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Abstract Heat shock protein 90 (Hsp90), a 90-kDa molecu-
lar chaperone, is responsible for biological activities of key
signaling molecules (clients) such as protein kinases, ubiquitin
ligases, steroid receptors, cell cycle regulators, and transcrip-
tion factors regulating various cellular processes, including
growth, survival, differentiation, and apoptosis. Because
Hsp90 is also involved in stabilization of oncogenic ‘client’
proteins, its specific chaperone activity blockers are currently
being tested as anticancer agents in advanced clinical trials.
Recent in vitro and in vivo studies have shown that Hsp90 is
also involved in activation of innate and adaptive cells of the
immune system. For these reasons, pharmacological inhibi-
tion of Hsp90 has been evaluated in murine models of auto-
immune and inflammatory diseases. This mini-review sum-
marizes current knowledge of the effects of Hsp90 inhibitors
on autoimmune and inflammatory diseases’ features and is
based solely on preclinical studies.
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Introduction

Heat shock proteins (HSPs) are highly conserved and constitu-
tively expressed molecules in the cell. They are localized in the
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cytoplasm and various intracellular compartments where they
act as molecular chaperones or proteases. HSPs usually consti-
tute about 5-10 % of the total protein in most cells, but their
intracellular concentrations can be increased by stressors, e.g.,
increased temperature (fever), oxidative stress, ethanol, and in-
fection that induce protein unfolding, misfolding, or aggrega-
tion. They are classified into several families based on their
approximate molecular weights: HSP100, HSP90, HSP70,
HSP60, HSP40, and the small heat shock proteins (sHsps)
(Pockley 2003; van Eden et al. 2005; Kampinga et al. 2009).

Since abnormal levels of Hsp90 have been observed in
malignant cells and inflamed tissues, this chaperone is partic-
ularly in the focus of scientific interest in the context of the
treatment of cancer and autoimmune/inflammatory diseases
(Shukla and Pitha 2012; Li et al. 2013; Tukaj et al. 2013).
Hsp90 participates in stabilizing and activating more than
200 ‘client’ proteins, including key signaling molecules, such
as nuclear transcription factors (e.g., NF-kB, STATs, and p53)
and kinases (e.g., Raf/MEK/ERK, PI3K/AKT, and p38/
MAPK). Thus, it regulates crucial cellular processes, e.g., in-
flammation, growth, survival, differentiation, and apoptosis
(Trepel et al. 2010). Many oncoproteins may also belong to
the “clients’, therefore a therapy based on Hsp90 inhibition is
currently carried out in several clinical trials (phase I-1II) as a
promising strategy for the treatment of patients with different
types of cancer (Garcia-Carbonero et al. 2013).

Recently, in the course of preclinical rodent studies,
Hsp90 inhibitors have been shown to ameliorate autoim-
mune encephalomyelitis, rheumatoid arthritis, systemic lu-
pus erythematosus, and epidermolysis bullosa acquisita
(Dello Russo et al. 2006; Rice et al. 2008; Yun et al.
2011; Han et al. 2010; Kasperkiewicz et al. 2011; Shimp
et al. 2012). Moreover, anti-Hsp90 therapy has been suc-
cessfully applied in some murine non-autoimmune inflam-
matory disease models.
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This mini-review summarizes current knowledge on the
effects of Hsp90 inhibitors on autoimmune and inflammatory
diseases that is based solely on preclinical studies.

HSP90: structure, expression, and regulatory
functions

Human molecular chaperone Hsp90 family consists of several
90-kDa members localized in different cellular compartments:
cytosolic isoforms of inducible HSP90OAA1 and HSP90AA2
and constitutively expressed HSP90ABI, as well as
HSP90B1 (gp96/grp94) and TRAPI, localized in endoplas-
mic reticulum (ER) and mitochondria, respectively (Langer
et al. 2003; Felts et al. 2000; Mazzarella and Green 1987;
Sorger and Pelham 1987; Kampinga et al. 2009).
Structurally and functionally conserved from bacteria to hu-
man, Hsp90 are ATP-dependent homodimers, and each mono-
mer can be divided into three functionally distinct regions, i.e.,
(i) N-terminal ATP-binding domain (N-domain), (ii) middle
domain (M-domain), and (iii) C-terminal dimerization domain
(C-domain). Effective Hsp90 production occurs after
transactivation of their corresponding genes by the heat shock
factors (HSFs). Under normal, non-stressed cellular condi-
tions, HSF1 exists in a complex with cytoplasmic chaperones,
i.e., Hsp40, Hsp70, and Hsp90, in a monomeric form without
a DNA-binding activity. Following exposure to heat shock,
inflammation, unfolded proteins, or others stresses, HSF1 is
released and translocated into the nucleus. Subsequently,
HSF1 forms a trimer, becomes phosphorylated, and finally
binds to a specific DNA sequence [the so-called heat shock
element (HSE)] to activate transcription of the Hsps genes,
including Hsp70 and Hsp90 (Barbatis and Tsopanomichalou
2009; Li and Buchner 2013).

The chaperone activity and substrate interactions with
Hsp90 is additionally regulated by various co-chaperones
(e.g., CDC37, STIP1, PP5, AHAL, p23, CHIP, TAH1, PIH]1,
SGT1, FKBP51, and FKBP52) and post-translational modifi-
cations, i.e., phosphorylation, acetylation, nitrosylation, and
methylation (Trepel et al. 2010; Mollapour and Neckers
2012).

Hsp90 inhibition in autoimmune and inflammatory
diseases

Generally, autoimmune diseases are a group of chronic in-
flammatory conditions with no specific available to date cure.
Although much progress has been made in revealing the im-
munologic processes in autoimmune diseases, their therapy
remains challenging and in most cases still consists of con-
ventional, unspecific immunosuppressive treatment with cor-
ticosteroids and cytostatic agents. Recently, biological
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therapies for various autoimmune diseases, which are targeted
at molecules involved in maintaining chronic inflammation,
have been extensively applied as an alternative to the existing
treatment methods of immunosuppressive medications.
Unfortunately, the application of these drugs is limited due
to side effects (Davidson and Diamond 2001; Kasperkiewicz
and Schmidt 2009; Rosman et al. 2013). Therefore, research
aimed at developing more effective therapies for autoimmune
diseases is still highly desirable.

Because Hsp90 plays an important role in activation of
innate and adaptive cells of the immune system, including
neutrophils, natural killers, macrophages, dendritic cells, and
T or B lymphocytes (Srivastava 2002; Kasperkiewicz et al.
2011; Bae et al. 2013; Tukaj et al. 2014a, b, 2015), its phar-
macological inhibition has increasingly become the focus of
research on autoimmune diseases.

The N-terminal ATP-binding pocket of Hsp90 is a target
site for geldanamycin and its semi-synthetic derivatives (anti-
Hsp90 therapy). These drugs bind to the ATP-binding pocket
with higher affinity than ATP/ADP, and consequently direct
Hsp90-dependent “client’ proteins to proteasomal degradation
(Whitesell and Lindquist 2005). The underlying molecular
mechanism responsible for immunoregulatory effects of
Hsp90 inhibition still remains unclear. There are at least two
mutually non-exclusive explanations. The first is linked to the
inhibitory effects of Hsp90 inhibitors on Hsp90-dependent
substrate proteins (e.g., NF-kB), which regulate inflammation
(Trepel et al. 2010). The second speculates that the anti-
inflammatory effects of Hsp90 inhibitors are mediated via
release of HSF1, which is known to drive expression of a
number of genes, including IL-10 and Hsp70, both of which
are known to suppress pro-inflammatory and activate
anti-inflammatory genes (Zhang et al. 2012; Collins et al.
2013; Tukaj et al. 2014b) (Fig. 1). The immunosuppressive
action of Hsp70 consists of (i) inactivation of antigen present-
ing cells, (ii) expansion of regulatory T cells, and (iii) blockade
of transcription factor NF-kB activity. Moreover, in experi-
mental autoimmune disease models, artificial induction or ad-
ministration of Hsp70 can prevent or arrest inflammatory
damage in an IL-10-dependent way (Stocki and Dickinson
2012; Borges et al. 2012).

Interestingly, overexpression of HSF1 is a common feature
of numerous cancer types, and its high level correlates with
malignancy and mortality. Moreover, numerous data showed
that upregulation of HSF1-dependent chaperones, like Hsp90,
Hsp70, Hsp40, and Hsp27, plays an important role in cancer
cell growth and survival. Unfortunately, the so-called classic
Hsp90 inhibitors, like geldanamycin and its derivatives (e.g.,
17-DMAG and 17-AAG), are able to activate the HSF1 path-
way and in this way support cancer growth. Therefore, to
sensitize cancer cells, new therapeutic strategy aimed either
to control the expression of Hsp90 (and possibly other chap-
erone molecules), without HSF1 activation, or to use
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Fig. 1 Hsp90 inhibitors, e.g., geldanamycin (GA), have been shown to
bind to the ATP pocket of Hsp90, which disturbs the binding of Hsp90 to
HSF1 and alters Hsp70 gene expression. Hsp70 is a potent negative
regulator of inflammatory responses through, but not limited to, its
negative feedback effect on NF-kB signaling pathway (Stocki and
Dickinson 2012; Wieten et al. 2007; Collins et al. 2013; Tukaj et al.
2014b, ¢)

combined therapies with Hsp90 and HSF1 blockers is more
desirable in a cancer therapy (McConnell et al. 2015). On the
other hand, ‘classic Hsp90 inhibitors’ seem to be more attrac-
tive for the treatment of autoimmune/inflammatory diseases
due to activation of the HSF1 signaling pathway.

Encephalomyelitis

First attempts to use anti-Hsp90 therapy in an active mouse
model of encephalomyelitis (EAE, MOG-induced C57BL/6
strain), the most commonly employed experimental model for
the human inflammatory demyelinating disease like multiple
sclerosis (MS) (Constantinescu et al. 2011) revealed that sin-
gle injection of geldanamycin (GA) at 3 days after immuniza-
tion reduced the disease onset by over 50 % (Murphy et al.
2002). The same team showed that less toxic GA analogue,
17-AAG, significantly reduced the incidence of the disease
when administered early (prophylactic treatment), but also
provided therapeutic benefit when administered to mice with
established EAE (Dello Russo et al. 2006). Mechanistically,
17-AAG significantly reduced IL-2 production induced in na-
ive T cells by CD3/CD28 mAb, suggesting selective effects of
this therapy on the T cell function (Dello Russo et al. 2006).
Furthermore, 17-AAG suppressed inducible nitric oxide syn-
thase (NOS2) expression and activity, as well as blocked IL-
13 expression. According to the authors, anti-Hsp90 therapy
may represent an effective therapeutic strategy of delaying or
reducing the clinical development of a demyelinating disease
(Dello Russo et al. 2006).

Rheumatoid arthritis

Rheumatoid arthritis (RA) is the most common type of auto-
immune arthritis characterized by abnormal infiltration of a

range of immune cell types, including macrophages, T and B
cells, mast cells, and plasma cells, into synovial tissue leading
to joint swelling and cartilage/bone destruction (Firestein
2003). Small molecule inhibitor of Hsp90—SNX-7081 has
been tested in two widely used murine models of RA, i.e.,
rat collagen-induced arthritis (CIA) and adjuvant-induced ar-
thritis (AIA) (Rice et al. 2008). The results revealed that the
treatment eliminated ankle and knee swelling in both CIA and
AIA with no effects on weight loss (Rice et al. 2008). In
addition, histopathological evaluation of joint sections re-
vealed normal synovium, bone, and cartilage in rats treated
with SNX-7081 (Rice et al. 2008). Mechanistically, (i) NF-«xB
activity, (i1) secretion of pro-inflammatory cytokines, (iii)
MAP kinases and angiogenic signaling activity, and (iv) NO
production were significantly disturbed by SNX-7081 treat-
ment in the cell cultures (Rice et al. 2008).

In addition, a novel synthetic Hsp90 inhibitor—EC144
suppressed the disease development, activation of antigen-
specific CD4+ T cells, and the production of antigen-specific
antibodies in a mouse model of collagen-induced arthritis
(Yun et al. 2011). Converging results obtained for in vitro
and in vivo studies using Hsp90 inhibitors support their use
in the RA patients.

Systemic lupus erythematosus

Systemic lupus erythematosus (SLE) is an autoimmune in-
flammatory disease characterized by the presence of skin
eruptions, joint pain, recurrent pleurisy, and kidney disease.
Elevated expression of Hsp90 in kidneys and serum, as well as
higher titer of anti-Hsp90 autoantibodies in the sera of SLE
patients, prompted researchers to test the anti-Hsp90 therapy
in preclinical studies (Han et al. 2010; Shukla and Pitha 2012;
Shimp et al. 2012). The most commonly used mouse model of
SLE—MRL/MplJ-Faslpr/J] (MRL/lpr) develops an autoim-
mune disease that reflects pathologies of human SLE, includ-
ing lymph node enlargement, increased IgG levels, anti-
nuclear antibody production, proteinuria, and kidney failure
caused by inflammation of the glomeruli (Perry et al. 2011).

Shimp et al. (2012) observed that MRL/lpr mice treated
with Hsp90 inhibitor (17-DMAG) had decreased proteinuria
and reduced serum anti-dsDNA antibody levels, however,
glomerulonephritis and glomerular IgG and C3 were not sig-
nificantly affected by the treatment. 17-DMAG treatment led
to an increase in the number of CDS positive T cells, reduced
the level of double-negative T cells, decreased the CD4/CD8
ratio, and reduced the number of follicular B cells. According
to the authors, these studies suggest that Hsp90 may play a
significant role in regulating T cell differentiation and activa-
tion, and that Hsp90 blockade is a promising therapeutic strat-
egy in lupus (Shimp et al. 2012).

It has been shown that dendritic cells (DC) promote auto-
immune responses in SLE (Monrad and Kaplan 2007). Since
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cell surface gp96 (ER Hsp90 homolog) induced DC activation
in SLE, a chemical method which blocks maturation of these
cells via gp96 has been proposed as a potential therapeutic
approach in treating this disease (Han et al. 2010). The selec-
tive suppression of cell surface gp96 via (S)-methyl 2-(4,
6-dimethoxypyrimidine-2-yloxy)-3-methylbutanoate reduced
the incidence and severity of symptoms associated with SLE,
such as glomerulonephritis, proteinuria, and accumulation of
anti-nuclear and anti-dsDNA antibodies in the mouse model
(Han et al. 2010).

Epidermolysis bullosa acquisita

Kasperkiewicz et al. (2011) demonstrated that treatment with
Hsp90 inhibitors is clinically effective in mice with experi-
mental epidermolysis bullosa acquisita (EBA), a chronic sub-
epidermal blistering autoimmune disease characterized by cir-
culating and tissue-bound autoantibodies against the
non-collagenous domain 1 of type VII collagen of the der-
mal-epidermal junction (Ludwig and Zillikens 2011). Both
17-DMAG and the non-toxic peptide derivative TCBL-145
suppressed autoantibody production and reduced dermal neu-
trophilic infiltrate in EBA mice, as well as inhibited T cell
proliferation in ex vivo collagen type VII or CD3/CD28
mAb restimulated EBA lymph node cells (Kasperkiewicz et
al. 2011). Detailed in vitro experiments showed that anti-CD3
antibody-stimulated human peripheral blood mononuclear
cell cultures in the presence of non-toxic concentrations of
17-DMAG, significantly blocked T cell proliferation, reduced
pro-inflammatory IFN-y and IL-17 expression on CD4" T
lymphocytes, as well as arrested secretion of IFN-y, TNF-c,
and IL-17, cytokines characteristic of Thl and Th17 cells,
respectively (Tukaj et al. 2014a). In addition, type VII
collagen-immunized mice, early treated with 17-DMAG,
had a reduced total B cell number in spleens, increased splenic
regulatory B cell fractions (Breg; CD19'CD1d"CD5" and
CDI19'IL-10"), and higher serum IL-10 concentrations, rela-
tive to vehicle-treated immunized mice. Autoantibody pro-
duction was blunted in isolated and autoantigen-restimulated
lymph node cells from immunized mice by either 17-DMAG
or purified autologous splenic regulatory B cells (Tukaj et al.
2014b). In vitro experiments confirmed direct inhibitory ef-
fects of 17-DMAG on B cells and IgG secretion in cultures of
human peripheral B cells from healthy subjects (Tukaj et al.
2014b).

Colitis

Collins et al. (2013) observed that Hsp90 inhibition by
17-AAG attenuates chemically induced acute murine colitis.
This inhibitory effect was correlated, inter alia, with induction
of CD4 Foxp3" T regulatory cells in lamina propia, as well as
with induction of anti-inflammatory IL-10 and inhibition of
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pro-inflammatory IL-2, IL-17, and INF-y cytokines in cul-
tures of colonic explants from dextran sulfate sodium
(DSS)-induced colitis.

Uveitis

Anti-inflammatory activity of 17-AAG was also confirmed in
lipopolysaccharide (LPS)-induced uveitis (EIU) rat model.
This effect was associated with suppression of leukocyte ad-
hesion and blood retinal barrier breakdown through the inhib-
itory effects on (i) transcription factors, such as NF-kB and
HIF-1 and (ii) inflammatory mediators, like VEGF, IL-103,
and TNF-« (Poulaki et al. 2007).

Sepsis

Sepsis is associated with activation of various pro-
inflammatory pathways, including NF-«B, and the production
of pro-inflammatory cytokines (such as TNF-«, IL-6, IL-8,
and IL-1 () which are critically involved in the initiation
and amplification of the inflammatory insult. Blockade of
Hsp90 via 17-AAG in a mouse model of severe sepsis induced
by LPS confirmed anti-inflammatory potency of this therapy,
and additionally prolonged survival and reduced lung injury in
the treated mice (Chatterjee et al. 2007).

Alcoholic liver injury

Inhibition of Hsp90 by 17-DMAG prevented alcoholic liver
injury, determined by lower serum alanine aminotransferase
(ALT) and aspartate aminotransferase (AST), as well as re-
duced hepatic triglycerides in the treated mice. Anti-Hsp90

Anti-Hsp90 therapy
(e.g. geldanamycin, 17-DMAG, 17-AAG, SNX-7081,
EC144, TCBL-145, and ganetespib)

1

Innate and adaptive immune cells
(e.g. neutrophils, macrophages, dendritic cells,
T and B lymphocytes)

l

f Clinical improvement of autoimmune 1

and inflammatory diseases
(e.g. encephalomyelitis, rheumatoid arthritis, systemic
lupus erythematosus, epidermolysis bullosa acquisita,
colitis, uveitis, sepsis, alcoholic liver injury,
‘ and lung inflammation)

Fig. 2 Overview of studies investigating the effects of Hsp90 inhibitors
on innate and adaptive immune cells, in the context of autoimmune and
inflammatory disease therapy
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therapy decreased alcohol-mediated oxidative stress, reduced
serum endotoxin, and decreased levels of inflammatory cells
and mediators (Ambade et al. 2014).

Lung inflammation

Non-geldanamycin Hsp90 inhibitor, ganetespib, also sup-
pressed LPS-induced lung inflammation in mice. As expect-
ed, inhibitory effects of ganetespib have been observed at
cellular and inflammatory mediator levels (Lilja et al. 2015).

Summary

It is believed that the effectiveness of anti-Hsp90 therapy in
autoimmune/inflammatory diseases is associated with the
selective blockade of innate and adaptive cells of the immune
system which plays a key role in the pathogenesis of these
disorders (Fig. 2). In parallel, the induction of T and B regu-
latory cells in response to the therapy seems to additively
contribute to the regulation of autoimmune/inflammatory
response. Moreover, it is worth to mention that the anti-
inflammatory effects of Hsp90 inhibitors may result from both
delivery of Hsp90 ‘client’ proteins to the proteasomal degra-
dation and/or activation of HSF1. The latter mechanism is
known to drive expression of a number of anti-inflammatory
genes, including Hsp70.

The foregoing summary describes the role of Hsp90 in
several representative diseases in ways that may be useful
for designing experiments to further characterize this chaper-
one and explore strategies for its utilization as a therapeutic
target. This review should add to the growing body of litera-
ture on adaptive responses to cellular stress, although it is
acknowledged that its scope is not exhaustive of the subject.
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