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Recognition of Sulfamethoxazole and Its Reactive Metabolites
by Drug-Specific CD4" T Cells from Allergic Individuals *

Benno Schnyder?* Christoph Burkhart, ** Karin Schnyder-Frutig,* Salome von Greyerz,*
Dean J. Naisbitt,| Munir Pirmohamed, ' B. Kevin Park," and Werner J. Pichler*™

The recognition of the antibiotic sulfamethoxazole (SMX) by T cells is usually explained with the hapten-carrier model. However,
recent investigations have revealed a MHC-restricted but processing- and metabolism-independent pathway of drug presentation.
This suggested a labile, low-affinity binding of SMX to MHC-peptide complexes on APC. To study the role of covalent vs
noncovalent drug presentation in SMX allergy, we analyzed the proliferative response of PBMC and T cell clones from patients
with SMX allergy to SMX and its reactive oxidative metabolites SMX-hydroxylamine and nitroso-SMX. Although the great
majority of T cell clones were specific for noncovalently bound SMX, PBMC and a small fraction of clones responded to nitroso-
SMX-modified cells or were cross-reactive. Rapid down-regulation of TCR expression in T cell clones upon stimulation indicated

a processing-independent activation irrespective of specificity for covalently or noncovalently presented Ag. In conclusion, our g
data show that recognition of SMX presented in covalent and noncovalent bound form is possible by the same TCR but that the %
former is the exception rather than the rule. The scarcity of cross-reactivity between covalently and noncovalently bound SMX cj—,
suggests that the primary stimulation may be directed to the noncovalently bound SMX. The Journal of Immunology,2000, 164: g
6647—6654. %
o

he majority of hypersensitivity reactions to sulfamethox- compound (nitroso-SMX (SMX-NO)) (7, 8). The nitroso com- 3

I azole (SMXJ comprise morhilliform, cutaneous eruptions pound can bind to thiol groups of proteins (9) and is therefore able ©
(1, 2) and are not thought to be mediated by Abs (3). Im-to covalently modify self-proteins, which in turn might be recog- s
munohistological findings (4) as well as drug-specific T cell pro-nized as neo-Ags by the immune system. In rats the in vivo ad- %
liferation and T cell cytotoxicity in vitro (5, 6) suggest that T ministration of SMX-NO but not of SMX itself resulted in pro- =
lymphocytes are directly involved in these allergic reactions.  duction of anti-SMX IgG Abs (10). Thus, it is usually assumed that %
Like most drugs, SMX is thought to be too small to represent asMX gains its immunogenicity after oxidative metabolism. =
complete Ag. It is not chemically reactive and thus requires me- However, recent investigations have revealed that drugs such as%

tabolism to form a hapten-carrier complex. In vivo it is metabo- ligocaine and SMX, which are considered to be chemically inert, <
lized predominantly in the liver bN-acetyltransferases afd-  can be recognized by drug-specific T cell clones (TCC) (11-15). &
glucuronyltransferase. These biotransformations lead to thehjs recognition required the continuous presence of the drug andg
formation of nontoxic metabolites. To a limited extent, it is also a5 MHC-restricted and very rapid. It could be best explained by &
converted in a cytochrome P-450- and/or myeloperoxidase-catasn ynstable and direct presentation of SMX or lidocaine without S
lyzed reaction to a hydroxylamine metabolite (SMX-hydroxyl- 1equirement for processing or drug metabolism. The relevance of =
amine (SMX-NHOH)) that can be further oxidized to a nitroso hjs form of Ag recognition by preactivated T cells for the sensi-
tization of resting naive T cells to a drug remains unclear. In the
*Clinic of Rheumatology and Clinical Immunology/Allergology, Inselspital, Bern, Case of SMX, it seems feasible that the primary sensitization to
Switzerland; andDepartment of Pharmacology and Therapeutics, University of Liv- SMX occurs to the chemically reactive Compound (i.e_, SMX-NO)
erpool, Liverpool, United Kingdom and that the generated TCC cross-react with low-affinity, nonco-
Received for publication December 16, 1999. Accepted for publication MarChVa|ent|y bound SMX. This hypothesis would be compatible with
23, 2000. . ’ . . .

- - ) the assumption of a crucial role for drug metabolism in most al-
The costs of publication of this article were defrayed in part by the payment of pagﬁ . . . .
charges. This article must therefore be hereby magdxertisemenin accordance  I€rgic reactions to drugs (16). Unfortunately, suitable animal mod-
with 18 U.S.C. Section 1734 solely to indicate this fact. els are not available as yet to study the initial provoking and re-
* This work was supported by Grant 97.0431 of the Federal Office of Education andstimulation of antigenic forms in SMX-induced hypersensitivity.
Science (European Union Research Program BIOMED) and by a grant of the Inter- : . P _
national Program of Animal Alternatives 1998 by Procter & Gamble (both to W.J.P.). Therefore, in this StUdy we addressed this issue by three ap
B.K.P. is a Wellcome Principal Fellow. Furthermore, we would like to thank the proaches: 1) we analyzed whether T cells from allergic and non-
Wellcome Trust for funding a Ph.D. studentship and the British Toxicological Societya”ergic individuals react with SMX and the metabolites SMX-NO
for a Norman Aldridge travel fellowship (both to D.J.N.). .

9 P ( ) ) ) or SMX-NHOH, 2) we generated TCC to SMX and the chemically
2 Current address: Interkantonale Kontrollstelle fiir Heilmittel (IKS), Erlachstrasse 8, . . . . . .
3009 Bern, Switzerland. reactive metabolites and investigated the cross-reactivity in detail,
3B.S. and C.B. contributed equally to this work. and 3) we gssegsed the kinetics of TCR down-rggulatlon in TCC
4 i ! inic Fross-reactive with SMX/SMX-NO. Our data indicate that cross-
Address correspondence and reprint requests to Dr. Werner J. Pichler, Clinic o . . . ;

Rheumatology and Clinical Inmunology/Allergology, Inselspital, PKT 2/D572, Freiburg- feactive T cells can be detected in and isolated from the peripheral
strasse, CH-3010 Bern, Switzerland. E-mail address: werner.pichler@insel.ch T cell pool of drug-allergic individuals but that their appearance is
S Abbreviations used in this paper: SMX, sulfamethoxazole; SMX-NHOH, SMX- g rare event. The majority of drug-reac’[ive T cells from a||ergic
hydroxylamine; SMX-NO, nitroso-SMX; TCC, T cell clone; B-LCL, EBVtrans- 5, iy a1s recognize the noncovalently bound SMX directly and

formed B-lymphoblastoid cell line; LTT, lymphocyte transformation test; GSH, re- - -
duced glutathione. do not respond to SMX-NO-modified APC. This pattern of Ag
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reactivity suggests that in SMX hypersensitivity the major part ofpounds. 2) Alternatively, PBMC were stimulated with the same number of
the primary stimulation may be directed to the noncovalentlydrug-modified, autologous PBMC (*Ag-pulsed APC”). Modification of
bound SMX APC was achieved by incubation of APC with 100 SMX or 100 uM
’ SMX metabolites for 2—8 h. Then APC were washed twice with HBSS and
. irradiated (6000 rad). Ag-pulsed stimulator cells were designated as
Materials and Methods SMX-p, SMX-NHOH-p, and SMX-NO-p, respectively, and were added to
Donor characteristics 1 X 10° cells/well of the responding PBMC. After 5 days, cells were
resuspended, and a 2@d-aliquot was transferred into 96-well U-bottom
PBMC were obtained from four HIV-negative donors. Two of them (KV microtiter plates. Proliferation of these cells was determined by overnight
and KS) had been on SMX without adverse effects, whereas donor UNGhcubation with 0.5uCi of [*H]thymidine. Cells were harvested, and in
experienced symptoms of drug allergy for the first time 10 years ago. Heorporated radioactivity was measured on a scintillation liquid-free beta
developed an erythematous exanthem after therapy with co-trimoxazolgounter (Trace 96; Inotech, Wohlen, Switzerland).
(SMX plus trimethoprim). Two years later, he suffered a generalized ex- ) o .
anthem within 1 day of re-exposure to co-trimoxazole that persisted folGeneration and characterization of specific human CDACC

several days. No specific IgE and IgG Abs against SMX or trimethoprim Ik cultures were generated by stimulation of freshly isolated PBMC with

were detected, but the lymphocyte transformation test demonstrated strorﬁsﬂx SMX metabolit " | ¢ in th It ith
T cell proliferation to SMX (6, 11). The second allergic donor (KG) was a or metabolites continuously preésent in thé cultures or wi

young pharmacist who developed allergic symptoms (exanthem) after b .
ing treated for a urinary tract infection with an unknown sulfonamide. Five ON€ (GSH) was added to some of the cultures at a concentration of 1 mM.

-After 14 days, part of the cultures were restimulated with either autologous
&ﬁ;{i&?}:&;ﬁ%gﬁ;ﬁf?f?@ Ezgl:;atlgsfanthem and dyspnea after worki MC _(;L X 10P/well) and Ag or irradiated PBMC and PHA _Ql.g/ml) for
The HLA type of the donor UNO is A2/26, B44/60, DRB1#01/10, and an additional 14 _da_y;. Aﬁer‘elther one or two stlmulatlons in vitro, T cells
of the donor KG is A2/68. B50/65 DRBl*O%/lS. Thé HLA types o’f the Were cIoneq by _I|m|t|ng dilution as described previously (5). In b!'lef, cells
nonallergic donors are A’1/2, 88lé7, DRB1*03/10 for KV and A28/32, from each individual bulk culture were seeded at a concentration of 1-5

ea}dded drug-modified (pulsed) APC as described above. Reduced glutathi-

* cells/well into 96-well round-bottom microtiter plates and restimulated ©
B17/44, DRB1*07/11 for KS. with 2.5 X 10* allogeneic irradiated PBMC and PHA (dg/ml). Two g
Culture media weeks later, well-growing TCC were harvested, propagated, and tested for =
Ag specificity. g_
The cell culture medium used was RPMI 1640 supplemented with 10% MHC restriction of established TCC was assessed by proliferation as- Q
pooled, heat-inactivated human AB serum (Swiss Red Cross, Bern, Switsays with partially matched heterologous B-LCL as described (2). The =
zerland), 25 mM HEPES buffer, 2 mM-glutamine (Seromed, Fakola, phenotype and monoclonality of TCC was confirmed by immunofluores- o
Basel, Switzerland), 25g/ml transferrin (Biotest, Dreieich, Germany), cence and PCR-based TCR3\nalysis (5). :37
100 pg/ml streptomycin, and 100 U/ml penicillin. TCC were cultured us- . . =
ing medium additionally enriched with 20 U/ml riL-2 (Dr. A. Cerny, In- T Cell proliferation assay 2
selspital, Bern, Switzerland). EBV-transformed B-lymphoblastoid cell :
; - - To determine the responses to noncovalently MHC-presented drugs, TCC %
I'C.‘fes (TB'LhCL)| were gPrO\_NIn in ST(MI 126540 :/Iupmlzeprréesntke)dﬁwnhllo% IFCS (5 X 10* cells/well) were incubated in 96-well U-bottom plates together :
gtrlee to?nc cri]r? Ozgr:gsiooaﬁla);’ eﬁiéi)liin m uffer, 10g/m with 5-10 X 10* B-LCL in 0.2 ml medium in the presence of indicated “=:
ptomycin, p ’ concentrations of Ag. After 48 h, 0&Ci [*H]thymidine was added. Cells %
Drugs used for T cell stimulation were harvested 12 h later, and incorporated radioactivity was determined asg

described above.

SMX was obtained from Hoffmann La Roche (Basel, Switzerland), and To evaluate responses to covalently presented drugs, autologous B-LCL

stock solutions of 10 mg/ml were freshly prepared before use in RPMIwere incubated with indicated amounts of SMX or SMX metabolites in
1640 containing 5% 1 N NaOH. SMX acetate, SMX-NHOH, and culture medium for 2 or 8 h. Ag-pulsed stimulator cells were then washed
SMX-NO were synthesized as described by Naisbitt et al. (17) and werdwice with HBSS and irradiated (3000 rad), anck110* cells were added
>95% pure as assessed by nuclear magnetic resonance and elemental at@/T CC. Proliferation was determined after 48 h as described.

ysis. SMX-acetate was prepared by a standard synthesis with two equiv- L .

alents of acetic anhydride under reflux. Stock solutions (10 mM) wereP€términation of TCR down-regulation

freshly prepared before use in a mixture of 80% RPMI 1640 and 20%c|oned T cells (2.5¢ 10%) were added to 5 10" autologous B-LCL and
DMSO. To facilitate dissolution, 5% 1 N NaOH was added to the mixmre-incubated in 0.2 ml of medium in U-bottom plates in triplicate in the

. B . continuous presence of 1M SMX, SMX-NHOH, or SMX-NO. Alter-
Covalent modification of B-LCL by drug and drug metabolites natively, the same number of T cells was incubated with B-LCL previously
Surface modification of APC by drug and drug metabolites was analyzedpulsed for 15 min with Ag as described above. The plates were centrifuged
by indirect immunofluorescence. B-LCL ¢ 10°%ml) were cultured in 0.5  for 2 min and incubated at 37°C. At various time points, cells were har-
ml serum-containing medium or in 0.5 ml HBSS in the presence of various/ested, washed with PBS containing 0.5 mM EDTA, and stained for 30
concentrations of SMX or SMX-NO at 37°C. After 8 h, cells were washed Min at 4°C with FITC-labeled anti-CD3 (UCHT-1; Dako, Zug, Switzer-
with PBS containing 1% FCS and 0.1% sodium azide (FACS buffer). Therland). The CD3 fluorescence was measured on a Coulter XL flow cytom-
cells were pelleted by centrifugation and incubated with a rabbit anti-SMxeter, and the mean CD3 fluorescence of TCC conjugated with APC without
Ab (1/50) for 30 min at 4°C. The Ab was kindly provided by Dr. E. A. Ag was taken as 100% value.

Cribb (Merck Research Laboratories, West Point, PA). Cells were washed

with FACS buffer and then incubated with FITC-conjugated goat anti- Results

rabbit Ig Ab (1:50; Coulter Immunotech, Zurich, Switzerland) for another Covalent modification of APC by drugs and drug metabolites

30 min at 4°C. After another wash step, the cells were taken up in00 ) ) .
FACS buffer, and fluorescence was analyzed on a Coulter XL flow cytom-TO monitor the degree of haptenation of APC by SMX and its
eter using System Il software version 3.0 (Coulter, Hialeah, FL). reactive metabolites, we incubated B-LCL for 8 h in protein-free
buffer with different concentrations of SMX and SMX-NO. Cova-
lent binding of drug was then visualized using a SMX-specific Ab
As described earlier, SMX is bound to the MHC-peptide complexes withthat had been raised in rabbits immunized with SMX-NO. As Fig.

low affinity and is removed by simple washing procedure (11). In contrastq A shows. SMX-NO at 10QuM concentration was able to co-
covalently associated drug cannot be removed by washing. Taking advan- '

tage of this characteristic, two stimulation procedures were chosen thafalently modify the cell surface of APC. Haptenation of APC was
differed in the stability of drug binding. 1) Stimulation with “soluble Ag.” not diminished by the presence of serum protein. Both the amount
Freshly isolated PBMC (X 10° cells/well) were cultured in 1 ml medium  of positively stained cells as well as the intensity of the staining
in 24-well plates in the continuous presence of 1000 SMX, 100uM  \ya5 comparable irrespective of whether B-LCL had been incu-

SMX-NHOH, or 100uM SMX-NO. Ag provided in coculture were des- . . . . . .
ignated as SMX-s, SMX-NHOH-s, and SMX-NO-s, respectively. Coincu- pated with SMX-NO in protein-free buffer or in medium contain-

bation with Ag allowed noncovalent, weak association of the drug withing 10% human AB serum (compare Fig. A,and C). SMX at
MHC-peptide complexes as well as covalent modification by reactive com1000uM concentration did not lead to detectable cell surface

Lymphocyte transformation test (LTT)
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FIGURE 1. Haptenation of APC by reactive drug metabolites SMX-NO but not by the parent drug SMX. B-L&L1(F/ml) were cultured in 0.5 ml 8
HBSS (AandB) or in 0.5 ml serum-containing medium @\dD) in the presence of 108M SMX-NO (A andC) or 1000uM SMX (B andD) at 37°C =

for 8 h. Then cells were incubated with a rabbit anti-SMX Ab that was detected by a FITC-conjugated secondary Ab. Fluorescence of viable ceIIs@as
analyzed on a Coulter XL flow cytometer. Histograms show specific staining of Ag-pulsed cells (gray), of controls incubated without Ag (bold lines), aad
of controls incubated with Ag and secondary Ab only (thin lines). One representative of three independent experiments is shown.

modification (Fig. 1B andD). Thus, SMX is not metabolized in moderate (stimulation index, 4.7) proliferation to the SMX metab-
the cell culture to a reactive compound in sufficient amounts to belites SMX-NHOH and SMX-NO but not to SMX itself. In con-
detected as neoantigen on the cell surface. trast, PBMC from two nonallergic donors did not respond to either

) ) Ag stimulation.
Stimulation of PBMC by noncovalently and covalently presented

drugsin a LTT Generation of TCC by stimulation with covalently and

To study the role of covalent vs noncovalent drug presentation iftoncovalently presented drug

SMX hypersensitivity, we analyzed the reactivity of PBMC from Different protocols were used to generate SMX-specific TCC with
two SMX-allergic and two nonallergic individuals. Ag was pro- the aim to mimic different forms of sensitization and T cell reac-
vided either in coculture (indicated by -s) or covalently bound ontivation upon Ag encounter in vivo. Coincubation with Ag would
prepulsed APC (indicated by -p) in a 5-day LTT. As Table | lead to noncovalent, weak association of drug and MHC-peptide
shows, the continuous presence of soluble SMX, SMX-NHOH,complexes as well as to covalent modification by reactive com-
and SMX-NO resulted in a strong proliferation to each of thesepounds. Therefore, it will be similar to the initial/primary encoun-
compounds. Stimulation with preincubated and then washeder of T lymphocytes with drugs. However, preincubation of APC
PBMC led to a reproducible weak (stimulation index, 1.3—2.8) towith SMX-NHOH and SMX-NO and subsequent washing will

2202 ‘2 yose |\ uo 1s9nb Aq /B0’ jounwiwu Mg

Table I. Stimulation of PBMC by noncovalently and covalently presented drugs

Proliferative Response (S1)

Allergic donor KG Allergic donor UNO Nonallergic donor KV Nonallergic donor KS
Form of Ag 100 uM 1000 M 100 uM 1000 M 100 uM 1000 M 100 uM 1000 uM
SMX-s 17.2 8.2 20.2 4.8 NDP 1.0 ND 0.8
SMX-NO-s 6.8 ToxX 215 Tox 0.7 Tox 0.6 Tox
SMX-NHOH-s 6.0 Tox 24.7 Tox 0.4 Tox 0.8 Tox
SMX-p 1.0 1.0 1.1 1.0 ND 0.9 ND 1.0
SMX-NO-p 13 Tox 2.8 Tox ND Tox 0.9 Tox
SMX-NHOH-p 2.2 Tox 4.7 Tox 0.1 Tox 0.3 Tox

2 Freshly isolated PBMC from four donors were incubated for 5 days in a standard LTT assay as desddag¢etials and MethodsCells were cultured either in the
continuous presence of 1M or 1000uM of the indicated Ag (-s) or together with autologous PBMC, which had been preincubated with the same dose of the respective Ag,
washed, and irradiated (-p). Proliferative responses are expressed as stimulation index: [(cpm culture with drug)/(cpm culture without drug)]. Proliferation without drug was
regularly less than 500 cpm.

®ND, not done.

¢Tox, the compound was toxic at this concentration.
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Table Il. Summary of TCC generated by stimulation with noncovalently and covalently presented drugs and their metabolites

Number of TCC Specific fér

Primary Stimulation in Vitro Secondary Stimulation in Vitro SMX-s only SMX-NO-p only SMX-NO-p and SMX-s
UNO cloning 1
SMX-s — 1% (8.15,Z 1.1§ 0 0
SMX-p — 1 0 0
SMX-NHOH-p — 5 0 1(N1)
SMX-NO-s — 13 1 (N3) 1 (N2)
SMX-NO-p — 6 0 0
UNO cloning 2
SMX-NHOH/GSH-s SMX-NHOH/GSH-s 31 0 1(NO3)
SMX-NHOH/GSH-s Allo/PHA 30 (SMX3) 0 2 (NO5, NO6)
SMX-NO-s SMX-NO-s 37 (SMX2) 0
SMX-NO-s Allo/PHA 41 (SMX5) 0 1(NO2)
KG cloning 1
SMX-s SMX-s 1 0 0
SMX-s Allo/PHA 1 0 0
SMX-NHOH-s SMX-NHOH 0 0 0
SMX-NHOH-s Allo/PHA 1 (KG1) 1 (KG4) 0
SMX-NO-s SMX-NO-s 0 0 0
SMX-NO-s Allo/PHA 0 0 2 (KG2, KG3)
KG cloning 2
No Ag — 0 0 0
SMX-s — 17 (KG2.1) 0 0
SMX-p — 0 0 0
SMX-NHOH-s — 1 0 0
SMX-NHOH-p — 0 2 (KGNO1) 1 (KGX1)
SMX-NO-s — 6 0 1
SMX-NO-p — 1 0 1

2TCC were generated by limiting dilution from bulk cultures after the indicated stimulation as describMatenials and Methodgs, noncovalently bound drugs; p,
covalently presented compounds). TCC were then tested for their proliferative response to SMX-s and SMX-NO-p.

P Numbers of clones tested positive at least twice for a given Ag.

¢ Designation of representative clones.

lead to exclusive presentation of covalently bound Ag as visualthe same Ag (SMX-NO or SMX-NHOH/GSH, respectively) as
ized by Ab staining. Therefore, it will resemble the situation afterwas used for the first stimulation. 2) Specific T cells were pre-
generation of reactive SMX metabolites and modification of self-served by restimulation with allogeneic PBMC and PHA. A fort-
proteins. The results obtained with individual protocols are sum-ight after secondary stimulation in vitro, TCC were obtained by
marized in Table II. limiting dilution.

In the first set of cloning procedures, PBMC were stimulated  As shown in Table II, the vast majority (97%) of clones from
once either with cocultured Ag or with Ag-pulsed APC. A total of UNO cloning 2 recognized exclusively the chemically inert parent
43 drug-specific TCC could be generated from the SMX-aIIergiccompound SMX. Only four (NO2, NO3, NO5, and NO6) clones
donor UNO by limiting dilution, and the results of the specificity yesponded to both low-affinity associated as well as covalently
analysis are summarized in Table Il (UNO cloning 1). Nonco-poynd SMX. These findings were in agreement with a high pre-
valently presented SMX or coincubated SMX-NHOH and ¢, rsor frequency of T cells specific for SMX-s (1:3,000 PBMC)
SMX-NO were recognized by 4Q .(93%)' of these TCC. Two TCC compared with the frequency of SMX-NHOH-p- or SMX-NO-p-
(clone N1 and N2) showed spt_amflc prol|ferat|c_>r_1 to covalently pre'specific cells (less than 1 in 100,000 PBMC) as determined by
?%néEd |SMX;\IN3HOH/NO aqf(_nlltlfonatlhto brecognltlc_ng ?f SI\S/ISI.XOne limiting dilution analysis (data not shown).

_(C one N3) was specific for the bound oxidative Me kG cloning 1, the following panel of TCC was obtained:
tabolites only. The response of the TCC N2 and N3 to SMX was .
HLA DR10-restricted. The TCR @ elements used by these clones three clones recognized SMX-s only, and one clone (KG4) recog-
' y nized exclusively SMX-NO-modified APC, whereas two others

were VB20 for clone N2 and Y87 for clone N3. Some 30 drug- .
specific CD4 TCC could be generated from donor KG (KG clon (KG2 and KG3) responded to both no.ncovalently associated as
well as covalently bound SMX metabolites.

ing 2). Of these, 25 (83.3%) were specific for SMX-s, two recog-
nized SMX-NO-p, and three were cross-reactive between these
forms of Ag. :

In the second set of cloning procedures, PBMC were stimulateglj]ifsggliism TCC to continuously present SMX or SMX
twice (UNO cloning 2 and KG cloning 1). Initially, cells were
stimulated in vitro by addition of either SMX-NO or SMX-NHOH The TCC obtained from the different cloning protocols were then
to the bulk culture. To prevent spontaneous conversion of SMX-analyzed for their response to SMX and SMX-NO. To this end,
NHOH to the nitroso compound, the antioxidant GSH was added-LCL were used as APC. The Ag was added to the culture and
to some of the cultures at a concentration of 1 mM (17). After 14remained there for the full length of the assay. Fig. 2 shows the
days of culture, cells were restimulated in two different ways. 1)results of a representative panel of clones. With the exception of
Specific T cells were boosted by addition of autologous PBMC andtlone N3, all TCC responded well to SMX in a dose-dependent
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: gmf\lo_s FIGURE 4. Distinct specificity patterns of TCC to noncovalently and

covalently presented SMX. TCC were incubated with B-LCL as APC in

FIGURE 2. Dose-dependent proliferative response of TCC to cocul-the presence of 108M SMX (SMX-s) or SMX-NO (SMX-NO-s). Alter-

tured SMX and SMX-NO. TCC were incubated with B-LCL as APC in the natively, TCC were cultured with APC prepulsed for 8 h with 1081

presence of indicated concentrations of SMX or SMX-NO. After 48 h, SMX (SMX-p) or SMX-NO (SMX-NO-p). Control cultures had no added

proliferation was determined by incorporation 3HJthymidine over an  Ag. After 48 h, proliferation was determined by incorporation f]thy-

additional 8 h. Results are given as mean cpm for triplicate cultures. ~ midine over an additional 8 h. TCC are grouped vertically according to
their pattern of Ag recognition. Results are given as mean cpm for triplicate
cultures and show one representative of the three experiments performed.
nt, not tested.

way. Drug concentration for half-maximal proliferation was be-

tween 10 and 5:M. Clone N3 proliferated strongly to SMX-  pegponse of TCC to covalently bound SMX metabolites

NO-s. The response was still maximal at an Ag dose that for SMX- . .

specific clones was not sufficient to sustain a full response. Thi¥Ve further investigated the response of TCC to APC prepulsed

indicates an efficient presentation of SMX-NO even in the presWith either SMX (SMX-p) or SMX-NO (SMX-NO-p) and com-

ence of serum proteins. All other TCC responded weakly but Sigpe_lred the results with the proliferation generated by coincubation 2

nificantly to SMX-NO-s with a half-maximal concentration com- With the same Ags over the time of the assay (SMX-s and SMX- =

parable to the one observed for SMX. A concentration of SMx-NO-S, respectively). As already mentioned above, the parent com-

NO-s above 50Q:M appeared to be toxic for the cells (18, 19). pound SMX is removed by washing because it is not able to co- é

1 Wolj pspeojumod

ounwi 1 [:mmm//:dy

Therefore, TCC that recognized SMX-s appeared to recognizt¥a|em|¥ quify APC. The results for representative clon_es are é
SMX-NO-s as well, and clones that responded to both SMX-s andghown in Flg. 4 Three patterns qf responses could be dellneated;g
SMX-NO-p did not differ in the way they reacted to coincubated the vast majority of clones proliferated to SMX-s (and also to =
compounds. SMX-NO-s). Data are shown for clones 8.15 KG1 and_ Z1.1. A 2
N-Acetyl SMX is the major urinary metabolite in both rats and Small group of clones (N2, NO2, NO3, and KG2) recognized non- =
humans, accounting for up to 50% of the dose (10, 20). It is noncovalently bound SMX, SMX-NO-s, and additionally covalently 1,
toxic and cannot covalently modify proteins. When a representa®und SMX-NO. A third group (clones N3 and KG4) was specific §
tive panel of SMX-specific TCC was tested for recognition of for covalently bound SMX-NO but could not respond to SMX-s. A
SMX acetate, three of six clones responded significantly to thisummary of these recognition patterns is shown in Fig. 5.
metabolite (Fig. 3). Presentation of SMX-NO does not require processing
Presentation of covalently bound SMX-NO could require uptake
of the hapten-carrier compound and Ag processing. Alternatively,
' the covalent modification of proteins could be processing-indepen-
e Sm;‘_acetate dent and could occur on the surface of the APC. We addressed this
; 104 [ Medium guestion by measuring the kinetics of Ag recognition by specific
2 TCC. The down-regulation of TCR surface expression serves as a
= sensitive measure for such recognition. We monitored TCR ex-
% pression of TCC for 6 h after stimulation of either noncovalently
_a_-, or covalently presented SMX. TCC 8.15, N2, and N3 were chosen
'?E, 2 - L , to represent different patterns of specificity. As shown in Fig. 6, all
o 815 711 N2 SMX3 NO3 KG1 clones responded to their respective Ags by decreased TCR ex-
T cell clone pression within 15 min. This rapid down-regulation is indicative

FIGURE 3. Proliferative response of TCC to SMX acetate. TCC were for.a processmg-lndgpe_ndent Ag presentation. Two fgrther lines of
incubated with B-LCL as APC in the presence of 1Q0@ SMX, SMX evidence support this view. When we pulsed APC with SMX me-
acetate, or medium alone. After 48 h, proliferation was determined bytabolites for different lengths of time, only 15 min of preincubation
incorporation of fH]thymidine over an additional 8 h. Results are given as 0f B-LCL with SMX-NO was required for efficient covalent mod-
mean cpm of duplicate cultures. ification of APC. A further increase in the length of the pulse for
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FIGURE 5.

up to 12 h did not result in a significant increase of the proliferativepound, which then generates
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T cell response (data not shown). Such a short time is generally ngiroteins.
considered sufficient to allow efficient uptake, processing, and pre- A panel of 222 TCC were generated by stimulation with differ-
sentation of Ag (11, 21). Additionally, glutaraldehyde-fixed APC ent forms of the drug to investigate their specificity for labile

were able to present covalently bound SMX-NO (data not shown)MHC-presented or covalently associated SMX. The responding T
cell repertoire in our patients was highly skewed toward the CD4
phenotype. This seems to contradict observations by Hertl et al.
In this study, we addressed the question of primary sensitization t¢22) in which CD8 T cells were predominant in biopsies of a
drugs by assessing the response of peripheral blood T cells froBMX-induced bullous exanthem. The apparent discrepancy might
allergic individuals to SMX and its reactive metabolites. Further-pe due to the particular morphology of bullous exanthem in con-
more, we analyzed the pattern of cross-reactivity of SMX-specificirast to our patients with maculopapular eruptions, where D4
CD4" TCC. Finally, we measured the kinetics of TCR down-reg celis clearly predominate in vivo (N. Yawalkar, unpublished ob-
ulation in representative TCC as a measure of the need for Ageryation). We have shown in previous studies that it is quite pos-

Discussion

uptake and processing.

Freshly isolated blood lymphocytes from drug-hypersensitive
but not from nonallergic individuals proliferated to SMX and SMX
metabolites when the compounds were left in the culture for theIimitation
entire time of the assay. When autologous PBMC were prepulsed )
for up to 8 h with SMX and then used as APC, they did not induce
proliferation of T cells from drug-allergic patients. However, such
pulsing should allow sufficient uptake and metabolism to reactive
compounds to achieve presentation of drug-modified MHC-pep

PBMC were recognized significantly.

sible to generate CD8TCC specific for SMX from drug-allergic
individuals (13). Thus, the predominance of CDZ cells reflects
the in vivo situation in our patients rather than a technical

++
++

Although the majority of TCC (UNO, 96%; KG, 77.7%) were
specific exclusively for noncovalently bound SMX-s, a small frac-
tion of TCC responded to both noncovalent SMX-MHC-peptide
conjugates and nitroso-SMX-modified APC. This clearly demon-
tide complexes. In contrast, SMX-NO- and SMX-NHOH-pulsed strates that the T cell repertoire in SMX-allergic patients is biased
toward the recognition of noncovalently-presented drug. One clone
These data as well as the fast kinetics of TCR down-regulatiorffom donor UNO was obtained from the bulk cultures in the pres-
of TCC upon activation showed that T cells from allergic individ- ence of SMX-pulsed APC. This suggests that the frequency of
uals are able to recognize both labile-associated SMX as well a§MX-specific T cells in some allergic individuals is high enough
SMX-NO bound to the outside of the APC. They provide no ev- to allow the rare outgrowth of clones in the presence of IL-2 but no

idence for an intracellular metabolism of SMX to a reactive com-antigenic pressure.

2087222

10/222

4/222

Schematic representation of the reactivity patterns of TCC derived from two patients with allergy to SMX.

immunogenic drug-modified
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FIGURE 6. Rapid down-regulation of TCR upon recognition of specific Ag. TCC were stimulated with APC in the continuous presence of SMX
(SMX-s) or SMX-NO (SMX-NO-s). Alternatively, TCC were cultured with APC prepulsed for 8 h with 400 of SMX (SMX-p) or SMX-NO
(SMX-NO-p). The cells were stained at the indicated time points for TCR surface expression as desdviatetials and Methods. Results indicate the
percentage of CD3 mean fluorescenceSD calculated from values without added Ag. Data of three independently performed assays are shown.
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In protein-free buffer, SMX-NO but not SMX efficiently hapte- patterns of representative clones N3 and KG4 imply also that
nated the surface of B-LCL. Similar results have been shown preSMX-NO-s covalently modifies APC or that both clones are cross-
viously for neutrophils and lymphocytes (9). Under tissue culturereactive for noncovalently and covalently bound SMX-NO. Ten of
conditions, there might be the possibility that serum proteins com222 TCC generated by different stimulation patterns cross-reacted
pete with cell surface proteins for covalent binding and therebywith SMX presented in a covalently bound form (SMX-NO-p) and
reduce the number of epitopes generated. However, as stainingith noncovalently bound SMX-NO or SMX.
with a SMX-specific Ab shows, the haptenation of APC cell sur- These findings represent the first direct experimental evidence
faces was as efficient in the presence as in the absence of seruhat T cells recognize and are stimulated by SMX-NO. The pres-
protein. When we compared the functional response of TCC anénce of exclusively SMX-NO-reactive clones also supports the
PBMC specific for covalently presented SMX to APC haptenatedview that these T cells have encountered metabolite-modified APC
with SMX-NO in the presence or absence of serum, T cells re-at some time point in their life span. This may happen similarly as
sponded equally well to both types of APC (data not shown). Thigfor trinitrophenyl in the form of haptenated self-peptides (23). Itis
would suggest that both the number of B cell epitopes as well atempting to speculate that the sole presence of such metabolite-
the number of relevant functional T cell epitopes generated byspecific and SMX/SMX-NO-cross-reactive T cells indicates that
SMX-NO are not reduced by the presence of serum protein. ~ SMX metabolites by themselves might cause primary stimulation

Furthermore, there is no indication that the quality or quantity ofof SMX-reactive T cells and thereby initiate drug allergy. How-
epitopes generated by coincubation of APC with SMX is greaterever, several lines of evidence argue against SMX-NO or SMX-
than the one generated by pulsing of cells with SMX-NO. In con-NHOH as the exclusive and primary sensitizer of an SMX-specific
trast, TCC specific for SMX-NO proliferate to SMX-NO-p, usu- immune response. First, PBMC of both allergic patients responded
ally at concentrations that are 10—100 times lower than those ofelatively weakly to SMX-NO-p or SMX-NHOH-p compared with
SMX-s required by SMX-specific TCC (data not shown). Thus, SMX-s. This poor antigenicity could be explained by a low num-
our data indicate that the skewing toward the recognition of nonber of antigenic epitopes generated by the reactive SMX metabo-
covalently presented drug reflects the precursor frequency of spdites. Alternatively, it may reflect a difference in T cell precursor
cific T cells rather than the quantity or quality of available frequencies specific for noncovalently and covalently presented
epitopes. forms of SMX and SMX metabolites. Second, bulk cultures with

It has to be considered that B-LCL may lack the ability to con- Ag in the form of SMX-NO/NHOH-pulsed PBMC gave rise to
vert SMX to reactive metabolites. Therefore, we cannot formallySMX-s-specific rather than SMX-NO-p-specific clones (Table I,
exclude the possibility that covalent presentation of SMX via me-UNO Cloning 1). One could argue that for the generation or de-
tabolism to reactive compounds and subsequent haptenation of itection of SMX-NO-p-specific TCC the APC used (Ficoll-purified
tracellular proteins would lead to structurally different T cell PBMC and B-LCL) were not suitable. For example, they might not
epitopes than those generated after binding of SMX-NO from thehave the appropriate self-peptide required for covalent drug bind-
outside of the cell. In some cases we used PBMC coincubated wittng and presentation embedded in their MHC. However, the pro-
SMX to screen for the presence of SMX and SMX-NO-reactiveliferation of 14 clones in the presence of SMX-NO-pulsed APC
clones within the T cell lines. We did not obtain a different panel demonstrated a sufficient capacity by the chosen APC to presents
of reactivities, i.e., increased frequency of cross-reactive TCCthe respective Ag. Moreover, the Ag-presenting capacity of SMX- &
suggesting that the metabolizing potential of the APC is not cruciaNO-pulsed APC was confirmed by the kinetics of Ag-specific Z
for the specificity of our TCC (data not shown). When we com- down-regulation of TCR surface expression. It has to be stressed {
pared the responses of TCC to drugs continuously present over thkat this presentation did involve binding of the reactive compound o
time of the assay, SMX appeared to be more antigenic tharmo proteins on the outside of the cell but not Ag uptake and pro- %
SMX-NO (Fig. 2). This was not due to an insufficient presentationcessing. Third, although the ratio between SMX-s and SMX-NO-p %
of SMX-NO, as the few clones able to react to SMX-s and SMX- or cross-reactive cells varied between individuals, the great ma- g
NO-s showed similar dose-response curves and required similgority of TCC generated in this study from PBMC by addition of 1,
concentrations for half-maximal proliferation. All the compounds SMX or oxidative SMX metabolites recognized only nonco- S
were prepared as highly (>95%) pure substances; from the datealently presented SMX (and to some extent SMX-NO-s). Thus, it ~
presented, the presence of trace amounts of SMX¢M) present  might be argued that T cell cross-reactivity between covalently
in the SMX-NO stock solutions cannot account for the prolifera- presented SMX metabolites and noncovalently presented SMX is
tive response obtained with the clones that were cross-reactive arile exception rather than the rule. Only 1.8% of all TCC recog-
those that responded to SMX-NO only. Responses to SMX-NHOHized SMX-NO-p exclusively and only 4.5% were cross-reactive
were similar to those of SMX-NO; this can be explained by thecompared with 93.6% responding to SMX-s. If the relevant Ag for
fact that SMX-NO and SMX-NHOH exist in equilibrium in aque- the primary stimulation was indeed covalently bound SMX, one
ous solution. Half of all SMX-specific TCC tested responded towould expect a higher incidence of SMX-specific TCC that also
N-acetyl SMX, the major nontoxic metabolite of SMX excreted in react with SMX-NO-p. We are aware that caution is needed in
human urine. These data are in keeping with our previous obseextrapolating directly from specific T cell numbers to T cell func-
vations of a considerable degree of cross-reactivity of SMX-spetion in the pathogenesis of disease. A detailed functional analysis
cific TCC with SMX derivatives bearing the same sulfanilamide of single-specific and cross-reactive clones will be undertaken to
core structure (15, 16). address this question in the future.

Based on the analysis of a panel of TCC, we could outline three Two further arguments support the hypothesis that the soluble,
patterns of drug recognition. The majority of TCC proliferated in labile-bound SMX might be the relevant Ag even for primary T
response to noncovalently bound SMX and to various degrees toell stimulation. First, the kinetics of TCR recognition are identical
noncovalently bound SMX metabolites. Similar clones generatedvith those of the recognition of peptide Ags and obey the predic-
independently were broadly cross-reactive with other noncotions of the “serial triggering” model (14, 24). This implies that the
valently presented sulfonamides (14), which might explain the addrug-MHC-TCR interaction is sufficiently strong to trigger T cells
ditional reactivity with SMX-NO-s. Only four TCC reacted with and, together with adhesion molecules, may also allow the stim-
the covalently bound SMX-NO but not with SMX-s. The responseulation of naive T cells. Second, the TCC specific for SMX and
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related compounds bear an unbiased array of TCR. Thus, the T cel$.

response is polyclonal and heterogeneous (14). Therefore, it is
likely that already in the phase of T cell induction, SMX interacts

with the MHC-peptide complex in several ways, generating dis-1o.

tinct antigenic determinants each time. Such behavior is better ex-
plained by a noncovalent binding of the drug to the MHC-peptide
complex than by a covalent MHC binding. 1
In conclusion, our data show that recognition of covalently and
noncovalently bound drugs by the same TCR is possible; however,

such cross-reactivity is rather the exception. The dominant prest2:

ence of SMX-s-specific T cells and the scarcity of cross-reactivity
between covalently and noncovalently bound SMX suggests that
the bulk of the primary stimulation is directed to noncovalently
bound SMX.
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