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mmunopathogenesis of hypersensitivity syndrome
eactions to sulfonamides

ANUELA G. NEUMAN, NEIL H. SHEAR, IZABELLA M. MALKIEWICZ, MASUD TAERI,
ORI E. SHAPIRO, NORBERTO KRIVOY, JULIA HABER, MANUEL GOMEZ, JOEL FISH,
OBERT CARTOTTO, and LAWRENCE COHEN

ORONTO, ONTARIO, CANADA AND HAIFA, ISRAEL

Cytokines play a role in the immunopathological and molecular mechanisms of sul-
fonamide-induced hypersensitivity reactions (HSRs). The objective of this study was to
analyze the reliability and correlation between the clinical symptoms observed in
affected patients (n � 86) because of a sulfonamide-induced HSR and their lympho-
cyte toxicity assay (LTA) values. Another goal was to determine the cytokine secretion
in the patient’s sera and their expression in the peripheral blood mononuclear cells
(PBMCs) and to explore whether a correlation exists among positive LTA score, cyto-
kine levels, and HSR occurrence. The final goal is to determine whether these measures
could be used to predict the likelihood of a patient to experience an HSR during
sulfonamide treatment. Such a predictive ability would be valuable to the clinician to
know whether the patient would tolerate sulfonamides or whether an alternative anti-
biotic should be prescribed. The LTA showed a good correlation with the clinical
involvement of patients with hypersensitivity syndromes. In addition, the pro-inflamma-
tory cytokines presented significant differences in patients that had rash, fever, and
organ involvement than in control patients or any of the other patient groups. Expres-
sion of tumor necrosis factor alpha (TNF-�) is significantly higher in patients presenting
rash, fever, and organ involvement versus all other groups. It is concluded that a
positive LTA is a predictor for sulfonamide-induced true HSR. In addition, T-helper cell 1
cytokines [TNF-�, interleukins (ILs) 1 and 2] as well as the chemokine regulated upon
activation, normal T-cell expressed and secreted (RANTES) control the pathogenesis of
sulfonamide-induced HSR and may be used in early diagnosis of the syndrome.
(Translational Research 2007;149:243–253)

Abbreviations: ELISA � enzyme-linked immunosorbent assay; G3PDH � glyceraldehyde-3-
phosphate dehydrogenase; GSH � mitochondrial gluthione; GST � glutathione S transferase;
HSR � hypersensitivity syndrome reaction; IL � interleukin; IFN-� � interferon-gamma; LTA �
lymphocyte toxicity assay; MT � mitochondrial toxicity; NADP � nicotinamide adenine dinu-
cleotide phosphate; PBMC � peripheral blood mononuclear cell; PCR � polymerase chain
reaction; RANTES � regulated upon activation, normal T-cell expressed and secreted; ROS �
reactive oxygen species; RT-PCR � reverse transcriptase polymerase chain reaction; SDH �
succinic dehydrogenase; SJS � Stevens–Johnson syndrome; SMX � sulfamethoxazole; TEN �
toxic epidermal necrolysis; TNF-� � tumor necrosis factor-alpha
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dverse drug reactions account for 5% of all hospital
dmissions and occur in approximately 15% of hospi-
alized patients.1 The majority of these reactions are
ommon and predictable, being primarily based on the
harmacological properties of the drug given. Unpre-
ictable or idiosyncratic, type B reactions pose a major
oncern in clinical practice and drug development pri-
arily because they are not dose-dependent.2 However,

ype B reactions are known to occur at certain doses in
usceptible individuals.3 One of the most common and
otentially fatal adverse drug reactions are hypersensi-
ivity syndromes associated with sulfonamides.1,4 The
ypersensitivity syndrome reaction (HSR) is a host-
ependent drug reaction that is idiosyncratic in nature.
The true HSR is a systemic disease defined by the

riad of fever, rash, and internal organ involvement that
tarts 8–12 weeks after the initiation of therapy.5 An
ncidence of 1/1000 to 1/10,000 exposures is inaccurate
ecause many reactions are common yet under-
eported. Clinical conditions range from simple skin
eactions and general manifestations, such as morbili-
orm rash, urticaria, angioedema, fever, malaise, ana-
hylaxis, bronchospasm, and erythema multiforme, to
kin complications with the highest mortality rates ex-
ibited by Stevens-Johnson syndrome (SJS) and toxic
pidermal necrolysis (TEN), which involve multiorgan
unction impairment5 such as lymphadenopathy, he-
atic dysfunction, hematologic dysfunction, renal dys-
unction, myocarditis, or myosistis.6-8

Sulfonamides are commonly used antibiotic drugs. The
ulfonamide family includes a wide spectrum of different
roducts, including sulfacetamide, sulfadiazine, sulfame-
hoxazole (SMX), sulfisoxazole, sulfamethizole, sulfadox-
ne/pyrimethamine (Fansidar), sulfapyridine, silver sulfa-
iazine, sulfamerazine, sulfamethazine, and the most
idely used sulfa preparation sulfamethoxazole/tri-
ethoprim (Septra, Bactrim).4,9,10

As a high incidence of HSRs to sulfonamides exists,
n approximately 5% of the general population and 10
imes greater in HIV-infected patients, significant re-
earch has been conducted into finding a safe and
eliable method to predict these reactions.4,11-15 The
rug challenge can be complicated and dangerous be-
ause of the potential for cross-reactivity or life-
hreatening adverse reactions. The use of the lympho-
yte toxicity assay (LTA) has been in practice since
9886,16-18 and has recently been validated for SMX in
mmuno-competent and immuno-compromised pa-
ients.18,19 The test is based on reactive metabolites that
re generated using murine18 or canine16,17 hepatic
icrosomes as a source of cytochrome P450 (P450).
uman lymphocytes from patients with suspected
SRs are used as surrogate target cells for safe in vitro
e-challenge.18 g
Lymphocytes are chosen as target cells for 2 main
easons. First, they do not produce reactive metabolites
nd do not contain enzymes, which may interfere with
icrosomal bioactivation of drugs added to culture.
econd, they possess various detoxification enzymes,

ike epoxide hydroxylase and glutathione S transferases
GSTs), and phenotypically express individual variabil-
ty in these enzymes, thus modeling the potential source
f hypersensitivity observed in vivo.
A clear understanding of the processes involved in
SRs will greatly aid in its diagnosis; however, factors

uch as an unclear immunological mechanism, an un-
nown epitope that causes a reaction, and whether the
resence of an immunological recognition is predictive
f a clinical reaction hinders understanding of hyper-
ensitivity reactions.5,10,20-23

Depending on the time course of the reaction, the
echanism of sulfonamide-mediated adverse drug re-

ctions falls into 1 of 2 possible pathways. Immediate-
ype immune-mediated reactions are presented with
ymptoms of urticarial rash that is typically without
ever, occurring approximately 3 days into therapy. IgE
ntibodies raised against the drug are usually present.
he 5-methyl-3-isoxazolyl group on SMX seem to be
ery involved in this immune response.4 Delayed-type
mmune-mediated reactions are typically presented
ith rash and fever, and they may include organ in-
olvement that manifests 1–2 weeks after sulfonamide
herapy is initiated.24 As drug-specific activated T-cell
lones have been found in these patients; this pathway
s considered an immune-mediated HSR. These reac-
ions have limited the therapeutic use of sulfonamides.

HSRs caused by sulfonamide antimicrobials are
ikely a result of a combination of metabolic and im-
unologic factors.10,20,25,26 The dose and duration of

herapy may play a role, as well as defects in the
etabolic pathways, the degree of immunodeficiency,

acterial and viral infections, the degree of reactive
xygen species (ROS) produced, if adduct forma-
ion occurs, and mitochondrial toxicity (MT) is
resent.1,19,23,27 Cellular immune-mediated compo-
ents, such as the T cells and cytokine/chemokine
ediation, which can exacerbate cellular responses,

reate complex pathways that lead to a variety of clin-
cal manifestations.

Significant evidence exists implicating the hapten and
anger hypotheses in the occurrence of sulfonamide-in-
uced HSRs.23 Only a small fraction of SMX undergoes
xidation to a reactive metabolite, which occurs through
YP2C9, generating a hydroxylamine derivative (SMX-
OH) capable of being acetylated or reduced (CYP3A4)
ack to SMX (Fig 1). Further oxidation of SMX-NOH
roduces a nitroso-metabolite (nitroso-SMX) capable of

enerating ROS through a redox cycle and binding cellu-
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ar proteins, thereby completing the process of hapteniza-
ion.4 Redox cycling alone can be detrimental not only to
ellular proteins but to the protective balance of detoxify-
ng molecules as well. Acetylation of SMX-NOH, primar-
ly with N-acetyltransferase 2, helps decrease the available
itroso-SMX for covalent binding.4 In a study on rats
xposed to nitroso-SMX metabolite, Naisbitt et al22 as-
essed the cytokine synthesis by responding to T lympho-
ytes through a quantification of interleukin-4 (IL-4) and
nterferon-gamma (IFN-�) levels. In a previous study with
he same rat model, they demonstrated that administration
f nitroso-SMX resulted in the formation of anti-drug
ntibodies.21 Therefore, the haptenization of the nitroso-
MX might lead to a cellular immune response.
The authors believe that the mitochondrion is criti-

ally damaged when it is exposed to ROS, whereas the
evels of mitochondrial gluthione (GSH) are low (Fig
). When SMX is metabolized via the cytochrome P450
athway, the production of ROS is maintained by de-
oxifying agents such as superoxide dismutase
E.C.1.15.1.1) and GST (E.C.2.5.1.18). While ROS are
eing generated, the redox cycling of SMX-NOH and
itroso-SMX depletes the levels of cytosolic GSH,
hich would lead to a drop in the detoxifying capability
f the mitochondrion and damage from ROS. If apo-
tosis ensues, then the recruitment of chemokines
ould also follow. This effect adds to the inflammatory
rocess and accelerates the cellular necrosis, leading to
n HSR.
The objective of this study is to understand the im-
unopathological mechanism and molecular mecha-

ism of HSRs. The specific aims of the study were to
nalyze the reliability and correlation between clinical
vidence in immune-competent patients who developed
ypersensitivity locally with systemic symptoms
aused by SMX/TMP and the results of their lympho-
yte toxicity assays.
A secondary objective of this study is an analysis of

he cytokine secretion in the sera and their expression in

able I. Mean and standard deviation for the posit

Patient LTA result (n)
LTA for SM
mean (SD

(27) Positive (4) 18.40 (8.45
Negative (23) 6.63 (3.26

� F (43) Positive (24) 20.31 (4.93
Negative (19) 7.84 (3.36

� F � OI (16) Positive (15) 22.30 (8.34
Negative (1) 3.07 (0.00

bbreviations: n, number of patients in the group; R, rash; F, fever;
2.5%; SMX, value indicates cytotoxicity; PPV, positive predictive v
ote: LTA has an excellent positive predictive value for the patien
he peripheral blood mononuclear cell (PBMC) of pa- p
ients that presented sulfonamide-induced HSRs. The
tility of these cytokines [tumor necrosis factor-alpha
TNF-�), IL, and IFN-�] as potential noninvasive
arkers for susceptibility to sulfonamide-induced
SRs has also been evaluated.

ATERIALS AND METHODS

Patients. In the study, 86 individuals presented an
SR to sulfonamides. The patients were referred to the
laxo Welcome-Sunnybrook Drug Safety Clinic for
iagnosis by drug safety clinicians and dermatologists
L.E.S., N.H.S.) 0.5–4 years after presentation of HSR.

clinical pharmacologist and internal medicine spe-
ialist (N.K.) reviewed all clinical data and its correla-
ion with the laboratory data. Some patients who de-
eloped SJS or TEN were hospitalized and treated by
urn surgeons (J.F., R.C., J.H., and M.G.). A hepatolo-
ist (L.C.) was a consultant for the cases that presented
iver involvement. The clinical biochemist and pharma-
ology specialist (M.G.N.) and the laboratory techni-
ian (I.M.) were responsible for the laboratory diagno-
is. Ethical approval for the study was obtained from
he Scientific and Ethics Review Committees of the
unnybrook and Women’s College Health Sciences
entre, and all the patients signed the inform consent to
articipate. Participants in this study underwent in vitro
TA testing with SMX (Table I). The LTA test results
ere correlated with the patient’s clinical data.
The subjects were divided in 2 subgroups as follows:

Patients: 86 patients who had developed a clinical HSR to a

sulfonamide.

Controls: 220 immunocompetent individuals who received sulfon-

amides without developing HSR and voluntarily participated in the

study.

Patients who were hospitalized during an acute epi-
ode of HSR (SJS or TEN) in the burn unit of the
ospital visited the Drug Safety Clinic after they recu-

negative LTA values

PPV NPV Sensitivity Specificity

44.60% 53.40% 40.70% 78.20%

70.50% 81.50% 62.20% 79.10%

86.70% 99.50% 91.90% 99.10%

n involvement; LTA values: positive, MTT � 12.5%; negative, MTT �
V, negative predictive value.
resented with rash, fever, and organ involvement.
ive and

X
)

)
)
)
)
)
)

OI, orga
erated from the active HSR and they agreed to partic-



Translational Research
246 Neuman et al May 2007
Fig 1. Model of hypersensitivity syndrome reaction.
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pate in the study. They accepted to have their labora-
ory diagnostic performed at 2 different times: (1)
uring the acute phase and (2) when they no longer
resented symptoms.
Drugs and chemicals. The tetrazolium salt 3-(4,

-dimethylthiazol-2-yl) 2, 5 diohenyl-tetrazolium bro-
ide (MTT) was obtained from Sigma Chemical Com-

any (St. Louis, Mo). All remaining reagents were of
nalytical grade obtained from the usual commercial
ources.

Laboratory methods. Cytotoxicity assay. The study
sed an in vitro LTA test.18

Microsome preparation. Swiss mice were obtained
rom the National Institutes of Health and were treated
ntraperitoneally with phenobarbital, 10 mg/kg of body
eight per day for 3 days, to induce cytochrome P450

nzymes. Animals were sacrificed in conformity with
rotocol approved by the animal ethics committee. Liv-
rs were removed aseptically and homogenized in 3
olumes (w/v) of 0.15-M KCl. The homogenate was
pun for 10 min at 500 � g. The supernatant was spun
or 15 min at 9000 � g, and the resulting supernatant
as then spun for 1 h at 100,000 � g. The pellet was

esuspended in EDTA/KCl buffer at pH 7.4. The cyto-
hrome P450 activity was verified in the microsomal
raction. Minimal concentration of cytochrome P450 in
he induced microsomes was 1-mol P450/mg protein.
nduced microsomes from phenobarbital-treated mice
howed greater P450 activity than those from mice that
ad not been pretreated with the drug.
Lymphocyte preparation. Fresh, heparinized blood
as diluted 3-fold with minimal essential medium and
as layered on a Ficoll–Paque density gradient. PB-
Cs containing 22% monocytes and 78% lymphocytes
ere collected by centrifugation and suspended in a
EPES-buffered medium. Lymphocytes were then

ounted using a microscope by a technician specialized
n hematological analysis and resuspended at a density
f 2 � 106 cells/mL.
Incubation of lymphocytes. Lymphocytes were incu-

ated at 37°C for 24 h, along with 0.6-mM nicotin-
mide adenine dinucleotide phosphate (NADP),
.24-mM glucose-6-phosphate, and 2-�M glucose-6-
hosphate dehydrogenase as a control (primary con-
rol). The treatments were as follows: lymphocytes plus
arent drug only (secondary control), lymphocytes plus
icrosomes only, and finally lymphocytes plus parent

rug plus microsomes (test group). Microsomal activa-
ion of the parent drug has been previously shown to be
ADP-dependent; thus, the addition of NADP and
lucose-6-phosphate to the culture is crucial to the
roduction of the reactive metabolites.
Each reaction involves the incubation of patient lym-
hocytes (viability �95%) at 37°C with 0.28-mg mi- d
rosomal protein, 0.6-mM NADP, 2.24-mM glucose-6-
hosphate, 2 U of glucose-6-phosphate dehydrogenase,
nd the causative drug. Cytotoxicity was assessed using
he tetrazolium dye MTT (3-{4,5-dimethyl thiazol-2-
l}2,5 diphenyl-tetrazolium bromide). Viable, intact cells
ake up the yellow dye MTT and can convert it to a purple
roduct using the mitochondrial enzyme succinic dehy-
rogenase (SDH) (E.C. 1.3.99.1). The principle behind
he MTT dye conversion test is that lymphocytes harmed
y reactive drug metabolites undergo mitochondrial dam-
ge and lose the ability to convert the dye from MTT to
ormazan. This purple product can be quantitated spectro-
hotometrically at an endpoint mode using 2 wavelengths:
bsorbance is measured at 560 nm, whereas absorbance

t 690 nm is used as a reference.
At the end of the 24-h incubation period, MTT (100
L) was added for 1 h. The cells were lysed, and the
ye was dissolved with 100-�L isopropyl alcohol. The
ytotoxicity was measured using an enzyme-linked im-
unosorbent assay (ELISA) reader. An LTA result

qual to or higher than 12.5% of cytotoxicity was
onsidered to be positive for immunocompetent sub-
ects.18 Each experimental condition using the conven-
ional methodology was studied in triplicate sample,
nd the mean percent of dead lymphocytes was deter-
ined. The change from baseline values (calculated as

ercent dead cells in the presence of drug and murine
epatic microsomes minus the percent of dead cells in
he absence of drug) was used as the measure of
oxicity.

The Maxline Microplate Reader (Molecular Device
orporation, Menlo Park, Calif) was used to determine

he release of cytokines in media. The reader was
onnected to a computer using SOFT MAX software
.3 for Windows to program the template, the temper-
ture, and the kinetic or endpoint-mode of reading
ccording to specific experimental needs for each
ndpoint.

Cytokine measurement. Cytoscreen, Immunoassay
its, Human IL-1, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10,

egulated upon activation, normal T-cell expressed and
ecreted (RANTES), and TNF-�, ELISA (Biosource
nternational, Camarillo, Calif) were used for the quan-
itative determination of cytokines in cell culture me-
ia. The assay is designed to recognize both natural
uman and recombinant human cytokines. The corre-
ation coefficient was linear (r � 0.989) in a concen-
ration range between 2 and 500 pg/mL.

Cytokine expression in PBMC. Total cellular RNA was
solated from PBMC by a modification of the method of
homczynski and Sacchi.17 Taq DNA Polymerase and
mplifier sets for human IL-1, human IL-6, and human
NF-� as well as glyceraldehyde-3-phosphate dehy-

rogenase (G3PDH) control were purchased from
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LONTECH Laboratories, Inc. (Palo Alto, Calif).
olymerase chain reaction (PCR) was performed ac-
ording to the method of Kawarski.18 The cytokine
ene expression was evaluated by RT-PCR. Briefly,
0–400-ng total RNA was reverse transcribed, the
esulting cDNA was amplified with each gene-specific
rimer, and the PCR reaction was optimized for cycle
umber. The IL-1 sequence was as follows: (5=) 5=
AA GGA GAG CAT GGT GGT AGT AGC AAC
AA CG 3= and (3=) 5= TAG TGC CGT GAG TTT
CC AGA AGA AGA GGA GG 3=. The primers for

L-6 were as follows: upstream: 5= ATG AAC TCC
TC TCC ACA AGC GC 3= and downstream (3=): 5=G
AG AGC CCT CAG GCT GGA CTG 3=. For TNF-�,

he primers were as follows: 5= primer- 5=ATG AGC
CT GAA AGC ATG ATC CGG3= and 3= primer: 5=
CA ATG ATC CCA AAG TAG ACC TGC CC 3=. In

ubsequent experiments, the RNA concentration and
CR cycle number were chosen from the linear portion
f the curve for each cytokine. From the product of
everse transcriptase polymerase chain reaction (RT-
CR), 5 �L were used for electrophoresis. The amount
f DNA was normalized for the amount of the house-
eeping G3PDH, which did not change under condition
n these experiments. In each sample, both the cytokine
nd the housekeeping gene, G3PDH, were quantified
nder the same conditions. G3PDH is preferred to
-actin, because levels of the �-actin mRNA have been

ound to be regulated by a variety of agents, whereas
3PDH was reported to be refractory to regulatory

gents.28 The same RT-PCR technique under the con-
itions requested by each cytokine was used to measure
hanges in different samples, which received different
reatments. For the PCR amplification, a Perkin-Elmer
etus DNA Thermal Cycler model 480 (Cetus Corpo-

ation, Emeryville, Calif) was used. PCR products were
eparated in 2% agarose gel. In addition to being the
redicted size, the nature of PCR products was con-
rmed by automated sequencing. For the gel-electro-
horesis, a Gel apparatus (Bio-Rad Laboratories, Her-
ules, Calif) was used. A cDNA synthesis kit was
urchased from Bethesda Research Laboratories, Inc.
Bethesda, Md). The electrophoresis was visualized
ith ethidium bromide, and the image analysis of the

xpression was quantitated with a Phophoimager: SI/
ensitometer (model PST-486) connected to an ana-

ytic, automatic program ImageQantNewT (Molecular
ynamics, Sunnyvale, Calif). Each determination was
erformed in triplicate in at least 3 different cell pop-
lations. The results of the cytokines cellular expres-
ion were presented in percentage with controls at
00% value.
Data analysis. Results are expressed as mean � SD.
tatistical analysis was performed using 1-way analysis o
f variance between the groups. A P � 0.05 was
onsidered as significant.
All statistical analysis was done using SPSS 11.5

SPSS Incorporated, Chicago, Ill). Sensitivity, specific-
ty, positive predictive and negative predictive values,
nd positive and negative likelihood ratios were calcu-
ated using the SPSS 11.5 program.

ESULTS

Patient population. In this study, the following pa-
ients were used: 220 controls (160 women and 60 men)
hat did not present any symptoms of HSRs to sulfon-
mides and 86 patients that had a previous history of
ulfonamide use. The patients with a history of an
dverse reaction and symptoms were placed in one of
he following categories: (1) rash, (2) rash and fever, or
3) rash, fever, and organ involvement. Patients with
ash had a wide range of symptoms: eczema, non-
ollicular papules, blisters, conjunctivitis, desquama-
ion of skin, pruritic, erythematous, and skin vasiculitis.
ever was considered any indication of increased body

emperature. Organ involvement included the follow-
ng: thrombocytopenia, raised liver enzymes, hepatocy-
otoxicity, leukocytosis, eosnophilia, lymphadenopa-
hy, and pancytopenia. The clinical syndrome appears
–56 days after the initial therapy.5

Of the 86 exposed patients, 14 were men with a mean
ge of 46.64 � 28.94 and 72 were women with a mean
ge of 52.07 � 14.40. Of the total 86 patients, 43 had
ymptoms and had positive LTA results and 43 had
linical symptoms and had negative LTA results. Con-
rol population (n � 220) was as follows: 60 male
olunteers (36.42 � 8.64) and 160 female volunteers
49.44 � 21.40). Overall, 2 of 220 control individuals
id not present any symptoms but were positive for
heir LTA, and 218 did not present any symptoms and
ere negative for their LTA values. The statistical

ignificance is shown in the Table I.29 The statistical
nalysis for patients with rash, fever, and organ in-
olvement indicated a sensitivity of 92.90%, suggest-
ng a strong true-positive rate, and a specificity of
9.1%, which nicely identifies patients without the dis-
ase. Of the group of 16 individuals that had presented
ash, fever, and organ, and organ involvement, 12 had
een treated in the burn unit for SJS or TEN. Overall,
of these 12 patients had LTA performed as a diag-

ostic test during the SJS/TEN episode, and it was
epeated in this study 2–4 years after the episode. The
TA remained positive to the drug even after 2–4 years
ost-SMX-induced SJS.
Cytokine results. Cytokines were measured in the sera

f patients 2–4 years after the HSR occurred. The level

f TNF-� for women with positive LTA values was
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tatistically higher than in men with positive LTA val-
es. The level of TNF-� in HSR-LTA-negative patients
id not differ from the normal population (60 pg/mL).

significant correlation of 0.001 was noted for HSR-
TA-positive and higher TNF-�.
Regarding the distribution of cytokine levels in the

era of different groups (controls, rash, rash � fever,
ash � fever � organ involvement) summarized in
able II, the population with only rash presented higher

L-5 levels than controls (P � 0.05) and the other
roups. In patients presenting rash � fever, IL-18 lev-
ls were significantly higher (P � 0.05) than controls
nd subjects with rash only. The patients with true
SRs presented significantly higher values for IL-1,

L-2, and IL-12 (P � 0.001) than all other groups. IL-6
as found to be less in the sera of control patients and
atients presenting only rash. In addition, IL-18 levels
ere significantly higher than patients with rash �

ever (P � 0.05) and patients with just rash (P � 0.001)
r controls (P � 0.001).
Figure 2 presents the values of TNF-�, Fas, and

L-8 in control volunteers, patients presenting rash,
nd patients presenting rash � fever � organ in-
olvement. TNF-� is 6 times more elevated in pa-
ients presenting rash � fever � organ involvement
ersus the controls and patients presenting the same
evels in controls and those with only rash (Fig 2). It
s also 3 times more elevated in individuals present-
ng rash with fever. Fas levels in the individuals
resenting rash � fever � organ involvement are 3
imes more elevated than in patients presenting rash
ith fever pointing to the apoptotic processes in-
olved in the immunopathogenesis of true hypersen-
itivity syndromes. The individuals presenting rash

able II. The distribution of cytokine levels among th

Interleukines pg/mL
(mean � SD) Control (220) Rash

L-1 50 � 15 55 �
L-2 65 � 15 75 �
L-4 78 � 10� 46 �
L-5 25 � 15 66 �
L-6 38 � 10 36 �
L-12 69 � 10 58 �
L-18 130 � 5 110 �
ANTES 50 � 10 45 �

ote: Controls were considered volunteer individuals that took su
atients that took sulfonamide developed only a rash.
P � 0.05 higher than levels in patients with rash and controls.
P � 0.05 higher than the levels in patients with rash and fever an
P � 0.05 higher than controls.
P � 0.001 higher than the levels in patients with rash, rash and fe
P � 0.001 higher than the levels of HSRs patients.
fever � organ involvement had IL-8 levels 5 times (
igher than the levels in the individuals presenting
nly rash or rash with fever or controls. Expressions
f ILs other than TNF-� were not significantly
igher between the patients presenting rash � fever

organ involvement and those presenting only rash.
xpression of TNF-� was significantly elevated in
atients with rash � fever � organ involvement
ersus controls or patients with rash or rash � fever

rent groups studied

Rash � fever (43)
Rash � fever � organ

involvement (16)

80 � 8 180 � 20§

90 � 15 260 � 10§

42 � 4 39 � 4
55 � 10‡ 50 � 15
52 � 8 69 � 6*
72 � 12 195 � 15§

190 � 5* 250 � 10†

55 � 15 150 � 15§

es and did not develop any reactions to the drug; the group of

01 higher than patients with rash and controls.

controls.

ig 2. Correlation among serum levels of TNF-�, Fas, and IL-8 and
he clinical symptoms in patients with HSRs. The levels of TNF-�,
as, and IL-8 were significantly (P � 0.0001) elevated in patients
ith rash � fever � organ involvement (RashFO) as compared with

ontrols and patients that presented only rash or rash � fever (Rash-
ever). TNF-� levels and Fas levels in patients presenting rash �
ever were significantly higher (P � 0.001) versus the control and the
atients presenting only rash. No changes have been observed be-
ween the levels of IL-8 in control and in patients presenting rash or
ash � fever.
e diffe

(27)

10
15
10
10‡

10
10
15
15

lfonamid

d P � 0.0
Fig 3).
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ISCUSSION

It is critical to have an understanding of the biochemical
rocesses that occur during HSR. It allows for a better
omprehension of predisposing factors, potential cross-
eactivity, and the duration of treatment, and it aids clini-
ians in their assessment of further or continued therapy.4

ender is thought to be a predisposing factor; however, in
his study, no significant difference existed between gen-
er-related positive or negative LTA results, and yet
omen were the majority (83.7%) of subjects. This result

ould be, in part, because of the higher percentage of
emale patients referred to the clinic. However, it has been
stablished that gender differences can be based on cyto-
hrome P450 expression, hormonal influence, drug me-
abolism, or obesity.30,31

Current in vitro investigations contribute to under-
tanding of the fundamental biology underlying ad-
erse drug reactions, providing clues to their immuno-
athogenesis. A positive predictive value of 92.3% has
ade the in vitro LTA test a reliable tool for the

iagnosis of the true HSRs caused by sulfonamide
ntibiotics. It is in this respect that an LTA test is most
cknowledged as being a predictor test for true HSR.
Clinical symptoms of rash, fever, and organ involve-
ent that occur in HSRs may be because of the in-

olvement of cells such as neutrophils, monocytes, and
acrophages, as well as specialized cells such as Lang-

rhans cells within keratinocytes.23,32,33 In this study,
he chemoattractant substances such as chemokines
IL-8 and RANTES) were higher in the HSR that
resented the organ involvement when compared with
he individuals that presented less important symptoms

ig 3. Expression of TNF-� in the PBMCs of patients with hyper-
ensitivity syndromes to sulfonamides (Line A). Line B is the ex-
ression of glucose-6-phosphate dehydrogenase, which was taken to
ct as a housekeeping enzyme/cytokine. Column 1: patient presenting
ash � fever � organ involvement after treatment with sulfonamide
ntibiotics has significant (P 	 0.001) expression of TNF-� (686
ics) versus control volunteers (0 pics). Column 2: patient presenting
ash � fever (88 pics). Column 3 and 4: patient presenting rash �
ever � organ involvement (550 pics). Columns 5 and 6: control
olunteers. Columns 7 and 8: patients presenting only rash.
uch as fever. In their review, Rubin and Kretz- g
ommel32 suggest that metabolites of SMX may com-
ete with chloride ions for this pathway producing
rug-free radicals, which are promptly detoxified with
SH conjugation or acetylation. The system requires

ontrolled levels of GSH to maintain low levels of toxic
gents. Depletion of GSH by its use in phase II reac-
ions may leave organelles such as the mitochondria
ulnerable to ROS (Fig 1). Based on this idea, the
pecific mitochondrial enzyme SDH activity (data not
hown) that correlates directly to mitochondrial toxicity
ccurring in HSRs was measured.
Mitochondrial damage may be only part of the com-

lications involved in HSRs, but it is a critical one.
efects in any of the 5 complexes in the respiratory

hain would greatly add to mitochondrial toxicity. The
TA is a marker of one such disorder because it em-
loys the use of SDH (E.C. 1.3.99.1), an enzyme part of
omplex II in the mitochondrial respiratory chain.34 As
DH is very specific to mitochondrial activity, its dys-
unction would indicate cell death when the cell is
tressed. As is the case with the LTA, cells from sus-
eptible individuals have shown high degrees of mito-
hondrial apoptosis when exposed to drug metabolites,
hich would indicate a defective pathway in the respi-

atory chain that most likely involves SDH. Deficiency
n glutathione synthetase (E.C.6.3.2.3) showed in-
reased toxicity to sulfadiazine metabolites generated
ia the hepatic microsomal system. An inherited defi-
iency in GST activity within the target cells is respon-
ible for the development of sulfonamide toxicity in
usceptible individuals.

Cytokines are regulatory peptides that can be pro-
uced by virtually every cell in the body.35-38 The
ytokine family consists of several subfamilies: the ILs;
he TNF family; IL-6 and related cytokines; interferons;
nd chemokines such as IL-8, RANTES, colony-
timulating factors, and others. In most tissues, includ-
ng the liver, constitutive production of cytokines is
bsent or minimal. However, as physiologic and patho-
ogic stimuli activate cells, the production of these
utocrine, paracrine, and endocrine effector molecules
ncrease, and they, in turn, orchestrate the tissue’s re-
ponse to stimuli such as inflammation, apoptosis, and
ecrosis,39-43 but paradoxically they can also mediate
he regeneration of liver tissue after injury.44-46 In this
tudy, the levels of IL-5, a Th2-type response, was
levated in patients with only a rash, pointing to an
llergic type of reaction in these individuals. Further-
ore, patients that had presented a true HSR 2–4 years

arlier had significantly elevated levels Fas and TNF-�.
Cytokines involved in immune responses play a myr-

ad of roles. The T-cell response generated because of
he presence of haptenized SMX metabolites has been

iven much attention.47,48 It has been found that SMX
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dducts can elicit an immune response that can involve
D4� and CD8� T-cells. Immunohistochemical stud-

es of T cells in sulfonamide-induced HSRs have shown
igh levels of perforin and granzyme B, suggesting that
D8� T-cytotoxic cells are involved.1

Inflammatory processes that employ cytokine and
hemokine factors can have a variety of effects. SMX
ay cause subtle changes in the homeostasis of inflam-
atory mediation that may lead to significant effects

Fig 4). The SMX-NOH metabolite is thought to inter-
ere with cell signaling that normally occurs within
BMCs.49 SMX-NOH caused an interference of the
anus kinase–signal transducer and activator of tran-
cription pathway, which led to a disruption in the IL-2
eceptor signaling23 and resulted in higher levels of
FN-�, which meant that there would be an increase in
ell-mediated responsiveness. This process was ob-
erved as an alteration in the signaling cascade leading
o an “immune deviation” changing cytokine produc-
ion within skin or liver cells. These results showing the
igh values of Fas in “true hypersensitivity” are in
oncordance with Abe et al,50 indicating that toxic
pidermal necrolysis and Stevens–Johnson syndrome
re induced by soluble Fas ligand.

ig 4. Biopsy of a 43-year-old woman that presented with an acute
epatic injury because of SMX. The type of the injury is hepatocel-
ular with a large number of lymphocytes producing inflammation.
here is a non-zonal necrosis; some hepatocytes present a large
ucleus. In the upper right corner, a Mallory-like body can be
bserved, whereas in the bottom left corner, apoptotic cells are
etected. H&E � 40.
LTA is a predictor for true HSR. TNF, IL2, IL8, and
ANTES correlate positively with the LTA and sever-
ty of HSR. Validation of the LTA on a larger number
f patients who underwent a true HSR to SMX would
e beneficial. T1-helper cytokine responses (TNF-�)
ontributed to Fas-induced apoptotic processes in the
iver and in the skin. As the patients presented with
evels of TNF
� as high as in TEN with HSR, this
tudy defines a possible common pathway for SJS/
EN. This study finds that both metabolic as well as

mmunologic factors are thought to be involved in
SR.

ONCLUSION

A correlation exists between the severity of symp-
oms observed in affected patients by sulfonamide-
nduced HSR and their LTA values. The patients pre-
enting multiple organ involvement have a high LTA.
or this population and their children, LTA determina-

ion is very important. Standardization of the LTA may
llow this test to become a routine component of diag-
osing an adverse reaction. The test may eventually
elp to elucidate the mechanism of cytotoxicity caused
y metabolites and the pattern of inheritance in defects
f detoxification pathways in patients with hypersensi-
ivity. The TNF-� secretion in the patient’s sera and its
xpression in the PBMC are in correlation with corre-
ponding LTA. The patients with rash, fever, and organ
nvolvement have higher levels of TNF-� than in con-
rol patients or any of the other patient groups. Expres-
ion of TNF-� is significantly higher in patients pre-
enting rash, fever, and organ involvement versus all
ther groups. Moreover, the clinical symptoms of hy-
ersensitivity include fever, fatigue, headache, and my-
lgia, all of which are unspecific and may be induced
y proinflammatory cytokines. A collaborative result of
erum TNF-�, RANTES, Fas, IL8, and LTA may serve
n identifying a population at risk for HRS.

Presented at the 7th International Symposium on Cytokines and
hemokines, Montréal, Québec, Canada, September 7–9, 2005.
The authors wish to thank Mona Kesas as well as Gady Katz for

is editorial and graphic support, which made this article possible.
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