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1 Sulphamethoxazole has been associated with the occurrence of hypersensitivity reactions. There
is controversy as to whether the immune response is metabolism-dependent or -independent. We
have therefore investigated the site of antigen formation and the nature of the drug signal presented
to the immune system in vivo.

2 Male Wistar rats were dosed with sulphamethoxazole, sulphamethoxazole hydroxylamine or
nitroso sulphamethoxazole. Antigen formation on cell surfaces was determined by flow cytometry
using a specific anti-sulphamethoxazole antibody. Immunogenicity was determined by assessment of
ex vivo T-cell proliferation.

3 Administration of nitroso sulphamethoxazole, but not sulphamethoxazole or sulphamethoxazole
hydroxylamine, resulted in antigen formation on the surface of lymphocytes, splenocytes and
epidermal keratinocytes, and a strong proliferative response of splenocytes on re-stimulation with
nitroso sulphamethoxazole. Rats dosed with sulphamethoxazole or sulphamethoxazole hydro-
xylamine did not respond to any of the test compounds.

4 CD4" or CD8™" depleted cells responded equally to nitroso sulphamethoxazole. The proliferative
response to nitroso sulphamethoxazole was seen even after pulsing for only 5 min, and was not
inhibited by glutathione. Responding cells produced IFN-y, but not IL-4.

5 Haptenation of cells by sulphamethoxazole hydroxylamine was seen after depletion of
glutathione by pre-treating the rats with diethyl maleate. Splenocytes from the glutathione-depleted
sulphamethoxazole hydroxylamine-treated rats responded weakly to nitroso sulphamethoxazole, but
not to sulphamethoxazole or sulphamethoxazole hydroxylamine.

6 Dosing of rats with sulphamethoxazole produced a cellular response to nitroso sulphamethox-
azole (but not to sulphamethoxazole or its hydroxylamine) when the animals were primed with
complete Freund’s adjuvant.

7 These studies demonstrate the antigenicity of nitroso sulphamethoxazole in vivo and provide
evidence for the role of drug metabolism and cell surface haptenation in the induction of a cellular

immune response in the rat.
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Introduction

Co-trimoxazole, a combination of sulphamethoxazole and
trimethoprim, is the preferred treatment for Pnuemocystis
carinii pneumonia in patients with HIV-infection. Adminis-
tration of co-trimoxazole is frequently associated with skin
rashes (Naldi et al., 1999). Cutaneous manifestations vary in
the type of clinical presentation; co-trimoxazole and aller-
genic drugs in general cause both mild urticarial rashes and
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severe reactions such as toxic epidermal necrolysis (Barranco
& Lopez-Serrano, 1998; Becker, 1998). Immunohistochemical
analyses of skin at the time of a reaction have revealed a
dermal and epidermal infiltrate of CD4* and CD8" cells,
respectively (Miyauchi et al., 1991; Correia et al., 1993). The
incidence of cutaneous adverse reactions in HIV-infected
patients is much higher than in the general population;
greater than 30% develop allergic symptoms (Coopman et
al., 1993; Koopmans et al., 1995).

Skin rashes are presumed to involve the formation of a
drug-protein conjugate. Conjugation may alter protein
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structure necessary for the maintenance of cell integrity
leading to apoptosis or necrosis (Rieder et al., 1988; 1995;
Hess et al., 1999). However, the most widely accepted view is
that covalent modification leads to perturbation of the host’s
own immune system. Following antigen recognition, the
drug-modified protein is processed and presented in associa-
tion with MHC class I and/or II molecules to T-cells (signal
1) (Coleman & Blanca, 1998; Griem et al., 1998). Signal 1
governs the nature of the immune response (i.e., CD4" or
CD8") (Kalish & Askenase, 1999), while co-stimulatory
signals (signal 2) and/or cytokine synthesis (signal 3)
determine whether antigen presentation results in tissue
damage or tolerance (Curtsinger et al., 1999).

Central to this hypothesis is the formation of a chemically
reactive metabolite (Figure 1). In the liver, sulphamethox-
azole is metabolized to a hydroxylamine (Cribb & Spielberg,
1990; 1992). Sulphamethoxazole hydroxylamine circulates in
blood and tissues and is excreted in human (Gill ez al., 1996;
Mitra et al., 1996) and rat urine (Gill et al., 1997). Further
(auto)oxidation yields a nitroso compound (Cribb et al.,
1991; Naisbitt et al., 1996) that can haptenate proteins,
including the surface of viable lymphocytes (Naisbitt ez al.,
1999). These observations and identification of (a) sulpha-
methoxazole-substituted hepatic proteins in vitro (Cribb et
al., 1996), (b) sulphamethoxazole-substituted serum proteins
and anti-SMX antibodies in patient sera (Meekins et al.,
1994; Daftarian et al., 1995; Gruchalla e al., 1998), and (c)
CD8* dermal T-cells that proliferate in response to
microsome-generated sulphamethoxazole metabolites (Hertl
et al., 1995) are consistent with the involvement of both drug

metabolism and the immune system in the pathogenesis of
drug allergy.

Although drug metabolism is thought to be essential for
immune recognition, recent studies have demonstrated an
alternative (or additive) mechanism that occurs in the absence
of protein conjugation and antigen processing (Mauri-
Hellweg et al., 1995; Schnyder et al., 1997; Zanni et al.,
1998; Von Greyerz et al., 1999). It has been termed the HLA-
restricted, processing- and metabolism-independent pathway
of immune recognition by drugs (Figure 1) (Zanni et al.,
1998). In these experiments, the large majority of T-cell
clones, generated from two sulphamethoxazole-hypersensitive
patients, proliferated in response to sulphamethoxazole, but
not sulphamethoxazole hydroxylamine or nitroso sulpha-
methoxazole (Schnyder et al., 2000;Burkhart ez al., 2001).
Stimulation of sulphamethoxazole required the continuous
presence of the drug (i.e., pre-incubation of sulphamethox-
azole and then washing did not cause a response). These
observations are consistent with an unstable, non-covalent
presentation of sulphamethoxazole. It is of course possible
that both pathways of antigen presentation and/or recogni-
tion are involved in the complex mechanisms of drug allergy.

The aim of these studies was to investigate the role of drug
metabolism in the antigenicity and T-cell reactivity of
sulphamethoxazole in vivo in an experimental model of
immunogenicity. Critical questions to be addressed were:
first, what is the site of antigen formation?; secondly, what is
the nature of the drug signal (i.e., parent drug or protein
reactive metabolite) presented to the immune system?; and
thirdly, what is the role of T-cells, their phenotype and
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Figure 1 Scheme illustrating the proposed mechanisms of sulphamethoxazole hypersensitivity reactions. Pathway | involves
sequential oxidation to the reactive nitroso metabolite that can bind irreversibly to thiol groups of either circulating or cell surface
proteins. Antigen presenting cells process and present the antigenic peptide fragment to T-cells. T-cells proliferate and in the
presence of the appropriate co-stimulatory signals may cause hypersensitivity. Pathway 2, proposed by Pichler et al. (Mauri-Hellweg
et al., 1995; Schnyder et al., 1997; Zanni et al., 1998; von Greyerz et al., 1999), suggests that sulphamethoxazole stimulates T-cell
proliferation, in the absence of drug metabolism and antigen processing, via a direct, reversible interaction between the parent drug
and an antigenic peptide embedded within the MHC binding groove of antigen presenting cells.
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cytokine profile in the immune response? The rat was chosen
as an appropriate animal model for two reasons: first,
metabolism of sulphamethoxazole and the fate of its
oxidative metabolites have been described previously and
shown to be similar to that of man (Gill et al., 1996; 1997,
Mitra et al., 1996); and secondly, specific IgG antibodies have
been identified from rats administered sulphamethoxazole
(Gill et al., 1997).

Methods
Materials

Bromobimane, complete Freund’s adjuvant (CFA), diethyl
maleate, dimethyl sulphoxide (DMSO), dispase, Dulbecco’s
modified Eagles medium (DMEM), EDTA, fluorescein
isothiocyanate (FITC)-conjugated anti-rabbit antibody,
Hanks balanced salt solution (HBSS), L-glutamine, HEPES,
mercaptoethanol, penicillin, sulphamethoxazole, streptomy-
cin, [*H]-thymidine and trypsin were obtained from Sigma
Chemical Co. (Poole, U.K.). Sulphamethoxazole-conjugated
human serum albumin was kindly donated by Prof E.
Gleichmann (Heinrich Heine University, Dusseldorf, Ger-
many). Anti-sulphamethoxazole IgG antibody was raised as
described by Cribb et al. (1996) Fluorescent labelled anti
CD3", CD4*, CD8" and CD25" antibodies were obtained
from Beckman Coulter (Luton, U.K.). Pre-coated ELISA
plates for the determination of IFN-y and IL-4 were from
IDS Ltd. (Tyne and Wear, UK.). MACS anti-rat IgG
microbeads for indirect cell sorting were from Miltenyi
Biotec Ltd. (Surrey, U.K.). Sulphamethoxazole hydroxyla-
mine and nitroso sulphamethoxazole were synthesised
according to the method of Naisbitt et al. (1996) and found
to be >99% pure by LC-MS and NMR. Lymphoprep
(1.077 g ml~") was obtained from Nycomed (Birmingham,
U.K.).

Animals and immunizing protocols

Male Wistar rats between 8—12 weeks old (175—225 g) were
purchased from Charles River U.K. Ltd (Kent, U.K.). For
antigenicity studies (n=4, for each group), sulphamethox-
azole (50—100 mg kg '), sulphamethoxazole hydroxylamine
(50—-100 mg kg=") and nitroso sulphamethoxazole (50—
100 mg kg=") in DMSO (100 ul) were administered by a
single i.p. or i.v. injection. For the immunogenicity studies

(n=4, for each group), sulphamethoxazole (10—
250 mg kg="),  sulphamethoxaozle hydroxylamine (1—
10 mgkg™") and nitroso sulphamethoxaozle (0.01—

10 mg kg~") were administered in DMSO (100 ul; i.p.) four
times weekly for 2 weeks. In separate experiments, rats were
administered test compounds by a single i.p. injection in CFA
(200 pl) containing Mycobacterium tuberculosis. To cause a
depletion of glutathione, certain rats were pre-dosed with
diethyl maleate (4 mmol kg~ ' i.p.) 1 h prior to the adminis-
tration of sulphamethoxazole or sulphamethoxazole hydro-
xylamine. Hepatic and extra-hepatic [peripheral blood
mononuclear cells (PBMC) and splenocyte] glutathione levels
were determined by high performance liquid chromatography
(HPLC) using the fluorescent probe bromobimane (Hamel et
al., 1992).

Antigenicity of sulphamethoxazole, sulphamethoxazole
hydroxylamine and nitroso sulphamethoxazole (in vivo
haptenation)

In preliminary experiments, freshly isolated rat PBMC
(0.5% 10° ml~") were incubated with DMSO, sulphamethox-
azole, sulphamethoxazole hydroxylamine or nitroso sulpha-
methoxazole (1-250 ug ml~') in HBSS for 1 h at 37°C.
Antigen formation on cell surfaces was determined by flow
cytometry using a specific anti-sulphamethoxazole IgG anti-
body (1:500; 40 ul) and a FITC-conjugated anti-IgG
secondary antibody (Naisbitt et al., 1999). Forward and side
scatter were measured simultaneously and the FITC fluores-
cence of cells was acquired on fluorescence channel FL1. The
majority of cells were gated for analysis, and the forward
threshold was raised to exclude cell debris. At least 5000 cells
were analysed from each incubation. Cells incubated with an
anti-IgG isotype control were analysed first and used to set
the parameters for the test samples. The percentage of cells
staining positive for covalently bound sulphamethoxazole was
calculated as the difference in fluorescence intensity when
drug-treated cells were compared with incubations containing
DMSO alone.

In vivo antigen formation on cell surfaces by sulpha-
methoxazole and its metabolites was determined by collecting
blood (4 ml), spleen and skin (4 cm x 2 cm) from rats dosed
with the test compounds. PBMC and red cell depleted
splenocytes were isolated by density centrifugation. Epider-
mal keratinocytes were harvested by incubation of skin with
dispase (0.5%, in phosphate buffered saline; 4 h), followed by
trypsin /| EDTA (0.05% / 0.02%, in phosphate buffered
saline; 7 min). DMEM containing foetal calf serum (10%)
was used to stop the trypsin reaction. Cells found to be
greater than 90% viable, as assessed by trypan blue dye
exclusion, were washed with HBSS (PBMC and splenocytes)
or DMEM (keratinocytes) (2x1 ml) and diluted to the
concentration required for antibody staining. The percentage
of cells staining positive for covalently bound sulphamethox-
azole was calculated as the difference in fluorescence intensity
between drug-treated and control animals.

Immunogenicity of sulphamethoxazole,
sulphamethoxazole hydroxylamine and nitroso
sulphamethoxazole (ex vivo proliferative response)

Blood and spleen were collected from drug- and control-
treated rats. Single cell splenocyte suspensions were prepared
by perfusion with HBSS. Red cells were removed by density
centrifugation with Lymphoprep (600 g; 30 min). Mono-
nuclear cells were washed and viability was assessed by trypan
blue dye exclusion. Cells found to be greater than 95% viable
were resuspended in culture medium (RPMI 1640 supplemen-
ted with heat-inactivated FCS [10%], HEPES [25 mM], L-
glutamine [2 mM], 2-mercaptoethanol [50 um], streptomycin
[100 ug ml~'] and penicillin [100 U ml~']) and incubated
(1.5% 10°/well) with sulphamethoxazole (10—250 pug ml—"),
sulphamethoxazole Nj-acetate (10—250 ug ml~") sulpha-
methoxazole hydroxylamine (1-25 pug ml—'), nitroso sulpha-
methoxazole (1-25 ug ml™'), nitroso  benzene, (1-—
25 ug ml™"), or sulphamethoxazole-conjugated human serum
albumin (1-250 pug ml~') in U-bottomed 96-well plates for
72h (37°C, 5% CO,). To measure proliferation, [*H]-
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thymidine (0.5 pCi) was added to the cultures for 8 h. Cells
were harvested and [*H]-thymidine incorporation was mea-
sured as counts per min on a f-counter (PerkinElmer Life
Sciences, Cambridge, U.K.). Proliferative responses were
calculated as stimulation index (SI; counts per min in drug-
treated cultures/counts per min in cultures with DMSO alone).

Assessment of the mechanism(s) of antigen presentation

To determine the role of cellular haptenation in antigen
presentation, red cell depleted splenocytes (1.5 x 10°/well)
from nitroso sulphamethoxazole treated rats (1 mg kg™')
were pulsed with nitroso sulphamethoxazole (10 pug ml—"')
for 0.1-72 h. To remove unbound drug, cells were washed
with HBSS (2 x 1 ml) and resuspended in culture medium for
the remainder of the incubation period (72 h). Alternatively,
glutathione (300 ug ml~'; 0-72 h) was added to reduce
nitroso sulphamethoxazole (Naisbitt et al., 1996). To measure
proliferation, [*H]-thymidine (0.5 uCi) was added to the
cultures for 8 h. Cells were harvested and [*H]-thymidine
incorporation was measured as counts per min on a ff-counter.
Cell surface antigen formation, within the proliferation assay,
was also determined by flow cytometry using a specific anti-
sulphamethoxazole antibody (Naisbitt et al., 1999).

Assessment of the phenotype of responding T-lymphocytes

Splenocytes from DMSO and nitroso sulphamethoxazole-
treated (1 mg kg™") rats, and T-cells exposed to nitroso
sulphamethoxazole (10 pug ml~'; 72 h) in culture were assayed
for CD4", CD8* and CD25*% expression by dual colour
immunofluorescence using specific monoclonal antibodies. In
addition, T-cell proliferation was determined with CD4" and
CD8* depleted splenocytes (1.5 x 10°/well). Depletion was
performed using immunomagnetic microbeads. Proliferation
was measured by [*H]-thymidine incorporation as described.

Assessment of cytokine synthesis by responding
T-lymphocytes

Supernatants were collected from DMSO and nitroso sulpha-
methoxazole-treated (10 ug ml~') splenocytes on day 2 of
culture. Cytokine production (IL-4, and IFN-y) was quantified
by ELISA using commercially available kits (IDS Ltd; Tyne
and Wear, U.K.). The limit of detection was 5 pg ml~".

Statistical analysis

All data are expressed as mean +s.d. Values to be compared
were analysed for non-normality (Shapiro-Wilk test). Values
were often found to be non-normally distributed, and
therefore, the Mann—Whitney test was used for comparison
of the two groups, accepting P<0.05 as significant.

Results

Cell surface antigen formation by sulphamethoxazole and
its metabolites

In preliminary experiments, using freshly isolated rat PBMC
in vitro, sulphamethoxazole hydroxylamine and nitroso

sulphamethoxazole, but not the parent amine, caused a
concentration-dependent increase in cell surface antigen
formation (Figure 2).

Consequently, PBMC were used as a peripheral marker to
investigate the antigenicity of sulphamethoxazole and its
metabolites in vivo. Administration of nitroso sulphamethox-
azole to male Wistar rats caused a concentration-dependent
increase in antigen formation, while no detectable haptena-
tion was observed with sulphamethoxazole hydroxylamine or
sulphamethoxazole (Figure 3). A significant increase in
antigen formation on the surface of red cell depleted
splenocytes and epidermal keratinocytes was also observed
when nitroso sulphamethoxazole-treated rats were compared
to those that received DMSO (vehicle) alone (Figure 4).
Binding of nitroso sulphamethoxazole to splenocytes
(10.24+4.1%; 100 mg kg=") and keratinocytes (11.944.0%;
100 mg kg~') was similar to that obtained with PBMC
(9.540.6%; 100 mg kg~"). However, approximately 5% of
the keratinocytes gave an intense fluorescent signal indicative
of a cell population particularly susceptible to haptenation
(Figure 4b).

Diethyl maleate binds irreversibly to glutathione and is
frequently used to deplete intracellular glutathione (Boyland
& Chasseaud, 1967; Kubal et al., 1995). In these studies,
diethyl maleate caused a significant depletion of hepatic
(14.6+9.6% of control levels; P<0.05) and extrahepatic
[PBMC (55.0+22.2% of control levels; P<0.05); splenocytes
(51.4+17.6% of control levels; P<0.05)] glutathione.
Administration of sulphamethoxazole hydroxylamine to
diethyl maleate-treated rats caused a significant increase in
antigen formation (9.743.8%; 100 mg kg~'; P<0.05), when
compared with rats administered with sulphamethoxazole
hydroxylamine alone (2.2+1.3% 100 mg kg~'). Nitroso
sulphamethoxazole-modified PBMC were detected in two
out of four diethyl maleate-treated animals administered with
sulphamethoxazole (4.4+1.0 and 5.84+1.5%; 100 mg kg~ ").
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Figure 2 Cell surface haptenation of rat PBMC after incubation
with sulphamethoxazole hydroxylamine or nitroso sulphamethox-
azole, but not sulphamethoxazole, in vitro for 1 h. Fluorescence
intensity of viable cells was analysed by flow cytometry using an anti-
sulphamethoxazole antibody and a FITC-conjugated anti-IgG
secondary antibody. The majority of cells were gated for analysis
and the forward threshold was raised to exclude debris. The results
are expressed as the percentage of positively stained cells from three
experiments carried out in triplicate. Statistical analysis compares the
ability of drugs to haptenate cells with that of the control values
(*P<0.05).
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Figure 3 In vivo cell surface haptenation of rat PBMC after
administration of sulphamethoxazole and its metabolites for 1 h.
PBMC were isolated and haptenation was determination by flow
cytometry using a specific anti-sulphamethoxazole antibody. The
majority of cells were gated for analysis and the forward threshold
was raised to exclude debris. (a) Flow cytometric traces showing
differential staining of PBMC populations from animals administered
DMSO (dotted line) and nitroso sulphamethoxazole (shaded;
100 mg kg~"). (b) Graph showing cell surface haptenation of rat
PBMC after administration of nitroso sulphamethoxazole, but not
sulphamethoxazole hydroxylamine or sulphamethoxazole. The results
are presented as the percentage of positively stained cells from four
rats, incubations carried out in triplicate. Statistical analysis
compares drug-treated rats with animals administered DMSO
(*P<0.05).

Nitroso sulphamethoxazole stimulates a T-cell response in
naive rats

The immunogenicity of sulphamethoxazole, sulphamethox-
azole hydroxylamine and nitroso sulphamethoxazole was
determined by assessment of ex vivo T-cell proliferation.
Splenocytes, but not PBMC, from animals administered with
nitroso sulphamethoxazole (0.01-10 mg kg=') displayed a
concentration-dependent proliferative response on restimula-
tion with nitroso sulphamethoxazole (1-25 ug ml~'; Figures
5 and 6). Concentrations of nitroso sulphamethoxazole above
25 ng ml~' inhibited proliferation; however, these cells
retained their capacity to exclude typan blue. Restimulation
with the structurally related compound nitroso benzene
produced a weak response [stimulation index (SI) 4.2+4+1.0;
P <0.05]. There was no discernible proliferation on restimu-

lation with sulphamethoxazole, sulphamethoxazole hydro-
xylamine, N-acetyl sulphamethoxazole or sulphamethoxazole-
conjugated human serum albumin. Animals administered
sulphamethoxazole, sulphamethoxazole hydroxylamine or
DMSO did not respond to any of the test compounds
(P>0.05).

Certain animals were dosed with diethyl maleate prior to
administration of sulphamethoxazole or sulphamethoxazole
hydroxylamine. Diethyl maleate caused a significant decrease
in glutathione (see above). Glutathione levels were allowed to
recover before the animals were sacrificed. Splenocyte
cultures from sulphamethoxazole hydroxylamine-treated rats
(ST 2.8+1.3; P<0.05; Table 1), but not sulphamethoxazole
(P>0.05), responded weakly to nitroso sulphamethoxazole
(10 ug ml~"). No proliferation was observed with sulpha-
methoxazole or sulphamethoxazole hydroxylamine.

Sulphamethoxazole stimulates a T-cell response in
adjuvant-primed rats

Adjuvants (both endogenous and exogenous) regulate the
quantity and quality of a cellular response to known antigens
by providing signal 2 and/or signal 3 (Vogel, 1998). To
investigate the role of co-stimulation in the immunogenicity
of sulphamethoxazole, rats were administered test com-
pounds in CFA. Splenocytes from nitroso sulphamethox-
azole-treated rats proliferated in response to nitroso
sulphamethoxazole (Table 2). Interestingly, adjuvant-primed
rats dosed with sulphamethoxazole did produce a response,
but only to nitroso sulphamethoxazole (Table 2). Cells from
all rats responded weakly to sulphamethoxazole hydroxyla-
mine, but not to sulphamethoxazole.

T-cell recognition of nitroso sulphamethoxazole requires
cellular conjugation

The role of cellular conjugation in T-cell proliferation to
nitroso sulphamethoxazole was determined by: firstly, pulsing
splenocytes from nitroso sulphamethoxazole-treated rats with
nitroso sulphamethoxazole (10 ug ml~'; 0.1-72 h); secondly,
the addition of glutathione (300 ug ml~—'; 0.1-72 h); and
thirdly, flow cytometric analysis of nitroso sulphamethox-
azole-pulsed cells. Pulsing cultures with nitroso sulpha-
methoxazole and the addition of glutathione, which reduces
nitroso sulphamethoxazole (Naisbitt ez al., 1999), did not
prevent proliferation (Figure 7a, b). These data demonstrate
that T-cell proliferation does not require the continuous
presence of the drug (metabolite). Consistent with these
observations, nitroso sulphamethoxazole bound to the sur-
face of pulsed slenocytes (Figure 7c).

Splenocytes from nitroso sulphamethoxazole-treated rats
did not respond to nitroso sulphamethoxazole-modified
serum protein (i.e., medium incubated with nitroso sulpha-
methoxazole for 5 min, followed by the addition of
glutathione) (Figure 7a).

Phenotypic analysis of nitroso sulphamethoxazole-specific
T-lymphocytes

CD4" and CDS8" depletion experiments were performed
using immunomagnetic microbeads. Depleted cells were
greater than 99.0% CD4" and 99.5% CD8", as determined

British Journal of Pharmacology vol 133 (2)
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Figure 4 In vivo cell surface haptenation of rat splenocyes (a) and
epidermal keratinocytes (b) following the administration of nitroso
sulphamethoxazole for 1 h. Viable cells were isolated using standard
procedures (see Methods) and haptenation was determination by flow
cytometry using a specific anti-sulphamethoxazole antibody. Flow
cytometric traces show differential staining of cells from animals
administered DMSO (dotted line) or nitroso sulphamethoxazole
(shaded; 100 mg kg™"). The results are representive of one out of
four rats.

by dual colour flow cytometry (results not shown).
Splenocyte cultures from nitroso sulphamethoxazole-treated
(1 mg kg~ ") rats, containing either CD4" or CD8" depleted
cells, proliferated in response to nitroso sulphamethoxazole
(Figure 8). No proliferation was observed with sulpha-
methoxazole or sulphamethoxazole hydroxylamine.

T-cells isolated from nitroso sulphamethoxazole-treated rat
spleen were 70.84+3.6% CD4" and 29.24+3.3% CDS8", as
determined by flow cytometry. Of these cells, 5.0+1.4%
CD4" cells expressed the activation marker CD25", whereas
11.3+£4.2% CDS8" cells were CD25" positive. Splenocytes
incubated with nitroso sulphamethoxazole ex vivo for 72 h
were 78.5+2.9% CD4" and 21.5+2.8% CD8*. Of these,
43.04+12.9% of the CD4" cells and 7.84+2.8% of the CD8"
expressed CD25".

Nitroso sulphamethoxazole-specific T-lymphocytes
secrete IFN-y, but not IL-4

Splenocytes from nitroso sulphamethoxazole-treated rats
(I mg kg™") produced IFN-y, but not IL-4, on restimulation
with nitroso sulphamethoxazole (Table 3). Neither IFN-y nor
IL-4 were detectable in cultures containing DMSO or from
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Figure 5 Proliferative response of splenocytes from nitroso sulpha-
methoxazole-treated rats (1 mg kg~ ') cultured with sulphamethoxa-
zole, sulphamethoxazole hydroxylamine or nitroso sulphamethoxazole
for 72 h. Proliferation was determined by incorporation of [*H]-
thymidine over an additional 8 h. The cpm in the control cultures
(DMSO alone) did not exceed 600. Results are presented as mean +s.d.
from four rats, incubations carried out in triplicate. Statistical analysis
compares drug-treated splenocytes with cells containing DMSO
(*P<0.05).

DMSO-treated rats (restimulated with DMSO or nitroso
sulphamethoxazole).

Discussion

Sulphamethoxazole is metabolised to sulphamethoxazole
hydroxylamine—a pro-hapten—in human subjects and la-
boratory animals (Cribb et al., 1990; 1992; Gill et al., 1997).
Further non-enzymatic oxidation yields nitroso sulpha-
methoxazole (Cribb et al., 1991; Naisbitt et al., 1996), an
electrophilic intermediate that, in the absence of glutathione
and/or other antioxidants, binds to sulfhydryl-containing cell
surface proteins (Naisbitt et al., 1999) (Figure 1). Thus,
haptenation is likely to occur only when the critical balance
between bioactivation and detoxication is disturbed. Such a
process has been postulated to be involved in the pathogen-
esis of sulphamethoxazole hypersensitivity reactions, and
would be in line with the classical hapten hypothesis of drug
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Figure 6 Dose-dependent proliferative response of splenocytes from
nitroso sulphamethoxazole-treated rats (0.01—10 mg kg~") cultured
with nitroso sulphamethoxazole for 72 h. Proliferation was deter-
mined by incorporation of [*H]-thymidine over an additional 8 h.
The c.p.m. in the control cultures (DMSO alone) did not exceed 600.
Results are presented as mean+s.d. from four rats, incubations
carried out in triplicate. Statistical analysis compares drug-treated
splenocytes with cells containing DMSO (*P <0.05).

hypersensitivity. However, this basic concept has recently
been questioned (Mauri-Hellweg et al., 1995; Schnyder et al.,
1997; Zanni et al., 1998; Von greyerz et al., 1999): it has been
proposed that sulphamethoxazole binds directly—via a
reversible, non-covalent interaction—to the MHC complex
(or a peptide embedded in the MHC cleft) in the absence of
drug metabolism and antigen processing. In order to further
investigate this, we have developed an animal model of
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Figure 7 Role of cell surface haptenation in the proliferation of
nitroso sulphamethoxazole-specific splenocytes. (a) Splenocytes from
nitroso sulphamethoxazole-treated rats (1 mg kg~') were incubated
with nitroso sulphamethoxazole (10 ugml~!) and glutathione
(300 ug mi™'; 0.1-72 h). (b) Splenocytes from nitroso sulphamethox-
azole-treated rats (1 mg kg=') were pulsed with nitroso sulpha-
methoxazole (10 ug ml~'; 0.1-72 h), washed and resuspended in
drug-free medium for the remainder of the incubation period. After
72 h, proliferation was determined by incorporation of [*H]-
thymidine over an additional 8 h. The results are presented as
mean+s.d. of one representative rat out of four. Statistical analysis
compares drug-treated splenocytes with cells containing DMSO alone
(*P<0.05). (c) Cell surface haptenation of rat splenocytes after
incubation with nitroso sulphamethoxazole in culture medium for
1 h. Fluorescence intensity of viable cells was analysed by flow
cytometry using an anti-sulphamethoxazole antibody. The results are
expressed as the percentage of positively stained cells from three
experiments carried out in triplicate. Statistical analysis compares the
ability of nitroso sulphamethoxazole to haptenate cells with that of
control values (*P <0.05).

sulphamethoxazole immunogenicity in order to delineate (a)
the distribution of cell surface antigen formation; and (b) the
role of drug metabolism in antigen presentation to T-cells.
Previous in vivo studies to characterize hapten formation in
the liver were unsuccessful (Cribb et al., 1996). This may have
been due to the very efficient detoxication mechanisms that
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Figure 8 Proliferative response of CD4" and CDS8" depleted
splenocytes from nitroso sulphamethoxazole-treated rats (I mg kg—")
cultured with nitroso sulphamethoxazole for 72 h. Proliferation was
determined by incorporation of [*H]-thymidine over an additional
8 h. CD4" and CD8" depletion was performed using immunomag-
netic microbeads. The results are presented as mean+s.d. from four
rats, incubations carried out in triplicate. Statistical analysis compares
drug-treated splenocytes with cells containing DMSO (*P <0.05).

are present in the liver, which would have precluded covalent
binding (Gill ez al., 1997; Cribb et al., 1995). In this study, we
have concentrated on the skin since it expresses high levels of
specific CYP isozymes and low thiol levels (i.e. the balance is
in favour of bioactivation), in relation to the liver (Caldwell
et al, 1990; Roos & Merk, 2000), and may therefore
represent an environment susceptible to haptenation by
chemically reactive drug metabolites. In accordance with
this, nitroso sulphamethoxazole, but not sulphamethoxazole
hydroxylamine or sulphamethoxazole, was found to bind to
the surface of keratinocytes, and to a lesser extent, to PBMC
and splenocytes in vivo (Figures 3 and 4). Cell surface antigen
formation was evaluated with a hapten inhibitable antibody
that recognises sulphamethoxazole and its oxidative metabo-
lites, but not other sulphonamides (Gill et al., 1997). Such
binding to cells in organs distant from the site of injection
shows that nitroso sulphamethoxazole is sufficiently stable to
circulate in the periphery. However, it is also likely that in
man, metabolism of sulphamethoxazole to the hydroxylamine

Table 1 T-cell reactivity of sulphamethoxazole and its metabolites in vivo in the rat

Sulphamethoxazole
Chemical treatment (10—250 ug mi~")

Sensitization

Nitroso sulphamethoxazole None <2

Sulphamethoxazole Diethyl <2
hydroxylamine maleate

Sulphamethoxazole Freund’s adjuvant <2

Secondary restimulation®
Sulphamethoxazole hydroxylamine Nitroso sulphamethoxazole
(5-25 ugmi~1) (10 ug mi=1)

<2 15.9+2.8%
<2 2.8+1.3*%
<2 12.4+5.1*

“All values are given as SI. Statistical analysis was performed by comparing the response in drug-treated cultures containing DMSO

(*P<0.05).

Table 2 Secondary proliferative response from adjuvant-primed rats administered sulphamethoxazole or nitroso sulphamethoxazole

Sulphamethoxazole (ug ml~")

Primary stimulation 10 100

Freund’s adjuvant® <2 <2
(200 ul)

+ Sulphamethoxazole® <2 <2
(50 mg kg™ ")

+ Sulphamethoxazole® <2 <2
(250 mg kg™ ")

+ Nitroso sulphamethoxazole® <2 <2
(1 mg kg™")

+ Nitroso sulphamethoxazole® <2 <2
(10 mg kg™ ")

Secondary restimulation®
Nitroso sulphamethoxazole (ug ml~")

250 5 10 25
<2 <2 <2 <2
<2 3.74+2.2% 9.3+4.5% 3.3+1.3*%
<2 3.14+1.2% 3.14+0.5% 4.0+1.3*
<2 7.6+2.9% 12.4+5.1* 5.8+1.5%
<2 3.5+1.8% 7.3+3.1% 4.34+0.4*

“All values are given as SI. Statistical analysis was performed by comparing the response in drug-treated cultures containing DMSO
(*P<0.05). PResults represent the mean +s.d. of four rats, incubations carried out in triplicate. “Results represent the mean +s.d. of one
rat, incubations carried out in triplicate.

Table 3 Cytokines secreted by splenocytes from nitroso sulpamethoxazole-treated rats (1 mg kg™") stimulated ex vivo with DMSO or
nitroso sulphamethoxazole

Rat
Ex-vivo restimulation 1 2 3 4
IFN-y® Dimethyl sulphoxide 3 4 3 5
Nitrososulphamethoxazole® 50 16 4° 153
IL-4° Dimethyl sulphoxide 9 8 4 12
Nitrososulphamethoxazole® 1 6 7 10

Nitroso sulphamethoxazole concentration: 10 ul~'. "The concentration of cytokines in culture supernatant is given in pg ml~' and is
calculated as the mean of duplicate cultures. “Splenocytes from rats 1, 2 and 4 proliferated ex vivo in response to nitroso
sulphamethoxazole. SI 4.2—11.7. Splenocytes from rat 3 did not respond.
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may occur in target tissues, as recently demonstrated for
keratinocytes (Reilly ef al., 2000). Based on our results, and
the demonstration that sulphamethoxazole hydroxylamine
can bind to human keratinocytes (Reilly et /., 2000), it may
be hypothesized that naive T-cells recognise sulphamethox-
azole-conjugated peptides derived from skin; however, this is
unknown at present and requires further investigation.

In a previous study using the same rat model, we showed
that administration of nitroso sulphamethoxazole resulted in
the formation of anti-drug antibodies (Gill et al., 1997). Our
present study extends those findings by showing that
haptenation of the nitroso metabolite also leads to a cellular
response (Table 3). Thus, splenocytes from rats administered
with nitroso sulphamethoxazole, but not sulphamethoxazole
hydroxylamine or the parent drug, responded to nitroso
sulphamethoxazole on restimulation ex vivo (Figure 5). Both
CD4" and CD8* T-cells responded, as shown by CD25"
expression and ex vivo proliferation of CD4" and CD8"
depleted splenocytes. Simultaneous activation of both CD4"
and CD8" T-cells shows that in our model sulphamethox-
azole-conjugated peptides would have been presented by
MHC class IT and MHC class I, respectively. In accordance
with animal models of contact sensitivity (Xu et al., 1996;
Singh et al., 1999), the responding T-cells secreted IFN-y, but
not IL-4, indicating a Th;/Tc; response. Consistent with our
results, IFN-y production has been demonstrated in PBMC
from patients with anticonvulsant-induced toxic epidermal
necrolysis (Leyva et al., 2000; Koga et al., 2000).

These in vivo observations provide unequivocal evidence
that bioactivation of sulphamethoxazole to a chemically
reactive nitroso metabolite is critical for the development of a
primary cellular immune response. A recall response to
sulphamethoxazole was not detected. This contrasts with
previous in vitro studies using cells obtained from sensitized
human subjects (Mauri-Hellweg et al., 1995; Schnyder et al.,
1997; Zanni et al., 1998; von Greyerz et al., 1999). In these
studies, sulphamethoxazole, in the absence of drug metabo-
lism, could act as an antigen and stimulate T-cell prolifera-
tion. In collaboration with Pichler, we have demonstrated
that, although the T-cell repertoire of hypersensitive patients
is skewed towards responses against the parent drug, T-cell
clones that proliferate in the presence of nitroso sulpha-
methoxazole, do exist (Schnyder er al., 2000; Burkhart et al.,
2001). It is possible that both pathways of antigen
presentation are important for drug hypersensitivity reac-
tions. The critical question that remains to be addressed is, to
what extent the two mechanisms contribute towards the
initiation of a primary cellular immune response and to what
extent each mechanism might contribute to the elicitation of
tissue damage.

The response to covalently-bound sulphamethoxazole was
seen after pulsing splenocytes for only 0.1 h (Figure 7b).
These findings demonstrate that the antigenic species is
generated rapidly and provides evidence for the role of drug
metabolism and protein conjugation in recognition of
sulphamethoxazole. The identity of the antigenic protein
(i.e., serum, cellular or both) in the proliferation assay
remains unresolved; however, stimulation of splenocytes with
nitroso sulphamethoxazole, but not splenocytes incubated
with a mixture of nitroso sulphamethoxazole and glutathione
(i.e., sulphamethoxazole-modified serum protein; Figure 7a)
or sulphamethoxazole-conjugated human albumin, suggests

that a cellular protein is the ultimate antigenic species.
Several lines of evidence support this hypothesis. First,
nitroso sulphamethoxazole has been shown to haptenate the
surface of viable PBMC (and splenocytes in the proliferation
assay in these studies), whereas sulphamethoxazole-serum
conjugates were identified only when albumin was chemically
modified to increase the free thiol content (Naisbitt ez al.,
1999). Secondly, studies with the experimental immunogen
dinitrophenol demonstrated that dinitrophenyl conjugated
lymphocytes elicit hypersensitivity reactions to a greater
extent than dinitrophenyl conjugated to serum proteins
(Sjoeberg et al., 1978).

We have previously demonstrated that sulphamethoxazole
hydroxylamine and nitroso sulphamethoxazole undergo
extensive reduction in rats (Gill er al., 1997), suggesting that
detoxication processes are predominant. This is probably the
reason why administration of sulphamethoxazole hydroxyla-
mine did not result in either haptenation or a cellular
response, unless glutathione was depleted, i.e. the balance was
changed in favour of bioactivation.There is a clinical parallel
for this since HIV positive patients have a relative deficiency
of circulating thiols (Eck et al., 1989; Walmsley et al., 1997;
Naisbitt et al., 2000). Taken together with the fact that
sulphamethoxazole hydroxylamine readily circulates in per-
ipheral blood (van der Ven et al., 1995), this may be a major
factor accounting for the high prevalence of sulphamethox-
azole hypersensitivity reactions in HIV-positive patients.

The interaction between a MHC-restricted antigen and the
T-cell receptor (signal 1) is insufficient to stimulate a full
immune response and in the absence of secondary signals,
tolerance supersedes. Secondary signals include pro-inflam-
matory cytokines that act indirectly on antigen presenting
cells by upregulating the expression of co-stimulatory
molecules and polarising cytokines, released from the innate
immune system (Curtsinger et al., 1999). These basic concepts
incorporate a major aspect of the danger hypothesis recently
described by Matzinger (1994; 1998). Exogenous agents such
as lipopolysacarides and teichoic acids of bacterial cell walls
are potent, well-defined danger signals; however, recent
studies show that danger can also be received in the absence
of foreign substances from virally infected cells or cells killed
by necrosis or apoptosis (Gallucci et al., 1999; Shi et al.,
2000). In our model, it is possible that nitroso sulphamethox-
azole provided signal one while danger signals were derived
from the release of inflammatory cytokines produced by
necrotic cells consequent upon the known cytotoxicity of
nitroso sulphamethoxazole (Rieder et al., 1988; 1995). In
these studies, the role of co-stimulation in the immunogeni-
city of sulphamethoxazole was determined by administering
test compounds in CFA, one of the strongest adjuvants
known (Gallucci et al., 1999). Interestingly, splenocytes from
sulphamethoxazole-treated rats proliferated in response to
nitroso sulphamethoxazole, but not sulphamethoxazole
(Tables 1 and 3). These observations provide unequivocal
evidence that (a) nitroso sulphamethoxazole is generated in
vivo; and (b) co-stimulation is required to stimulate an
efficient response. Flow cytometric analysis of cell surface
antigen formation indicated that haptenation could not be
detected after administration of sulphamethoxazole alone.
This may be because the critical antigen is either inaccessible
or that the immune system responds to very small amounts of
highly localised antigen. From these observations, we reason
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that an imbalance between oxidation of sulphamethoxazole
and the reduction of its reactive metabolites, may predispose
to hypersensitivity. However, the decision as to whether
antigen presentation stimulates an immune response, seems to
be determined by the extent of co-stimulation (danger), and
not hapten density. These data are consistent with recent case
reports where hypersensitivity to sulphasalazine was asso-
ciated with the reactivation of human herpesvirus 6 (Suzuki
et al., 1998; Tohyama et al., 1998).

In conclusion, we have demonstrated in an in vivo model
that drug metabolism and cell surface binding is required in
the stimulation of a primary immune response after
administration of sulphamethoxazole and its metabolites. A
response to the proximate toxin (hydroxylamine) and the
parent drug was only observed under non-physiological
conditions; however, these conditions may exist in HIV
positive patients, and may account for the high frequency of
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