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The Differential Roles of HSP90 Isoforms in Skin
Inflammation: Anti-Inflammatory Potential of
TRAP1 Inhibition
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HSP90, a molecular chaperone, has been identified as a drug target in inflammatory skin diseases. However, 4
different HSP90 isoforms (HSP90a, HSP90b, GRP94, and TRAP1) exist. Therefore, this study aimed to evaluate the
functional role of the HSP90 isoforms in skin inflammation. Selective knockdown of the HSP90 isoforms
revealed different inflammatory effects in stimulated keratinocytes. TRAP1 knockdown significantly down-
regulated the expression of the measured inflammatory genes (IL1B, IL6, IL17C, IL23A, IL19, IL36G, CXCL8, CCL5,
CCL17, CCL20). Selective and combined knockdown of HSP90a and HSP90b showed a trend toward increased
inflammatory activity. Selective GRP94 knockdown and combined knockdown of the organelle-specific iso-
forms (GRP94 þ TRAP1) or all 4 isoforms resulted in inconsistent effects. In addition, a selective TRAP1 inhibitor
(gamitrinib) suppressed the inflammatory gene expression in keratinocytes and fibroblasts (IL17C, IL23A, IL36G)
and in hidradenitis suppurativa skin cultured ex vivo (IL1B, IL6, CXCL8, IL17A, IL36G). In conclusion, selective
and simultaneous knockdown of the HSP90 isoforms mediated different inflammatory effects, revealing that
the HSP90 isoforms have distinct roles in skin inflammation. In addition, we discovered that inhibition of TRAP1
exerted consistent anti-inflammatory effects, suggesting that TRAP1 inhibitors may represent a topical thera-
peutic strategy for inflammatory skin diseases.
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INTRODUCTION
HSP90 is an important chaperone that folds and regulates the
function of endogenous proteins (referred to as client pro-
teins) (McClellan et al, 2005; Taipale et al, 2010). In humans,
the HSP90 family include 4 isoforms located at different
subcellular compartments: HSP90a (HSP90AA1) and
HSP90b (HSP90AB1) in the cytoplasm, GRP94 (Gp96 or
endoplasmin) (HSP90B1) in the endoplasmic reticulum, and
TRAP1 (TRAP1) in the mitochondria (Biebl and Buchner,
2019; Maiti and Picard, 2022). Although the isoforms share
similarities, they exhibit notable differences in structure,
expression, and function (Ausili, 2023).

Hundreds of HSP90 client proteins with diverse functions
have been identified, and inhibition of HSP90 may lead to the
degradation of these client proteins (Echeverrı́a et al, 2011;
Picard, 2023). Given that several client proteins play essential
roles in tumor proliferation and survival, HSP90 has been
identified as a potential drug target for cancer (Miyata et al,
2013; Trepel et al, 2010). To date, approximately 20 HSP90
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inhibitors (almost all pan-HSP90 inhibitors) have been eval-
uated as potential cancer treatments. However, their clinical
development has been limited owing to unsatisfactory effi-
cacy and prevalent adverse effects (Li and Luo, 2023; Yu et al,
2022). Recently, the development of isoform-selective HSP90
inhibitors has gained more attention, leading to the first
approval of a HSP90 inhibitor (TAS-116, a selective HSP90a
and HSP90b inhibitor) in 2022 for gastrointestinal stromal
tumors in Japan (Hoy, 2022).

HSP90 has also attracted attention as a drug target in in-
flammatory skin diseases owing to the degradation of client
proteins involved in proinflammatory signaling. These client
proteins include ACT1 (a key adapter protein involved in IL-
17 signaling), pattern-recognition receptors (eg, toll-like re-
ceptors), signaling kinases (eg, Jaks and MAPKs), and tran-
scription factors (eg, signal transducer and activator of
transcriptions and NF-kB) (Costa et al, 2020; Wang et al,
2013). Recently, 2 proof-of-concept studies demonstrated
that RGRN-305 (a pan-HSP90 inhibitor with preferential in-
hibition of HSP90a and HSP90b) resulted in a meaningful
clinical efficacy with a good tolerability and safety profile in
patients with psoriasis or hidradenitis suppurativa (Ben
Abdallah et al, 2024; Bregnhøj et al, 2022). Moreover, pan-
HS90 inhibitors (RGRN-305, tanespimycin, alvespimycin)
have also been demonstrated to reduce skin inflammation in
animal models of atopic dermatitis, psoriasis, irritant contact
dermatitis, and epidermolysis bullosa acquisita (Ben
Abdallah et al, 2023a, 2023b; Stenderup et al, 2014; Tukaj
et al, 2017, 2014). These studies demonstrated that HSP90
estigative Dermatology. www.jidonline.org 1
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inhibition exerted broad immunomodulation by down-
regulating numerous pivotal inflammatory signaling path-
ways, supporting the significance of HSP90 as an important
regulator of numerous inflammatory client proteins.

Although these findings suggest that HSP90 may be a drug
target for inflammatory skin diseases, the role of each isoform
in inflammatory skin diseases has not been explored, which
may provide insights that can be translated into potential
therapeutic benefits.

Therefore, this studyaimed to investigate the anti-inflammatory
effects of selective inactivation of the HSP90 isoforms in chronic
inflammatory skin diseases using experimental models with pri-
mary human keratinocytes and cultured human skin biopsies.

RESULTS
HSP90AA1, HSP90AB1, and HSP90B1 were abundantly
expressed among all cell types in the skin, whereas TRAP1
was predominantly expressed in keratinocytes

An integrative analysis of publicly available single-cell RNA-
sequencing datasets was performed to explore the gene
expression of the 4 HSP90 isoforms—HSP90AA1 (HSP90a),
HSP90AB1 (HSP90b), HSP90B1 (GRP94), and TRAP1
(TRAP1)—in cells from psoriasis (57,116 cells; n ¼ 5), hidra-
denitis suppurativa (37,342 cells; n ¼ 9), atopic dermatitis
(46,922 cells; n¼5), and healthy (17,903 cells; n¼4) skin. The
cell clustering identified 22 clusters that were annotated using
signature genes as 11 cell types, including keratinocytes, fi-
broblasts, T cells, B cells, plasma cells, myeloid cells, vascular
endothelial cells, lymphatic endothelial cells, melanocytes,
smooth muscle cells, and mast cells (Figure 1a and b).

The 3 HSP90 isoforms HSP90AA1, HSP90AB1, and
HSP90B1were ubiquitously and abundantly expressed among
all cell types, whereas TRAP1 was relatively lowly expressed
and showed highest expression in keratinocytes (Figure 1c and
d). The gene expression of the HSP90 isoforms in the different
cell types varied among psoriasis, hidradenitis suppurativa,
atopic dermatitis, and healthy skin (Figure 1e), indicating that
the HSP90 isoforms may have different roles in skin diseases.
Notably, HSP90B1 was highly expressed in plasma cells from
hidradenitis suppurativa skin, and TRAP1 was expressed in a
higher percentage of keratinocytes from psoriasis and hidra-
denitis suppurativa skin. To further validate the expression of
TRAP1 in these inflammatory skin diseases, RT-qPCR demon-
strated that TRAP1wasmoderately expressedwith Ct values of
approximately 30 (Supplementary Figure S1a). In addition,
immunohistochemistry staining confirmed that TRAP1 was
predominantly expressed in keratinocyteswithin theepidermis
(Supplementary Figure S1b and c).

Taken together, these data indicate that HSP90a, HSP90b,
and GRP94 serve different functions in all cell types in the
skin, whereas TRAP1 may predominantly play a role in
keratinocytes.

Selective knockdown of the HSP90 isoforms provided
different effects on the expression of inflammatory genes in
psoriasis-like stimulated keratinocytes

To examine the anti-inflammatory effects of the HSP90 iso-
forms, primary human keratinocytes from 6 healthy donors
were transfected with small interfering RNA (siRNA) to
knockdown the 4 different isoforms followed by a ‘psoriasis-
Journal of Investigative Dermatology (2025), Volume -
like’ stimulation with TNF and IL-17A. The knockdown of the
4 different isoforms was efficient and specific with approxi-
mately 90e95% reduction of mRNA levels (Supplementary
Figure S2) and 55e80% reduction of protein levels
(Supplementary Figure S3). Moreover, inhibition of cytosolic
HSP90 (ie, HSP90a/b) compared with that of GRP94 or
TRAP1 may induce a more pronounced heat shock response
with increased HSP1A1 (HSP70) expression (Jiang et al,
2018; Park et al, 2020). This was consistent with our find-
ings, further confirming the selective knockdown
(Supplementary Figure S4a). The gene expression of key in-
flammatory genes was measured with qPCR, showing that the
stimulation significantly upregulated the expression of IL17C,
IL23A, IL36G, IL19, CCL20, CXCL1, and NFKBIZ (Figure 2).
Interestingly, knockdown of the different HSP90 isoforms
resulted in different effects on the inflammatory gene
expression. Knockdown of TRAP1 (ie, TRAP1 protein) led to
significant downregulation of IL17C, IL23A, IL36G, IL19, and
CCL20 and trends of downregulation in CXCL1 and NFKBIZ.
Knockdown of HSP90B1 (ie, GRP94 protein) led to signifi-
cant downregulation of IL36G, IL23A, and IL19. Surprisingly,
knockdown of the widely studied cytosolic isoforms,
HSP90AA1 or HSP90AB1 (ie, HSP90a/b proteins), did not
markedly reduce the inflammatory gene expression; in
contrast, HSP90AA1 knockdown increased the inflammatory
gene expression (Figure 2). These findings suggest that se-
lective knockdown of the HSP90 isoforms provides different
inflammatory effects, and inhibition of TRAP1 may provide
anti-inflammatory effects in keratinocytes.
Combined knockdown of the cytosolic HSP90 isoforms
increased the inflammatory gene expression in psoriasis-like
stimulated keratinocytes

Next, we explored the effects of combined knockdown on
the cytosolic isoforms (HSP90AA1 and HSP90AB1), the
organelle-specific isoforms (HSP90B1 and TRAP1), and all 4
isoforms (Supplementary Figure S5). Combined HSP90AA1
and HSP90AB1 knockdown increased the inflammatory gene
expression (IL17C, CXCL1, CCL20), whereas knockdown of
HSP90B1 þ TRAP1 or all the isoforms decreased the
expression of IL36G and IL23A but increased the expression
of CCL20 (Figure 3). Although selective TRAP1 inhibition
consistently decreased the inflammatory gene expression of
all measured genes, pan-inhibition of all isoforms down-
regulated only 2 of the measured inflammatory genes. These
findings indicate that inhibition of TRAP1 drives the anti-
inflammatory effects, whereas inhibition of the cytosolic
isoforms (HSP90a/b) may induce proinflammatory gene
expression in psoriasis-like stimulated keratinocytes.

To confirm the effects on protein levels, the protein
expression of IL-17C and IL-36G was measured with ELISA
and western blot, respectively. The measured protein levels
were consistent with the gene expression findings (Figure 4),
confirming that selective inactivation of the isoforms pro-
vides different effects. TRAP1 knockdown significantly
decreased the protein expression of IL-17C and IL-36G,
whereas knockdown of the cytosolic isoforms had no effect
or slightly increased the protein expression of IL-17C and IL-
36G.
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Figure 1. Integrative single-cell RNA sequencing analysis of the HSP90 isoforms in psoriasis, hidradenitis suppurativa, atopic dermatitis and healthy skin. (a)

UMAP plot showing 159,283 cells coloured by cell type. (b) Dot plot showing the expression of marker genes used to annotate the cell types. (c) Feature plots
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TRAP1-selective inhibitor (gamitrinib) significantly
downregulated the gene expression of IL17C, IL23A, and
IL36G in primary human keratinocytes and fibroblasts

To further validate that inhibition of TRAP1 provides anti-
inflammatory effects, primary human keratinocytes stimu-
lated with TNF þ IL-17A were treated with a selective TRAP1
inhibitor (gamitrinib). Treatment with gamitrinib resulted in a
significantly lower expression of HSP1A1 (HSP70) than of
TAS-116 (a selective HSP90a/b inhibitor), supporting that
gamitrinib preferentially inhibited TRAP1 (Supplementary
Figure S4b). Because TRAP1 knockdown led to marked
downregulation of IL36G, IL23A, and IL17C (Figure 2), the
expression of these 3 cytokines were evaluated. In accor-
dance, gamitrinib downregulated the gene expression of
IL36G, IL23A, and IL17C (Figure 5a) and the protein
expression of IL-17C and IL-36G in a dose-dependent
Journal of Investigative Dermatology (2025), Volume -
manner (Figure 5b and c). Despite the IL23A mRNA clearly
present in the stimulated keratinocytes, IL-23 protein could
not be detected with western blot or ELISA. These findings
further support that TRAP1 may be a driver of inflammation
in keratinocytes.

The effects of gamitrinib were also evaluated in fibroblasts,
a cell type with regulatory functions in skin inflammation.
Gamitrinib strongly downregulated IL36G, IL23A, and IL17C
to levels similar to those for unstimulated fibroblasts
(Figure 5d), suggesting that TRAP1 inhibition may exert anti-
inflammatory effects in other cell types beyond keratinocytes.

Selective TRAP1 knockdown reduced the expression of T
helper 1e and T helper 2erelated genes in atopic
dermatitiselike stimulated keratinocytes

To evaluate the effects of HSP90 isoforms on atopic
dermatitiselike stimulation, selective and combined
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knockdowns of the HSP90 isoforms were performed in
keratinocytes stimulated with TNF þ IL-4 þ IL-13. Inter-
estingly, TRAP1 knockdown significantly downregulated
the expression of T helper 1erelated (IL1B, IL6, CXCL8) and
T helper 2erelated (CCL5, CCL17) genes (Figure 6). Selec-
tive inactivation of HSP90AA1, HSP90AB1, or HSP90B1
led to inconsistent effects on the measured genes, indi-
cating no conclusive effect. Combined knockdown of the
cytosolic isoforms (HSP90AA1 þ HSP90AAB1) significantly
increased the inflammatory gene expression of IL6, CXCL8,
and CCL5. Knockdown of the organelle-specific isoforms
(HSP90B1 þ TRAP1) reduced the inflammatory gene
expression; however, the reduction was not markedly
greater than that of selective TRAP1 knockdown, suggesting
no additive anti-inflammatory effect of HSP90B1
knockdown. Pan-inhibition of the HSP90 isoforms resulted
in no significant effect besides increased expression of IL6
and CCL5.

Consistent with the other results, inhibition of TRAP1 pro-
vided anti-inflammatory effects, whereas inhibition of
HSP90a/b induced proinflammatory gene expression in atopic
dermatitiselike stimulated keratinocytes.

Gamitrinib suppressed the gene expression of inflammatory
genes in lesional hidradenitis suppurativa skin cultured
ex vivo

To evaluate the anti-inflammatory effects of TRAP1 inhibition
in hidradenitis suppurativa, chronic lesional hidradenitis
suppurativa skin from 14 patients was treated with gamitrinib
in an ex vivo model. A total of 6 inflammatory markers
www.jidonline.org 5
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Figure 4. Effects of HSP90 isoform knockdown on the IL-36G and IL-17C

protein expression in keratinocytes. The protein expression of IL-36G and IL-

17C was determined in primary human keratinocytes transfected with the

indicated siRNAs and stimulated with TNF (10 ng/ml) and IL-17A (100 ng/ml)

for 24 hours. (a) Cell lysate protein expression of IL-36G was determined by

western blot, showing representative western blots and the densitometric

results. (b) Cell supernatant protein expression of IL-17C was determined by

ELISA. Three independent experiments were performed (n ¼ 6). Data are

shown as mean (þSEM) fold change relative to the vehicle group. P-values
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associated with hidradenitis suppurativa were evaluated.
Gamitrinib significantly downregulated the gene expression
of IL1B, IL6, CXCL8, IL17A, and IL36G, whereas no effect
was observed for DEFB4A (Figure 7). ELISA validated the
downregulation of IL-1b and IL-6 at protein levels. The sup-
pressive effects of gamitrinib were broadly similar to those of
dexamethasone treatment. This supports that a preferential
inhibition of TRAP1 may provide anti-inflammatory effects in
hidradenitis suppurativa.
Journal of Investigative Dermatology (2025), Volume -
DISCUSSION
In this study, we demonstrated that selective and simulta-
neous knockdown of the HSP90 isoforms resulted in different
inflammatory effects in keratinocytes, highlighting the
distinct roles of HSP90a/b, GRP94, and TRAP1 in skin
inflammation. In addition, we discovered that inhibition of
TRAP1 provided strong anti-inflammatory effects, suggesting
that TRAP1 may be a key driver for inflammation in kerati-
nocytes. These findings indicate that the selectivity of HSP90
inhibitors toward specific isoforms may significantly influ-
ence their anti-inflammatory activity. This may have signifi-
cant implications for the clinical development of HSP90
inhibitors in inflammatory skin diseases.

Although the literature is scarce, a few studies have
examined the relationship between HSP90 isoforms and
inflammation in diseases beyond dermatology. A recent study
examined the anti-inflammatory effects of selective HSP90
isoform inhibitors in murine microglial BV-2 cells stimulated
with lipopolysaccharide (Smith et al, 2024). The selective
HSP90b inhibitor reduced the production of inflammatory
mediators (TNF, IL1B, NF-kB, and extracellular
signaleregulated kinase activation), whereas the selective
Hsp90a, Grp94, TRAP1 inhibitors had limited anti-in‑
flammatory effects (Smith et al, 2024). In agreement,
siRNA-mediated knockdown of HSP90b but not HSP90a
caused anti-inflammatory effects in N9 microglial cells (He
et al, 2019). However, another study demonstrated that a
selective HSP90b inhibitor, in contrast to HS90a/b inhibitors,
failed to provide anti-inflammatory effects in li‑
popolysaccharide-stimulated bone marrowederived macro-
phages, suggesting that the anti-inflammatory effects were
mediated primarily by HS90a inhibition (Nizami et al, 2021).
Moreover, a selective GRP94 inhibitor ameliorated inflam-
matory symptoms and protein expression of inflammatory
markers (ie, TNF, IL-6, and p65) in a mouse model of ulcer-
ative colitis (Jiang et al, 2018). Taken together, these studies
support that the HSP90 isoforms exert different inflammatory
effects; however, the findings were conflicting regarding the
inhibition of which isoforms mediated anti-inflammatory ef-
fects. This indicates that the inflammatory role of HSP90
isoforms may vary depending on the cell type and disease
context, highlighting the complex and heterogeneous effects
of HSP90 inhibition on many client proteins and biological
processes.

In this study, of the 4 HSP90 isoforms, only inhibition of
TRAP1 exerted consistent anti-inflammatory effects.
Numerous studies have evaluated the role of TRAP1 in cancer,
suggesting that it is a key regulatory protein involved in many
cellular pathways, although the literature on inflammatory
effects is limited (Xie et al, 2020). In glioblastoma U251 cells,
gamitrinib (a selective TRAP1 inhibitor) resulted in complete
blockade of NF-kB activity after TNF stimulation, supporting
our findings that TRAP1 inhibition may mediate anti-
inflammatory effects (Siegelin et al, 2011). Given the pivotal
role of keratinocytes in inflammatory skin diseases (Ben
Abdallah et al, 2021; Jiang et al, 2020), TRAP1 inhibition
may represent a promising therapeutic approach for topical
treatment, warranting further investigation.

The pan-inhibitor RGRN-305 has been shown to exert
strong anti-inflammatory effects in keratinocytes, which is
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Figure 5. Effects of gamitrinib in

keratinocytes and fibroblasts. Primary

human keratinocytes were treated

with gamitrinib (a selective TRAP1

inhibitor) and stimulated with TNF (10

ng/ml) and IL-17A (100 ng/ml) for 24

hours (3 independent experiments,

n ¼ 6). (a) Gene expression of IL36G,

IL23A, and IL17C was measured with

RT-qPCR. (b) Cell lysate IL-36G

protein expression was determined by

western blot, showing a representative

image of a western blot (left) and

densitometric results (right). (c) Cell

supernatant IL-17C protein expression

was quantified with ELISA. (d) The

experiments with RT-qPCR analysis

were also performed in primary

human fibroblasts (n ¼ 4). Data are

shown as mean (þSEM) fold change

relative to the vehicle group. P-values

were calculated by paired ratio t-tests.

**P � .01, ***P � .001, and ****P �
.0001. ns, not significant.

H Ben Abdallah et al.
The Role of HSP90 Isoforms in Skin Inflammation
in contrast to the modest effect observed with siRNA
knockdown of the 4 isoforms (Ben Abdallah et al, 2023a,
2023b; Hansen et al, 2021). This discrepancy may be due
to off-target effects associated with small-molecule in-
hibitors or differences in the mode and extent of inhibition
of HSP90 activity. For example, siRNA knockdown resul-
ted in incomplete inhibition of HSP90 activity (ie, residual
function), whereas HSP90 inhibitors usually only target
the ATPase-dependant function, leaving nonchaperone
functions unaffected. Furthermore, differences in
compensatory mechanisms, such as the activation of the
heat shock response, may also contribute to this
discrepancy.

Our data suggest that the anti-inflammatory effects by
TRAP1 knockdown may be counteracted by knockdown of
the other isoforms in keratinocytes. The counteracting effects
varied depending on the measured cytokine or chemokine.
This variation could reflect differences in the molecular
pathways regulating these inflammatory markers, or it may
result from biologic and technical variability.

Limitations of this study include that siRNA-mediated
knockdown of the HSP90 isoforms was only evaluated in
www.jidonline.org 7
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Figure 6. Effects of HSP90 isoform knockdown in atopic dermatitiselike stimulated keratinocytes. Selective and combined siRNA knockdown of the HSP90
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(3 independent experiments, n ¼ 6). Th1- and Th2-related gene expression was determined by RT-qPCR. Data are shown as mean (þSEM) fold change relative to
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keratinocytes. However, the single-cell RNA analysis showed
that TRAP1 was mostly expressed in keratinocytes in the skin,
indicating a predominant role in keratinocytes. In addition,
TRAP1 inhibition with gamitrinib was evaluated in fibro-
blasts. Another limitation includes that these findings were
not validated in a mouse model, which captures the biolog-
ical complexity and contribution of different cell types in the
skin. However, gamitrinib was evaluated in an ex vivo model
with lesional hidradenitis suppurativa skin. Finally, the effects
of HSP90 isoform inhibition on the transcriptome were not
evaluated, which may have provided more comprehensive
insights.
Journal of Investigative Dermatology (2025), Volume -
In conclusion, our findings demonstrate that selective and
simultaneous inactivation of the HSP90 isoforms exert
distinct anti-inflammatory effects. This highlights the impor-
tance of considering the isoform selectivity in the develop-
ment of HSP90 inhibitors, which may impact the mechanism
of action and the anti-inflammatory efficacy in treating in-
flammatory diseases. The drug distribution should also be
considered because the expression and effects of the HSP90
isoforms may differ across various cell types and tissues. In
addition, we discovered that selective TRAP1 inhibition
exerted consistent anti-inflammatory effects, which may
represent a therapeutic strategy. Further research is warranted
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to explore the effects of the HSP90 isoforms in inflammatory
skin diseases, preferably in animal or small clinical studies,
and to investigate the underlying molecular mechanisms of
TRAP1 in inflammatory pathways.

MATERIALS AND METHODS
Cell culture and experiments

Primary normal human epidermal keratinocytes were isolated from

6 healthy donors as described previously (Johansen, 2017). Primary

dermal fibroblasts were isolated from 4 healthy donors. The kerati-

nocytes were cultured in keratinocyte SFM (Gibco, Thermo Fisher

Scientific, Waltham, MA) supplemented with GFs and 5 mg/ml

gentamicin (Gibco). The fibroblasts were cultured in DMEM sup-

plemented with GlutaMAX (Gibco); 10% fetal bovine serum

(Gibco); and antibiotics, including penicillin/streptomycin (10 mg/
ml) and gentamycin (5 mg/ml). The cells were plated in 6-well plates

and incubated at 37 �C in a humidified incubator containing 5%

carbon dioxide until 60e70% confluency before the experiments

were initiated.

Cell culture experiments with siRNA

The keratinocytes were transfected with DharmaFECT 2 (Dharma-

con, Lafayette, CO) and ON-TARGETplus siRNA (Dharmacon) spe-

cific for HSP90AA1 (catalog number 3320), HSP90AB1 (number

3326), HSP90B1 (number 7184), TRAP1 (number 10131), or non-

targeting control pool for 48 hours, following the manufacturer’s

instructions. The transfections were performed in 6-well plates in 2
ml medium with 50 nM siRNA for single-gene knockdown and 100

nM (total concentration) for multigene knockdown. After 48 hours of

transfection, the medium was changed to basal medium (ie, without

GFs) for 4 hours followed by stimulation with TNF (10 mg/ml,

PeproTech, London, United Kingdom) þ IL-17A (100 ng/ml, Pepro-

Tech) or TNF (10 ng/ml, PeproTech) þ IL-4 (50 ng/ml, PeproTech) þ
IL-13 (50 ng/ml, PeproTech) for 24 hours to induce a phenotype

mimicking psoriasis or atopic dermatitis.

Cell culture experiments with selective HSP90 inhibitors

The keratinocytes and fibroblasts were cultured in basal medium for

24 hours and preincubated with gamitrinib (TRAP1 inhibitor, HY-

102007A, MedChemExpress, Monmouth Junction, NJ), TAS-116

(selective HSP90a/HSP90b inhibitor, HY-15785, MedChemEx-

press), or vehicle (dimethyl sulfoxide) for 4 hours followed by

stimulation with IL-17A (100 ng/ml, PeproTech) or TNF (10 ng/ml,

PeproTech) for 24 hours.

Ex vivo skin culture

A total of 3-mm punch biopsies were collected from excised skin

with chronic hidradenitis suppurativa lesions from 14 patients and

healthy skin from 3 donors. Immediately after collection, the bi-

opsies were cultured in an ex vivo model as previously described

(Companjen et al, 2001; Vossen et al, 2019). In summary, the bi-

opsies were placed in 2-mm openings created in the membrane of

Netwell Inserts (Corning, Corning, NY) with the epidermis in contact

with air and dermis immersed in Iscove’s Modified Dulbecco’s

Medium (Gibco) with 0.5% human male AB serum (Sigma-Aldrich,
www.jidonline.org 9
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Merck, Darmstadt, Germany) and streptomycin/penicillin (100 U/

ml, Gibco). The biopsies were treated with vehicle (dimethyl sulf-

oxide), gamitrinib (10 mM, MedChemExpress), or dexamethasone

(10 mM, Sigma-Aldrich) for 24 hours at 37 �C in a humidified

incubator with 5% carbon dioxide.

RNA isolation

Total RNA was extracted from primary human keratinocytes and fi-

broblasts with the SV 96 Total RNA Isolation System (Promega,

Madison, WI), following the manufacturer’s instructions.

Punch biopsies were placed in RNAlater (Invitrogen, Thermo

Fisher Scientific) and stored at 4 �C until further processing. The

biopsies were added to SV RNA lysis buffer with b-mercaptoethanol

(SV Total RNA Isolation System, Promega) followed by homogeni-

zation using TissueLyser (Qiagen, Hilden, Germany). The remaining

steps, including RNA purification and DNase treatment, were con-

ducted following the manufacturer’s instructions.

NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific)

was used to determine the RNA concentration and purity.

RT-qPCR

Total RNA was converted to cDNA using TaqMan Reverse Tran-

scription Reagents, random hexamers (Thermo Fisher Scientific), and

Peltier Thermal Cycler-200 (MJ Research, Waltham, MA) per the

manufacturer’s instructions. Real-time PCR was performed with

StepOnePlus Real-Time PCR system (Themo Fisher Scientific) using

20 ng cDNA/reaction, TaqMan Universal PCR Master Mix, and

primers/probes (Thermo Fisher Scientific) for IL1B (Hs01555410_

m1), IL6 (Hs00174131_m1), IL17C (Hs00171163_m1), IL19 (Hs00

604657_m1), IL23A (Hs00372324_m1), IL36G (Hs00219742_m1),

CXCL1 (Hs00236937_m1), CCL5 (Hs00982282_m1), CXCL8 (Hs00

174103_m1), CCL17 (Hs00171074_m1), CCL20 (Hs00355476_

m1), NFKBIZ (Hs00230071_m1), HSP90AA1 (Hs00743767_sH),

HSP90AB1 (Hs03043878_g1), HSP90B1 (Hs00427665_g1), TRAP1

(Hs00212476_m1), HSPA1A (Hs00359163_s1), and RPLP0 (Hs99

999902_m1). Three technical replicates for each sample underwent

real-time PCR, including 2 minutes at 50 �C and 10 minutes at 95 �C
followed by 40 cycles of 15 seconds at 95 �C and 1 minute at 60 �C.
The standard curve method and RPLP0 (reference gene) were used to

obtain normalized relative expression levels of target genes (Applied

Biosystems, 2010).

Protein isolation from keratinocytes

Cell lysis buffer (cOmplete Protease Inhibitor Cocktail and phenyl-

methylsulphonyl fluoride [Sigma-Aldrich]) was added to primary

human keratinocytes followed by centrifugation at 13,000g for 3

minutes. The protein extract was collected from the supernatant, and

the protein concentration was determined by Bradford Protein Assay.

Western blot

Equal amounts of protein for each sample were loaded on 10% mini-

PROTEAN TGX PreCast Gel (Bio-Rad Laboratories, Hercules, CA)

and separated by gel electrophoresis using Mini Trans-Blot Cell (Bio-

Rad Laboratories). The separated proteins were blotted onto nitro-

cellulose membranes with the Trans-Blot Turbo Transfer System (Bio-

Rad Laboratories). The membranes were incubated overnight at 4 �C
with the following primary antibodies: HSP90a (catalog number

ab2928, Abcam, Cambridge, United Kingdom), HSP90b (catalog

number ab53497, Abcam), GRP94 (catalog number ab2791,

Abcam), TRAP1 (catalog number ab128914, Abcam), and IL-36G

(catalog number AF2320, Bio-Techne, Minneapolis, MN). After
Journal of Investigative Dermatology (2025), Volume -
washing, the membranes were incubated with horseradish

peroxidaseeconjugated secondary antibodies (catalog numbers

P0447, P0448, P0449, or P0450, Dako, Glostrup, Denmark) at room

temperature for 1 hour. Protein bands were visualized with Clarity

Western ECL Substrate (Bio-Rad Laboratories) and C-DiGit Blot

Scanner (LI-COR, Lincoln, NE). The protein expression was

normalized to b-actin levels. The membranes were stripped and

reprobed with an antieb-actin antibody (A1978, Sigma-Aldrich),

which was detected by horseradish peroxidaseeconjugated anti-

mouse IgG (catalog number P0447, Dako). Relative intensities of

bands were quantified by densitometric analyses using Image Studio

Digits, version 3.1 (LI-COR).

ELISA

The protein levels of IL-1b, IL-6, and IL-17C in culture medium were

measured using commercial ELISA development kits (catalog

numbers DY201, DY206, and DY1234, Bio-Techne) and a micro-

plate spectrophotometer (Multiskan GO, Thermo Fisher Scientific)

by following the manufacturer’s instructions. All measurements were

performed in duplicates.

Single-cell RNA-sequencing analysis

Single-cell RNA-sequencing datasets for psoriasis (GSE228421),

hidradenitis suppurativa (GSE154775, GSE175990), atopic derma-

titis (GSE222840), and healthy controls (GSE173205) were retrieved

from the Gene Expression Omnibus. The R package Seurat (5.1.0)

was used for the analysis (Hao et al, 2024). Cells with <200 or

>6000 unique genes or >10% of mitochondrial gene expression

were removed as low-quality cells. An integrative analysis of the

datasets was performed following the workflow described in the

Seurat vignette ‘Integrative analysis in Seurat v5’ using Anchor-based

RPCA integration with default parameters (Satija, 2023). The find-

Neigbors and Findclusters function at a resolution of 0.4 was used to

cluster the cells. Cell identities were annotated using published

signature genes for the corresponding cell types (Francis et al, 2024;

Franzén et al, 2019; Ma et al, 2023; van Straalen et al, 2024). The

data were visualized using the DimPlot, Featureplot, VlnPlot, and

Dotplot functions.

Immunohistochemistry

A total of 4-mm punch biopsies were fixed in 4% formaldehyde,

paraffin embedded, and sliced into 4-mm sections for staining pro-

cedures. Heat-induced antigen retrieval was performed in citrate

buffer (pH 6) for 20 minutes at preboiling temperature. The sections

were incubated with anti-TRAP1 antibody (1:100, HPA044227,

Atlas Antibodies, Stockholm, Sweden) for 1 hour at room tempera-

ture. The remaining steps of detection were performed using the

Quanto Detection System (Thermo Fisher Scientific) per the manu-

facturer’s instructions, followed by hematoxylin counterstaining. The

slides were digitalized using the whole-slide scanner NanoZoomer

2.0-HT (Hamamatsu Photonics K.K, Hamamatsu City, Japan)

with �20 objective. Quantitative analysis of the images was per-

formed using QuPath 0.4.2 and the Cell Detection command fol-

lowed by a manual review with corrections (Bankhead et al, 2017).

Isotype controls with normal rabbit IgG instead of TRAP1 antibody

were performed and showed no staining.

Statistical analysis

Differences were analyzed with paired t-tests. If data were not nor-

mally distributed, Wilcoxon signed-rank tests were performed. P <
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.05 was considered statistically significant. All analyses were per-

formed in GraphPad Prism 10.0.3 or R software 4.3.2.
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Supplementary Figure S1. The expression of the HSP90 isoforms in the skin. (a) The RT-qPCR cycle threshold (Ct) values for TRAP1 and RPLP0 in PsO (n ¼ 6),

HS (n ¼ 6), AD (n ¼ 6), and normal (n ¼ 6) skin. Data are shown as box plots with whiskers ranging from the minimum to the maximum data point. (b)

Quantitative immunohistochemical analysis of TRAP1þ cells in PsO (n ¼ 6), HS (n ¼ 6), and normal (n ¼ 6) skin. Results are shown as mean (þSEM) of TRAPþ

cells per mm2 of epidermis or dermis. (c) Representative images of TRAP1þ stained sections from psoriatic skin, healthy skin, and isotype control staining. AD,

atopic dermatitis; HS, hidradenitis suppurativa; NS, normal skin; PsO, psoriasis.
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Supplementary Figure S2. Knockdown efficiency and specificity on mRNA level. RT-qPCR analysis of the remaining gene expression of the HSP90 isoforms in

keratinocytes transfected with siRNA for 48 hours followed by TNF þ IL-17A stimulation for 24 hours (n ¼ 6). The data are shown as mean (þSEM) fold change

relative to that of keratinocytes treated with a nontargeting siRNA control pool (siControl). P-values were calculated by paired ratio t-tests. **P � .01 and ***P �
.001. ns, not significant; siControl, control-targeted small interfering RNA; siRNA, small interfering RNA.
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Supplementary Figure S3. Knockdown efficiency and specificity on protein level. The remaining protein expression of the HSP90 isoforms was determined by

western blot in keratinocytes transfected with siRNA for 48 hours followed by TNF (10 ng/ml) þ IL-17A (100 ng/ml) stimulation for 24 hours (n ¼ 6).

Representative western blots and densitometric results (mean þ SEM) are shown. P-values were calculated by paired ratio t-tests. **P � .01 and ***P � .001. ns,

not significant; siRNA, small interfering RNA.
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Supplementary Figure S5. Efficiency and specificity of combined HSP90 isoform knockdown. Shown is the remaining gene expression of the HSP90 isoforms in

keratinocytes after combined siRNA transfection for 48 hours and then stimulation with TNF (10 ng/ml) þ IL-17A (100 ng/ml) for 24 hours (n ¼ 6). The RT-qPCR

data are shown as mean (þSEM) fold change relative to that of keratinocytes transfected with a nontargeting siRNA control pool (siControl). P-values were

calculated by paired ratio t-tests. *P < .05, **P � .01, ***P � .001, and ****P � .0001. ns, not significant; siControl, control-targeted small interfering RNA;

siRNA, small interfering RNA.
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