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control keratinocytes did not (Fig. 5A). In addition, FRP1-positive cells
were detected in SJS/TEN lesions, whereas no FRP1-positive cells were
detected in the nonlesional skin of SJS/TEN, ODSR lesions, or normal
skin (Fig. 5B). Abundant annexin Al was also detected in the SJS/TEN
lesions; in contrast, little annexin A1 was seen in the nonlesional skin
of SJS/TEN, in ODSR lesions, or in normal skin (Fig. 5C). When SJS/TEN
keratinocytes were exposed to N-formyl-Met-Leu-Phe ( fMLP), which is
an FPR1 ligand, they showed a cytotoxic response, whereas no effects
were seen in healthy control keratinocytes (Fig. 6A). Moreover, Nec-1

tralizing antibody against FPR1 prevented SJS/TEN supernatant-induced
cytotoxicity (Fig. 6B). f MLP induced cytotoxicity in SJS/TEN keratinocytes
in a dose-dependent manner (Fig. 6C). FPR2 is also a receptor for annexin
Al (22), but when we added an FPR2 antagonist (WRW4) (Trp-Arg-
Trp-Trp-Trp-Trp) (0.1 or 1.0 uM) during SJS/TEN supernatant-induced
cytotoxicity, cytotoxicity was not inhibited (Fig. 6D).

FPR1 has not previously been known to relate to both apoptosis
and necroptosis. To show that the FPR1 signal stimulates a necrop-
tosis pathway, we analyzed the RIP1/RIP3 immunocomplex obtained
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Fig. 6. FRP1 activation induces necrosis via the RIP1/RIP3 complex.
(A) Effect of fMLP (5 nM) on cytotoxicity in the presence of zZVAD (50 uM)
or Nec-1 (50 uM) was analyzed using keratinocytes from SJS/TEN patients
or healthy controls (n = 4). *P < 0.05. Keratinocytes were obtained from
patient no. 10 (postlesional skin) and healthy control no. 5. (B) Effect of
FPR1 neutralizing antibody on SJS/TEN PBMC supernatant-induced cyto-
toxicity was analyzed (n = 4). *P < 0.01. Keratinocytes were obtained from
patient no. 10 and healthy control no. 5. PBMCs were obtained from pa-
tient no. 3 (postlesional skin). (C) Dose dependence of cytotoxicity by
fMLP (n = 4). *P < 0.05; **P < 0.01. Keratinocytes were obtained from
patient no. 3 (postlesional skin). (D) Effect of FPR2 antagonist (WRW4) on
SJS/TEN PBMC supernatant cytotoxicity. Keratinocytes were preincubated

with WRW4 for 15 min before exposure to SJS/TEN supernatant (n = 5).
Keratinocytes were obtained from patient no. 10 (postlesional skin)

Healthy control
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and healthy control no. 7. PBMCs were obtained from patient no. 3 (n = 4).
(E) Effect of necrosis and apoptosis inhibitors on cytotoxicity in FPR1-
transfected, Flag-RIP3-expressing Hela cells. Flag-RIP3-expressing Hela
cells were stably transfected with FPRT and stimulated with fMLP, and
cytotoxicity was assessed (n = 4). *P < 0.01 versus fMLP. (F) Immunopre-
cipitation of a Flag-tagged RIP3 pull-down from fMLP-exposed Hela cells
(FPR1-HeLa cells or mock-transfected Hela cells). The experiments were re-
peated three times, and representative data are shown. (G) Representa-
tive images showing sensitivity of SIS/TEN keratinocytes to FPR1-induced
ROS generation. SJS/TEN sup (25%), fMLP (500 nM), or ROS inducer (pyocyanin)
(200 uM) was added to keratinocytes from SJS/TEN patients or healthy
controls. After 30 min, ROS generation was measured. Scale bars, 5 um.
Keratinocytes were obtained from patient no. 3 (postlesional skin) and
healthy control no. 6.
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found that fMLP stimulation induced cytotoxicity only in FPRI-
expressing RIP3-HeLa cells and not in mock-transfected cells (Fig.
6E). Although zVAD did not inhibit cytotoxicity, Nec-1 completely
inhibited the effect. With fMLP stimulation, the RIP1/RIP3 complex
was detected only in FRP1-expressing HeLa cells and not in mock-
transfected HeLa cells (Fig. 5F). These data point to the conclusion
that annexin Al in the SJS/TEN supernatant is a potent activator of
FPR1 and induces necroptosis in SJS/TEN keratinocytes.

The FPRI signal induces the generation of reactive oxygen species
(ROS) (23), which is also a mediator of necroptosis (18). Therefore, we
investigated ROS generation in SJS/TEN supernatant-exposed keratino-
cytes. High levels of ROS generation were observed in SJS/TEN super-
natant-exposed or fMLP-treated SJS/TEN keratinocytes examined by
fluorescence microscopy, but not in control keratinocytes (Fig. 6G), in-
dicating that SJS/TEN keratinocytes are sensitive to FPR1-induced ROS
generation. Because FPRI activates the MAP kinase cascade (21), we
assessed the activation of MAP kinase in FPR1-expressing HeLa and
mock-transfected HeLa cells. fMLP exposure did not induce the phos-
phorylation of c-Jun N-terminal kinase (JNK), p38, or ERK (extracellular
signal-regulated kinase) (fig. S8).

Therapy for SJS/TEN model mice by necroptosis inhibitor
We administered a necroptosis blocker to our SJS/TEN model mice.
NSA, which blocks necroptosis by inhibiting MLKL (17), prevents
SJS/TEN supernatant-induced cytotoxicity in vitro (Fig. 7A). Whereas
the vehicle-treated model mice showed marked conjunctival congestion
and abundant cell death in their conjunctival epithelium, the NSA-treated
mice showed no such reactions (Fig. 7B). We found numerous dead ep-
ithelial cells in the vehicle-treated model mice but not in the NSA-treated
model mice (Fig. 7, C and D). Moreover, the vehicle-treated model mice
showed RIP3 and FPRI in conjunctiva similar to those seen in human
SJS/TEN (Figs. 2D and 4E), whereas the NSA-treated model mice did
not show these proteins in their conjunctiva (Fig. 7D).

DISCUSSION

Here, we show that necroptosis can be triggered by the interaction
of annexin Al and FPR1 and may contribute to the pathogenesis of
SJS/TEN. Our data suggest that causative drug exposure induces
annexin Al secretion from monocytes in SJS/TEN patients. Annexin
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Fig. 7. Inhibition of necroptosis prevents SJS/TEN in model mice. (A)
Effect of NSA on SJS/TEN supernatant-induced cytotoxicity (n = 4). *P < 0.05;
**P < 0.01. Keratinocytes and PBMCs were obtained from patient no. 3
(postlesional skin). Keratinocytes were obtained from healthy control
no. 4. (B) Model mice received NSA intraperitoneally, and eye abnorm-
alities were scored as disease occurrence (n = 4). (C) Percentage of dead
cells in conjunctiva epithelia was calculated (n = 4). *P < 0.05; **P < 0.01 versus
Drug (+), NSA (=). (D) Using TUNEL (terminal deoxynucleotidyl transferase—
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Necroptosis

mediated deoxyuridine triphosphate nick end labeling) assay, dead cells
were visualized, and RIP3 and FPR1 expression was imaged in the conjunctiva
of model mice. Nuclei were stained with Pl. Representative images are
shown. Scale bars, 10 um. (E) Scheme of keratinocyte death mechanism.
In SJS/TEN, the causative drug stimulates PBMCs (monocytes) to secrete
annexin A1 (yellow star). The released annexin A1 binds to FPR1 and
activates the necroptosis pathway through the RIP1/RIP3 complex.
NSA, an MLKL inhibitor, can block necroptosis.
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Al in turn binds to FPR1 and induces FPRI expression in keratino-
cytes, resulting in cell death via a necroptosis pathway (Fig. 7E).

Several stimulators of necroptosis, such as Fas and TNF-a, also
stimulate apoptosis (24). Although it has been shown that artificial
inhibition of casapse-8 or overexpression of RIP3 tends to induce ne-
croptosis (16, 25), it was not known whether these imbalances also
occur naturally. Our present data show that necroptosis signaling by
annexin A1/FRP1 does not appear to overlap with apoptosis. To induce
keratinocyte necroptosis, both annexin Al and FPRI are required. We
show that annexin Al induces FPR1 expression in SJS/TEN keratino-
cytes. Therefore, keratinocyte necroptosis may occur only when an-
nexin Al is up-regulated, namely, under conditions of drug allergy.

Several mediators of SJS/TEN have been proposed, such as Fas
ligand (5), soluble Fas ligand (26), perforin, granzyme B (27), and
granulysin (2, 28). For example, granulysin was identified by DNA
microarray of SJS/TEN bullae cells; the data showed the mRNA of
granulysin to be elevated, as well as the mRNAs of other proapoptotic
molecules, such as FasL, perforin, and granzyme B (2). These results
suggest that several pathways are activated in apoptosis in vivo.

It is not clear why these “cell death mediators” affect skin and re-
sult in widespread mucocutaneous erosions in SJS/TEN but not in
ODSR, and whether there are individual differences in proapoptotic
molecule expression is unknown. In this regard, inducible FPRI ex-
pression levels differ greatly between SJS/TEN and ODSR (Fig. 5, A
and B), suggesting that inducible FPR1 expression levels may deter-
mine SJS/TEN or ODSR occurrence and regulate the necroptosis that
is seen in SJS/TEN.

Although there are no genetic differences in FPR1 promoters among
SJS/TEN patients, ODSR patients, and healthy controls (data file S1),
annexin A1-FRP1 are candidate markers of disease occurrence and may
be promising therapeutic targets. In addition, necroptosis is a potential drug
target for SJS/TEN treatment, and NSA is a therapeutic candidate.

MATERIALS AND METHODS

Study design
For the human sample studies, skin PBMCs and sera from healthy con-
trols and SJS/TEN or ODSRs patients (table S2) were obtained from Hok-
kaido University Hospital. The collection of samples was approved by the
local ethics committee and the institutional review board of Hokkaido
University. To investigate SJS/TEN pathogenesis, approval was given for
the collection of blood, serum, and skin samples. We also explained the
potential side effects of skin biopsy to the patients. After we obtained the
informed consent of the patient, we obtained the blood, serum, and skin
samples in the acute phase of the disease and in the resolution phase.
The mouse studies were performed under a protocol approved by
the ethical committee for animal studies of Hokkaido University. Im-
munocompromised NOG mice at 6 to 7 weeks of age were purchased
from Jackson Laboratory.

Immunohistochemistry

The following primary antibodies were used: RIP3 (Abcam) and FPR1
(LifeSpan). Anti-annexin Al antibody was generated by peptide im-
munization of rabbits, as was rabbit polyclonal antibody to the syn-
thetic peptide MAMVSEFLKQAWEFE, corresponding to amino acid
residues 1 to 13 in annexin Al. These antibodies were generated at
our request by Hokudo Co. Ltd.
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Electron microscopy
Skin sections were fixed by the dropwise addition of glutaraldehyde
and were analyzed according to standard methods. Necrotic and
apoptotic cells were counted in all keratinocytes (N = 80) in the
SJS/TEN lesions.

The morphological changes in supernatant-treated keratinocytes
by electron microscopy were examined. Necrotic and apoptotic cells
were counted among dead keratinocytes (n = 35).

ELISPOT IFN-y assay

PBMCs were prepared from patients’ blood and isolated by Ficoll-Isopaque
(Pharmacia Fine Chemicals) density gradient centrifugation. The num-
ber of IFN-y-producing cells was determined with an ELISPOT as-
say kit (Human IFN-y ELISPOT PVDEF-Enzymatic; Diaclone). The
number of spots was counted under a dissecting microscope (SMZ1500;
Nikon).

Supernatant

PBMCs were obtained from SJS/TEN or ODSRs patients. CD14" and
CD8" cell depletions were performed with magnetic-activated cell
sorting (MACS; Miltenyi Biotec). Isolated cells were exposed to caus-
ative drugs and then cultured for 5 days to allow proliferation of drug-
specific T cells. The cells were stimulated by reexposure with same causative
drugs for 1 day, and then supernatant was collected. Drug concentration
was determined from the data of a lymphocyte transformation test (29). In
some experiments, PBMCs were incubated with several concentrations of
causative drug for 5 days. [3H]Thymidine (1 nCi) was added for the last
12 hours. Causative drug-specific proliferation was determined by measur-
ing [*H]thymidine incorporation. The results were expressed as stimulation
indices (SI): (cpm in cultures + drug)/(cpm in cultures without drug). The
concentration with the highest SI was chosen for further experiments.

Keratinocyte culture

Primary keratinocytes were isolated from patients, cultured and then
expanded in CnT-57 from CELLnTEC, and used for the assay with no
more than four passages. The keratinocytes were incubated with CnT-57
in a 5% CO, incubator at 37°C.

Cytotoxic assays

Cultured keratinocytes were added to the supernatant of the causative
drug-exposed PBMCs. In some experiments, zZVAD (R&D Systems)
or Nec-1 (Enzo Life Sciences) was preincubated with the cells for 1 hour
before supernatant addition. fMLP and Ac2-26 were purchased from
Sigma-Aldrich. Anti-MHC I antibody (W6/32) was purchased from
BioLegend. FPR2 antagonist (WRW4) was purchased from Tocris
Bioscience. At 8 or 16 hours, the cytotoxicity was analyzed with an LDH
(lactate dehydrogenase) assay (R&D Systems) and/or trypan blue stain-
ing (R&D Systems). The data were comparable with LDH or trypan blue
staining assays (fig. S9). All experiments were repeated at least three times.

siRNA transfection

For transient knockdown, keratinocytes were transfected on two con-
secutive days with nontargeting RNA duplexes or duplexes targeting
RIP3 (siRNA-1: GAACUGUUUGUUAACGCAA and siRNA-2:
GGCAAGUCUGGAUAACGA), and control siRNA duplex (that is,
a scrambled siRNA with a sequence that matched no known mRNA
sequence in the vertebrate genome) (Ambion) using Lipofectamine
RNAIMAX (Invitrogen). At 48 hours, cells were used in experiments.
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Mass spectrometry (LC-MS/MS)

The proteins in SJS/TEN supernatant were identified by mass spec-
trometry analysis as described (30). The primary ion spectrum data
generated by LC-MS/MS were screened against International Pro-
tein Index human protein databases with the Mascot program (Matrix
Science) to identify high-scoring proteins.

Removal of annexin A1 from supernatant

Supernatant was mixed with the anti-annexin Al antibody and gently
mixed at 4°C overnight. Protein G Dynabeads (Dynal) were then added
to the mixture, followed by 2 hours of rotation at 4°C. Annexin Al
could not be detected in annexin Al-depleted SJS/TEN supernatant
with annexin Al peptide ELISA.

Annexin A1 peptide ELISA

Rabbit polyclonal antibody against annexin Al peptide (amino acids
1 to 13) was used for annexin Al peptide ELISA to measure annexin
Al concentration.

Samples were added to the wells of a microplate. After overnight
incubation at 4°C, rabbit polyclonal antibody against annexin Al peptide
(amino acids 1 to 13) (1: 5000) was added, followed by p-galactosidase
anti-rabbit IgG antibody (1:2000). The fluorescence was measured with a
microplate reader.

FPR1-expressing stable cell lines

3xFlag-RIP3-HeLa cells were established as described (17). Normal
human full-length FRP1 ¢cDNA (complementary DNA) was synthesized
by Integrated DNA Technologies Inc. and subcloned into the Xho I and
Kpn I sites of pcDNA3.1/Zeo vector (Invitrogen). RIP3-HeLa cells were
transfected with pcDNA3.1/Zeo plasmid encoding FRP1 with FuGENE 6
(Roche) and were selected with Zeocin (100 pg/ml) (Invitrogen).

Immunoprecipitation

The cells were lysed for 30 min on ice in a lysis buffer. Cell lysate was
spun at 15,000 rpm for 10 min, and the soluble fraction was collected.
One milligram of extracted protein in lysis buffer was immunoprecipitated
for 2 hours with anti-FLAG M2 affinity gel (Sigma-Aldrich) at 4°C. The
immunoprecipitates were washed five times with lysis buffer. The beads
were eluted with the corresponding antigenic peptide (250 pig/ml).

FPR1-induced ROS generation

SJS/TEN supernatant (25%), fMLP (500 nM), or ROS inducer (pyo-
cyanin) (200 uM) was added to keratinocytes from SJS/TEN patients
or healthy controls. After 30 min, ROS generation was detected by
using the Total ROS Detection Kit (Enzo Life Sciences).

Treatment of necroptosis inhibitor for SJS/TEN model mice
Patient PBMCs (2 x 10°) were injected intravenously into immuno-
compromised NOG mice, followed by oral administration of a caus-
ative drug for 12 days (15). NSA (10 or 50 ng) (provided by L. Sun and
X. Wang) or DMSO was also administered intraperitoneally to mice
daily. The mice were observed for manifestations of eye disease.

Terminal deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate nick end labeling

To detect dead cells by DNA fragmentation by labeling the terminal
end of nucleic acids, a TUNEL assay was performed according to the
manufacturer’s protocol (Takara Bio).
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Statistics

In all figures, data are presented as means + SD of at least three
independent experiments. P values were calculated with one-way anal-
ysis of variance (ANOVA) and two-tailed independent Student’s ¢
tests, and P < 0.05 was considered significant.

SUPPLEMENTARY MATERIALS

www.sciencetranslationalmedicine.org/cgi/content/full/6/245/245ra95/DC1

Fig. S1. Causative drug-specific lymphocytes in patients’ peripheral blood.

Fig. S2. The cytotoxicity of supernatant from DIHS/DRESS PBMCs.

Fig. S3. The cytotoxicity of supernatant from irrelevant drug-exposed SJS/TEN PBMCs.

Fig. S4. The cytotoxicity of keratinocytes from normal-appearing postlesional skin and nonlesional skin.
Fig. S5. Protein levels of necroptosis signaling molecules in keratinocytes from SJS/TEN patients,
ODSR patients, or healthy controls.

Fig. S6. Effect of poly(l:C), TNF-o, and granulysin on SJS/TEN keratinocyte cytotoxicity.

Fig. 57. The cytotoxicity of CD14™"9"™ CD16™ and CD14%™ CD16" cells on SJS/TEN keratinocytes.
Fig. S8. FPR1 stimulation does not induce phosphorylation of JNK, p38, or ERK.

Fig. S9. Cytotoxicity in SJIS/TEN keratinocytes, ODSR keratinocytes, or healthy control keratinocytes
induced by PBMC supernatant, as measured by LDH assay.

Table S1. Mass spectrometry result of the proteins in SJS/TEN supernatant.

Table S2. Patient and healthy control information.

Data File S1. The promoter region of FPR1 has no pathogenic mutations.
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Fig. S1. Causative drug—specific lymphocytes in patients’ peripheral blood. Causative drug--
specific cells were detected by human IFN-y ELISPOT. SJIS/TEN PBMC, PBMCs from patients
who had recovered from SJS/TEN; Re-stimulated SJS/TEN PBMC, PBMCs from patients who
had recovered from SJIS/TEN that had been cultured with causative drugs for 5 days to

proliferate drug-specific T cells. PBMCs were obtained from patient No. 2 and healthy control

No. 2.
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Fig. S2. The cytotoxicity of supernatant from DIHS/DRESS PBMCs. We analyzed the
cytotoxicity of supernatants from five DRESS/DIHS patients. The causative drugs were
lamotrigine (#1), carpamazepin (#2 and #5), sulfamethoxazole and trimethoprim (#3 and #4).
Keratinocytes were obtained from patients No. 5 (SJS/TEN) and No. 22 (DRESS/DIHS) and

healthy control No.1. PBMCs were obtained from patients No. 22 (#1), No. 23 (#2), No. 24 (#3),

No. 25 (#4) and No. 26 (#5) in Table S2.
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Fig. S3. The cytotoxicity of supernatant from irrelevant drug—exposed SJS/TEN PBMCs.
The cytotoxicity of supernatants from PBMCs stimulated with an irrelevant drug (amoxicillin)

were tested. ¥P < 0.01. Keratinocytes were obtained from patient No. 5 (non-lesional skin) and

healthy control No.9. PBMCs were obtained from patient No. 5.
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Fig. S4. The cytotoxicity of keratinocytes from normal-appearing postlesional skin and
nonlesional skin. (A) Photographs of lesional and nonlesional skin. Skin biopsies from SJS/TEN
patients were obtained from normal-appearing skin that was lesional during the acute detachment
phase but that had returned to normal (postlesional skin), and from normal-appearing non-
lesional skin (nonlesional skin). (B) Cytotoxicity induced by supernatant from PBMCs of
SJS/TEN PBMC:s in cultured keratinocytes from normal-appearing postlesional skin and
nonlesional skin. Postlesional skin (n=3, patients No. 1, No. 3, No. 10); normal-appearing skin

that was nonlesional (nonlesional skin)(n=4, patients No. 4, No. 5, No. 8, No. 9) . Each point



