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Abstract
Decreased epidermal high-mobility group box 1 (HMGB1) expression is an early marker 
of epidermal injury in Stevens–Johnson syndrome/toxic epidermal necrolysis (SJS/TEN). 
Etanercept, an anti-tumor necrosis factor therapeutic, is effective in the treatment of 
SJS/TEN. The objective was to characterize antitumor necrosis factor-alpha (TNF-α)-
mediated HMGB1 keratinocyte/epidermal release and etanercept modulation. HMGB1 
release from TNF-α treated (± etanercept), or doxycycline-inducible RIPK3 or Bak-
expressing human keratinocyte cells (HaCaTs) was determined by western blot/ELISA. 
Healthy skin explants were treated with TNF-α or serum (1:10 dilution) from immune 
checkpoint inhibitor-tolerant, lichenoid dermatitis or SJS/TEN patients ± etanercept. 
Histological and immunohistochemical analysis of HMGB1 was undertaken. TNF-α in-
duced HMGB1 release in vitro via both necroptosis and apoptosis. Exposure of skin ex-
plants to TNF-α or SJS/TEN serum resulted in significant epidermal toxicity/detachment 
with substantial HMGB1 release which was attenuated by etanercept. Whole-slide image 
analysis of biopsies demonstrated significantly lower epidermal HMGB1 in pre-blistered 
SJS/TEN versus control (P < 0.05). Keratinocyte HMGB1 release, predominantly caused 
by necroptosis, can be attenuated by etanercept. Although TNF-α is a key mediator of 
epidermal HMGB1 release, other cytokines/cytotoxic proteins also contribute. Skin ex-
plant models represent a potential model of SJS/TEN that could be utilized for further 
mechanistic studies and targeted therapy screening.
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1  |  INTRODUC TION

Stevens–Johnson syndrome/toxic epidermal necrolysis (SJS/TEN) 
is a rare, immune-mediated, cutaneous blistering condition, most 
often caused by drugs and characterized by widespread keratino-
cyte death and epidermal detachment. Although much is known 
about the immunopathogenesis of SJS/TEN, gaps in our knowledge 
of how cell death and epidermal detachment occur still exist.

Previous work1 demonstrated that epidermal expression of high-
mobility group box 1 (HMGB1) protein is able to discriminate between 
severe cutaneous adverse drug reactions (ADRs) (SJS/TEN) and mac-
ulopapular exanthema. HMGB1 is a damage associated molecular pat-
tern (DAMP) protein which, in its unacetylated form, acts as a marker 
of both sterile toxicity and, in its acetylated form, as a marker of innate 
immune response.2

Etanercept is an antitumor necrosis factor-alpha (TNF-α) monoclo-
nal antibody used for treating auto-inflammatory conditions including 
psoriasis and rheumatoid arthritis. A number of case studies have also 
suggested that it is an effective treatment for SJS/TEN3 and reduces mor-
tality versus current standard of care (high-dose prednisolone).4 Despite 
reports of rapid re-epithelialisation in response to etanercept,5 there is 
currently limited understanding of the specific mechanism of action of 
etanercept in SJS/TEN treatment. Studies suggest that T-cell derived 
TNF-α contributes to keratinocyte cell death via Fas ligand.6 However, 
necroptosis is the key cell death mechanism responsible for the signifi-
cant keratinocyte death seen in SJS/TEN7,8 but its modulation by TNF-α 
is yet to be established. Furthermore, the role of TNF-α in mediating kera-
tinocyte HMGB1 release and the effect of etanercept is not understood.

The aim of this study was to determine if TNF-α-mediated kera-
tinocyte cell death is associated with HMGB1 release, both in vitro 
and ex vivo, and whether this could be ameliorated by etanercept 
treatment. Furthermore, digital pathology methodologies have been 
utilized to quantitatively assess previously reported decreased SJS/
TEN epidermal HMGB1 expression.1

2  |  METHODS

2.1  |  Patient cohort

2.1.1  |  Immune checkpoint inhibitor ADR 
patients and tolerant controls

Metastatic melanoma patients experiencing cutaneous ADRs sec-
ondary to immune checkpoint inhibitors (and tolerant controls) were 
prospectively recruited at the Clatterbridge Cancer Centre, Wirral, 
UK (December 2018 to November 2019).

Blood serum samples were taken at time of reaction (cases) and a 
comparator sample taken from ICI-tolerant controls after four cycles of 
immune checkpoint inhibitor (ICI) treatment. Ethics approval for the hy-
persensitivity study was granted in July 2012 by the National Research 
Ethics Service: Committee North West- Manchester North (Ref: 12/
NW/0525). All patients gave full, informed written consent to participate. 
Three patients were identified (1 × SJS/TEN,9 1 × lichenoid dermatitis, 

and 1 × tolerant control; Supporting Information Table S2) whose sera 
were utilized for exposure to healthy skin explants. Serum TNF-α con-
centrations were determined by enzyme-linked immunosorbent assay 
(ELISA; R&D Systems) according to the manufacturer's protocol.

2.1.2  |  Cutaneous ADR skin biopsies

Formalin-fixed paraffin-embedded skin samples were identified from 
the histology archive database at Cleveland Clinic, OH, USA, from 2013 
to 2020 using criteria previously described.1 Briefly, an internal diagnosis 
or description search included the terms “Stevens-Johnson Syndrome” or 
“toxic epidermal necrolysis” and drug eruption/drug reaction (including 
“dermal hypersensitivity reaction”). Cases were selected where a diagnosis 
of drug-induced SJS/TEN or maculopapular exanthema was very strongly 
favored and was supported by clinical notes. Normal skin from excision 
specimens was utilized as healthy control skin. Suspected causal drugs 
were identified from clinical notes (Supporting Information Table S2).

2.2  |  Creation of HaCaTs stably expressing 
doxycycline-inducible cell death regulatory genes

DNA sequences for full-length human for receptor interacting pro-
tein kinase 3 (RIPK3) (NM_006871.3), mixed lineage kinase domain 
like pseudokinase (MLKL) (NM_152649.3) and Bak (NM_001188.3) 
were PCR amplified with Phusion High Fidelity DNA polymerase 
(ThermoFisher Inc.) with both forward and reverse primers contain-
ing Sfil restriction sites (Supporting Information Table  S1). Sfil re-
stricted fragments were ligated into pSB-Tet Blast, which contains 
a tetracycline inducible expression cassette flanked by Sleeping 
Beauty transposon inverted repeat/direct repeats (IR/DRs) contain-
ing ampicillin resistance and blasticidin selection markers.

Human keratinocyte cells (HaCaTs) were seeded overnight in six-well 
plates at 2.5 × 105 cells/well in 2 mL of Dulbecco's Modified Eagles Media 
(DMEM, +10% fetal bovine serum (FBS); both Sigma-Aldrich). Three mi-
crograms of pSB-Tet Blast plasmid DNA and 300 ng of pCMV hpyPBx100 
(containing the hyperactive Sleeping Beauty Transposase) per well were 
co-transfected using JetPEI (101-10; Polyplus) according to the manu-
facturer's protocol. Transfected HaCaT cells were treated with 1.5 μg/
mL blasticidin (InvivoGen) for 2 days followed by 5 μg/mL (6 days), 10 μg/
mL (2 days), and 15 μg/mL (2 days) with fresh drug applied every 48 h. The 
remaining antibiotic-resistant population was passaged on as polyclonal 
HaCaT cells stably expressing tetracycline-inducible RIPK3, MLKL, or Bak.

2.3  |  HaCaT cell viability

Immortalized human keratinocytes (HaCaT) cells were periodically tested 
for mycoplasma contamination using an in-house polymerase chain 
reaction (PCR) methodology. HaCaTs were seeded into 96-well plates 
at 2.5 × 104 cells/well overnight in serum-free (SF) DMEM (+1% penicil-
lin/streptomycin, 0.01% dimethylsulfoxide (DMSO)). Cells (in serum-
free media) were exposed to 10 ng/mL TNF-α ± 5 uM BV-6, ±40 μM 
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necrostain-1 (NEC-1), ±50 μM carbobenzoxy-valyl-alanyl-aspartyl-[O-
methyl]-fluoromethylketone (Z-VAD-FMK) for 24 h or 0.5, and 1 μg/mL 
doxycycline for 6 h. Twenty microliters of 3-4,5-dimethylthiazol-2-yl-2,5
-diphenyltetrazolium bromide (MTT; 2 μg/μL final concentration) per well 
was added and incubated for 2 h at 37°C. One hundred microliters of 
lysis buffer 20% sodium dodecyl sulfate (SDS) (w/v) in 50% (w/v) dimeth-
ylformamide was added and incubated at room temperature overnight. 
Optical density at 595 nm was determined by multimode plate spectro-
photometry (Beckman Coulter). Cell viability was expressed as a per-
centage normalized to untreated controls. Details of the flow cytometric 
analysis of cell death can be found in the Supporting Information.

2.4  |  Flow cytometry

Cells were pelleted (×2) at 2000 rpm for 5 min at room temperature, 
washed in phosphate-buffered saline (PBS) and re-suspended in 1X 
annexin binding buffer (10 mM 4-(2-hydroxyethyl)-1-piperazineetha
nesulfonic acid (HEPES), 140 mM NaCl, and 2.5 mM CaCl2, pH 7.5) 
plus 2.5 μg/mL Annexin V (AV)-fluorescein isothiocyanate (FITC) and 
0.25 μg/mL propidium iodide (PI). Cells were incubated on ice for 
15 min in the dark then analyzed using an Attune Acoustic Focusing 
Cytometer (Applied Biosystems). Polygon gating was performed on 
10 000 cells. The BL3 channel was used to capture PI positive cells 
and the BL1 channel to capture AV positive cells.

2.5  |  Western blotting

Twenty-five microliters of cell-free supernatant or 25 mg of total pro-
tein cell lysate was resolved on a 4–12% NUPAGE™ pre-cast SDS-
polyacrylamide gel electrophoresis (PAGE) gel (Life Technologies Inc.) 
at 90 V (15 min) then 180 V (60 min). Transfer of immobilized proteins 
to nitrocellulose membrane was carried out at 100 V for 1 h and the 
membrane was blocked in Tris-buffered saline-tween containing 10% 
dried-milk powder for 1 h at room temperature. Membranes were 
probed with rabbit anti-human high-mobility group box 1 (HMGB1) 
primary antibody (1:5000 dilution, overnight; Abcam Ltd) and goat 
anti-rabbit immunoglobulin G (IgG) horseradish peroxidase  (HRP)-
conjugate secondary antibody (1:10 000 dilution, 2 h; Sigma-Aldrich).

Streptavidin-tagged RIPK3 and Bak were probed with strepMAB-
classic mouse anti-human antibody (1:4000; IBA Life Sciences) and 
horse anti-mouse HRP-conjugate (1:10 000 dilution; Cell Signaling 
Technologies). Details of all other primary and secondary antibodies 
used are given in Supporting Information Table S3. Membranes were 
developed and visualized using enhanced chemiluminescent sub-
strate (ECL) and a Chemidoc Touch Imaging System (both Bio-Rad). 
Image densitometric analysis was undertaken using Image J software.

2.6  |  Skin explants

As previously described and published,10 4-mm biopsies were taken 
from healthy skin tissue (Tissue Solutions Ltd). Anakinra was utilized 

as a positive control as previous observations suggest that at 10 μg/
mL it induces a toxicity and epidermal separation phenotype in 
explants akin to SJS/TEN. This is likely comparable to immediate 
injection site reactions where high local anakinra concentrations 
induce mast cell degranulation11 and can lead to TNF-induced neu-
trophil infiltration12 and tissue injury. Explants were cultured for 
72 h in 200 μL of media (X-VivoTM 10, Lonza) ±1 μg/mL etanercept 
(Benepali, Biogen Inc.) containing (i) single patient sera (SJS/TEN, 
lichenoid dermatitis, or control) diluted 1:10, (ii) 10 ng/mL TNF-α 
(R&D systems), or (iii) 10 μg/mL anakinra (n = 3 for all groups; Sigma-
Aldrich). A single replicate was snap-frozen and stored at −80°C in 
optimal cutting temperature media with the other two formalin-
fixed and paraffin-embedded for H&E staining and immunohisto-
chemistry. Histological damage was graded according to the Lerner 
criteria.13 Briefly, these are:

•	 Grade 0: no observable damage to skin keratinocytes
•	 Grade I: mild vacuolization of basal cells
•	 Grade II: vacuolization of basal cells and dyskeratotic bodies
•	 Grade III: subepidermal cleft formation at the dermal-epidermal 

junction
•	 Grade IV: complete epidermal separation.

2.7  |  Serum/supernatant HMGB1 measurement

HaCaT cells were seeded in 12-well plates (1 × 106/well in 500 uL 
DMEM +10% FBS +1% pen/strep) for 24 h. Supernatant was spun at 
5000 rpm for 5 min to remove cell debris.

Supernatant total HMGB1 protein concentrations were de-
termined by ELISA according to the manufacturer's protocol (IBL 
International GmBH). Samples failing to reach the manufacturer's 
lower limit of quantification (0.2 ng/mL) or where replicates were 
discordant by >15% were excluded. For explants treated with human 
sera, input HMGB1 (how much was in the original serum sample) was 
determined and subtracted from the final concentration. Detailed 
protocols for western blot analysis are available in the Supporting 
Information.

2.8  |  Immunohistochemistry

Sections (5 μm) were dewaxed and subjected to antigen retrieval 
in Dako PT buffer high pH (Agilent Technologies Ltd) using a 
computer-controlled antigen retrieval workstation (PT Link; Agilent 
Technologies Ltd) for 20 min at 98°C. Sections were stained for 1 h 
at room temperature (RT) using an automated immunostainer (Link 
48; Agilent Technologies Ltd), with (i) rabbit polyclonal primary 
anti-human antibody for HMGB1 (Abcam Ltd; 1:1000 dilution); (ii) 
cleaved-caspase 3 (1:50 dilution; Cell Signaling Technology) or (iii) 
RIPK3 (1:550 dilution; Abcan Ltd). This was followed by a 30-min 
incubation (RT) with the polymer peroxidase-based detection sys-
tem (Anti Mouse/Rabbit Envision Flex+, Agilent Technologies Ltd). 
Visualization was with diaminobenzidine (Agilent Technologies 
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Ltd). Consecutive sections incubated with nonimmune rabbit serum 
served as negative controls. Positive reaction was represented by a 
distinct brown nuclear (or rarely cytoplasmic) reaction. Positive con-
trol was represented by epidermis and follicle in normal skin.

2.9  |  Analysis of whole-slide images

HMGB1-stained slides were scanned using a Leica Aperio CS2 scan-
ner at 40× magnification. Whole-slide image analysis was undertaken 
using QuPath software.14 Epidermis was manually separated from 
dermis, annotating the area of interest, and appropriate classification 
attributed to each annotation. Positive cells were identified as those 
with an evident brown precipitate due to a 3,3'-Diaminobenzidine 
(DAB) reaction. Positive cell detection parameters were optimized and 
analysis run for all classified annotations. Three different thresholds 
were set to categorize the cells according to staining intensity as fol-
lows: negative (blue), weakly positive (yellow), moderately positive 
(orange), and strongly positive (red) (Figure  4a). Total positive cells 
were the sum of weakly, moderately, and strongly positive cells. Data 
presented are HMGB1 positive stained cells for epidermis or dermis.

2.10  |  Statistical analysis

For serum and supernatant HMGB1 concentrations, a one-way 
analysis of variance with Bonferroni correction was undertaken. For 
western blot densitometry, a Mann–Whitney U test was utilized. All 
analyses were performed using Prism 5 software (GraphPad Inc.).

3  |  RESULTS

3.1  |  TNF-α  induced HMGB1 release in vitro

Our initial work aimed to characterize TNF-α induced cell-death and 
HMGB1 release in a keratinocyte cell line (HaCaT) and determine 
whether necroptic or apoptotic pathways contributed significantly 
to HMGB1 release. Since TNF-α alone did not lead to significant cell 
death in this model, we pre-incubated cells with 5 μM BV-6, a bi-
valent second mitochondria-derived activator of caspases (SMAC_ 
mimetic which promotes auto-ubiquitination of cellular inhibitor of 
apoptosis (cIAP)-1 and -2 and X-linked inhibitor of apoptosis (XIAP) 
and subsequent degradation by the proteasome. It is thought that 
this blocks nuclear factor kappa B (NF-kB) activation at the level 
of the death inducing signaling complex (DISC),15 sensitizing cells 
to TNF-α-induced cell death (Figure 1). This led to a significant de-
crease in the viability of TNF-α treated cells versus controls (P < 0.01 
Figure 1a). The receptor-interacting serine/threonine-protein kinase 
1 (RIPK1) inhibitor NEC1 (inhibitor of necroptosis) or pan-caspase in-
hibitor zVAD-FMK (inhibitor of apoptosis) partially rescued viability 
(P < 0.05 vs. control). NEC1 and zVAD in combination negated TNF-
α-induced cell death (P > 0.05).

The addition of NEC-1, zVAD or both decreased the number of 
AV+ (early apoptotic/necrotic cells) versus no inhibitor (P < 0.01; 
Figure 1b,c). Moreover, zVAD+NEC-1 treated cells exhibited a signif-
icant decrease in PI+/AV+ cells (late apoptosis, P < 0.05; Figure 1c). 
Inhibition of RIPK1 (necroptosis) by necrostatin resulted in a sig-
nificant decrease in TNF-α induced extracellular HMGB1 (P < 0.05) 
which was greater than that for zVAD, with use of both resulting in 
attenuated HMGB1 release (P < 0.01; Figure 1d).

Having established the contribution of necroptosis apoptosis to 
HaCaT HMGB1 release in a TNF-α exposed model, we next wanted 
to observe it in a “cleaner” model of both cell death mechanisms. 
This utilized HaCaTs stably transfected with inducible necroptotic 
and apoptotic cell-death mediators. HMGB1 release was assessed 
in HaCaTs stably transfected with inducible necroptotic (RIPK3 and 
MLKL) and (intrinsic pathway) apoptotic (Bak)16 cell-death medi-
ators. Doxycycline-induced expression of both RIPK3 and Bak in-
duced a statistically significant decrease in cell viability (Figure 2a) 
commensurate with increased expression of the respective genes 
(Figure 2b). Increases in PARP and caspase 3 cleavage were observed 
in Bak overexpressing HaCaTs but not those overexpressing RIPK3. 
In RIPK3 overexpressing cells increased MLKL expression was addi-
tionally seen (Figure 2c). Extracellular HMGB1 expression was sig-
nificantly induced in all three dox-inducible cell-lines (compared to 
wild-type, P < 0.01), with MLKL expression appearing to exhibit the 
highest levels (Figure 2d).

3.2  |  TNF-α  induced HMGB1 release and 
modulation by etanercept

Having establish a predominant role for necroptosis, in both our 
TNF-α exposed and cell-death inducible models, we next wanted to 
quantify HMGB1 release and assess the effect on it of etanercept 
(a TNF-inhibitor used in the treatment of SJS/TEN4) in our in vitro 
model. TNF-α induced a significant increase in HMGB1 extracellu-
lar release from HaCaT cells (mean [±SE], 268.2/mL ± 3.2 vs. 166.8/
mL ± 5.8 [control] and 120.1 ng/mL ± 12.8 [etanercept only], both 
P < 0.001) (Figure  1e). This was negated by the co-administration 
of etanercept with TNF-α (100.8 ng/mL ± 2.0, P < 0.001; Figure 1e). 
Conversely, TNF-α decreased cell viability (23.0% ± 8.9) compared to 
normalized control incubations (P < 0.01), and this was significantly 
rescued by etanercept (72.5% ± 15.7, P < 0.05) (Figure 1f).

Having determined that TNF-α induces HMGB1 release from a 
keratinocyte cell-line, we looked at the effect of TNF-α in a more 
physiologically relevant model, healthy human skin explants, to see 
whether in vitro observations could be reproduced. Exposure of 
healthy skin explants to TNF-α for 72 h induced grade 2 epidermal 
toxicity compared to grade I toxicity in media-only treated explants 
(Supporting Information Table S4 and Figure 3). Although adminis-
tration of etanercept did not abate toxicity, TNF-α induced loss of 
epidermal HMGB1 expression (which was not seen in media-only 
controls) was negated by etanercept (Figure 3). Extracellular levels of 
HMGB1 in the supernatant (Supporting Information Figure S3) were 
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significantly higher in TNF-α treated explants (7.83 ng/mL ± 1.2) ver-
sus controls (1.03 ng/mL ± 0.14, P < 0.01). Etanercept co-exposure 
with TNF-α did not significantly alter HMGB1 levels (10.87 ng/
mL ± 1.70, P > 0.05).

Anakinra (positive control)-treated explants exhibited grade 
II/III toxicity or grade II in the presence of etanercept (Supporting 
Information Figure  S3). HMGB1 supernatant levels were signifi-
cantly higher in response to anakinra (59.64 ng/mL ± 20.17, P < 0.05) 

F I G U R E  1  A combination of TNF-α and BV-6-induced HMGB1 release in HaCaTs which is modulated by inhibitors of both necroptosis 
(necrostatin) and apoptosis (Z-VAD-FMK). (a) HaCaT cell viability determined by MTT assay, (b) representative flow cytometric scatter plot 
of AV- and PI-stained cells with (c) percentage cells positive stained and (d) extracellular HMGB1 following 24 h TNF-α exposure ±40 μM 
necrostatin, 50 μM ZVAD (exemplar western blot image selected from n = 3). Densitometric analysis was performed on three separate blots 
and statistical analysis was undertaken using the Mann–Whitney U test (*P ˂ 0.05 and **P ˂ 0.01). (e) Supernatant HMGB1 levels determined 
by ELISA and (f) corresponding HaCaT viability by MTT assay (with BV-6 pre-treatment). Data represent mean normalized to untreated 
control (±SE) of three separate experiments conducted in triplicate (*P ˂ 0.05, **P ˂ 0.01, ***P < 0.001 and # < 0.05 vs. TNF-a/BV-6 treated 
cells).



1134  |    NWIKUE et al.

compared to untreated controls. Co-administration of etanercept 
did not result in a significant change in HMGB1 concentrations in 
response to anakinra (12.13 ng/mL ± 5.54; ns).

RIPK3 expression in the basal layer was not significantly higher 
in TNF-α-treated explants compared to controls (Supporting 
Information Figure  S1). However, there was a noticeable reduc-
tion in RIPK3 expression in explants (control and TNF-α-treated) 
co-administered etanercept. No significant expression of cleaved 
caspase 3 was observed in any of the treatment groups (Supporting 
Information Figure S1).

3.3  |  HMGB1 expression and supernatant 
release in healthy skin explants exposed to SJS/TEN 
patient serum

Having established the effect of TNF-α on epidermal toxicity and 
HMGB1 release, the ex vivo work was expanded to look at the ef-
fect of exposing healthy skin to sera from healthy control, lichenoid 
dermatitis and SJS/TEN patients (acute phase). TNF-α concentra-
tions of the three sera were determined by ELISA as healthy control 
2.92 pg/mL (0.29 pg/mL final concentration), lichenoid dermatitis 
9.17 pg/mL (0.92 pg/mL final concentration), and SJS/TEN 12.25 pg/

mL (1.22 pg/mL final concentration). As previously described,10 ex-
posure of explants to ICI-induced SJS/TEN patient serum induced 
grade III pathology with intra-epidermal damage and necrosis in 
both duplicates. The addition of etanercept reduced the pathology 
to grade II in both instances (Supporting Information Table S4). The 
addition of serum from a patient with ICI-induced lichenoid derma-
titis resulted in grade II pathology in both replicates with etanercept 
co-administration having little effect. Exposure to serum from an 
ICI-tolerant patient resulted in no significant difference in pathology 
(grade I) compared to media only control.

Epidermal HMGB1 expression in explants treated with SJS/TEN 
patient serum was significantly decreased (Figure 3) in both replicates, 
with levels being visibly higher when the explants were co-incubated 
with etanercept. Conversely, apparent immune cell HMGB1 im-
munostaining in SJS/TEN serum-treated explants was increased 
in the presence of etanercept (Figure 3). Explants treated with sera 
from either ICI-tolerant or ICI-induced lichenoid dermatitis patients 
showed no substantial loss of epidermal HMGB1 and no modulation 
of effect by etanercept. Cleaved caspase 3 expression was notionally 
elevated in SJS/TEN serum-treated explants at the epidermal basal 
layer (Supporting Information Figure S2) compared to tolerant serum-
treated explants but this was not substantially modulated by etaner-
cept. RIPK3 expression was significant in all explants in the basal layer 

F I G U R E  2  Effect of doxycycline-induced RIPK3 and Bak induction on (a) HaCaT cell viability (data represent mean normalized 
to untreated control ±SE, n = 3, *P ˂ 0.05, **P ˂ 0.01), (b) corresponding induction of RIPK3, Bak, and full-length MLKL expression by 
doxycycline, (c) effect of RIPK3 and Bak expression on necroptotic and apoptotic markers, and (d) modulation of HMGB1 extracellular 
release following induction of RIPK3, MLKL, and Bak. HaCaT cells were treated for 6 h with 1 μg/mL doxycycline. Exemplar western blot 
images selected from n = 3 (b–d). Images have been rearranged to aid clarity. Densitometric analysis was performed on three separate blots 
and statistical analysis was undertaken using the Mann–Whitney U test (*P ˂ 0.05 and **P ˂ 0.01).
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and was visibly lower in TNF-α and SJS/TEN serum-treated explants 
compared to control, healthy, or lichenoid dermatitis serum treatment 
(Supporting Information Figures S1 and S2).

In addition to in situ skin HMGB1 expression, we also exam-
ined extracellular HMGB1 in the explant culture media (Supporting 
Information Figure S3). This was found to be significantly higher in 
explants treated with SJS/TEN patient serum (16.91 ng/mL ± 3.51) 
compared to the media-only control (1.03 ng/mL ± 0.14, P < 0.05). 
There was no significant difference in those co-administered etaner-
cept (19.00 ng/mL ± 2.62; P < 0.05). Explants treated with sera from 
either the tolerant or lichenoid dermatitis patient (4.36 ng/mL ± 1.83 

and 1.82 ng/mL ± 0.22, respectively) did not demonstrate higher 
mean supernatant HMGB1 levels compared to control explants 
(ns) and there was no significant difference from either when co-
administered etanercept (ns).

3.4  |  Quantitative digital image analysis of HMGB1 
skin expression

Previous work1, utilizing semiquantitative analysis of epidermal 
HMGB1 expression, showed a significant decrease in the SJS/

F I G U R E  3  Effect of 72 h of 10 ng/mL TNF-α or cutaneous ADR patient serum (control, lichenoid dermatitis or SJS/TEN) exposure ±1 μg/
mL etanercept on healthy skin explant morphology (H&E stained). Images show HMGB1, immunohistochemical expression, and localization. 
Images are representative of n = 3 skin sample. For H&E images: black horizontal scale bar = 100 μm (400× magnification). For HMGB1: black 
horizontal bar =60 μm (zoomed 40× whole slide scanned image). Dashed lines represent the dermal epidermal junction.
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TEN epidermis. We therefore used image analysis to quantify 
dermal and epidermal cellular HMGB1 expression in healthy, 
drug-induced maculopapular exanthema, and SJS/TEN skin. 
Analysis of the skin biopsies demonstrated that HMGB1 posi-
tive cells in pre-blistered epidermis from SJS/TEN patients 
(91.3% ± 2.4, mean ± SE) were significantly lower than in healthy 
controls (99.5% ± 0.3, P = 0.047; Figure 4b). HMGB1 positive cells 
were not significantly different in maculopapular exanthema skin 
(97.2% ±1.8) versus healthy control (P > 0.05). SJS/TEN samples 
with detached epidermis were analyzed separately by manual ob-
servation since the high levels of positive staining appeared to 
be an artifact of the analysis methodology. Dermal percentage 
HMGB1 positive cells (Figure 4c) were not significantly different 
between the healthy, maculopapular exanthema and SJS/TEN 
phenotypes.

4  |  DISCUSSION

The findings from this study show a clear link between TNF-α-induced 
cell death (predominantly necroptosis) and HMGB1 release in ke-
ratinocytes (Figures 1 and 2). Our previous observations1 showed that 
HMGB1 is released from keratinocytes in SJS/TEN even prior to epi-
dermal detachment. The suggestion that RIPK3 necroptotic keratino-
cyte death may be a predominant source of HMGB1 (Figures 1 and 
2) is consistent with previous literature suggesting that necroptosis is 
a key mediator of epidermal injury in severe skin-blistering ADRs.7,8 
Our finding that TNF-α plus BV-6 elicits keratinocyte cell death (and 
HMGB1 release) both in vitro (Figure 1) and ex vivo (Figure 3) shows 
that TNF-α, at least in part, mediates keratinocyte cell death in SJS/
TEN, although this does not exclude the role of other complementary 
mechanisms, for example neutrophil-derived LL-37 cytotoxicity.17

F I G U R E  4  Digital whole slide image analysis of epidermal and dermal HMGB1 cell positivity in healthy, maculopapular exanthem, and 
SJS/TEN skin samples from the Cleveland cohort. (a) Exemplar cell detection-visual deployment of the result. The border of the cells 
represents the following: blue, negative; yellow, weakly positive; orange, moderately positive; red, strongly positive (400× magnification). 
(b) Epidermal and (c) dermal cellular staining for HMGB1 cutaneous ADRs. Data represent percentage cells with positive HMGB1 staining 
(as visualized by immunohistochemistry) for healthy, rash, and SJS/TEN. Horizontal lines represent mean values. *P < 0.05, ns = not 
significant.
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Interestingly, loss of HMGB1 expression appears to be a more 
sensitive marker of epidermal injury than both RIPK3 and caspase 
expression in explants treated with either TNF-α or SJS/TEN serum 
(Figure 3 and Supporting Information Figures S1 and S2). The data 
suggest that both TNF-α and SJS/TEN serum lower RIPK3 expres-
sion and may be negatively correlated to HMGB1 expression in the 
epidermis. This is hypothesized to be due to the RIPK3 antibody 
used not cross-reacting with the phosphorylated RIPK3 formed 
during necroptotic cell death.18 The lack of significant epidermal 
staining for cleaved caspase 3 is intriguing and seems to suggest that 
negligible apoptotic cell death is occurring. This supports the in vitro 
evidence that the predominant contributor to epidermal HMGB1 re-
lease is necroptotic cell death. We also observe apparent increased 
levels of HMGb1 expression in immune cells (Figure 3), which could 
also account for increased extracellular levels. This is supported by 
the observation that TNF-α and SJS/TEN serum increased the num-
ber of HMGb1-positive cell I the dermis and supports the suggestion 
that the processes driving increased HMGB1 are multifaceted. This 
would require validation by possibly determining co-localization of 
HMGB1 with CD14+/CD16+ monocytes, which have been shown 
to play a key role in epidermal damage in SJS/TEN.19 Future ex-
periments with a suitably powered number of explants should use 
digital pathology to undertake a quantitative correlation of this re-
lationship. However, the data presented herein suggest that epider-
mal HMGB1 expression may represent a highly sensitive biomarker 
of SJS/TEN and cellular HMGB1 translocation, a robust end-point 
marker for assessing keratinocyte cell death (predominantly necro-
ptosis) in SJS/TEN pathogenesis.

The work presented in skin explant models demonstrates that 
TNF-α can induce epidermal release of HMGB1 (Figure 3) and grade 
2 toxicity (Supporting Information Table S4), which leads to elevated 
supernatant levels (Supporting Information Figure  S3). However, 
whilst the addition of etanercept negated epidermal release, it did 
not reduce extracellular levels (Supporting Information Figure S3). 
TNF-α is known to induce HMGB1 release from monocytes,20 and it 
is therefore possible that the extracellular levels of HMGB1 in SJS/
TEN are due to TNF-α-induced release by both epidermal and im-
mune cells, and are not only due to epidermal loss of expression. 
An alternative hypothesis is that etanercept itself increases HMGB1 
release from activated immune cells21 which counters the inhibition 
of HMGB1 release from injured keratinocytes by etanercept. This 
also suggests that etanercept has an effect on both inflammatory 
cells and keratinocytes. This is also true of anakinra,21 which would 
explain the very large increase in HMGB1 that is seen and the lack 
of reduction in the presence of etanercept (Supporting Information 
Figure S3).

Epidermal expression of HMGB1 was significantly decreased 
by exposure to SJS/TEN patient serum at 1:10 dilution (Figure  3) 
and marginally restored by etanercept. This mirrored the effect 
on toxicity where a marginal decrease was seen in response to 
etanercept (Supporting Information Table  S4 and Figure  3). This 
suggests that TNF-α might play a role in mediating HMGB1 release 
and toxicity in SJS/TEN but HMGB1 release is also attributable to 

non-TNF-α-mediated pathways. A limitation of our studies is the 
small number of patient samples tested so data should be assessed 
with caution. However, the results obtained were quite distinct be-
tween sera obtained from the SJS/TEN patient, and sera from the 
tolerant control and the patient with maculopapular exanthema. 
Further work will be needed to assess interindividual variability in 
response across multiple different explants and serum samples. It 
should be noted that the SJS/TEN case from which sera was used 
was an ICI-treated patient. However, previous work has shown that 
the reaction was due to exposure to iodinated contrast media pre-
cipitated by ICI therapy rather than the actual ICI9 so the pathogen-
esis of this case is akin to a “normal” small-molecule-induced SJS/
TEN phenotype.

The clinical benefit of TNF-α inhibition by etanercept in treating 
SJS/TEN has been demonstrated in multiple case reports3 and in a 
randomized control trial.4 However, the actual mechanism of action 
of etanercept in SJS/TEN has not been established. We were un-
able to assess the role of etanercept on pathogenesis in the model 
in isolation or co-administered with anakinra, which is a limitation 
although we would not expect any significant modulation in either 
scenario. Our findings suggest that etanercept, whilst attenuat-
ing TNF-α-induced keratinocyte death, also significantly reduces 
HMGB1 release (Figure 1). The suggestion that TNF-α has a role in 
the SJS/TEN pathogenesis is not new22,23 but the link to HMGB1 
is novel and could represent a new insight into the downstream ef-
fects of TNF-α and the mechanism of action of etanercept in SJS/
TEN. It should be noted that the action of TNF-α on keratinocytes 
in this model is not specific and indeed it is likely that, as part of 
the observed pathogenesis, it is mediating its effect via skin-resident 
CD8+ T-effector cells.24

We used digital pathology to build on previous observations of 
decreased epidermal HMGB1 expression in SJS/TEN skin.1 A statis-
tically significant decrease in HMGB1 positive cells was observed 
in pre-blistered SJS/TEN versus healthy skin (Figure  4), although 
the difference between maculopapular exanthema and SJS/TEN 
serum did not reach significance. The data confirm that HMGB1 
nuclear > cytosol > extracellular translocation is indicative of early 
epidermal stress in SJS/TEN.

The data further underline the potential utility of epidermal 
HMGB1 release as an early marker of epidermal cell death, and po-
tentially detachment as we have previously proposed.1 HMGB1 may 
also, through its isoform-dependent immunomodulatory functions,2 
exacerbate tissue damage. This will require further study. The data 
presented further suggest that HMGB1 keratinocyte release may be 
a viable proxy biomarker for the onset of SJS/TEN and that, at least 
in keratinocytes, it is related to both necroptotic and apoptotic cell 
death. Explant data suggest that epidermal HMGB1 may be a more 
sensitive marker than both RIPK3 and cleaved caspase, although 
there is a suggestive correlation between HMGB1 and RIPK3. Future 
work will look to further establish this is both treated explants and 
clinical biopsy samples.

We have shown that the exposure of healthy skin explants to 
both TNF-α and serum from an SJS/TEN patient was able to evoke 
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a skin phenotype akin to SJS/TEN in both morphology and HMGB1 
expression. We have also shown that etanercept was able to attenu-
ate toxicity and, at least for TNF-α, reverse HMGB1 cellular release 
in the epidermis. The lack of effect of etanercept in SJS/TEN serum-
treated explants is likely to be due to the multitude of other mole-
cules present which exert cytotoxic effects independently of TNF-α, 
in keeping with the fact that the pathogenesis of SJS/TEN is mul-
tifaceted and complex. However, this physiologically-relevant skin 
explant model has the potential to be used for assessing the patho-
genic role and mechanism of other immune-derived cytotoxic medi-
ators implicated in SJS/TEN, such as granulysin, perforin, granzyme 
B, and LL37.25-28 Furthermore, by inducing an SJS/TEN-like event 
in healthy skin explants with TNF-α, and inhibiting it with etaner-
cept, we have a valid model system with the potential to be used for 
screening targeted therapies for potential therapy in SJS/TEN. The 
results presented here have be interpreted with some caution. Given 
the small sample size, it is not possible to determine interindivid-
ual variability in response, both between skin donors and between 
serum samples. This will be the focus of future work.

To conclude, we have demonstrated that keratinocyte-derived 
HMGB1 release is a useful biomarker for keratinocyte injury in early 
SJS/TEN. The skin explant model described may be a useful model to 
identify not only other proteins involved not only in causing epider-
mal damage, but also in screening novel therapies to treat SJS/TEN. 
This will, however, need further validation.
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