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A b s t r a c t

Sulfamethoxazole (SMX) is metabolised to a nitroso intermediate (SMX-NO), 
which has been implicated in the pathogenesis of hypersensitivity reactions. 
Exposure of patients with cystic fibrosis to sulfonamides is associated with a high 
incidence of hypersensitivity. However, the reason for this has not been defined. 
The aim of this thesis was to use a mouse model to characterise functional 
antigens in immune cells and define the relationship between adduct formation, 
cell death, co-stimulatory signalling and stimulation of a T-cell response. In 
addition, the phenotype and function of T-cells from SMX hypersensitive patients 
with and without cystic fibrosis were characterised.

In the animal experiments, formation of SMX-derived adducts was dose- and 
time-dependent, detectable at non-toxic concentrations and blocked by enzyme 
inhibition. Adduct formation above a threshold induced necrotic cell death and 
dendritic cell co-stimulatory signalling and cytokine secretion. Antigen presenting 
cells (APCs) cultured with SMX for 16 h, the time needed for metabolism, 
stimulated T-cells from sensitised mice. The T-cell response with SMX was 
blocked by enzyme inhibition. Dendritic cells cultured with SMX and adoptively 
transferred to recipient mice initiated an immune response; however, T-cells were 
stimulated with SMX-NO and SMX-derived metabolites.

In human experiments, SMX and SMX-NO-responsive T-cells were cloned from 
six patients and characterised in terms of phenotype and function. Antigen 
specificity, mechanisms of antigen presentation, and cross-reactivity of specific 
clones were then explored. SMX-derived protein adducts were detected in APCs 
from patients with and without cystic fibrosis. Adduct formation was decreased 
with enzyme inhibitors. A significantly higher quantity of adducts were detected 
with cells from patients with cystic fibrosis. Over 500 CD4+ or CD8+ T-cell 
clones were generated and shown to proliferate, kill target cells and secrete an 
array of cytokines following antigen stimulation. Clones from patients with cystic 
fibrosis secreted higher levels of IFN-y, IL-6 and IL-10. Three patterns of MHC- 
restricted reactivity (SMX-responsive, SMX-NO responsive and cross-reactive) 
were observed with clones from patients without cystic fibrosis. From patients 
with cystic fibrosis, SMX-NO and cross-reactive, but not SMX-responsive clones 
were observed. The response of the cross-reactive clones to SMX was dependent 
on APCs drug metabolism and the generation of drug protein adducts. The 
response was blocked by glutathione and enzyme inhibitors.

In conclusion, APCs were shown to metabolise SMX; subsequent protein binding 
generates a functional T-cell antigen in human and mouse models. Adduct 
formation above a threshold stimulated necrotic cell death, which provides a 
maturation signal for dendritic cells. SMX metabolism and protein adduct 
formation is critical for the stimulation of T-cells from patients with cystic 
fibrosis.
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Chapter 1: General Introduction

1.1 Adverse drug reactions

Since the incident of foetal malformation induced by thalidomide in the 1960s, 

drug safety science represents a vital research area to improve our mechanistic 

understanding of adverse drug reactions (ADRs) and explore how to build up the 

design, tailoring and choice of drugs. ADRs have been reported following human 

exposure to almost every commercially available drug. Reactions of varying 

severity can target almost every organ/tissue.

The objective of this chapter is to describe the different forms of ADRs, focussing 

mainly on immune-mediated adverse reactions. The chapter highlights the 

different immunological processes involved in drug-specific adverse reactions and 

the way in which drugs interact specifically with immunological receptors to 

stimulate a pathogenic immune response in susceptible patients. Of particular 

importance is the section on drug metabolism and the ability of intracellular 

metabolites generated in antigen presenting cells (APCs) to stimulate immune 

cells following covalent modification of endogenous protein. The chapter 

concludes with a list of objectives that were generated to test the following 

primary thesis hypothesis; immune cell drug metabolism generates protein- 

reactive intermediates that are involved in drug immunogenicity and co­

stimulatory signalling.

1.1.1 Definition of adverse drug reactions

The World Health Organization (WHO) defined ADRs for more than 40 years ago 

as “Any response to a drug which is noxious and unintended, and which occurs at
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doses normally used in man for the prophylaxis, diagnosis or therapy of disease” 

(WHO, 1966). In 1972, the following phrase was added to the end of the 

definition “or for modification of physiological function” (WHO, 1972). Although 

this definition is still widely used by WHO (WHO, 1975; WHO, 1992; WHO, 

2002), it has some defects related to the words (noxious) and (normally) because 

some reactions are inconvenient (rather than noxious), and some can occur at test 

doses (rather than therapeutic doses) (Aronson and Ferner, 2005).

Several other definitions of ADRs have been described, including those of Karch 

and Lasagna (Karch and Lasagna, 1975), Inman (Inman, 1977), Venning 

(Venning, 1983), and Laurence and Carpenter (Laurence and Carpenter, 1998). 

All of these definitions and others exclude reactions to inactive ingredients (in 

formulations), or contaminants (in herbal medications) in addition to excluding 

medication errors as a source of ADRs (Femer and Aronson, 1999; Edwards and 

Aronson, 2000). These definitions are listed below.

Karch and Lasagna: Any response to a drug that is noxious and 

unintended, and that occurs at doses used in humans for prophylaxis, 

diagnosis, or therapy, excluding failure to accomplish the intended purpose. 

Inman: Noxious and unintended event occurring after the administration of 

a drug in dosages normally recommended for therapeutic purposes.

Venning: Any clinical event or illness resulting from an unwanted action of 

a drug.

Laurence and Carpenter: A harmful or significantly unpleasant effect 

caused by a drug at doses intended for therapeutic effect (or prophylaxis or
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diagnosis), which warrants reduction of dose or withdrawal of the drug 

and/or foretells hazard from future administration.

More recent broader definitions have been proposed by Edward and Aronson 

(Edwards and Aronson, 2000) and modified slightly by Aronson and Femer 

(Aronson and Femer, 2005). Both definitions have been used as an alternative to 

the WHO’s definition and other definitions that excludes failure of the drug to 

produce its desired effect and excludes any effects of drugs taken in overdose.

Aronson and Ferner: An appreciably harmful or unpleasant reaction, 

resulting from an intervention related to the use of a medicinal product; 

adverse effects usually predict hazard from future administration and 

warrant prevention, or specific treatment, or alteration of the dosage 

regimen, or withdrawal of the product.

1.1.2 Impact of adverse drug reactions

ADRs pose a major health concern due to their impact on all personnel involved 

in health care e.g. physicians, pharmacists, patients, pharmaceutical industry, and 

drug regulatory agencies, in addition to their impact on the health care system 

including hospital admissions and health care costs. ADRs are among the most 

important causes of fatality in several countries. A recent study placed ADRs as 

the seventh most common cause of death (Wester et al., 2008).

The involvement of ADRs in hospital admissions has been investigated in several 

studies performed in different countries (e.g. US, France, Switzerland, Germany, 

UK, Italy, Netherland and UAE). Each study showed extensive variability 

(Raschetti et al., 1999; Fattinger et al., 2000; Senst et al., 2001; Dormann et al.,
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2004; Al-Tajir and Kelly, 2005; Nebeker et al., 2005; Bond and Raehl, 2006; 

Lugardon et al., 2006; Van Der Hoofit et al., 2006; Davies et al., 2009). This 

heterogenicity may be attributed to many factors such as the population’s 

characteristics, types of hospitals, type of health care system, design of the study 

(e.g. prospective, or retrospective), change in medical practice over years, or 

techniques used to identify ADRs (e.g. medical and pharmaceutical visits, patient 

charts, or computerised databases). A meta-analysis performed by Lazarou et al. 

(1998) in the US demonstrated that severe ADRs account for 6.7% (of which 

4.7% caused admission to hospital and 2.1% occurred in in-patient after hospital 

admission). Furthermore, 10.9% of in-patients suffered ADRs of all severities. A 

prospective study conducted in two National Health Service (NHS) hospitals in 

the UK (Pirmohamed et al., 2004), showed that the rate of ADR-related hospital 

admissions is 6.5%. In another recent larger-scale prospective study in UK on in­

patients, Davies et al. (2009) found that 14.7% of patients suffered ADRs, the 

majority of which were avoidable. A systematic literature review conducted on 

studies published during the last 10 years found that the percentage of patients 

with ADRs ranged from 1.6 to 41.4 (for in-patients) and from 1.7 to 51.8 (for 

hospital admissions (Cano and Rozenfeld, 2009).

ADRs contribute to health care costs as a result of prolonged hospital bed 

occupancy or additional intervention. A recent study in the US (Bates et al., 1997) 

estimated the hospital burden from adverse drug events as $8000 per hospital bed 

per year and that due to ADRs in mainland Europe to be £4700 per hospital bed 

per year (Moore et al., 1998). A systematic review by Davies et al. (2009)
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estimated that in the NHS in England, the figure was comparable with annual cost 

of £637 million or £5000 per hospital bed per year.

Drug failure, withdrawal from the market, or generating a “black box” warning is 

attributed to problems in the pharmacokinetics, the drug efficacy, or the drug 

toxicity. The later represents a particular problem. Of greatest concern are the 

rare, unpredictable, and poorly understood ADRs. They are unlikely to be 

identified until the late phase of testing or even during post-marketing, which 

increases the costs.

ADRs have been accounted for the withdrawal of 4% of all drugs licensed in the 

UK between 1974 and 1994 (Jefferys et al., 1998), and over 10% of the drugs 

approved by the FDA from 1975 to 2000 (Lasser et al., 2002). The cost of drug 

development exceeds US$ 800 million for each new drug introduced onto the 

market (DiMasi et al., 2003; Adams and Van Brantner, 2006). Thus, each drug 

withdrawal represents a significant financial burden to the pharmaceutical 

industry.

Although the true picture is uncertain due to hidden costs, ADRs are a noteworthy 

health problem, and over half are potentially avoidable, so any steps and strategies 

taken to reduce their impact will be valuable throughout the health care system.

1.1.3 Classifications of adverse drug reactions

ADRs were first classified into predictable and unpredictable effects (Wayne, 

1985), then into dose-related and non-dose-related (Levine, 1973; Wade and 

Beeley, 1976). Alphabetic classification was first proposed and characterised into
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type A and B at the end of the 1970s (Rawlins and Thompson, 1977; Rawlins and 

Thompson, 1981; Rawlins, 1981) (table 1.1). Other types, from C to G, were 

proposed subsequently (Grahame-Smith and Aronson, 1984; Laurence and 

Bennett, 1992; Park et al., 1992; Hartigan-Go and Wong, 2000; Aronson, 2002) 

(table 1.2).

Another classification of ADRs (DoTS classification) was developed based on the 

dose (Do) at which reactions occur, the time course (T) of the reaction, and the 

susceptibility (S) of the patient (Laurence and Bennett, 1992). In addition, ADRs 

can be classified based on the need to change the offending drug dosage regimen 

and the treatability of the reaction (Aronson and Femer, 2005) (table 1.3). 

Recently, ADRs are classified into ‘on-target’ and ‘off-target’. A predictable 

reaction from basic drug pharmacology with dose-dependency is an on-target 

reaction, whereas an unpredictable reaction is an off-target one. The latter is 

uncommon, serious and thought to be due to reactive drug metabolites (Park et al., 

2010). Unpredictable reactions might be idiosyncratic, drug intolerance, or might 

have an immunologic basis.



Chapter 1: General Introduction

Table 1.1: Features of type A and type B reactions
Feature Type A (Augmented) Type B (Bizarre)
Frequency Common Uncommon
Dose dependency Dose-dependent More or less dose independent
Predictability Yes No
Severity Usually mild More serious
Morbidity High High
Mortality Low High
Examples Digoxin toxicity

Opioids constipation

NSAIDs intestinal 
bleeding

H ypersensitivity (Allergy) (immune 
m ediated) e.g. penicillin 

D rug intolerance (at therapeutic or 
subtherapeutic doses of drug) 

Idiosyncratic reactions (patient- 
specific pharmocokinetic or 
genetic characteristics e.g. 
malignant hyperthermia)

Table 1.2: Types C-C in alphabetic classification of adverse drug reactions
Type Features Example
C : Chronic Dose and time related Osteoporosis with steroids
D : Delayed Time related, usually 

dose-related
Carcinogenicity, teratogenicity

E : End therapy Drug withdrawal Opiate withdrawal syndrome
F : Failure Dose related, often due to Inadequate dose of an oral

drug interactions contraceptive particularly when 
used with enzyme inducers

G : Genetic Dose related, often due to Genotoxins, carcinogens, and
irreversible genetic 
damage.

teratogens

Table 1.3: Classification of adverse drug reactions based on reaction intensity
Grade 1 Grade 2 Grade 3

Change drug 
dosage

Treatability of the 
reaction

Not required Required or desirable withdraw drug

A. No treatment required
B. Relieved or partly relieved by treatment
C. Not relieved by treatment
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1.1.4 Hypersensitivity reactions

1.1.4.1 Subtypes of hypersensitivity reactions

Hypersensitivity reactions (Immune-mediated or allergic drug reactions) are off- 

target drug reactions that account for 15-20% of all ADRs (Lazarou et al., 1998). 

They can be classified according to Gell and Coombs (Gell and Coombs, 1963) 

into reactions that are mediated by drug-specific IgE antibodies such as urticaria, 

asthma, and anaphylaxis (type 1, mostly immediate-type), cytotoxic reactions such 

as acute haemolytic anaemia mediated by drug specific IgG antibodies (type II), 

immune complexes reactions such as vasculitis and serum sickness mediated by 

drug specific IgM antibodies (type III), or T-cell mediated reactions (type IV, 

mostly delayed-type).

Delayed hypersensitivity reactions (type IV) were further subclassified into four 

subtypes IVa-IVd based on cytokine production by T-cells, cytotoxic activity of 

both CD4+ and CD8+ T cells, and other effector cells (monocytes in type IVa, 

eosinophils in IVb, T-cell in IVc, and neutrophils in IVd) (Pichler, 2003) (table 

1.4).

Diagnosis of allergic reactions relies mainly on good history taking, clinical 

observations (e.g. edema, vesicles, bullae, organ affected), and choice of the 

diagnostic test (e.g. basophil activation test for type I and lymphocyte 

transformation or skin tests for type IV) (Bircher, 2005).
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Table 1.4: Subtypes of hypersensitivity reactions

Immune response Pathophysiology Examples

IVa j----- Thl (EFN-y) Monocytic inflamuxation Eczema

ivb 1----- N Th2 (IL-5. IL-4) Eosinophilic inflannnation MPE.
BE

IVc
k CTL (Perforin

i Qrailzyme B )

Kcratinocyte death 
mediated by C'D4 or C'D8+ 
T cells

MPE. 
BE. PE

IVd N T-cells (CXCL-8. 
L v/ IL-8)

Neutrophilic inflammation AGEP

MPE: M acuio-papuiar exanthema BE: Bullous exanthema
AGEP: Acute generalised exanthematous pustulosis PE: Pustular exanthema |

1.1.4.2 Major targets of hypersensitivity reactions

Drug induced hypersensitivity reactions can target liver, skin, heart, kidney, lungs, 

and other organs. Although the liver is the most important target for dose- 

dependent ADRs since it has a major role in pharmacokinetics and a unique 

anatomic and physiologic structure (e.g. portal circulation), it is only rarely 

involved in drug hypersensitivity. Skin is affected much more commonly due to 

several reasons including large surface area, rich vascularisation, and dense 

network of APCs and T cells ready to elicit an immune response (Keller et al.,

10
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2005; Clark et al., 2006) (figure 1.1). Furthermore, skin contains many resident 

cells express metabolising enzyme (see below).

Drugs can induce different forms of cutaneous hypersensitivity reactions 

including maculopapular exanthema (MPE), acute generalized exanthematous 

pustulosis (AGEP), drug rash/reaction with eosinophilia and systemic symptoms 

(DRESS), Stevens-Johnson Syndrome [SJS], toxic epidermal necrolysis [TEN], 

and other reactions (e.g. allergic contact dermatitis). The pathophysiology and 

clinical patterns of some of these reactions are discussed below.

These reactions differ mainly in the effector cells and cytokine profile of activated 

T cells. CD4+ T cells are thought to be dominant in MPE and AGEP, while CD8+ 

cells dominate in TEN. Studies on skin has shown that IL-5 is the predominant 

cytokine in MPE due to its ability to recruit eosinophils to the site of inflammation 

(Pichler et al., 1997). IL-8 and IFN-y are thought to take part in AGEP (Britschgi 

et al., 2001; Roujeau, 2006) due to the ability of IL-8 to recruit neutrophils to the 

site of inflammation, and IFN-y to upregulate MHC class II on keratinocytes 

rendering them more susceptible to T-cell mediated killing (Friedmann et al., 

1994; Roujeau, 2006). IFN-y and TNF-a were found at high levels in the blister 

fluid of patients with SJS/TEN (Nassif et al., 2004b), TNF-a can induce 

keratinocyte apoptosis (Paquet et al., 1994; Groves et al., 1995), while TNF-a and 

IFN-y enhance keratinocyte cytotoxicity (Friedmann et al., 1994).

MPE is the most frequent, mild (mostly) drug hypersensitivity reaction. The 

pathophysiology includes (a) keratinocyte death with cytotoxic CD4+ and/or CD8+ 

releasing perforin and granzymeB and (b) eosinophilic inflammation due to a



Chapter 1: General Introduction

Th2-type immune response with the secretion of IL-5 (Schnyder et al., 1998; 

Yawalkar et al., 2000; Hari et al., 2001; Pichler, 2003).

AGEP is a rare disease characterised by acute febrile sterile pustular eruptions 

within 5 days of drug administration. The reaction is accompanied by 

neutrophilia, sometimes eosinophilia, with no blisters. T cells kill kératinocytes 

leading to formation of vesicles and release of 1L-8 from both types of cells 

(under the effect of IFN-y/TNF-a). This leads to recruitment of neutrophils into 

the vesicles, which then change into pustules (Britschgi et al., 2001). Causative 

drugs include macrolide antibiotic pristinamycine, amoxicillin, quinolones, 

hydroxyl chloroquine, sulfonamides, terbinafine, and diltiazem (Sidoroff et al., 

2007).

DRESS, also known as drug [induced] hypersensitivity syndrome (DHS, DiHS) is 

a syndrome presented clinically (as the name refers) by exanthema with transition 

into a generalised epidermal necrolysis, internal organs involvement (liver, lymph 

node, kidney, lung, pancreas), and eosinophilia. In addition, it has been reported 

that viral activation (e.g. herpes simplex virus 6, cytomegalovirus, Epstein-Barr 

virus) is associated with DRESS (Hashimoto et al., 2003; Shiohara et al., 2007). 

Drug-specific T-cells that secrete large amounts of IL-5 and IFN-y are detected in 

the blood of patients with DRESS (Naisbitt et al., 2003b). Common causative 

drugs include carbamazepine, phenytoin, sulfonamides, and allopurinol (Allam et 

al., 2004).

SJS and TEN are the most severe form of cutaneous hypersensitivity reaction. 

They are bullous conditions characterised by severe necrosis and epidermal



Chapter 1: General Introduction

detachment, followed by erosive lesions in the skin and mucous membrane of the 

mouth and genitals. Other manifestations are fever and internal organ involvement 

(e.g., liver, kidney or gastrointestinal tract) (Greenberger, 2006). The underlying 

mechanism of these reactions involves immune-mediated cytotoxicity. Two main 

pathways have been reported to demonstrate the role of cytotoxic T-lymphocytes 

in kératinocytes necrolysis and subsequent blister formation; (a) Fas-mediated 

pathway (particularly in TEN) (Viard et al., 1998; Abe et al., 2003; French, 2006; 

Alanore and Roujeau, 2007) and (b) perforin/granzymeB-mediated pathway 

(particularly in drug exanthema) (Nassif et al., 2002; Nassif et al., 2004a). Dermal 

and epidermal inflammatory infiltration with predominant CD8+ T lymphocytes in 

TEN and SJS has been reported (Miyauchi et al., 1991; Hertl et al., 1993). These 

CD8+ T cells were isolated from epidermal skin lesions in penicillin-induced 

bullous drug-reactions (Hertl et al., 1993; Hertl and Merk, 1995) and from fluid 

extracted from blisters (Nassif et al., 2002; Nassif et al., 2004a). Characterisation 

of these CD8+ clones revealed cytotoxic properties against B lymphocytes and 

kératinocytes (Hertl et al., 1993) and against EBV-transformed lymphocytes 

(Nassif et al., 2002; Nassif et al., 2004a) as well as secretion of cytokines 

including IL-2 and IFN-y, but not IL-4 (Merk and Hertl, 1996). Moreover, signs 

of necrolysis were detected microscopically in kératinocytes close to CD8+ 

lymphocytes (Paul et al., 1996). Drugs which are most often associated with SJS 

and TEN are allopurinol carbamazepine, cotrimoxazole, nevirapine, 

phénobarbital, phenytoin, and lamotrigine (Halevy et al., 2008). Recently, HLA- 

associations with severe CD8+ T cell-mediated drug hypersensitivity reactions has
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been reported with drugs including carbamazepine, allopurinol, and abacavir 

(Mallal et al., 2002; Chung et al., 2004; Hung et al., 2005).

Other hypersensitivity cutaneous reactions include (a) allergic contact dermatitis, 

mostly presented at the site of contact with the allergen and requires a prior 

sensitisation to the drug e.g. neomycin, gentamicin, chloramphenicol (Gehrig and 

Warshaw, 2008) and (b) photoallergic/phototoxic reactions, due to the interaction 

of drug with UV light leading to formation of highly protein reactive derivatives 

or radicals as in drugs like tetracycline and sulfonamide (Gould et al., 1995).

Figure 1.1: Network of immune cells in dermal and epidermal layers of skin 

(Abbas et al., 2007)
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1.2 Drug metabolism

1.2.1 Major sites of drug metabolism

Lipophilic drugs, in the absence of metabolism, would not be eliminated and 

would accumulate in the body, eventually causing toxicity. For most drugs, the 

main aim of metabolism is detoxification. Metabolising enzymes convert 

lipophilic compounds into more water soluble derivatives that are more readily 

excreted. For a limited number of drugs, this process results in formation of 

toxic/reactive metabolites that can disturb cellular functions, interact with distinct 

cellular proteins, lipids, or nucleic acids, disrupt the ionic (e.g calcium) gradient, 

and interfere with metabolic or signalling pathways leading to cellular 

impairment, death, and possibly organ failure.

The principal site of drug metabolism is the liver because of its large size, the high 

content of many metabolising enzymes, and because it is the first organ exposed 

to drugs absorbed from the gastrointestinal tract. Another important site of 

metabolism is the skin (Williams, 2008) due to large surface area, vascularisation, 

and expression of individual drug metabolising enzymes by many cell types 

including keratinocytes, fibroblasts, langerhans cells and melanocytes (table 1.5). 

Skin cells express the most important hepatic cytohrome P450 (CYPs) including 

CYPs 1A1, 1B1, 2B6, 2C9, and 3A4 as well as other CYPs that have never been 

identified in the liver (e.g. CYP2 members) (Du et al., 2004). In addition to the 

liver and skin, drug metabolising enzymes have been shown to be expressed by 

cells of the immune system such as lymphocytes, neutrophils, and APCs (table 

1.5). Many drugs have been shown to be metabolised by immune cells such as 

carbamazepine (Furst and Uetrecht, 1993), dapsone (Uetrecht et al., 1993), and
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sulfamethoxazole (Cribb et al., 1990; Uetrecht et ah, 1993; Sanderson et ah, 

2007). Other sites of drug metabolism include the gastrointestinal tract, kidney, 

lung, brain, and plasma (Williams, 1987).

1 Table 1.5: Local (extrahepatic) metabolism of drugs in skin and immune 1 
I cells I

Cells Enzyme(s) References
Kératinocytes CYP

COX
FMO

(Kanekura et ah, 1998; Rys-Sikora et ah,

2000; Baron et ah, 2001; Saeki et ah, 2002; 

Du et ah, 2004; Roychowdhury et ah, 2005; 

Vyas et ah, 2006)
Fibroblasts CYP (Saeki et ah, 2002; Roychowdhury et ah, 

2007a)
Melanocytes CYP (Saeki et ah, 2002)
Langerhans cells CYP (Saeki et ah, 2002)

Lymphocytes CYP
COX
MPO

(Spencer et ah, 1999; Starkel et ah, 1999;

Krovat et ah, 2000; Dey et ah, 2001; Siest et 

ah, 2008)
Neutrophils MPO (Cribb et ah, 1990; Furst and Uetrecht, 1993; 

Hofstra and Uetrecht, 1993; Uetrecht et ah, 

1993; Lai et ah, 1999)
Dendritic cells CYP

COX
(Sieben et ah, 1999; Norgauer et ah, 2003;

MPO Roychowdhury et ah, 2007b; Sanderson et

FMO ah, 2007; Lavergne et ah, 2009)

MPO: myeloperoxidase, COX: cyclooxygenase, CYP: cytochrome P450, FMO:
flavin-containing monooxygenases

1.2.2 The multi-phase metabolic system

Metabolism can be divided into three phases; phase I, II and II. Phase I reactions 

usually precede phase II; though this is not always the case (e.g. isoniazid is 

metabolised in the reverse order).
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Phase 1 biotransformations result in more polar metabolites by adding or exposing 

the polar functional groups (e.g. -OH, -COOH, -SH, -0-, or NH2) permitting the 

products to serve as substrates for phase II conjugating enzymes or sometimes for 

excretion. Phase 1 reactions include oxidation, reduction, and hydrolysis, of which 

only oxidation is of importance for this review.

Phase II reactions involve conjugation of the polar functional groups of phase I 

products by the addition of a large, polar moiety (sulfate, methyl, acetyl, 

glutathione and glucuronic acid) producing a metabolite with improved water 

solubility and increased molecular weight, thereby facilitating drug elimination.

For few cases, phase II reactions have been associated with the formation of 

reactive metabolites; this may be one of the mechanisms involved in the 

hepatotoxicity seen with diclofenac (Kenny et al., 2004).

Phase III metabolism involves a series of pump systems or efflux transporters, 

which provide a gradient to eject the metabolites from aqueous areas of cells 

relatively quickly into the interstitial fluid between cells and to the blood to be 

removed by kidneys thus diminishing any effects the drug might exert on the 

target tissue. Many efflux transporters have been identified including P- 

glycoprotein and multi-drug resistance associated proteins (MDRs or 

MRPs)(Borst et al., 1999; Baron et al., 2001; Leslie et al., 2001).

1.2.3 Major Phase 1 oxidative reactions

The cytochrome P450 monooxygenases (CYP) or oxido-reductases are a group 

of enzymes belonging to a family of proteins containing a heme co-factor

__________________________________________________________________________ I 17
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(hemoproteins). Its activity depends on generation of water from the heme moiety. 

The heme iron binds oxygen in the active site, where oxidation of substrates 

occurs (Waszkowycz et al., 1994) as represented in figure 1.2.

/ -------------------------------  N

RH + O2 + 2H + 2e~ - CYF > ROH + H2O
V______________________ ____ )

Figure 1.2: Cytochrome P450 (CYP) oxidative reaction using a substrate (RH), 

an oxygen molecule (O2), two hydrogens (H), and two electrons (e) (supplied by 

NADPH and NADPH cytochrome P450 oxidoreductase) to generate a hydroxyl 

group (OH) and one molecule of water (H?0).

There are 18 families of human CYPs and 43 subfamilies (Nelson, 2003). CYPs 

are named depending on cellular (cyto) location and spectrophotometric 

characteristics (chrome) with the root “CYP” followed by a number indicating the 

family, a letter denoting the subfamily, and a second number designating the CYP 

isoform. P450 is the most efficient nanometre wavelength of light at which CYPs 

absorb light when reduced and bound to carbon monoxide. Thus, CYP 2C9 

indicate the ninth member of subfamily C of the family 2. Amino acid structure 

with a sequence identity of more than 40% indicates members of the same family, 

while sequence identity of more than 55% indicates the same subfamily (Nelson 

et al., 1996). Most of CYPs responsible for drug metabolism in humans fall within 

families CYP 1-4. The most important CYPs for drug metabolism are CYP3A4, 

CYP1A2, CYP2A6, CYP2C9, CYP2C8, CYP2D6, and CYP2E1 (Shimada et al., 

1994; Mutch and Williams, 2006; Sanderson et al., 2007).

The CYP enzymes account for as much as 60% of the biotransformation of FDA- 

approved drugs (Venkatakrishnan et al., 2001). They are located mainly in liver
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but extrahepatic locations such as intestine are important for first pass 

metabolism. CYPs are also found in the skin and immune cells as discussed 

previously. CYPs are membrane-associated proteins located either in the inner 

membrane of mitochondria or in the endoplasmic reticulum of cells (Guengerich,

2004). Many reactions are carried out by CYPs including aromatic hydroxylation, 

rearrangement reactions (dealkylation, deamination, dehalogenation) as well as N- 

oxidation, S-oxidation, and primary amine oxidation. CYPs are involved in 

metabolism of dietary agents, as well as synthesis of hormones, cholesterol, and 

vitamin D metabolism. They are the major enzyme system involved in drug 

metabolism and bioactivation, accounting for about 75% of the total metabolism 

(Guengerich, 2008).

Due to the nature of substrate binding sites in CYPs, a single compound can be 

metabolised by multiple CYPs or by multiple positions in the same CYP as well 

as the ability of a single CYP to metabolise structurally dissimilar chemicals. 

Changes in CYP enzyme activity (induction or inhibition) are a major source of 

ADRs as they can affect the clearance of different drugs. It is therefore vital to 

find out which CYPs metabolise a drug, and to avoid co-administering drugs that 

are metabolised by the same CYP. Enzyme inhibitors often inhibit their own 

metabolism and metabolism of co-administered drugs such as azoles e.g. the 

antifungal ketoconazole, which is a potent CYP inhibitor (Thomson et al., 1988). 

Administration of ketoconazole with the anti-HIV protease inhibitors increases 

their risk of toxicity (Treluyer et al., 2003). On the other hand, enzyme inducers 

may induce metabolism of co-administered drugs such as steroids (e.g. 

prednisolone) that induce hepatic CYP3A4, increasing the metabolism of many
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drugs (Kishi et al., 2004). Other factors affecting CYP enzyme activity are diet 

and genetic polymorphisms.

Flavin-containing monooxygenases (FMOs) are another family of phase l 

oxidative enzymes that are expressed at high levels in the liver and are localised to 

the endoplasmic reticulum. The general reaction utilises NADPH and oxygen to 

oxidise nucleophilic centres in drugs and to form their respective oxidative 

products as represented in figure 1.3.

A

R H  + O2 + N A D P H  + H + - *'M °  ►  R O H  + H2O + N A D P +

k______________________________ ________________________ y

Figure 1.3: Flavin monooxygenase (FMO) oxidative reaction using a substrate 

(RH), an oxygen molecule (Cb), hydrogen (H), and NADPH to generate a 

hydroxyl group (OH) and one molecule of water (HiO).

Five isoforms of FMO are expressed in humans (Mitchell, 2008), of which FMO 

3 is highly expressed in human liver. FMO 1 is expressed in kidney (Phillips et 

al., 1995) at levels higher than that of CYPs and is thought to be responsible for 

renal biotransformation of certain drugs. FMOs generally produce harmless 

metabolites. They metabolise drugs such as nicotine, cimetidine, clozapine, and 

itopride. However, in some cases FMOs have been reported to mediate the 

bioactivation of various chemical moeities to toxic intermediates. It has been 

shown that FMO is involved in metabolism of drugs in the skin and immune cells 

(e.g. keratinocytes, dendritic cells) (Vyas et al., 2006; Lavergne et al., 2009). 

Unlike CYPs, FMOs are less involved in drug-drug interactions because they are 

not induced or inhibited by any clinically used drugs (Cashman and Zhang, 2006). 

In addition, FMOs catalyse oxidation of the nucleophilic centres (rather than the
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carbon atoms in CYPs-catalysed oxidative reactions) (Eswaramoorthy et al., 

2006).

Animal heme-containing peroxidises are a large family of peroxidases that play 

an important role in cell biology, host defence against infection (antimicrobial 

effect), and hormone synthesis. This family includes heme-containing enzymes 

such as myeloperoxidase (MPO), eosinophil peroxidase, lactoperoxidase, thyroid 

peroxidase, and cyclooxygenase (COX) (Kimura and Ikeda-Saito, 1988; 

Furtmuller et al., 2006). MPO is the best studied and is a main interest in this 

study. It is largely found in neutrophils and leukocytes and its heme pigment 

causes a green colour in neutrophil-rich secretions.

Peroxidases can react with hydroperoxides (mostly hydrogen peroxide [H2O2]) 

through a multistep reaction. The cycle starts with a reaction between the ferrous 

form of the peroxidase and hydrogen peroxide to form intermediate compounds 

known as compound I and compound II. These reactions result in the formation of 

oxidising agents that act either directly or indirectly in the presence of halide ions 

(e.g. Cl', I', thiocyanate ions) leading to formation of another oxidising agents 

such as hypochlorous acid (Furtmuller et al., 2000) (figure 1.4). 

—

H2O2 + Cl" + H+ M PQ  ►  HOCL + H2O
V............................................................................................................................... J

Figure 1.4: Myeloperoxidase (MPO) oxidative reaction using hydrogen peroxide 

(H2O2), chloride ion (C f), and hydrogens (H+) to generate hypochlorous acid 

(HOCL, oxidising agent) and one molecule of water (H2O).
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Several studies have shown the role of peroxidase enzymes including MPO (Cribb 

et al., 1990; Zhao Chao and Uetrecht, 1995), COX (Vogel, 2000), lactoperoxidase 

(Goodwin et al., 1996) and thyroid peroxidase (Doerge et al., 1997) in xenobiotic 

metabolism and certain metabolites have been shown to irreversibly modify 

protein generating potential antigenic determinants for immune cells.

1.2.4 Role of drug metabolism in drug hypersensitivity

Drugs are referred to by Landsteiner and Jacobs (1935) as incomplete antigens 

due to their low molecular mass (<1KD). They were considered too small to 

interact directly with immunological receptors. Thus, the hapten theory was 

proposed to explain the way in which drugs and sensitising chemicals interact 

with the immune system. A hapten is defined as any low molecular weight 

compound that has a propensity to bind irreversibly to protein, generating a 

hapten-protein complex.

Drug metabolism can, in some cases, induce toxicity through the generation of 

chemically reactive, electrophilic metabolites that bind covalently to cellular 

macromolecules inhibiting critical cellular functions (Park et al., 2005a; Park et 

al., 2005c; Baillie, 2006; Park et al., 2006; Uetrecht, 2006; Uetrecht, 2007; 

Uetrecht, 2008). The metabolite formed through metabolism is referred to as a 

hapten. It is thought that even a low level of hapten, often undetectable using state 

of-the-art bioanalytical methods, could be involved in an immune response due to 

the serial triggering character of T-cell receptors and the small number of these 

receptors needed for activation of T-cells (Schodin et al., 1996; Wei et al., 1999;
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Labrecque et al., 2001; Chakraborty, 2002). Serial triggering is the concept 

applied to the stimulation of multiple T-cell receptors by a single antigenic ligand. 

The tendency for a xenobiotic to form a reactive intermediate is based on its 

structure with special “alerts” identified, that are particularly susceptible to 

metabolic activation (Park et al., 2005a). Several studies have demonstrated that 

the majority of marketed drugs associated with a high incidence of ADRs are able 

to form reactive metabolites which have the capacity to bind covalently to 

proteins (Kalgutkar et al., 2005; Kalgutkar and Soglia, 2005; Zhou et al., 2005; 

Boelsterli et al., 2006).

Due to the importance of metabolic activation in drug development, many 

pharmaceutical companies accepted a new approach to deal with the reactive 

intermediates (Nassar and Lopez-Anaya, 2004; Kalgutkar et al., 2005; Kalgutkar 

and Soglia, 2005; Erve, 2006; Baillie, 2008). This approach is based on 

assessment of the quantity and quality of the potential reactive metabolite. 

Qualitative identification is concerned with the recognition of the structural alert 

involved in the undesirable metabolic pathway and blocking it chemically or 

medically.

Reactive metabolites can be classified into two categories (Williams et al., 2002); 

electrophiles and free radicals. Electrophiles, the most common reactive 

metabolites, are electron deficient species (e.g. epoxides and quinoids). They 

have, at their electrophilic center, a high positive charge density (hard 

electrophiles) or a low positive charge density (soft electrophiles). Free radicals 

contain an unpaired electron that is able to propagate a chain of reactions leading
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to lipid peroxidation, oxidative stress, or modification of other types of biological 

molecules including protein (Uetrecht, 1995). Both phases of drug metabolism are 

able to induce reactive metabolite formation, but phase 1 CYPs are the most 

important enzymes involved in this process.

To clarify the role of reactive metabolites in drug hypersensitivity reactions, it is 

critical that future investigations are designed to shed light on some features 

including the site of adduct formation, the nature and extent of drug metabolite- 

specific protein modification, the role of cytotoxicity in the activation of the 

innate immune system and mechanisms of drug metabolite-specific T-cell 

activation. Furthermore, it is important to define whether genetic polymorphisms 

in drug metabolising enzymes contribute toward susceptibility.

It has been shown, both in vivo and in vitro, that binding of drug metabolites to 

protein is involved in immune mediated ADRs, thus providing support for the 

hapten concept (Meekins et al., 1994; Worrall and Dickinson, 1995; Gruchalla et 

al., 1998; Lavergne et ah, 2006a; Aithal and Day, 2007; Cheng et ah, 2008). 

Nevertheless, some authors have reported that this is not always the case. In 

certain circumstances, drug-protein adducts may not induce ADRs (Carey and 

Van Pelt, 2005; Pichler et ah, 2006; Cheng et ah, 2008) or may even protect 

against ADRs (Zhou et ah, 2005) due to the absence of another signal (e.g. danger 

signal).

Cytotoxicity associated with drug metabolites is thought to supply a danger signal 

to stimulate an innate immune response. The Mechanisms of metabolite 

cytotoxicity are still not fully defined, but may relate to oxidative stress (Vyas et
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al., 2005; Lavergne et al., 2006b; Aycicek and Iscan, 2007), modification of vital 

proteins (Leeder et al., 1991), or mitochondrial injury (Bort et al., 1999). 

Cytotoxicity has been demonstrated for many drugs such as amodiaquine (Naisbitt 

et al., 1998), SMX (Carr et al., 1993; Rieder et al., 1995), diclofenac (Bort et al., 

1999), carbamazepine (Valentine et al., 1996), and clindamycin (Wijsman et al.,

2005).

Drug metabolites may interact directly with innate cells. Studies on dendritic cells 

have shown that drugs/chemicals as amoxicillin (Rodriguez-Pena et al., 2006), 

SMX (Sanderson et al., 2007), contact sensitisers (Aeby et al., 2004; Toebak et 

al., 2006; Coulter et al., 2007), and abacavir (Martin et al., 2007), can induce 

activation and cellular maturation signals, thought to be critical for the activation 

of a primary immune response. Danger signalling is discussed in detail below.

Although the interaction between drug metabolites and the adaptive immune 

response has been intensively studied, a defined mechanism is yet to be identified. 

Metabolite-specific T-cells were detected in hypersensitive patients (Schnyder et 

al., 2000; Sachs et al., 2001; Naisbitt et al., 2003b; Nassif et al., 2004a; Wu et al., 

2006; Tsuge et al., 2007; Castrejon et al., 2010) and animal models of drug 

immunogenicity (Farrell et al., 2003; Naisbitt et al., 2007). However, whether this 

interaction is critical for the initiation of an immune response is yet to be defined. 

This issue will also be discussed in detail later in this chapter.
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1.3 Immune system

Immunity is a term that describes all host mechanisms which confer defence or 

resistance to foreign substances, such as infectious agents and biological invasion 

without damage to the host. These mechanisms are typically divided into two 

categories: innate (using non-clonally distributed receptors) and adaptive (using 

clonally distributed receptors). The two branches of immunity were largely 

separated till 1989 when Janeway proposed a new concept that adaptive immunity 

is initiated and controlled by the stimulation of pattern recognition receptors 

expressed on cells of the innate immune system (Janeway Jr, 1989).

1.3.1 Components of the immune system

The innate (non specific) component is the front line of defence present since 

birth, has no immunological memory (i.e. the response remains the same 

following repeated infections), and acts immediately or within hours of an 

antigen's appearance in the body. It involves a diverse collection of molecules and 

mechanisms that include; (a) physicochemical barriers such as epithelial layers, 

and chemical substances e.g. definsins, lysosyme and phospholipase, (b) humoral 

barriers such as the complement system, coagulation system, cytokines, and 

inflammatory mediators and (c) cellular barriers such as phagocytes (neutrophils, 

macrophages, dendritic cells), eosinophils, and natural killer cells. Some of these 

elements are working at all times, such as in the epithelia, others work in response 

to microbes (Abbas et al., 2007). These non specific natural mechanisms have two 

main functions; (1) immediate defensive to prevent, control, or eliminate infection 

early and (2) a warning function to allow effective and selective subsequent
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adaptive immune response (Abbas et al., 2007; Lee and Iwasaki, 2007). Cells of 

the innate immune system such as macrophages, and dendritic cells express 

receptors known as pattern recognition receptors which act as immune sensors 

(discussed later in detail).

A second layer of protection is provided by the adaptive (acquired or specific) 

immune system. In contrast to innate immunity, the adaptive immune system has 

improved recognition of pathogens through specific diverse clonally distributed 

receptors (B-cell and T-cell receptors) leading to precise recognition of the 

specific epitopes giving an antigen specific response. Adaptive immunity also 

includes immunological memory that allows faster and stronger responses upon 

subsequent encounters with pathogens (Pancer and Cooper, 2006). The adaptive 

immune system is comprised of two components which may carry out their 

protective function independently; (1) the cellular component (T-lymphocytes 

[helper cells, effector cells, and regulatory cells]) and (2) the humoral component 

(soluble signalling molecules e.g. antibodies secreted from B-lymphocytes).

1.3.2 Cells of the adaptive immune response

1.3.2.1 Dendritic cells

Cells of the immune system continually inspect their environment for the 

existence of invading pathogens or self proteins. This scanning is instructed and 

regulated by the APCs including dendritic cells, B lymphocytes, and 

macrophages. APCs have the capacity to induce a tolerogenic or immunogenic 

response and hence sieving the molecular surroundings for both self and non self 

proteins. Dendritic cells are unique APCs due to their capacity to stimulate a
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primary immune response and hence creating immunological memory in addition 

to taking part in maintaining T cell tolerance to self (Banchereau and Steinman, 

1998).

Although the heterogenicity of dendritic cells has its impact on the outcome of 

immune responses, each subset of dendritic cell has the ability to stimulate T cell 

responses. Dendritic cells are distinguished in different ways. One way is to 

classify them into two major subsets; plasmacytoid and conventional. According 

to lineage, conventionl dendritic cells are divided into myeloid and lymphoid. 

Another way to classify dendritic cells is according to the tissue distribution of 

dendritic cells (tissue-derived [interstitial] and blood-derived [lymphoid- 

resident]). Tissue derived dendritic cells are found in peripheral tissue such as the 

skin and mucosal sites and migrate upon activation, via lymphatic vessels, to the 

secondary lymphoid organs to prime T cell responses. In contrast, lymphoid- 

resident dendritic cells are found in blood and enter secondary lymphoid organs 

such as the spleen and lymph nodes directly (Shortman and Liu, 2002).

In steady-state laboratory mice, five dendritic cells subtypes are found (table 1.6). 

Spleen contains three of these cell subtypes; the CD8+, the CD4+ and the double 

negative dendritic cells (Vremec et al., 2000). Lymph nodes contain two more 

double negative dendritic cells subtypes; CD205+C D llb+ in all lymph nodes and 

CD205hlghC D llb+ in skin-draining lymph nodes (Anjuere et al., 1999; Henri et 

al., 2001). In thymus, CD8+ dendritic cells are the dominant subtype.
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Blood is the only available source of primary dendritic cells in humans in spite of 

few recent studies on lymphoid tissue dendritic cells (spleen, tonsil, and thymus). 

Human dendritic cells lack the expression of CD8. Three main subsets of 

dendritic cells were identified: myeloid, plasmacytoid, and monocyte-derived. 

The latter is a subset that is often generated in vitro by culturing monocytes in the 

presence of GM-CSF and IL-4 (Sallusto and Lanzavecchia, 1994). Myeloid 

dendritic cells can be generated from human umbilical cord blood under the effect 

of GM-CSF and TNF-a (Caux et al., 1996; Caux et ah, 1997). They are similar in 

morphology to monocytes and they secrete IL-12 cytokine (table 1.7). 

Plasmacytoid dendritic cells are similar to plasma cells in morphology, derived 

from a lymphoid lineage, located in lymph nodes, found in low levels in 

peripheral blood, and they secrete IFN-y (Grouard et ah, 1997; Colonna et ah, 

2004) (table 1.7). Both myeloid and plasmacytoid cells are derived from 

haematopoietic progenitor CD34+/Lin'/CD38' cells from bone marrow (Miller et 

ah, 1999).

Dendritic cells perform an important role in determining the equilibrium between 

two contrasting states; immune tolerance and immune reactivity, through the
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provision of receptor ligand interactions and cytokine secretion (Novak and 

Bieber, 2008).

Table 1.7: Subsets of human dendritic cells

Myeloid Plasmacytoid

Morphology Monocytic morphology 

with irregular outline

Plasma cells like with large 

amounts of rough ER

Expression Express CD1 lc,

Express myeloid markers 

such as CD 13 and CD33, 

Low expression of CD 123 

(O'Doherty et ah, 1994; 

Olweus et ah, 1997; Borras 

et ah, 2001)

Do not express CD1 lc,

Do not express CD 13, CD33, 

High expression of CD 123 

(alpha chain of the IL-3R) and 

MHC II (Grouard et ah, 1997; 

Robinson et ah, 1999; 

Guermonprez et ah, 2002).

Function Capture antigens in the

periphery by phagocytosis 

and macropinocytosis 

(Robinson et ah, 1999).

Poor antigen-capture capacity.

They are thought to be involved 

in recognition of self antigens or 

viruses due to their location 

within T cell areas of lymphoid 

tissues (Grouard et ah, 1997; 

Robinson et ah, 1999).

The antigen presenting capacity of dendritic cells is enhanced in response to toll­

like receptor signalling (e.g., LPS, CpG oligodeoxynucleotides) (De Smedt et ah, 

1996; Akiba et ah, 2004) and molecules released from necrotic (e.g., uric acid, 

high-mobility group box 1 protein) (Shi et ah, 2003; Bianchi and Manfredi, 2007) 

or oxidatively stressed cells (Becker et ah, 2003). Dendritic cells respond to these 

signals by secreting polarising cytokines, and increased expression of co­

stimulatory receptors and MHC class II.
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The change of dendritic cells from immature antigen capturing cells to mature 

antigen presenting cells is associated with several events such as changes in 

endocytic capacity (Sallusto et al., 1995), MHC class II expression (Landmann et 

al., 2001), co-stimulatory molecules expression (Sallusto et al., 1995; Carreno and 

Collins, 2002), lysosomal compartments (CD68, dendritic cell-lysosome- 

associated membrane protein DC-LAMP), cytokine secretion (e.g. IL-12 from 

mature cells) (Celia et al., 1996) and chemokines receptor expression (e.g. CCR7, 

CCR1, and CCR5) (Sallusto et al., 1998). These events are summarised in figure

1.5. Once activated, mature dendritic cells migrate to secondary lymphoid organs 

to activate specific lymphocytes (Steinman, 1991).

Morpholo
High endocvtic capaci
High intracellular MHCII 

High CD68 
HighCCRl, CCR5 

Low CD40, CD80, CD86

High surface MHC II 
High DC-LAMP 

HighCCR7
High CD40, CD80, CD86

Figure 1.5: Events associated with dendritic cell activation include changes in 

morphology, endocytic capacity, presenting capacity, MHC class II expression,

co-stimulatory molecules expression, lysosomal compartments, cytokine 

secretion, and chemokine expression.

1.3.2.2 T-lymphocytes

Lymphocytes are white blood cells that constitute the major cellular components 

of the adaptive immune response. They include large granular innate immune
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cells (natural killer cells), small cells involved in cell-mediated immunity 

(Thymus cells, T-cells), and small cells involved in humoral immunity (Bone 

cells, B-cells).

Lymphocytes originate from haematopoietic stem cells in the bone marrow from a 

common lymphoid precursor, and then differentiate following various pathways 

into their distinct lymphocyte subsets. B cells mature in the bone marrow into B 

lymphocytes. CD20 is expressed during almost all stages of B cell development. T 

cells migrate to and mature in the thymus. Immature thymocytes are double­

negative (CD4‘CD8') cells which can be subdivided into four populations 

according to expression of CD25 and CD44. They then become double-positive 

(CD4+CD8+), and finally mature to single-positive (CD4+CD8‘ or CD4'CD8+) 

thymocytes (Bhandoola and Sambandam, 2006; Rolink et al., 2006). Before 

leaving the thymus or bone marrow, most lymphocytes (>95%) are destroyed due 

to auto-reactivity against self antigens and/or MHC affinity (negative and positive 

selection) (Romagnani, 2006). The remaining mature lymphocytes enter the 

circulation and peripheral lymphoid organs (e.g. spleen and lymph nodes) where 

they survey peptides derived from invading pathogens and presented in the 

context of MHC molecules expressed on dendritic cells.

B and T cells differentiate further after exposure to an antigen to form effector and 

memory lymphocytes. Effector lymphocytes eliminate the antigen by a) releasing 

antibodies (IgG, IgA, IgM, IgD and IgE) that recognise the antigen, enabling 

macrophages and natural killer cells to target and attack easier, b) signalling to 

other immune cells, or c) releasing cytotoxic granules. Memory cells stay in the
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peripheral tissues and circulation for an extended period (often the life-time of the 

individual) ready to counter the same antigen upon future encounters.

An important difference between B cells and T-cells is the way each lymphocyte 

distinguishes its antigen. B cells recognise their cognate antigen in its whole 

natural soluble state in the blood or lymph using their B-cell receptors or 

membrane bound immunoglobulin, enabling macrophages and natural killer cells 

to target and attack easier. On the contrary, T cells recognise their cognate antigen 

as short peptide fragments resulting from the intracellular processing of protein 

antigens presented to the T cell receptor by MHC molecules on the surface of 

APCs. T lymphocytes are the mediators of cell-mediated immunity and are the 

focal point of my thesis.

Classification of T lymphocytes as helper and cytotoxic is obsolete as it has been 

confirmed that both subsets can cause cytotoxic cell death (Berke, 1995). CD4+ T 

cells, previously known as helper (Th) assist other white blood cells in 

immunologic processes such as maturation of B cells into plasma cells and 

activation of cytotoxic T cells and macrophages. They become activated by 

recognition of an antigen associated with MHC class II molecules expressed on 

the surface of APCs (De Jong et al., 2006). Once activated, they divide rapidly 

into functional subsets and secrete cytokines. Thl cells secrete predominantly IL- 

2, IFN-y, and TNF-a that support cell-mediated immune responses against 

pathogens (intracellular), while Th2 cells release IL-4, IL-5, IL-10, IL-9, IL-13 

and TGF-P that are important in sustaining a humoral immune response against 

pathogens (Constant and Bottomly, 1997; Mowen and Glimcher, 2004;
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Romagnarri, 2004). Several studies have demonstrated that the cytokine IL-12 

secreted mainly by APCs, the transcription factor T-bet (T-box expressed in T 

cells), and STATI,4 signalling (the signal transducer and activator of transcription 

1 and 4) are essential for the promotion of Thl cell differentiation and the 

suppression of Th2 subtypes (Thierfelder et al., 1996; Szabo et al., 2000; Afkarian 

et al., 2002; Lund et al., 2003; Sundrud et al., 2003; Szabo et al., 2003; Athie- 

Morales et al., 2004; Lund et al., 2004; Romagnani, 2004). In contrast, GATA3 

and STAT6 are important in Th2 cell differentiation (Takeda et al., 1996; Ouyang 

et al., 1998; Usui et al., 2003; Skapenko et al., 2004; Tahvanainen et al., 2006; 

Lund et al., 2007). T helper 17 (Thl7) cells are IL-17 producing T cells that are 

thought to play a role in autoimmune diseases such as multiple sclerosis and Type 

1 diabetes (Steinman, 2007). Differentiation of this subset is promoted by 

exposure to IL-6, TGF-P, IL-21, and IL-23 and inhibited by Thl and Th2 

cytokines (Stockinger and Veldhoen, 2007; Dong, 2008; Manel et al., 2008). Thl7 

cells are not associated with T bet and GATA-3 expression which are crucial 

molecular mechanisms of Thl and Th2 responses respectively (Park et al., 2005b; 

Veldhoen et al., 2006). The role of Thl 7 cells in drug hypersensitivity has not 

been defined.

CD8+ T cells known as cytotoxic (Tc cells, or CTLs) destroy virally infected 

cells and tumour cells, and are implicated in transplant rejection. They are thought 

to play a role in many forms of delayed type drug hypersensitivity reactions and 

allergic contact dermatitis (Kalish and Askenase, 1999). CD8+ T cells become 

activated by recognition of an antigen associated with MHC class I molecules on 

the surface of nearly every cell of the body. Upon activation, they divide into
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functional subsets and secrete cytokines. CD8+ T cells are divided into Tel and 

Tc2 cells based on their cytokine profiles with Tel and Tc2 being similar to Thl 

and Th2 secreting T cells (Noble et al., 1995). Tel cells initiate targeted killing, 

while the role of Tc2 cells in the immune response is largely unknown, although 

their presence in chronic infections, cancer and autoimmune diseases is associated 

with increased severity and disease progression (Iezzi et al., 2006). To be ready to 

respond upon future exposure to the same antigen, memory cells (CD4+ or CD8+) 

persist in the peripheral tissues and circulation for an extended period after the 

infection fades.

CD4+ regulatory (Treg) cells were known previously as suppressor T cells. They 

effectively regulate immune response and control auto-reactive T cells. There are 

two major classes of CD4+ Treg; naturally occurring (CD25+FoxP3+), and 

adaptive (Trl or Th3). Naturally occurring Treg cells arise in thymus and express 

CD25+ and the characteristic marker FoxP3+ (Sakaguchi, 2004). Disruption of the 

Foxp3 gene induces block of natural Treg development or dysfunctional Treg 

leading to hyperactivation of auto-reactive T-cells causing autoimmune and 

allergic responses (Sakaguchi et al., 2006). Adaptive Treg cells are thought to 

originate during a normal immune response in conditions of suboptimal antigen 

exposure and/or co-stimulation (Maggi et al., 2005). Th3/Trl cells have the ability 

to inhibit the proliferation of cells mainly by the secretion of cytokines IL-10 and 

TGF-p. CD 127 (IL-7 receptor) expression has been described as an excellent cell 

surface marker for Treg in human blood. CD4+CD25+FoxP3hlghCD127low Treg 

represent a small population of circulating CD4+ T cells in peripheral blood (Liu 

et al., 2006).
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Natural killer T cells (NKT cells) can recognise lipid antigens presented by CD1 

molecules. Once activated, they can perform functions attributed to both Th and 

Tc cells (i.e., cytokine production and release of cytolytic molecules). They are 

also able to fight pathogens rich in lipids as mycobacteria (Moody and Porcelli, 

2003; Brigl and Brenner, 2004; Watts, 2004). Gamma delta T cells have distinct 

T cell receptor made up of one y-chain and one 5-chain (rather than ap T cell 

receptor), they are found at their highest abundance in the gut mucosa. The 

response to antigen is not MHC restricted (Abbas et al., 2007).

1.3.3 Immunological models

Three main models were proposed over the last 60 years to figure out 

immunological mechanisms; the self/non-self model, the infectious/non-self 

model (both are based on recognition of foreignness), and the most recent danger 

model (based on recognition of potential danger).

1.3.3.1 Self/Non-self (SNS) model and co-stimulation

Medawar and his colleagues (Billingham et al., 1953) opened the way for this 

model by showing the experimental aspects of acquired immunological tolerance 

and other types of immunological non-reactivity. Later on, this was formulated 

theoretically by Burnet in 1961 (Burnet, 1961) by emphasising the importance of 

self recognition in immunology. From that moment, the SNS model was 

considered the most important basic theory of immunology. SNS model suggested 

that the immune system functions by discriminating SNS using lymphocytes to 

accept self and attack non-self. Lymphocytes are programmed early in life
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through negative selection. The latter term stands for deletion of inappropriate and 

immature lymphocytes that have high affinity for self molecules in the thymus 

(self-reactive lymphocytes) thus allowing the system to detect non-self antigens 

without mistakenly detecting self-antigens. Since the discrimination of SNS by 

the effector cells needs signals from stimulator cells, the concept of co-stimulation 

was added to refine the SNS model.

Co-stimulatory pathways (signal 2) transmit signals from the APCs to the T-cell 

through a range of ligand-receptor interactions between molecules expressed on 

the membrane of activated APCs and T-cells. Absence of these signals renders the 

immune system tolerant to the antigen (Uetrecht, 1999). Here I discuss the three 

most common co-stimulatory signalling pathways; (a) CD80/86:CD28/CTLA-4, 

(b) ICOS-L:ICOS (inducible co-stimulator), and (c) CD40: CD154

The CD28 pathway is generally known as the main T-cell co-stimulatory pathway 

(Bour-Jordan and Bluestone, 2002; Song et al., 2008). Mature dendritic cells 

express the highest levels of co-stimulatory molecules among all potential APCs 

so they are the most potent stimulators of naive T- cells (Reis E Sousa, 2006). 

CD80 (B7.1) and CD86 (B7.2) are two molecules of the B7 family present on the 

surface of APCs. They can interact with the structurally related T-cell surface 

receptors CD28 and CTLA-4 (Chambers et al., 2001; Salomon and Bluestone,

2001). CD28 is constantly expressed on T cell surfaces and the engagement with 

its ligands leads to T-cell activation, stimulation of cytokine production (June et 

al., 1987; Subudhi et al., 2005), promotion of cell cycle progression (Song et al., 

2008), promotion of cell survival signals to T cells by enhancing the expression of
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Bcl-xL (Boise et al., 1995), and enhancing memory T-cell development (Muller et 

al., 2008). In contrast, CTLA-4 is not constantly expressed and its expression is 

increased following T cell activation to inhibit a potentially excessive immune 

response through competitive inhibition with CD28 for CD80/CD86 molecules 

(Saito and Yamasaki, 2003). In addition, CTLA-4 prevents progression of the cell 

cycle and inhibits the production of IL-2 through inhibition of CD28 activity 

(Walunas et al., 1996)

The ICOS receptor is another member of the CD28 family expressed on activated 

T cells and binds exclusively to ICOS ligand on APCs to augment T cell 

proliferation and cytokine production (IL-4, IL-5, IL-10, IFN-y and TNF-a) 

(Greenwald et al., 2005; Van Berkel et al., 2005). ICOS synergises with CD28 to 

activate T-cells especially during the effector stage of pathogenic responses 

(Watanabe et al., 2006), while CD28 is essential during the initiation of the 

response (Van Berkel et al., 2005).

CD40 is a cell surface receptor belonging to the tumour necrosis factor family. It 

is a co-stimulatory protein expressed on all APCs and is required for their 

activation. CD40 binds to its ligand CD154 (CD40L) on activated T cells (Van 

Kooten and Banchereau, 2000; Quezada et al., 2004). This interaction stimulates 

activation of APCs as defined by increased surface expression of MHC, co­

stimulatory receptors and adhesion molecules (O'Sullivan and Thomas, 2003). 

This process enhances expression of B7-1 and B7-2 on the APCs (Van Gool et al., 

1996). In addition, CD40:CD40 L interaction induces a variety of downstream 

effects such as induction of secretion of inflammatory cytokines that promotes T
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cell differentiation and Thl/Th2 polarisation. Interaction between CD40 and its 

ligand has been shown to supply an important stimulation for sustained activation 

of the NF-kB pathway, which also plays a role in prolonged up-regulation of co­

stimulatory molecules (CD40, CD80 & CD86), immuno-stimulatory cytokines 

such as IL-12 & TNFa (Yoshimura et al., 2001) and prolonged APC survival 

(Banchereau and Steinman, 1998).

1.3.3.2 Infectious/non-self (INS) model

This model was proposed in 1989 by Janeway (Janeway Jr, 1989). The basic idea 

for this model is that APCs are not antigen specific (they capture self and non- 

self) and do not co-stimulate till activated via encoded pattern recognition 

receptors. These receptors allow APCs to discriminate between “infectious non­

self’ and “non-infectious self’ by the recognition of conserved pathogens 

(microbes)-associated molecular patterns (PAMPs or MAMPs) on bacteria 

(Janeway Jr, 1989; Janeway Jr, 1992). Activation of APCs is accompanied with 

upregulation of co-stimulatory molecules (signal 2) on their cell surface, which in 

addition to the antigen-MHC II complex (signal 1) induces T-cell activation and 

differentiation.

PAMPs are a highly conserved signatures expressed by large families of microbes 

such as bacterial carbohydrates (LPS, mannose), nucleic acids (bacterial or viral 

DNA or RNA), and bacterial peptides (flagellin) (Martinon and Tschopp, 2005; 

Medzhitov, 2007). On the basis of function, PRRs can be classified into three 

families; endocytic, soluble, and signalling. According to location, PRRs can be 

divided into cell-associated and soluble (table 1.8) (Abbas et al., 2007).
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Both the SNS and INS models are based on non-self recognition, but they could 

not explain several features of the immune system such as autoimmunity, and 

cases of exposure to non-self antigen without triggering an immune response (e.g. 

tumours, changed tissue in aging).

Tablet.8: Classification of pattern recognition receptors based on location
Example Location PAMP ligands

A. Cell associated pattern recognition receptors
TLR 1-9 Plasma membrane and Various bacterial and viral
(Toll-likc receptors) endosomal membranes of 

Dendritic cells, 
phagocytes, others

molecules

Mannose receptor Plasma membrane of Microbial surface
(C-type lectins) phagocytes carbohydrates with terminal 

mannose and fructose
CD36 Plasma membrane of Mmicrobial diacylglycerides
(Scavenger receptor) phagocytes
Nodi, 2, NALP3 Cytoplasm of phagocytes Bacterial peptidoglycans
(Nod-like receptors) and other cells
FPR and FPRL 1 Plasma membrane of Peptides containing
(N-formyl Met- 
Leu-Phe Receptors)

phagocytes N-formylmethionyl residues

B . Soluble recognition m olecules
C reactive protein Plasma Microbial phosphorylcholine
(Pentraxins) /phosphatidylethanolamine
Mannose-binding Plasma Carbohydrates with terminal
lectin (Collectins) mannose and fructose
Surfactant proteins
(Collectins)

Alveoli Various microbial structures

Ficolin Plasma N-acetylglucosamine and
(Ficolins) lipoteichoic acid of cell walls 

of gram-positive bacteria
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1.3.3.3 Danger model

This model was proposed in 1994 by Polly Matzinger (Matzinger, 1994) on the 

basis of potential danger (from cell damage) rather than foreignness (self/non-self) 

as a determinant for an immune response. It is thought that APCs detect and 

process alarm signals from cell injury (due to pathogens, toxins, stress, necrosis, 

etc) leading to their activation and upregulation of co-stimulatory molecules. This 

model depends on cell damage or stress to trigger an immune response, so it does 

not matter whether the stimulus is an exogenous chemical/pathogen, or an 

endogenous intracellular molecule.

Alarmins are molecules produced by damaged or stressed cells that have the 

potential to act as danger signals (Bianchi, 2007; Oppenheim et al., 2007; Kono 

and Rock, 2008). Examples of these molecules are (a) high mobility group box 1 

(HMGB1) (Scaffidi et al., 2002), (b) heat shock proteins (HSPs) (Panayi et al., 

2004), (c) S I00 proteins (Foell et al., 2007), (d) ATP (Bours et al., 2006), (e) uric 

acid (Shi et al., 2003) and (f) DNA (Farkas et al., 2007). Because endogenous 

alarmins and exogenous PAMPs transmit a similar message and trigger similar 

responses; they were collectively called Damage (or danger)-associated molecular 

patterns (Bianchi, 2007). The list of DAMPs is growing rapidly, thus Polly 

Matzinger has proposed that any hydrophobic surface ("Hyppo", or Hydrophobic 

protein part) might act as a DAMP (Seong and Matzinger, 2004). The response to 

DAMPs is under the control of toll-like receptors and nod-like receptors (Miller et 

al., 2003; Apetoh et al., 2007).
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It is thought that the immune response is initiated by exogenous pathogen- 

associated molecular patterns or endogenous alarmins and that both groups are not 

mutually exclusive since PAMPs appear to act on many of the same receptors as 

DAMPs (Seong and Matzinger, 2004). Based on this concept, pathogens should 

have similar effects on APCs. This may explain the increased risk of 

hypersensitivity in the presence of risk factors (that act as danger signal) such as 

infection or surgical operations as demonstrated in the following published 

articles: (a) skin rashes appear almost always in patients with mononucleosis 

when given ampicillin or amoxicillin (Pullen et al., 1967), (b) increased chance of 

hypersensitivity reactions in AIDS patients to 50% when given sulfamethoxazole 

(Fischl et al., 1988), (c) increased risk of agranulocytosis in patients after open- 

heart surgery when given procainamide (Ellrodt et al., 1984; Uetrecht, 1999) and 

(d) increased incidence of allergic reactions to p-lactam in patients with cystic 

fibrosis (Koch et al., 1991; Pleasants et al., 1994)

In addition, involvement of danger signals in the pathogenesis of ADRs has been 

proposed experimentally. Tienilic acid-induced liver toxicity is supported by some 

observations that include: (1) the presence of antibodies against CYP2C9 (tienilic 

metabolic enzyme in human) in patients who were treated with tienilic acid and 

developed liver toxicity (Lecoeur et al., 1996), (2) the changes in mRNA 

expression was consistent with danger signals released early from hepatocytes 

after administration of tienilic acid in rats (Pacitto et al., 2007), (3) the ability of 

the reactive metabolite of tienilic acid to bind proteins other than CYP (Koenigs et 

al., 1999). Similarly, changes in gene expression induced by carbamazepine and 

phenytoin were consistent with oxidative stress and hence danger signals (Lu and
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Uetrecht, 2008). In contrast, danger signal related-gene expression (e.g. 

inflammation, oxidative stress) was downregulated when SMX was given (Pacitto 

et al., 2007). However, such inhibition of mRNA expression might be a marker of 

cell stress (Li and Uetrecht, 2010).

The danger model has important implications for vaccination, autoimmunity, and 

foetal/matemal immunity. In vaccination, modification of the vaccine by infection 

or adjuvant that is able to induce some cellular injury may increase the 

effectiveness of the vaccine (Schirrmaker, 2003; Bergmann-Leitner and Leitner, 

2004). In autoimmunity, it is suggested that damaged cells (rather than the 

immune system), in the presence of risk factors, might direct the immune 

reactions towards self damage (Matzinger, 2007). Finally, the danger model 

proposes that foetal attack by the maternal immune system depends on the health 

status of foetus (Bonney, 2007) rather than immunosuppressive molecules 

released during pregnancy to induce a state of tolerance (Gorczynski et al., 2002; 

Power et al., 2002; Le Bouteiller and Tabiasco, 2006), which may explain cases 

like preeclampsia.

1.3.4 Recognition of antigens by T lymphocytes

1.3.4.1 Major histocompatibility complex

Antigens are usually displayed in two forms; soluble and cell-associated. Unlike B 

lymphocytes, T cells can only recognise cell-associated antigens. Antigen display 

is a function of the major histocompatibility complex (MHC) expressed on APCs.
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The MHC complex is a genomic region called human leukocyte antigen (HLA) on 

chromosome number 6 which is about 3.6 Mb and containing 140 genes (Horton 

et al., 2004). MHC molecules have an important role in immune response because 

antigen recognition and presentation to immune cells (e.g. T cells or natural killer 

cells) occur in their context. This leads to effective interaction or cell-mediated 

killing of infected cells. MHC polymorphisms are essential to protect against a 

diverse range of proteins and pathogens. During embryogenesis, effector cells are 

trained to ignore self antigens within MHC molecules and react against non self. 

Failure of this process leads to autoimmunity or immunodeficiency. There are 

three classes of MHC molecules; (1) class 1 expressed on all nucleated cells and 

present endogenous antigens to CD8+ T cells, (2) class II expressed on APCs and 

present exogenous antigens to CD4+ T cells and (3) class III composed of soluble 

complement molecules that do not present antigens. These molecules are encoded 

by many different genes. The class I genes include classic molecules involved in 

antigen presentation (A, B, and C), and non classic molecules not involved in 

antigen presentation (E, F, and G). The class II genes include classic molecules 

involved in antigen presentation (DP, DQ, and DR), and non classic molecules 

(DM, and DO) (Abbas et ah, 2007).

Although both MHC class I and class II molecules share the function of binding 

peptide antigens and presenting them to T cells, they are distinguishable on the 

basis of structure, tissue distribution and the method of peptide presentation. Both 

classes are consisted of an extracellular peptide binding cleft, an immunoglobulin­

like region, a transmembrane region, and a cytoplasmic region. MHC class I 

molecules are made up of one a chain (with three domains a l ,  a2, a3) and 02
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microglobulin whereas MHC class II molecules are made up of one a chain, and 

one p chain (each has 2 domains; a l ,  a2, p i, p2). The immunoglobulin-like region 

is the site of MHC-T cell interaction where the a3 domain of MHC class I 

molecules bind CD8 co-receptor, and P2 subunit of MHC class II molecules bind 

the CD4 co-receptor. The peptide binding cleft or groove is the site of MHC- 

peptide interaction. This groove is located between a l and a2 subunits of MHC I 

molecule and between a l and pi subunits of MHC class II molecule (Bjorkman et 

al., 1987; Engelhard, 1994; Klein and Sato, 2000; Spencer et al., 2010).

1.3.4.2 Antigen processing and presentation to T lymphocytes

For antigens (exogenous or endogenous) to be recognised by T lymphocytes they 

should be first converted from the protein form into MHC-bound fragments or 

peptides (antigen processing). The derived peptides are subsequently displayed in 

the context of MHC molecules to lymphocytes (antigen presentation). The 

generation of peptide-MHC complexes does not have a mechanism to 

discriminate self from non self antigens, so only small number of antigens 

presented through MHC complexes will able to activate T cell response.

The antigen recognised by T lymphocytes should have several common features 

including: (1) being protein in nature, (2) has a specific amino acid sequence, (3) 

cell-associated, (4) displayed by MHC and (5) restricted to the MHC molecule 

and to the same individual (CD4+ T cells recognise MHC II-bound peptides while 

CDB+T cells recognise MHC I-bound peptides) (Abbas et al., 2007). Below, I 

discuss the pathways of antigen processing and MHC-restricted presentation.
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Cytosolic antigens are derived from intracellular proteins generated due to 

infection, tumour, or protein degradation. They are considered a problem to the 

immune system as phagocytes or immunoglobulins cannot deal with them. The 

class I antigen-processing pathway (figure 1.7) consists of sequence of events 

enabling the cytosolic antigen to be recognised by T cells. First, the antigen is 

degraded in the proteasome (enzyme complex in cytoplasm of most cells) to 

generate peptides. Secondly, the peptides are transported from the cytoplasm to 

the endoplasmic reticulum (ER) by transporter located in ER called TAP 

(transporter associated with antigen processing) where binding to a newly 

synthesised MHC molecule takes place. The peptide binds to the binding groove 

in MHC molecules which accommodates biding of 8-11 amino acid residues. 

Thirdly, the stable MHC-peptide complexes leave the endoplasmic reticulum 

through the Golgi to be expressed on the cell surface. Finally, MHC class I 

molecules present the peptide to CD8+ T lymphocytes through the binding of T 

cell co-receptor CD8 to a3 domain in the MHC molecule (Tanaka, 1994; Pamer 

and Cresswell, 1998; Rock and Goldberg, 1999; Hewitt, 2003; Kloetzel, 2004; 

Rock et al., 2004; Yewdell and Haeryfar, 2005; Abbas et al., 2007).

APCs such as B cells, macrophages, and dendritic cells are adapted to acquire 

various forms of antigens in the extracellular environment for subsequent 

processing and presentation to CD4+ T lymphocytes in the context of class II 

molecules. This pathway (figure 1.7) involves multiple steps. First, antigens are 

captured by APCs and internalised into lysosomes or endosomes (vesicles with 

proteolytic activity and acidic pH). Secondly, the proteins are degraded 

enzymatically (e.g. cathepsin proteases) inside vesicles into peptide fragments.
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Thirdly, the peptides are transported to newly synthesised MHC class II molecules 

associated with protein (invariant chain) from ER through Golgi to endosomes. 

The invariant chain occupies the peptide binding groove to prevent peptides 

binding in ER as well as to guide MHC molecule to the endosome. In the 

endosomes, the antigenic peptide binds to MHC molecules by replacing the 

peptide in the binding groove. MHC II molecules accommodate binding of 

peptides of more than 30 amino acid residues. Fourthly, the stable MHC-peptide 

complex is transported to the cell surface to be expressed on APCs. Finally, MHC 

class II molecules present the peptide to CD4+ T lymphocytes through the binding 

of T cell co-receptor CD4 to p2 subunit of MHC molecule (Emoto et al., 2000; 

Bryant et al., 2002; Sercarz and Maverakis, 2003; Watts, 2004; Stem et al., 2006; 

Abbas et al., 2007).

One of the most important features of the interaction of MHC molecules and 

antigenic peptides is the dependency of binding on specific binding motifs. These 

motifs are based on specific anchor residues at the C- and N-termini of the peptide 

chain (figure 1.6). Although MHC molecules can bind peptides depending on 

specific structural motifs and MHC molecule can only bind one peptide at a time, 

they are able to accommodate any peptide sharing common anchor residues. Once 

the peptide binds to the MHC binding groove, the dissociation rate is low, 

allowing enough time for T-cell recognition (Fairchild, 1998; Rock and Goldberg, 

1999; Abbas et al., 2007).

In some cases, APCs can process and present exogenous antigens to CD8+ T cells 

in the context of MHC class I molecules (cross presentation) (Carbone and Bevan,
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1990; Kovacsovics-Bankowski and Rock, 1995) leading to CD8+ T cells priming 

(Heath, 1999; Bevan, 2006). The cellular mechanisms of cross-presentation are 

still not defined, and multiple pathways are proposed such as access of T cells to 

the cytoplasm (Kovacsovics-Bankowski and Rock, 1995; Ackerman and 

Cresswell, 2004), and involvement of transporter that transport proteins out of ER 

to the cytoplasm (Guermonprez et ah, 2003; Imai et ah, 2005; Burgdorf et ah, 

2008). Cross priming is required to fight tumors and viruses that do not infect 

APCs (Heath and Carbone, 2001; Burgdorf et ah, 2007) and to induce cytotoxic 

immunity by tumor vaccination with protein antigens (Melief, 2003).

Lipid presentation occurs through CD1 molecules (non classical class I-like MHC 

molecules) expressed on APCs. These molecules form complexes with the 

endocytosed exogenous lipid antigens to be displayed to non MHC-restricted T- 

cells or NK-T cells (Abbas et ah, 2007). This pathway is important to fight 

pathogens rich in lipids such as mycobacteria (Moody and Porcelli, 2003; Brigl 

and Brenner, 2004; Watts, 2004).

T cell contact 
residue of 
peptide

Polymorphic
residue-------
of MHC
Anchor 
residue 
of peptide
"Pocket* 
of MHC

Figure 1.6: The interaction of T cell receptor with MHC-peptide complex 

showing the peptide anchor residues and the polymorphic residue of MHC (Abbas 

et ah, 2007).
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Figure 1.7: Class I and class II MHC antigen presentation pathways for 

exogenous and cytosolic antigens showing antigen uptake, processing, and 

association with MHC to be displayed to T lymphocytes (Abbas et al., 2007).

1.3.4.3 T cell membrane molecules involved in antigen recognition and 

initiation of functional responses

The response of T lymphocytes to the displayed peptide-MHC complex need 

several molecules and receptors that function or assist in functions related to 

antigen recognition, APC-T cell adhesion, and transduction of signals from the T 

cell surface to the nucleus. These molecules include: (1) the T cell receptor 

complex (formed by T cell receptors linked non-covalently to CD3 and Q 

involved in antigen recognition and signalling and (2) the accessory molecules 

involved in stable cell adhesion and signalling such as the co-stimulatory 

molecules. These molecules and receptors form with their ligands in the APC a 

transient structure called the immunological synapse which is important in
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regulation of signalling (Abbas et al., 2007). Here I discuss these molecules and 

their role in antigen recognition and signalling.

T-cell receptors (TCR) are of two types; TCR-2 which is the most common and 

recognises only peptides, and TCR-1 which is less common and recognises lipid 

antigens. Structurally, they are composed of two transmembrane protein chains 

(two dimers) with disulfide bonds. Four dimmers are well known and are named 

alpha (a), beta (p) (both constitute TCR-2), gamma (y) and delta (8) (both 

constitute TCR-1). As a member of the immunoglobulin family, each TCR chain 

is formed of an inward C-terminal region facing the cell membrane called the 

constant region, and an outward N-terminal region to interact with MHC 

molecules called the variable region. In addition, three small regions extend from 

the constant region (short hinge region, transmembrane region, and short 

cytoplasmic tail) (Call and Wucherpfennig, 2005; Kuhns et al., 2006). The 

variable region is characterised by having hypervariable domains known as 

complementarity-determining regions (CDRs) that determine TCR contact with 

the MHC-peptide complex (e.g. CDR1 is thought to interact with the antigenic 

peptide, CDR2 recognises MHC, CDR3 recognises processed antigens, and CDR4 

recognises superantigens) (Van Der Merwe and Davis, 2003). Functionally, both 

types of TCR differ in terms of antigen recognition and presentation. Because of 

limited diversity and limited ligands to TCR-1, they recognise antigen via a 

similar pathway to antibodies (recognise intact protein and non protein antigens). 

In contrast, TCR-2 has a big diversity and unique TCR complex that enables 

recognition of membrane-bound antigens in the context of MHC molecules 

(Casetti and Martino, 2008).
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The TCR Complex is a functional structure involved in T-cell activation and 

signal transduction from TCR into the cell (Kuhns et al., 2006). It is formed of a 

TCR (has a positively charged transmembrane region and short cytoplasmic tail), 

an associated molecule CD3, and the £ chain (have a negatively charged 

transmembrane region and longer cytoplasmic tail). CD3 has three distinct chains 

(y, 5, e) (Call and Wucherpfennig, 2005). The cytoplasmic tail of such chains has 

a characteristic signature of aminoacids (tyrosine separated from a leucine or 

isoleucine by another two amino acids) known as immunoreceptor tyrosine-based 

activation motif (ITAM) which is important in signal transduction (Abbas et al.,

2007).

CD4 and CD8 are co-receptors expressed on the cell surface of T cells to assist 

TCR complex function in signal transduction at the time of antigen recognition 

through ensuring antigen specificity and prolonged APC-T cell engagement. CD4 

is expressed on T helper cells and its N-terminal immunoglobulin-like domains 

interacts with p2 subunit of MHC class II, while CD8 expressed on cytotoxic T 

cells and its single immunoglobulin-like domain binds the a3 domain of MHC 

class I molecule (Singer and Bosselut, 2004; Rudolph et al., 2006).

1.3.5 T-cell activation

Recognition of antigenic peptides bound to MHC by T lymphocytes is the primary 

trigger for the initiation of a T cell response. This process involves association of 

TCR complexes with specific peptide-MHC protein complexes on the surface of 

an APC (signal 1) and expression of co-stimulators on APCs (signal 2) leading to 

T cells proliferation and differentiation into effector and memory cells as well as
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cytokine synthesis. Effector cells either mediate cell-mediated immune response 

through CD4+ cells or kill infected cells through CD8+ cells. In previous sections, 

TCR complex and co-stimulators were described. This section below describes 

the signalling pathways involved in T cell activation.

These signals move through a junction between the APC and the T cell known as 

immunological synapse which is important to ensure specific and tight 

communication (Call and Wucherpfennig, 2005; Dustin, 2005; Mossman et al., 

2005). This synapse is formed during T cell activation by coalescence of lipid 

rafts (specialised membranes formed by accumulation of signalling molecules in 

T cell plasma membranes).

After TCR activation by the interaction between TCR complex/CD28 and MHC 

complex/B7, the pathway of signal transduction from T cell surface into the cell 

induces (1) membrane events include activation of Src family protein tyrosine 

kinases (LcK and Fyn) leading to the phosphorylation of the ITAMs and the 

recruitment of protein tyrosine kinases especially ZAP-70 (Zeta-chain-associated 

protein kinase 70), and adapter proteins such as LAT (linker for the activation of 

T-cell) (Zhang et al., 1998; Zhang et al., 1999; Smith-Garvin et al., 2009), (2) 

cytoplasmic signalling pathways leading to the activation of effector enzymes, 

such as the kinases ERK (extracellular signal-regulated kinase), INK (c-Jun N- 

terminal kinases), and PKC (protein kinase C), and the phosphatase calcineurin 

and (3) production of transcription factors such as NFAT (nuclear factor of 

activated T-cells), AP-1 (activator protein 1), STAT3 (signal transducer and 

activator of transcription 3) and NF-kB (nuclear factor kappa-light-chain-enhancer
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of activated B cells), which function to enhance gene expression in antigen- 

stimulated T cells (Macian, 2005; Vallabhapurapu and Karin, 2009).

1.3.5.1 Drug-specific T cell activation

Hypersensitivity reactions can be explained based on two main pathways; the 

hapten/prohapten concept and the pharmacological interactions of drugs with 

immune receptors (p-i) concept.

Several compounds including drugs and metal ions comply with the hapten 

concept (Park et al., 1998; Uetrecht, 1999; Naisbitt et al., 2001; Park et al., 2001). 

These compounds are of small molecular mass and they need to bind strongly to 

protein in order to offer a new antigenic determinant for the adaptive immune 

system (Landsteiner and Jacobs, 1935; Cavani et al., 1995; Padovan et al., 1997; 

Cavani et al., 1998; Griem et al., 1998; Aiba et al., 2003). Some drugs seem to 

comply with the prohapten concept. They are not directly protein reactive and 

need to be metabolised (bioactivated) in liver cells, keratinocytes, or dendritic 

cells (Kimber and Cumberbatch, 1992; Reilly et al., 2000; Janmohamed et al., 

2001; Swanson, 2004; Roychowdhury et al., 2005) to generate a hapten that binds 

to protein (Griem et al., 1998; Naisbitt et al., 2000a; Aiba et al., 2003). The 

hapten-protein interaction is either extracellular (membrane) or intracellular 

(Lavergne et al., 2009). As discussed previously, the immune system deals with 

the exogenous and endogenous antigens in different ways; exogenous antigens are 

presented through MHC class II to CD4+ T cells whereas cytosolic antigens are 

presented through MHC class I to CD8+ T cells (Kalish and Askenase, 1999).
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Whether cellular distribution of drug protein adduct formation relates to the 

selective activation of CD4+ and CD8+ T cells has not been explored.

Although the hapten/prohapten pathway of drug specific T-cell activation is 

widely cited and perceived to be the primary pathway involved in the activation of 

pathogenic T-cells, direct evidence showing that drug-protein conjugates 

stimulate primary T-cells is largely lacking.

In fact, lymphocytes from patients hypersensitive to a range of drugs including 

SMX (Schnyder et al., 1997; Zanni et al., 1998), carbamazepine (Naisbitt et al., 

2003a), lamotrigine (Naisbitt et al., 2003b), lidocaine (Zanni et al., 1997; Zanni et 

al., 1999), mepivacaine (Zanni et al., 1999), p-phenylendiamine (Sieben et al.,

2002), and radio contrast media (Christiansen et al., 2000; Christiansen, 2002) 

have been shown to be stimulated in vitro with the parent drug even if APCs were 

fixed (to exclude processing) (Schnyder et al., 1997; Zanni et al., 1998; Zanni et 

al., 1999; Naisbitt et al., 2003a; Naisbitt et al., 2003b). Moreover, pulsing APCs 

with drugs as lidocaine, lamotrigine, carbamazepine, ciproxin or SMX for 1 h 

followed by washing the drug resulted in no stimulation of T cells (Zanni et al., 

1998; Naisbitt et al., 2003a; Naisbitt et al., 2003b; Schmid et al., 2006). These 

data lead Pichler and co-workers to investigate further the way in which non- 

covalently bound drugs might cross-link MHC molecules and specific T-cell 

receptors to stimulate a T-cell response.

The p-i concept proposes the stimulation of specific T-cells through the 

interaction between TCR and a drug (in its native form) in the presence of the 

APC and appropriate MHC molecules without processing or carrier binding
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(Pichler, 2003; Posadas and Pichler, 2007). The exact mechanism of this pathway 

is not yet defined, but it appears to bypass the innate immune system (Pichler, 

2005) through mechanisms depending on (a) the lower activation threshold of 

memory T-cells than naive T-cells allowing low signals to stimulate TCR-drug 

reactions (Croft, 1994; Rogers et al., 2000), (b) the peptide specificity of TCR 

(Depta et al., 2004) as shown by transfection of TCR with different antigens into a 

mouse hybridoma T cell line (Schmid et al., 2006), and (c) the cross reactivity of 

these peptide-specific memory T cells. These features are important as they partly 

explain (a) drug induced allergic reactions without previous exposure as in 

neuromuscular blockers, iodinated contrast media, and cetuximb (Kvedariene et 

al., 2006; Harboe et al., 2007; Chung et al., 2008), (b) the higher incidence of 

hypersensitivity reactions in patients with autoimmune disease or infection 

(Pichler et al., 2006), and (c) the faster secondary memory response by the 

immune system.

Unlike hapten/prohapten pathway, the p-i conept is not dependent on 

bioactivation or protein binding and hence it is not confined to the site of drug 

application or metabolism. This may explain the predominance of this pathway in 

hypersensitivity reactions linked to systemic drug application (Posadas and 

Pichler, 2007). In addition, p-i concept may be the predominant pathway in drug 

reactions involving skin due to the presence of dense network of T cells (mainly 

memory) in close contact with dendritic cells (expressing MHC) (Schaerli and 

Moser, 2005; Clark et al., 2006).
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Generally, p-i concept supplements the hapten/prohapten concept as some 

reactions can be described clearly based on one pathway (e.g. penicillin based on 

a hapten mechanism) (Padovan et al., 1997), while others are thought to involve 

both pathways as seems to be the case with SMX and quinolones (Schnyder et al., 

2000; Manfredi et al., 2004; Schmid et al., 2006).

Recently, studies have focussed on the role of environmental and genetic factors 

in hypersensitivity reactions. The association of HLA alleles with drug 

hypersensitivity reactions has been reported with some drugs including 

carbamazepine (HLA-B*1502 allele), allopurinol (HLA-B*5801), and abacavir 

(HLA-B*5701) (Mallal et al., 2002; Chung et al., 2004; Martin et al., 2004; Hung 

et al., 2005). Most of these studies have reported the importance of other factors 

located in HLA region of human chromosome 6  such as HSP 70. In addition, it 

has been shown that certain drugs have the potential to act on cells of the innate 

immune system (e.g. dendritic ells) leading to their activation, supplying danger 

signals, and driving the pathogenic immune response in hypersensitivity. These 

drugs include abacavir (Martin et al., 2007), SMX (Sanderson et al., 2007), and 

amoxicillin (Rodriguez-Pena et al., 2006). Thus, the big qestion remains; which of 

these signals are vital in hypersensitivity reactions; MHC, TCR, HLA, and/or co­

stimulatory molecules?

1.4 Sulfamethoxazole: a model drug antigen to study mechanisms of drug 

hypersensitivity

Sulfonamides were originally demonstrated as antibacterial agents by the German 

Nobel-prized physician Gerhard Domagk who was the first to demonstrate the



Chapter 1: General Introduction

selective antibacterial action of a drug (Domagk, 1935). Since that time, many 

sulfonamide derivatives have appeared in the clinical use with identical 

microbiology and different pharmacokinetics. In spite of diminished clinical 

importance of sulfonamide in recent years due to the introduction of penicillin and 

other antibiotics, a high frequency of hypersensitivity reactions (Gordin et al., 

1984; Carr et al., 1994; Walmsley et al., 1998), and rapid resistance development, 

the drug is still considered in certain therapeutic fields. Furthermore, the general 

increase of p-lactam resistance and the improvement in dealing with allergic side 

effects, might force sulfonamides back into clinical practice as efficient 

inexpensive antibacterial drugs (Kong et al., 2010).

Sulfonamides are structural analogues of para-aminobenzoic acid (PABA) and 

exert their bacteriostatic effect by the competitive inhibition of the enzyme 

dihydropterase (DHP) synthetase which is involved in the formation of folic acid 

in bacteria.

4-amino-N-(5-methyl-l,2-oxazol-3-yl) benzenesulfonamide known as 

sulfamethoxazole (SMX, C 10H 11N3O3S, MW253.3, figure 1.9) is an antibacterial 

drug belonging to the sulfonamide group. SMX is most often used in combination 

with trimethroprim (SMX-trimethoprim) in the ratio of 5:1. However, as the 

volume of distribution of trimethoprim is much higher than that of SMX, their 

plasma ratio becomes 20:1, the optimal ratio for synergistic activity. This well- 

recognised combination blocks the metabolic pathway of tetrahydrofolate (THF) 

synthesis in microorganism at two different points with a net bactericidal effect;
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the first point is dihydropterase synthetase (target of SMX), while the second 

point is dihydrofolate reductase (target of trimethoprim) (figure 1 .8 ).

Figure 1.8: Tetrahydrofolate (THF) synthesis pathway in microorganisms with 

the sites of action of SMX and trimethoprim. PABA: para-aminobenzoic acid, 

DHP: dihydropterase, DHF: dihydrofolate.

1.4.1 Sulfamethoxazole metabolism

The acetylated metabolites of SMX are not cytotoxic and can be cleared rapidly 

by renal excretion. However, slow acetylation of SMX favours the oxidative 

pathway of metabolism (Shear et al., 1986). Oxidative metabolism of SMX has 

been shown to be mediated via phase I enzyme systems such as CYPs (CYP2C9, 

CYP2C8) and/or MPO. The unstable metabolite hydroxylamine (SMX-HA) in 

humans and other species is the primary product of SMX oxidative metabolism 

(Cribb et al., 1990; Cribb and Spielberg, 1990; Cribb and Spielberg, 1992; Cribb 

et al., 1995; Gill et al., 1997; Roychowdhury et al., 2007b; Sanderson et al., 

2007). SMX-HA is usually eliminated by phase II sulphates or glucuronides. 

Furthermore, reduction of SMX-HA yields the parent SMX through a cytochrome 

b5/b5R pathway (Kurian et al., 2004). Auto-oxidation route leads to formation of 

a highly unstable metabolite (nitroso SMX; SMX-NO) that can bind to cell
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surface proteins of lymphocytes and keratinocytes (Naisbitt et al., 1999; Reilly et 

al., 2000; Naisbitt et al., 2002), and the model extracellular protein human serum 

albumin (Callan et al., 2009). Thus, SMX-NO protein adducts have been 

implicated in the pathogenesis of drug hypersensitivity reaction (Shear and 

Spielberg, 1985; Rieder et al., 1988).

It has been postulated that antioxidant and detoxification enzymes play a central 

role in determining the level of tissue exposure to the electrophilic highly reactive 

nitroso-intermediate and hence drug haptenization, drug immunogenicity, and risk 

of SMX hypersensitivity reactions. Antioxidants such as ascorbate, glutathione 

and cysteine can abolish toxicity and immunogenicity of SMX-NO by non- 

enzymatic reduction to SMX-HA (Cribb et al., 1991; Gill et al., 1997; Naisbitt et 

al., 1999; Naisbitt et al., 2000b; Trepanier et al., 2004). It was found that SMX- 

NO adducts in lymphoid cells in vitro were decreased by ascorbate and 

glutathione (Manchanda et al., 2002; Farrell et al., 2003; Lavergne et al., 2009). 

Disturbance of the balance between bioactivation and bioinactivation in some 

cases due to environmental or genetic factors leads to increased levels of the 

reactive metabolites. In support, decreased capacity for SMX-NO reduction was 

shown in patients with HIV infection due to deficient redox regulation (i.e low 

thiol and ascorbate levels in cells and plasma) (Naisbitt et al., 2000b; Trepanier et 

al., 2004). Degradation of SMX-NO in solution gives nitro SMX (by oxidation), 

SMX-HA (by reduction), and azo/azoxy adducts (by dimerisation) (Naisbitt et al., 

2002) .
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In chapter 3, the issue of SMX metabolism will be discussed in detail including 

aspects such as SMX metabolism by immune cells, SMX-metabolising enzymes, 

as well as the involvement of protein adducts and cytotoxicity of SMX reactive 

metabolites in the development of an immune response.

1.4.2 Sulfamethoxazole adverse reactions

Adverse effects of SMX-trimethoprim combination include mainly skin rash of 

varying severity, gastrointestinal tract effects, and disorders of the hematopoietic 

system. Among these adverse effects, hypersensitivity reactions are the main 

interest of this thesis. Generalised maculopapular rash is the most common 

sulfonamide skin reaction. Symptoms may be accompanied by fever and internal 

organ toxicity. Other rare reactions include anaphylaxis and blistering skin 

conditions such as SJS/TEN.

1.4.3 Sulfamethoxazole immune response

Although hypersensitivity reactions involving antibiotics such as sulfonamides 

and penicillin have been studied extensively, the chemical mechanism associated 

with the development of a cellular immune response is not yet fully understood. 

This is largely because reactive metabolites are generally not available for in vitro 

assay, and when they are, they are often toxic to immune cells. It has been found 

that human exposure to almost any primary aromatic amine (e.g. SMX or 

dapsone) at a dose of 50 mg/day or higher is associated with a high incidence of 

adverse reactions independent of the remaining structure (Uetrecht, 2002). This is
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due to their ability to form reactive metabolites such as hydroxylamine and nitroso 

compounds.

Most studies exploring the sulfonamide immune response and the underlying 

mechanisms of sulfonamide hypersensitivity have focused on SMX due to evident 

hypersensitivity reactions, known pharmacokinetics of the drug, availability of 

SMX synthetic metabolites with known protein reactivity, and its importance in 

treatment of infection in immunocompromised patients with HIV and in patients 

with cystic fibrosis.

SMX/metabolites have the ability to initiate immunological reactions including 

both adaptive and innate immune responses. Cells of the innate immune system 

(e.g. dendritic cells) have an important role in SMX immune response as shown 

by Sanderson et al. (2007), who found that in vitro exposure of dendritic cells to 

SMX and its metabolite nitroso SMX was associated with partial dendritic cell 

activation. The response to SMX was dependent on metabolism and formation of 

protein adducts with cellular protein. In addition, it was thought that infection and 

cell injury could contribute to the great rise of incidence of SMX hypersensitivity 

through the innate immune cell response mediated by recognition of PAMPs or 

DAMPs (Peitsch et al., 1988; Asea et al., 2002; Biragyn et al., 2002; Janeway Jr 

and Medzhitov, 2002; Termeer et al., 2002; Wallin et al., 2002; Shi et al., 2003; 

Seong and Matzinger, 2004). In this respect, Lavergne et al. (2009) demonstrated 

that cellular activators and cytokines, which stimulate dendritic cell maturation, 

significantly enhance SMX metabolism.
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On the other hand, adaptive immunity with its two arms; cellular and humoral 

plays a central role in SMX immune response as evident by detection of drug- 

specific T cells and antibodies. Drug or metabolite-specific T-cells were 

characterised in patients with SMX hypersensitivity (Schnyder et al., 2000; 

Castrejon et al., 2010; Lavergne et al., 2010), while animal experiments showed 

that T-cells recognise only the metabolite when the animals were immunised with 

the reactive metabolite SMX-NO (Farrell et al., 2003). Although most of 

sulfonamide hypersensitivity reactions are delayed type (type IV), some appear to 

be IgE mediated as indicated by detection of both anti-drug and anti-tissue 

antibodies in SMX allergic individuals (Cribb and Spielberg, 1992; Cribb et al., 

1997; Lavergne et al., 2008a). Such antibodies are thought to be due to 

neoantigens created in response to drug-protein adduct formation and are able to 

elicit an immune reaction against both; the adducts and the neoantigens.

Controversy regarding immune responses towards the SMX arises from the way 

by which the drug can stimulate T-cells. Metabolite-specific T-cell clones were 

identified from SMX hypersensitive patients (Farrell et al., 2003; Nassif et al., 

2004a; Castrejon et al., 2010). On the other hand, T-cells from hypersensitive 

patients can also be stimulated with the parent drug through a direct interaction 

with MHC and T-cell receptors without prior processing by APCs (Schnyder et 

al., 1997; Burkhart et al., 2001). Recent study conducted by Castrejon et al. 

(2010) on SMX hypersensitive patients demonstrated that SMX-NO provided a 

potent antigenic determinant for T-cells and that the response against SMX was 

detected infrequently and may be dependent on the formation of densely coated,
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but weakly associated SMX-MHC peptide complexes that cross-react with the 

haptenic immunogen.

1.4.4 Sulfamethoxazole use in patients with HIV infection

SMX is used in treatment of a wide variety of infections such as urinary tract 

infections, sinusitis (alternative to amoxicillin-based antibiotics), ulcerative colitis 

and toxoplasmosis. Furthermore, SMX is an important drug in prophylaxis and 

treatment of pneumocystic carinii pneumonia which is a common opportunistic 

infection in immunocompromised patients with HIV infection (Furrer et al., 1999; 

Rabaud et al., 2001; Dirienzo et al., 2002; Goldie et al., 2002; Grimwade and 

Swingler, 2003). However, SMX hypersensitivity is also an important clinical 

problem in this population as the risk of hypersensitivity reactions is greatly 

increased with reported incidence of 25-65% (Gordin et al., 1984; Medina et al., 

1990; Walmsley et al., 1998; Pirmohamed and Park, 2001) compared to HIV­

negative patients (3%) (Koch-Weser et al., 1971; Jick, 1982). Underlying 

mechanisms may include infection, reduced levels of thiols and ascorbate, and a 

decreased capacity to reduce the metabolites back to the parent drug (Walmsley et 

al., 1997; Naisbitt et al., 2000b; Trepanier et al., 2004). However, to date, the 

reasons for the enhanced susceptibility is not fully defined.

1.4.5 Sulfamethoxazole use in patients with cystic fibrosis

Antimicrobial therapy is important to preserve pulmonary function in patients 

with cystic fibrosis. Unfortunately, this is restricted by drug-induced 

hypersensitivity reactions (Koch et al., 1991; Pleasants et al., 1994; Lavergne et



Chapter 1: General Introduction

al., 2010). The underlying mechanism responsible for these reactions is unknown 

but recurrent respiratory infection is likely to play a central role in changing the 

immune status through the secretion of cytokines such as IL-6 , IL-8 , and IL-17 

(Dubin et al., 2007; Nembrini et al., 2009), or the generation of high levels of 

reactive oxygen species (Nembrini et al., 2009). In chapter 6 , I investigated the 

involvement of drug antigen-specific T-cells from patients with cystic fibrosis in 

the pathogenesis of delayed hypersensitivity reactions.

Figure 1.9: SMX metabolism and the possible involvement of protein adducts in 

cell stress, cell death, co-stimulatory signalling, and the development of antigen- 

specific T cell response.



Chapter 1 : General Introduction

1.5 Aim of the thesis

The overall aim of this study was to investigate the role of drug metabolism by 

immune cells in the formation of functional antigens using SMX as a defined drug 

antigen. Also, the availability of cells from hypersensitive patients and animal 

models of immunogenicity allowed us to define the relationship between adduct 

formation, cell death, co-stimulatory signalling and T-cell stimulation.

Chapter 3 explores the metabolism of SMX by mouse APCs and the generation of 

metabolism-derived protein adducts. The direct and indirect effects of SMX and 

its reactive metabolites on the maturation status of mouse dendritic cells are 

investigated in chapter 4. The ability of adducts formed as a consequence of SMX 

metabolism in APC is studied in mouse and human systems in chapters 5 and 6  

respectively. In addition, chapter 6  compares the phenotype and function of T- 

cells from SMX hypersensitive patients with and without cystic fibrosis.

Specific research questions addressed by the data presented within this thesis 

include:

1. Do APCs metabolise SMX to a protein reactive intermediate?

2. Are SMX metabolites generated in APCs able to provide maturation signals to 

dendritic cells?

3. Do SMX metabolites generated in APCs form functional antigens for T-cells?

4. Does SMX metabolism differ in APCs from patients with and without cystic 

fibrosis and does this alter T-cell immunogenicity in hypersensitive patients?
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2.1 Materials and methods for animal experiments

2.1.1 Mice

Female Balb/c mice (6-10 weeks of age) were purchased from Charles River 

(Margate, Kent, UK) and maintained under specific pathogen-free conditions in 

standard plastic laboratory cages with a wire mesh lid in an air conditioned, 

sound-proof room at an ambient temperature of 24.0 ± 0.5°C. All animals were 

allowed to habituate to the animal laboratory conditions for at least one week 

before starting the experiments. The animals had access to standard lab chow and 

tap water ad libitum. A twelve hour light/dark cycle was maintained throughout 

the experiments. All experiments were carried out under the provisions of the 

United Kingdom Animals (Scientific Procedures) Act, 1986. Drug/naive animals 

were used to obtain bone-marrow-derived dendritic cells and/or splenocytes using 

aseptic techniques, unless stated otherwise.

2.1.2 Culture medium

RPMI (Roswell Park Memorial Institute)-1640 medium, penicillin-streptomycin, 

L-glutamine, HEPES buffer (N-2-HydroxyEthylPiperazine-N-2-EthaneSulfonic 

acid), and 2-Mercaptoethanol were from Sigma-Aldrich (Gillingham, Dorset, 

UK). Heat-inactivated fetal bovine serum (FBS) was purchased from Gibco 

Invitrogen (Paisley, UK). Heat-inactivated Balb/c mouse serum (replaced FBS in 

certain dendritic cell experiments) was purchased from three different companies 

(Biosera, East Sussex, UK; Innovative Research, Michigan, USA; AbD Serotec, 

Oxford, UK).
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Recombinant murine granulocyte-macrophage colony-stimulating factor (GM- 

CSF) was obtained from Peprotech (London, UK). The vial was centrifuged 

before opening and then reconstituted in water to a concentration of 10 pg/ml (5 x 

104 units/ml). Aliquots were stored at -20 °C for future use at a concentration of 

20 ng (2 pi aliquot, 100 units/ml). Isolated bone marrow cells were suspended in 

culture medium RPMI-1640 supplemented with heat-inactivated and filtered FBS 

(10% v/v), penicillin (100 units/ml), streptomycin (100 pg/ml), L-glutamine (2 

mM), HEPES (25 mM), 2-mercaptoethanol (50 pM) and recombinant murine 

GM-CSF (20 ng/ml). Isolated splenocytes were maintained in medium consisting 

of RPMI-1640 supplemented with heat-inactivated and filtered FBS (10% v/v), 

penicillin (100 units/ml), streptomycin (100 pg/ml), L-glutamine (2 mM), and 

HEPES (25 mM).

2.1.3 Chemicals, reagents and buffers

Sulfamethoxazole was obtained from Sigma-Aldrich (Gillingham, Dorset, UK). 

The oxidative metabolites of SMX (nitroso SMX [SMX-NO]; Cl0H9N3O4S; M.W. 

267.26) was synthesised according to the method of Naisbitt et al (Naisbitt et al., 

1996), and found to be >99% pure by liquid chromatography-mass spectrometry 

(LC-MS) and nuclear magnetic resonance (NMR). Stock solutions of SMX were 

freshly prepared before use in a mixture of cell culture medium: dimethyl 

sulfoxide (1 0 :1, v/v) and diluted as required.

1

Synthesis of SMX-NO involves three steps; step 1 involves conjugation of 3- 

amino-5-methylisoxazole and 4- nitrobenzenesulfonyl chloride to generate nitro 

SMX (SMX-NO2), step 2 involves the catalytic reduction of SMX-NO2 to
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generate SMX-NHOH, and step 3 involves partial oxidation of SMX-NHOH to 

generate SMX-NO. Each of these steps is described in detail below.

SMX-NO2 was prepared by the reaction of 3-amino-5-methylisoxazole ( 2 0  g; 203 

mmol) with 4- nitrobenzenesulfonyl chloride (45 g; 203 mmol) in 75ml ice-cold 

pyridine. The reaction mixture was stirred on ice overnight, and a brown 

precipitate was produced by the addition of excess distilled water (dl-hO). This 

precipitate was filtered, washed with further dfEO to remove remaining pyridine, 

recrystallised from an ethyl acetate:toluene mixture (1:3 v/v) and left overnight at 

0°C. The final mixture was then collected by filtration and analysed for purity by 

LC-MS and NMR.

SMX-NHOH was synthesised from SMX-NO2 by reduction using sodium 

phosphinite as a hydrogen donor and a two-phase solvent system 

(tetrahydrofuran/water) with a palladium/carbon catalyst; 5% palladium carbon 

catalyst (0 .1  g) was added to a stirred solution containing sodium phosphinite 

(1.12 g, 11 mmol) and SMX-N02 (1 g, 3.53 mmol) in dH20  (10 

ml)/tetrahydrofuran (100 ml). The reaction mixture was monitored by thin-layer 

chromatography (TLC), using a mobile phase of dichloromethane:ethyl acetate 

(65:35), until nearly all of the starting material had reacted. This typically took 20 

min. The product was filtered under vacuum to remove excess catalyst, extracted 

with ether and dried with MgSCU to give a pale orange oily product. This was 

further dried on a rotary evaporator (Rotovapor, BAuchi, Switzerland) to give a 

pale yellow solid. This product was then recrystallised from chloroform, and the 

purity of the final product assessed by NMR and HPLC.
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Oxidation of SMX-NHOH with iron (III) chloride was performed to generate 

SMX-NO. SMX-NHOH (200 mg, 0.743 mmol) in ethanol (30 ml) was added to a 

stirred solution of iron (III) chloride hexahydrate (1.5 g, 5.549 mmol) in dH2 0  (40 

ml) over a period of 10 min. This mixture was stirred at room temperature for 3 h, 

during which a yellow solid precipitated within the reaction mixture. This solid 

was filtered and dried under vacuum and the purity was analysed by NMR and 

HPLC.

Tritiated [3H]-methyl thymidine (specific activity 5 Ci/mmol, concentration 1 

mCi/ml; 48.5 pg/ml) was obtained from Moravek (California, USA). Thymidine 

was diluted in culture medium to adjust the concentration at 0.5 pCi per well in 

proliferation assays.

Multiplex assay kits (manufactured by Linco Research) for simultaneous 

detection of 11 mouse cytokines in mouse cell culture samples (IL-ip, IL-2, IL-4, 

IL-5, IL-6 , IL-10, IL-12, IL-15, IFN-y, and TNF-a) were purchased from 

Millipore (Watford, Herts, UK). Kits were stored at 2-8 °C. All reagents were 

warmed to room temperature (20-25°C) prior to use.

Dimethyl sulfoxide (DMSO), hank’s balanced salt solution (HBSS), alkaline 

phosphatase substrate, methimazole (meth), 1-aminobenzotriazole (1-ABT), 

tween 20, bovine serum albumin (BSA) powder, trypan blue 0.04%, phosphate- 

buffered saline (PBS), lipopolysaccharide (LPS, E.coli), reduced glutathione 

(GSH), and paraformaldehyde (PFA) were purchased from Sigma-Aldrich 

(Gillingham, Dorset, UK). Lymphoprep was obtained from Axis-Shield PoC AS
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(Oslo, Norway). The annexin V: FITC assay kit was obtained from AbD Serotec 

(Oxford, U.K.).

2.1.4 Antibodies

The following mouse antibodies were used for flow cytometric characterisation of 

dendritic cell surface receptor expression: PE-labelled C D llc  (Caltag, Bucks, 

UK), FITC-labelled CD40, FITC-labelled CD8 6 , PE-labelled I A/I-E (all BD 

Biosciences Pharmingen, Oxford, UK), FITC-labelled C D llb , PE-labelled Gr-1 

(Miltenyi Biotec, Surrey, UK), FITC-labelled neutrophil, FITC-labelled CD 19 

and FITC-labelled CD204 (all AbD Serotec, Oxford, UK).

FITC-labelled anti-rabbit antibody and alkaline phosphatase conjugated anti­

rabbit antibodies (Sigma-Aldrich; Gillingham, Dorset, UK) were used for 

immunochemical detection of SMX derived protein adducts. To generate an anti- 

SMX antibody, SMX was conjugated to human serum albumin (for use as a 

positive control for the validation of the ELISA protocol), and to keyhole limpet 

hemocyanin for use as a soluble antigen for rabbit immunisation, using a 

previously described procedure (Lavergne et al., 2006b). Drug-protein 

conjugation was confirmed by spectrophotometry, and by reactivity with rabbit 

anti-SMX antibody, kindly provided by Dr. Michael Rieder (London Ontario, 

Canada). The rabbit immunisation against SMX-keyhole limpet hemocyanin was 

approved by an Institutional Animal Care and Use Committee, under a USDA 

license (# 35-B-0097 and 36-R-0108) and a PHS accreditation (# A4284-01) 

(Panigen Inc, Branchardville WI) (Lavergne et al., 2006b). The reactivity of anti­

sera against SMX-human serum albumin was confirmed by both ELISA and 

immunoblotting.



Chapter 2: Materials and Methods

2.1.5 Immune cell preparation

2.1.5.1 Bone marrow-derived mouse dendritic cells

Bone marrow-derived mouse dendritic cells were generated according to the 

procedure of Lutz (Lutz et al., 1999), with slight modifications. Mice were 

sacrificed by raising the concentration of CO2 followed by cervical dislocation. 

Femurs, tibiae and humeri were removed and purified from surrounding tissues 

using sterile forceps and scissors then rubbed with gauze. Intact bones were 

suspended in 70% ethanol for 5 min for disinfection and washed twice with iced 

PBS. The ends of each bone were removed with bone scissor and the marrow 

flushed out with PBS using a syringe with a 20-gauge needle. Clusters within the 

marrow suspension were disintegrated by pipetting and passed through a 40 pm 

nylon mesh to remove small pieces of bone and debris. Cell suspension was 

washed twice at 1500 rpm for 5 min, and counted. Bone marrow cells were 

suspended in complete culture medium and al ¡quoted in 1 0 0  mm sterile tissue 

culture petri dishes at an initial density of 2x105 cells/ml (10 ml/plate). Cells were 

incubated at 37°C in a humidified atmosphere containing 5% CO2 for 10 days. 

Half of the medium was replaced with fresh complete medium on days 3, 6  and 8 

to wash out the lymphocytes and granulocytes in the starting marrow preparation. 

Immature dendritic cells were ready for use on day 9. Activation of the dendritic 

cells was induced by the addition of LPS (1 pg/ml) on day 9 for 16 h.

2.1.5.2 Mouse splenocytes

Mice were sacrificed by raising the concentration of CO2 followed by cervical 

dislocation and spleens were removed using aseptic technique. Mice were placed 

on their right sides and the fur was matted down with 70% ethanol. Two
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successive incisions were created on the same orientation on the left side of each 

animal between the last rib and the hip joint. This procedure was followed by skin 

incision to expose the peritoneal wall, and peritoneal incision to expose the 

spleen. The spleen was drawn out of the body cavity using medium forceps, and 

dissected from connective tissue using fine forceps. The remainder of procedure 

was carried out in tissue culture hood. Spleens were placed in a 100 mm tissue 

culture dish containing 10 ml of HBSS and homogenised using flat end of a 

syringe plunger to release the cells. Thereafter, the cell suspension was mixed by 

gentle pipetting and passed through a 40 pm nylon mesh cell strainer (BD 

Biosciences) into a new 50-ml conical tube to remove any remaining tissue 

particle. Red blood cells were removed by density centrifugation using 

lymphoprep, and splenocytes were then suspended in culture medium. One spleen 

yielded approximately 1 xlO8 cells.

2.1.6 Analyais of SMX/metabolite-induced dendrite cells activation

2.1.6.1 Drug exposure

Cells (1 x 106 /ml; unless indicated otherwise) were incubated with SMX (0.05-2 

mM) or SMX-NO (0.1-100 pM; DMSO end concentration < 0.5%). Certain 

experiments were conducted in the presence of the enzyme inhibitors 

methimazole or 1-aminobenzotriazole at a concentration that blocks CYP2C9 and 

myeloperoxidase-catalyzed SMX metabolism (both 1 mM). On completion of the 

incubation period, cells were then washed three times with HBSS prior to 

processing for detection of SMX and SMX-metabolite derived adduct formation 

(confocal microscopy and ELISA), cell viability, intracellular glutathione content, 

dendritic cell function and T-cell activation.
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2.I.6.2. Dendritic cell surface receptor expression

Bone marrow derived dendritic cells were incubated with SMX, SMX metabolites 

or LPS (1 pg/ml) for 24 h. On completion of the incubation period, cells were 

harvested, washed twice in PBS, and stained with immunofluorescence labeled 

mAbs to CD40, CD8 6 , MHC class II, CD lie , CD lib , Gr-1 and CD204 for 30 

min at 4°C in the dark. Cells were washed and suspended in PBS to a final 

volume of 500 pi. Cells were then analysed on a Coulter Epics flow cytometer 

(Coulter Epics, XL software; Beckman Coulter). A minimum of 5000 events per 

sample were analysed. The appropriate mouse immunoglobulin isotypes were 

used as negative controls, and LPS-activated cells served as positive controls. 

Gating was performed for elimination of debris and dead cells. Data files were 

further processed for presentation using WinMDI software (version 2.9; Scripps 

Research Institute, California, U.S.A.).

2.1.6.3 Multiplex analysis of dendritic cell cytokine secretion

Levels of secreted cytokines (IL-ip, IL-2, IL-4, IL-5, IL-6 , IL-10, IL-12(p70), IL- 

15, GM-CSF, IFN-y, and TNF-a) were analysed using Millipore mouse cytokine 

11-plex assay kit (Watford, Herts, UK) on Bio-Plex suspension array system 

Luminex (xMAP-based platform, Biorad Laboratories, Hercules, USA).

2.1.6.3.1 Principle and technology

The Bio-Plex system is based on three technologies:

• xMAP technology using colour-coded beads for simultaneous detection and 

quantitation of up to 1 0 0  different analytes (cytokines) in a single well of a 

96-well microplate. The antibody specific to each cytokine is covalently
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coupled to the internally dyed beads allowing capture and detection of 

specific analytes in samples; each antibody is coupled to a different bead 

uniquely labelled with a fluorescent dye mixture. After addition of detection 

antibody, a sandwich of antibodies will surround the cytokine.

• Flow cytometer using high-tech fluidics and two lasers to measure the 

molecules bound to the surface of the beads. A stream of suspended beads 

line up in a single file before passing through the detection chamber of the 

analyser which allows the particles to be measured discretely. Within the 

analyser, a red laser excites both the internal red and infrared dyes, allowing 

the proper classification of the bead to one of the 1 0 0  sets (i.e. classification 

channel reading), whereas the green laser excites any orange fluorescence 

associated with the binding of the analyte.

• High-speed digital processor: to manage the fluorescent data output.

2.1.6.3.2 Preparation of Antibody-immobilised beads

The antibody-bead for each cytokine was sonicated (30 sec), and vortexed (1 

min). To a mixing bottle, 150 pi of each bead was added and the final volume was 

brought to 3 ml with assay buffer. Each well required 25 pi. Each bead has a 

number (bead region) from 1 to 1 0 0  according to the ratio of the two dyes 

contained. For correct data acquisition, the bead regions were used in Bio-Plex 

assay (as described in manufacturer’s manual).

2.1.6.3.3 Preparation of cell culture supernatant samples

Bone marrow derived dendritic cells were incubated with SMX, SMX metabolites 

or LPS (1 pg/ml) for 24 h. On completion of the incubation period, supernatants



were collected and stored at -80 °C for measuring the levels of secreted cytokines. 

Samples were centrifuged to remove cell debris, and then kept on ice till use.

2.1.6.3.4 Preparation of controls and standards

Each mouse cytokine control was reconstituted with 250 pi water, mixed, 

vortexed, and allowed to set for 10 minutes before transfer into labelled microfuge 

tubes. Cytokine standards were reconstituted with 250 pi of water to give a stock 

concentration of 10,000 pg/ml. After 10 minutes, Standard concentrations (3.2- 

2 0 0 0  pg/ml) were prepared by serial dilution of the stock concentration with the 

assay buffer and used within one hour of preparation (table 2.1). The 0 pg/ml 

standard (Background) was assay buffer alone.

____________________________ Chapter 2: Materials and Methods

2.1.6.3.5 Assay procedure

Analysis of supernatants was performed according to the manufacturers’ protocols 

(Linco Research, Inc.) (figure 2.1). The filter-bottom, 96- well microplate was 

blocked with assay buffer ( 2 0 0  pl/well, 10 minutes incubation on plate shaker at 

room temperature) followed by removal of assay buffer by vacuum, and addition 

of the standard, control and samples in duplicate (25 pl/well) to the appropriate 

wells (cell culture media was added to the quality control wells). The sonicated
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bead mixture (25 pl/well) was added followed by incubation of the sealed 

microplate with agitation for 2 h on a plate shaker at room temperature. Wells 

were then washed twice before incubation (25 pi/well, one hour, on plate shaker, 

at room temperature) with a PE-conjugated detection antibody. Samples were then 

incubated for another 30 minutes with streptavidin phycoerythrin (25 pl/well, on a 

plate shaker, at room temperature) before a final wash and resuspension in sheath 

fluid. The plate was covered and put on a plate shaker for 5 minutes before 

analysis using Bio-Plex suspension array system (Bio-Rad Laboratories, Hercules, 

CA).

2.1.6.3.6 Data analysis

Data was analysed and presented as fluorescence intensity (FI) and target 

concentration on Bio-Plex Manager™ software (version 3.0) with a five- 

parametric logistic (5-PL) curve fitting using a Bio-Plex Suspension Array System 

(model Luminex 100). The limit of detection (LOD), defined as the lowest 

concentration of analyte that can be detected, was 3.2 pg/ml. A standard curve 

(range of detection between 3.2 and 10,000 pg/ml) was generated from a single 

mixed standard and the concentration of each analyte in the sample was 

determined automatically and data is presented as pg/ml.
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Figure 2.1: Assay principle and workflow of multiplex analysis of cytokine secretion.

Colour-coded beads with unique spectral signature and coated with specific capture 

antibody to a particular bioassay, allowing the capture and detection of specific analytes 

from a sample.
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2.1.6.4 Determination of protein quantity

Cells incubated with SMX or SMX metabolites were washed, suspended in 

distilled water and lysed by freeze-thawing. Following sonication, protein content 

was determined by the method of Bradford (Bradford, 1976) and standardised to 

250 pg/ml. The Bradford assay relies on the formation of a complex between the 

dye, Brilliant Blue G, and proteins in solution causing a shift in the absorption of 

the dye from 465 to 595 nm. The amount of absorption is proportional to the 

protein present. A standard curve of BSA (31.25-2000 pg/ml, 10 pl/well) was 

prepared as showed in table 2 . 2  and figure 2 . 2  using a stock solution of 2  mg/ml 

BSA in distilled water. In other wells, 10 pi of samples were added to each well of 

a flat-bottomed 96-well plate in duplicate. Bradford reagent was diluted 1:5 with 

distilled water and 2 0 0  pl/well added immediately prior to spectrophotometric 

analysis (MRX microplate reader running Revelation version 3.04 software, 

Dynex Technologies, Billinghurst, W. Sussex) at 570 nm. Blank wells were 

subtracted from all values, and linear standard curves were prepared of

absorbance versus micrograms protein.

Table 2.2: Dilution
assay

of bovine serum albumin (BSA) standards for Bradford

Standard (pg/ml) Deionized water (pi) BSA(pg)
2000 1000 2000
Standard (pg/ml) Deionized water (pi) Standard to add (pi)
1000 100 100 pi of 2000 pg/ml

500 100 100 pi of 1000 pg/ml
250 100 100 pi of 500 pg/ml
125 100 100 pi of 250 pg/ml
62.5 100 100 pi of 125 pg/ml
31.25 100 100 pi of 62.5 pg/ml
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2.1.6.5 Detection of sulfamethoxazole metabolite protein adduct formation

2.1.6.5.1 ELISA

Cells incubated with SMX or SMX-NO were washed, suspended in distilled water 

and lysed by repeated freeze-thawing cycles. Following sonication, the protein 

content was standardised to 250 pg/ml. One hundred microliter aliquots of cell 

suspension (25 pg/ml protein) were plated in duplicate in 96-well ELISA plates 

(high capacity protein-binding microtiter plate, Falcon, BD Bioscience, Oxford, 

UK), and allowed to adsorb for 16 h at 4°C. After washing with PBS-Tween 20 

(0 .0 0 1 % v/v) to discard unbound antibody, plates were blocked for 1 h with 

irrelevant protein, such as skimmed dry milk (2.5% in PBS-Tween 20) at 4°C. 

Samples were then incubated with rabbit anti-SMX anti-sera (1:2000; overnight at 

4°C). Following 2 h incubation with an alkaline phosphatase-conjugated anti­

rabbit IgG (1:1000), plates were washed, and incubated for 30 min with alkaline 

phosphatise substrate (100 pl/well). This allows a colorimetric reaction to occur 

that can be analysed spectrophotometrically using microplate reader (MRX; 

Dynatech Laboratories Inc., Chantilly, VA, USA) running Revelation version 3.04 

software (Dynex Technologies, Chantilly, VA, USA) with the resulting optical 

density (OD) at 405 nm relating directly to the amount of antigen present within 

the sample. Results are expressed as “AOD = sample OD -  vehicle OD”. To 

verify that the antibody binding truly reflects expression of SMX-derived adducts, 

hapten inhibition experiments were performed using soluble SMX (2 mM) in the 

presence of the primary anti-SMX antibody. Detection of SMX-derived protein 

adducts was completely inhibited by soluble SMX. Steps of ELISA are 

represented in figure 2.3.
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S ta n d a r d  D ilution S e rie s

Figure 2.2: A standard curve of bovine serum albumin using a stock solution of 2 

mg/ml.
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Figure 2.3: Diagramatic representation of ELISA. One hundred microliter aliquots 

were plated in duplicate in ELISA plates and left to adsorb for 16 h at 4°C. The wells 

were then washed, blocked with dry milk, and incubated with a rabbit anti-SMX Ab for 

16 h. The wells were then washed and incubated with alkaline phosphatase-linked Ab for 

2 h followed by washing and incubation for 30 min with alkaline phosphatase yellow 

substrate. The OD of the wells at 405 nm was then determined.
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2.1.6.5.2 Confocal microscopy

To visualise SMX-derived protein adduct formation, cells were washed with 

HBSS and fixed with paraformaldehyde (4%; 30 min; room temperature; 500 

pl/sample). After two washes, cells were permeabilised with NH4CI buffer (0.16 

M; 10 min, room temperature, 500 pl/sample), followed by TritonX 0.1% - BSA 

0.1% solution (500 pl/sample; 30 min), and blocked with RPMI supplemented 

with FBS (10% v/v; 1 h). Samples were then washed and incubated overnight 

with rabbit anti-SMX antibody (1:500) at 4 °C, before being washed again and 

incubated with FITC-linked goat anti-rabbit IgG (1:500) for 2 h at 4°C. Following 

further washes with HBSS, slides were finally sealed using Vectashield H-1200 

(Vector Laboratories Inc., Peterborough,UK) and stored in foil at 4°C to be 

analysed by confocal microscopy within 3 days. This method was conducted by S. 

Lavergne who is a post-doctoral fellow in the Department of Pharmacology.

2.1.6.6 Analysis of cell yield and viability

Trypan blue (TB) exclusion with haemocytometer counting was used to evaluate 

the final yield of cells and their viability. It is based on the principle that viable 

cells will not take up certain dyes, whereas non-viable cells will. Cultured cells 

were washed and an aliquot volume mixed 1:1 in TB solution. Erythrocytes were 

excluded by size and shape, while TB negative large leukocytes were counted as 

viable under microscope using haemocytometer.

To analyse the percentage of apoptotic and necrotic cells of mouse dendritic cells 

and splenocytes incubated with SMX or SMX-NO, the Annexin-V 

FITC/propidium iodide double staining method originally described by Vermes et



Chapter 2: Materials and Methods

al (Vermes et al., 1995) was used. Annexin V binds to phosphatidylserine residues 

expressed on apoptotic cell surfaces, whereas propidium iodide (PI) is a 

membrane-impermeable fluorescent dye that binds to DNA of cells killed by 

necrosis (figure 2.4A). A combination of these two characteristics permits 

simultaneous detection of viable, apoptotic, and necrotic cells. Cells were washed 

three times using PBS, and suspended in pre-diluted (1:4 dilution) binding buffer 

at 2-5 x 105 cells/ml. Cells were then stained with annexin-V for 10 min in the 

dark at room temperature. After an additional wash cycle, cells were incubated 

with PI (1 pg/ml) in binding buffer for 30 min at 4°C. A minimum of 5000 cells 

were then analysed using an EPICS-XL flow cytometer (Coulter Electronics, 

Luton, Beds., UK). A gated population (to exclude cellular debris) was assessed 

for annexin V on FL-1 and PI on FL-3. Proportions of viable cells (annexin 

negative/PI negative), apoptotic cells (annexin positive/PI negative) and necrotic 

cells (annexin positive/PI positive) were calculated using WinMDI software 

(version 2.9; Scripps Research Institute, California, USA). Cells incubated with 

formaldehyde (3%) or DMSO (10 %) served as a positive control. Negative 

controls included unstained viable cells and stained cells not exposed to the drug 

or its metabolite (figure 2.4B).
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Figure 2.4: Annexin-V FITC/propidium iodide (PI) double staining method.

Annexin V binds to phosphatidylserine residues expressed on apoptotic cell surfaces, 

whereas PI is a membrane-impermeable fluorescent dye that binds to DNA of cells killed 

by necrosis (A). This allows detection of viable (double negative), apoptotic (annexin 

positive/PI negative), and necrotic cells (double positive) as shown by dot plots and 

histograms (B).
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2.1.6.7 Analysis of dendritic cell glutathione content

Glutathione content in SMX and SMX-metabolite treated bone marrow-derived 

mouse dendritic cells was measured using a microtitre plate assay according to the 

method of Vandeutte (Vandeputte et al., 1994). Dendritic cells were washed, 

lysed with HC1 (10 mM) and protein precipitated with sulfasalicylic acid (6.6% 

w/v). Glutathione content was then measured spectrophotometrically (MRX 

microplate reader running Revelation version 3.04 software, Dynex Technologies, 

Chantilly, VA, USA) against a GSH standard curve (standards: 0.5-80 nmol/ml as 

GSH equivalent) using the enzyme glutathione reductase in the presence of 5,5’- 

dithiobis-2- nitrobenzoic acid (DTNB) and co-factor, NADPH. Formation of the 

reaction product, the DTNB GSH conjugate, was quantified kinetically at a 

wavelength of 405 nm. The function of the enzyme in the reaction was to convert 

all the glutathione present to the reduced form, GSH. Oxidised glutathione levels 

(GSSG) were quantified by the inclusion of a GSH derivatisation step using 2- 

vinylpyridine prior to analysis. Standards (0.5-8.0 nM/ml as GSH equivalents) 

were prepared by diluting a GSSG stock solution (400 mM/L) in 10 mM/L HC1 

containing 1.3% of 5-sulfosalicylic acid. GSH levels were determined by 

subtracting GSSG from the total glutathione, and all levels are expressed as 

nanomoles of glutathione per 106 cells.

2.1.6.8 Co-culture of dendritic cells with nitroso SMX-treated splenocytes

To explore the relationship between SMX metabolite-mediated cell death and 

dendritic cell activation, Splenocytes were incubated with SMX-NO (10-500 pM) 

for 16 h at 37 °C in 5% CO2 incubator. After repeated washing to remove non- 

covalently bound drug, splenocytes (3 x 106 /ml) were cultured with mouse bone
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marrow-derived dendritic cells (1 x 106 /ml) in 24 well cell culture plates (2 ml 

final volume). After 16 h, dendritic cells were assayed for cell viability, 

expression of cell surface receptors and cytokine secretion using methods 

described above.

2.1.7 Analysis of sulfamethoxazole/metabolite-specific T-cell responses

2.1.7.1 Intra-peritoneal injection of nitroso sulfamethoxazole

Female Balb/c strain mice were administered SMX-NO (5 mg/kg; n = 4) in 

DMSO (100 pi) via i.p. injection four times weekly for 2 weeks according to a 

previously described protocol (Naisbitt et al., 2001). On completion of this dosing 

regimen, animals were killed by raising concentration of CO2 followed by cervical 

dislocation and the spleen was removed using aseptic technique for analysis of 

splenocyte proliferation (figure 2.5). Spleens were homogenised in HBSS (10 ml) 

and filtered to liberate a single cell suspension. Red cells were removed by density 

centrifugation with lymphoprep. A similar protocol was performed on non- 

immunized mice to obtain syngeneic naive splenocytes.

2.1.7.2 Adoptive transfer of mouse dendritic cells to naive recipient mice

Bone marrow-derived dendritic cells, cultured in medium supplemented with 

mouse serum to prevent T-cell responses against FBS-derived antigens were 

incubated for 16 h in culture medium with SMX (2 mM) or SMX-NO (100 pM). 

For immunization, dendritic cells were harvested, washed extensively, and 

injected via i.v. injection in the lateral tail vein of Balb/c strain mice. Each mouse 

received one injection of 0.5 x 106 viable dendritic cells in HBSS (200 pi). 

Control mice received unmodified dendritic cells or dendritic cells treated with
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DMSO. After 21 days, mice were sacrificed and splenocytes isolated as described 

above for analysis of splenocyte proliferation (figure 2.5).

2.1.7.3 T-cell proliferative response from immunised or adopted mice

Freshly isolated splenocytes (3 x l06/ml) from a SMX-NO-sensitised mice or 

adopted mice were aliquoted in 96-well U-bottomed cell culture plates and 

incubated (37 °C, 5% CO2) with soluble drug (SMX; 100-1000 pM or SMX-NO; 

10-100 pM) for 72 h (figure 2.5). Proliferation was measured by the addition of 

[3H] thymidine (0.5 pCi/well) for the final 16 h of culture. Cells were harvested 

and incorporated radioactivity was measured as counts per minute on a beta 

counter (PerkinElmer Life Sciences, Cambridge, UK). Proliferative responses 

were represented as stimulation indices (SI; cpm in drug-treated cultures/cpm in 

cultures with solvent alone).

To evaluate the role of SMX metabolism by antigen presenting cells in drug- 

specific T-cell proliferation, Dendritic cells or splenocytes (used as antigen 

presenting cells in the proliferation assay) were incubated with SMX or SMX-NO 

for 16 h, prior to repeated washing to remove unbound drug, irradiation to prevent 

proliferation and co-incubation with freshly isolated splenocytes (3 x l0 6/ml) from 

a SMX-NO-sensitized mice or adopted mice. Proliferation was measured using 

[3H] thymidine incorporation as described above.

To confirm that SMX-derived protein adducts formation and T-cell proliferation 

is dependent on the enzymatic oxidation of SMX, certain experiments were 

conducted in the presence of metabolic enzyme inhibitors. T cells and irradiated 

APC were pre-incubated for 1 h with 1-aminobenzotriazole (a non-selective
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inhibitor), or methimazole (an inhibitor of peroxidases and FMO) at a 

concentration that blocks SMX metabolism without causing cytotoxicity (both 1 

mM) (Sanderson et al., 2007; Lavergne et al., 2009). After pre-incubation with 

inhibitors, cells were incubated with SMX or SMX-NO.

SMX-NO (5 mg/kg; i.p.) 4 times /week for 2 weeks

14 days ; 

t

S p le n o cyte s

A

21 days

Treated DCs

Generation of DCs, exposure to SMX, then i.v. injection

Figure 2.5: Analysis of sulfamethoxazole/metabolite-specific T-cell responses in 
mice. A) i.p. injection of mice with SMX-NO (5 mg/kg) four times weekly for 2 weeks 

followed by analysis of splenocyte proliferation against soluble drug or drug-pulsed 

antigen presenting cells, B) i.v. injection of mice with drug-treated dendritic cells (DCs). 

Three weeks after injection, splenocytes were isolated and stimulated with SMX or SMX- 

NO.
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2.2 Materials and methods for human experiments

2.2.1 Donors characteristics

Blood was obtained and peripheral blood mononuclear cells (PBMCs) were 

isolated from venous blood of six patients with history of hypersensitivity to SMX 

(three with cystic fibrosis) and three drug exposed volunteers. Patients were 

selected on the basis of lymphocyte transformation test (LTT) positivity and their 

readiness to donate blood on several occasions. Samples from patients with cystic 

fibrosis were kindly donated by Dr Paul Whitaker and Dr. Daniel Peckham 

(Regional Adult Cystic Fibrosis Unit, St James's Hospital, Leeds, UK), while cells 

from patients without cystic fibrosis were kindly donated by Prof. Werner Pichler 

(Division of Allergology, Clinic of Rheumatology and Clinical 

Immunology/Allergology, Bern, Switzerland). Approval for the study was 

obtained from Liverpool Local Research Ethics Committee and informed written 

consent was obtained from each donor (table 2.3).

Tabic 2.4: Clinical details of sulfamethoxazole hypersensitive patients

Cystic fibrosis Clinical details
1 No Maculopapular exanthema and malaise
2 No DRESS and erythrodema
3 No SJS (exanthema, conjunctivitis and bullae)
4 Yes Maculopapular exanthema
5 Yes Maculopapular exanthema
6 Yes Maculopapular exanthema

2.2.2 Culture medium

RPMI-1640, penicillin-streptomycin, L-glutamine, human holo-transferrin, 

HEPES buffer, and phytohemagglutinin (PHA) were from Sigma-Aldrich 

(Gillingham, Dorset, UK). Fetal bovine serum and pooled human AB serum were
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purchased from Innovative Research (Michigan, USA). Human recombinant IL-2 

was obtained from Peprotech (London, UK) to maintain T-cell growth and 

proliferation. IL-2 vial was centrifuged before opening and then reconstituted in 

100 mM acetic acid to a concentration of 1 mg/ml (1 x 107units/ml). This solution 

was diluted and stored at -20 °C for future use. APCs were maintained in medium 

consisting of RPMI-1640 supplemented with 10% FBS, HEPES buffer (25 mM), 

L-glutamine (2 mM), streptomycin (100 pg/ml) and penicillin (100 U/ml). T-cell 

clones were maintained in medium consisting of RPMI-1640 supplemented with 

pooled heat-inactivated human AB serum (10%, v/v), HEPES buffer (25 mM), L- 

glutamine (2 mM), holo-transferrin (25 pg/ml), streptomycin (100 pg/ml), 

penicillin (100 U/ml), and IL-2 (60 U/ml).

2.2.3 Chemicals, reagents and buffers

The chemicals, reagents and buffers used in human experiments were listed 

previously (section 2.1.3). Chromium-51 (51Cr) as Na25lCrC>4 (specific activity

441.16 mCi/mg, concentration 1 mCi/ml) was obtained from PerkinElmer life and 

analytical sciences (Boston, MA). Cyclosporine A, glutaraldehyde solution (25%, 

to prepare 2% solution add lOpl to 115pl HBSS) and paraformaldehyde were 

purchased from Sigma-Aldrich (Gillingham, Dorset, UK). L-Glycine (75.07 

g/mol) was purchased from VWR Prolabo (Hunter Boulevard, Lutterworth, UK), 

0.2 M glycine was prepared in HBSS (15 mg glycine + 1 ml HBSS). Multiplex 

assay kits for simultaneous detection of 17 human cytokines (IL-ip, IL-4, IL-5, 

IL-6, IL-7, IL-8, IL-10, IL-12, IL-13, IL-17, G-CSF, GM-CSF, MCP-1, MIP-lp, 

IFN-y, and TNF-a) were purchased from Bio-Rad Laboratories (Hemel 

Hempstead, UK). Kits were stored at 2-8°C and were warmed to room
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temperature (20-25°C) prior use. B95-8 cell line (HPA Culture collections, 

Salisbury, UK) is an Epstein-Barr virus (EBV)-producing marmoset B-cell line 

used to provide a source of EBV containing supernatants for human B-cell 

transformation.

2.2.4 Antibodies

Antibodies used for flow cytometric phenotyping of T cells were FITC-labelled 

CD8 and PE-labelled CD4 (both from BD Biosciences Pharmingen, Oxford, UK). 

Antibodies used for immunochemical detection of SMX protein adducts were 

previously described in section 2.1.4. Specific anti-HLA blocking antibodies were 

used to assess the involvement of major histocompatibility complex (MHC) in 

drug presentation to T-cell clones. Anti-HLA class I mAb (anti-human HLA- 

A,B,C; 1 mg/ml) and anti-HLA class II mAb (anti-human HLA-DR, DP, DQ; 1 

mg/ml) were obtained from BD Biosciences Pharmingen (Oxford, UK).

2.2.5 Processing of peripheral blood mononuclear cells (PBMCs)

2.2.5.1 Isolation of PBMCs

PBMCs were isolated from fresh venous blood by density gradient centrifugation 

on lymphoprep. This yields a distinct cloudy band of mononuclear cells 

(lymphocytes and monocytes) at the interface that has been depleted of red blood 

cells and most polymorphonuclear leukocytes or granulocytes (figure 2.6). 

Peripheral blood was drawn into heparinised vacutainer tubes. Tubes were opened 

in laminar flow hood, and blood was then layered carefully on the surface of 

lymphoprep (10 ml lymphoprep + 15 ml blood). After centrifugation for 20 

minutes at 2000 rpm without brake, the PBMCs band was formed between the
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plasma and the lymphoprep layers. This band was gently aspirated from the 

interface using a sterile Pasteur pipette, washed twice in HBSS to remove residual 

lymphoprep, and centrifuged at 1800 rpm and 1500 rpm, respectively. Cell yield 

was assessed using a haemocytometer after re-suspension of the cell pellet. Total 

number of cells was calculated as follows: number of cells per big square x 

10,000 x total volume of cell suspension (in ml) x dilution factor (if required) 

(figure 2.6). Cell viability was determined by trypan blue dye staining. Trypan 

blue (10 pi, 0.2% w/v) was mixed with cell suspension (40 pi in HBSS) and left 

for 3-5 minutes at room temperature. 10 pi of the cell suspension / trypan blue 

mixture was placed on hemacytometer and cells [unstained (viable) and stained 

(non-viable)] were counted. The percentage of viable cells was calculated as 

follows: 100 x (number of viable cells/total number of cells). Cells found to be 

more than 95% viable were re-suspended in culture medium at the required 

concentration.

2.2.5.2 Cryopreservation and thawing of PBMCs

Isolated fresh PBMCs were re-suspended in a freezing mixture of DMSO 10% 

and FBS 90% at concentration of 1 x 107 cells/ml. Cells were dispensed into 

cryovials (1 ml/vial) on ice. Cryovials were placed in a Mr. Frosty-style freezing 

container filled with 70% isopropanol, and kept in -80°C freezer before being 

transferred to liquid nitrogen after 24 h. It is important for cell viability and cell 

recovery that the cells are thawed and processed quickly. RPMI was warmed in a 

37 °C water bath before thawing. Cryovials were transferred from liquid nitrogen 

to a laminar flow cabinet. Cryovials caps were loosened to allow the nitrogen to 

escape during thawing. Warm RPMI was added into the cryovial containing the
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cell suspension followed by transfer of the cell suspension to a sterile 50 ml tube 

containing warm RPMI. Cells were centrifuged for five minutes at 1500 rpm then 

re-suspended in the desired volume of warm RPMI. Cell number and viability 

were determined as described above.

2.2.6 Preparation of antigen presenting cells

The most useful source of autologous readily available APC is represented by 

EBV-transformed human B-lymphoblastic cell lines (B-LCLs). They were 

generated in vitro at the time of the blood isolation by transformation of freshly 

isolated PBMCs with supernatant of the EBV-producing cell line B95-8 according 

to established methods (Wu et al., 2007) divided into 5 steps as described below.

Figure 2.6: Isolation of peripheral blood mononuclear cells (PBMCs). Cells 

were isolated by density gradient centrifugation on lymphoprep followed by 

assessment of cell yield using haemocytometer.
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2.2.6.1 Preparation of PBMCs

PBMCs were isolated and prepared as described above. Cell pellet was re­

suspended in complete medium at 1 x 107 cells per ml.

2.2.6.2 Preparation of EBV-containing culture supernatants

B95-8 cells were grown and maintained in APC medium in flasks in a humidified 

37°C, 5% CO2 incubator. After 10 days without replacing the medium, the 

supernatant containing the cell-free EBV was harvested by centrifugation and 

filtered (0.2 pm).

2.2.6.3 Transformation of B-cells by EBV

Freshly isolated lymphocytes (2x106) were incubated overnight in 20 ml tube with 

5 ml of undiluted B95-8 supernatant (37°C, 5% C02) supplemented with 

cyclosporin A (CSA; 1 pg/ml) to prevent T-cell mediated suppression of B-cell 

infection, and to prevent EBV induced T cell growth.

2.2.6.4 Growth and maintenance of infected B cells

After overnight incubation, cells were washed, re-suspended at 1 x 106/ml, then 

dispensed into 24-well cell culture plates (1 ml per well). Cells were fed twice 

weekly with APC medium containing CSA (1 ug/ml) in the first 3-4 weeks until 

confluence is obtained. Confluent wells were expanded in the same plate then 

transferred to 25-cm2-tissue-culture flasks and maintained in APC medium, 

replacing half of the culture every three days. B-LCL were expanded and used as 

APC by splitting 1:2-1:4, depending on the rate of growth. Cells were also frozen 

by aliquoting in freezing mixture (FBS with 10% DMSO) and kept as a stock in 

liquid nitrogen.
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2.2.6.5 Irradiation of EBV-transformed B-cell lines

In order to be used as APCs, B-LCL cellular division was blocked by gamma- 

irradiation (4000 rads) with a cobalt source (Gammacell 1000 irradiator, Best 

Theratronics Ltd; Ontario, Canada) immediately before use. After irradiation, the 

cells were washed three times in order to remove possible toxic substances 

released during irradiation.

2.2.7 Lymphocyte transformation test

Proliferation and expansion of lymphocytes from SMX hypersensitive patients 

after stimulation with SMX/metabolite was measured using the lymphocyte 

transformation test (LTT) as described previously (Nyfeler and Pichler, 1997). 

Freshly isolated PBMCs (1.5 x 105; total volume 0.2ml) were cultured in triplicate 

for 5 days with SMX (50-400 pg/ml), SMX-NO (10-80 pM), or tetanus toxin (5 

pg/ml) as a positive control, in 96-well U-bottomed tissue culture plates (37°C, 

5% CO2). Cell cultures containing lymphocytes in the absence of SMX/metabolite 

were taken as a negative control. Proliferation was measured by addition of [3H]- 

thymidine (0.5 pCi/well) for the final 16 h of incubation. Cells were harvested, 

and counted as cpm on a liquid scintillation counter (Wallac microbeta trilux, 

PerkinElmer, Cambridge, UK). Proliferative responses were calculated as mean ± 

SD stimulation index (SI; cpm in drug-treated cultures/cpm in cultures without 

drug). An SI >2 was considered a positive response. A novel indirect LTT was 

developed and conducted by S. Lavergne by the addition of an antigen-driven T- 

cell enrichment step prior to analysis of proliferation. Lymphocytes (4.5 x 106; 2 

ml, 24 well culture plates) were incubated with SMX and SMX-NO for 11 days 

with IL-2 supplement on day 4. On day 11, lymphocytes were washed and
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incubated in 96-well plates ( lx l0 5/well) with frozen autologous irradiated 

lymphocytes (0.25 x 105/well) as APCs in the presence of SMX and SMX-NO 

(Lavergne et al., 2010).

2.2.8 Generation of sulfamethoxazole/metabolite-specific T-cell clones

In theory, T cell cloning is a simple technique; PBMCs are isolated, seeded at one 

cell per well, and induced to proliferate using PHA. The antigen specificity of 

growing cells is then tested. In practice, the procedure is difficult and many 

problems can be encountered. In particular, the procedure requires a high level of 

expertise in aseptic technique and handling of long-term cultures. Furthermore, 

the frequency of antigen specific T-cells is incredibly low and as such several 

thousand separate cultures must be established to generate working numbers of T- 

cell clones. Generation of T-cell clones was conducted by limiting dilution using 

previously described methodology (Schnyder et al., 1997; Wu et al., 2006). The 

aim of this method was to obtain monoclonal populations of T cells that retain the 

required specificity and function, and survive in the in vitro culture for a 

reasonable time to be studied in depth.

2.2.8.1 Primary T cell culture

Freshly isolated PBMCs from SMX allergic patients were incubated at a cell 

density of 1 x 106 per well with SMX (50, 100 and 200 pg/ml), or SMX-NO (20, 

40 and 80 pM) in T-cell culture medium in a 48-well tissue culture plate. T cell 

growth was associated with clumps of cells distributed onto the surface of the 

plate with a frequency dependent on the antigen dose. At day 6 and 9, IL-2 (60 

U/ml) was added in complete medium to facilitate the proliferation of those cells
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that, following antigen recognition on the surface of APC have the IL-2 receptor 

up-regulated. Microscopic inspection on day 10 showed clumps of cells and 

scattered cells out of clumps with blast morphology. At day 14, cell proliferation 

made the medium to turn yellow, indicating the acidification of the medium and 

suggesting the need to proceed with the cloning experiment (figure 2.8).

2.2.8.2 Limiting dilution

The aim of this procedure is to obtain a pool of cells deriving from antigen- 

activated cultures of T lymphocytes. On day 14 of the primary T-cell culture, 

treated cells were diluted to maximize the probability of obtaining individual T 

cells in any one well (Schnyder et al., 2000; Naisbitt et al., 2003a; Naisbitt et al., 

2003b; Wu et al., 2006). Cells from bulk cultures were seeded in U-bottom 96- 

well plates at dilutions of 0.3, 1, and 3 cells per well with the stimulation cocktail 

(autologous irradiated PBMCs at 0.5 x 106 /ml plus 60 U/ml IL-2 plus 5 pg/ml 

PHA) in total volume of 200 pi per well (figure 2.7). Complete medium 

supplemented with IL-2 was added on day five of the limiting dilution and then on 

alternative days. Plates were discarded if (1) growing cells were not apparent after 

21 days culture or (2) growing cultures develop in > 90% of wells.

2.2.8.3 Transfer of growing cells

After 14 days, plates were inspected and wells containing growing cells were 

marked, transferred to a new U-bottomed 96-well plates, and expanded in culture 

medium containing IL-2 by splitting into the neighbour wells. Growing cultures 

were re-stimulated using the stimulation mixture (see above) and remained in 

culture for a further two weeks (figure 2.8).
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Figure 2.7: Limiting dilution method of generation of T-cell clones. Cells of bulk 

cultures were plated at different dilutions in a 96-well cell culture plates in a stimulation 

mixture.

2.2.8.4 Antigen specificity test

At the end of cell culture period, three cell populations were generated: resting T- 

cells, non-specifically activated T-cells and antigen-specific T-cells. An antigen 

specificity test was performed (not before 10 days from the re-stimulation) to 

select the antigen-specific T-cells among all the growing clones (figure 2.8). This 

test requires the availability of autologous APCs and the same antigen used for 

primary culture. T cell clones were collected, washed to remove IL-2, re­

suspended with complete medium, and dispensed into a fresh 96 well plate in 

quadruplicate at density of 5xl04 per well. Autologous B-LCLs (1 x 104) were 

irradiated to block their proliferation which would overwhelm the response of T 

cell clones, and incubated with the wells previously filled with T-cells in the 

presence or absence of the drug (SMX, 200 pg/ml; SMX-NO 80 pM) in a final 

volume of 200 pi culture medium in U-bottom 96-well plates for 48 hours. For 

every clone to test, two wells contained T-cells plus APCs without antigen and
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two wells with T-cell plus APCs and antigen. Proliferation was measured by the 

addition of [3H] thymidine (section 2.2.7). Cell cultures with an SI > 2 were 

considered antigen-specific and expanded further in 48 well cell culture plates.

2.2.8.5 Transfer of antigen-specific T-cells

Antigen-specific clones were identified in the culture plates then expanded in 48 

well tissue culture plates using the stimulation mixture of complete culture 

medium, irradiated PBMCs (1 x 106), PHA (5 pg/ml), and IL-2 (60 U/ml). Clones 

were maintained in IL-2 enriched medium for at least 2 weeks before using them.

2 .2 .5 .6  Re-stimulation of antigen-specific T-cell clones

Clones can be expanded for functional assays for long periods by re-stimulation 

every 15-20 days. There is no need to use the antigen and MHC compatible APC 

to re-stimulate them because they represent a single antigen-specific cell and not 

contaminated by other cells. Each clone was washed and re-suspended in 330 pi 

of culture medium in 48-well plate with an equal volume of re-stimulation 

mixture. Wells were fed after 24 h with 330 pi of culture medium supplemented 

with IL-2. Wells were checked every 2 days for growth and split 1:2-1:4, 

according to the cell density, in complete medium supplemented with IL-2. 10-15 

days later, the growth rate declines with less splitting.

2 .2 .S .1  Freezing of T-cell clones

The most common problem in T-cell cloning is the loss of valuable cells. Thus, it 

is essential to freeze clones once adequate numbers are available. T-cells were 

frozen after 2 weeks of the last stimulation using the freezing mixture and method 

described previously.
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Figure 2.8: Generation of antigen-specific T-cell clones and the autologous 

antigen presenting cells. Freshly isolated PBMCs were incubated with the drug 

or its metabolites in T-cell medium in 48-well tissue culture plates. Cultures were 

supplemented with IL-2 on days 6 and 9 to maintain drug-specific proliferation. 

On day 14, T-cell clones were prepared by serial dilution by incubation of 0.3, 1 

or 3 cells in 96-well round-bottomed tissue culture plates in T-cell medium, 

supplemented with allogenic irradiated lymphocytes, PHA and IL-2. T-cells were 

expanded in T-cell medium with IL-2 and re-stimulated every 14 days with 

irradiated allogenic lymphocytes and PHA. Specific T-cell clones were identified 

by proliferation assay using SMX/SMX-NO and B-LCLs that were generated at 

the time of the blood isolation. T-cell with a positive proliferative response were 

expanded and maintained in IL-2 containing medium.
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2.2.9 Measurement of the proliferative response of T cell clones

The most frequently used method to measure proliferation in vitro is relying on 

the uptake of [3H] thymidine. After 10-15 days of re-stimulation, T-cell clones 

from allergic patients (5xl04 cells) were incubated in duplicate culture with 

irradiated autologous B-LCL (1 x 104) in the presence or absence of the drug in a 

total volume of 0.2 ml in U-bottom 96-well plate for 48 hours. It is recommended 

to use a range of drug concentrations to find the concentration that results in 

optimal proliferation of specific cells (SMX, 50-400 pg/ml; SMX-NO, 10-160 

pM) (figure 2.9). [3H]-thymidine was added at 0.5 pCi/well for the final 16 h of 

incubation. Cells were subsequently harvested using a multiwell harvester that 

aspirates cells, lyses cells, and transfers [3H]-thymidine-labeled DNA onto a filter 

paper, while allowing non-incorporated [3H]-thymidine in the medium to flow 

through. The incorporated radioactivity was measured using a liquid scintillation 

counter (Wallac microbeta trilux, PerkinElmer, Cambridge, UK) for beta particles 

as count per minutes (cpm). T-cell clones with a positive proliferative response 

(SI > 2) were taken to be drug-specific and maintained in IL-2 containing 

medium. Antigen-induced T cell activation was also evaluated by measuring 

cytokine secretion using multiplex methods (see below). In this case, the culture 

supernatants were collected prior to the addition of [3H]-thymidine, pooled for 

each condition and stored at -80 °C till the time of analysis.

2.2.10 Cross-reactivity of T cell clones with SMX and its metabolites

To analyse the cross-reactivity pattern of specific T-cells with SMX or its 

metabolite, SMX-specific T-cell clones (5 x 104 cells) were incubated with APCs 

(1 x 104 cells) and titrated concentrations of SMX-NO (20-80 pM) in a final

____________________________________________________ ioi L
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volume of 200 pi of T-cell culture medium. Similarly, T-cell clones with 

specificity for SMX-NO were incubated with APCs and different concentrations 

of the parent drug SMX (100-400 pg/ml). Proliferation was measured by 

incorporation of [3H] thymidine as described above. Clones were defined as cross- 

reactive if they were stimulated to proliferate following incubation with both 

SMX and SMX metabolites.
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Figure 2.9: Plate map for the proliferation assay. T-cells were incubated with 

autologous irradiated B-LCLs and a range of SMX/SMX-NO concentrations in a 

96-well round-bottomed tissue culture plate. After 48 h, [3H]-thymidine was 

added, and 16 h later proliferation was determined. T-cells with a positive 

proliferative response (SI > 2) were taken to be drug-specific and maintained in 

IL-2 containing medium.

2.2.11 Analysis of the phenotype of antigen-specific T cell clones

The phenotype of antigen-specific T-cell clones was determined using flow 

cytometer by dual staining with PE-labelled anti-CD4 and FITC-labelled anti-
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CD8 which are both markers for blood T cells. All steps were carried out on ice. 

One million cells were washed with HBSS and the cell pellet was re-suspended in 

a saturating concentration of CD8 and CD4 antibodies for 30 min at 4°C in the 

dark. Following incubation, cells were washed twice with HBSS to remove 

unbound antibody and to pellet the cells (5 min, 1500 rpm, 4°C). The cell pellet 

was then re-suspended in 400 pi HBSS (4°C) and analysed using flow cytometry 

(Coulter Epics XL software; Beckman Coulter, Inc). The primary gate was set on 

lymphocyte-sized cells and analysed for the expression of CD4 versus CD8.

2.2.12 Assessment of the cytotoxic activity of T-cell clones

SMX (metabolite)-induced T-cell mediated cytotoxicity was tested at days 10-14 

after re-stimulation through the use of a 4-hour [5lCr] chromium-release assay. To 

measure immune-mediated killing, autologous B-LCLs were used as target cells 

in presence or absence of SMX or SMX-NO. The principle and workflow of the 

assay are illustrated in figure 2.10 and described below in 4 steps.

2.2.12.1 Preparation of target cells (B-LCL)

B-LCLs (1 x 106) were centrifuged at 1500 rpm for 5 min. The supernatant was 

removed and the cells were re-suspended in [51Cr] chromium (50 pCi; 50 pi) and 

incubated for 90 min with gentle mixing every 15 min. The cells were then 

washed three times to remove free [5lCr] chromium and re-suspended in 20 ml of 

complete medium to adjust cell concentration to 5 * 104 cells/ml.

103 L



Chapter 2: Materials and Methods

2.2.12.2 Preparation of effector cells

T-cell clones were harvested, washed at 1500 rpm for 5 min, re-suspended in 

complete medium, and counted. Stock solutions of 2.5 x 106, 1 x 106, 0.5 x 106, 

and 0.25 x 106 cells/ml were prepared.

2.2.12.3 Preparation of the plate

Chromium loaded APCs (50 pi; 5 x 104 cells/ml) were incubated in duplicate in 

96-well U-bottomed culture plate with T-cells (50 pi; 2.5 x 106, lxlO6, 0.5xl06 

and 0.25xl06 cells/ml) at effector ¡target (E:T) ratios of 50:1, 20:1, 10:1, and 5:1 

respectively in presence or absence of drug (SMX, 200-400 pg/ml; SMX-NO, 

40-80 pM). After 4 h incubation at 37°C in 5% CO2, 100 pi of the supernatant 

was collected from each well and transferred to scintillation vials and topped up 

with 4 ml scintillation fluid. Spontaneous and maximum releases were determined 

by parallel incubations of labelled target cells with medium and methanol (to lyse 

remaining cells) respectively in the presence or absence of SMX/SMX-NO. 

Replicates of 8 wells were established for each condition of spontaneous or 

maximum release. Direct toxicity of SMX/SMX-NO was excluded by incubating 

the drug/metabolite with [51Cr] chromium loaded B-LCLs for 4 h in the absence 

of T cells.

2.2.12.4 Analysis of Data

Radioactivity in supernatants was determined using Gamma-counter and 

expressed as cpm. Specific lysis of the target cells was then calculated from the
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%  Specific release -----------------------------------------------------------------------------  X 100

Maximum release - Spontaneous release

Experimental release 

Maximum release 

Spontaneous release

T cell - induced release 

Methanol - induced release 

Medium - induced release

Loading of target 
cell with slCr

Addition of T-cell Release of 51Cr

Figure 2.10: The principle of chromium release assay. The assay measures the 

killing of target cells by specific T cells. Target cells were labeled by [5lCr] 

chromium. Effector cells were added to the target cells in different amounts 

(effector to target ratios) and incubated for 4 hours. An aliquot of the supernatant 

was analysed for radioactivity in a gamma counter. Radioactivity in the 

supernatant indicated the lysis of target cells.

2.2.13 Multiplex analysis of T-cell cytokine secretion

Levels of secreted cytokines (IL-ip, IL-2, IL-4, IL-5, IL-6, 1L-7, IL-8, IL-10, IL- 

12(p70), IL-13, IL-17, G-CSF, GM-CSF, IFN-y, MCAF, MIP-ip, and TNF-a) 

were analysed using Bio-Plex 17-plex human cytokine assay kit (Bio-Rad 

Laboratories, Hercules, USA) on Bio-Plex suspension array system (xMAP-based
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platform, Bio-Rad Laboratories, Hercules, USA). The assay procedure is similar 

to that described previously (section 2.1.6.3) with the following main differences:

• Each well needs 50 pi of beads instead of 25 pi in mouse experiment.

• Differences in the bead regions as illustrated in manufacture’s manual.

• Eight standard concentrations were prepared instead of six in mouse assay.

• Incubation periods in human assay were: 30 min (for beads and samples), 30 

min (for detection antibody), and 10 min (for SA-PE). In mouse experiments, 

it is 2h, lh, and 30 min respectively.

2.2.14 Determination of the involvement of drug metabolism, protein adduct 

formation and antigen processing in the stimulation of T-cell clones

To evaluate mechanisms of drug (metabolite)-specific T-cell activation we 

implemented a stepwise approach. At each stage, the assay to measure antigen- 

specific proliferative responses was modified as follows: (1) Assays were 

conducted in the presence of glutathione (1 mM) -  glutathione prevents SMX-NO 

protein binding (Burkhart et al., 2001; Naisbitt et al., 2001), (2) Assays were 

conducted in the presence of inhibitors of drug metabolising enzymes, specifically 

methimazole and 1-ABT, at a concentration that blocks SMX metabolism (both 1 

mM) (Sanderson et al., 2007; Lavergne et al., 2009), (3) Assays were conducted 

with glutaraldehyde-fixed APCs- fixation blocks antigen processing (Zanni et al.,

1998; Schnyder et al., 2000), (4) APCs were pulsed with SMX or SMX-NO for 1 

& 16 h prior to repeated washing steps to remove unbound drug, and the addition 

of the pulsed APCs to the proliferation assay -  16 h is the time required for SMX 

metabolism and binding of derived metabolites to intracellular protein and (5)

APCs and T-cells were pulsed together with SMX or SMX-NO for 16 h in the

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ I 106
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presence of enzyme inhibitors, prior to repeated washing and culture of T-cells for 

the remainder of the assay in the absence of soluble antigen.

2.2.14.1 Addition of glutathione to the proliferation assay

T-cells (5 X 104) and irradiated B-LCLs (1 X 104) were incubated with GSH (1 

mM) for 1 h prior to the addition of SMX (200 pg/ml) or SMX-NO (80 pM) to 

the standard proliferation assay. GSH binds covalently to SMX reactive 

metabolites and hence prevent protein complex formation. Proliferation was 

measured by [3H]-thymidine incorporation as described previously.

2.2.14.2 Enzyme inhibition experiments

The involvement of metabolism in T-cell activation by SMX was explored by the 

addition of 1-ABT or meth to the standard proliferation assay. 1-ABT is a potent 

non-selective inhibitor of a wide range of metabolic enzymes including 

cytochrome P450 isoforms (Ortiz de Montellano et al., 1984; Emoto et al., 2005; 

Sanderson et al., 2007; Lavergne et al., 2009), while methimazole is an inhibitor 

of peroxidases and FMO (Lavergne et al., 2009). T cell clones (5 x 104) and 

irradiated APCs (1 x 104) were incubated for 1 h in the presence of meth (ImM) 

or 1-ABT (ImM). After pre-incubation with inhibitors, cells were incubated for 

an additional 16 h with SMX or SMX-NO. The enzyme inhibitor at concentration 

of ImM did not cause cytotoxicity.

2.2.14.3 Glutaraldehyde-fixation experiments

The involvement of processing in presentation of SMX and SMX metabolite to 

specific T-cell clones was evaluated by modifying the standard T-cell 

proliferation assay using chemically fixed APC. Fixation inhibits antigen
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processing (prevents presentation of drug-hapten protein complexes) but does not 

alter MHC expression, presentation of antigenic peptides (pre-processed antigens 

or processed peptides) to T-cells or the direct drug-MHC interaction 

(Shimonkevitz et al., 1983; Zanni et al., 1997; Schnyder et al., 2000; Naisbitt et 

al., 2003b; 2005). B-LCLs (2 x 106; 0.5 ml HBSS) were fixed by addition of 12.5 

pi glutaraldehyde 2% (end concentration 0.05%) for 30 seconds with vortexing at 

room temperature before the reaction was terminated by adding L-glycine (1ml, 

0.2 M) for an additional 45 sec. Fixed B-LCLs were extensively washed, re­

suspended in medium, and then added to the proliferation assay (with T cell clone 

and drug/metabolite). Incubation of non fixed B-LCLs with T cell clone and the 

soluble drug/metabolite was considered as a positive control. Certain wells 

contained fixed B-LCLs with T cell clone in absence of the drug or its metabolite.

2.2.14.4 Pulsing experiments

In APC-pulsing experiments, autologous B-LCLs were incubated in culture 

medium with SMX (200-400 pg/ml) or SMX-NO (80 pM) for 2 and 16 h; the 

optimal time for protein complex formation. Pulsed B-LCLs (used as a source of 

antigen) were washed repeatedly with HBSS to remove non-covalently bound 

drug before irradiated, adjusted at concentration of (1 x 104 cells/well), and co­

incubated with different sets of antigen-specific T-cell clones (5 x 104) in a final 

volume of 0.2 ml in the absence of soluble antigen. T-cell incubation contained 

the non-pulsed irradiated B-LCLs and the soluble form of the drug was used as a 

positive control. Proliferation was measured using [3H] thymidine incorporation 

as described above.

108



Chapter 2: Materials and Methods

2.2.15 Detection of SMX metabolite protein adduct formation

Protein adduct formation in SMX and SMX-NO treated EBV-transformed B-cells 

from hypersensitive patients was measured at different concentration (SMX 50- 

400 pg/ml; SMX-NO 10-80 pM) and time (0.1, 2, 6, 16 h) points by ELISA and 

confocal microscopy using a specific anti-SMX-antibody (described previously in 

section 2.1.6.5). Certain experiments were conducted in the presence of various 

enzyme inhibitors added 1 h prior to SMX or SMX-NO.

2.2.16 Involvement of MHC molecules in T-cell activation

To assess the involvement of MHC in drug presentation to T-cell clones, Specific 

anti-HLA blocking antibodies (anti-HLA class I mAb (anti-human HLA-A,B,C; 

lmg/ml) and anti-HLA class II mAb (anti-human HLA-DR, DP, DQ; lmg/ml) 

were added to the proliferation assay to inhibit MHC-restricted stimulations of the 

CD8+ and CD4+ T cell clones. Anti-HLA blocking antibodies were added at 

concentration of 1 pg/ml, 30 minutes before addition of the drug. Certain 

incubations contained T-cell and drug in the absence of APCs. The monoclonal 

antibodies were tested in the same concentrations on related and unrelated clones 

without showing any toxicity on T cell clones.

2.3 Statistical analysis

Values to be compared were analysed for normality using the Shapiro-Wilks test. 

Normally distributed data were analysed using a Student T test. Non-normally 

distributed data were compared with the Mann-Whitney test for comparing two 

groups for continuous variables using the SPSS 16.0 software (SPSS Inc., 

Chicago, USA). In all cases, p < 0.05 was considered statistically significant.
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3.1 Introduction

Drug hypersensitivity reactions are adverse drug reactions that represent one of 

the most feared adverse effects in both clinical practice and drug development 

process due to the off-target (unpredictable, dose independent) and serious nature. 

The pathogenesis of these reactions remains unidentified in spite of plentiful 

studies and investigations.

It is thought that drug hypersensitivity reactions are the consequences of an 

abnormal immune reaction triggered by a drug or its metabolites. The presence of 

drug-specific cytotoxic T-cells in the peripheral circulation and target organs of 

hypersensitive patients, but not in drug-exposed controls provides a robust case 

for the involvement of these T-cells in the pathogenesis of the reaction (Britschgi 

et al., 2001; Nassif et al., 2004; Beeler et al., 2006; Wu et al., 2006). To initiate an 

immune response, the drug antigen must be presented in the context of specific 

MHC molecules expressed on dendritic cells to specific T-cell receptors in a 

micro-environment rich in co-stimulatory signalling and cytokines, which are 

necessary for sustained T-cell expansion (Curtsinger et al., 1999; Gemer and 

Mescher, 2009).

Our understanding of the chemical basis of drug hypersensitivity reactions derives 

from the field of allergic contact dermatitis, where Landsteiner and Jacobs 

(Landsteiner K. and Jacobs, 1935) defined low molecular weight chemical 

allergens as “incomplete antigens” since the compounds themselves were not 

directly antigenic (i.e., do not bind with high affinity to immunological receptors)
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and only gained immunogenic potential following covalent modification of a 

protein carrier.

The P-lactam antibiotics, which cause a high incidence of drug hypersensitivity 

reactions, also react spontaneously with protein (Padovan et al., 1996; Jenkins et 

al., 2009) and synthetically constructed penicillin protein adducts stimulate 

specific T-cells following processing (Brander et al., 1995). On this basis, the 

“hapten concept” (hapten referring to any substance that modifies protein to 

induce an immune response) is the hypothesis most commonly used to describe 

the interaction of drugs with immune cells. The picture is further complicated 

because most drugs are not directly protein-reactive. They may however gain 

protein reactivity through normal metabolic processes, generating a hapten with 

the potential to modify specific amino acid residues on protein (Naisbitt et al.,

2000a; Park et al., 2001).

Several independent investigators have shown that the immune system is involved 

in the pathogenesis of sulfonamide-induced hypersensitivity reactions (Hertl et al.,

1995; Mauri-Hellweg et al., 1995; Schnyder et al., 1997; Schnyder et al., 2000;

Burkhart et al., 2001; Hari et al., 2001; Svensson et al., 2001; Roychowdhury and 

Svensson, 2005; Castrejon et al., 2010). Sulfamethoxazole (SMX) has been 

associated with reactions that range in severity from mild urticarial rashes to 

severe necrolytic skin lesions and hepatotoxicity (Cribb et al., 1996a; Cribb et al.,

1996b; Barranco and Lopez-Serrano, 1998; Svensson et al., 2001; Naisbitt, 2004;

Nassif et al., 2004; Kouklakis et al., 2007).
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Drug metabolism and bioactivation occurs in organs and cells expressing drug- 

metabolising enzymes mainly liver (hepatocytes), and skin (kératinocytes, 

fibroblasts, langerhans cells, and melanocytes) (Wolkenstein et al., 1998; Kinobe 

et al., 2005; Roychowdhury et al., 2005; Bhaiya et al., 2006; Sanderson et al., 

2006; Vyas et al., 2006a; Vyas et al., 2006b; Oesch et al., 2007; Roychowdhury et 

al., 2007a; Roychowdhury et al., 2007b). In addition, immune cells as 

lymphocytes, granulocytes, APCs can metabolise drugs (Sieben et al., 1999; 

Sanderson et al., 2007; Siest et al., 2008). Dendritic cells express multiple drug 

metabolising enzymes (Sieben et al., 1999; Tafazoli et al., 2005; Sanderson et al., 

2007; Siest et al., 2008) that can generate drug-derived protein in increasing 

amounts when exposed to “danger” signals (Lavergne et al., 2009).

SMX can be metabolised by several phase 1 enzymes including CYPs (CYP2C9, 

CYP2C8) and/or MPO to a non protein-reactive hydroxylamine-metabolite which 

is unstable and can be rapidly auto-oxidised to an electrophilic nitroso- 

intermediate (Shear and Spielberg, 1985; Rieder et al., 1988; Cribb and Spielberg, 

1990; Cribb et al., 1991; Cribb and Spielberg, 1992; Cribb et al., 1995; Cribb et 

al., 1996b; Gill et al., 1996; Naisbitt et al., 1996; Gill et al., 1997; Sanderson et al., 

2007) (figure 1.9). The level of tissue exposure to SMX-NO is dependent on the 

ability to bioinactivate (detoxify) the reactive metabolites by glutathione, cysteine, 

and detoxification enzymes (Cribb et al., 1991; Gill et al., 1997; Naisbitt et al., 

1999; Naisbitt et al., 2000b; Trepanier et al., 2004). Degradation of SMX-NO in 

solution gives nitro SMX (by oxidation), SMX-HA (by reduction), and azo/azoxy 

adducts (by dimérisation) (Naisbitt et al., 2002).
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SMX metabolites are considered to take part in the pathogenesis of immune- 

mediated SMX-induced hypersensitivity reactions as evidenced by numerous 

studies shown in table 3.1. It is currently thought that immune cells play an 

essential role in SMX-induced immune-mediated hypersensitivity reactions 

through the formation of immunogenic conjugates. These conjugates are formed 

from the reaction of a drug reactive metabolite with cellular proteins (Park et al., 

1998; Roychowdhury et al., 2005; Cheng et al., 2008; Lavergne et al., 2008b).

Synthetic SMX metabolites interact with MHC and T-cell receptors with 

sufficient affinity to stimulate blood and skin-derived T-cells from hypersensitive 

patients (Schnyder et al., 2000; Burkhart et al., 2001; Farrell et al., 2003; Nassif et 

al., 2004; Castrejon et al., 2010). These data confirm that hapten-specific T-cells 

are present in hypersensitive patients and that T-cell responses are directed against 

drug metabolite conjugated protein. However, critical experiments showing a 

causal relationship between compound distribution and metabolism in APCs and 

the development of T-cell responses have not been described.

In this investigation, we study SMX metabolism in mouse immune cells indirectly 

through the use of a hapten inhibitable anti-SMX antibody that detects SMX 

metabolites bound irreversibly to protein, and the effect of enzyme inhibitors on 

adduct formation. The formation of metabolite protein adducts in immune cells 

was investigated using mice splenocytes and bone marrow-derived dendritic cells. 

This is a step before studying the functional consequences of these adducts in the



Chapter 3: SMX Metabolism by Mouse Immune Cells

context of exploration the complex relationship between metabolism, adduct 

formation, cell death and both dendritic cell and T-cell activation.

Table 3.1: Involvement of sulfamethoxazole metabolites and immune 

system in the drug induced hypersensitivity reactions through (A) protein 

reactivity, (B) cytotoxicity, and (C) immunogenicity.

(A) Findings indicate protein-reactivity of SMX metabolites___________

Hepatic SMX metabolism resulted in the generation

of covalently associated protein adducts (haptenation (Cribb et al., 1996b)

of tissue protein). ____________

Antibodies to hepatic microsomal proteins were 

found in patients with sulfonamide hypersensitivity.
(Cribb et al., 1997)

Ability of SMX metabolites to haptenate cellular 

proteins on the surface of skin kératinocytes, 

lymphocytes, and splenocytes. ___________

(Naisbitt et al., 1999; 

Reilly et al., 2000; 

Naisbitt et al., 2001)

Incubation of normal human kératinocytes with 

SMX/SMX metabolites gave rise to drug/metabolite- 

protein adducts.________________________________

(Reilly et al., 2000; 

Roychowdhury et al., 

2005)

In vitro exposure of T lymphoblastic cells to SMX 

reactive metabolites resulted in the formation of 

drug-protein adducts. __________________________

(Manchanda et al., 

2002)

Covalent binding of SMX-HA to lymphoid cellular 

proteins in cultured hystiocytic lymphoma cells.

(Summan and Cribb, 

2002)

Activation of dendritic cells by SMX metabolites (Sanderson et al., 2007)

Identification of SMX-NO-protein adducts in spleen 

and lymph nodes of mice treated with SMX-NO.
(Cheng et al., 2008)

Detection of meta-stable protein adducts when

SMX-NO was incubated with HSA or glutathione S- (Callan et al., 2009)

transferase n.
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(B) Direct toxicity of SMX metabolites to cells of the immune system in 

vitro

In vitro cytotoxicity of SMX metabolites towards 

peripheral blood mononuclear cells.

(Rieder et al., 1988 

1989; Cribb et al., 1991 

1995; Rieder, 1997 

Reilly et al., 1998; Hess 

et al., 1999; Naisbitt et 

al., 1999; 2002;

Lavergne et al., 2006b)

In vitro cytotoxicity of SMX metabolites towards (Reilly et al., 2000; Vyas

Skin cells. et al., 2005)

In vitro toxicity is observed with methemoglobin 

formation in human red blood cells
(Reilly et al., 1999)

(Rieder et al., 1989; Carr

In vitro cytotoxicity of the SMX metabolites has et al., 1993; Wolkenstein

been used as a marker of hypersensitivity especially et al., 1995; Neuman et

in HIV-infected persons. al., 2000; Lavergne et al.,

2006b)

(C) Binding provides an antigenic signal to antigen-specific T cells

Identification of SMX-substituted serum proteins 

and anti-SMX antibodies in patient sera.

(Meekins et al., 1994) 

(Daftarian et al., 1995) 

(Gruchalla et al., 1998)

Proliferation of CD8+ dermal T-cells from lesional 

skin when stimulated with SMX metabolites
(Hertl et al., 1995)

Identification of SMX-substituted hepatic protein (Cribb etal., 1996b)

Administration of a mixture of SMX metabolites

and Freund’s adjuvant, led to SMX-NO specific but (Choquet-Kastylevsky et

not SMX-specific, delayed-type hypersensitivity in al., 2001)

mice in the form of foot pad edema. _____________________________
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Incubation of rat APCs with SMX-NO, led to cell
(Naisbitt et al., 2002)

surface haptenation and specific T cells stimulation.________________________

Immunisation o f different species of animals with (Gill et al., 1997; 

SMX-NO, but not the parent drug, led to Naisbitt et al., 2001; 

stimulation of a specific T-cell proliferative Farrell et al., 2003;

responses and production of anti-SMX antibodies. Cheng et al., 2008)_____

Proliferation of T cells cloned from peripheral (Schnyder et al., 2000;

blood of hypersensitive patients in response to the Burkhart et al., 2001; 

covalently bound SMX-NO Castrejon et al., 2010)

Stimulation of skin derived T-cells from SMX 

hypersensitive patients with the protein-reactive (Nassif et al., 2004) 

metabolite SMX-NO.

3.2 Results

3.2.1 Detection of protein adducts in mouse antigen presenting cells exposed 

to sulfamethoxazole or its metabolites

Drug-protein adducts formed in splenocytes and dendritic cells (from naïve mice) 

were measured after 16 h with a range of concentrations of SMX and SMX-NO. 

Adduct formation was measured by both ELISA (see 2.1.6.5.1) and confocal 

microscopy (see 2.1.6.5.2) using a specific anti-SMX antibody.

By ELISA, dose dependent SMX-derived protein adducts in mouse splenocytes 

were detected (blanked control; 250pM: 0.6±0.1; 500pM: 0.9±0.4; lOOOpM: 

0.9±0.4; 2000pM: 1.9±0.8, P<0.05, figure 3.1). Adduct formation with SMX-NO 

was detected over the used range of drug concentrations (blanked control; 5pM:
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2.4±0.1; lOpM: 2.7±0.2; 25pM: 2.8±0.1; 50pM: 2.7±0.3; lOOpM: 2.8±0.2; 

250pM: 2.8±0.2, P<0.05, figure 3.1).

Likewise, drug-protein complex formation in mouse bone marrow derived 

dendritic cells was explored by ELISA using a specific anti-SMX antibody after 

incubation with SMX, SMX-NO, or vehicle for 16 h. Binding of SMX to dendritic 

cells was concentration-dependent, with adducts detected at concentrations above 

250 pM (blanked control; 500pM: 0.2±0.0; lOOOpM: 0.3±0.1; 2000pM: 0.4±0.2, 

P<0.05, figure 3.2). SMX-NO treatment of dendritic cells was associated with 

significant adduct formation at a concentration of 50 pM and above (blanked 

control; 50pM: 0.4±0.2; lOOpM: 0.9±0.0; 250pM: 2.1±0.8; 500pM: 2.7±0.1; 

lOOOpM: 3.0±0.2, P<0.05, figure 3.2).

Hapten-protein complex formation in splenocytes exposed to SMX or non-toxic 

concentrations of its nitroso metabolite for 16 h was also visualized using 

immunofluorescence confocal microscopy using a specific anti-SMX antibody. 

Microscopic imaging showed that, SMX-NO (10 pM, 50 pM) and SMX (1 mM, 2 

mM) form intracellular protein adducts. These adducts were not detected in 

controls without drug exposure (figure 3.3).
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Figure 3.1: Sulfamethoxazole metabolism and protein adduct formation in 

mouse splenocytes. Cells were exposed to SMX (100-2000 pM) or SMX-NO 

(1-250 pM) for 16 h. Concentration-dependent protein adduct formation in 

SMX-treated cells was quantified by ELISA using a specific anti-SMX antibody. 

Data are presented as mean ± SD of at least three separate experiments. Student 

T test (normally distributed data) and Mann-Whitney test (non-normally 

distributed data) were used to compare two groups for continuous variables (*, 

significantly different from untreated cells; P<0.05).
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Figure 3.2: Sulfamethoxazole metabolism and protein adduct formation in 

mouse dendritic cells. Cells were incubated with SMX (250-2000 pM) or 

SMX-NO (0.1-1000 pM) for 16 h. Concentration-dependent protein adduct 

formation in SMX and SMX-NO-treated cells was quantified by ELISA using a 

specific anti-SMX antibody. Data are presented as mean ± SD of at least 3 

separate experiments. Student T test (normally distributed data) and Mann- 

Whitney test (non-normally distributed data) were used to compare two groups 

for continuous variables (*, significantly different from untreated cells; P<0.05).
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Figure 3.3: Confocal microscopy imaging of mouse splenocytes exposed to 

sulfamethoxazole or its metabolite. Cells were incubated with (A) DMSO 

0.2% as a vehicle, (B) SMX (1 mM and 2 mM), or (C) the protein reactive 

metabolite SMX-NO (10 pM and 50 pM) for 16 h before being processed for 

confocal microscopy. Adducts were visualised in cells incubated with SMX or 

SMX-NO with no adducts in control samples.
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3.2.2 Time dependent formation of sulfamethoxazole protein adducts in 

mouse antigen presenting cells

As described above, adducts were detected in splenocytes incubated with SMX or 

SMX-NO for 16 h. To assess time dependency of adduct formation; different time 

points (0.1-16 h) were examined. The levels of hapten-complex formation were 

significantly reduced with SMX when the culture period was reduced indicating 

time dependent binding and adduct formation (blanked control; O.lh: 0.3±0.1; 2h: 

0.4±0.2; 6h: 0.4±0.3; 16h: 1.2±0.6, P<0.05, figure 3.4). On the contrary, the level 

of SMX-NO adducts remained constant when the culture period was reduced 

(blanked control; O.lh: 2.4±0.3; 2h: 2.6±0.2; 6h: 2.5±0.2; 16h: 2.6±0.2, figure 

3.4).

Similar results were observed with mouse dendritic cells. Over a period of 16 h, 

SMX-protein adducts increased steadily with significant levels detected after 6 

hours (blanked control; 6h: 0.3±0.2; 16h: 0.6±0.2, PO.05, figure 3.5). The level 

of SMX-NO adducts remained constant when the culture period was reduced, 

with detected adducts early at 5 minutes (blanked control; O.lh: 1.0±0.3; 2h: 

1.2±0.3; 6h: 1.2±0.2; 16h: 1.3±0.2, figure 3.5).
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Figure 3.4: Time dependency of protein adducts formation in mouse 

splenocytes. Cells were incubated with SMX at different concentration points (A) 

or SMX-NO (10, 20 pM) for different time points (0.1-16 h). Time-dependent 

protein adduct formation in SMX (but not SMX-NO)-treated cells was quantified 

by ELISA using a specific anti-SMX antibody (A, B). Data are presented as mean 

± SD of at least 3 separate experiments. Student T test (normally distributed data) 

and Mann-Whitney test (non-normally distributed data) were used to compare two 

groups for continuous variables (*, significant at P<0.05; ns, non significant).



Chapter 3: SMX Metabolism by Mouse Immune Cells

ns

Time (h)

Figure 3.5: Time dependency of protein adduct formation in mouse bone 

marrow derived dendritic cells. Cells were incubated with SMX (1000 pM) or 

SMX-NO (100 pM) for different time points (0.1-16 h). Time-dependent protein 

adduct formation in SMX (but not SMX-NO)-treated cells was quantified by 

ELISA using a specific anti-SMX antibody. Data are presented as mean ± SD of 

at least 3 separate experiments. Student T test (normally distributed data) and 

Mann-Whitney test (non-normally distributed data) were used to compare two 

groups for continuous variables (*, significant at P<0.05; ns, non significant).

124



Chapter 3: SMX Metabolism by Mouse Immune Cells

3.2.3 Inhibition of sulfamethoxazole-protein adduct formation by enzyme 

inhibitors in mouse antigen presenting cells

To assess the importance of SMX metabolism in generation of protein adducts, 

we evaluated the impact of inhibitors of metabolic enzymes (methimazole [meth] 

or 1-aminobenzotriazole [1-ABT]) on protein haptenation in APCs.

Mouse splenocytes were incubated with SMX (1 mM, 2mM) or SMX-NO (10 

pM, 20 pM) in the presence or absence of enzyme inhibitors (1 mM) for 16 h, 

before being processed for ELISA. Inhibitors were added to the culture 1 h prior 

to the addition of drug. Data indicate that the levels of adduct formation were 

significantly reduced with SMX when meth or 1-ABT was added (blanked 

control; SMX: 1.5±0.4; SMX/meth: 0.4±0.3; SMX/l-ABT: 0.4±0.3, P<0.05, 

figure 3.6A). Enzyme inhibition was not observed with SMX-NO (blanked 

control; SMX-NO: 2.5±0.4; SMX-NO/meth: 2.6±0.3; SMX-NO/l-ABT: 2.5±0.3, 

figure 3.6B).

Similarly, 1-ABT and meth pre-treatment of mouse dendritic cells significantly 

decreased the formation of SMX-protein adducts (blanked control; SMX: 0.7±0.3; 

SMX/meth: 0.2±0.0; SMX/l-ABT: 0.2±0.1, P<0.05, figure 3.7A). Levels of 

hapten-complex formation were not significantly reduced with SMX-NO after 

addition of enzyme inhibitors (blanked control; SMX-NO: 1.2±0.4; SMX- 

NO/meth 1.2±0.3; SMX-NO/l-ABT: 1.3±0.4, figure 3.7B).
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Figure 3.6: Inhibition of protein adduct formation in sulfamethoxazole- 

treated but not nitroso sulfamethoxazole-treated mouse splenocytes 

quantified by ELISA using a specific anti-SMX antibody. The inhibitors 1- 

aminobenzotriazole (1-ABT) and methimazole (meth) were incubated with cells 

for 1 h before the addition of SMX (A) or SMX-NO (B). Results are presented as 

mean ± SD of 3 separate experiments. Student T test (normally distributed data) 

and Mann-Whitney test (non-normally distributed data) were used to compare two 

groups for continuous variables (*significantly different from drug treated cells 

without inhibitors; P < 0.05)
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Figure 3.7: Inhibition of protein adduct formation in sulfamethoxazole- 

treated but not nitroso sulfamethoxazole-treated mouse dendritic cells 

quantified by ELISA using a specific anti-SMX antibody. The inhibitors 1- 

aminobenzotriazole (1-ABT) and methimazole (meth) were incubated with cells 

for 1 h before the addition of SMX (A) or SMX-NO (B). Results are presented as 

mean ± SD of 3 separate experiments. Student T test (normally distributed data) 

and Mann-Whitney test (non-normal ly distributed data) were used to compare two 

groups for continuous variables (*significantly different from drug treated cells 

without inhibitors; P < 0.05).
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3.2.4 Intracellular glutathione levels in dendritic cells following 

sulfamethoxazole or nitroso sulfamethoxazole exposure

Mouse dendritic cells were incubated with varying concentrations of SMX or 

SMX-NO for 16 h, and intracellular glutathione levels were quantified using a 

colorimetric assay (Vandeputte et al., 1994). Oxidised glutathione (GSSG) levels 

were consistently at or below the level of detection. Consequently, total 

glutathione has been used as a surrogate for reduced glutathione (GSH) 

concentrations. A significant glutathione depletion was detected with SMX-NO at 

concentrations of 250 pM and above (nmol/106 cells, 0: 14±1.4; 250pM: 6.6±1.6, 

500pM: 5.9±1.5, lOOOpM: 3.8±1.8, P<0.05, figure 3.8A), whilst no significant 

glutathione depletion was seen with SMX at any concentration studied (nmol/106 

cells, 0: 14±1.4; 50pM: 14.8±1.0; lOOpM: 14.4±0.8; 250pM: 13.0±1.5; 500pM: 

13.5±1.8; lOOOpM: 13.2±1.9; 2000pM: 12.7±2.2, figure 3.8A).

In similar, glutathione depletion was detected when mouse splenoytes exposed to 

SMX-NO at a concentration above 50 pM for 16 h (nmol/106 cells, 0: 17.2±1.3; 

50pM: 12.3±1.4, lOOpM: 5.3±0.8, 250pM: 3.4±0.9; 500pM: 3.7±0.2; lOOOpM: 

2.5±0.5, PO.05, figure 3.8B), while no significant depletion with SMX at any 

concentration (nmol/106 cells, 0: 17.2±1.3; 25pM: 16.9±1.4; 50pM: 17.1±1.1 ; 

lOOpM: 17.0±1.5; 250pM: 16.9±1.7; 500pM: 16.3±1.0; lOOOpM: 16.5±1.2; 

2000pM: 15.7±1.6, figure 3.8B).
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Figure 3.8: Intracellular glutathione levels in mouse dendritic cells (A) and 

splenocytes (B) exposed to sulfamethoxazole or nitroso sulfamethoxazole.

Glutathione depletion was detected at SMX-NO 250 pM and above in mouse 

dendritic cells and above 50 pM in splenocytes with no significant glutathione 

depletion at any concentration of SMX. Data are presented as mean ± SD of 3 

separate experiments. Student T test (normally distributed data) and Mann- 

Whitney test (non-normally distributed data) were used to compare two groups for 

continuous variables (*significantly different from untreated cells; P < 0.05).



Chapter 3: SMX Metabolism by Mouse Immune Cells

3.2.5 Toxicity of SMX and its metabolites against antigen presenting cells

Initially, cells were counted, and cell recovery was determined using trypan blue 

staining. Necrotic and apoptotic cell death was quantified by flow cytometry using 

annexin V/PI double staining. Isolated splenocytes were incubated with varying 

concentrations of SMX/SMX-NO for 16 h, and then analysed for cell death.

There was no significant necrotic or apoptotic cell death when splenocytes were 

incubated with SMX at any concentration below 2 mM (% viable cells; 0: 

92.3±4.7; 500pM: 91.2±4.1; lOOOpM: 86.7±4.9; 2000pM: 86.7±4.2, % necrotic 

cells; 0: 5.7±3.1; 500pM: 5.3±2.3; lOOOpM: 9.3±2.3, 2000pM: 8.7±2.3, figure 

3.9A), whereas significant quantities of necrotic cells were observed with SMX- 

NO only at concentrations > 50 pM (% viable cells; 0: 92.3±4.7; 50pM: 57.3±5.0; 

lOOpM: 35.0±5.6; 250pM: 10.0±2.0, % necrotic cells; 0: 5.7±3.1; 50pM: 

37.0±6.2; lOOpM: 57.3±6.4; 250pM: 79.7±2.1, P<0.05, figure 3.9B). No 

significant increase in apoptotic cell death was observed at any concentration.

Similarly, mouse dendritic cells were incubated with SMX (25-2000 pM), or 

SMX-NO (1-1000 pM), for 16 h, before cell viability was determined. Dendritic 

cell death was detected at SMX-NO concentrations of 250 pM and above (% 

viable cells; 0: 82.7±2.2; 250pM: 67.3Ü.1; 500pM: 55.0±3.2; 1000pM: 

40.0±2.9, % necrotic cells; 0: 4.2±2.5; 250pM: 25.5±0.8; 500pM: 37.8±3.1; 

lOOOpM: 60.1±3.6, PO.05, figure 3.10B), whereas there was no significant cell 

death when cells were incubated with SMX at any tested concentration (% viable 

cells; 0: 83.4±2.5; 1000pM: 79.4±2.1; 2000pM: 79.Ü1.7, % necrotic cells; 0: 

5.6±2.8; lOOOpM: 8.3±2.5; 2000pM: 9.7±2.2, figure 3.10A).
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Figure 3.9: Viability of mouse splenocytes exposed to sulfamethoxazole 

or its nitroso metabolites. Cells were incubated with varying 

concentrations of SMX and its metabolite, and proportions of cells viable, 

necrotic and apoptotic was quantified by flow cytometry using Annexin 

V/PI staining. No cytotoxicity was seen with SMX up to 2000 pM (A), and 

SMX-NO below 50 pM (B). Data are presented as mean ± SD of 3 separate 

experiments. Student T test (normally distributed data) and Mann-Whitney 

test (non-normally distributed data) were used to compare two groups for 

continuous variables (*significantly different from untreated cells; P < 0.05).
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Figure 3.10: Viability of mouse dendritic cells exposed to sulfamethoxazole 

or its nitroso metabolites. Cells were incubated with varying concentrations of 

SMX and its metabolite, and proportions of viable, necrotic and apoptotic cells 

were quantified by flow cytometry using Annexin V/PI staining. No 

cytotoxicity was seen with SMX up to 2000 pM (A), and SMX-NO below 250 

pM (B). Data are presented as mean ± SD of 3 separate experiments. Student T 

test (normally distributed data) and Mann-Whitney test (non-normal ly 

distributed data) were used to compare two groups for continuous variables 

(*significantly different from untreated cells; P < 0.05).
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3.3 Discussion

The oxidative metabolite of SMX, SMX-NO is a potent immunogen in animal 

models providing antigenic signals through covalent modification of specific 

cysteine residues on protein (Naisbitt et al., 2001; Naisbitt et al., 2002; Farrell et 

al., 2003; Sanderson et al., 2007). Furthermore, SMX-NO stimulates skin and 

blood derived T-cells from all SMX-hypersensitive patients to proliferate, secrete 

cytokines and kill target cells (Schnyder et al., 2000; Farrell et al., 2003; Nassif et 

al., 2004; Castrejon et al., 2010).

Despite this, the role of metabolism in allergic drug reactions remains ill-defined, 

because (1) the direct addition of SMX-NO to cell culture systems generates an 

artificial cell surface adduct that is unlikely to be observed in vivo where SMX- 

NO is generated by intracellular enzymes and (2) cell culture systems that relate 

metabolite formation to immune function do not exist. Data presented in this 

chapter demonstrate that the intracellular drug protein adducts are generated as a 

consequence of metabolism in viable mouse APCs.

Metabolic drug activation has long been thought to play an important role in the 

pathogenesis of drug hypersensitivity, through the formation of reactive 

intermediates that bind to protein and activate immune cells (Park et al., 1998; 

Roychowdhury et al., 2005; Cheng et al., 2008; Lavergne et al., 2008b). This 

theory originates largely from the observation that drugs associated with a high 

incidence of hypersensitivity are metabolised to reactive intermediates in liver. 

However, these metabolites are unlikely to escape hepatic detoxification
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mechanisms, diffuse around the body and bind to skin or immune cells. In this 

respect, we have embarked upon a series of experiments to address the hypothesis 

“APCs, which play an important role in the skin’s defence against invading 

pathogens, metabolise drugs in sufficient quantities to form protein adducts that 

stimulate both dendritic cells and T-cells”.

The immune response may arise directly through drug-protein adducts in viable 

cells or indirectly through inducing necrotic cell death and subsequent release of 

endogenous antigen and possibly “danger signals” (Matzinger, 1998; Park et al., 

1998; Gallucci et al., 1999; Shi et al., 2003; Shi et al., 2006).

Previous studies attempting to identify the chemical nature of SMX-protein 

adducts revealed that SMX-NO conjugates with GSH in a non enzymatic reaction 

in in vitro to generate an unstable semimercaptal conjugate. This conjugate can 

isomerise to a stable sulfinamide in the presence of equimolar levels of GSH and 

SMX-NO at pH 7.4 or cleaved to SMX-HA at physiological GSH levels (Cribb et 

al., 1991; Naisbitt et al., 1996). Recently, Cheng et al. 2008 have detected SMX- 

NO adducts on albumin and IgG in an in vivo animal model (Cheng et al., 2008). 

In an in vitro study using mass spectrometry, Callan et al. 2009 demonstrated the 

selective binding of SMX-NO to the oxidised form of cysteine residues in GSH 

and model proteins HSA, and glutathione S-transferase n (Callan et al., 2009) to 

yield N  hydroxysulfinamide and sulfonamide adducts (Callan et al., 2009; 

Lavergne et al., 2009). Moreover, enhanced intracellular SMX adduct formation 

under danger conditions (e.g. bacterial endotoxins LPS, flu viral proteins,
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inflammatory molecules as PGE2, oxidants as H2O2, and hyperthermia) (Lavergne 

et al., 2009) may be correlated with enhanced cysteine residue oxidation under 

pathological conditions (Carballal et al., 2003; Saurin et al., 2004).

ELISA and confocal microscopy were used to detect and visualise the formation 

of immunogenic conjugates formed from the reaction of SMX-NO with cellular 

proteins. Data presented herein show the presence of intracellular protein adducts 

in viable mouse splenocytes and bone-marrow-derived dendritic cells incubated 

with SMX (figures 3.1-3.3). Importantly, adduct formation was time- and dose- 

dependent and not detectable immediately after SMX exposure (figure 3.4 and 

3.5). Recent study performed on human APC (e.g. PBMCs, EBV-modified B 

lymphocytes, monocyte-derived dendritic cells) showed similar results of time- 

and concentration-dependent adduct formation using ELISA and confocal 

microscopy (Lavergne et al., 2009).

SMX is proposed to be metabolised by many enzymes, including N- 

acetyltransferase in the process of detoxification (Cribb et al., 1993), CYPs 

enzymes as CYP2C9 and CYP2C8 (Cribb et al., 1995; Sanderson et al., 2007), 

myeloperoxidase (Cribb et al., 1990; Roychowdhury et al., 2007b; Sanderson et 

al., 2007), cyclooxygenases (Goebel et al., 1999) and flavin-containing 

monooxygenases in normal human epidermal kératinocytes (Vyas et al., 2006a).

It has been previously reported that human monocyte-derived dendritic cells from 

10 donors expressed consistently high levels of myeloperoxidase, but only low
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levels of CYPs, leading to propose that a peroxidase is responsible for SMX 

metabolism in dendritic cells (Sanderson et al., 2007). More recently, it has been 

shown that pathogenic conditions, which potentially activate peroxidase enzymes, 

enhance the formation of SMX-derived protein adducts in immune cells 

(Lavergne et al., 2009). To substantiate a causal relationship between peroxidase- 

mediated SMX metabolism and T-cell immunogenicity, enzyme inhibitor studies 

were performed with 1 -ABT, a non-selective suicide inhibitor of a wide range of 

metabolic enzymes (Ortiz de Montellano et al., 1984), and meth, an inhibitor of 

peroxidases and FMO (Nace et al., 1997). Both inhibitors blocked SMX-derived 

adduct formation in mouse splenocytes and mouse dendritic cells confirming the 

enzymatic dependency of the adduct formation (figure 3.6, 3.7). On the other 

hand, these inhibitors of metabolising enzymes had no inhibitory effect on the 

oxidative metabolite-derived adduct formation (figure 3.6, 3.7).

Drug-protein adducts were detected on viable mouse spenocytes and dendritic 

cells incubated with SMX-NO (figure 3.1 and 3.2). Increasing the concentration 

of SMX-NO (above 50 pM for splenocytes and above 250 pM for dendritic cells) 

was associated with depletion of intracellular glutathione and increased necrotic 

cell death (figures 3.8-3.10). SMX-derived adducts were detected in dendritic 

cells; however, glutathione depletion and necrotic cell death was not seen with 

SMX at any of the studied concentrations. The effect of adduct formation, 

glutathione depletion, and cell death on dendritic cell and T-cell activation is 

explained in detail in later chapters.
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Previous studies exploring the importance of drug metabolism in the pathogenesis 

of hypersensitivity reactions have focussed on metabolism in liver (Cribb et al., 

1995; Trepanier and Miller, 2000) and target organs such as the skin 

(Roychowdhury et al., 2005; Bhaiya et al., 2006), and produced largely negative 

results. This chapter shows that mouse APCs metabolise SMX and generate 

metabolism-derived protein adducts.
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4.1 Introduction

T cell clonal expansion and differentiation, and hence induction of an effective 

immune response to an antigen requires different signals: signal 1 (T-cell 

receptors), signal 2 (co-stimulatory receptors) and signal 3 (adjuvant 

environmental signals or cytokine-dependent signals e.g. 1L-12 and IFN-a/p 

acting on CD8 T cells and IL-1 on CD4 T cells ). Signals 1 and 2 are essential to 

initiate proliferation of naive T cells, whereas signal 3 is important for the 

productive response to an antigen through determining the danger/non danger 

conditions and supporting memory formation (i.e. signal 3 determines the 

outcome of signals 1 and 2; either tolerance or strong immune response) 

(Curtsinger and Mescher, 2010).

Dendritic cells are professional APCs that exist in three states; mature (activated), 

immature, and semi-immature (Lanzavecchia and Sallusto, 2001; Lutz and 

Schuler, 2002). They perform an important role in determining the equilibrium 

between immune tolerance and immune reactivity through the provision of 

receptor ligand interactions (co-stimulatory signalling) and cytokine secretion 

(Novak and Bieber, 2008). Dendritic cell activation is triggered through several 

mechanisms including PAMPs (Janeway Jr and Medzhitov, 2002; Kapsenberg,

2003), DAMPs (Gallucci et al., 1999; Kono and Rock, 2008), inflammatory 

cytokine (TNF-a, IL-1 P or PGE2), or direct interaction of CD40L with the CD40 

receptor found on dendritic cells (direct activation).
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The potential of drugs to activate dendritic cells and supply co-stimulatory signals 

to T-cell has not been extensively investigated. Drugs including abacavir, 

amoxicillin and sulfamethoxazole have been shown to partially stimulate human 

dendritic cell co-stimulatory signalling (Rodriguez-Pena et al., 2006; Martin et al., 

2007; Sanderson et al., 2007), which potentially drives pathogenic immune 

responses in hypersensitive patients. However, the mechanism of dendritic cell 

activation and the source of co-stimulatory signalling in response to drugs are still 

not clear. Drugs such as imiquimod (imidazoquinolene antiviral compound) and 

lenalidomide (thalidomide analogue) have been shown to stimulate dendritic cells 

directly (Hemmi et al., 2002; LeBlanc et al., 2004). Drugs may also stimulate 

dendritic cells by inducing oxidative stress and/or irreversible modification of 

critical stress response protein, as has been shown with chemical sensitisers (e.g. 

DNCB) (Arrighi et al., 2001; Aiba et al., 2003). Finally, it is possible that 

dendritic cells receive maturation signal from non drug-related sources (e.g. 

bacterial or viral infection) (Pirmohamed and Park, 2001; Roth et al., 2003). In 

support of this argument, patients with HIV or cystic fibrosis have an increased 

risk of developing drug hypersensitivity.

Dendritic cells express multiple drug metabolising enzymes (Sieben et al., 1999; 

Tafazoli et al., 2005; Sanderson et al., 2007; Siest et al., 2008; Lavergne et al., 

2009) that can generate drug-derived protein adducts in increased amounts when 

exposed to “danger” signals (Lavergne et al., 2009). SMX-mediated dendritic cell 

signalling has been shown to be dependent on intracellular metabolism and 

protein-adduct formation (Sanderson et al., 2007). Despite this, the relationship
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between drug-specific dendritic cell signalling and cytotoxicity remains 

controversial.

Therefore, in this study we investigated the direct and indirect effects of SMX and 

SMX-NO on the maturation status of mouse bone marrow-derived dendritic cells. 

Initially, SMX and SMX-NO were incubated with dendritic cells directly. In 

subsequent experiments, toxic and non-toxic concentrations of SMX-NO were 

incubated with autologous splenocytes and the modified cells were cultured with 

dendritic cells following repeated washing steps to remove non-covalently 

associated drug.

4.2 Results

4.2.1 Mouse bone marrow-derived dendritic cells, generated with high 

yields and purity, express increased levels of cell surface markers 

when cultured with lipopolysaccharide

Mouse bone marrow cells from female Balb/c mice, were cultured with murine 

GM-CSF and subsequently analysed for the presence of dendritic cells after ten 

days of culture. During the culture period, the cells altered morphology from 

rounded monocytes to a dendritic cell-like structure (figure 4.1). On day six, both 

small rounded cells and larger dendritic-like cells with an irregular shape were 

observed. Eight days after the culture was established, cells with branched 

projections (dendrites) had appeared. On day 10, two types of cells were visible; 

cells had an irregular shape with dendritic protrusions and larger cells with a more 

regular shape, possibly representing immature stages o f dendritic cells. Ten days
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after initiation and following LPS stimulation, the cultures were dominated (70- 

80%) by cells with numerous cytoplasmic protrusions (veils), a basic 

characteristic of mature dendritic cells in suspension.

Typically, a total of 0.8-1.2 x 108 primary bone-marrow cells from one Balb/c 

strain mouse were isolated. After ten days of culture with GM-CSF, the number of 

cells was 1.5-2.5 x 108 with overall cell viability of more than 90% using 

annexin/propidium iodide staining methodology.

Flow cytometric analysis of the dendritic cells harvested on day ten showed high 

expression of C D llc  (a specific dendritic cell marker in mice; 85-95 %, figure 

4.2). Cultures showed very low level of contamination with B cells, granulocytes, 

macrophages and neutrophils as shown by staining with CD 19, Gr-1, CD204, and 

neutrophil specific antibody (figure 4.2).

In addition, histograms displayed a distinctly biphasic expression of MHC class II 

and CD86, consistent with the presence of both immature and relatively mature 

dendritic cells (figure 4.3). Upon addition of LPS to the culture one day before 

cell harvesting, the expression of MHC class II, CD86, and CD40 was strongly 

up-regulated on the cell surface (figure 4.3) as well as a significant increase in 

cytokine secretion (e.g. TNF-a, IL-ip, IL-6 and IL-12) (figure 4.6). 

Concomitantly, the level of mature cells in cultures derived from Balb/c reached 

70-80% following LPS stimulation with no effect on the expression of C D llc, 

which remained positive (figure 4.3).
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Figure 4.1: Morphology of bone marrow cells from Balb/c mouse 

cultured for 10 days in the presence of GM-CSF. LPS was added on day 9 

to induce maturation of dendritic cells. Cells changed morphology from 

rounded monocytes to irregular structures with dendritic protrusions.
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CD204 Gr-1

Figure 4.2: Phenotypic analysis of bone marrow-derived dendritic cells 

generated from Balb/c mice. The cells were stained with CD1 lc, CD 19, 

Gr-1, CD204, and an anti-neutrophil antibody and subjected to flow 

cytometric analysis. Dot plot shows the gate employed. Cultures show low 

level of contamination with B cells, granulocytes, macrophages and 

neutrophils. Histograms illustrate the antibody stained cells as shaded 

profiles and the background fluorescence as dotted line. Results are 

representative of at least 3 separate experiments.
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Figure 4.3: Expression of CD40, CD86 and MHC class II on the 

generated C D llc+ mouse dendritic cells. Cells were stained and 

subjected to flow cytometric analysis. Up-regulation of CD40, CD86 and 

MHC class II expression was shown in response to LPS. Histograms 

illustrate antibody stained untreated cells as shaded profiles, the 

background fluorescence as dotted line, and antibody-stained LPS-treated 

cells as solid line (red). Results are representative of at least 3 separate 

experiments.
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4.2.2 Sulfamethoxazole, intracellular sulfamethoxazole metabolites and 

nitroso sulfamethoxazole do not activate mouse dendritic cells directly

To study whether SMX (50-2000 pM) or the metabolite SMX-NO (0.1-500 pM) 

activate mouse dendritic cells directly, both compounds were cultured with 

dendritic cells for 16 h prior to analysing co-stimulatory receptor expression 

(using flow cytometry) and cytokine secretion (using Luminex methods). 

Dendritic cells stimulated with LPS displayed an increase in cell surface markers 

(CD40, CD86 and MHC class II) as described previously. However, SMX and 

SMX-NO exposure, at toxic and non-toxic concentrations, failed to stimulate 

dendritic cell maturation (figures 4.4 and 4.5).

Luminex analysis showed very low or undetectable amounts of cytokines (IL-ip, 

IL-2, IL-4, IL-5, IL-6, IL-10, IL-12, IL-15, IFN-y, and TNF-a) in supernatants of 

untreated mouse dendritic cells (data not shown). However, LPS-activation was 

associated with a significant increase in cytokine secretion (TNF-a, IL-ip, IL-6 

and IL-12, figure 4.6). Treatment of mouse dendritic cells with a range of 

concentrations of SMX and SMX-NO was associated (at certain concentrations) 

with a small, but statistically significant decrease in secretion of IL-10 (expressed 

as pg/ml; 0: 23±11; SMX: 6±10; SMX-NO: 1±2, P<0.05, figure 4.6), an increase 

of IL-6 (pg/ml; 0: 40±70; SMX: 133±156; SMX-NO: 218± 54, P<0.05, figure 4.6) 

and finally, an increase in IFN-y (pg/ml; 0: 7±6; SMX: 26±3; SMX-NO: 34±7, 

P<0.05, figure 4.6). The percentage of C D llc+ cells was similarly high in all 

conditions (figure 4.1).

Similar results were obtained with the metabolite SMX hydroxylamine which
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Figure 4.4: Sulfamethoxazole/metabolite does not increase mouse dendritic 

cell co-stimulatory expression. Dendritic cells were incubated with a range of 

concentrations of SMX (left panel) or SMX-NO (right panel) for 16 h prior to 

flow cytometric analysis of CD40, CD86 and MHC class II expression. 

Histograms illustrate antibody stained untreated cells as shaded profiles and 

antibody stained treated cells (drug or LPS) as solid line. Results are 

representative of at least 3 separate experiments.

147 L



Chapter 4: Dendritic Cell Activation by SMX and SMX-NO

0 LPS .250 500 1000 2000. . 10 25 50 1 0 0 .

SMX(|iM) SMX-NO(pM)

100c a. o -J
a 5
£ 3
S s « (0 io a;

00 ¡3

8  1 0

50

LPS .250 500 1000 2000 .1 0 25 50 1 0 0 .

SMX(pM) SMX-NO(pM)

SMX(nM) SMX-NO(nM)

Figure 4.5: Sulfamethoxazole/metabolite does not increase mouse dendritic 

cell co-stimulatory expression. SMX at concentrations of 250-2000 (iM or 

SMX-NO at concentrations of 10-100 |iM failed to upregulate expression of 

CD40, CD86 and MHC class II on the surface of mouse dendritic cells, whereas 

LPS increased the expression of these co-stimulatory molecules. Results are 

expressed as % of increase with LPS of at least 3 separate experiments.
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Figure 4.6: Sulfamethoxazole/metabolite slightly changes certain mouse 

dendritic cells cytokine secretion at certain doses. Cells were incubated with 

SMX, SMX-NO, or LPS (1 pg/ml) for 16 h. Cytokines were measured in 

supernatants using multiplex analysis. Data are presented as mean ± SD of at 

least 3 separate experiments. Student T test (normally distributed data) and 

Mann-Whitney test (non-normally distributed data) were used to compare two 

groups for continuous variables (*significantly different from untreated cells; P < 

0.05).
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4.2.3 Activation of dendritic cells by necrotic by-standers cells modified 

with nitroso sulfamethoxazole

To explore the relationship between SMX metabolite-mediated cell death and 

dendritic cell activation, SMX and SMX-NO treated splenocytes were cultured 

with dendritic cells prior to analysis of dendritic cell activation.

As described in chapter 3, SMX-NO binds rapidly to splenocytes (within 1 h) and 

necrotic cell death was detectable at concentrations of 50 pM and above. Adduct 

formation in splenocytes cultured with SMX was both time and concentration- 

dependent. However, adduct formation with SMX was not associated with an 

increase in either apoptotic or necrotic cell death, indicating that the number of 

modified proteins did not exceed a threshold that must be surmounted prior to the 

development of proportionate increases in cell death.

On day 10 of culture, dendritic cells were co-incubated with untreated splenocytes 

and splenocytes that had been rendered necrotic by exposure to SMX-NO (50-500 

pM) for 16h. The addition of untreated mouse splenocytes to dendritic cells did 

not increase dendritic cell co-stimulatory receptor expression or cytokine 

secretion. In contrast, SMX-NO treated splenocytes stimulated dendritic cell 

maturation in a concentration-dependent manner. Dendritic cells showed a 

significant increase in expression of CD40 (% of increase with LPS; SMX-NO 

lOOpM: 71 ±2; 250pM: 68±3; 500pM: 78±3, P< 0.05, figure 4.7), CD86 (% of 

increase with LPS; SMX-NO lOOpM: 44±4; 250pM: 48±3; 500pM: 53±3, P<

0.05, figure 4.8), and MHC class II (% of increase with LPS; SMX-NO lOOpM:
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56±5; 250pM: 54±4; 500pM: 61±4, P< 0.05, figure 4.9). An analysis using 

Pearson's correlation coefficient indicated a statistically significant linear 

relationship between % of necrotic cell death and the upregulation of CD40, D86, 

and MHC class II (r2= 0.83, 0.91, and 0.96 respectively; P<0.05).

In addition to upregulation of MHC class II and co-stimulatory receptor 

expression, investigation of the cytokine secretion profiles of mouse dendritic 

cells revealed significant increase in the secretion of cytokines (TNF-a, IFN-y, IL- 

lp, and IL-6). Dendritic cells co-incubated with SMX-NO modified necrotic 

splenocytes displayed a significant increase in secretion of TNF-a (expressed as 

pg/ml; 0: 4±11; SMX-NO 50pM: 612±81; lOOpM: 668±13; 250pM: 649±20, 

P<0.05, figure 4.10A), an increase in IFN-y (expressed as pg/ml; 0: 9±7; SMX- 

NO 50pM: 47±22; lOOpM: 64±5; 250pM: 80±19, P<0.05, figure 4.10B), an 

increase in IL-6 (expressed as pg/ml; 0: 44±38; SMX-NO 50pM: 6079±207; 

lOOpM: 8176±11; 250pM: 10436±161, P<0.05, figure 4.10C), and finally, an 

increase of IL-ip (expressed as pg/ml; 0: 2±8; SMX-NO 50pM: 25±6; lOOpM: 

26±3; 250pM: 27±7, P<0.05, figure 4.10D). The percentage of CD1 lc+ cells was 

similarly high in all conditions. The number of activated dendritic cells was 

associated with increasing quantities of SMX-NO modified necrotic splenocytes. 

Dendritic cell activation was not detectable with splenocytes treated with non­

toxic concentrations of SMX-NO (less than 50 pM). Furthermore, SMX (100- 

2000 pM) treatment of splenocytes was not associated with cell death or a 

concomitant increase in dendritic cell maturation.
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Figure 4.7: Sulfamethoxazole metabolite-mediated necrotic cell death 

provides a potent signal for dendritic cell co-stimulatory signalling. SMX-NO 

treated mouse splenocytes were incubated in a co-culture system with dendritic 

cells prior to flow cytometric analysis of CD40 expression on dendritic cells. Up- 

regulation of CD40 expression is presented as the percentage of the increase with 

LPS over control. Graphical representations compare SMX-NO mediated necrotic 

cell death with up-regulation of CD40 expression. Data are presented as mean ± 

SD of 3 separate experiments. Student T test (normally distributed data) and 

Mann-Whitney test (non-normally distributed data) were used to compare two 

groups for continuous variables (*significantly different from untreated cells; P < 

0.05).
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SMX-NO (juM)

Figure 4.8: Sulfamethoxazole metabolite-mediated necrotic cell death 

provides a potent signal for dendritic cell co-stimulatory signalling. SMX-NO 

treated mouse splenocytes were incubated in a co-culture system with dendritic 

cells prior to flow cytometric analysis of CD86 expression on dendritic cells. Up- 

regulation of CD86 expression is presented as the percentage of the increase with 

LPS over control. Graphical representations compare SMX-NO mediated necrotic 

cell death with up-regulation of CD86 expression. Data are presented as mean ± 

SD of 3 separate experiments. Student T test (normally distributed data) and 

Mann-Whitney test (non-normally distributed data) were used to compare two 

groups for continuous variables (*significantly different from untreated cells; P < 

0.05).
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Figure 4.9: Sulfamethoxazole metabolite-mediated necrotic cell death 

provides a potent signal for dendritic cell co-stimulatory signalling. SMX- 

NO treated mouse splenocytes were incubated in a co-culture system with 

dendritic cells prior to flow cytometric analysis of MHC class II expression on 

dendritic cells. Up-regulation of MHC class II expression is presented as the 

percentage of the increase with LPS over control. Graphical representations 

compare SMX-NO mediated necrotic cell death with up-regulation of MHC 

class II expression. Data are presented as mean ± SD of 3 separate experiments. 

Student T test (normally distributed data) and Mann-Whitney test (non- 

normally distributed data) were used to compare two groups for continuous 

variables (^significantly different from untreated cells; P < 0.05).
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Figure 4.10: SMX metabolite-mediated necrotic cell death provides a 

signal for dendritic cell cytokine secretion. Cytokine secretion was measured 

using multiplex analysis following co-culture of dendritic cells with SMX-NO 

modified splenocytes. Data are presented as mean ± SD of 3 separate 

experiments. Student T test (normally distributed data) and Mann-Whitney test 

(non-normally distributed data) were used to compare two groups for 

continuous variables (*significantly different from untreated cells; P < 0.05).
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4.3 Discussion

Dendritic cell maturation signals may arise directly through drug-protein 

adduction of viable cells or indirectly through inducing necrotic cell death and 

subsequent release of endogenous antigen and possibly “danger signals” 

(Matzinger, 1998; Park et al., 1998; Gallucci et al., 1999; Shi et al., 2003; Shi et 

al., 2006).

The antigen presenting capacity of dendritic cells is enhanced in response to TLR 

signalling (e.g., LPS, CpG oligodeoxynucleotides) (De Smedt et al., 1996; Akiba 

et al., 2004) and molecules released from necrotic (e.g., uric acid high-mobility 

group box 1 protein) (Shi et al., 2003; Bianchi and Manfredi, 2007) or oxidatively 

stressed cells (Becker et al., 2003). Dendritic cells respond to these signals by 

secreting polarising cytokines, increased expression of co-stimulatory receptors 

and enhanced expression of MHC class II.

Previously, it has been shown that exposure of human monocyte-derived dendritic 

cells to non-toxic concentrations of SMX selectively increased CD40 expression. 

Furthermore, CD40 expression was 5-fold higher on drug-treated cells from a 

hypersensitive patient compared with volunteers (Sanderson et al., 2007). Our 

experiments using mouse bone-marrow-derived dendritic cells did not reproduce 

these findings, indicating that drug-specific CD40 signalling might be restricted to 

human cells (figures 4.4 and 4.6).
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In the previous chapter (chapter 3), Drug-protein adducts were detected on viable 

mouse dendritic cells incubated with SMX-NO (50 -  100 pM). Increasing the 

concentration of SMX-NO (250 -  1000 pM) was associated with depletion of 

intracellular glutathione and increased necrotic cell death. SMX-derived adducts 

were detected in dendritic cells; however, glutathione depletion and necrotic cell 

death were not seen with SMX.

Although no increase in co-stimulatory receptor expression, MHC class II or 

cytokine secretion were detected following the direct incubation of SMX or SMX- 

NO with dendritic cells, in a co-culture system consisting of SMX/SMX-NO 

treated splenocytes and dendritic cells, there was a strong association between 

SMX metabolite-mediated necrotic cell death and dendritic cell activation. 

Splenocytes incubated with SMX-NO (at concentrations of 50 pM and above) 

stimulated an increase in dendritic cell CD40, CD86 and MHC class II expression 

and cytokine secretion (figures 4.7-4.10).

Previously, it has been reported that SMX metabolite-derived adduct formation on 

splenocytes must surpass a critical threshold to induce necrosis (Naisbitt et al., 

2002). The cells that became intensely haptenated were the same as those that 

underwent necrotic cell death. Presumably, the quantity of adduct formation in 

SMX-treated splenocytes did not reach the threshold to induce necrosis and 

therefore dendritic cell activation. It is however possible that this may occur in 

patients where environmental factors (bacterial endotoxins, flu viral proteins and 

cytokines) alter the oxidation state of cysteine residues on protein and increase
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SMX-derived protein adduct formation (Lavergne et al., 2009). These 

observations may explain the increased in vitro drug-specific cell death observed 

in hypersensitive patients (Spielberg et al., 1981; Shear et al., 1986; Rieder et al., 

1989; Pirmohamed et al., 1991), as patients administered SMX are carriers of 

such factors.

Collectively these data indicate that human patients receive at least three sources 

of maturation signals for dendritic cells. The first signal is detectable at non-toxic 

drug concentrations; it is restricted to human cells and results in partially matured 

dendritic cells. The second signal occurs at higher drug concentrations. By-stander 

cell death and presumably the release of endogenous molecules results in a potent 

maturation signal and maturation of dendritic cells. Finally, infections which are 

present in most patients exposed to SMX, may provide signals to activate 

dendritic cells directly and provide a positive feedback system to enhance SMX

metabolism in immune cells.
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5.1 Introduction

Animal models of drug immunogenicity represent an important tool in the 

armament of drug safety scientists to understand the reaction pathogenesis and to 

screen the potential of drugs to induce hypersensitivity reactions (mechanistic and 

predictive value). For example, as in our study, having an experimental approach 

to relate the drug metabolism to immune activation is important to define the role 

of metabolism in the development of a primary immune response. Antigen- 

specific T-cells from hypersensitive patients cannot be used to define antigenic 

determinants that prime T-cells since it is impossible to differentiate between 

cross-reactive drug antigens.

However, the relevance of animal experimentation in the field of drug 

hypersensitivity is often questioned as animals develop drug-specific immunity, 

but the immune response is not translated into an allergic reaction (Naisbitt et al., 

2001; Naisbitt et al., 2002; Farrell et al., 2003). T-cells from allergic patients are 

stimulated with SMX-NO though a direct interaction with MHC/peptide 

complexes and via a hapten mechanism involving processing (Schnyder et al., 

2000; Burkhart et al., 2001; Nassif et al., 2004a; Castrejon et al., 2010). Unlike 

animal models, patient T-cells can be stimulated with the parent drug itself. This 

latter phenomenon is thought to involve a cross-linkage between MHC and the T- 

cell receptor through reversible non-covalent interactions.

Using the antibacterial agent sulfamethoxazole as a model drug, it has been shown 

that the oxidative metabolite of SMX (SMX-NO) is a potent antigen and 

immunogen in animal models. First, incubations of rat APCs with SMX-NO, led
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to cell surface protein haptenation and stimulation of SMX-NO-specific T cells 

(Naisbitt et al., 2002); second, immunisation of mice, rats and rabbits with SMX- 

NO led to stimulation of a specific T-cell proliferative responses and production 

of anti-SMX antibodies (Gill et al., 1997; Naisbitt et al., 2001; Farrell et al., 2003; 

Cheng et al., 2008); third, administration of a mixture of SMX and Freund’s 

adjuvant, led to SMX-NO specific delayed-type hypersensitivity in mice in the 

form of foot pad edema (Choquet-Kastylevsky et al., 2001). Stimulation of a 

SMX metabolite-specific response in rodents exposed to the parent drug in 

adjuvant is particularly important. The data suggests that SMX is metabolised in 

vivo in sufficient quantities to generate an antigenic signal; however the quantities 

formed are insufficient to provide the additional co-stimulatory signals needed to 

induce a primary immune response. Data presented in previous chapters indicate 

that SMX is metabolised in vitro in APCs and that derived metabolites bind in a 

time and concentration dependent fashion to cellular protein. However, critical 

experiments showing the relationship between compound distribution and 

metabolism in APCs and the development of T-cell responses have not been 

described.

In this study we have utilised the drug SMX to develop an animal experimental 

system to explore the relationship between drug metabolism in dendritic cells and 

T-cell activation. We have found that protein adducts derived as a consequence of 

SMX metabolism in APCs represent functional antigens for SMX-NO sensitised 

mice. Furthermore, SMX-derived protein adduts are able to sensitise naive 

recipient mice.



Chapter 5: T-Cell Activation by SMX and SMX-NO

5.2 Results

5.2.1 Sulfamethoxazole metabolism in antigen presenting cells generates a 

functional antigen for T-cells

Experiments were designed to analyse SMX/metabolite-specific T-cell responses 

in Balb/c strain mice through administration of SMX-NO (5 mg/kg; n = 4) via i.p. 

injection four times weekly for 2 weeks according to a previously described 

protocol (Naisbitt et al., 2001). On completion of this dosing regimen, animals 

were sacrificed and the spleen was removed using aseptic technique for analysis 

of splenocyte proliferation against the soluble drug/metabolite (SMX 100-2000 

pM, SMX-NO 10-100 pM), or drug/metabolite-pulsed APCs (syngeneic naive 

irradiated splenocytes or dendritic cells).

SMX did not provoke proliferation of splenocytes from mice administered SMX- 

NO at any of the concentrations studied (cell proliferation expressed as cpm, 0: 

268±123; SMX lOOpM: 422±198; 250pM: 441±107; 500pM: 322±283; lOOOpM:

204± 131; 2000pM: 126±97, figure 5.1A). However, splenocytes from SMX-NO 

sensitised mice displayed a concentration-dependent proliferative response on in 

vitro stimulation with SMX-NO (10-50 pM) with a maximal response at 25-50 

pM. Concentrations of SMX-NO above 50 pM inhibited the proliferative response 

(cell proliferation expressed as cpm, 0: 655±420; SMX-NO lOpM: 5214Ü906;

25pM: 9318±887; 50pM: 7874±5110, P<0.05, figure 5.IB).

Additionally, splenocytes from sensitised mice were stimulated when cultured 

with SMX-NO modified (10-100 pM), irradiated splenocytes from naive

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ I 162
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syngeneic mice. The proliferative response was dose-dependent with a maximal 

response at 100 pM (cell proliferation expressed as cpm, 0: 281±17; SMX-NO 

lOpM: 1312±1196; 25pM: 3737±3855; 50pM: 5005±767; lOOpM: 6538±4609, 

P<0.05, figure 5.2B). Interestingly, unlike the soluble SMX, splenocytes from 

SMX-NO sensitised mice were stimulated to proliferate when incubated with 

irradiated splenocytes pulsed with SMX (0.1-2 mM) for 16 h. The response was 

concentration-dependent with a maximal proliferation at 0.1 mM (cell 

proliferation expressed as cpm, 0: 187±74; SMX 250pM: 573±174; 500pM: 

959±490; lOOOpM: 1196±723; 2000pM: 607±211, P<0.05, figure 5.2A).

Using mouse dendritic cells as APCs reproduced similar results. Sensitised 

splenocytes were stimulated to proliferate when cultured with SMX modified 

irradiated dendritic cells (cell proliferation expressed as cpm, 0: 1144±122; SMX 

lOOOpM: 13660±1278; 2000pM: 17098±7742, P<0.05, figure 5.3A), and SMX- 

NO modified irradiated dendritic cells from naive syngeneic mice (cell 

proliferation expressed as cpm, 0: 3870±1261; SMX-NO lOpM: 26101±1435; 

25pM: 29853±1811; 50pM: 35540±1817, PO.05, figure 5.3B).

To investigate the relationship between the dynamics of SMX metabolism and the 

generation of a functional antigen for spleen cells, APCs were pulsed with SMX 

and SMX-NO at different concentration and time points in the presence or 

absence of the enzyme inhibitors methimazole (an inhibitor of peroxidases and 

FMO) and 1 -aminobenzotriazole (a non-selective suicide inhibitor), at a
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concentration that block CYP2C9 and peroxidase-catalysed SMX metabolism 

(both 1 mM) (Sanderson et al., 2007; Lavergne et al., 2009).

The proliferative response of splenocytes against SMX-pulsed APCs (naive 

splenocytes and dendritic cells) was time-dependent. Significant proliferation of 

sensitised splenocytes against SMX-pulsed APCs was detectable after 6-16 h, the 

time required for SMX metabolism and protein binding (cell proliferation 

expressed as cpm, 6h [0: 103±2; SMX: 335±64, PO.05]; 16h [0: 92±29; SMX: 

529±129, P<0.05], figure 5.4A), with no significant proliferation at earlier time 

points (cell proliferation expressed as cpm, O.lh [0: 102±5; SMX: 146±33]; 2h [0: 

99±28; SMX: 150±57], figure 5.4A). In contrast, 0.1-2 h pulse with SMX-NO was 

sufficient for adduct formation (chapter 3) and T-cell proliferation (cell 

proliferation expressed as cpm, O.lh [0: 102±5; SMX-NO: 418±28, P<0.05]; 2h 

[0: 99±28; SMX-NO: 611±73, PO.05], figure 5.4A). There was no significant 

time-dependent increase in cell proliferation against SMX-NO (figure 5.4A). 

Splenocytes from control mice did not proliferate after ex-vivo exposure to SMX, 

SMX-NO or SMX (metabolite)-pulsed cells (data not shown).

Similar results were reproduced when naive SMX-pulsed dendritic cells were 

used as APCs (cell proliferation expressed as cpm, 2h [0: 1144±122; SMX: 

3764±441; SMX-NO: 7212±2048, P<0.05], 16h [0: 1023±92; SMX: 17098±7742, 

SMX-NO: 8944±4344, P<0.05], figure 5.4B),
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Methimazole and 1-aminobenzotriazole pre-treatment of splenocytes eliminated 

the concentration-dependent T-cell response against APCs cells pulsed with SMX 

for 16 h (cell proliferation expressed as SI, SMX 250pM: 3.3±0.5; 250pM/meth: 

0.9±0.4; 250pM/l-ABT: 1.5±0.5; SMX 500pM: 4.3±0.6; 500pM/meth: 0.9±0.6; 

500pM/l-ABT: 1.3±0.1, SMX lOOOpM: 4.7±0.5; lOOOpM/meth: 1.1±0.5; 

1000pM/l-ABT: 1.7±0.4, P<0.05, figure 5.5A). Antigen-specific proliferative 

responses to the directly reactive SMX-NO were unchanged by enzyme inhibition 

(cell proliferation expressed as SI, SMX-NO lOpM: 2.9±0.2; lOpM/meth: 

2.3±0.7; 10pM/l-ABT: 2.9±0.3; 20pM: 3.2±0.8; 20pM/meth: 3.4±0.5; 20pM/l- 

ABT: 3.7±0.5, 50pM: 5.7±2.5; 50pM/meth: 4.9±0.9; 50pM/l-ABT: 4.6±0.9, 

P>0.05, figure 5.5B).
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Figure 5.1: Proliferation of splenocytes from SMX-NO sensitised mice.

Sensitised cells were proliferated when cultured with soluble SMX-NO (B) but 

not the parent drug (A). Proliferation was quantified by incorporation of [3H] 

thymidine. Data presented as mean ± SD from 3 sensitised mice, with incubations 

carried out in triplicate. Statistical analysis compares the proliferative response of 

sensitised splenocytes after the addition of drug antigen and solvent alone. Student 

T test (normally distributed data) and Mann-Whitney test (non-normally 

distributed data) were used to compare two groups for continuous variables (*P < 

0.05).
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Figure 5.2: Proliferation of splenocytes from SMX-NO sensitised mice.

Sensitised cells were proliferated when cultured with syngeneic naive irradiated 

splenocytes pulsed with SMX (A) or SMX-NO (B). Proliferation was quantified 

by incorporation of [3H] thymidine. Data presented as mean ± SD from 3 

sensitised mice, with incubations carried out in triplicate. Statistical analysis 

compares the proliferative response of sensitised splenocytes after the addition of 

drug antigen pulsed cells and solvent pulsed cells. Student T test (normally 

distributed data) and Mann-Whitney test (non-normal ly distributed data) were 

used to compare two groups for continuous variables (*P < 0.05).
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Figure 5.3: Proliferation of splenocytes from SMX-NO sensitised mice.

Sensitised cells were proliferated when cultured with syngeneic naive irradiated 

dendritic cells pulsed with SMX (A) or SMX-NO (B). Proliferation was 

quantified by incorporation of [3H] thymidine. Data presented as mean ± SD from 

three sensitised mice, with incubations carried out in triplicate. Statistical analysis 

compares the proliferative response of sensitised splenocytes after the addition of 

drug antigen pulsed cells and solvent pulsed cells. Student T test (normally 

distributed data) and Mann-Whitney test (non-normally distributed data) were 

used to compare two groups for continuous variables (*P < 0.05).
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Figure 5.4: Time-dependent proliferative response of splenocytes from SMX- 

NO sensitised mice. Sensitised cells proliferated when cultured with syngeneic 

naive irradiated splenocytes pulsed with SMX-NO or SMX (0.1-16 h) (A) or 

dendritic cells pulsed with SMX-NO or SMX (1 and 16 h) (B). In these pulsing 

experiments, sensitised splenocytes were not exposed to soluble drug. 

Proliferation was quantified by incorporation of [3H] thymidine. Data presented as 

mean ± SD from 3 sensitised mice, with incubations carried out in triplicate. 

Statistical analysis compares the proliferative response of sensitised splenocytes 

after the addition of drug antigen pulsed cells and solvent pulsed cells. Student T 

test (normally distributed data) and Mann-Whitney test (non-normally distributed 

data) were used to compare two groups for continuous variables (*P < 0.05).
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Figure 5.5: Inhibition of the antigen-specific proliferative response. The 

inhibitors methimazole (meth) and 1-minobenzotriazole (1-ABT) were incubated 

with cells for 1 h before the addition of drug. 1-ABT and meth inhibited 

proliferation of sensitised splenocytes cultured with naive irradiated splenocytes 

pulsed with SMX (16 h) without blocking the proliferative response of SMX-NO 

modified splenocytes. Proliferation was quantified by incorporation of [3H] 

thymidine and expressed as SI. Data presented as mean ± SD from 3 sensitised 

mice, with incubations carried out in triplicate. Statistical analysis compares the 

proliferative response of sensitised splenocytes after the addition of drug antigen 

pulsed cells with and without the inhibitors. Student T test (normally distributed 

data) and Mann-Whitney test (non-normally distributed data) were used to 

compare two groups for continuous variables (*P < 0.05).
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5.2.2 Adoptive dendritic cell transfer of SMX-derived functional antigen to 

recipient mice is associated with an immune response against nitroso 

SMX.

The data presented above show for the first time that SMX metabolism in APCs 

generates a functional antigen for T-cells. To test whether protein adducts derived 

from SMX metabolism in APCs can sensitise mice; bone marrow-derived 

dendritic cells were adoptively transferred to naive recipient mice. For 

immunisation, dendritic cells were incubated with SMX (2 mM) or SMX-NO 

(100 pM) in culture medium supplemented with mouse serum to prevent T-cell 

responses against FBS-derived antigens. Then, cells were washed extensively and 

administered to mice via i.v. injection in the lateral tail vein. Control mice 

received unmodified or DMSO-treated dendritic cells. After 21 days, mice were 

sacrificed and isolated splenocytes were stimulated in vitro with the soluble 

antigen or drug-pulsed APCs. Proliferation was quantified by incorporation of 

[3H] thymidine and the proliferative response of sensitised splenocytes after the 

addition of drug antigen was compared with that with the solvent alone. Cells 

from control mice did not display any significant immune response to SMX or its 

nitroso metabolite (figure 5.6), while SMX treatment of dendritic cells was 

associated with adduct formation (described previously in chapter 3) and a 

significant immune response (figures 5.7-5.9).

Splenocytes isolated 21 days after the adoptive transfer of mice with SMX-NO - 

treated dendritic cells were stimulated to proliferate ex vivo. The proliferative 

response was directed against soluble SMX-NO without significant proliferation
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in response o f the parent drug (cell proliferation expressed as cpm, 0: 344±42; 

SMX-NO 10pM: 1880±637; 20pM: 1433±229, P<0.05, SMX lOOOpM: 228±126; 

2000pM: 204±64, P>0.05, figure 5.7). in addition, the proliferative response of 

splenocytes isolated from mice sensitised with SMX-treated dendritic cells was 

directed against the soluble SMX-NO with no displayed proliferation against 

SMX (cell proliferation expressed as cpm, 0: 377±56; SMX-NO lOpM: 

1309±215; 20pM: 1190±24, P<0.05, SMX lOOOpM: 164±56, 2000pM: 160±31, 

P>0.05, figure 5.8).

Additionally, sensitised splenocytes showed a proliferative response against 

SMX-derived metabolites following in vitro stimulation by antigen-pulsed APCs. 

The proliferative response of splenocytes from mice sensitised with SMX-NO- 

treated dendritic cells was directed against both SMX and SMX-NO-pulsed APCs 

(cell proliferation expressed as cpm, 0: 160±43; SMX-NO 20pM: 545±61; 50pM: 

607±93; SMX lOOOpM: 452±58, P<0.05, figure 5.9A). Similarly, the response of 

splenocytes from mice sensitised with SMX-treated dendritic cells was directed 

against the SMX-derived metabolites (cell proliferation expressed as cpm, 0: 

283±64; SMX-NO lOpM: 629±291; 20pM: 931±205; 50pM: 999±353; SMX 

250pM: 822±95; 500pM: 778±76; lOOOpM: 975±46, P<0.05, figure 5.9B). 

Splenocytes from mice immunised with DMSO-treated or unmodified dendritic 

cells showed no response against SMX and SMX-NO (figure 5.6).
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Figure 5.6: Adoptive transfer of dendritic cells. Splenocytes from mice 

immunised with DMSO-treated or unmodified dendritic cells showed no 

response against SMX and SMX-NO. For immunisation, dendritic cells were 

incubated with DMSO or left unmodified, washed extensively, and injected in 

the lateral tail vein. After 21 days, mice were sacrificed and splenocytes were 

stimulated in vitro with the soluble antigen (as shown) or drug-pulsed APCs 

(not shown). Proliferation was quantified by incorporation of [3H] thymidine. 

Data presented as mean ± SD, with incubations carried out in triplicate. 

Statistical analysis compares the proliferative response of sensitised splenocytes 

after the addition of drug antigen and solvent alone.
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Sensitisation  In vitro stim ulation  by so lu b le  drug ( jl iI V I )
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Figure 5.7: Stimulation of drug metabolite-specific T-cells following 

adoptive transfer of SMX-NO treated dendritic cells. The proliferative 

response of splenocytes was directed against SMX-NO, not the parent drug. For 

immunisation, dendritic cells were incubated for 16 h with SMX-NO, washed 

extensively, and injected in the lateral tail vein. After 21 days, mice were 

sacrificed and splenocytes were stimulated in vitro with the soluble antigen. 

Proliferation was quantified by incorporation of [3H] thymidine. Data presented 

as mean ± SD, with incubations carried out in triplicate. Statistical analysis 

compares the proliferative response of sensitised splenocytes after the addition of 

drug antigen and solvent alone. Student T test (normally distributed data) and 

Mann-Whitney test (non-normally distributed data) were used to compare two 

groups for continuous variables (*P < 0.05).
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Sensitisation

SMX pulsed 
DCs

In vitro stimulation by soluble drug (uM)

Figure 5.8: Stimulation of drug (metabolite)-specific T-cells following 

adoptive transfer of SMX- treated dendritic cells. The proliferative response 

of splenocytes was directed against SMX-NO. For immunisation, dendritic cells 

were incubated for 16 h in culture medium with SMX, washed extensively, and 

injected in the lateral tail vein. After 21 days, mice were sacrificed and 

splenocytes were stimulated in vitro with the soluble antigen. Proliferation was 

quantified by incorporation of [3H] thymidine. Data presented as mean ± SD, 

with incubations carried out in triplicate. Statistical analysis compares the 

proliferative response of sensitised splenocytes after the addition of drug antigen 

and solvent alone. Student T test (normally distributed data) and Mann-Whitney 

test (non-normally distributed data) were used to compare two groups for 

continuous variables (*P < 0.05).
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Figure 5.9: Stimulation of drug (metabolite)-specific T-cells following 

adoptive transfer of SMX and SMX-NO-treated dendritic cells. The

proliferative response of splenocytes was directed against SMX and SMX-NO. 

For immunisation, dendritic cells were incubated for 16 h in culture medium 

with SMX or SMX-NO, washed extensively, and injected in the lateral tail vein. 

After 21 days, mice were sacrificed and splenocytes were stimulated in vitro 

with the drug-pulsed dendritic cells. Proliferation was quantified by 

incorporation of [3H] thymidine. Data presented as mean ± SD, with incubations 

carried out in triplicate. Statistical analysis compares the proliferative response 

of sensitised splenocytes after the addition of drug antigen pulsed APCS and 

solvent pulsed APCs. Student T test (normally distributed data) and Mann- 

Whitney test (non-normally distributed data) were used to compare two groups 

for continuous variables (*P < 0.05).
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5.3 Discussion

The nature of the drug antigen to which T-cells respond remains a question with 

no clear answer. Landsteiner and Jacobs (Landsteiner and Jacobs, 1935) defined 

low molecular weight chemical allergens as “incomplete antigens” since they 

were not directly antigenic and only gained immunogenic potential following 

conjugation with a protein carrier. On this basis, the “hapten concept” is the 

hypothesis most commonly used to describe the interaction of drugs with immune 

cells. The picture is further complicated because most drugs are not directly 

protein-reactive. They may however gain protein reactivity through normal 

metabolic processes, generating a hapten with the potential to modify specific 

amino acid residues on protein.

The role of metabolism in the development of a primary immune response is ill- 

defined as an experimental approach to relate metabolism to immune activation is 

lacking. Antigen-specific T-cells from hypersensitive patients cannot be used to 

define antigenic determinants that prime T-cells since it is impossible to 

differentiate between cross-reactive drug antigens. Thus, to evaluate whether 

SMX-derived protein adducts drive T-cell responses, two experimental mouse 

systems were used: (1) i.p. injection of mice with SMX-NO (5 mg/kg) four times 

weekly for 2 weeks, and (2) i.v. injection of mice with drug (metabolite)-treated 

dendritic cells followed by isolation of splenocytes for analysis of splenocyte 

proliferation against soluble antigen or antigen-pulsed APCs.
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SMX is a relatively stable compound in in vitro cultures with most of the parent 

drug being recovered unchanged after 6 days in culture. However, human 

monocyte-derived dendritic cells (Sanderson et al., 2007) and dendritic cell-like 

cell lines (Roychowdhury et al., 2007b) have been shown to metabolise SMX to 

an unstable intermediate that forms intracellular protein adducts. In previous 

chapters (3 and 4), immune cells from Balb/c strain mice (splenocytes and 

dendritic cells) were isolated and characterised in terms of drug distribution, 

irreversible protein binding and immune reactivity. Incubation of viable mouse 

splenocytes and bone-marrow-derived dendritic cells with SMX was associated 

with the formation of intracellular protein adducts. In addition, SMX adduct 

formation was shown to be time- and dose-dependent and not detectable 

immediately after SMX exposure. Consistent with these findings, T-cell responses 

were only obtained with APCs pulsed with SMX for 6-16 h, the time needed for 

high levels of adduct formation (figure 5.4). In contrast, SMX-NO bound to 

cellular proteins instantly and derived adducts were able to stimulate a T-cell 

response (figure 5.4).

It has been previously reported that human monocyte-derived dendritic cells from 

10 donors expressed consistently high levels of MPO, but only low levels of 

CYPs, leading us to propose that a peroxidase is responsible for SMX metabolism 

in dendritic cells (Sanderson et al., 2007). More recently, it has been shown that 

pathogenic conditions, which potentially activate peroxidase enzymes, enhance 

the formation of SMX-derived protein adducts in immune cells (Lavergne et al., 

2009). To substantiate a causal relationship between peroxidase-mediated SMX
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metabolism and T-cell immunogenicity, enzyme inhibitor studies were performed 

with 1-ABT, a non-selective suicide inhibitor, and meth, an inhibitor of 

peroxidases and FMO. In chapter 3, we demonstrated that both inhibitors blocked 

SMX-derived adduct formation in mouse splenocytes and dendritic cells. 

Consistently, in this chapter, incubation of the enzyme inhibitors with cells for 1 h 

before the addition of drug was associated with inhibited proliferation of 

sensitised splenocytes cultured with naive irradiated splenocytes pulsed with 

SMX (16 h) without blocking the proliferative response of SMX-NO modified 

splenocytes. These data confirm that SMX-derived protein adduct formation and 

T-cell proliferation are dependent on the enzymatic oxidation of SMX.

The detection of T-cells with reactivity to functional intracellular antigens arising 

as a consequence of cellular metabolism and extracellular antigens generated 

through direct conjugation of SMX-NO to cell surface proteins, implies that the 

antigen-specific response displays exquisite specificity for the drug hapten 

structure, rather than the peptide associated with MHC. SMX-derived adduct 

formation was 3 fold higher when splenocytes were compared with dendritic cells 

(chapter 3). Despite the lower quantity of adduct formed, dendritic cells 

stimulated a 10 fold stronger response (figures 5.2 and 5.3), which likely relates to 

their superior capacity to present endogenous antigens.

Although the standard FBS-supplemented culture medium is extensively used in 

protocols for the generation of mouse dendritic cells in in vitro studies (Lutz and 

Rossner, 2008), it affects the quality of the antigen-specific T cell response
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induced by such dendritic cells when used in in vivo studies due to the deviation 

of immune response towards FBS derived peptides (non specific) rather than the 

specific antigenic peptide (Porgador and Gilboa, 1995; Toldbod et al., 2003; 

Haase et al., 2005; Kadri et al., 2007). Rossner et al. 2008 argued that thisjnay 

only occur during the priming phase due to inability of FBS specific T cells to be 

re-stimulated and expanded in vivo (Rossner et al., 2008). Alternatively, protocols 

to generate mouse dendritic cells in syngeneic sera (normal mouse serum), or 

serum-free media have been developed in spite of the lower yields compared to 

FBS-cultured dendritic cells (Strobl et al., 1997; Muller et al., 2000; Haase et al., 

2005; Wells et al., 2005; Wamcke et al., 2006).

In this study, further evaluation of T-cell responses against SMX-derived protein 

adducts was performed by developing a mouse adoptive transfer system using 

syngeneic mouse serum to generate and culture the mouse dendritic cells. SMX 

and SMX-NO were cultured with bone-marrow derived dendritic cells and 

administered to syngeneic mice following quantification of adduct formation. 

After 21 days, mice were sacrificed and splenocytes were stimulated in vitro with 

the soluble antigen or drug-pulsed APCs. Splenocytes isolated from mice that 

received SMX-treated dendritic cells were stimulated in vitro with SMX-NO and 

SMX-derived intracellular metabolites, but not the parent drug (figures 5.8 and 

5.9). These data provide unequivocal evidence that protein adducts generated by 

dendritic cell metabolism represent functional antigens that drive drug-specific
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Characterisation of drug intracellular metabolism by APCs and the formation of 

functional antigens that stimulate T-cell response in mice have several 

implications regarding the use of drugs in in vitro experimental systems. An 

absence of on-line bioanalysis to measure compound distribution and metabolism 

makes it almost impossible to draw valid conclusions as to the nature of the 

chemical entity interacting with cellular proteins. Furthermore, to fully define the 

sensitivity and specificity of diagnostic tests for drug hypersensitivity, future 

validation studies must incorporate steps to relate the nature of the antigenic 

determinant(s) formed in the test to the biological readout. Chapter 6 explores the 

ability of SMX-derived cellular adducts to stimulate lymphocytes from 

hypersensitive patients.
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6.1 Introduction

Antibiotics provide the cornerstone of treatment and reduce the rate of decline in 

lung function in patients with cystic fibrosis, but their use is limited by a high 

frequency of delayed hypersensitivity reactions, when compared to the general 

population (Koch et al., 1991; Pleasants et al., 1994; Lavergne et al., 2010).

Differences in the occurrence of reactions in patients with cystic fibrosis may be 

related to prescribing practice (dose, frequency and duration of exposure) or route 

of administration. However, altered immune status associated with the 

development of recurrent respiratory infections, is likely to be the most important 

factor influencing susceptibility. In this respect, increased production of 

inflammatory cytokines such as IL-6 and IL-8 in patients with cystic fibrosis may 

lower the co-stimulatory threshold required to activate dendritic cells and initiate 

a T-cell response, while activation of IL-17 producing T-cells -  also a common 

feature in patients with cystic fibrosis -  may skew effector and regulatory 

mechanisms (Dubin et al., 2007; Nembrini et al., 2009). The redox balance is also 

perturbed in patients with cystic fibrosis. Antioxidant levels are lower and the 

enzyme MPO has been shown to produce higher levels of reactive oxygen species 

(Ntimbane et al., 2009).

In patients without cystic fibrosis drug antigen-specific T-cells are believed to be 

involved in the pathogenesis of most forms of delayed hypersensitivity reactions
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(Schnyder et al., 2000; Nassif et al., 2004a; Wu et al., 2007; Rozieres et al., 

2009a; Castrejon et al., 2010). However, it is important to recognise that the role 

of immune cells in drug hypersensitivity reactions in patients with cystic fibrosis 

has not been defined.

Using SMX as a model to study mechanisms of drug-specific T-cell activation, 

the parent drug and the protein-reactive metabolite SMX-NO have been shown to 

interact directly with MHC, via reversible and irreversible bonds respectively, and 

crosslink T-cell receptors to stimulate a T-cell response (Schnyder et al., 2000; 

Nassif et al., 2004a; Castrejon et al., 2010). In addition, SMX-NO modified 

protein stimulates T-cells via a classical hapten mechanism involving antigen 

processing and the evolution of antigenic peptides.

Pathological factors (viral infection, cytokines) that are a feature o f cystic fibrosis 

significantly increase SMX-derived protein adduct formation in APCs (Lavergne 

et al., 2009). Accordingly, the aim of this study was to compare: (1) SMX 

metabolism in APC from patients with and without cystic fibrosis and (2) the 

phenotype and function of antigen-specific T-cells from SMX hypersensitive 

patients with and without cystic fibrosis and define mechanism(s) of antigen 

presentation.
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6.2 Results

6.2.1 Lymphocytes stimulation with sulfamethoxazole and/or nitroso 

sulfamethoxazole

Lymphocytes from SMX hypersensitive patients without cystic fibrosis were 

stimulated in vitro to proliferate with SMX (maximum SI with direct proliferation 

assay: 8.7, 15.3, and 11.2) and SMX-NO (maximum SI with direct proliferation 

assay, 4.9, 2.1, and 24.8). Antigen-specific proliferative responses were also 

detected in vitro with lymphocytes from hypersensitive patients with cystic 

fibrosis, but only with SMX-NO (maximum SI with direct or indirect proliferation 

assay: 7.6, 33.1, and 10.2) (table 6.1 and figure 6.1). Lymphocyte responses were 

not detected with cells from drug-exposed volunteers (SI < 2).

Table 6.1: Details of hypersensitive patients and lymphocyte proliferation

Patients Details 

Reactions CF

Direct LTT 
(maximum SI)

Indirect LTT 
(maximum SI)

SMX SMX-NO SMX SMX-NO

MPE and malaise No 8.7 4.9 NP NP
DRESS and 
erythrodema No 15.3 2.1 NP NP

SJS No 11.2 24.8 NP NP

MPE Yes < 2 <2 < 2 7.6

MPE Yes < 2 <2 < 2 33.1

MPE Yes 2.4 10.2 NP NP

LTT: lymphocyte transformation test, CF: cystic fibrosis, NP: indirect 

proliferation assay was not perform ed  if direct LTT generated positive results, 

MPE: Maculopapular exanthema, SJS: Stevens-Johnson syndrome, DRESS: 

Drug reaction with eosinophilia and systemic symptoms.
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(A) Patients without cystic fibrosis

s3
E

eu

10 Patient 1
8 -

0 SM X SM X-NO

(B) Patients with cystic fibrosis

0 SM X SM X-NO

35 1 
30 -
25 -
20 -

15 -
10 -

5 -
0

Patient 5

SM X SM X-NO

12.0
10.0
8.0

6.0

4.0
2.0 
0.0

Patient 6

O
0 SM X SM X-NO

Figure 6.1: Antigen-specific stimulation of lymphocytes from 

hypersensitive patients. Lymphocytes were stimulated to proliferate with 

SMX and SMX-NO in patients without cystic fibrosis (A), but only with SMX- 

NO in cystic fibrosis patients (B). Proliferation was measured by [3H] 

thymidine incorporation for the last 16h of incubation. Results are expressed as 

maximum SI (mean value of triplicate culture).
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6.2.2 Generation of T-cell clones

A total of 293 antigen-specific T-cell clones were generated from the 

hypersensitive patients without cystic fibrosis. Of these, 137 were identified from 

SMX-stimulated lymphocytes, and 156 from SMX-NO-stimulated lymphocytes. 

From patients with cystic fibrosis, 241 antigen-specific clones were generated; 83 

from SMX-stimulated lymphocytes and 158 from SMX-NO stimulated 

lymphocytes. The number of SMX and SMX-NO-responsive T-cell clones and 

their phenotype and cross reactivity profile is summarised in table 6.2.

Over 100 clones from patients with and without cystic fibrosis were characterised 

phenotypically (CD4+ and CD8+, table 6.2, figure 6.2) and subsequently 

characterised in terms of additional reactivity against SMX or SMX metabolites, 

cytolytic activity, the involvement of MHC molecules in antigen presentation and 

mechanism of antigen presentation. Clones expressing high levels of CD8+ were 

detected from 5/6 patients presenting with different clinical signs (exanthema, 

DRESS and SJS).

As described previously, three patterns of reactivity (SMX-NO responsive, SMX 

responsive and cross-reactive) were seen with clones from each hypersensitive 

patient without cystic fibrosis (figure 6.3) (Castrejon et al., 2010). Somewhat 

surprisingly, SMX-NO responsive and cross-reactive clones, but not SMX- 

responsive clones, were identified from patients with cystic fibrosis (figure 6.3). It 

is important to note that these data refer simply to the antigen added to the culture
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conditions and do not take into account APC drug metabolism. This is discussed 

in detail below.

Proliferation of CD4+ and CD8+ clones with the nitroso SMX (figure 6.4) and 

SMX (figure 6.5) was dose-dependent and inhibited with antibodies against either 

MHC class I or II (figure 6.6). Furthermore, certain clones from patients with and 

without cystic fibrosis displayed cytolytic activity against autologous target cells. 

Cytolytic activity was detected with CD4+ and CD8+ clones from patients with 

different clinical signs of hypersensitivity (exanthema, DRESS and SJS) (figure 

6.7).

Figure 6.2: Phenotyping of the antigen responsive T-cell clones using flow 

cytometry. Clones expressing CD4+ (left) were obtained from all patients while 

clones expressing high levels of CD8+ (right) were detected from 5/6 patients 

presenting with different clinical signs.
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Table 6.2: Origin, phenotype and specificity of T-cell clones from 

sulfamethoxazole hypersensitive patients.

Exposure
before n

Proliferation
(cpin)

Phenols pe
(%)

Cross- 
reactis its

<%) ’
cloning to

Control Antigen (1)4 (1)8 SM\ NO

Hypersensitive patients without cystic fibrosis

1
SMX 31 6526 ± 6035 22669± 14960 69 31 - 0

SMX-
NO 14 4486± 1613 25345 ± 25964 71 29 0 -

SMX 92 2474± 1796 35134 ±35834 83 17 - 0
2

SMX-
NO 51 2111 ±787 16030± 18066 91 7 70 -

SMX 14 3123 ±2628 21101 ±33472 72 28 - 43

SMX-
NO 91 2111 ±2033 14459± 11699 87 13 25 -

Hypersensitive patients with cystic fibrosis

■ SMX 10 1140 ±222 8045 ± 2450 67 33 - 100
-4

SMX-
NO 12 1114 ±363 13169 ± 12705 33 33 40 -

SMX 30 2042 ± 165 43310 ± 14818 100 0 - 100

SMX-
NO 67 2401± 1241 20024± 19494 100 0 40 -

SMX 43 1453 ± 1433 4859 ± 3706 73 27 - 100
6

SMX-
NO 79 1198 ±805 3842 ± 2074 86 14 83 -
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Figure 6.3. Patterns of reactivity of T-cell clones from hypersensitive 

patients without (left panel) and with cystic fibrosis (right panel). To

measure proliferation, T cell clones were incubated with SMX or SMX-NO 

and irradiated autologous APCs for 48 h. Results are given as mean 

[3H]thymidine incorporation. Differences in replicate cultures at each antigen 

concentration were less than 15%.
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SMX-NO (pM) SMX-NO (pM)

Figure 6.4: Concentration-dependent proliferation of SMX-NO 

responsive T-ceII clones from hypersensitive patients without (left panel) 

and with (right panel) cystic fibrosis. Proliferation was determined by 

incubating T-cells with irradiated APCs and SMX-NO for 48 h, followed by 

[3H]-methyl-thymidine for the final 16 h of incubation. Results are expressed 

as the mean cpm of triplicate cultures.
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o

Figure 6.5: Concentration-dependent proliferation of SMX responsive T- 

cell clones from hypersensitive patients without (left panel) and with 

(right panel) cystic fibrosis. Proliferation was determined by incubating T- 

cells with irradiated APCs and SMX for 48 h, followed by [^ -m eth y l- 

thymidine for the final 16 h of incubation. Results are expressed as the mean 

cpm of triplicate cultures.
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CD No antibody O  Anti-class I ■  Anti-class II

Figure 6.6: The involvement of MHC molecules in antigen presentation

in both groups of patients (non CF on the left and CF on the right) was 

shown though the addition of anti-MHC class I and class II antibodies to the 

proliferation assay.
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Effector:Target ratio Effector:Target ratio

Figure 6.7: Cytolytic activity of SMX and SMX-NO responsive T-cell 

clones from hypersensitive patients without (left) and with (right) cystic 

fibrosis using the [51 Cr] chromium assay at effectontarget ratio of 5:1-50:1.
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6.2.3 Cytokine secretion from sulfamethoxazole and nitroso 

sulfamethoxazole stimulated T-cell clones

Levels of the cytokines secreted from stimulated T cells (IL-ip, IL-2, IL-4, IL-5, 

IL-6, IL-7, IL-8, IL-10, IL-12(p70), IL-13, IL-17, G-CSF, GM-CSF, IFN-y, 

MCAF, MIP-ip, and TNF-a) were assessed using Bio-Plex 17-plex human 

cytokine assay.

The cytokines IL-13, IL-17, IFN-y, TNF-a and GM-CSF were secreted from 

greater than 95% of SMX or SMX-NO stimulated clones from hypersensitive 

patients with and without cystic fibrosis. Antigen stimulation was also associated 

with the secretion of IL-4, IL-5, IL-6, IL-8, and IL-10 from a limited number of 

clones (figure 6.8; table 6.3).

Although a similar profile of cytokines were secreted by T-cells from patients 

with and without cystic fibrosis, the two panels of clones display clear 

quantitative differences. Clones from patients with cystic fibrosis secreted 

significantly higher levels of IFN-y, IL-6 and IL-10, but lower levels of IL-17 

(figure 6.8).
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Table 6.3: Cytokine secretion (pg/ml)a from drug/metabolite stimulated T-cell 
clones.

IL4 IL5 11.6 1¡1.8 11 10 11.13 11.17 iF\y T.NFu GMCSF

H yp ersen sitive  p a tie n ts  w ith ou t cystic  f ib r o s is
b

- - - - 426 32 544 358 271
137° >10000 - 25 - >10000 62 33 149 273
136 373 13 59 - >10000 71 1202 1967 991

- - 56 1408 - 7375 57 8004 3346 1676
- 14 - - - 726 36 108 34 108

55 1791 323 56 25 >10000 77 817 2058 827
- - - - - 1012 37 441 953 441
- - 11 56 - 978 35 326 855 326
16 12 186 295 - 7742 56 947 2499 947

H yp ersen sitive  p a tie n ts  with cystic  f ib r o s is
- - 124 58 147 553 39 3395 559 305
- 103 176 11 36 1758 34 4804 310 312
- 1565 306 122 18 >10000 - 2425 648 624
- 24 252 102 69 3872 51 5376 907 627
- 143 267 361 178 >10000 55 9346 1193 1092
- 117 209 317 317 2943 27 4618 1019 693
- 0 217 410 77 1569 20 6331 1081 502
- 238 486 733 84 >10000 41 7330 1887 696
- - 357 517 113 4182 24 7224 1487 938
- 457 108 - 10 8908 22 1878 399 336
- - 248 22 100 818 - 8121 342 165
16 442 120 319 331 1685 24 1188 900 354

211 221 - 247 226 >10000 34 4993 2227 1835
- 912 232 78 30 >10000 22 303 542 188

3381 >10000 223 84 141 >10000 15 - 323 289
14 662 32 - - >10000 46 >10000 766 2187
- 311 650 18 36 >10000 12 237 522 484

146 2712 154 338 392 >10000 52 1458 2130 1612
- 1934 86 12 - >10000 11 1803 55 445

a No detectable drug-specific secretion of IL-1J3, IL-7 & MCP-1. 
b not detectable.
cData represents mean of duplicate cultures with cytokine levels (less than 10pg/ml IL4, 
IL5, IL6, IL-8, IL-10, TNFa; less than 20pg/ml IFNy; less than 50pg/ml IL13, IL17, GMCSF) 
in drug-free wells subtracted.
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Figure 6.8: Cytokine secretion from drug antigen stimulated T-cell clones

from hypersensitive patients with (grey circles) and without (white circles) 

cystic fibrosis. Cytokines were quantified using a multiplex assay kit. Each data 

point shows mean cytokine secretion from individual clones (*: significance at 

P<0.05, ns: non significant).
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6.2.4 Definition of the contribution of drug metabolism in antigen 

presenting cells and covalent binding of derived metabolites to cellular 

protein towards sulfamethoxazole-specific T-cell responses in patients 

with and without cystic fibrosis.

SMX responsive clones from patients without cystic fibrosis were stimulated via 

two pathways: first, through a direct interaction of the parent drug with MHC 

molecules and specific T-cells; and secondly, through drug metabolism in APCs, 

irreversible binding of derived metabolites to cellular proteins and processing of 

the protein adducts to generate antigenic peptides. In contrast, SMX-responsive 

clones from patients with cystic fibrosis were stimulated exclusively via the 

pathway involving drug metabolism and the generation of drug protein adducts. 

These conclusions are based on the following experimental observations.

6.2.4.1 Adduct formation

SMX-derived protein adducts were detected in APCs from patients with and 

without cystic fibrosis. Adduct formation with SMX was concentration- (figure 

6.9A) and time-dependent (figure 6.10A), while protein adducts were detected 

instantaneously with SMX-NO (figures 6.9B and 6.10A). Adduct formation was 

decreased by pre-incubating the APCs with the inhibitors of drug metabolizing 

enzymes methimazole and 1-aminobenzotriazole (figure 6.1 OB). APCs from SMX 

hypersensitive patients with cystic fibrosis displayed a significantly higher 

quantity of protein adducts when cultured with SMX for 16 h. These data were 

subsequently reproduced in 3 separate experiments (figure 6.9A).
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6.2.4.2 Pulsing experiments

APCs pulsed with SMX for 16 h, the time required for SMX metabolism and high 

levels of protein adduct formation, stimulated 100% (n = 25) of T-cell clones from 

patients with cystic fibrosis (figure 6.11). These clones were stimulated with 

soluble and pulsed (1 and 16 h) SMX-NO.

In contrast, only 33% (n = 4/12) SMX-responsive T-cell clones from patients 

without cystic fibrosis were stimulated with SMX-pulsed APCs. The clones 

responding to SMX-pulsed APC were additionally stimulated with SMX-NO. 

Figure 6.12 shows APC pulsing data from representative SMX-specific, SMX- 

NO-specific and cross reactive T-cell clones from patients without cystic fibrosis.

6.2.4.3 Glutathione and enzyme inhibitors

SMX-specific responses of 11 out of 15 T-cell clones from patients with cystic 

fibrosis were blocked by glutathione and the inhibitors of SMX metabolism, 

methimazole and 1-aminobenzotriazole. In contrast, glutathione, methimazole and 

1-aminobenzotriazole addition had no effect on the SMX-specific response of 

clones from hypersensitive patients without cystic fibrosis (figure 6.13). The 

response of T-cell clones from patients with and without cystic fibrosis to the 

synthetic metabolite SMX-NO was blocked with glutathione, but enzyme 

inhibition had no effect (figure 6.14).

Finally, the response of SMX-specific clones from patients with cystic fibrosis, 

where enzyme inhibition had no effect in the direct proliferation assay, could be
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blocked by pulsing APCs and T-cell clones together with SMX and methimazole 

or 1-aminobenzotriazole for 16 h, prior to washing and reconstitution of the cells 

in drug-free medium for the remainder of the incubation period (No drug: 

1543±256; SMX: 7176±604, P<0.05; SMX/meth: 3228Ü836, P>0.05; SMX/1- 

ABT: 2397±645, P>0.05).
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Figure 6.9: Sulfamethoxazole-derived protein adducts in antigen 

presenting cells quantified by ELISA using a specific anti-SMX antibody.

Drug-protein adducts in SMX (A) and SMX-NO (B) treated APCs were 

detected from both groups of hypersensitive patients with enhanced SMX 

adduct formation in cystic fibrosis. Data presented as mean ± SD from 3 

separate experiments. Student T test (normally distributed data) and Mann- 

Whitney test (non-normally distributed data) were used to compare two groups 

for continuous variables (*P < 0.05).
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Figure 6.10: Sulfamethoxazole-derived protein adducts in antigen 

presenting cells quantified by ELISA using a specific anti-SMX antibody.

Adduct formation with SMX was time-dependent, while protein adducts were 

detected instantaneously with SMX-NO (A). Enzyme inhibition with 1-ABT 

and methimazole decreased SMX-derived protein adducts (B). Data presented 

as mean ± SD from 3 separate experiments. Student T test (normally distributed 

data) and Mann-Whitney test (non-normally distributed data) were used to 

compare two groups for continuous variables (*P < 0.05).
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Figure 6.11: Stimulation of T-cells from hypersensitive patients with cystic 

fibrosis exclusively with SMX-derived metabolites. Antigen presenting cells 

pulsed with SMX for 16 h stimulates SMX-responsive T cell clones from 

hypersensitive patients with cystic fibrosis. Each of these clones was stimulated 

with soluble and pulsed (1 and 16 h) SMX-NO. Results are given as mean 

[3H]thymidine incorporation of individual clones (*P<0.05).
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Figure 6.12: Stimulation of T-cells from hypersensitive patients without 

cystic fibrosis with SMX and SMX metabolites. SMX-responsive clones 

were not stimulated with SMX- or SMX-NO-pulsed APCs (A), whereas SMX- 

NO-responsive (B) and cross-reactive clones (C) were stimulated with APCs 

pulsed with SMX-NO for 1 and 16 h. Certain clones were stimulated with 

APCs pulsed with SMX (16 h). Results are given as mean [3H]thymidine 

incorporation of individual clones (*P < 0.05).
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Figure 6.13: Effect of glutathione and enzyme inhibitors on the SMX- 

specific responses of T-cell clones from patients with and without cystic 

fibrosis. The response was blocked by glutathione (GSH) and the inhibitors of 

SMX metabolism, methimazole (meth) and 1-aminobenzotriazole (1-ABT) in 

patients with cystic fibrosis (A). In contrast, GSH, meth and 1-ABT addition 

had no effect on the SMX-specific response of clones from hypersensitive 

patients without cystic fibrosis (B). Results are given as mean [3H]thymidine 

incorporation o f individual clones (*P < 0.05).
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Figure 6.14: Effect of glutathione and enzyme inhibitors on the SMX-NO- 

specific responses of T-cell clones from patients with and without cystic 

fibrosis. The response of SMX-NO-responsive T-cell clones towards SMX-NO 

was blocked by glutathione, but not by enzyme inhibitors. Results are given as 

mean [3H]thymidine incorporation of individual clones (*P < 0.05).

6.2.5 The involvement of processing in the presentation of sulfamethoxazole 

metabolites to T-cells

Glutaraldehyde fixation prevents antigen processing, but not the presentation of 

pre-processed antigen or antigens that bind directly to MHC molecules or 

MHC/peptide complexes (Zanni et al., 1998). Using glutaraldehyde fixation, 

SMX metabolite-responsive T-cell clones from patients with and without cystic 

fibrosis were shown to be stimulated via both processing-dependent and -  

independent pathways (figure 6.15).
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Figure 6.15: The involvement of processing in the presentation of 

sulfamethoxazole metabolites to T-cells. SMX-NO is presented to T-cell 

clones via both processing-independent (A) and dependent (B) pathways. T- 

cell clones were incubated with irradiated or fixed APCs and SMX-NO for 

48 h, followed by [3H]-methyl-thymidine for the final 16 h of incubation. 

Results are expressed as the mean cpm of duplicate cultures.
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6.3 Discussion

Factors that predispose to drug hypersensitivity have been explored and discussed 

in detail. A recent success has been the discovery of a strong association between 

the presence of HLA-B*5701 and abacavir hypersensitivity (Mallal et al., 2002) 

which resulted in the development of a genetic test and effectively the eradication 

of reactions to abacavir (Mallal et al., 2008). Abacavir has also been shown to 

stimulate specific T-cells when associated with B*5701, but not closely related 

HLA allotypes (Chessman et al., 2008).

Unfortunately, the picture is not so straightforward for most drugs associated with 

a high incidence of hypersensitivity reactions. In particular for the drug SMX, 

HLA polymorphisms are not major predisposing factors for hypersensitivity 

(Lonjou et al., 2008; Alfirevic et al., 2009). Furthermore, association analysis of 

drug metabolising enzyme gene polymorphisms have revealed that differences in 

drug metabolism are unlikely to be major predisposing factors in determining 

individual susceptibility (Pirmohamed et al., 2000; Alfirevic et al., 2003).

These data indicate that environmental factors, more than genetic factors, increase 

the risk of developing SMX hypersensitivity. In this respect, patients with HIV 

infection and cystic fibrosis develop SMX hypersensitivity reactions much more 

frequently than the general population (Carr and Cooper, 1995; Pirmohamed and 

Park, 2001; Lavergne et al., 2010).
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The clinical picture in patients with cystic fibrosis is particularly intriguing since 

(1) both innate and adaptive immune responses are perturbed (Dubin et al., 2007; 

Nembrini et al., 2009), (2) the redox balance is modified in favour of an oxidative 

environment (Ntimbane et al., 2009; Wetmore et al., 2010), (3) peroxidase 

enzymes exist in a more activated state (Ntimbane et al., 2009) and (4) the disease 

itself is associated with the development of recurrent bacterial infections at the 

time of drug therapy, which potentially lower the drug-specific co-stimulatory 

threshold required to initiate an immune response and activate drug metabolising 

enzymes.

SMX is metabolised in the liver by cytochrome P450 enzymes to a hydroxylamine 

intermediate (Cribb and Spielberg, 1990; Cribb and Spielberg, 1992). 

Autoxidation of the hydroxylamine generates SMX-NO, which binds to thiol 

residues on serum and cellular protein (Cribb et al., 1991; Naisbitt et al., 1999; 

Manchanda et al., 2002; Naisbitt et al., 2002; Summan and Cribb, 2002; Callan et 

al., 2009). SMX-NO has been shown to stimulate T-cells from SMX 

hypersensitive patients, splenocytes from animal models of SMX immunogenicity 

and the partial maturation of monocyte-derived dendritic cells (Schnyder et al., 

2000; Burkhart et al., 2001; Naisbitt et al., 2001; Farrell et al., 2003; Nassif et al., 

2004a; Sanderson et al., 2007; Castrejon et al., 2009; Castrejon et al., 2010). 

Metabolites generated in liver are unlikely to be responsible for the majority of 

hypersensitivity reactions that develop in skin. In this respect, metabolism of 

SMX and formation of irreversibly bound cellular adducts have been shown to
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occur in keratinocytes and APCs (Roychowdhury et al., 2005; Roychowdhury et 

al., 2007b; Sanderson et al., 2007).

On this basis, we have explored whether metabolism of SMX is enhanced in 

APCs from patients with cystic fibrosis. APC metabolism of SMX -  quantified 

through measurement of SMX-derived protein adducts using a specific antibody -  

was time- and concentration-dependent and blocked with inhibitors of drug 

metabolising enzymes (methimazole and 1-aminobenzotriazole; Figures 6.9 and 

6.10). Adduct formation was not detected when SMX was incubated with cells for 

1 h, confirming that the antibody does not detect the weakly associated parent 

drug. Importantly, metabolite formation was found to be significantly higher, in 3 

separate experiments, with cells from patients with cystic fibrosis

To explore whether the immune response to SMX differs in terms of mechanisms 

of antigen presentation or cellular phenotype, T-cells were cloned from 6 

hypersensitive patients with or without cystic fibrosis. The hypersensitive patients 

with cystic fibrosis developed relatively mild maculopapular reactions which are 

typical clinical signs observed in the cystic fibrosis clinic. For comparison, the 

hypersensitive patients without cystic fibrosis developed a variety of cutaneous 

signs including SJS, DRESS and maculopapular reactions.

Over 500 antigen-specific T-cell clones were generated from the hypersensitive 

patients. From patients with and without cystic fibrosis, CD4+ and CD8+ T-cells 

were characterised as antigen-specific based on their ability to proliferate (figures
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6.4 and 6.5) and/or kill autologous targets following antigen-stimulation (figure 

6.7). Cytotoxic clones were generated from patients with mild and severe 

reactions indicating, as suggested recently (Rozieres et al., 2009b), that they play 

a role in the pathophysiology of most delayed drug hypersensitivity reactions. The 

response in both patient groups was MHC-restricted, with both SMX and SMX- 

NO presented to CD8+ and CD4+ T-cells in the context of MHC class I and II 

molecules, respectively (figure 6.6).

T-cells from hypersensitive patients without cystic fibrosis have been shown 

previously to be stimulated with the parent drug SMX and SMX-NO bound 

directly to MHC molecules and specific T-cell receptors. Both the parent drug and 

drug metabolite apparently contain the steric and electronic features required to 

ensure molecular interactions with both immunological receptors and the 

stimulation of a T-cell response. Additionally, SMX-NO binds to non-MHC 

associated protein generating a protein conjugate that stimulates T-cell receptors 

via a hapten mechanism involving processing of the conjugate and liberation of 

antigenic peptide fragments. Each pathway of drug stimulation was observed in 

the current study.

Notably, T-cells from hypersensitive patients with cystic fibrosis were stimulated 

with SMX-NO, bound directly to MHC molecules and via a hapten mechanism, 

but not the parent drug. There are several complementary pieces of evidence that 

support this conclusion. First, SMX-NO responsive and cross-reactive, but not 

SMX-responsive, T-cells were generated from all 3 patients with cystic fibrosis
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(figure 6.3). Secondly, the response of the cross-reactive clones to SMX was 

blocked by glutathione, which binds to SMX-NO preventing protein binding 

(Naisbitt et al., 1999; Naisbitt et al., 2001) and inhibitors of drug metabolising 

enzymes (figure 6.13A). Thirdly, a 16 h pulse of APCs with SMX, the time 

required for metabolism and the formation of high levels of irreversibly bound 

protein adducts (figures 6.9A and 6.10), stimulates T-cells (figure 6.11). In 

contrast, the SMX-specific response of clones from hypersensitive patients 

without cystic fibrosis was not blocked with glutathione or enzyme inhibitors 

(figure 6.13B). Furthermore, pulsing APCs with SMX failed to stimulate a 

response (figure 6.12A).

T-cell clones from patients with cystic fibrosis were found to secrete significantly 

higher levels of IL-6 (without cystic fibrosis 65 pg/ml, with cystic fibrosis 224 

pg/ml) and IFN-y (without cystic fibrosis 1358 pg/ml, with cystic fibrosis 4254 

pg/ml), when compared with equivalent clones from hypersensitive patients 

without cystic fibrosis (figure 6.8). The increased secretion of IFN-y by antigen 

stimulated clones from patients with cystic fibrosis is particularly interesting. 

IFN-y is a pro-inflammatory cytokine normally associated with bullous-skin 

diseases (TEN/SJS) and DRESS (Pichler et al., 2002; Naisbitt et al., 2003; Nassif 

et al., 2004b). In this respect, one would have expected T-cells from the patients 

with cystic fibrosis presenting with maculopapular drug eruptions to secrete lower 

levels of IFN-y. Nevertheless, the data support work of Rozieres et al.(2009a) 

quantifying drug-specific T-cells in penicillin allergic patients presenting with 

maculopapular reactions through the use of IFN-y ELIspot and suggest that IFN-y
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ELIspot may represent a sensitive biological tool for the diagnosis of most forms 

of delayed drug hypersensitivity reactions.

T-cells from patients with cystic fibrosis also secreted higher levels of the 

regulatory cytokine IL-10. In fact, little or no IL-10 was secreted by T-cells from 

hypersensitive patients without cystic fibrosis. These findings may be related to 

the relatively mild clinical signs observed in most hypersensitive patients with 

cystic fibrosis. This however obviously requires further investigation.

To conclude, we have found that T-cells from hypersensitive patients with cystic 

fibrosis are stimulated exclusively with the oxidative metabolites of SMX. The 

high incidence of hypersensitivity reactions attributed to SMX in this patient 

population may be due to the disease per se, which is associated with a cellular 

matrix rich in dendritic cell maturation signals that enhance drug metabolising 

enzyme activity.
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Chapter 7

Final Discussion

The serious dilemma of adverse drug reactions affects patient health care through 

impediment of specific treatment, amendment of the dosage schedule, or 

abandonment of the drug. A recent study in Sweden has ranked ADRs within the 

first ten most common causes of death (Wester et al., 2008), while two recent UK 

studies have indicated that ADRs-related admissions account for ten 800-bed 

NHS hospitals and an annual £637 million financial burden (Pirmohamed et al., 

2004; Davies et al., 2009). Although type B reactions are a less common type of 

ADRs accounting for 15-20% (Lazarou et al., 1998), they are generally more 

serious. In addition, mechanisms of most type B reactions are not defined due to 

unpredictable nature of the reactions and lack of relevant animal models.

Several lines of evidence indicated that drug hypersensitivity reactions are 

immune-mediated. Antigen-specific T-cells were detected in the peripheral 

circulation and target organs of hypersensitive patients, but not in drug-exposed 

controls (Britschgi et al., 2001; Nassif et al., 2004; Beeler et al., 2006; Wu et al.,

2006). Moreover, CD8+ dermal T-cells from lesional skin (Hertl et al., 1995), or 

blood and skin derived T-cells from hypersensitive patients were stimulated to
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proliferate when cultured with relevant drug (Schnyder et al., 2000; Farrell et al., 

2003; Nassif et al., 2004; Castrejon et al., 2010).

For the induction o f an immune response to a drug, the drug antigen must be 

presented to T-cells through MHC molecules expressed on the APCs in the 

presence of co-stimulatory signalling and cytokines, which are necessary for 

sustained T-cell expansion (Curtsinger et al., 1999; Gemer and Mescher, 2009). 

Three concepts exist on how T-cells interact with the drug and become activated. 

The (pro)hapten concept indicates that binding of the drug to protein is a 

prerequisite for antigen formation. In contrast, the p-i concept suggests that drugs 

interact with immunological receptors directly via a weak and readily reversible 

interaction without metabolism or processing. Finally, the “danger model” 

originally proposed by Matzinger (1994) represents a complimentary addition to 

both hapten and p-i models. The danger model describes how drugs might interact 

with cells of the innate immune system, dendritic ells in particular, to provide the 

additional - non T-cell receptor - signals needed to initiate a primary immune 

response.

Sulfamethoxazole was used as a model of drug allergy in the studies described 

herein to investigate these concepts as it is a relatively stable compound; with 

most of the parent drug being recovered unchanged after 6 days in culture. 

Furthermore, SMX metabolism is well defined and synthetic stable and reactive 

metabolites are available for functional studies. The distribution of SMX-NO in in 

vitro culture is complex. Auto-oxidation generates nitro SMX, self-conjugation
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generates azo and azoxy dimers and reduction through enzymatic reactions or 

glutathione dependent processes to liberate the hydroxylamine metabolite and the 

parent drug (figure 7.1) (Cribb et al., 1991; Naisbitt et al., 1996; Naisbitt et al., 

2002; Kurian et al., 2004; Castrejon et al., 2009; Sacco and Trepanier, 2010). 

Although these reactions result in rapid (within 5 min) and complete degradation 

of SMX-NO; multiple meta-stable protein adducts that become internalised via a 

caveole-dependent mechanism (Manchanda et al., 2002; Sanderson et al., 2007; 

Callan et al., 2009) are readily detectable.

To explore the underlying mechanisms of drug hypersensitivity, an integrated 

approach was developed using both animal and human experimental systems to 

explore the complex relationship between drug metabolism, adduct formation, cell 

death and both dendritic cell and T-cell activation.

Data deriving from animal experiments (chapters 3, 4, and 5) demonstrated that 

drug protein adducts generated as a consequence of APC metabolism represent 

functional antigens for T-cells. In chapter 3, adducts were identified in viable 

mouse splenocytes and bone-marrow-derived dendritic cells exposed to SMX and 

its metabolite. Significantly, SMX adduct formation was dose dependent, time 

dependent (i.e. not detectable immediately after SMX exposure), and blocked by 

enzyme inhibitors. The functionality of these adducts were tested in vitro in 

chapter 4 against APCs. Adducts were unable to activate dendritic cells directly 

(upregulation of co-stimulatory receptor expression and MHC class II or 

stimulation of cytokine secretion). However, in a co-culture system containing
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drug-treated necrotic cells, dendritic cells were activated in a concentration- 

dependent fashion. Activated dendritic cells expressed higher levels of co­

stimulatory receptors and secreted high levels of cytokines. To explore the 

antigenicity of SMX-derived protein adducts ex vivo, two mouse models were 

used in chapter 5; (1) administration of SMX-NO (5 mg/kg, 100 pi) via i.p. 

injection to Balb/c mice four times weekly for 2 weeks according to a previously 

described protocol (Naisbitt et al., 2001) and (2) immunisation of mice with drug- 

treated dendritic cells (0.5 x 106, 200 pi) via i.v injection in the lateral tail vein 

followed by splenocyte isolation after 21 days of injection. Splenocytes isolated 

from treated mice were stimulated in vitro with SMX-NO and SMX-derived 

intracellular metabolites, but not the parent drug providing a clear evidence that 

protein adducts generated by dendritic cell metabolism represent functional 

antigens that drive drug-specific immunity.

Data deriving from experiments on human cells from hypersensitive patients 

(chapter 6) confirmed the data derived from mouse experiments in that APCs 

from hypersensitive patients were able to metabolise SMX and the derived 

intracellular adducts were able to stimulate T-cells. Formation of SMX-derived 

protein adducts was time dependent, dose dependent (i.e. increased drug 

concentration was associated with increased adduct levels), and blocked with 

inhibitors of drug metabolising enzymes. Noticeably, metabolism of SMX was 

enhanced in APCs from patients with cystic fibrosis and T-cells from 

hypersensitive patients were stimulated exclusively with SMX-NO or SMX- 

derived metabolites. In contrast, in patients without cystic fibrosis, three clonal
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patterns of MHC-restricted reactivity were detected; SMX-responsive, SMX- 

metabolite responsive and cross-reactive (figure 7.2). These human studies 

represent the first direct evidence to support the (pro)hapten concept as a viable 

model to explain the chemical basis of drug hypersensitivity in humans.

Capsule summary

Antigen presenting cell drug metabolism and subsequent irreversible 

binding of derived SMX metabolites to cellular protein represents an 

important pathway for the generation of functional antigens for T- 

cells. When this pathway combined with specific individual factors 

(e.g. differences in drug metabolism or perturbed immunity) and/or 

disease factors (e.g. accompanying infection or redox imbalance), it 

might explain the increased risk of certain individuals to drug-induced 

hypersensitivity.
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Figure 7.1: Schematic representation of SMX metabolism showing the 

detoxification and oxidative bioactivation pathways. CYP: cytochrome P450, 

MPO: myeloperoxidase, NAT: N-acetyltransferase, SMX: sulfamethoxazole.
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Figure 7.2: T-cell activation in SMX hypersensitive patients. Three 

pathways exist, (1) direct binding of SMX with MHC and specific TCR, (2) 

direct binding of SMX-NO with MHC and specific TCR and (3) binding of 

SMX-NO to a protein to form protein conjugate that undergoes processing and 

liberation of antigenic peptide fragments. The three pathways were observed in 

patients without CF, while pathways 2 and 3 are the exclusive ways for 

activation of T-cells in patients with CF.
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