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ABSTRACT
Immune-mediated drug hypersensitivity reactions (IDHRs) rep-
resent a significant problem due to their unpredictable and
severe nature, as well as the lack of understanding of the
pathogenesis. Sulfamethoxazole (SMX), a widely used antibi-
otic, has been used as a model compound to investigate the
underlying mechanism of IDHRs because it has been associ-
ated with a relatively high incidence of hypersensitivity. Previ-
ous studies by others showed that administration of 4-(nitroso)-
N-(5-methyl-1,2-oxazol-3-yl)benzenesulfonamide (SMX-NO),
the reactive metabolite of SMX, to rats resulted in the genera-
tion of SMX-specific antibodies and ex vivo splenocyte prolif-
erative responses, as well as haptenation of skin keratinocytes,
circulating peripheral blood mononuclear cells, and spleno-
cytes. The objective of the present study was to further inves-
tigate SMX-NO-protein binding in relationship to its immuno-
genicity. In female DBA/1 mice treated with SMX-NO, varying

degrees of SMX-NO-dependent T-cell responses and SMX-
NO-protein adduct formation were observed in the spleen and
in inguinal, brachial, and axillary lymph nodes. The data sug-
gested a tissue-specific threshold of SMX-NO dosage that
triggers the detection of adducts and immune response. Fur-
thermore, serum albumin and immunoglobulin were identified
as protein targets for SMX-NO modification. It seemed that
these adducts were formed in the blood, circulated to lymphoid
tissues, and initiated SMX-NO-dependent immune responses.
Collectively, these data revealed a causal link between the
deposition of SMX-NO-protein adducts in a lymphoid tissue
and the induction of immune response in that tissue. Our find-
ings also suggest that the immunogenicity of SMX-NO is de-
termined by the immunogenic nature of the hapten, rather than
special characteristics of the adducted protein.

Immune-mediated drug hypersensitivity reactions (IDHRs),
including allergic hepatitis, lupus, cutaneous reactions, and
blood dyscrasias, account for approximately 6 to 10% of all
adverse drug reactions (Adkinson et al., 2002). Although IDHRs
are often referred to as rare (afflicting from 1/100 to 1/100,000
patients), their unpredictable and serious nature makes them a
significant problem in clinical practice and drug development.
Sulfamethoxazole (SMX; chemical structure shown in Fig. 1) is
a widely used antibiotic, and it is particularly effective in the
treatment of Pneumocystic carinii pneumonia in AIDS patients.
Administration of SMX has been associated with a relatively

high incidence of hypersensitivity reactions that manifest as
fever and morbilliform cutaneous reactions (Cribb et al., 1996).
Hypersensitivity syndrome, manifested as fever, rash, eosino-
philia, and hepatotoxicity, has also been reported in some pa-
tients receiving SMX (Berg and Daniel, 1987; Rieder et al.,
1989).

SMX hypersensitivity reactions generally occur 7 to 14
days after the initiation of therapy, which is reminiscent of a
delayed occurrence of immune responses upon antigen stim-
ulation. Immunohistochemical analyses revealed infiltrates
of CD4� and CD8� T cells in the skin of patients afflicted
with SMX-induced cutaneous reactions (Miyauchi et al.,
1991; Correia et al., 1993). Furthermore, it has been demon-
strated that CD4� T cells isolated from SMX-hypersensitive
patients proliferated in response to in vitro restimulation with
both SMX and its reactive metabolite, 4-(nitroso)-N-(5-methyl-
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1,2-oxazol-3-yl)benzenesulfonamide (SMX-NO; chemical struc-
ture shown in Fig. 1) (Schnyder et al., 2000; Burkhart et al.,
2001). Despite the above-mentioned evidence for the involve-
ment of the immune system in SMX hypersensitivity, the
underlying mechanism accounting for the immune reaction
remains to be elucidated. The hapten hypothesis predicts
that a chemically reactive metabolite is generated and binds
to endogenous proteins, and the drug-protein adduct serves
as the antigen. In SMX, its oxidative metabolite, SMX-NO,
has been identified as the protein-reactive intermediate
(Naisbitt et al., 1999, 2001; Reilly et al., 2000; Manchanda et
al., 2002; Summan and Cribb, 2002). It has been demon-
strated that administration of SMX-NO, but not SMX, re-
sulted in cell surface haptenation of skin keratinocytes, cir-
culating peripheral blood mononuclear cells, and splenocytes
(Naisbitt et al., 2001). Previous studies have also demon-
strated that immunization of different species of animals,
including mice, rats, and rabbits with SMX-NO, but not the
parent drug, could induce specific T-cell responses and anti-
SMX antibody production (Gill et al., 1997; Naisbitt et al.,
2001; Farrell et al., 2003). These findings suggest that
SMX-NO is more immunogenic than SMX. One possible ex-
planation is that, compared with animals treated with
SMX-NO directly, those treated with SMX may generate
much less SMX-NO and SMX-NO-protein adducts. This is
supported by the observation that SMX metabolism is com-
promised in mice (Farrell et al., 2003).

In the present study, we set out to investigate whether the
tissue distribution and the nature of drug-protein adducts
are important factors in determining the immunogenicity of
a drug, using SMX as a model compound. Our data revealed
that the deposition of the SMX-NO-protein adducts in lym-
phoid tissues is important in the induction of immune re-
sponses in vivo.

Materials and Methods
Animal Treatment. Female DBA/1 mice (7–10 week of age) were

purchased from The Jackson Laboratory (Bar Harbor, ME), and they
were kept in the Center for Laboratory Animal Care at the Univer-
sity of Colorado Health Sciences Center (Denver, CO) for 1 week
before treatments. For SMX treatment, the animals were injected
i.p. with 50 mg/kg SMX (dissolved in phosphate-buffered saline con-
taining 2% DMSO) or vehicle four times weekly for 3 weeks. Four
days after the last dose, mice were sacrificed, and splenocytes and
lymph node cells were isolated for ex vivo T-cell proliferation assays.
For SMX-NO treatment, mice were injected i.p. with 1, 2, 5, or 10
mg/kg SMX-NO (dissolved in phosphate-buffered saline containing
2% DMSO) or vehicle four times weekly for 1 or 2 weeks. Various
times after the last dose, the mice were sacrificed, and splenocytes
and lymph node cells were isolated for proliferation assays. Some

mice were sacrificed 6 h after the last dose, and the liver, spleen,
blood, and lymph nodes were collected for Western blot analyses to
determine SMX-NO-protein adduct formation.

Immunization. SMX-NO-conjugates of mouse serum albumin
(SMX-NO-MSA) and keyhole limpet hemocyanin (SMX-NO-KLH)
were synthesized by reacting 20 �g of SMX-NO directly with 6 mg of
MSA or KLH dissolved in DMEM. Female DBA/1 mice were injected
s.c. at the base of the tail with SMX-NO-MSA at 50 �g protein/mouse
on days 0, 3, 7, 10, and 14. Complete Freund’s adjuvant (CFA) and
incomplete Freund’s adjuvant (IFA) were included in the first and
third immunization, respectively. One week after the last immuni-
zation, mice were sacrificed, and inguinal lymph nodes (ILN) were
removed for T-cell proliferation assays.

Lymph Node and Splenic T-Cell Proliferation Assay. Female
DBA/1 mice were treated with SMX or SMX-NO or they were immu-
nized with SMX-NO-MSA as described above. Four days after the
last dose of SMX-NO or SMX, or 1 week after the last immunization
with SMX-NO-MSA, mice were sacrificed, and the spleen and the
inguinal, axillary, and brachial lymph nodes were removed. The cells
were pooled from three to five mice, and single-cell suspensions were
prepared. The cells (1 � 106 cells/well) were stimulated with 10
�g/ml SMX-NO, and then they were kept for 4 days in 96-well plates
in DMEM containing 10% fetal calf serum (FCS). During the last
16 h, the cells were pulsed with [3H]thymidine (0.5 �Ci/well), and
T-cell proliferation was determined by thymidine uptake. In some
experiments, serum-free X-VIVO medium (Lonza Walkersville, Inc.,
Walkersville, MD) was used for the lymph node proliferation assays.

Albumin Immunoprecipitation. A goat anti-mouse albumin
antibody (Bethyl Laboratories, Montgomery, TX) was preincubated
for 1 h with protein A/G agarose (Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA) at 4°C to couple the antibody to the beads. Serum
samples from mice treated with SMX-NO or vehicle were precleared
of immunoglobulin by a 1-h incubation with protein G agarose beads
at 4°C. The beads were pelleted by centrifugation at 15,000 rpm for
30 s, and then they were washed once in 50 mM sodium phosphate,
pH 7.4. Subsequently, the beads were boiled in SDS loading buffer to
remove immunoglobulin for SDS-polyacrylamide gel electrophoresis
analysis. The immunoglobulin-depleted supernatant was then sub-
jected to immunoprecipitation overnight at 4°C using the protein
A/G agarose-coupled albumin antibody. Following overnight incuba-
tion, bound albumin was precipitated by centrifugation at 15,000
rpm for 30 s. Beads were washed three times with sodium phosphate,
pH 7.4, and bound albumin was removed by boiling beads in SDS
buffer. Immunoglobulin, albumin, and supernatant fractions were
analyzed by SDS-polyacrylamide gel electrophoresis and immuno-
blotting using rabbit anti-SMX antisera.

Western Blot Analysis. Female DBA/1 mice were treated with
SMX-NO as described above. The animals were sacrificed 6 h after
the last dose, and blood, lymph nodes, spleen, and liver were col-
lected. Serum and various tissue homogenates were prepared. Two
microliters of serum or 50 �g of tissue homogenate samples was
diluted in Laemmli sample buffer (Bio-Rad Laboratories, Hercules,
CA) under reducing conditions, boiled for 5 min, and resolved on 12%
polyacrylamide gels. After being transferred onto nitrocellulose
membranes, nonspecific binding was blocked with 5% nonfat milk.
The blots were probed with a rabbit polyclonal anti-SMX antibody
(1:100; kindly provided by Dr. Craig Svenssen, Purdue University,
West Lafayette, IN), and then they were incubated with horseradish
peroxidase-conjugated goat anti-rabbit IgG antibody (1:2000; Milli-
pore Bioscience Research Reagents, Temecula, CA). Protein signals
were visualized using an ECL Plus Western blotting detection sys-
tem (GE Healthcare, Chalfont St. Giles, Buckinghamshire, UK), and
the data were captured using a Storm 860 system (GE Healthcare).

Results
Induction of Drug-Specific Immune Responses in

Mice Treated with SMX-NO, but Not SMX. FemaleFig. 1. Chemical structures of SMX and SMX-NO.
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DBA/1 mice were treated with either 50 mg/kg SMX four
times weekly for 3 weeks or with 1 mg/kg SMX-NO four times
weekly for 2 weeks. Fours days after the last dose, the spleen,
liver, and various lymph nodes (inguinal, axillary, and bra-
chial) were removed, and T-cell proliferation in response to in
vitro restimulation with SMX-NO was determined. Treat-
ment of mice with SMX-NO resulted in T-cell responses in
both the ILN and the spleen, with a stronger response in the
ILN (Fig. 2A). No immune response was detected in the liver,
or the axillary and brachial lymph nodes (data not shown). In
contrast to those treated with SMX-NO, mice treated with
SMX did not develop immune responses in any of the tissues
described above (Fig. 2B; data not shown).

Interestingly, SMX-NO did not stimulate T-cell prolifera-
tion in DMEM in the absence of FCS, whereas significant
T-cell proliferation was observed in DMEM containing 10%
FCS (Fig. 3). To investigate whether FCS can be replaced by
other proteins to cause T-cell activation, we used X-VIVO
serum-free medium that contains several proteins, including
human albumin, insulin, and transferrin. The data showed
that SMX-NO could stimulate T-cell proliferation in X-VIVO

in the absence of FCS (Fig. 3). These results suggest that
SMX-NO reacts with FCS or other proteins present in the
culture media and that it forms SMX-NO-protein adducts,
which in turn, serve as antigens to stimulate T-cell activa-
tion. This finding argues against the possibility that
SMX-NO stimulates T-cell proliferation through direct mod-
ification of cell surface proteins on antigen-presenting cells.

To determine the time of T-cell response occurrence, ILN
cells were isolated at various times after the last dose of
SMX-NO. The results showed that the ILN cells obtained
from mice 4 days, compared with 2 days or 2 h, after the last
dose of SMX-NO treatment had greater responses to in vitro
restimulation with SMX-NO (Fig. 4A). Furthermore, we
shortened the duration of the SMX-NO treatment (from 2
weeks to 1 week), varied the dose, and compared the levels of
immune responses in different lymphoid tissues. SMX-NO-
dependent T-cell responses were observed in the ILN at all
doses of SMX-NO treatments (2, 5, and 10 mg/kg), with the
strongest response at 5 mg/kg (Fig. 4B). Although T-cell
responses in the spleen were detected in mice treated with
SMX-NO at 1 mg/kg for 2 weeks (Fig. 2A), significant SMX-
NO-dependent immune responses were observed in the
spleen only after the mice were treated at a dose of 5 or 10
mg/kg, but not 2 mg/kg, for 1 week (Fig. 4C). Similarly, T-cell
responses were only observed in the brachial and axillary
lymph nodes at 5 and 10 mg/kg doses (Fig. 4D). No immune
response was observed at any dose in the liver (data not
shown).

Analysis of SMX-NO-Protein Adducts. To determine
whether SMX-NO-dependent T-cell response occurring in a
lymphoid tissue was caused by the deposition of SMX-NO-
protein adducts in that tissue, we performed immunoblot
analyses using various lymphoid tissues obtained from mice
treated with SMX-NO. The levels of SMX-NO-protein ad-
ducts in each tissue varied in relation to the dose of SMX-NO.
High levels of adducts were observed in the ILN at all doses
of SMX-NO treatments (2, 5, and 10 mg/kg; Fig. 5A). How-
ever, the level of SMX-NO-protein adduct formation was very

Fig. 2. SMX-NO-dependent T-cell responses were detected in the ILN
and spleen of mice treated with SMX-NO, but not SMX. Female DBA/1
mice were injected i.p. with 1 mg/kg SMX-NO (dissolved in 2% DMSO; A)
four times weekly for 2 weeks or 50 mg/kg SMX (dissolved in 2% DMSO;
B) four times weekly for 3 weeks. Control mice were injected i.p. with
vehicle. Four days after the last dose, splenocytes and ILN cells were
isolated and pooled from three mice in each group. The cells were cul-
tured (1 � 106 cells/well) in 96-well plate for 4 days in the presence of 10
�g/ml SMX-NO. During the last 16 h, the cells were pulsed with [3H]thy-
midine (0.5 �Ci/well), and T-cell proliferation was measured as cpm. The
cpm of unstimulated splenocyte and ILN cells obtained from SMX-NO
treated mice were 2346 � 151 and 1557 � 341, respectively. Results from
three independent experiments were combined and the values represent
mean � S.E.M. �, P � 0.05 compared with vehicle-treated mice.

Fig. 3. Presence of FCS or other proteins in the culture media is neces-
sary for in vitro restimulation of SMX-NO-dependent T-cell responses.
Female DBA/1 mice were injected i.p. with 1 mg/kg SMX-NO (in 2%
DMSO) or vehicle four times weekly for 2 weeks. Four days after the last
dose, the mice were sacrificed, and the ILN cells were isolated and pooled
from three mice in each group. The cells were resuspended in serum-free
X-VIVO medium, or in DMEM in the presence or absence of 10% FCS.
T-cell proliferation assays were performed as described above. The ex-
periments were carried out in triplicate, and the results represent
mean � S.E.M. The cpm of unstimulated ILN cells obtained from SMX-
NO-treated mice was 1886 � 614. �, P �0.05 compared with vehicle-
treated mice.

Protein Binding and Immunogenicity of SMX-NO 1771



low in the spleen, and the brachial and axillary lymph nodes
when mice were treated with 2 mg/kg SMX-NO. Significant
amounts of adducts were only detected in these tissues at 5
and 10 mg/kg doses (Fig. 5, B and C). This tissue-specific
threshold of SMX-NO dosage that can trigger the detection of
adducts is similar to the tissue-specific threshold that leads
to immune responses, as shown in Fig. 4.

Moreover, SMX-NO-protein adducts that migrated at ap-
proximately 70 kDa, similar to those observed in lymphoid
tissues, were also detected in the sera of mice treated with all
doses of SMX-NO (Fig. 5D). Two additional minor protein
adducts of lower molecular weight were also observed in the
serum of SMX-NO-treated mice (Fig. 5D).

Identification of the SMX-NO-Protein Adducts De-
tected in Mice Treated with SMX-NO. The ILN homoge-
nate was run on gels for Coomassie stains. The Coomassie
bands in the region of 70 kDa were harvested, and then they
were subjected to trypsin digestion and liquid chromatogra-
phy-tandem mass spectrometry (LC-MS/MS) analysis to
identify proteins present. These experiments showed that
albumin was a major component of the 70-kDa band, but they
did not determine whether albumin was adducted by
SMX-NO (data not shown). To determine whether albumin,
other plasma proteins, or a combination are targets for cova-
lent adduction by SMX-NO in vivo, serum samples from
treated mice and vehicle controls were subjected to depletion
of immunoglobulin followed by albumin immunoprecipitation
using an anti-albumin antibody. Subsequently, the SMX-NO-
adducts were probed by immunoblot analysis using anti-
SMX antisera. Both SMX-NO-immunoglobulin and SMX-
NO-albumin adducts were detected in mice treated with
SMX-NO, whereas adducts were not detected in vehicle con-
trols (Fig. 6, A and B). No adducts were detected in the serum
fraction depleted of both immunoglobulin and albumin (data

not shown). The results suggest that the SMX-NO-protein
adducts formed in the blood after SMX-NO administration
may reach the lymphoid tissues to cause SMX-NO-dependent
T-cell responses.

Covalent Modification of Albumin by SMX-NO in
Vitro. SMX-NO has been reported previously to form cova-
lent adducts with proteins, but these adducts have not been
thoroughly characterized (Sanderson et al., 2007). To deter-
mine whether SMX-NO could covalently modify albumin in
vitro, native MSA at 0.5 mg/ml was reacted with 1 �g/ml
SMX-NO. The reaction mixtures were subjected to Western
blot analysis, and SMX-NO-albumin adducts were detected
(Fig. 7A). It has been reported that SMX-NO reacts with
glutathione (Cribb et al., 1991), suggesting its reactivity with
free sulfhydryl. However, whether Cys residues of albumin
are targets of adduction by SMX-NO has not been investi-
gated. To examine this hypothesis, experiments were per-
formed in which disulfide bonds were blocked, and the pro-
tein was then incubated with SMX-NO. To block all Cys
residues, MSA was first reduced by dithiothreitol, and the
free Cys residues were then chemically blocked with iodoac-
etamide (IACD). Reduction of the disulfides before IACD
alkylation was used to provide more stringent conditions
than would be expected with simple alkylation of the native
protein. The proteins with blocked Cys residues were then
incubated with SMX-NO and immunoblotted for adducts.
These experiments clearly showed that the adducts of albu-
min are localized on free Cys residue(s) of MSA, since no
adducts were detected in the samples with preblocked Cys
residues (Fig. 7A).

Although human serum albumin contains only one nondis-
ulfide cysteine residue, mouse serum albumin contains two
(Cys58 and Cys603), and it was not clear from previous
experiments whether one or both of these residues may be

Fig. 4. Evaluation of SMX-NO-depen-
dent T-cell responses in various lym-
phoid tissues of mice treated with
varying doses of SMX-NO. A, female
DBA/1 mice were injected i.p. with 1
mg/kg SMX-NO (dissolved in 2%
DMSO) or vehicle four times weekly
for 2 weeks (days 1, 2, 3, 4, 8, 9, 10,
and 11). At various times (2 h, 2 days,
or 4 days) after the last dose, the mice
were sacrificed, and ILN cells were
isolated and pooled from three mice in
each group. T-cell proliferation upon
restimulation with 10 �g/ml SMX-NO
was determined as described above. B
to D, female DBA/1 mice were injected
i.p. with vehicle or various doses of
SMX-NO (2, 5, and 10 mg/kg dissolved
in 2% DMSO) four times weekly for 1
week (days 1, 2, 3, and 4). Four days
after the last dose (day 8), mice were
sacrificed, and cells were isolated from
the ILN (B), spleen (C), and brachial
and axillary lymph nodes (D), and
they were pooled from three mice in
each group. T-cell proliferation upon
restimulation with 10 �g/ml SMX-NO
was determined as described above.
The experiments were carried out in
triplicate, and the results represent
mean � S.E.M. �, P � 0.05 compared
with vehicle-treated mice.
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targets for SMX-NO adducts. Further attempts were made to
confirm the presence of a Cys adduct. SMX-NO-protein-ad-
ducted native albumin was digested using a combination of
trypsin and chymotrypsin, and the resulting peptides were
separated by LC-MS/MS using an Agilent 1100 series LC/
ESI-MSD trap (Agilent Technologies, Palo Alto, CA). The
MASCOT program was then used to search MS/MS ions from
deconvoluted spectra to identify peptides corresponding to
entries in the SwissProt database and to identify adducts
within peptides using entries in the UniMod database for the
sulfinamide-, sulfenamide-, and semimercaptal-Cys adducts.
Several independent experiments detected peptides, which
are underlined in the sequence shown in Fig. 7B. Although
greater than 50% of the sequence of albumin was covered, the
nondisulfide Cys residues were not detected.

Evaluation of the Immunogenicity of SMX-NO-MSA
in Vivo. SMX-NO-MSA and SMX-NO-KLH adducts were
synthesized as described under Materials and Methods. Fe-
male DBA/1 mice were immunized with SMX-NO-MSA in
conjunction with CFA or IFA. One week after the last immu-
nization, the animals were sacrificed, and ILN were removed.
SMX-NO-dependent T-cell responses were evaluated by ex
vivo restimulation of lymph node cells with SMX-NO and
SMX-NO-KLH. The data demonstrated that the lymph node
T cells proliferated upon in vitro restimulation with SMX-NO
and SMX-NO-KLH, but not KLH (Fig. 8). The result suggests
that SMX-NO-MSA represents an antigenic signal that in-
duces SMX-NO-dependent T-cell responses in vivo.

Discussion
The hapten hypothesis proposes that metabolism of drugs

to form chemically reactive metabolites and their covalent
binding to endogenous proteins are necessary for the gener-
ation of antigens that elicit drug-specific immune responses.
This hypothesis was recently challenged by the finding that

T cells isolated from patients with SMX hypersensitivity
reactions proliferated upon in vitro restimulation by the par-
ent drug, independently of metabolite and covalent binding
to proteins (Mauri-Hellweg et al., 1995; Schnyder et al., 1997,
2000). Although the data are convincing, they do not exclude
the possibility that the initiation of drug-specific immune
response requires drug metabolism. Furthermore, several
studies using various animal species demonstrated that
SMX-NO is much more immunogenic than the parent drug
(Gill et al., 1997; Naisbitt et al., 2001; Farrell et al., 2003).
Consistent with the evidence to support a necessary role of
drug metabolism, our data demonstrated that SMX-NO, but
not SMX, could induce T-cell responses in lymphoid tissues of
mice. The SMX-NO-protein adducts were also detected in
these lymphoid tissues. The dose of SMX-NO treatment that
caused greater amount of adduct deposition in a tissue also
induced a greater SMX-NO-dependent T-cell response in that
tissue. These findings suggest that the potential for SMX to
cause immune responses in vivo is determined by 1) the
amount of reactive metabolite formed, 2) the extent of cova-
lent binding to proteins, and 3) exposure of the drug-protein
adducts to the immune system.

It has been shown that SMX metabolism is compromised in
mice (Farrell et al., 2003); thus, compared with mice treated
with SMX-NO directly, mice treated with SMX may generate
less SMX-NO and SMX-NO-protein adducts. In SMX treat-
ment, the protein adducts formed within the target cells during
metabolism need to be released to be ‘‘seen’’ by the immune
system, whereas after SMX-NO treatment, the protein adducts
are likely formed in the circulation and they are more readily
‘‘exposed’’ to the immune system. Previous studies comparing
the immunogenicity of SMX and SMX-NO demonstrated T-cell
responses within the spleen of animals treated with SMX-NO
(Naisbitt et al., 2001; Farrell et al., 2003). Additional lymphoid
tissues were investigated in this study. SMX-NO-dependent

Fig. 5. Detection of SMX-NO-protein
adducts in various tissues of mice
treated with SMX-NO. Female DBA/1
mice were injected i.p. with vehicle or
various doses of SMX-NO (2, 5, and 10
mg/kg dissolved in 2% DMSO) four
times weekly for 1 week. Six hours
after the last dose, the mice were sac-
rificed to collect various tissues, in-
cluding ILN (A), spleen (B), brachial
and axillary lymph nodes (C), and se-
rum (D). Two microliters of serum or
50 �g of various tissue homogenate
samples were diluted in Laemmli
sample buffer and resolved on 12%
polyacrylamide gels. After transfer
onto nitrocellulose membranes, the
blots were probed with a rabbit anti-
SMX antisera (1:100 dilution). Molec-
ular mass markers are indicated on
the right.

Protein Binding and Immunogenicity of SMX-NO 1773



T-cell responses were observed in the spleen, as well as in the
inguinal, brachial, and axillary lymph nodes, although the de-
gree of the response varied in each tissue in relation to the dose
of SMX-NO treatment (Fig. 4). Furthermore, the presence of
FCS or other proteins in cell culture medium during ex vivo
SMX-NO stimulation is necessary for the elicitation of T-cell

responses (Fig. 3). These data suggest that the ex vivo T-cell
response is elicited by hapten-protein conjugates generated in
the medium and not via direct binding of SMX-NO to cell
surface proteins. It is highly likely that the antigen-presenting
cells may take up the SMX-NO-protein adducts and present the
antigen to the T cells.

Furthermore, SMX-NO-protein adducts were detected in
the serum, as well as in various lymphoid tissues, where
SMX-NO-dependent T-cell responses were induced (Fig. 5).
There are three possible explanations for the detection of
SMX-NO-protein adducts in tissues distant from the site of
injection. First, SMX-NO may be stable enough to circulate
in the periphery and reach these tissues, in which it forms
protein adducts. Second, SMX-NO may noncovalently asso-
ciate with serum albumin, which protects it from being de-
graded before reaching the lymphoid tissues. Third, SMX-NO
may covalently bind to plasma proteins, and the adducts can
subsequently travel to the lymphoid tissues. Our identifica-
tion of immunoglobulin and albumin adducts of SMX-NO
negated the possibility of noncovalent association. Given the
high ratio of the blood flow to blood volume in mouse, it is
possible that SMX-NO can reach significant concentrations

Fig. 6. Identification of albumin and immunoglobulin as targets for
SMX-NO covalent modification in the sera of mice treated with SMX-NO.
Female DBA/1 mice were injected i.p. with SMX-NO (2 mg/kg in 2% DMSO)
or vehicle four times weekly for 1 week. Six hours after the last dose, mice
were sacrificed, and serum was prepared. Immunoglobulin and albumin
were purified from the serum samples and probed for SMX-NO-adducts
using rabbit anti-SMX antisera. The sample lanes were loaded with the
immunoglobulin (A; 5 �l) or albumin (B; 5 �l) fractions of the serum samples
obtained from mice treated with vehicle (lanes 1–3) or SMX-NO (lanes 4–6).
Molecular mass markers (M) are indicated on the right.

Fig. 7. SMX-NO covalently binds to cysteine residues of albumin in vitro.
A, immunoblot detection of SMX-NO adducts of MSA using a rabbit
anti-SMX antisera in the following samples: native unreacted MSA (lane
1), SMX-NO reacted with MSA in which the Cys residues were blocked by
IACD after reduction by dithiothreitol (lane 2), and SMX-NO reacted
with native MSA (lane 3). Molecular masses are indicated on the right.
(B) Sequence coverage of SMX-NO-reacted native MSA. Underlined bold
indicates peptides identified by LC-MS/MS analysis. Shaded italic bold
indicates nondisulfide Cys residues.

Fig. 8. Immunization of mice with SMX-NO-MSA adducts induced SMX-
NO-dependent-specific T-cell responses in vivo. Female DBA/1 mice were
injected s.c. at the base of the tail with SMX-NO-MSA (50 �g protein/
mouse) on days 0, 3, 7, 10, and 14. CFA and IFA (50 �l) were included in
the first and third immunization, respectively. One week after the last
immunization, mice were sacrificed, and the ILN cells were isolated and
pooled from three mice. Drug-specific T-cell responses were evaluated by
in vitro restimulation of ILN cells with SMX-NO (10 �g/ml; A), and 30
�g/ml SMX-NO-KLH or KLH (B). The experiments were carried out in
triplicate, and the results represent mean � S.E.M. �, P � 0.05 compared
with cell alone or KLH stimulation.
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at a site distant from where it is formed or administered.
Therefore, SMX-NO-protein adducts may be formed in the
lymphoid tissues locally, or the SMX-NO-protein adducts
were formed in the circulation, and then they were distrib-
uted to the lymphoid tissues and initiated immune re-
sponses. Furthermore, our data revealed a threshold of
SMX-NO dosage above which SMX-NO-protein adducts could
be detected, and this threshold varied for different lymphoid
tissues (Fig. 5). These data indicated a causal link between
the deposition of SMX-NO-protein adducts in a lymphoid
tissue and the induction of immune response in that tissue.

It has been proposed that the nature of the protein that is
covalently modified by the reactive metabolite of a drug may
be important in determining the immunogenicity of the drug-
protein adduct. However, our data demonstrated that 1) im-
munoglobulin and albumin were targets for SMX-NO binding
in the serum (Fig. 6); 2) in the absence of these proteins in
X-VIVO serum-free medium, SMX-NO still induced T-cell
proliferation (Fig. 3); and 3) SMX-NO-MSA administration
could elicit SMX-NO-dependent T-cell response (Fig. 8).
These findings suggest that protein covalent modification by
SMX-NO is not selective. That albumin and immunoglobulin
were the primary targets is most likely due to their abun-
dance in the serum, rather than the particular characteris-
tics of the proteins. The above-mentioned results suggest
that the immunogenicity of SMX-NO is dependent on the
hapten itself rather than a special feature of the adducted
protein.

Our in vitro experiments confirmed that SMX-NO could
covalently modify mouse albumin, and the data revealed the
involvement of one or both free cysteine residues (Fig. 7A).
Previous work with human serum albumin has shown that
Cys34 is highly reactive with electrophiles (Beck et al., 2004;
Stewart et al., 2005), and it is probable that the correspond-
ing Cys residue in MSA is the primary target of SMX-NO.
However, we were not able to rule out the possibility that the
second free Cys residue may also be a target for SMX-NO
adduction. This is because we could not detect all the pep-
tides of MSA using the selected instrument settings of elec-
trospray mass spectrometry, and those undetected peptides
contain the two nondisulfide cysteine residues (Fig. 7B).

In summary, we demonstrated that multiple doses of SMX-
NO, but not SMX, could induce drug-specific T-cell reactions
in mice. We also found that the SMX-NO-protein adducts
formed in the circulation travel to the lymphoid tissues and
that the amount of adducts in a tissue determines the extent
of immune responses in that tissue. Although there are lim-
ited human studies on SMX metabolism to determine where
SMX-NO-protein adducts are formed and whether they de-
posit into lymphoid tissues, we speculate that a similar
mechanism to what we found in mice apply to humans.
Furthermore, the finding that SMX-NO binds to immuno-
globulin and albumin in the serum suggested that the pro-
tein modification is not selective and that a protein becomes
a target simply because of its abundance in the tissue, rather
than its particular characteristics. Collectively, our findings
using SMX-NO provide an alternative hypothesis in evalu-
ating the potential of a drug to cause immune responses in
vivo. The hypothesis is that the propensity of a drug in
causing immune reactions is dependent on 1) the formation
of reactive metabolites and drug-protein adducts, 2) the im-

munogenicity of the drug hapten rather than the adducted
proteins, and 3) the ‘‘exposure’’ of the drug-protein adducts to
the immune system. The insight gained from the present
study could help develop strategies to evaluate the potential
of drug candidates to induce IDHRs.
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