

Media Day 5 4.57

Grass (4ug/ml) Day 5 '1 1.89

OO7 RDL

Not Applicable Fresh 46.34

Med ia Day 5 5.24

Grass (4uglml) Day 5 12.53





1l Discussion

Atopic diseases are the result of intense inflammatory responses to normally innocuous

environmental antigens. They are characterized by preferential recruitment and

activation of basophils, eosinophils and Th2-like cells to the site of allergen exposure

(eg. nose, lung). We examined the role of type 'l and type 2 chemokines in the

maintenance of allergic inflammation. Specifically, we sought to establish potential

differences in allergen-driven chemok¡ne production in atopic disease versus healthy

controls exposed to the same allergens. We went on to begin to characterize the

mechanisms responsible for the activation and regulat¡on of type 1 and type 2

chemokine synthesis in allergen specific immune responses.

Thus, the major goals of this study were to investigate a possible associat¡on between

chemokine production and cf ¡n¡cal alleryy jn vle as well as in vitro. f o accomplish th¡s

goaf we took several independent approaches. (l) Plasma isolated from atopic and

non-atopic donors allowed in vivo examination of relationships between systemic levels

of type 1 and type 2 chemokines and clinical status. (2) Utilizing fresh PBMC taken

diectly ex vivo we examined alfergen-driven type I and type 2 chemokine production in

non-atopic, atopic and atopic asthmatíc populations to assess how allergen-specific

chemokine production differed in these populations. (3) The ability of exogenously

added and endogenously produced T cell derived cytokines to regulate the intensity of

allergen-driven chemokine production. (4) Detailed analysis of the regulatory
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mechan¡sms involved in the initiation of representative type 1(Mig) and type 2(TARC)

chemokine production by PBMC,

11 .1 Technical Considerations

Subject Selection

Our objective was to study the intensity and regulation of type 1 and type 2 chemokines

in a range of disease severity present within allergy. Therefore, we required

examination of non-atopic, atopic as well as atopic mild to moderately asthmatic

individuals. severely asthmatic subjects were not included because of the requ¡rement

of anti-inflammatory and/or immunosuppressive medications for maintenance of the

disease. These medications would potentially interfere with analysis of allergen-driven

chemokine responses.

To objectively measure the clinical sensitivity of the allergic subjects we examined the

size of the wheal response elicited during a skin test to a panel of 14 common allergens

(grass, house dust mite, cat, etc...) as well as taking a detailed clinical history.

Incorporating both measures into cfinical diagnosis is important because it ensures that

the possibility of a false positive skin test resuli, or a positive skin test result with no

clinical history, is not misinterpreted as established clinical sensitivíty. A positive skin

test result w¡th no clinical history may well indicate the future development of alfergy but

without previous cfinical manifestations, diagnosis of established allergic rhinitis is not

possible. Medications taken by the subjects enrolled in the study were examined in

detail to ensure that they would not interfere with the skin test results. For example, any

individual currently taking anti-histamines would be excfuded from the study at that time

167



due to the possible ¡nterference the medication may have on the skin test. Together

with clinical history and skin test results we were able to clearly classify the severity of

allergic disease and therefore allow for examination of allergen-driven chemokine

production in non-atopic versus atopic populations

We focused our study on allergic rhinítis, a widespread form of allergy found within

southern Man¡toba. Exposure to grass pollen begins in the springtime (May/June)

peaking in summer (July/August) and tapers off into the fall (September) (Lesley

ShyJaU Lee-Ann Graham, Aerobiology Research laboratories pollen and Spore Report

1999,2000). During this time frame, grass atop¡c individuals often experience intense

inflammatory responses ranging from itchy eyes and sneezing to congestion and

impaired breathing. Subjects recruited for this study were diagnosed based upon skin

tests to a panel of allergens as well as clinical h¡story. A positive skin test was used to

allocate a score for each subject based upon the size of the wheal response dur¡ng a

skin test. All of the atopic individuals enrolled displayed wheal responses equal to or

above 2+ with the majority of the recruited subjects displaying a response equal to 4+.

Atopic subjects recruited for this study were representative of a population specifically

òensitized to grass pollen.

we wanted to specifically examine the more severe form of allergic rhinitis, which has

progressed to grass atopic, mild to moderate asthma [338]. Ihis group provides us with

a population that experiences a more intense inflammatory response to grass pollen

resulting in intense wheezing and bronch oconstriction of the airways. The severity of

atopic asthma is often greater than that seen in the atopic population alone. The

diagnosis of asthma is often parallel by the presence of airuvay remodeling. At what
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stage th¡s occurs is not known, therefore we chose to examine mild to moderately

asthmatic patients in an attempt to avoid the majority of complications associated with

a¡rway remodeling. ln addition, the usage of anti-inflammatory and immu nos u ppressive

medications tends to be higher in the severe asthmatics therefore eliminating their

usage in our study. The mÌld to moderately asthmatic individuals enrolled in this study

.ô^rôõôñ+ - ^^ñ"1^+i^^ ñ^^t l;1.^1.,I^ ^.,^^-:^-^^ .L^ 
-^^+ru¡,¡Loçrr( rrr(,Jr rrf\sry (u ç^pE¡rEllu€ urE llruùt lllLy Þc, t¡Et¡uc tcdu y

quant¡fied differences in immune response to allergen.

In summary, analysis of allergen-driven type 1 and type 2 chemokine production by

non-atopic, atopic, and atopic asthmatic popufations prov¡des a unique perspective for

ihe analysis of the role(s) of chemokines in allergy. We reason that through analysis of

non-atopic, atopic and atopic asthmat¡cs we have the opportun¡ty to sample a range of

severity of allergy that will enable us to begin to character¡ze the involvement of key

chemokines in the maíntenance of allergic inffammation.

Chemokine Specific Sandwich ELISA

ïo date, the great major¡ty of publications examining chemokine production in humans

have relied upon mRNA analysis (in situ hybridization, RT-PCR) or

immunohistochemical stainlng of tissue sections (ie at inflammatory loci). We required

a method of detectíng and quantifying allergen-driven chemokine production at

concentrations as low as 10 pg/ml due to the low number of a ntigen-specific T cetfs

present. Additionally, we wished to compare allergen and polyclonal stimuli in terms of

chemokine production, indicating the requirement for accurate measurement of

concentrat¡ons as high as 100 ng/ml. Thus, we developed chemokine-specific ELISAs

capable of accurately quantifying the representative type I (lP-10, Mig) and type 2
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(TARC, Eotaxin) chemokines we planned to exam¡ne over a range of concentration

from 1Opg/ml to 100n9/ml. To accomplish this we performed extensive optimization to

yield assays that utilize very little culture supernatant (10-25u1 / assay) and provide the

ability to analyze a range of in vitro culture conditions (ie. Allergen vs polyclonal) as well

as the ability to detect <10 pg/ml of systemic chemokine rn vlvo. Multiple dilutions of the

êãñâ ôâlñ^l^ ô^ r.,^l¡ ^^ ¿L^ ^^-^:ri.,:¡., ^¡ rr.^ ^^^^.,rq,r¡e ùqrrrl,¡(: où vvçll aù LrrE ùçr¡ùrL¡vrry \Jr urE dùùcry d¡ruwyu gutuus tcSU g ul safnljtes

with a high level of confidence in the intra-assay and inter-assay variation. lntra- and

lnter-assay determination demonstrated a coefficient of variation - O.OB0.

Fresh PBMC vs Long term clones or isolated cell populations

A second technical consideration we dealt with at the initiation of this project concerned

the nature of the experiemental system we wished to use. We chose to analyze

allergen-driven chemokine production from atopic and non-atopics using a mixed

population of APC and a ntigen-specific lymphocytes as opposed to clones or isolated

cell populations. This technique allows us to study how the cells direcfly involved in

responding to an immune response initiated by an allergen regulate chemokine

production in vivo. therefore, we isolated fresh PBMC direc y ex vivo from atopic,

atopic asthmatic and non-atopic individuals and placed them into short term primary

culture (1-5 days) to examine allergen-driven chemokine production. we demonstrated

allergen-specifìc chemokine product¡on from PBMC in all subject populations. This

technique allows the investigator greater confidence in extrapolating lhe in vitro findings

to the in vivo response because of the physiological relevance of us¡ng an unbiased cell

populations and a naturally occurring allergen.
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Use of T cell clones as a tool to quantitatively infer chemokine production in vivo, a

widely used alternative strategy that we did not pursue, has the advantages of: (l) An

ent¡re populat¡on of T cells with the same antigen specific¡ty, (2) Exper¡mental variation

is greatly reduced when the same cell is utilized during each experiment. However, it

also has several limitations such as the number of extrinsic factors the clones are

q¡ rhienfed r¡rhi¡h clrnnnhr inflr ren¡cc f ho nr rrnhar rnd l¡ ¡n¡+ian nf fha ¡lnnac ah+ainaÀ

(Paroncchi 1992, Romagnanil993). Moreover, clones (even except¡onal cases where

-10 clones are obtained from one individual) represent only a very small proport¡on of

the total allergen-specific T cell repertoire. Therefore, results obtained from these

studies may not be reflective of in vivo responses. Recognizing these limitations, we

argue that us¡ng freshly isolated PBMC directly ex vlvo is a strategy that we bel¡eve is

more representative of how chemok¡ne production and regulation occurs in response to

allergen normally ¡n v¡vo and provides critical insight ínto the role of chemokines in

aflergy.

Examination of allergen-dr¡ven chemokine production from BAL leukocytes ¡s another

possible technique that we did not pursue. Critical analysis of allergen-driven

chemokine production from BAL of non-atopic, atopic and atopic asthmatics has the

distinct advantage of examining a select population of specifically recruÌted cells to the

site of allergen exposure. However, the major disadvantage of this technique is number

of leukocytes obta¡ned from bronchoalveolar f avage (BAL) ranging f rom 22 to 60 x 106

cells (median 37.6) for every 250 ml PBS washing [339].

We obtained roughly 60 to 120 x 106 celfs for every 50ml of peripheral blood (Materials

& Methods). ln addition, there is a considerable amount of discomfort exper¡enced by
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most ¡ndividuals dur¡ng a BAL, therefore mak¡ng recruitment of a sufficient population

size difficult. We argue that analysis of allergen-driven type 1 and type 2 chemokine

responses from PBMC provides useful information into the chemok¡ne profiles of

allergen-specific lymphocytes in response to allergen, and that this may be

representat¡ve of what may occur at the site of inflammation.

Aiiergen cjriven vs Poiyclonal ciriven Chemokine prociuct¡on

A third major strateg¡c issue we needed to address was the mode of activation we

wished to use. We wanted to compare the differences between allergen and polyclonal-

driven chemokine production in vitro. Specifically, we exam¡ned both type 1 and type 2

chemokines to identify potential differences in terms of production in response to

allergen versus polyclonal stimuli. Polyclonal driven responses are advantageous

because: 1) they produce large amounts of mediators, making anafys¡s easier, and (2)

they require smaller numbers of lymphocytes because allergen-specifìcity is not

required. The disadvantages with polyclonal driven responses lie within the nature of

the stimulus. Polycfonal act¡vators stimulate through different receptors compared to

allergens thereby possibly activating different intracellular pathways required for

production of mediators such as chemok¡nes. ln addition, the lack of antigenic

specif¡city may result ¡n act¡vation of cells that would not normally be activated in vivo.

These qualitative and quantitatíve disadvantages disqualifies the usage of polyclonal

act¡vators if the goal of the study is to examine chemokine product¡on by two subject

populations characterized by their immune responses to allergen.

ln contrast, use of allergens in vitro allows the investigator to identífy potential

differences in type I and type 2 chemokine production from atopic and non-atopics.
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SpecÌficalfy, use of allergens is advantageous because of the relevance lo the in vivo

immune response. The intracellular pathways and the frequency of cells stimulated by

allergens are comparable to those seen in vivo. A major advantage of allergen-driven

stimulation in comparison to polyclonal activation ¡s that the allergen specifically

act¡vates the cells of interest. Cells specific for allergens other than the one be¡ng
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the a llergen-specifÌc response. Thus, we chose to exam¡ne allergen-driven chemokine

production to identify potential differences between non-atopic and atopic chemokine

(type 1 and type 2) synthesis and regulation. In cultures that were set up with the same

subjects on the same days we compared type 1 and type 2 chemokine production by

polyclonal activators such as PHA or TSST-l to chemokines responses to allergen

stimulation.

Therefore, we argue that analysis of allergen-driven chemokine product¡on represents a

method by which key differences present between atopic and non-atopic individuals

may be elucidated that would not otherw¡se be obvious if pofyclonal activators were

used.

To analyze allergen-driven chemokine production we faced the task of choosing a

purified natural allergen extract or recombinant proteÌns. We wanted to examine the

role of chemokínes in allergy to grass pollen (allergic rhinitis). skin tests in combination

with clinical history allowed for classification of our subjects based upon atopy to grass

pollen- Therefore, we wanted to examine the chemokine response of these subject

groups to stimulation with grass pollen in short{erm primary culture- The natural extract

(as opposed to recomb¡nant proteins) chosen represents the major¡ty of grass species

173



found within Man¡toba. The complex natural extract was deliberately chosen because a

vast majority of atopic individuals exhíbit hyperse nsit¡v¡ty to multiple entities. Thus, use

of a purified allergen would sample only a small proportion of the grass pollen specific

response. Examination of chemokine production by atopic and non-atopics in response

to this mixture has an inherent advantage in reflecting the broader picture of chemokine

nrndr rnf inn ind¡ ¡¡ad h\, ^^ñ^^nôñ+/ê\ ^f - h^+^'^^^^e, wvrrrpurrçrrr\r,/ v¡ o rr('r(frvg\,ttvuÐ g¡a5ù pul|ç¡t Àtuttr Lu w tL

an individual is customarily exposed.

The limitations of this approach incf ude the possibility that polyclonal contam¡nants may

be present in the allergen mixture (eg LPS). we believe that the chemokine responses

measured reflect antigen-driven rather than polyclonal activation for several reasons.

These include, (1) the intensity and the kinetics of the allergen induced responses fall

into the same range as elicited by antigen rather than that induced by known polycfonal

act¡vators such as TSST-1. (2) Blocking MHC ll presentation (a,HLA-DR or oCD4) of

alfergen to the T cell resufted in abrogation of chemokine production. (3) Blocking co-

stimulatory molecules 87-1 and B7-2 dramatically inhibíted chemokine production.

These results suggest that classical presentation of allergen must occur for chemokine

production to occur. lf polycfonal contaminants were present within in the mixture

blocking MHC ll as well as co-stimufatory molecules would not alter potyclonal driven

chemokine production. Therefore, we are confident that the natural extract of grass

pollen chosen for this study elicits chemokine production based upon immune

responsiveness the grass pollen mixture, not through unfo¡eseen contaminat¡on w¡th

polyclonal stimulators (eg bacterial-LPS).
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ln summary, we developed an allergen-dr¡ven primary culture system to character¡ze

type '1 and type 2 chemokine production and regulation by non-atopic, atopic and atopic

moderate asthmatic PBMC

11 .2 Systemic levels of type 1 and type 2 chemokines and atopic drsease

We wanted to identify type I and type 2 chemokines in the plasma of atopic and non-

atopics, potentially for use as a clinical marker of the severity of allergic disease. ln

do¡ng so, we examined several possible regulators of plasma chemokine levels

including atopy, seasonal exposure to elevated levels of grass pollen and the relative

expression of a potential systemic chemokine sink, the Duffy antigen for chemokine

receptors (DARC) expressed on erythrocytes.

Cross-secflona I Analysis of Plasma Chemokines

ln the first section of this research, we wanted to determine the relative levels of type 1

and type 2 plasma chemokines as a possible clinical marker. Plasma was freshly

isolated from atopic and non-atopic subjects and used to identify the presence of

representat¡ve type '1 (lP-10, Mig) and type 2 (Eotax¡n, TARC) chemokines. To begin

with, we determined the stability of type 1 and type 2 chemokine expression in plasma

as well as chemokine receptor expression on CD4+/CD4sRO+ T cells. We determined

that within any given individual there exists less than 5% variability in both plasma

chemokine and chemokine receptor expression over a three week period. We were

then able to perform a cross-sectional anafysis of type 1 as well as type 2 plasma

chemokines (¡e compar¡ng non-atopic and atop¡c plasma chemokines at any g¡ven

single time point). lnterestingly, we did not observe signifìcant differences in the median
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intensity levels of any of the chemokines examined as both non-atopic and atopic

subjects displayed a sÌmilar range in plasma chemokine levels. Within each populatìon,

we observed a 4-5 log range from 4pglml to >20n9/ml in each of the chemokines

examined, an observation indicating active and individualized regulation of systemic

levels of chemok¡nes. However, there ¡s no evidence that allergic disease is
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atop¡cs.

This finding is important because it argues aga¡nsi the ability of lP-10, Mig, Eotaxin and

TARC, at least at the plasma/serum level, to be useful markers of allergic rhin¡t¡s or the

severity of the disease. ln contrast to many chemokines which bind multiple receptors,

(ie. MIP-1V: CCRl and CCR5) each chemok¡ne selected for examination ¡n this study

has been shown to exclus¡vely bind one receptor (ie lP-10 and Mig bind CXCR3,

Eotaxin binds CCR3, and TARC binds CCR4). These receptors are present on Th1 or

Th2 polarized cell populations, as well as other cell types, suggesting their ¡nvolvement

in type I and type 2 biased immunity. [194,232]

The candidates chosen have strong connections w¡th type I and type 2 disorders.

Eotaxin fevels were elevated in asthmatics compared to normal controls [318]. ln

addition, elevated TARC and MDC levels have been documented in serum from atopic

dermatitis patients [266, 268]. ln comparing these studies with our own it is important to

note that both of these studies examined plasma or serum during an acute exacerbation

of d¡sease (ie Hospital room visits). ln addition, Kakinuman et af showed the greatest

differences between serum TARC levels from atopic dermatitis patients compared to

controls only if the most severe forms of atopic dermatit¡s were examined. The
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possibility that systemic levels of chemokines are useful markers of atop¡c disorders

may be limited to examination during or immedÌately after an intense clinical

exacerbation. Our subjects were analyzed over two grass pollen seasons to ensure

that examination of only one weak or one strong grass pollen season d¡d not promote

biased results. Our study does not exclude the possibility that there ex¡st other

inflammalnrv nhcmnkinec fhâl rnâ\/ nrnrrida ¡¡caf¡¡l infnrrnafinn ãc c'¡rrôñâ+ô m>¡La¡c ¡î....,-,,.,.._--.J ur ùv¡ I vvqrv

stabfe atop¡c disease. However, the current data argue that systemic (constitutive .

plasma) levels of the type 2 chemokines, Eotax¡n and TARC, which are strongly

assoc¡ated with allergy, are not reliable markers of clinical status ¡n immediate

hypersensitivity disorders such as allerg¡c rh¡n¡tis.

Longìtudinal Analys¡s of Plasma Chemokines and Chemok¡ne Recepfors

Having seen no significant differences in type 1 and type 2 chemokine plasma levels

between atopic and non-atopics we sought to determine if longitudinal examination of

type 1 and type 2 chemokines would provide a more sensitive indicator of seasonal

responses to allergen. Thus, we examined the ability of extended exposure to elevated

levels of grass pollen (Winter vs. Summer)to modulate type 1 and type 2 plasma

chemokines in atopic and non-atopic individuals. Longitudinally, we observed an

increase in plasma lP-10 levels in both subject groups upon seasonal allergen exposure

(p.0.05, n=34 non-atopics, n=53 atopics). Non-atopics exhibited a significant increase

(p=0.0103, n=34) in systemic levels of eotaxin whereas the atopics did not. This is

important because it indicates the ability of allergen exposure to alter system¡c levels of

chemokines.
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The finding that systemic levels of both lP-10 (atopic and non-atopic) and eotaxin (non-

atopic) were elevated in response to natural allergen exposure prompted us to exam¡ne

the cognate receptor expression on circulating antigen-experien ced T cells. We

conducted a parallel analysis of CXCR3 and CCR3 expression on CD4lCD45RO+ cells

from these subjects. We hypothesized that any changes in chemokine receptor

expression may provide insight into a mechanism through which systemic chemokÌnes

are regulated in atopy. We examined express¡on of CXCR3 and CCR3 on

CD4+/CD45RO+ T cells taken from the same sample the plasma was isolated from.

We did not observe any alterat¡ons in CCR3 expression most likely a result of the low

percentage of CD4lCD45RO+ cells express¡ng CCR3 (-5 %) (Campbell JD, submitted

Sept 2001). We speculate that up-regulation of plasma levels of eotaxin in non-atopics

may represent chemokine that was not able to bind CCR3 due to the lack of

eosinophifs, basophils or Th2 cells present during allergen exposure in non-atopics.

Analysis of CXCR3 expression revealed a substantial increase in non-atopic subjects

only. This is important because it indicates a possible mechanism through which

clinical tolerance is mediated in non-atopics. Specifìcally, up-regulat¡on of CXCR3

expression on antigen experienced cells could allow for selective T cell recruitment to

sites of elevated lP-10, Mig, or [-TAC expression and increased type 1 cytokine

production [220]. CXCR3 is almost exclusively expressed on polarized Thl, IFN(-

secreting clones [232] suggest¡ng that preferential recruitment of CXCR3+ cells would

result in more type 1 dominated immunity. Recently, chemokine receptor expression

profiles for Th1 and rh2 clones have provided ev¡dence for preferential involvement of

specifÌc chemokines in the recruitment and possibly activaiion of polarized T cell
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populat¡ons. To date information detailing the ability of fresh T cells and/or APC directly

ex v¡vo to produce type 1 and type 2 chemok¡nes in response to allergen remains

unknown, most |ikely as a result of an inabìlity of most investigators to measure the low

levels of chemokine produced.

Collectively, we identified that seasonal exposure to grass pollen results in up-regulation

of systemic iP-10 ieveis in both atopic and non-atopic individuals. CXCR3 expression is

up-regulated in non-atopics during the grass pollen season only, suggesting that clinical

tolerance may be manifested through enhanced recruitment of CXCR3+ cells to the site

of allergen exposure promoting type 1 immunity and inhibiting induction or expression of

type 2 allegen specific responses.

Correlation Within and Between Type 1 and Type 2 Plasma Chemokines

We next examíned potent¡al correlations between plasma expression of the two

representative type 1 chemokines, lP-10 and Mig, in atopic and non-atopic individuals.

A similar analysis was performed examining the two representative type 2 chemokines

studied, Eotaxin and TARC. A strong positive correlation was demonstrated between

lP-10 and Mig (p<0.001, r=0.493). Simifarly, Eotaxin and TARC were highly correlated

(p<0.001, r=0.689), a finding equally evident in both atopic and non-atopic populations.

This is consistent with cytokine data demonstrating enhanced production of several type

1 or type 2 cytokines are concurrently upregulated during an immune response to

antigen. Hence, elevated lL-4 is commonfy accompanied by elevated lL-5 and lL-13.

We conclude that the positive correlation between lP-10 and Mig, as well as Eotaxin

and TARC demonstrates that type I and type 2 systemic chemokines are coord¡nately

regufated.
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Having established that expression of type 1 chemokines is highly coordinated (as is

expression of type 2) we sought to determine if there was a negative correlatron

between type '1 and type 2 plasma chemokines, as is seen for cytokine product¡on.

Thus, type I and type 2 cytokines are often negatively correlated in both atopic and

non-atopic individuals. Specifically, lmada et al showed that allergen-driven PBMC
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levels were elevated and lFNy levels were relatively reduced compared to non-atopics.

We analyzed systemic type 1 and type 2 chemokines in atopic and non-atopic

populations. Surprisingly, a strong positive correlation was evident between type 1 and

type 2 plasma chemokines. This relationship was evident in both subject groups. A

strong positive correlation within both subject groups suggests that regulat¡on of

systemic chemokine levels d¡ffers from cytokine regulation and further is not correlated

with atopic disease. This finding is contrary to what is observed in previously reported

cytokine data.

DARC, Plasma chemokines and Allergy

We observed a 4-5 log range in plasma chemokine levels in both populations. We

hypothesized that differential expression of the Duffy antigen receptor for chemokines

(DARC) found on RBC was a possible candidate due to its promiscuous ability to bind

both CXC and CC chemokines. We identifìed DARC on atopic and non-atopic human

RBC at a strikingly high frequency (-97%) within both populations, a fìnding cons¡stent

with the literature. lnterestingly, no correlatlon was evident between either the

frequency or intensity of DARC expression on RBC and systemic type 1 and type 2

chemokines. We did observe a range in the intensity of DARC expression (10-50 MFI)
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but there was no correlation between DARC expression and plasma chemok¡ne levels.

ln addition, the intensity of DARC express¡on dld not correlate with clinical status.

This finding ¡s ¡mportant because of studies that suggest DARC is a sink for systemic

chemokines to prevent unnecessary cellular recruitment. DARC binds both CXC and

CC chemokines making it the most promiscuous chemokine receptor to date. Nickel et

a¡ suggestec¡ a ¡ink betlveen the incidence of asthma and the absence of DARC on RBC

in >70Vo of African Americans [197]. We argue that the intensiiy of DARC expression

on RBC does not correlate with system¡c type 1 or type 2 chemokines in our (primarily

caucasian and or¡ental) population. ln addition, there is no correlation between the

intensity of DARC expression and cl¡nical sensitivity suggesting that differences in

DARC expression may not be predictive of atop¡c d¡sorders. We conclude that the

range of systemic chemokine observed in atopic and non-atopics ¡s not a result of

relative differences in the intensity DARC expression.

11.3 Allergen-driven type 2 chemokine (TARC) levels are elevated in atopics

ln an independent approach to examining chemokine expression and regulation we

developed allergen-driven in vitro culture systems. To test the hypothesis that Th2-like

cytokine and clinical sensitivity responses are associated with dominant type 2

chemokine production. Similarly we hypothesized an association between enhanced

type I chemokine production (j!._y!!lo in response to acute Ag mediated restimulation)

and clinical tolerance in contrast to data obtained with plasma chemokine analysis. This

experimental approach demonstrated that patients with seasonal allergic rhinitis exhibit
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a clear imbalance ¡n chemokine synthesis profile compared to that of non-atop¡c

individuals upon exposure to common environmental allergen_

Specifically, we observed that atopic individuals produce significantly elevated levels of

TARC, a type 2 chemokine, in response to grass pollen compared to the responses of

non-atopics. Elevated TARC levels were also observed in response other allergens

such as HDIvI and interest¡ngly, to SK. This suggests a global tendency to respond to

extracellular pathogens via elevated type 2 chemok¡ne production.

ln contrast to the enhanced TARC responses seen ¡n atopic subjects upon allergen-

specific restimulat¡on in short term culture, no differences were evident in allergen-

driven Mig production (a representative type I chemokine) when comparing between

subject groups. This is important because it suggests that atopic subjects are not

deficient in their ability to produce type 1 chemokines to environmental allergens, but

rather that they exhibit an elevated type 2 chemokine profile. whether this difference

promotes the development of iype 2 immunity or is a reflection of an established allergic

state would require long term prospective studies.

To our knowledge, the ability of atop¡c PBMC to preferentially produce elevated levels of

allergen-specific TARC compared to non-atopics is the first study demonstrating

differential regulation of allergen-driven type 2 chemokine production between atopic

and non-atopics. The presence of TARC or its receptor, CCR4, in cell lines or tissue

biopsies from inflammatory loci has hinted at the possible involvement of TARC in type

2 disorders such as atopic dermatitis as well as asthma. sallusto et al demonstrated a

bias in CCR4 expression on Th2 clones [232]. ln addition elevated CCR4 levels on

CD4+/CD45RO+ cells from atopic dermatiiis pat¡ents compared to controls [266].
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However, À/DC binds to CCR4 as well, thereby implicating either MDC or TARC or both

in this type 2 disorder. Recently, TARC express¡on by human bronchial epithelial cell

lines combined with intense staining of TARC on bronchial mucosa biopsies from

asthmatic donors has suggested a possible link between TARC and allergic airway

inflammation [265]. These studies were not able to demonstrate up-regulation of TARC

Þroduct¡on in response to allergen. nor were they able to determine whether TARC

product¡on was elevated in atopics compared to normal controls. Usage of cell lines

and/or polyclonal activators may have prevented observation of elevated allergen-driven

TARC production from atopics compared to controls.

The observation that atopic individuals produce enhanced TARC levels compared to

non-atopics in response to allergen is ímportant because it suggests that ma¡ntenance

or exacerbation of allergic inflammation may be a result of preferential recruitment of

type 2 celfs expressing CCR4 to the site of inflammation.

11.4 Exogenous and endogenous T cell derived cytokines regulate the intensity
of TARC and Mig production.

ln light of the ability of atop¡cs to produce enhanced type 2 chemokine in response to

allergen compared to non-atopics we sought to determine whether exogenously added

or endogenously produced type 1 or type 2 cytokines were able to regufate the intensity

of allergen-driven type 1 (Mig) and type 2 (TARC) chemokine production. To

accomplish this we independently examined the ability of exogenously added or

endogenously produced lFNy, lL-4, f L-13 or lL-10 to regulate the intensity of allergen-

driven type 1 and type 2 chemokine production.

r83



Exogenously Added lFNy, IL-4, lL-l3 or lL-10. lmpact on recall chemokine responses

To ¡nvestigate whether allergen-driven type 1 (M¡g) and type 2 (TARC) chemokine

production is regulated by the cytokine milieu present during allergen exposure we

stimulated non-atopìc, atopic, and atopic asthmatic PBMC with either grass pollen or SK

+l- 25îg/ml or 100-'1000 pg/ml of recombÌnant lFN1, IL-4, IL-13, or lL-'10. lnterestingly,

we found that commonly used levels of recombinant cytokines, Z5nglml, modulated Mig

and TARC production dramatically compared to exogenous cytokines added at levels

commonly seen produced by PBMC in response to allergen (1-1000p9/ml depending on

cytokine in question).

We demonstrated the ability of exogenous type 1 cytokine, lFNy, to significantly inhibit

allergen-driven TARC production regardless of the concentration of cytokine we tested.

ln contrast, exogenous levels of lFNy enhanced allergen-driven Mig production but only

if lFNy was added at a concentration several orders of magnitude above (25n9lml) what

is normally detected in allergen-driven culture. This is important because it

demonstrates the ability of low levels of lFNy to suppress allergen-driven TARC

production. Previous studies in our lab have demonstrated relatively low lFNy levels

from allergen-stimulated atopic PBMC compared to non-atopics [333]. We speculate

that elevated TARC levels from atopic and atopic asthmatic PBMC reflect this lack of

IFN( present during allergen-driven responses. ln contrast the inability of 1ng/ml to

enhance allergen-driven Míg production suggests that lFNy may not be a critical

mediator regulating type 1 chemokine (Mig) production rn yivo.

184



Similar results were seen using a non-allergenic antigen, streptokinase, suggesting the

ability of exogenous cytokines io regulate the intensity of chemokine production is not

dependent on the allergenic specificity of an antigen. Non-atopic, atopic and atopic mild

asthmatics responded similarly, suggesting the ability of exogenous cytokines to

regulate the intensity of type 1 and type 2 chemokine production regardless of atop¡c

status.

The addition of exogenous type 2 cytokines, lL-4 and lL-13, resulted in a significant up-

regufation in allergen-drìven TARC production but only at levels well above those

normally detected in culture (25n9/ml). lL-4, but not tL-13, was able to inhibit allergen-

driven Mig production. Similarly, commonly detected levels of lL4 (1O0pg/ml) in

allergen-driven culture did not significantly alter allergen-driven Mig production. These

data suggest that exogenous levels of lL-4 and lL-13 may not play a signifìcant role in

allergen-driven TARC or Mig production unless they are dramatically upregutated. We

argue that the relevance of adding elevated fevels (25n9/ml) of exogenous lL-4 and lL-

13 to what normally occurs in vivo is questionable due to the discrepancies between

2Sng/ml and 100p9/ml (lL4) or 1000p9/ml (lL-13) on TARC and Mig production.

Lastly, we examined the ability of lL-'10, a potent anti-inflammatory cytokine, to

downregulate allergen-driven TARC and Mig production. We observed dramatic

inhibition of allergen-driven TARC and Mig product¡on in response to exogenous IL-10

(25n9/ml). ln contrast, levels of lL-10 that are commonly found in culture (1 ng/ml) did

not s¡gnificantly alter Mig. TARC was equally sensitive to both concentrat¡ons of

exogenous lL-10. We conclude that allergen driven TARC production is sensitive to
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¡nh¡b¡tion by exogenous lL-10, but that allergen-driven Mig production requires

dramatically h¡gher levels of lL-10 to be significantly inhibited.

We are cautioned by the discrepancies seen between two different concentrations of

cytokine. We argue that the commonly detected levels of exogenous cytokine used ln

vitro are more physiolog¡cally relevant to what occurs naturally in vivo than the high

ieveis (25-i 00 ng/mi) useci in many expenmental systems. Due to the range of lL-1 3

and lL-4 levels measured from allergen-stimulated PBMC [189, 330, 333] it is difficult to

determine the optimal concentration of lL-4 and lL13 required to significantly regulate

the intensity of type 1 and type 2 chemokine production. We speculate that

experimental removal of endogenously produced lL-4 and f L-13 would allow for

confirmation of the ab¡l¡ty of these cytokines to regulate allergen-driven chemokine

production.

ln summary these data demonstrate the ability of elevated levels of exogenous cytokine

to regulate the intensity of TARC and Mig production. Similar results were seen

whether grass pollen or SK was used as a st¡mulus, suggesting the ability of cytokines

to globalfy regulate allergen and bacterial driven chemokine production. ln addition,

non-atopic, atopic and atopic asthmat¡c subjects responded similarly to treatment with

exogenous cytokine demonstrating ihe ability of these cytok¡nes to regulate the intensity

of chemokine production regardless of atopic status. Th¡s is important because it

demonstrates the ability of chemokines to be regulated by type 1 and type 2 cytokines

involved in the development of type 1 and type 2 immunity. Chemokines are able to

traffic specific cell populations (Th1-CXCR3, Th2-CCR4) to the site of inflammation.

Thus, combined with the ability of exogenous cytokines to regulate the intens¡ty of type
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I and type 2 chemokine production, we speculate that chemokines are important

mediators in type 2 disorders such as atopy.

Removal of endogenous lFNy, lL-4, lL-l 3, and lL-10

ln light of the conflicting results obtained from the addition of two different

concentrations of exogenous cytokine we sought to examine the ability of endoqenous

cytokines, IFNy, lL-4, lL-'f 3, and lL-10 to modulate the ¡ntensity of allergen-driven type 1

(Mig) and type 2 (TARC) production. To investigate ihis hypothesis we stimulated non-

atop¡c, atopic and atopic asthmatic subjects w¡th grass pollen or SK +/- the addition of

blocking antibodies to lFNy, lL-4, lL-13, and lL-10.

Allergen-driven TARC production from non-atopic and atopic PBMC was dramatically

up-regulated by the removal of endogenous lFNy. Responses of atopic mild asthmatics

were not significantly altered by the removal of endogenous lFNy, suggesting that there

may be a lack of endogenous lFNy present or that atopic mild asthmatic PBMC are

insensitive to endogenous lFNy (ie. No lFNy receptor). Blocking endogenous lFNy did

noi significantly alter allergen-dr¡ven Mig production, suggesting that additional type 1

cytokines may be regulating the intensity of Mig production (eg lL-12, lL-18). The ability

of endogenous lFNy to inhibit TARC production is ¡mportant because ¡t demonstrates a

possible mechanism through which allergen-driven type 2 chemokine (TARC) is

inhibited in non-atopics. Type I ¡mmunity is characterized by elevated lFNy levels in

non-atopics. We speculate that enhanced allergen-driven TARC production by atop¡cs

and atopic mild asthmatics is a result of depressed lFNy levels present endogenously.



Allergen-driven TARC production was inhibited by the removal of lL-13 but not lL4

suggesting that IL-13 the importance of lL-13 in driving TARC production in vitro.

Removal of these type 2 cytokines did not sign¡ficantly alter Mig production. Th¡s ¡s

¡mportant because it clarifies the involvement of these two cytokines in allergen-driven

chemokine production. lL-13 and lL-4 are upregulated upon secondary exposure to

alleroen in atooics ll -13 remains at elevated levels for a nrolnnned ncrind /? davq\

whereas lL-4 levels are often quickly downregulated. Combining the fact that Th2

clones express CCR4 with the continued up-regufation of lL-13 in atopics suggests the

presence of a pos¡t¡ve feedback loop involving cytokines and chemokines in type 2

immu n ity,

The removal of endogenous lL-10 from allergen-driven culture dramatically down-

regufated TARC production but did not alter Mig production. This is important because

is suggests the existence of different requirements for the down-regulation of type 2

chemokine production compared to type 1 chemokine production,

Taken together we conclude that endogenous lFNy and lL-10 actively inhibit allergen-

driven TARC production. Additionally, endogenous lL-13, but not lL4, selectivety

enhances allergen driven type 2 chemokine (TARC) production. The inability of

endogenous lFNy, lL-10, lL-4 or lL- 13 to regulate the intensity of Mig production may be

a result of a relatively weak cytokine response to allergen or a lower sensitivity of this

chemokine to such regulation than TARC. The ability of lFNy at greatly elevated levels

to enhance allergen-driven Mig production suggests that an intense inffammatory

response may produce levels of cytokine capable of enhancing Mig production. We
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speculate that allergen-driven Mig production may also be regulated by other cytokines

present in produced endogenously such as lL-'12, or lL-18.

These results are important because they indicate the importance of type 1 and type 2

cytokines in regulating type 2 chemokine (TARC) production. We speculate that

allergen-driven TARC production ís enhanced in atop¡c and atopic mild asthmatics due
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chemokine, TARC, is a critical component of a positive feedback loop in atopy. We

propose that elevated type 2 cytokine, lL-13, at the site of inflammation is able to

enhance allergen-dr¡ven TARC production, which may then work to recruit Th2 celfs to

the site of inflammation via CCR4 thereby ma¡ntaín¡ng or exacerbating allergic

inflammation.

11.5 Allergen-driven TARC and Mig product¡on is MHC class ll dependent

Exogenously added and endogenously produced cytokines from T cells are able to

regulate the intensity of type 'l (Mig) and type 2 (TARC) chemokine production. We

speculated that activated T cells in response to allergen produced these cytokines.

Based upon these findings we sought to determine whether Mig and TARC production

was dependent upon allergen recognition by Th cells. To accomplish this we stimufated

non-atopic, atopic and atopic mild asthmatic PBMC with grass pollen +/- neutral¡zing

antibodies to HLA-DR, to block the vast majority of MHC ll presentation to Th cells. ln

addition we blocked the co-receptor molecule CD4 found on T cells that specifically

binds to MHC class ll helping to form a stable tr¡mer.
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lnterestingly, neutralizing HLA-DR completely abrogated allergen-driven TARC and Mig

production from PBMC. This is important because it demonstrates a requirement for T

cell recognition of allergen in the context of MHC class ll to induce type 1 (Mig) and type

2 (TARC) production.

Blocking CD4 using a mAb also resulted in complete abrogation of allergen-driven Mìg

ann T¡1Þf' nr^¡',^+¡^ñ ^^ñfirm¡ñ^ lh^ .^^',;.^-^^+ {^. +l-'^ ¡^.--}¡^^ ^¡ ^ ^+^!.1^ T¡'\opr vuuulrur I, Lrrç ruyur'çrrrcr¡L

peptide-MHC class ll trimer in allergen-driven chemokine production.

We did not observe any differences between non-atopic, atopic and atopic mild

asthmatics, suggesting the importance of allergen recognition by Th cells before

chemokine product¡on occurs. We argue that previous studies utilizing isolated cell

populations (epithelial cells, dendritic cells) stimulated w¡th polyclonal activators have

ignored the importance of allergen-recogn ition by Th cells for chemokine production.

This is the first documentation of the requ¡rement for Th cell recogn¡t¡on of allergen in

the context of MHC class ll for Mig and TARC production. We argue that atopic and

atopic mifd asthmatic subjects display enhanced allergen-driven TARC production due

io an expanded Th2-like repertoire of allergen specific cells capable of producing

elevated levels of lL-13.

11.6 Allergen-driven TARC and Mig production is markedly inhibited by blocking
key molecules involved in antigen presentation

Due to the finding that allergen-driven Mig and TARC production is dependent upon the

abililty of Th cells to recognize allergen in the context of MHC class ll, we were

interested ¡n determíning the co-stimulatory signals responsibfe for driving recall



chemokine production. We examined the ability of the co-stimulatory molecules B7-1

and 87-2 found on the APC to induce allergen-driven MHC class ll dependent type 1

(Mig) and type 2 (TARC) chemokine production. To accomplish this we blocked using

mAb against B7-1 , or 87-2 and then combined the blocking antibod¡es (crB7-1 and o.B7-

2) to determine if the combination of the tlvo molecules produced an additive or

synergistic response. ln addition to us¡ng o.B7-1 and uB7-2 mAb we utilized the CTLA-

4-fg fusion protein that competes for binding to 87-1 and B7-2 preventing signal¡ng

through CD28. CTLA-4-lg fusion protein binds B7-1 and B7-2 equally well and shoutd

result in a comparable response seen using aB7-1 and aB7-2.

Blocking B7-1 significantly reduced allergen-driven TARC production in non-atopics but

not atop¡c or atop¡c mild asthmatics. In contrast, allergen-driven Mig production was

significantly inhibited through blocking 87-1 in atopic and atopic mild asthmatics but not

non-atopics. However, both studies show that all th¡ee groups displayed a trend

towards downregulat¡on of TARC and Mig, albeit to different degrees, when both B7-1

and 87 -2 were blocked individually. Regardless of the intensity of downregulation

demonstrated in the three subjects groups tested, the dependence upon B7-1 and 87-2

for allergen-driven chemokine production may indicate key molecules required for the

production of allergen-driven type 'l and type 2 chemokines.

Blocking B7-2 resulted in significant ínhibition of al¡ergen-driven TARC production from

all of the subject groups tested. Non-atopics, atop¡cs, and atopic mild asthmatic

individuals were inhibited by similar amounts (-50% reduction). This implies that

s¡gnaling through B7-2 is relatively more important than through B7-1 because of ihe

significant reduction in Mig and TARC regardless of atopic status. Kay et al
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demonstrated the dependence of lL-5 (type 2 cytokine) production and T celf

proliferation upon signal¡ng through B7-2 but not B7-1 [133]. ln add¡t¡on, several groups

have speculated that lL-4 production requ¡res signaling through B7-2. However,

Kuchroo et al demonstrated the importance of B7-1 but not B7-2 in lL-4 production

[135]. We conclude that allergen-driven type 1 (Mig) and type 2 (TARC) chemokine

product¡on is dependent upon 87-2 but is differentially dependent upon signaling

through B7-1 depending on atop¡c status.

Blocking both 87-1 and 87 -2 using either muft¡ple blocking antibodies or CTLA,4-lg

fusion protein resulted in complete abrogation of allergen-driven TARC and Mig

production. Because atopic and non-atopics were d¡fferentially producing Mig and

TARC upon neutralization of B7-1 we argue that the combination of neutralizing B7-l

and 87 -2 results in synergistic inhibition of allergen-driven Mig and TARC production.

This is important because it indicates the differential involvement of B7-1 depending

upon the presence of funct¡onal 87-2. We conclude that the great majority of alfergen-

driven MHC class ll dependent Mig and TARC production is stimulated through

signaling of both co-stimulatory molecules 87-1 and 87-2.

1 1.7 lmmunocytochemical visualization of allergen-dríven Mig production

ln light of the finding that allergen-driven chemokine production is dependent upon T

cell recognition of allergen in the context of MHC cfass ll and the suflcient signal¡ng

through 87-1 and 87-2we wished to identify immunocytochemically the source of Mig

production by PBMC. Staining freshly isolated and cultured allergen-stimulated PBMC

we were able to ¡dentify Mig staining on PBMC. The staining was the most ¡ntense and
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frequent on polyclonal stimulated PBMC (i.e, TSST-1)and weakest on unstimulated

PBMC with grass pollen stimulation demonstrating moderate staining. Using two color

staining we determined Mig staining was not restricted to CD3+ cells. Both CD3+ and

CD3- cells stained positively for the presence of Mig. Approximately 50% of Mig+ çsl¡g

were CD3+ indicating that CD3+ cells (T cells) are able to produce Mig as well as CD3-

cells (APC). This is in contradiction of the findings demonstrating Mig production from

non-CD3 cells exclusively as well as the extreme unlikelihood that there exists such a

high frequency of grass pollen specific CD3+ T cells. A possible explanation for this

finding may lie in the receptor for Mig, CXCR3, on Th CD4ICD45RO+ cells. We have

identified previously approximately -40-60% of CD4+/CD45RO+ T cells express

CXCR3 when freshly isolated from normal healthy and atopic donors. We measured

the frequency (percentage) of CXCR3 positive cells after 5 days st¡mulation with grass

pollen (4ug/ml) to determine the possible number of Th cells expressing CXCR3

capable of b¡nding Mig and resulting in double-positive cells. We found a significant

down-regulation of CXCR3 express¡on on CD4/CD45RO+ cells from -50 % down to

-10 % suggesting that the source of the high percentage of double positive cells is not a

result of ant¡body recognition of Mig bound to CXCR3 on Th cells.

We conclude that allergen-driven Mig production is dependent upon MHC class ll

recognition of alleÍgen and ¡s stimulated by suffìcient s¡gnal¡ng through B7-1 and 87 -2

result¡ng in Mig production by CD3+ and CD3- negative cells. We argue that the

majority of Mig staining on CD3+ cells cannot be attributed to binding to surface CXCR3

and therefore are possibly due to the ability of CD3+ cells to produce Mig. To confirm

this finding further investigation is required to confirm the ability of CD3+ cells to
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produce M¡g in response to allergen stimulation through MHC class ll with sufficient

stimulation through CD28 (cognate receptor for 87-1 and 87-2).
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11.8 Global Summary

To ¡nvestigate the regulation of type 1 and type 2 chemokines in allergic disease we

took two separate approaches. Firstly, we examined system¡c levels of chemokines

isolated from a range of cl¡nically sensitive individuals (non-atopic, atopic, atopic

asthmatic) to determine whether systemic chemokine levels were useful markers of

allergy. Secondly, we examined fresh human PBMC directly ex vlvo, stimulated with

allergen as opposed to polyclonal activators, to identify key differences between

allergen-driven chemokine production in atopic and atopic m¡ld asthmatics compared to

controls. Combining these two approaches (in vivo and in vitro), with chemokine

specif¡c sandwich ELISAS capable of detect¡ng concentrations as low as 4pglml we

were able to demonstrate the following:

1) Systemic levels of type 1 (lP-10, Mig) and type 2 (Eotaxin, TARC) chemokines are

present at a w¡de range of concentrations within both atopic and non-atopic

populations (4pglml to 2Ong/ml). The intensity of DARC express¡on is not conelated

with plasma chemokíne levels in atopic and non-atopic groups.

2) ln cross-sectional analysis, these representative type 1 and type 2 chemokines are

not useful markers of allergic rhinitis. Longitudinally, lP-10 and CXCR3 levels were

significantly elevated in the non-atopics as a consequence of seasonal allergen

exposure. This may indicate a potential mechanism driving or enhancing clinicaf

tolerance versus sensitivity to environmental allergens.

3) ln vitro, we demonstrated significantly elevated allergen-d riven, and identical

polyclonally driven, TARC production by atopic and atop¡c m¡ld asthmatic individuals
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when compared to non-atopics. Representative type 1 chemokines did not differ

between subject groups, suggesting preferential production of TARC, a type 2

chemokine, in response to allergen. This is important because of the ability of TARC

to recruit CCR4 bearing Th2 cells to the site of inflammation.

4) ln vitro , we demonstrated the ability of exogenously added or endogenously

^r^^r'^ò.1 ltrt\1., +^ rÁ^'ilô+â rh^ ;^+^^-i+', ^f ^ll^.^^^ â^¡ ^^+i^^ñ /êL/\ ,{-;.,^^ -r 
^ 
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but not Mig, production. Together with the findÌng that inhibition of endogenous lL-

13 dramatically reduced allergen-driven TARC production we speculate that TARC

may be a key molecule in atopics to maintain allergic inflammation through

recruitment and activation of type 2 cells.

5) Exogenously added lL-10 dramatically reduced allergen-driven TARC and Mig

production. This is important because it demonstrates the ability of TARC and Mig

to be down-regulated ¡n response to an anti-inflammatory cytokine.

6) We demonstrated that MHC class ll and CD4 are critical for allergen-driven type I

(Mig) and type 2 (TARC) chemokine production to occur. This is important because

it shows a direct link between Th cell recognition of allergen and typel/type 2

chemokine production, confirming the importance of chemokines in allergen-driven

responses.

7) We characterized the requirements of co-stimulation through 87-1 and 87 -2 to

initiate allergen-driven chemokíne production. We demonstrate that there exist

differential requirements for alfergen-driven Mig and TARC production in non-atopic,

atopic and atopic asthmatic individuals. This is important because it demonstrates

the importance of 871 and B7-2 in allergen-driven chemokine production and
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suggests an add¡t¡onal regulatory difference between type 1 and type 2 chemokine

production based upon atopic status.

ln summary, we argue that these data strongly ¡ndicate a role for type 1 and type 2

chemokines in allergy- We suggest that system¡c levels of type 1 and type 2

chemokines are not indicative of clinical sensitivity in vivo but provide essential

information when examined ln vlfro r¡sing fresh PBMC st¡mulated with allergen.

Specifically, we provided ev¡dence for a potential mechanism through which TARC, a

type 2 chemokine, may be able to drive the maintenance of allergy ihrough a pos¡i¡ve

feedback loop. The ability of type 'l and type 2 cytokínes to regulate the intensity of

type I and type 2 chemokines, together with the requirement for MHC ll recognition of

allergen for chemokine production indicates the interconnected regulatory relationship

between these families in allergic d¡sease. Together these findings indicate a strong

association with allergen-driven chemokine production and allergic rhinitis and mild

asthma.
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