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Abstract
Stevens-Johnson syndrome (SJS)/toxic epidermal necrolysis (TEN) are severe cutaneous adverse drug
reactions, rare but life-threatening, characterized by massive keratinocyte death and development of a
systemic in�ammatory response. Pyroptosis is a lytic form of pro-in�ammatory programmed necrotic cell
death which participates in the pathogenesis of various in�ammatory diseases, it depends on activation
of in�ammasomes such as NLRP3/NALP1/AIM2/NLRC4 and in�ammatory caspases (caspase 1/4/5),
subsequently it is executed by pore-forming protein of the gasdermin family, resulting in releases of
in�ammatory cytokines such as IL-1β, IL-18. However, does pyroptotic machinery exist in the SJS/TEN
remains open. In our study, we present evidence for the involvement and mechanism of pyroptosis in
SJS/TEN keratinocytes. In�ammatory cytokines TNF-α and IFN-γ participating in keratinocyte pyroptosis
through strengthening of cytoplasmic dsDNA/AIM2/Caspase-1/GSDMD pathway were identi�ed in vivo
and in vitro. Further, we observed that all of the four small molecular pyroptosis inhibitors including Z-
YVAD-FMK dimethyl fumarate (DMF), necrosulfonamide (NSA) and disul�ram caused a signi�cant
inhibition of pyroptosis in human primary keratinocytes, and signi�cantly downregulated the release of
pyroptosis-related in�ammatory cytokines IL-1β and IL-18. These discoveries expand our understanding
of the pathogenesis of SJS/TEN and it is hoped that this could facilitate the development of new
therapeutics for the treatment of SJS/TEN patients with activated pyroptosis in keratinocytes.

Introduction
Stevens-Johnson syndrome (SJS)/toxic epidermal necrolysis (TEN) is a spectrum of cutaneous adverse
drug reaction (CADR) characterized by large areas of erythema and skin erosions, with mucosal
involvement, epidermal detachment, and even visceral impairment. Accordingly, SJS/TEN, although rate
(approximately 1.4–12.7 cases per million people per year), but can be life-threating, the mortality is
ranging from 10% (SJS) to 50% (TEN).(1–3) SJS patients have skin lesions on less than 10% of total
body surface area (TBSA), and TEN involved more than 30% TBSA, whereas SJS/TEN overlap is de�ned
as 10%-30% skin detachment. The mortality of SJS/TEN patients, as a primary adverse outcome, is
usually predicted by TEN-speci�c severity-of-illness score (SCORTEN) designed and validated in 2000 by
Bastuji-Garin et al.(4) The higher the SCORTEN score, the higher the risk of predicted mortality. Initial
percentage of epidermal detachment more than 10%, age above 40 years, tachycardia above 120/min,
serum glucose above 14 mmol/L, serum urea above 10 mmol/L, bicarbonate below 20mmol/L, and
malignancy were identi�ed one point each.

Rapid and massive death of keratinocytes is not only a crucial element in extensive epidermolysis, but
also an important cause of the progressing in SJS/TEN. How the drugs monitor the widespread death of
keratinocytes is critical to advance our understanding of this disease and increasingly concerned by
researchers. Keratinocyte death in SJS/TEN has been suggested to originate from the activation of
cytotoxic cells and the release of the soluble mediators such as granulysin, soluble Fas ligand (sFasL),
perforin, granzyme B, TNF-related apoptosis-inducing ligand (TRAIL), tumor necrosis factor α (TNF-α) and
interferon γ (IFN-γ).(5–7) Except non-programmed cell death, necrosis, keratinocytes have been thought
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to experience some other programmed way to die, such as apoptosis(8) and necroptosis(9) in SJS/TEN,
however, it has not been fully elucidated whether other types of programmed cell death are involved in
keratinocyte death of SJS/TEN.

Pyroptosis is an in�ammation-dependent type of programmed cell death newly discovered in recent
years, which is mediated by the activation of in�ammasomes such as neutrophilic alkaline phosphatase
1 (NALP1), absent in melanoma 2 (AIM2), nucleotide-binding oligomerization domain 3 (NLRP3), and
NLR-family CARD-containing protein 4 (NLRC4), and characterized by cleavage of gasdermin family
(gasdermin A, B, C, D, E), pore-formation on the cell membrane and the release of in�ammatory cytokines
such as interleukin IL-1β (IL-1β), IL-18.(10–12) Pyroptosis is now identi�ed as an innate immune defense
against bacterial, viral infections and danger/damage-associated molecular patterns (DAMPs) and as
being critically involved in a variety of acute diseases such as sepsis,(13) acute pancreatitis,(14)
myocardial infarction,(15, 16) severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection
and cytokine shock syndromes,(17, 18) acute kidney injury,(19) acute liver injury,(20) intestinal and renal
ischemia-reperfusion injury.(21, 22) Recently, several small molecular inhibitors of pyroptosis have been
developed, apart from caspase-1 inhibitor Z-YVAD-FMK, dimethyl fumarate (DMF),(23) necrosulfonamide
(NSA),(24) disul�ram(25) have been demonstrated the ability of inhibiting the pore formation and
pyroptotic cell death.

TNF-α and IFN-γ have been assigned signi�cant roles in cell death progression of SJS/TEN. TNF-α and
IFN-γ together have been proven to induce pyroptosis and in�ammatory ampli�cation during SARS-CoV-2
infection and sepsis.(17) AIM2 in�ammasome-mediated pyroptosis in cholesteatoma keratinocytes has
been found to be reinforced by IFN-γ.(26) We therefore speculate that TNF-α and IFN-γ are involved in
other programmed cell death pathways, such as pyroptotic pathway. Here, we verify the existence of
pyroptotic cell death in SJS/TEN patients’ keratinocytes, and explore how does it happen.

Results

SJS/TEN keratinocyte death by pyroptosis
To ensure the keratinocyte death was not triggered by mechanical stress or ischemia, erythematous
lesions of SJS/TEN patients were selected for biopsy and were observed under transmission electron
microscopy. Some keratinocyte density was reduced, cell swelling, mitochondria edema with unclear
cristae, and disrupted plasma membrane integrity were found in SJS/TEN (Fig. 1A), these manifestations
accorded with pyroptotic morphology. The pyroptosis activation-associated genes and proteins, NALP1,
AIM2, NLRP3, NLRC4, autism spectrum conditions (ASC), caspase-1, caspase-8, gasdermin D (GSDMD),
IL-1β and IL-18 were detected by quantitative real-time RT-PCR (qRT-PCR), immunohistochemistry and
western blotting analyses. Among these four in�ammasomes, AIM2 was the only one with signi�cantly
increased mRNA and protein level in SJS/TEN patients’ epidermis (Fig. 1B, D, E), this suggested the
activation of AIM2 may serve a critical role in SJS/TEN pyroptotic cell death. In�ammatory caspases,
caspase-1 and 8, and pore-forming protein GSDMD, as downstream targets of in�ammasome, were
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found activated in keratinocytes of SJS/TEN (Fig. 1C, D, E). Two pro-in�ammatory cytokines IL-1β and IL-
18, generated directly in pyroptosis, were also identi�ed expression levels increased in epidermis and
plasmas in SJS/TEN onset patients (Fig. 1C, D, E, F), besides, the concentrations of IL-1β and IL-18 in
SJS/TEN acute-phase plasma positively correlated with the SCORTEN score and the length of
hospitalization of patients (Fig. 1G). The proportion of pyroptotic cells was then examined through
double-positive staining of cleaved caspase 1/PI in �ow cytometry (Fig. 1H), pyroptotic cells represented
46.87 ± 8.12% of all keratinocytes in SJS/TEN erythematous lesions, statistically signi�cantly more than
6.16 ± 1.4% in healthy control skin. Due to AIM2 is a sensor of cytoplasmic double-stranded DNA
(dsDNA), in order to con�rm the presence of condition that AIM2 could be activated, we determined the
cytoplasmic dsDNA in SJS/TEN patients’ keratinocytes using in situ DNA fragmentation staining
(TUNEL). The cytoplasmic DNA fragments were found in patients’ keratinocytes but not in keratinocytes
of healthy control (Fig. 1I).

The stimulation of TNF-α combined with IFN-γ and the presence of cytoplasmic dsDNA play critical roles
in SJS/TEN keratinocyte pyroptosis

Subsequently, we hypothesized that some soluble factors secreted by drug-activated immunocytes
mediate cutaneous pyroptotic keratinocyte death. Soluble factors play important roles in SJS/TEN
keratinocyte death as previous described, such as TNF-α, IFN-γ, TRAIL, sFasL, granulysin, perforin and
granzyme B were assessed from mRNA levels in erythematous lesions compared with healthy control. All
of these cytokines were expressed signi�cantly more in SJS/TEN lesions than in healthy control, however,
only IFN-γ expression level was found signi�cantly positively correlated with GSDMD (Fig. 2A). To further
demonstrate the role of soluble factors in SJS/TEN keratinocytes pyroptosis, primary keratinocytes were
isolated and cultured from SJS/TEN erythematous lesions, compared with human primary keratinocytes
generated from healthy adult foreskins. Plasmas from SJS/TEN patients in acute phase, recovery phase
and healthy human were added to cultured keratinocytes as cell death stimulus. Increased PI-positive
cells in Calcein-PI staining and cleaved caspase-1/PI double-positive pyroptotic cells in cytometry were
found in SJS/TEN acute-phase plasma stimulated keratinocytes of patients and healthy control (Fig. 2B,
C). Acute-plasma in SJS/TEN dose-dependently signi�cantly promoted the activation of caspase-1 and
GSDMD in patients’ keratinocytes (Figure S1A). Compared with healthy human plasma, acute-phase
plasma and recovery-phase plasma signi�cantly mediated the activation of caspase-1, GSDMD and IL-1β
but not caspase-8 in SJS/TEN keratinocytes, similar activation was not observed in human primary
keratinocytes although the protein expression levels of AIM2, pro-caspase-1, pro-caspase-8, full-length
GSDMD (GSDMD-FL), pro-IL-1β and IL-18 were increased in both cell types with acute or recovery-phase
plasmas stimulation (Fig. 2D). The mRNA expression levels of AIM2, caspase-1, GSDMD, IL-1β and IL-18,
but not NALP1, NLRP3, NLRC4, ASC and gasdermin E (GSDME) were observed increased in acute-phase
plasma stimulated SJS/TEN or healthy human primary keratinocytes (Figure S1B, C). The cultured
erythema and nonerythema regions T cell suspensions (TCS mix) were then selected as stimulators of
cell death in SJS/TEN or healthy human primary keratinocytes. Erythema region TCS mix increased PI-
positive cells in Calcein-PI staining and cleaved caspase-1/PI double-positive pyroptotic cells in cytometry
for both cell types (Fig. 2E, F). Similarly, erythema region TCS mix dose-dependently signi�cantly
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promoted the activation of caspase-1 and GSDMD in SJS/TEN keratinocytes (Figure S1D). Caspase-1,
caspase-8, GSDMD and IL-1β were activated by erythema region TCS mix in SJS/TEN keratinocytes but
only IL-1β was found activated in healthy human keratinocytes (Fig. 2G). The protein and mRNA
expression levels of AIM2, caspase-1, GSDMD, IL-1β were also observed increased in both cell types after
the stimulation of erythema region TCS mix (Fig. 2G, S1E, F). These results supported that some soluble
factors presented in SJS/TEN acute-phase even recovery-phase plasma, which may be secreted by drug-
activated T cells mediate pyroptotic cell death in erythematous keratinocytes of SJS/TEN patients, but
not in healthy human primary keratinocytes. This suggested that soluble factors may not be su�cient for
the pyroptosis in keratinocytes.

To explore exactly which soluble factors induced the expression levels of pyroptosis related protein and
whether the concentrations were too low in SJS/TEN plasma or TCS mix to mediate pyroptosis in healthy
human keratinocytes, �rst we validated soluble factors known to play critical roles in SJS/TEN, including
TRAIL (5ng/mL), sFasL (1ng/mL), granulysin (50ng/mL), perforin (10ng/mL), granzyme B (5ng/mL),
TNF-α (1ng/mL) and IFN-γ (1ng/mL) in the stimulation of SJS/TEN erythematous keratinocytes and
healthy human primary keratinocytes (approximately 5-fold higher than in SJS/TEN acute-phase
plasma). In keratinocytes of SJS/TEN patients, TNF-α or IFN-γ added alone promoted the protein
expressions of pro-caspase-1 and GSDMD-FL, only IFN-γ induced the expression of AIM2 protein. Beyond
this, TNF-α combined with IFN-γ showed the strongest effect on the cleavage of caspase-1 and GSDMD
(Fig. 3A). Lactate dehydrogenase (LDH) release rate was promoted by either TNF-α or IFN-γ or their
combination (Fig. 3B). In human primary keratinocytes, although the cleavage of caspase-1 and caspase-
8 were induced by TNF-α combined with IFN-γ, the cleavage of GSDMD was not found induced by either
stimulus. Expressions of pyroptosis related proteins such as AIM2, pro-caspase-1, GSDMD-FL were found
increased under the stimulation of TNF-α and IFN-γ (Fig. 3C). IL-1β and IL-18 released to supernatants
were then detected signi�cantly increased in keratinocyte culture supernatants of SJS/TEN patients in
high quantity, but a little in supernatants of healthy human primary keratinocytes (Fig. 3D). The mRNA
expression levels of AIM2, caspase-1, GSDMD and IL-1β were increased in SJS/TEN keratinocytes or
healthy human primary keratinocytes stimulated by TNF-α combined with IFN-γ (Figure S2A, B). These
results indicate that TNF-α and IFN-γ act as the promoters in pyroptosis of SJS/TEN erythematous
keratinocytes among various soluble factors important in SJS/TEN, however, these two cytokines could
only improve the expressions of some pyroptosis related genes and proteins, but not the activations of
them, we therefore assumed that the AIM2 in�ammasome activation presented in SJS/TEN keratinocytes
but not in healthy human primary keratinocytes. Cytoplasmic dsDNA fragments, the AIM2 activator, were
then detected in SJS/TEN and healthy human primary keratinocytes. Cytoplasmic dsDNA fragments
(green) were found in SJS/TEN erythematous keratinocytes but not in healthy human primary
keratinocytes (Fig. 3E). This result implies that cytoplasmic dsDNA activates AIM2, followed by the
activation of the downstream pyroptosis related proteins, and the stimulation by TNF-α combined with
IFN-γ strengthen this process.

Poly(dA:dT) transfection combined with TNF-α and IFN-γ stimulation induce pyroptosis in vitro
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To further verify our conjecture, poly(dA:dT) was transfected in human primary keratinocytes for
introducing dsDNA into the cytoplasm (Fig. 4A). The transfection of poly(dA:dT) combined with the
stimulations with TNF-α and IFN-γ (referred as TIP treated) induced the activation of pyroptosis related
proteins (Fig. 4B). TNF-α and IFN-γ (0.5ng/mL) and 24 hours after transfection as well as co-stimulation
with TNF-α and IFN-γ were established as the best conditions of pyroptosis induction in human primary
keratinocytes (Figure S3A, B). The cleavages of caspase-1 and GSDMD were also detected increasing by
immuno�uorescence analysis in TIP treated human primary keratinocytes (Fig. 4C). Pyroptotic
morphology of keratinocytes treated by TIP was observed under microscope, cell swelling, plasma
membrane blebbing were identi�ed under light microscope (Fig. 4D), and reduced cell density,
mitochondria edema with unclear cristae, and disrupted plasma membrane integrity were detected under
transmission electron microscope (Fig. 4E). The proportion of pyroptotic cells was examined through �ow
cytometry, the cell pyroptosis effect of keratinocytes treated with TIP was much greater than that of
transfected with poly(dA:dT) or stimulated by TNF-αand IFN-γ (Fig. 4F). IL-1β and IL-18 released to
cultured supernatants were most promoted by TIP compared with application of poly(dA:dT) transfection
or TNF combined with IFN-γ respectively (Fig. 4G). These results indicate that pyroptosis in SJS/TEN
keratinocyte is initiated by cytoplasmic dsDNA fragments banding AIM2, activating the in�ammasome,
and TNF-α, IFN-γ inducing the expression levels of pyroptosis related proteins, leading to a large number
of activated pore-forming protein (GSDMD-N) localized on cell membrane, cell disintegration and pro-
in�ammatory cytokines (IL-1β, IL-18) released.

Aim2, Caspase-1 Or Gsdmd-knockdown Reduces Keratinocyte
Pyroptosis
In the cytosolic DNA combined with TNF-α and IFN-γ-mediated pyroptosis in keratinocytes, it remains to
be determined whether AIM2, caspase-1 and GSDMD play critical roles. We then evaluated the regulatory
effect of these genes in keratinocyte pyroptosis by knocking down AIM2, caspase-1, caspase-8, GSDMD
respectively (Fig. 5A, S4). When AIM2 or caspase-1 was knocked down, the protein expressions of cleaved
caspase-1 and GSDMD-N decreased signi�cantly. Knocking down caspase-1 or GSDMD could also
decline the cleavage of IL-1β. However, the activations of caspase-1, GSDMD were not affected when
caspase-8 was knocked down (Fig. 5B). Similarly, through immuno�uorescence, we detected that the
cleavage of caspase-1 was inhibited by AIM2 or caspase-1 knocking down and the cleavage of GSDMD
was inhibited by AIM2, caspase-1 or GSDMD knocking down, although no change was observed in ASC
expression. Likewise, caspase-8 knocking down did not alter the level of pyroptosis related proteins
activation in TIP treated human primary keratinocytes (Fig. 5C). TIP treatment increased PI-positive cells
in keratinocytes and PI-positive rate didn’t decrease by simultaneous knocking down of caspase-8. When
AIM2, caspase-1 or GSDMD was knocked down, PI positivity in TIP treated keratinocytes decreased,
among them, GSDMD-knockdown showed the best inhibition of cell death, followed by caspase-1 and
then AIM2 (Fig. 5D). Compared with in control primary keratinocytes, LDH release rates in TIP treated with
or without caspase-8-knockdown keratinocytes exhibited a large increase, AIM2, caspase-1 or GSDMD-
knockdown greatly reduced LDH release (Fig. 5E). A decrease of release of two pro-in�ammatory
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cytokines, IL-1β and IL-18, was identi�ed in the TIP treated combined with AIM2, caspase-1 or GSDMD-
knockdown cell culture supernatants (Fig. 5F).

Comparison Of The Inhibitory Effect Of Z-yvad-fmk, Nsa, Disul�ram
And Dmf
To determine the inhibition effects of several pyroptosis related proteins’ inhibitors, �rst, cell viability was
evaluated in human primary keratinocytes treated with diverse concentrations of inhibitors via Cell
Counting Kit-8 (Figure S5). The concentration range without any effect on cell viability was used for
further screening. Then LDH release rates of inhibitors with various concentrations (did not affect cell
viability) were assayed. All of the four inhibitors suppressed the release of LDH in TIP treated human
primary keratinocytes, Z-YVAD-FMK 10µM, NSA 5µM, disul�ram 5µM and DMF 25µM were the optimal
concentrations for pyroptosis inhibition (Fig. 6A). In the following experiments the optimal concentrations
of these inhibitors were chosen. PI-positive rate was found the lowest in keratinocytes rescued by NSA,
followed by DMF and Z-YVAD-FMK, and the lastly by the least cell death suppressive disul�ram in
Calcein-PI staining (Fig. 6B). IL-1β and IL-18 levels in keratinocyte culture supernatants were detected
reduced by applying four inhibitors respectively, although the inhibitions were unable to restore the
cytokine levels to normal levels (Fig. 6C). The mRNA levels of AIM2, caspase-1, GSDMD and IL-1β were
seen dropped when the inhibitors applied retrospectively. Although these inhibitors were unable to restore
AIM2 mRNA expression to normal levels in primary keratinocytes, caspase-1, IL-1β mRNA level essentially
returned to normal level after inhibited by Z-YVAD-FMK, NSA or disul�ram, and NSA restored GSDMD
mRNA expression to normal level (Fig. 6D). The cleavages of caspase-1, GSDMD and IL-1β were
suppressed by Z-YVAD-FMK or DMF, the decreased expression of GSDMD-N leaded to the reduction of its
oligomerization (Fig. 6E, F). However, NSA and disul�ram inhibited the process of the GSDMD-N tetramer
formation, GSDMD-N and GSDMD-N dimer formation appeared to be unaffected. The protein expression
of IL-18 was also observed reduced in TIP plus inhibitors treated keratinocytes (Fig. 6F).

Discussion
Keratinocyte death in SJS/TEN has been suggested to originate from the activation of cytotoxic cells and
the release of the soluble mediators. For example, the causative drugs could upregulate Fas and its
ligand FasL in keratinocytes, resulting in death receptor-induced apoptosis in SJS/TEN.(27) Drug-
activated T cells secret signi�cant amounts of cytokines such as tumor necrosis factor α (TNF-α) and
interferon γ (IFN-γ) which could upregulate the expressions of the inducible nitric oxide synthase (iNOS)
and FasL in keratinocytes, thereby induing apoptosis in SJS/TEN.(28) Increased TNF-α, IFN-γ and soluble
FasL (sFasL) expressions have also been found in serum and blister �uid of SJS/TEN patients in the
acute phase.(7) The causative drug may bind to antigen-presenting cells (APCs) expressing major
histocompatibility complex (MHC) class I, which in turn activate CD8+ cytotoxic T cells, cause their
in�ltration in the skin blister �uid of SJS/TEN patients, inducing apoptosis in keratinocytes through
releasing perforin and granzyme B.(6) Drug-activated CD8+ T cells, natural killer (NK) cells, NKT cells
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could initiate apoptosis by releasing granulysin.(5) Annexin A1 secreted by drug-activated monocytes
may induce necroptosis in keratinocytes of SJS/TEN patients through binding to the formyl peptide
receptor 1 (FPR1) on keratinocyte surface.(9) TNF-α and IFN-γ have been found strong inducers of
pyroptosis related proteins in psoriatic or cholesteatoma keratinocytes.(26, 29) In our study, the important
role of TNF-α and IFN-γ was con�rmed in promoting the expression of pyroptosis related molecules such
as AIM2, caspase-1, GSDMD and IL-1β in programmed cell death of SJS/TEN keratinocytes. A brief
summary of soluble factors secreted by drug-activated immunocytes mediating cutaneous programmed
keratinocyte death are shown in Figure 7.

Cytoplasmic dsDNA was identi�ed as a danger signal that induce DNA sensor AIM2 activation, initiate
AIM2 in�ammasome establishment, and the production of IL-1β in keratinocytes.(26, 29) Abnormal
present cytoplasmic DNA originating from intracellular (nucleus and mitochondria leakage) and
extracellular (apoptotic cells, microbes).(30) We found excessive cytoplasmic DNA fragments in
SJS/TEN keratinocytes, but not in healthy skin keratinocytes. The origin of these cytoplasmic dsDNA
remains obscure. We speculated that the engulfment of surrounding apoptotic cells, the DNA-viruses and
bacterial infection secondary to acute disruption of skin barrier, the infection, some drugs, and cytotoxic
cytokines released surrounding the keratinocytes induced mitochondrial oxidative stress and nuclear DNA
leakage may be responsible for the excess DNA fragments deposition in cytoplasm of SJS/TEN
keratinocytes. AIM2 contains a C-terminal HIN domain and an N-terminal pyrin domain (PYD), which
interact with each other and keep AIM2 auto-inhibited. After the HIN domain recognized by cytoplasmic
DNA, the PYD domain is released and constructed into Pyrin-domain platform leading to the
oligomerization of AIM2 and the recruitment of the adaptor protein ASC through the PYD domain and the
protease caspase-1 through the CARD domain. The activation of caspase-1 cleaves GSDMD, resulting in
the oligomerization of GSDMD-N and the formation of the pores in plasma membrane, subsequently
causing disruption of membrane integrity and the release of cellular contents, such as various DAMPs
and pro-in�ammatory mediators including IL-1β, IL-18 and alarmin high mobility group 1 (HMGB1).
(Figure 8)(31, 32)

The release of IL-1β and IL-18 in pyroptosis ampli�es the local and systemic in�ammatory response. IL-
1β acts as an autocrine stimulator once created it, promoting the production of itself as well as other
cytokines.(33) IL-18 levels were signi�cantly increased in the acute pancreatic injuries secondary to
SJS/TEN compared with the nonpancreatitis individuals with SJS/TEN, that means in SJS/TEN,
excessive pro-in�ammatory cytokine IL-18 may cause acute pancreatic injuries.(34) The inhibition of
pyroptosis is capable of reducing the IL-18 release into blood and might reduce the risk of acute
pancreatic injuries complications. The concentrations of IL-1β and IL-18 in SJS/TEN acute-phase plasma
advanced compared with healthy plasma and positively correlated with the SCORTEN score and the
length of hospitalization of patients in our study. An exacerbating in�ammation, called a “cytokine
storm”, may be responsible for this phenomenon. The cytokine storm is the loss of control and the
outbreak of systemic in�ammatory response to many stressors such as infection, drugs, rheumatoid
disorders and malignancy.(35) This situation is characterized by the over activation of immune cells that
produce enormous amounts of in�ammatory cytokines, chemokines, as well as other chemical mediators
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which may cause tissue damage.(36) Cytokine storm characterized by increased TNF-α, IFN-γ, IL-1β, IL-18
and IL-6, was veri�ed well-corelated with the severity of the coronavirus disease 2019 (COVID-19) in
patients.(35) However, elevated levels in the expression of these cytokines have been con�rmed in the
skin lesion, serum as well as blister �uid of SJS/TEN in the current and previous studies,(7, 37) together
with the activation of various immune cells such as CD8+ T cells, NK cells, NKT cells and monocytes,
which create the condition for the cytokine storm formation, lead to systemic in�ammation and internal
organ injuries, resulting in the prolonged length of hospital stay of SJS/TEN patients.

Pyroptosis is a type of non-speci�c form of cell death, thus, it may be present in a wide variety of
disorders and different classes of cells. Excessive cytoplasmic DNA fragments and increased expression
of AIM2 have been detected in several acute and chronic cutaneous in�ammatory diseases such as
psoriasis, atopic dermatitis, contact dermatitis, systemic lupus erythematosus and primary Sjogren's
syndrome.(38-42) Common in�ammatory factors including TNF-α, IFN-γ, IL-1β and IL-18 often play roles
in these in�ammatory diseases.(43-48) It is therefore reasonable to speculate that pyroptosis may be
involved in diverse in�ammatory skin diseases, further investigations are needed to elucidate the detailed
mechanisms in the future.

Apoptosis and necroptosis have been demonstrated to be present in SJS/TEN keratinocytes in the
previous studies, pyroptosis is also identi�ed exist in our current study. However, whether necroptosis or
pyroptosis plays a more critical role in necrotic cell death of SJS/TEN keratinocytes remains unclear,
maybe it varies from person to person. In our study, pyroptosis (PI and cleaved caspase-1 double
positive) was observed predominant in keratinocytes of SJS/TEN patients, as well as following the
stimulation of TNF-α and IFN-γ combined with the transfection of poly(dA:dT) in human primary
keratinocytes. These results might be attributed to the following reasons, �rst, necroptosis is mostly
observed when apoptosis is hindered by caspase-8 inhibition, however in SJS/TEN erythematous lesions,
increased caspase-8 activation was detected, which is likely to limit to some extent the occurrence of
necroptosis in a same keratinocyte. Second, accumulating research indicates that pyroptosis and
necroptosis are not independent of each other, a crosstalk between these two forms of necrotic cell death
cannot be ruled out. Necroptosis signaling, including the activations of RIPK3 and MLKL, could trigger
in�ammasome NLRP3-Caspase-1-IL-1β axis that resulted in pyroptosis.(49-51)

Apoptosis, necroptosis and pyroptosis are the most thoroughly studied programmed cell death pathways,
in recent years, there is growing evidence that a potential crosstalk may exist among these three
pathways, these discoveries have led to the development of the concept of PANoptosis, de�ned as a
proin�ammatory programmed cell death pathway controlled by the cytoplasmic multimeric protein
complex called PANoptosome with the collective activation and key features of apoptosis, necroptosis
and pyroptosis, in other words, it cannot be accounted for by the activation of any of apoptotic,
necroptotic, or pyroptotic cell death pathway alone. PANoptosis have been implicated in many diseases
including microbial infections, autoin�ammatory diseases, cancer, metabolic diseases and
neurodegenerative disease.(52-54) Since apoptosis, necroptosis and pyroptosis have been con�rmed in
SJS/TEN, however, whether PANoptosis play a role in the proin�ammatory programmed cell death in
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SJS/TEN keratinocytes remains an open question. The presence of PANoptosome in keratinocytes of
SJS/TEN needs to be addressed in the future studies.

In our study, the inhibitory effects of the four recognized inhibitors for pyroptotic pathway, including Z-
YVAD-FMK, NSA, disul�ram and DMF were compared with each other. Although the inhibition of cell
death was observed in the presence of each inhibitor separately, NSA showed superior inhibitory effect in
vitro. We speculate that this result correlated with the concomitant suppression of the pyroptotic and
necroptotic pathways. NSA was �rst discovered as inhibitor of MLKL, a key executioner pore-forming
protein of the necroptotic pathway.(55) However, NSA has been reported to have the capacity to inhibit
pyroptosis through directly binding to GSDMD via Cys191 on GSDMD.(24) Pyroptosis and necroptosis
have been observed to be present in some diseases simultaneously, such as in�ammatory bowel disease,
(56) post-resuscitation myocardial dysfunction,(57) and NSA play important functions in preventing the
two forms of cell death in these diseases. In SJS/TEN keratinocytes, besides pyroptosis, TNF-α combined
with IFN-γ-mediated necroptosis also existed, the addition of NSA was able to inhibit cell death from two
aspects, that’s why lower cell mortality was observed in our study. This suggested to us that inhibitor
which could suppress multiple cell death pathways simultaneously, such as NSA, might be of greater
value of clinical transformation, not only for SJS/TEN but also a wide variety of diseases characterized
by diverse ‘death signals’.

In summary, our study demonstrates a previously unexplored pathogenic role of GSDMD activation-
mediated pyroptosis in causing keratinocyte death and systemic in�ammatory responses in SJS/TEN.
Pyroptotic pathway as a potential target for medical therapy of SJS/TEN, more related researches within
this �eld are needed to discover novel molecules inhibiting the AIM2 in�ammasome and GSDMD, and
explore new regulatory mechanisms in pyroptosis. Inhibitor which could suppress multiple cell death
pathways (like NSA) also remains to be investigated for the treatment of various programmed cell death-
related diseases represented by SJS/TEN.

Materials And Methods
Chemicals and reagents

TNF-α (PHC3011), IFN-γ (PHC4033), TRAIL (PHC1634) were from Invitrogen-Gibco (Grand Island, New
York, USA). sFasL (126-FL) and granulysin (3138-GN/CF) were from R&D (Minneapolis, MN, USA).
Perforin (ab114201) was from Abcam (Cambridge, UK). Granzyme B (HY-P75157), Z-YVAD-FMK (HY-
P1009), necrosulfonamide (HY-100573), disul�ram (HY-B0240) and DMF (HY-Y0345) were from
MedChem Express (New Jersey, USA). Following primary antibodies were used: β-actin (4970), GSDMD-N
(36425) were from Cell Signaling Technology (Danvers, MA, USA), AIM2 (ab93015) was from Abcam
(Cambridge, UK), NLRP3 (DF7438), cleaved caspase-1 (AF4005), IL-18 (DF6252) were from A�nity
Biosciences (Zhenjiang, China), NALP1 (sc-166368), ASC (sc-514414), GSDMD (sc-81868), IL-1β (sc-
52012) were from Santa Cruz Biotechnology (Dallas, TX, USA), NLRC4 (NB100-56142) was from Novus
Biologicals (Littleton, CO, USA), caspase-1 (22915-1-AP), caspase-8 (66093-1-Ig) were from Proteintech
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(Wuhan, China). Following secondary antibodies were used: goat anti-rabbit (A0208) and anti-mouse
(A0216) IgG H&L-horseradish peroxidase (HRP) were from Beyotime Biotechnology (Shanghai, China),
goat anti-rabbit (4412), anti-mouse (4408) IgG H&L (Alexa Fluor 488) and DAPI (4683) were from Cell
Signaling Technology (Danvers, MA, USA). CD3-PerCP antibody (MA1-19764) was from Invitrogen
(Carlsbad, CA, USA). Poly(dA:dT) (tlrl-patn-1) was from Invivogen (San Diego, CA, USA). Lipofectamine
3000 (L3000015) was from Invitrogen (Carlsbad, CA, USA). TUNEL Assay Kit-HRP-DAB (ab206386) was
from Abcam (Cambridge, UK). Deadend Fluorometric TUNEL System Kit (G3250) was from Progema
(Madison, WI, USA). Calcein-AM/PI Double Stain Kit (4074ES76) was from Yeasen Biotech (Shanghai,
China). Annexin V-FITC Apoptosis Detection Kit (APOAF) was from Sigma-Aldrich (St. Louis, MO, USA).
FAM-FLICA Caspase-1 (YVAD) Assay Kit (19T33) was from ImmunoChemistry Technologies
(Bloomington, MN, NSA). Cytotoxicity LDH Assay Kit (CK12) and Cell Counting Kit-8 (CK04) were from
Dojindo (Kumamoto, Japan). Human IL-1β (DLB50) and IL-18 (DL180) ELISA Kit were from R&D
(Minneapolis, MN, USA).

Human samples collection

A total of 18 adults [Female/Male: 7/11; with a mean age of 49.44 ± 21.75 years] with diagnosis of
SJS/TEN were included in our study for the period from January 2019 to January 2022. All patients
presented with a progressive evolution within the 24h preceding admission and admitted to the intensive
care unit of the Department of Dermatology of Huashan Hospital a�liated with Fudan University.
Peripheral blood was taken immediately after admission and repeated during the recovery period (no new
eruptions, Nikolsky sign turing negative and exudation improved). The biopsies were performed using
8mm sterile dermal biopsy punches from non-sun-exposed erythematous area and the normal-looking
skin surrounding the lesion site. Control samples were collected from 20 patients [Female/Male: 10/10;
with a mean age of 42.8 ± 13.64 years] undergoing resection of non-sun-exposed pigmented nevi for the
same time period, skin samples were obtained from the healthy skin at 5mm from the edge of the
pigmented nevi, and their peripheral blood samples were collected from the outpatient department.
Discarded human foreskins for the isolation and culture of human primary keratinocytes were collected
from 12 adult male patients (with a mean age of 26.08 ± 3.32 years) who underwent circumcision surgery
at the department of Urology of Huashan Hospital between January 2019 to January 2022. All included
patients signed informed consents. Our study protocol was in accordance with the Helsinki Declaration
and was approved by the Ethics Committee of Fudan University, A�liated Huashan Hospital, Shanghai,
China (No. KY2019-289).

Histology and immunohistochemistry (IHC), in situ DNA fragmentation staining

Skin tissues were post-�xed in 4% paraformaldehyde (PFA) at 4°C by overnight immersion, then
processed by embedding in para�n and sectioned (4µm thickness). The tissue sections were
depara�nized, rehydrated and then some sections were stained with hematoxylin-erosin (HE). For IHC,
antigen retrieval was performed in 10 mM citrate buffer (pH 6.0) for 15 min by microwaving slides at high
power. Sections were stained with anti-AIM2 (1:200), anti-NALP1 (1:50), anti-NLRP3 (1:100), anti-NLRC4
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(1:1000), anti-ASC (1:50), anti-cleaved caspase-1 (1:100), anti-GSDMD-N (1:500), anti-IL-1β (1:50), and
anti-IL-18 (1:100) primary antibodies at 4°C overnight. Mouse and Rabbit Speci�c HRP/DAB (ABC)
Detection IHC kit (ab64264) was used as previously described.(58) TUNEL assay was performed to
examine DNA fragmentation in skin sections.(59) The nuclear counterstaining was performed with
hematoxylin (for 5 minutes), then the sections were dehydrated, and �nally coverslipped. The images
were taken under a magni�cation of ×200 with the upright microscope Nikon 80i and NIS-Elements
software (Nikon Corporation, Tokyo, Japan). And analyzed by ImageJ software (version 1.51j8, NIH,
Bethesda, MD, USA). Average values of 5 visual �elds were randomly selected for statistical analyses.

Transmission electron microscopy

Skin and human primary keratinocyte samples were �xed in 2.5% glutaraldehyde (pH = 7.4) for overnight
at 4°C, followed by washed three times with phosphate buffer (5 min each), then post-�xed in 1% osmic
acid at 37°C for 2 hours. After three washes with ddH2O, the samples were placed in a graded series of
ethanol for dehydration, subsequently in�ltrated through a series of acetone/Epon-Araldite resin, and
�nally embedded in resin at 60°C overnight. Semi-thin and ultra-thin sections were obtained, after being
stained with 4% uranium acetate and 1% Reynolds lead citrate, ultra-thin sections were mounted on nickel
grids and collected for microstructure analysis using H-7500 transmission electron microscope (Hitachi,
Tokyo, Japan).

Western blotting analysis

The total protein lysates were extracted from skin tissues and cultured keratinocytes using cell lysis
buffer (P0013B) for 20 min at 4°C, then the lysates were centrifuged at 13000 rpm for 20 min at 4°C.
Total protein concentration were quanti�ed with the BCA Protein Assay Kit (P0009). Equal amounts of
protein (20µg) were mixed by loading buffer (P0015) and heated in a 99°C metal bath for 10 minutes.
The above reagents were from Beyotime Biotechnology (Shanghai, China). The sodium dodecyl sulfate-
polyacrylamide gel (SDS-PAGE) and western blotting were performed according to our previously
described methods.(60) 4–20% gradient precast gels (180-9115H) from Tanon Science and Technology
(Shanghai, China) were used for SDS-PAGE. The following antibodies were used: anti-β-actin (1:5000),
anti-AIM2 (1:2000), anti-NALP1 (1:1000), anti-NLRP3 (1:2000), anti-NLRC4 (1:2000), anti-ASC (1:1000),
anti-caspase-1 (1:2000), anti-caspase-8 (1:2000), anti-GSDMD (1:2000), anti-IL-1β (1:11000), anti-IL-18
(1:2000), goat anti-rabbit and anti-mouse IgG H&L-HRP (1:5000). All the blots were developed using the
ECL western blotting chemiluminescent system (WBULS0500) from Millipore (Billerica, MA, USA). The
expression levels of each protein were calculated as relative expression to β-actin with ImageJ software.

Immuno�uorescence

After washed by PBS, human primary keratinocytes (on the cell climbing slices) were �xed in 4% PFA for
30 min followed by incubated with 0.5% TirtonX-100 in PBS at room temperature for 30 min.
Subsequently, cells were blocked for 1 hour in 5% bovine serum albumin (BSA) (A8020) from Solabio
(Beijing, China). Next, cells were incubated with primary antibodies at 4°C overnight as follow: anti-AIM2
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(1:200), anti-ASC (1:50), anti-cleaved caspase-1 (1:50), anti GSDMD-N (1:100), anti-IL-1β (1:50), anti-IL-18
(1:50), then with goat anti-rabbit or anti-mouse IgG H&L (Alexa Fluor 488) (1:800) at room temperature for
1 hour. Finally, the slices were stained with Antifade Mounting Medium with DAPI (P0131) from Beyotime
Biotechnology (Shanghai, China). The �uorescence images were visualized with a ZOE Fluorescent Cell
Imager (Bio-Rad, Hercules, CA, USA) and analyzed by ImageJ software. Average values of 5 visual �elds
were randomly selected for statistical analyses.

RNA extraction and quantitative real-time RT-PCR

RNA extraction of cultured keratinocytes and skin samples were implemented with RNAiso Plus (9109),
The extracted total mRNA (1µg) was then reverse transcribed to cDNA with PrimeScript RT Master Mix
(RR036A) from Takara Biotechnology (Otsu, Shiga, Japan). Quantitative real-time polymerase chain
reaction (qRT-PCR) based on SYBR Green �uorescence (RR420A) using the QuantStudio 6 Flex and data
were analyzed by QuantStudio Real-Time PCR software (Thermo Fisher, Carlsbad, CA, USA). The 2-delta-
delta CT method was used for analyze the data quantitatively. The sequences of all the primers were
listed in Supplementary Table S1.

Cytosolic DNA fragments assay

Human primary keratinocytes (on the cell climbing slices) were �xed in 4% PFA for 30 min followed by
permeabilized in 0.5% TirtonX-100 in PBS at room temperature for 30 min and pre-equilibrated.
Nucleotide mix was used to label DNA strand breaks for 60 min at 37°C. The reaction was stopped by
2×SSC, and the slices were stained with Antifade Mounting Medium with DAPI. The �uorescence images
were visualized with a ZOE Fluorescent Cell Imager. Average values of 5 visual �elds were randomly
selected for statistical analyses.

Keratinocyte death assay

Apoptotic and necrotic cell deaths in epidermis of SJS/TEN patients and cultured keratinocytes were
assessed by Annexin V-FITC Apoptosis Detection Kit. The assay followed the instruction manual.
Dilution: propidium (PI) (1:50), Annexin V-FITC (1:100). FAM-FLICA Caspase-1 (YVAD) Assay Kit was used
to detect pyroptotic cell death by double staining of PI (1.25µg/mL) and cleaved caspase-1 labeled by
FAM-YVAD-FMK (1:150) according to the manufacturer’s instruction. Flow cytometry evaluation of the
apoptotic, necrotic and pyroptotic rates were performed by using a FACS Caliber �ow cytometer (BD
Biosciences, San Diego, CA, USA) and data was analyzed in FlowJo (version 10.6.2, BD Biosciences,
Franklin Lakes, NJ, USA). Necrotic cell death in keratinocytes was also evaluated by Calcein-AM/PI
Double Stain Kit, living cells were labeled by Calcein-AM (2µM) and dead /dying cells were marked by PI
(4µM). The �uorescence images were visualized with a ZOE Fluorescent Cell Imager and analyzed using
ImageJ. Average values of 5 visual �elds were randomly selected for statistical analyses. Lactic
dehydrogenase (LDH) release in the cell culture supernatant from dead keratinocytes was also measured
by Cytotoxicity LDH Assay Kit. Cell viability was determined by the Cell Counting Kit-8 for 2 hour of
incubation at 37°C.
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Enzyme-linked immunosorbent assay (ELISA)

Plasma and cell culture supernatant IL-1β and IL-18 concentrations were measured by Quantikine
Immunoassay according to the manufacturer’s recommendations. The wells were read on a Sunrise plate
reader (Tecan, Crailsheim, Germany) and the optical densities (OD) were determined at 450/620 nm. The
concentration of cytokines (IL-1β, IL-18) is proportional to the measured absorbance and was expressed
in pg/mL, and calculated based on the samples and calibrator OD values. Three duplicated wells were set
up for each sample and all the experiments were performed in duplicate.

Cell culture and transfection

Primary keratinocytes of SJS/TEN patients were isolated from erythematous area of the non-sun-
exposed skin, and human primary epidermal keratinocytes were isolated from the foreskin. After the skin
biopsy incubating with 2.5mg/mL dispase (D4693) from Sigma-Aldrich (St. Louis, MO, USA) for 12 hour
at 4°C, epidermis was mechanically isolated from dermis. All the keratinocytes were cultured in
Keratinocyte Serum-Free Medium (C-20011) from PromoCell (Heidelberg, Germany) supplemented with
bovine pituitary extract and epidermal growth factor. Keratinocytes of passage two to �ve were utilized in
our experiments. T cell clones derived from erythematous area or the normal-looking skin surrounding the
lesion site of SJS/TEN patients were isolated as previously described.(61) Brie�y, the whole skin biopsies
were cultured with 1 mM sodium pyruvate, 2 mM glutamine, 0.05 mM 2-mercaptoethanol, 1%
penicillin/streptomycin, 1% nonessential amino acids (all Invitrogen; RPMI complete), and 5% human
serum (Sigma-Aldrich) supplemented with 60 U/ml IL-2 in RPMI 1640. 72 hours later, the cell suspension
was collected and centrifuged at 500g for 5 mins at 4°C, the supernatant was aspirated and used to
stimulate primary keratinocytes. For introducing DNA into cytoplasm, primary keratinocytes were
transfected with 4µg/mL poly(dA:dT) with Lipofectamine 3000 for 24 hours according to the
manufacturer’s instruction. To generate primary keratinocytes with gene knockdown, shRNAs targeting
AIM2, Caspase-1, Caspase-8 and GSDMD sequences or a control sequence from PPL (Public
Protein/Plasmid Library, China) were transfected into primary keratinocytes (2.5µg per well in six-well
plates) with Lipofectamine 3000 for 72 hours. Knockdown e�ciency was identi�ed by detecting the level
of protein or mRNA. For each gene, 2–3 shRNA sequences were designed, and the one had the highest
knockdown e�ciency was chosen for subsequent experiments. All of the shRNA sequences used for
transfections were listed in Supplementary Table S2.

Statistical analysis
All the results are presented as the Mean ± standard error of mean (SEM) and compared by two-tailed t-
tests, Wilcoxon ranksum tests (for comparison between two groups) or one-way ANOVA (for three or more
groups). P-values were expressed as ns (no signi�cant) when p 0.05, and signi�cant when *p 0.05,
**p 0.01, ***p 0.001. For the normally distributed variables, the correlations were estimated using
Pearson Correlation analysis. All the data were analyzed by Graph Prism software (version 8.0.1,
GraphPad Software, San Diego, CA, USA).
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Figures

Figure 1
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Pyroptotic morphology and expression of pyroptosis related genes were detected in the epidermis of
SJS/TEN erythematous lesions. A Samples from erythematous lesions of SJS/TEN patients and healthy
control skin were observed under transmission electron microscopy. Reduced density, cell swelling,
mitochondria edema with unclear cristae, and disrupted plasma membrane integrity were seen in
SJS/TEN lesions. B, C mRNA levels of NALP1, AIM2, NLRP3, NLRC4, ASC, caspase-1, GSDMD, IL-1β, IL-18
in epidermis of SJS/TEN erythematous lesions (n=18) and healthy control skin (n=20) were analyzed by
qRT-PCR. Data were normalized to actin mRNA expression. D Protein levels of NALP1, AIM2, NLRP3,
NLRC4, ASC, caspase-1, caspase-8, GSDMD, IL-1β, IL-18 in epidermis of SJS/TEN erythematous lesions
and healthy control skin were quanti�ed by western blotting. Actin was used as the loading control. E
Representative immunohistochemical staining for NALP1, AIM2, NLRP3, NLRC4, cleaved caspase-1,
GSDMD-N-terminal domain (GSDMD-N), IL-1β, IL-18 in SJS/TEN erythematous lesions and healthy
control skin. The white scale bar was 100 μm. F Plasma IL-1β and IL-18 were identi�ed expression levels
in SJS/TEN acute-phase and recovery-phase patients (n=12) and healthy control (n=12). G The
correlation analyses were performed between plasma IL-1β, IL-18 expression levels in SJS/TEN acute-
phase patients and their SCORTEN score, and the length of hospitalization (n=12). H Pyroptotic
keratinocytes identi�ed using double staining of PI and cleaved caspase-1 in freshly isolated epidermis
from SJS/TEN erythematous lesions and healthy skin through �ow cytometry. I The cytoplasmic DNA
fragments detected in patients’ keratinocytes and healthy control using in situ DNA fragmentation
staining (TUNEL).
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Figure 2

Acute-phase plasma or TCS mix from erythematous lesions induce pyroptosis in SJS/TEN keratinocytes
but not in healthy human primary keratinocytes in vitro. A mRNA expression levels of soluble factors
including TRAIL, sFasL, granulysin, perforin, granzyme B, TNF-α and IFN-γ in epidermis of SJS/TEN
erythematous lesions (n=18) and healthy control skin (n=20) were analyzed by qRT-PCR. Data were
normalized to actin mRNA expression. B SJS/TEN acute, recovery-phase plasma and healthy control
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plasma were used as cell death stimulus for 24h. Representative dying/dead (PI) and living (Calcein-AM)
cell images from SJS/TEN keratinocytes and healthy human primary keratinocytes (n=5 per group).
Scale bar, 100 μm. C Pyroptotic keratinocytes identi�ed using double staining of PI and cleaved caspase-
1 in SJS/TEN keratinocytes and healthy human primary keratinocytes stimulated by plasma (n=5 per
group) through �ow cytometry. D Protein levels of AIM2, caspase-1, caspase-8, GSDMD, IL-1β, IL-18 in
SJS/TEN keratinocytes and healthy human primary keratinocytes stimulated by plasma (n=3 per group)
were quanti�ed by western blotting. Actin was used as the loading control. E TCS mix from cultured
SJS/TEN erythematous skin or healthy control skin was used as cell death stimulus for 24h. Calcein/PI
double staining was performed in SJS/TEN keratinocytes and healthy human primary keratinocytes
stimulated by TCS mix (n=5 per group). Scale bar, 100 μm. F Pyroptotic keratinocytes identi�ed using
double staining of PI and cleaved caspase-1 in SJS/TEN keratinocytes and healthy human primary
keratinocytes stimulated by TCS mix (n=5 per group) through �ow cytometry. G Protein levels of AIM2,
caspase-1, caspase-8, GSDMD, IL-1β, IL-18 in SJS/TEN keratinocytes and healthy human primary
keratinocytes stimulated by TCS mix (n=3 per group) were quanti�ed by western blotting. Actin was used
as the loading control. Independent experiments in vitro were repeated three times.
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Figure 3

TNF-α combined with IFN-γ are su�cient to induce the expression of pyroptosis related genes, but
insu�cient to induce pyroptosis. A Protein levels of AIM2, caspase-1 and GSDMD in SJS/TEN
keratinocytes stimulated by TRAIL (5ng/mL), sFasL (1ng/mL), granulysin (50ng/mL), perforin
(10ng/mL), granzyme B (5ng/mL), TNF-α (1ng/mL) and IFN-γ (1ng/mL) (n=3 per group) for 24h were
quanti�ed by western blotting. Actin was used as the loading control. B Cell death of SJS/TEN
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keratinocytes determined by LDH release (n=6 per group), keratinocytes treated with an equal volume of
solvent (sterilized double-distilled water) was used as the control. C Protein levels of AIM2, caspase-1 and
GSDMD in healthy human primary keratinocytes stimulated by the same doses TRAIL, sFasL, granulysin,
perforin, granzyme B, TNF-α and IFN-γ (n=3 per group) for 24h were quanti�ed by western blotting. Actin
was used as the loading control. D IL-1β and IL-18 expression levels assayed in keratinocyte culture
supernatants of SJS/TEN patients and healthy human primary keratinocytes (n=5 per group). E Deadend
Fluorometric TUNEL System Kit was used to detect cytoplasmic dsDNA fragments in cultured SJS/TEN
keratinocytes and healthy human primary keratinocytes (n=5 per group).
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Figure 4

Poly(dA:dT) transfection combined with TNF-α and IFN-γ stimulation induce pyroptosis in human primary
keratinocytes. A Deadend Fluorometric TUNEL System Kit was used to detect cytoplasmic DNA
fragments in poly(dA:dT) (4μg/mL) transfected and control human primary keratinocytes treated with the
same transfection reagent without poly(dA:dT) (n=5 per group). B Protein levels of AIM2, caspase-1,
GSDMD, IL-1β and IL-18 in human primary keratinocytes stimulated by TRAIL, sFasL, granulysin, perforin,
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granzyme B, TNF-α and IFN-γ (0.5ng/mL) combined with poly(dA:dT) (4μg/mL) transfection (n=3 per
group) for 24h were quanti�ed by western blotting. Actin was used as the loading control. C
Immuno�uorescence AIM2, ASC, cleaved caspase-1, GSDMD-N, IL-1β and IL-18 staining of human
primary keratinocytes treated with TIP, P, TI respectively and control keratinocytes (n=5 per group). D
Pyroptotic morphology of keratinocytes treated by TIP was observed under microscope. E TIP treated and
control human primary keratinocytes were observed under transmission electron microscopy. Reduced
cell density, mitochondria edema with unclear cristae, and disrupted plasma membrane integrity were
identi�ed in TIP treated keratinocytes. F Pyroptotic keratinocytes identi�ed using double staining of PI
and cleaved caspase-1 in human primary keratinocytes treated with TIP, P, TI respectively and control
keratinocytes (n=5 per group) through �ow cytometry. G IL-1β and IL-18 expression levels assayed in
culture supernatants of human primary keratinocytes treated with TIP, P, TI respectively and control
keratinocytes (n=5 per group).
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Figure 5

AIM2, caspase-1 or GSDMD-knockdown reduces keratinocyte pyroptosis. A The knockdown e�ciency of
AIM2, caspase-1, caspase-8 and GSDMD was veri�ed by qRT-PCR and western blotting (n=3 per group).
Data were normalized to actin expression. B Protein levels of AIM2, caspase-1, GSDMD and IL-1β in
shAIM2, shCasp1, shCasp8, shGSDMD or shControl plasmid transfected human primary keratinocytes
followed by 24h TIP stimulation after shRNA plasmid transfection for 48h (n=3 per group) were
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quanti�ed by western blotting. Actin was used as the loading control. C Immuno�uorescence AIM2, ASC,
cleaved caspase-1 and GSDMD-N staining of these groups (n=5 per group). D Representative dying/dead
(PI) and living (Calcein-AM) cell images in shRNA plasmid transfected combined with or without TIP
stimulated primary keratinocytes (n=5 per group). Scale bar, 100 μm. E Cell death of shRNA transfected
combined with TIP treated human primary keratinocytes determined by LDH release (n=6 per group),
shControl plasmid transfected keratinocytes without TIP treated was used as the control. F IL-1β and IL-
18 expression levels assayed in culture supernatants of shRNA plasmid transfected combined with or
without TIP stimulated human primary keratinocytes (n=5 per group).
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Figure 6

Comparison of the inhibitory effect of Z-YVAD-FMK, NSA, disul�ram and DMF. A LDH release rates of
inhibitors Z-YVAD-FMK, NSA, disul�ram and DMF with various concentrations for 24h were assayed to
determine the most appropriate inhibitory concentrations (n=6 per group): Z-YVAD-FMK 10μM, NSA 5μM,
disul�ram 5μM and DMF 25μM. B Representative dying/dead (PI) and living (Calcein-AM) cell images in
TIP combined with Z-YVAD-FMK (10μM), NSA (5μM), disul�ram (5μM) or DMF (25μM) respectively
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stimulated human primary keratinocytes (n=5 per group). Scale bar, 100 μm. C IL-1β and IL-18 expression
levels assayed in culture supernatants of TIP combined with 4 inhibitors respectively stimulated human
primary keratinocytes (n=5 per group). D mRNA expression levels of AIM2, ASC, caspase-1, GSDMD, IL-1β
and IL-18 in TIP combined with 4 inhibitors respectively stimulated human primary keratinocytes (n=6 per
group) were analyzed by qRT-PCR. Data were normalized to actin mRNA expression. E Protein levels of
caspase-1, GSDMD, IL-1β and IL-18 in TIP combined with 4 inhibitors respectively stimulated human
primary keratinocytes (n=3 per group) were quanti�ed by western blotting. Actin was used as the loading
control. F Immuno�uorescence cleaved caspase-1 and GSDMD-N staining of these groups (n=5 per
group).

Figure 7

Soluble factors secreted by drug-activated immunocytes mediating cutaneous programmed keratinocyte
death.
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Figure 8

The activation of pyroptosis in SJS/TEN keratinocytes.
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