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Prolonged elevation of serum granulysin in
drug-induced hypersensitivity syndrome

DOI: 10.111 1/j.1365—2133.2012.10921.X

MapaM, Drug-induced hypersensitivity syndrome (DIHS),' also
known as drug rash with eosinophilia and systemic symptoms
(DRESS),” has been established as a clinical entity in severe
cutaneous adverse drug reactions. DIHS is characterized by the
limited number of causative drugs, late onset, clinical similar-
ity to infectious mononucleosis-like syndrome and prolonged
clinical course due to relapse.’

Granulysin is a cytotoxic molecule produced against virus-
infected cells, tumour cells, transplant cells, bacteria, fungi
and parasites.® It plays an important role in the host defence
against pathogens. A recent paper reported that granulysin is
highly expressed in blisters of two other severe cutaneous
adverse drug reactions: Stevens—Johnson syndrome (SJS) and
toxic epidermal necrolysis (TEN).* In addition, we found that
serum granulysin is more elevated in patients with early-stage
SJS/TEN than in those with ordinary drug-induced skin reac-
tions (ODSRs).®

This paper investigates the serum granulysin level of
patients with DIHS. We assembled serum samples of patients
with DIHS and analysed the correlation between granulysin
concentrations with clinical manifestations and disease
courses.

Sera of 15 patients with DIHS (10 men and five women;
mean t SD age 554 & 19-9 years) were obtained from multi-
ple institutions. All the patients had actively progressing reac-
tions meeting the criteria for DIHS, as previously defined.’
The disease onset (day 1) was defined as when the skin erup-
tion appeared. Sera of patients with ODSRs (n = 24) and
healthy controls (n = 31) were also obtained. ODSRs included
maculopapular-type and erythema multiforme-type reactions.
The granulysin concentrations of the serum samples were
measured with an enzyme-linked immunosorbent assay as
previously described.® In brief, serum samples were incubated
on plates coated with RB1 antibody (MBL, Nagoya, Japan)
and then reacted with biotinylated RC8 antibody (MBL). We
performed assays in blind of the clinical features.

In serum samples taken from day 1 to day 10 (n=9),
eight samples (89%) showed elevated serum granulysin levels,
over 10 ng mL™' (mean * SD 21-9 * 12 ng mL™"). In serum
samples taken from day 11 to day 20 (n = 11), we detected
elevated serum granulysin levels in seven (64%; mean * SD
161 + 148 ng mL™"). Serum granulysin levels decreased

© 2012 The Authors
BJD © 2012 British Association of Dermatologists 2012

gradually after day 21 (2 =120) [six elevated (30%);
mean * SD 7-6 * 34 ng mL™'] (Fig. 1). By day 20, the skin
eruptions of all the patients with DIHS had disappeared. As
we reported previously, no increase of granulysin level was
detected in 31 healthy (mean + SD
16 £ 0:6 ng mL™") and elevated granulysin was detected in
only one of 24 patients with ODSRs (4%; mean + SD
35+ 34ngmL").}

To distinguish DIHS from ODSRs, the following clinical in-
formation is helpful: limited causative drugs; late onset after

control  subjects

medication; manifestations similar to infectious mononucleosis
such as fever, lymphadenopathy, hepatitis and haematological
abnormalities. However, because of the diversity of ODSRs
and similarity to viral exanthema, DIHS sometimes poses a
diagnostic challenge. In addition, some patients have multiple
organ failure. Therefore, early diagnosis and appropriate treat-
ment is essential.

Unique mechanisms have been implicated in DIHS develop-
ment, including detoxification defects leading to reactive
metabolite formation and subsequent immunological reactions,”

60 R S
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8
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®
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Fig 1. Granulysin levels of healthy controls, and of patients with
ordinary drug-induced skin reactions (ODSRs) and drug-induced
hypersensitivity syndrome (DIHS) at different stages of the disease. In
patients with DIHS, we examined the concentration of granulysin for
three periods: day 1-10, day 11-20, and day 21 onwards. The
granulysin level was elevated from day 1 to 20, compared with levels
for ODSRs and normal controls (*P < 0-01).
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and reactivation of human herpesvirus (HHV).® In addition, it
is increasingly apparent that there is a genetic predisposition
to adverse drug reactions. Human leucocyte antigen-related
genes have been identified as predictors of DIHS.”

In particular, the observation that HHV reactivation occurs
during the acute phase of DIHS has led to suggestions of a
pathogenic link. Shiohara et al.® identified early reactivation of
HHV6 and Epstein—Barr virus (EBV), with later involvement of
HHV7 and cytomegalovirus. The resulting expansion of virus-
specific T cells might mediate the clinical disease. A recent
paper showed that cutaneous and visceral symptoms of DIHS/
DRESS are mediated by activated CD8+ T lymphocytes, which
are directed against herpesviruses such as EBV.'?

Granulysin exhibits potent cytotoxicity against a broad panel
of microbial targets, including tumour cells, transplant cells,
bacteria, fungi and parasites, damaging negatively charged cell
membranes because of its positive charge.® Granulysin plays
important roles in the host defence against pathogens and
induces apoptosis of the target cells in a mechanism involving
caspases and other pathways.® In the present study, we
showed that granulysin levels in sera were significantly ele-
vated in patients with DIHS compared with those with ODSRs.
It is suggested that, in DIHS, activation of virus-specific cyto-
toxic T cells resulted in granulysin release in circulating blood.
In contrast, granulysin was identified as the most highly
expressed cytotoxic molecule in blisters of SJS/TEN resulting
in massive keratinocyte apoptosis,” and we revealed that
serum granulysin increased in carly stage of SJS/TEN.> We
speculated that granulysin is involved in SJS/TEN pathogene-
sis, inducing keratinocyte death in the early stage of these dis-
eases, whereas serum granulysin in DIHS might be released
against virus-infected cells. This speculation is consistent with
the present data that show the duration of DIHS manifestation
to coincide with the timing of elevated serum granulysin lev-
els. Recently we developed a rapid immunochromatographic
test to detect high serum granulysin level in 15 min.® We
expect that monitoring of serum granulysin by this rapid test
might contribute to the early diagnosis of DIHS as well as of
SJS/TEN. In conclusion, serum granulysin might help early
diagnosis and predict disease prognosis.
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Stevens-Johnson syndrome/toxic epidermal necrolysis
mouse model generated by using PBMCs and the skin of

patients

Nao Saito, MD,”* Naoya Yoshioka, PhD,?* Riichiro Abe, MD, PhD,? Hongjiang Qiao, MD, PhD,? Yasuyuki Fujita, MD, PhD,?
Daichi Hoshina, MD,? Asuka Suto, DVM,? Satoru Kase, MD, PhD,? Nobuyoshi Kitaichi, MD, PhD,® Michitaka Ozaki, MD, PhD,¢

and Hiroshi Shimizu, MD, PhD®  Sapporo, Japan

Background: Stevens-Johnson syndrome (SJS) and toxic
epidermal necrolysis (TEN) are life-threatening cutaneous
reactions caused by drugs or infections and exhibiting
widespread epidermal necrosis. Currently, there is no animal
model that reproduces SJS/TEN symptoms.

Objective: We sought to develop a novel mouse model of SJS/
TEN by using PBMCs and skin from patients who had
recovered from SJS/TEN.

Methods: For our mouse model, patients’ PBMCs were injected
intravenously into immunocompromised NOD/Shi-scid, IL-
2Ry™ (NOG) mice, followed by oral administration of a
causative drug. Subsequently, to replace human skin, unaffected
skin specimens obtained from patients who had recovered from
SJIS/TEN were grafted onto NOG mice, after which patient-
derived PBMCs and the causative drug were applied.

Results: Mice injected with PBMCs from patients with SJS/
TEN and given the causative drug showed marked conjunctival
congestion and numerous cell death of conjunctival epithelium,
whereas there were no symptoms in mice injected with PBMCs
from patients with ordinary drug skin reactions. CD8* T
lymphocyte-depleted PBMCs from patients with SJS/TEN did
not elicit these symptoms. In addition, skin-grafted mice showed
darkening of the skin-grafted areas. Cleaved caspase-3 staining
showed that dead keratinocytes were more numerous in the
skin-grafted mice than in the healthy control animals.
Conclusion: We have established a novel human-oriented SJS/
TEN mouse model and proved the importance of CD§* T
Iymphocytes in SJS/TEN pathogenesis. The mouse model
promises to promote diagnostic and therapeutic approaches.
(J Allergy Clin Immunol 2013;131:434-41.)

Key words: Stevens-Johnson syndrome, toxic epidermal necrolysis,
animal models

From the Departments of *Dermatology, "Ophthalmology, and “Molecular Surgery,
Hokkaido University Graduate School of Medicine.

*These authors contributed equally to this work.

Supported in part by Health and Labor Sciences Research Grants from the Ministry of
Health, Labor, and Welfare of Japan (Research on Allergic Diseases and Immunology;
H21-Meneki-Wakate-009 to R.A.) and by the Akiyama Life Science Foundation
(to R.A)).

Disclosure of potential conflict of interest: The authors declare that they have no relevant
conflicts of interest.

Received for publication February 27, 2012; revised July 28, 2012; accepted for publica-
tion September 13, 2012.

Available online October 27, 2012.

Corresponding authors: Riichiro Abe, MD, PhD, Department of Dermatology, Hokkaido
University Graduate School of Medicine, N15 W7, Kita-ku, Sapporo 060-8638, Japan.
E-mail: aberi@med.hokudai.ac.jp. Or: Hiroshi Shimizu, MD, PhD, Department of
Dermatology, Hokkaido University Graduate School of Medicine, N15 W7, Sapporo
060-8638, Japan. E-mail: shimizu @med.hokudai.ac jp.

0091-6749/$36.00

© 2012 American Academy of Allergy, Asthma & Immunology

http://dx.doi.org/10.1016/j.jaci.2012.09.014

434

Abbreviations used
APC: Antigen-presenting cell
CTL: Cytolytic T lymphocyte
DC: Dendritic cell
FITC: Fluorescein isothiocyanate
GVHD: Graft-versus-host disease
GVHR: Graft-versus-host reaction
NK: Natural killer
NOG: NOD/Shi-scid, IL-2Ry™"
ODSR: Ordinary drug skin reaction
PE: Phycoerythrin
sFasL: Soluble Fas ligand
SJS: Stevens-Johnson syndrome
TEN: Toxic epidermal necrolysis
TUNEL: Terminal deoxynucleotidyl transferase-mediated dUTP
nick end labeling

Stevens-Johnson syndrome (SJS) and toxic epidermal necrol-
ysis (TEN) are rare, life-threatening mucocutaneous reactions
characterized by extensive detachment of the epidermis.' They
are considered part of the same spectrum of diseases but with dif-
ferent severities. Patients with SJS have skin detachment on less
than 10% of the body surface area, whereas patients with TEN
have more extensive lesions.” The overall incidences of SIS and
TEN have been estimated at 1 to 6 cases per million person-
years and 0.4 to 1.2 cases per million person-years, respectively.
The mortality associated with TEN is 25%. The eruptions are ini-
tially distributed on the face, trunk, and extremities but can rap-
idly extend to the whole body within just a few hours. Mucous
membrane involvement is observed in approximately 90% of
cases. Approximately 85% of patients have conjunctival lesions.
Ocular complications include chronic conjunctivitis, conjunctival
scarring, corneal vascularization, and corneal damage, which can
lead to blindness. Ocular morbidity and visual loss can be caused
by acute corneal complications, and progressive conjunctival
scarring is also significantly associated with subsequent loss of
vision.> Several treatments have been attempted, including
high-dose corticosteroids, intravenous immunoglobulin, and
plasmapheresis; however, some cases are resistant to these thera-
pif:s.4 In some cases only supportive therapy is applied out of con-
cern over the immunosuppressive effect of these treatments.’

The pathologic mechanisms of SJS/TEN are not fully known.®
Several mediators to induce SJS/TEN have been proposed, such
as Fas ligand,’ soluble Fas ligand (sFasL),® perforin, granzyme
B, and granulysin.'®!’ These mechanisms can induce massive
epithelial cell death. Nevertheless, no one has been able to
explain why these systemic “cell-death mediators” affect skin
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exclusively and result in widespread mucocutaneous erosions
without dysfunction of other organs. Indeed, serum sFasL levels
are increased not only in patients with SIS/TEN but also in those
with viral infections'? and graft-versus-host disease (GVHD)."?

Because there is only 1 available animal model, basic research
on SJS/TEN is still quite preliminary. Azukizawa et al'*'> gener-
ated transgenic mice that express the foreign antigen ovalbumin
only on keratinocytes. Injections of ovalbumin-specific cytotoxic
T cells induced erosive skin manifestations and numerous apopto-
tic keratinocytes. Although this model showed widespread ero-
sions and partially elucidated the pathomechanisms of skin
lesions in patients with SIS/TEN, the model did not reproduce
the drug-specific immune reactions that occur in the patients’
blood cells and skin component cells. A more precise drug-
triggered SJIS/TEN mouse model is urgently required for a
more complete understanding of SJS/TEN pathomechanisms
and preclinical studies for novel therapeutic strategies.

In light of this, we aimed to develop a relevant animal model of
SJS/TEN using patients’ tissue samples to reproduce a reaction
identical to that of SJS/TEN. Using immunocompromised mice,
we successfully evoked the same reactions between the causative
drug and human immune cells.

METHODS

Patients’ samples

A total of 6 patients with SIS/TEN participated in this study (the patient
information is detailed in the Table El in this article’s Online Repository at
www.jacionline.org). The causative drugs were acetaminophen in 4 patients,
amoxicillinin 1 patient, and phenytoin in 1 patient. Blood samples were taken
from patients with SIS/TEN at least 6 months to 3 years after complete remis-
sion of symptoms. Skin biopsy specimens were taken at least 1 year after com-
plete remission of symptoms. The patients had received no systemic
glucocorticoids before the study. Ordinary drug skin reactions (ODSRs) in
our experiments included the maculopapular type and excluded other adverse
drug reactions, such as drug-induced hypersensitivity syndrome/drug rash
with eosinophilia and systemic symptoms and acute generalized exanthema-
tous pustulosis. Samples were obtained from Hokkaido University Hospital.
The collection of samples was approved by the local ethics committee and
the institutional review board of Hokkaido University, and each patient pro-
vided written informed consent.

Mice

Immunocompromised NOD/Shi-scid, IL-2Ry™" (NOG) mice at 6 to 7
weeks of age were purchased from the Central Institute for Experimental An-
imals (Tokyo, Japan). With human PBMCs, NOG mice have been used as
models of human disease, such as HIV infection.'® All the animal experiments
were performed under the approval of the ethics committee for animal studies
of Hokkaido University.

Analysis of graft-versus-host reactions

A graft-versus-host reaction (GVHR) was induced by means of intravenous
injection of human PBMCs. Whole PBMCs (1 X 107) were obtained from
healthy control subjects, suspended in 0.1 mL of PBS, and then injected intra-
venously into NOG mice. Skin, ocular, and mucous manifestations were ob-
served. Body weight was monitored. Peripheral blood and splenocytes were
analyzed by using flow cytometry to detect human cells. Skin and ocular
lesions were investigated histopathologically.

ELISpot IFN-y assay
PBMCs were prepared from patients’ blood and isolated by using
Ficoll-Isopaque (Pharmacia Fine Chemicals, Piscataway, NJ) density
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gradient centrifugation. Mouse peripheral cells and splenocytes were
also isolated. The number of IFN-y~producing cells was determined by
using an ELISpot assay kit (Human IFN-y ELISpot PVDF-Enzymatic;
Diaclone, Besancon, France). Ninety-six-well nitrocellulose plates were
washed 3 times with PBS before use, and PBMCs (2 X 10° in 100 L)
were incubated overnight with causative drugs in RPMI-1640 medium
supplemented with 2 mmol/L L-glutamine, 25 mmol/L HEPES buffer,
and 10% heat-inactivated autologous serum. Plates were washed 3 times
with PBS, incubated for 2 hours with a biotinylated anti-IFN-y antibody,
and extensively washed. IFN-y spot-forming cells were developed by using
streptavidin—alkaline phosphatase, incubated for 2 hours, and washed
before addition of the substrate (5-bromo-4-chloro-3-indolyl-phosphate).
The number of spots was counted by using a dissecting microscope
(SMZ1500; Nikon, Tokyo, Japan), and the frequency of IFN-y lympho-
cytes was defined as the number of spots in 2 X 10° mononuclear cells.
The drug-specific reactions between antigen-presenting cells (APCs)
and antigen-specific T cells resulted in production of IFN-y from
drug-specific lymphocytes (ie, the IFN-y—producing T cells are antigen-
specific [causative drug—specific] T cells). Using the ELISpot assay, we
detected causative drug-specific T cells.

SJS/TEN mouse model using patients’ PBMCs

PBMCs were obtained from patients who had recovered from SJS/TEN.
In some experiments isolated PBMCs were restimulated with causative
drugs in completed RPMI media for 6 days. In other experiments CD4" or
CD8" cells in PBMCs were depleted by using a magnet-activated cell sorter
(MACS; Miltenyi Biotec, Bergisch Gladbach, Germany). PBMCs (2 X 10%)
were injected intravenously into the NOG mice, followed by oral adminis-
tration of the causative drugs (acetaminophen, amoxicillin, or phenytoin,
100 pL). The dosage used in the model mice was based on milligrams
per kilogram of body weight converted from the adult human normal
dose. We administered the drug to the mice once daily. In addition, we con-
firmed that the dosage was under the median lethal dose in mice. Drug dos-
age was estimated by dose conversion by body weight. We checked for any
changes of the skin, eyes, and mucosa, such as skin color or mucous hem-
orrhage. Peripheral blood and splenocytes were analyzed by using flow cy-
tometry to detect human cells. Skin, ocular, and liver lesions were
investigated by means of histopathologic examination and immunohisto-
chemical staining.

Flow cytometric analysis

Cells were stained with the following antibodies: phycoerythrin (PE)-
conjugated mouse CD45, fluorescein isothiocyanate (FITC)-conjugated
human CD45, peridinin-chlorophyll-protein complex—conjugated human
CD3, FITC-conjugated human CD4, PE-conjugated human CD8, or PE-
Cy7-conjugated humanCD56 (BD Biosciences, San Jose, Calif). Analysis
was performed by using a FACSAria with BD FACSDiva software (BD
Biosciences).

Immunohistochemistry

Immunostaining of ocular, skin, and liver tissues was performed with
antibodies to cleaved caspase-3 (Cell Signaling Technology, Beverly, Mass)
and human CD4 and CD8 (BD Biosciences). FITC-conjugated goat anti-
mouse IgG (Jackson Immunoresearch Laboratories, West Grove, Pa) and
TRITC-conjugated rabbit anti-rat IgG (Sigma-Aldrich, St Louis, Mo) were
used as secondary antibodies. The nuclei were counterstained with propidium
iodide. Fluorescence staining was detected with a confocal laser scanning
fluorescence microscope (Fluoview FV1000; Olympus, Tokyo, Japan). We
counted the number of stained cells from 5 separate fields, and the average was
shown. Terminal deoxynucleotidyl transferase-mediated dUTP nick end
labeling (TUNEL) is a method for detecting apoptotic cells with DNA
fragmentation by labeling the terminal end of nucleic acids. The TUNEL
assay was performed according to the manufacturer’s protocol (Takara Bio,
Shiga, Japan).
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FIG 1. Development of SIS/TEN model mice by using PBMCs of patients who had recovered from SJS/TEN.
A, Scheme of model mice development. PBMCs were obtained from patients who had recovered from SJS/
TEN. These PBMCs (2 x 10°) were injected intravenously into NOG mice, followed by oral administration of
the causative drugs. B, Causative drug-specific cells were detected by using the human IFN-y ELISpot.
When the causative drug was added to cultured PBMCs of patients who had recovered from SJS/TEN (pa-
tient 2), causative drug-specific lymphocytes were detected (30 spots per 2 X 10° cells). After 2 stimulations
of the causative drug (restimulation), the number of drug-specific lymphocytes increased {30 spots per
2 X 10° cells). Samples from patients 1 to 6 with SIS/TEN were analyzed, and representative data (patient

2) are shown. i.v., Intravenous; p.o., by mouth.

Measurement of human granulysin and human/
mouse sFasL

Human granulysin and human/mouse sFasL in supematants of PBMCs or
sera from SJS/TEN model mice were measured by using ELISA. Human
granulysin ELISA (BML, Tokyo, Japan) was performed as previously
reported.’! Human/mouse sFasL levels were measured by using an ELISA
kit from R&D Systems (Minneapolis, Minn).

SJS/TEN mouse model using patients’ PBMCs and
skin

Full-thickness skin grafts from healthy control subjects or patients who had
recovered from SJS/TEN or an ODSR were transplanted onto the NOG mice.
After skin engraftment (approximately 12 days after transplantation), caus-
ative drug—stimulated PBMCs (2 X 10°) from the same patient were injected
intravenously into these mice, followed by oral administration of the causative
drug. Changes in skin graft appearance, such as darkening, were observed. The
skin grafts were investigated histopathologically.

RESULTS
Development of SUS/TEN mouse model using
PBMCs from patients who had recovered from
SJS/TEN

To develop the SJS/TEN mouse model, we used PBMCs from
patients who had recovered from SJS/TEN. The PBMCs were
injected intravenously into immunocompromised mice, followed
by oral administration of the causative drug (Fig 1, A). There are
several reports on the existence of drug-specific lymphocytes in
patients who had recovered from drug allergies, and these lympho-
cytes were restimulated by the causative drug in vitro.'”'® There-
fore if lymphocytes that specifically reacted to the drug remained
in the peripheral blood, these lymphocytes would be restimulated
by the causative drug, and identical immunologic reactions to
those of patients with active SJS/TEN would occur in the mice.

First, we confirmed the presence of causative drug—specific
lymphocytes in peripheral blood. ELISpot analysis of human
IFN-y was conducted to detect antigen-specific human cells.
When the causative drug was added to cultured PBMCs from

patients who had recovered from SJS/TEN, causative drug—
specific lymphocytes were detected (Fig 1, B). After in vitro re-
stimulation of the causative drug, the number of drug-specific
lymphocytes increased. To exclude the possibility of in vitro
priming of naive T cells, we performed the ELISpot assay using
PBMCs of naive healthy volunteers who had never experienced
cutaneous adverse drug reactions. We stimulated the PBMCs of
healthy volunteers (n = 4) with amoxicillin, one of the causative
drugs in our study, and restimulated them after 5 days. In ELISpot
data we were unable to detect drug-specific T cells, even on re-
stimulation (see Fig El in this article’s Online Repository at
www.jacionline.org). Either a breakdown product or a drug me-
tabolite might be the drug form that is responsible for drug reac-
tions that are presumed to be immunologic in nature. On the other
hand, in our experiments the addition of native drugs to PBMCs
induced the activation of drug-specific lymphocytes, indicating
that a breakdown product of the drug might be recognized as an
antigen in vitro. These data reconfirm that even after resolution
of SIS/TEN, drug-specific lymphocytes still circulate, as previ-
ously reported.’®

We used NOG mice, which lack T cells, B cells, and natural
killer (NK) cells, as immunocompromised mice.'® NOG mice are
characterized by tolerance to human cells, which enables human-
ized mice to be established.”® However, when human cells are ap-
plied to NOG mice, GVHRSs can occur because engrafted human
immune cells attack mouse tissues.”’ The NOG mice showed
GVHD symptoms at 46.3 = 14.3 days after intravenous trans-
plantation of 2.5 X 10° PBMCs.?' Indeed, at 40 days after human
PBMCs were injected intravenously into the NOG mice, weight
loss, skin erosion, and diarrhea were noticed as symptoms of
GVHRs in our experiments. The skin lesions of patients with
GVHRs were quite similar to those of patients with SIS/TEN.
Skin erosion and hair loss were observed clinically, and epithelial
cell death and epidermal detachment were observed histologi-
cally. In addition, human CD45™ cells were detected in mouse pe-
ripheral blood at 20 days after PBMC injection (see Fig E2 in this
article’s Online Repository at www.jacionline.org), showing that
activation of injected human cells had occurred in the NOG mice.
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FIG 2. PBMCs from patients with SJS/TEN and causative drug-induced ocular manifestations similar to
those of SUS/TEN in NOG mice. A and B, At 12 days after PBMC injection and causative drug intake, signif-
icant conjunctival congestion and conjunctival chemosis are noticed. The PBMC-injected mice without
causative drug intake showed no such symptoms. Histologic analysis showed marked edema of the
conjunctival subepithelia in the SJIS/TEN-PBMC*drug™® mice. The TUNEL assay detected numerous dead
epithelial cells in the SJS/TEN-PBMC*drug™ mice (78% of cells) but not in the SJS/TEN-PBMCs*drug™
mice (5% of cells). There was no increase in keratinocyte death in the skin in either group. HE, Hematoxylin
and eosin. C, Human {FN-y ELISpot with mice splenocytes was performed to confirm that causative drug-
specific immune reaction occurred in those mice. At 12 days after PBMC injection, the number of causative
drug-specific lymphocytes in the SJS/TEN-PBMC*drug™ mice was significantly increased compared with
that of the SJS/TEN-PBMC*drug™ mice. Samples from patients 1, 2, 4, and 5 with SJS/TEN and patient
1 with an ODSR were used, and representative data (patient 2) are shown.
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In contrast, within 20 days after PBMC injection, no GVHR
symptoms appeared (n = 5). Therefore to distinguish clearly be-
tween GVHRs and SJS/TEN reactions, we examined mouse
model experiments up to 14 days after PBMC administration.

At 12 days after PBMC injection and causative drug intake,
marked conjunctival congestion and conjunctival chemosis were
noticed, whereas PBMC-injected mice without causative drug
intake showed no such symptoms (Fig 2, A). Histologic analysis
showed marked edema of the conjunctival subepithelia and vaso-
dilatation in mice receiving PBMCs and causative drug adminis-
tration (SJS/T EN—PBMCJ"drug+ mice). We made 20 model mice,
all of which showed similar manifestations. Furthermore, the
TUNEL assay found numerous dead epithelial cells in the SJS/
TEN-PBMC*drug* mice (78% of cells; Fig 2, B) but not
in the PBMC-injected, non-drug-administered (SJS/TEN-
PBMC"drug™) mice (5% of cells). Unexpectedly, there were
no skin manifestations in either group and no difference in per-
centages of dead keratinocytes between the groups. At 40 days af-
ter PBMC injection, weight loss, skin erosion, hair loss, and
diarrhea were noticed. Prominent epithelial cell death was ob-
served histologically (see Fig E3 in this article’s Online Reposi-
tory at www.jacionline.org). These data were virtually identical
to those of the GVHD model.

To analyze the occurrence mechanism of SJIS/TEN in the
model mice, we investigated various conditions that might elicit
ocular manifestations similar to those of patients with SIS/TEN
(Table I). We observed conjunctival congestion and conjunctival
chemosis in our model mice.

TABLE 1. Occurrence of ocular manifestations in NOG mice in
various conditions

Ocular
manifestations

Causative

Injected cells drug intake

PBMCs from patients
PBMC:s from patients wi
Restimulated PBMCs from patients with

+ (Day 14)

PBMCs from patients with ODSRs + —
PBMCs from patients with ODS]
Healthy control PBMCs

Samples from patients 1 and 2 with SIS/TEN and patient 1 with an ODSR were
analyzed, and representative data (patient 2 with SIS/TEN and patient 1 with an
ODSR) are shown.

Causative drug intake alone did not induce ocular manifesta-
tions in the NOG mice. Healthy control PBMCs and acetamin-
ophen, amoxicillin, or phenytoin, which were the causative drugs
in the patients with STS/TEN described in this article, also did not
induce ocular manifestations. Importantly, PBMCs from patients
who recovered from ODSRs (ie, nonsevere drug-induced skin
reactions) and causative drug intake did not elicit ocular
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manifestations. However, we were able to find drug-specific T
cells in the spleens of NOG mice after ODSR PBMC transfer and
orally administered causative drug by using the same ELISpot
assay (see Fig E4 in this article’s Online Repository at www.
jacionline.org). These data showed the ocular manifestations to
be a phenomenon specific to PBMCs from patients with SJS/
TEN. In addition, causative drug-restimulated PBMCs from pa-
tients with SJIS/TEN accelerated the onset of ocular manifesta-
tions. CD4" or CD8™ T lymphocytes were depleted from the
PBMCs to identify which lymphocyte subtype is critical in induc-
ing ocular manifestations. CD4* T lymphocyte—depleted PBMCs
from patients with STS/TEN were able to induce ocular manifes-
tations, whereas CD8* T lymphocyte—depleted PBMCs from pa-
tients with SIS/TEN were not (see Fig ES5 in this article’s Online
Repository at www.jacionline.org).

These data demonstrate that we have succeeded in establish-
ing model mice showing ocular manifestations (ie, SIS/TEN
model mice). In addition, the ocular manifestations similar to
those of patients with SIS/TEN in NOG mice were found to be
dependent on the causative drug—specific lymphocytes of
patients with SJIS/TEN, and CD8" T cells are essential to this
phenomenon.

Soluble factors, such as granulysin, were not
mediators of conjunctival cell death in the SJS/TEN
mouse model

In our novel SJIS/TEN mouse model, there were almost no
infiltrating human cells (human CD45* cells) in the conjunctiva,
whereas numerous human cells were detected in the conjunctiva
of the mice with GVHRs (see Fig E6 in this article’s Online Re-
pository at www.jacionline.org). Therefore it might be that con-
junctival cell death is partially induced by soluble factors in
addition to direct lymphocyte-epithelium interaction. As men-
tioned above, we and others have shown that granulysin might
contribute to SIS/TEN occurrence. We examined granulysin
levels in the supernatants of causative drug—stimulated PBMCs.
Causative drug—stimulated PBMCs from patients with SJS/
TEN secreted granulysin at levels less than (0.2 = 0.3 ng/mL)
than the serum levels of patients with acute-phase SJS/TEN
(24.8 = 21.2 ng/mL) and those of healthy control subjects
(1.6 * 0.6 ng/mL)."" In addition, granulysin immunohistostain-
ing in the conjunctiva of SJS/TEN model mice and in grafted
skin from patients with SJS-TEN showed almost no granulysin
expression in these tissues (data not shown). Furthermore, human
granulysin and sFasL levels in the sera of mice were measured
at days 8 and 12. Serum levels of human granulysin and sFasL
were undetectable at these time points. Although ELISA for
murine granulysin was not available, we measured murine
sFasL. levels in these samples. We did not detect an increase
in murine sFasL levels in sera from SJS/TEN model mice
(data not shown). Therefore granulysin was unlikely to be a can-
didate for mediating conjunctival cell death in SIS/TEN in our
model mice.

Development of an SJS/TEN mouse model using
PBMCs and the skin of patients who had recovered
from SJS/TEN

In our novel SJS/TEN mouse model skin manifestations did not
appear; these model mice do not mimic human SIS/TEN
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completely because the target epithelium was murine in origin.
We tried to generate another mouse model to simulate skin
manifestations.

First, skin from a patient who had recovered from SJS/TEN
was grafted onto the backs of NOG mice. After engraftment was
confirmed, PBMCs from the same patient were administered
intravenously, followed by oral administration of the causative
drug (Fig 3, A). In this model both the effector cells and the target
cells originate from the same patient with SIS/TEN.

Darkening appeared in the skin graft at 4 days after PBMC
injection (Fig 3, B). The darkened area increased at 8 days after
PBMC injection (Fig 3, C). In contrast, we observed no color
changes and histologic findings showed few keratinocyte deaths
in skin-grafted areas at 8 days after PBMC injection without caus-
ative drug intake (see Fig E7 in this article’s Online Repository at
www.jacionline.org). With PBMCs and skin from the same
healthy control subject, no necrotic area appeared. Detection of
caspase-3 proves that apoptosis has occurred because it is either
partially or totally responsible for the proteolytic cleavage of
many key proteins, such as the nuclear enzyme poly (ADPribose)
polymerase. Using cleaved caspase-3 staining, we confirmed the
increase in keratinocyte death in the SJIS/TEN skin graft com-
pared with that seen in the healthy control animals (Fig 3, D).
In addition, we transplanted skin from patients with ODSRs
onto NOG mice and injected the same patients’ PBMCs, followed
by administration of the causative drug or the vehicle. These mice
showed no changes in the appearance of the skin-grafted areas.
Histopathologically, the number of apoptotic keratinocytes in
ODSR model mice did not differ between the causative drug
group and the vehicle group (see Fig E8 in this article’s Online
Repository at www.jacionline.org).

To investigate the infiltrated cell types, we performed skin graft
staining. Both human CD4* and CD8™ T cells were infiltrated in
the transplanted skin areas. However, there were no differences in
the numbers of cells between the patient with SIS/TEN and the
control (Fig 4). These findings indicate that infiltrating lympho-
cytes are not critical in this model. The manifestations of these
models were quite similar to those in skin lesions of patients
with SJS/TEN.

DISCUSSION

The present study aimed to develop a mouse model to mimic
human SJIS/TEN. We succeeded in reproducing SJS/TEN-like
manifestations in the mice. Our results provide an SJS/TEN
animal model that promises to be useful in experiments involving
SJS/TEN.

To date, investigations to reveal the pathomechanism of SJS/
TEN have been carried out with human samples. In previous
reports reactions in the acute phase of SIS/TEN in peripheral
blood and skin lesions were analyzed, and these investigations
have shown that inflammatory mediators, proapoptotic mediators,
or infiltrated cells in the skin lesions might be linked to the
occurrence of SJIS/TEN.

Chung et al'® attempted to identify key molecules in skin le-
sions (bullae), and they focused on the most highly expressed pro-
apoptotic molecule: granulysin. Granulysin was found to induce
cultured keratinocyte death. Furthermore, recombinant granuly-
sin injection into the murine skin elicited skin necrosis. In addi-
tion, we detected higher concentrations of serum granulysin
in the acute phase of SIS/TEN than in ODSRs.!* In contrast,
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FIG 3. Development of the SJS/TEN mouse model using PBMCs and skin grafts of patients who had
recovered from SJS/TEN. A, Scheme of mouse model development. Skin grafts from a patient who had re-
covered from SJS/TEN were grafted onto the backs of NOG mice. After engraftment was confirmed, PBMCs
from the same patient were applied intravenously, followed by oral administration of the causative drug. B
and C, Darkened areas appear in the skin graft at 4 days after PBMC injection. These areas were increased at
8 days after PBMC injection. In contrast, the darkened area did not appear in skin grafts of mice when using
PBMCs and skin from the healthy control subject. D, By using cleaved caspase-3 staining, a great increase in
keratinocyte death in the SJS/TEN skin graft was detected in comparison with the keratinocyte death seen in
the healthy control specimens. Samples from patient 6 with SUS/TEN and patient 2 with an ODSR were
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FIG 4. Human CD4 and CDS8 staining was performed. Both human CD4" and CD8" T cells infiltrated the
transplanted skin areas. There were no differences in the numbers of cells between patients with SJS/
TEN and controls. Samples from patient 6 with SIS/TEN were used. HPF, High-powered field; N.S., not

significant.

French’s group reported that Fas and Fas ligand interaction is crit-
ical in SJS/TEN pathogenesis.” They reported that keratinocyte
apoptosis in patients with SJS/TEN is mediated by Fas and Fas
ligand, which are both expressed on keratinocytes. We also re-
ported that sFasL was able to induce keratinocyte death® and
that the serum level of sFasl. was increased in the acute phase
of SIS/TEN, as was the serum level of granulysin.22 Other candi-
dates, such as a-defensin, have also been reported.23

A recent article reported that NK-cytolytic T lymphocyte
(CTLs) might be a cell component that contributes to SIS/TEN
occurrence. Activated CTLs gain NK cell-like function; these are
called NK-CTLs, and they specifically express CD94/NKG2C.
NK-CTLs accumulate in skin lesions of patients with SIS/TEN,
where they induce keratinocyte death through an interaction
between CD94/NKG2C and HLA-E that is expressed specifically
on keratinocytes of SJS/TEN lesions.”*

Even though knowledge regarding the mechanism of SIS/TEN
has been accumulated, these findings have never been confirmed
in an in vivo model. If some molecules were highly expressed in
skin lesions or blood during the acute phase of SJS/TEN, there
would be no way to confirm whether these molecules are key
players. Regarding proapoptotic molecules, several candidates
have been reported, as described above. However, most reports
focused on molecules that researchers anticipated to contribute
to SIS/TEN pathogenesis. Granulysin was identified by means
of DNA microarray of cells in bullae; however, not only did the
data show that the mRNA level of granulysin was increased,
they also showed that the mRNA levels of other proapoptotic mol-
ecules, such as Fas ligand, perforin, and granzyme B, were in-
creased.’® This suggests that several pathways are activated in
the apoptotic phenomenon in vivo, and there is no solid evidence
of an exclusive key player. Animal model experiments involving
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depletion or inhibition of specific molecules were essential in
proving their uniqueness. Previous experiments with patients’
specimens provided fragmentary information on disease etiology.
Our model mice open the possibility of recreating the pathologic
conditions of SJIS/TEN in mice and conducting circumstantial
in vivo examinations, such as on the benefits of treatments. In
our study CD8* lymphocyte—depleted PBMCs did not produce
SJS-like symptoms, strongly demonstrating that CD8* lympho-
cytes are necessary to SIS/TEN pathogenesis. Previous reports
showed that CD4* T cells were the predominant population
that infiltrated into “maculopapular rash” skin lesions and that
most drug-specific T cells were CD4™" T cells.>> However, in se-
vere cutaneous adverse drug reactions CD8 ™" T cells were the pre-
dominant population that infiltrated into the epidermis of skin
lesions of patients with SIS/TEN,'® and HLA-B*1502 was found
to be associated with carbamazepine-induced SJS in all cases.”®
In addition, drug-specific CD8™ T cells were found to predomi-
nantly proliferate during the acute stages of SIS.?’ Although
drug-specific CD4" T cells are essential in drug-mediated im-
mune reactions, CD8" T cells are critical to the development of
SJS/TEN. Furthermore, in the skin lesions of model mice, the
numbers of CD4* and CD8* lymphocytes did not differ between
patients with SJS/TEN and control subjects. These findings indi-
cate that infiltrating lymphocytes are not required to generate SIS/
TEN skin lesions. Given the findings of ocular lesions, we made
the supposition that soluble factors might be involved in
keratinocyte death. Although granulysin and sFasL were not spe-
cific mediators of this phenomenon, we speculated that causative
drug—stimulated PBMCs from patients with SIS/TEN secreted
certain cell-death mediators.

Our data using this model also suggest that drug presentation
and recognition in the skin might be less necessary than expected
because some symptoms develop with little or no recruitment of
drug-specific T cells. In our model mice it seems that drug-
specific cells were presented and activated by APCs at the
spleen and not the skin. Therefore we consider that human
APCs presented drug/antigen to T cells in the spleen or
peripheral blood. Taken together, we conclude that soluble factors
from CD8™ lymphocytes are critical for SJS/TEN development.
Our model mice are useful experimental tools to reveal the SIS/
TEN pathomechanism.

It is possible that PBMCs from patients with SJS/TEN, which
are activated by the causative drug, are highly proliferative and
lead to human PBMC reconstitution at day 12, resulting in
accelerated GVHRs. However, GVHRs are mediated by human
cell infiltration into murine tissue. Indeed, in the GVHR model we
detected numerous human cells in the conjunctiva of the mice,
whereas in the SIS/TEN-PBMC model, we detected few human
cells in conjunctiva and peripheral blood at day 12. These data
indicated that at least the ocular manifestations of mice receiving
SJS/TEN-PBMC/drug at day 12 were not GVHRs. If PBMCs are
highly proliferative at day 12, ocular manifestations can be
regarded as a drug-specific phenomenon because mice receiving
only PBMCs from patients with SIS/TEN never show such
symptoms.

In our model mice it is speculated that the APCs of mice
presented drug/antigens to human drug-specific lymphocytes.
However the NOG mice used in our experiments have no T, B, and
NK cells. In addition, the dendritic cells (DCs) of NOG mice are
deficient in antigen presentation. ' Indeed, dysfunction of DCs al-
lowed engraftment by human cells in NOG mice (ie, DCs of NOG
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were unable to present xenoantigen to human lymphocytes suffi-
ciently). Therefore we assume that donor human APCs present
drug antigens to T cells. Furthermore, by using human IFN-y
ELISpot, the number of drug-specific lymphocytes increased in
the spleens of the SJS/TEN-PBMC model mice.

From the clinical aspect, issues have included the difficulty of
early diagnosis of SIS/TEN and unresponsiveness to treatment. In
the early stage SJIS/TEN presents clinically as edematous papules
or erythema multiforme-like target rashes that are very similar to
those of ODSRs. Such a clinical course makes it difficult to reach
a diagnosis of SJS/TEN in the early stage, which results in high
mortality rates. Furthermore, the majority of SIS/TEN cases
progress rapidly within a few days; therefore methods of early
diagnosis are urgently required. We previously analyzed serum
samples from 5 patients with SJS/TEN in the early stage (before
skin erosions or mucous lesions appeared) and showed that serum
levels of sFasL and granulysin are predictors of SJS/TEN
diagnosis.'"** However, collecting samples at the early stage
was quite difficult because of the rarity of the diseases and the
intractability of the diagnosis in the early stage, as mentioned
above. The present mouse model might allow assessment of
changes over time and provide other predictors of early diagnosis
and severity of SIS/TEN. Furthermore, treatment interventions
are able to be implemented in the early phase in our model, con-
tributing to the prediction of disease onset and prognosis.

‘We thank Ms Ayumi Moriya for her technical expertise.
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FIG E1. ELISpot assays with PBMCs of naive healthy volunteers who had
never experienced cutaneous adverse drug reaction were performed.
PBMCs of healthy volunteers (n = 4) were stimulated with amoxicillin,
one of the causative drugs in our study, and restimulated after 5 days.
ELISpot analysis did not detect drug-specific T cells, even in restimulation.
D+, Drug addition; D—, no drug addition.



