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ABSTRACT

The Sonic hedgehog (Shh) signaling pathway is an
essential pathway in the human body that plays an
important role in embryogenesis and tissue homeostasis.
Aberrant activation of this pathway has been linked to the
development of different diseases, ranging from cancer to
immune dysregulation and infections.

Uncontrolled activation of the pathway through sporadic
mutations or other mechanisms is associated with cancer
development and progression in various malignancies,
such as basal cell carcinoma, medulloblastoma, pancreatic
cancer, breast cancer and small-cell lung carcinoma.
Targeted inhibition of the pathway components has
therefore emerged as an attractive and validated
therapeutic strategy for the treatment of a wide range

of cancers. Currently, two main components of the
pathway, the smoothened receptor and the glioma-
associated oncogene homolog transcriptional factors,
have been investigated for the development of targeted
drugs, leading to the marketing authorization of three
smoothened receptor inhibitors for the treatment of basal
cell carcinoma and acute myeloid leukemia.

The Shh pathway also seems to be involved in regulating
the immune response, possibly playing a role in immune
system evasions by tumors, development of autoimmune
diseases, such as rheumatoid arthritis and Crohn’s
disease, airway inflammation, and diseases related to
aberrant activation of T-helper 2 cellular response, such as
allergy, atopic dermatitis, and asthma.

Finally, the Shh pathway is involved in pathogen-mediated
infection, including influenza-A and, more recently,
SARS-CoV-2 viruses. Therefore, agents that inhibit the
Shh signaling pathway might be used to treat pathogenic
infections, shifting the therapeutic approach from strain-
specific treatments to host-based strategies that target
highly conserved host targets.

INTRODUCTION

The Sonic hedgehog (Shh) signaling pathway
playsakeyrole in regulating the growth, differ-
entiation and proliferation of several cells
and tissues.' * In human pathology, it is widely
recognized that Shh signaling is involved in
the development of several types of cancer,”™
including basal cell carcinoma,” ® malignant
gliomas, medulloblastoma, leukemias, and
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cancers of the breast, lung, pancreas, and
prostate. Tumor genesis, progression and
therapeutic response have all been impacted
by the Shh signaling pathway.

The Shh pathway is highly complex; it
involves multiple effectors and regulators
and experiences central compartmentalized
coordination in the primary cilium.” The
pathway is initiated by binding of Shh to the
cell surface receptor Patched; this triggers
the phosphorylation of the 7-transmembrane
G protein-coupled receptor smoothened
(SMO), which then enters the primary cilium
to trigger the downstream events. The accu-
mulation and activation of SMO leads to the
translocation of suppressor of fused to the
primary cilium, allowing its dissociation from
the glioma-associated oncogene (GLI) family
transcription factors. The GLI transcription
factors (GLI1, GLI2 and GLI3) thus trans-
locate into the nucleus, where they induce
the expression of target genes and promote
cell growth, survival and differentiation.'’ !
In addition to this standard pathway, non-
canonical SMO-independent signaling has
been described in some tissues and cells.'

Both SMO and the GLI family of zinc
finger transcription factors are regarded as
important targets for cancer therapy. To date,
two SMO receptor inhibitors (sonidegib and
vismodegib) have received Food and Drug
Administration (FDA) and European Medi-
cines Agency (EMA) approval for treating
basal cell carcinoma' and another (glas-
degib) has been recently approved by FDA for
treating acute myeloid leukemia, while many
clinical trials are being conducted to evaluate
the efficacy of this exciting class of targeted
therapy in a variety of other cancers.*®

While most efforts have been devoted to
pharmacologically targeting SMO, devel-
oping the GLI-targeted approach also has
its merit. GLI proteins can be activated by
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both Shh ligand-dependent and Shh ligand-independent
mechanisms. Moreover, it has recently been recognized
that partial inhibition of multiple targets is more produc-
tive than a single hit, as it may reduce the chances of
developing drug resistance.'” Agents that target GLI
could be used to overcome the emergence of drug resis-
tance to SMO, which is caused by different mechanisms,
such as genetic mutations of SMO and other signaling
molecules in the canonical Shh pathway, activation of the
non-canonical Shh pathway, and loss of primary cilia."*
To date, a number of small molecules targeting GLI have
been discovered and investigated, showing promising
results in blocking tumor cell proliferation.'”

The development of agents targeting other compo-
nents of the pathway has proven challenging so far. For
example, the upstream protein Shh, which is overex-
pressed in many cancers, has been considered a prom-
ising antitumor target, but only a few small molecules
have been identified that can disrupt the Shh-Patched 1
protein (Shh-PTCH) interaction.* 117

Evidence has recently emerged that Shh signaling is
also involved in the inflammatory and immune responses
of different diseases. Some pathogens use this pathway
to control the local infected environment. Among the
human inflammatory diseases where Shh pathway is
considered to play a role are an influenza-A infection,
cigarette-induced airway inflammation, arthritis, inflam-
matory bowel diseases, pancreatitis, colitis-associated
cancer, asthma, allergy, atopic dermatitis and T-cell polar-
ization.' %%

This commentary will examine the current knowledge
on the pathophysiological interactions of Shh signaling
that make this pathway a potential target for future treat-
ments in a wide range of human diseases besides various
cancers.

HEDGEHOG PATHWAY AND CANCER DISEASES

The Shh signaling pathway plays an important role in
normal embryonic tissue development by modulating the
epithelial-mesenchymal interactions, which regulate cell
proliferation and differentiation.

Aberrant activation of the Shh/GLI signaling pathway
by various mechanisms may be responsible for the devel-
opment of various human cancers. Targeting Shh/GLI
remains a promising treatment strategy with the poten-
tial for curative effects by eradicating cancer stem cells
involved in tumor initiation, metastasis and drug resis-
tance. Upregulation of the Shh ligand in autocrine or
paracrine fashion has been reported in pancreatic, gastro-
intestinal, breast, lung, brain and prostate cancers.>™®
Mutations of signaling pathway components are drivers of
the basal cell nevus syndrome (Gorlin syndrome), leading
to the development of skin basal cell carcinomas’® and
risk of rhabdomyosarcoma and medulloblastoma. Shh-
activating mechanisms also seem implicated in the patho-
genesis of lymphoma, multiple myeloma, and chronic
myeloid leukemia.>*

Box1 Mechanisms of modulation of inflammation in

cancer by the Sonic hedgehog/glioma (Shh/GLI) signaling

pathways®’2

= Cancer cells release CCL2/3 in response to oncogenic Shh/GLI sig-
nallingsignaling, thereby recruiting tumor-associated macrophages
(TAMs) and immunosuppressive myeloid-derived suppressor cells.

= Shh/GLI-induced PD-L1 expression in cancer and dendritic cells in-
hibits tumor specific cytotoxic T-cells via binding to PD-1.

= GLI2 drives production of immunosuppressive cytokines and growth
factors (IL-10 and transforming growth factor-f3), which results in
the inactivation of tumor-specific CD8 +T cells.

= Shh/GLI-induced IL-10 from stromal cells promotes FoxP3 expres-
sion in regulatory T-cells.

= Proinflammatory signals such as IL-6/signal transducer and acti-
vator of transcription 3 (STAT3) interact with Shh/GLI signallingsig-
naling; Shh/GLI-induced autocrine IL-6 signallingsignaling and/or
proinflammatory IL-6 from TAM and stromal cells activate STAT3
signallingsignaling in cancer cells, thereby promoting malignant
growth (Figure 1).

= In basal-cell carcinoma, the interaction of Shh/GLI and proinflam-
matory IL-6/STAT3 signaling synergistically regulates common GLI-
STAT3 target genes and promotes cancer proliferation.

The Shh/GLI signaling modulates inflammation in
cancer by several mechanisms, as summarized in box 1
and depicted in figure 1.

On the one hand, the activation of Shh/GLI generates
an immune-suppressive response through the release of
immune-suppressive molecules or by activating specific
anti-inflammatory pathways in cancer and immune cells.
Shh/GLI induces, for example, the expression of CCL-
2/3 on cancer cells, thus recruiting tumor-associated
macrophages (TAMs) and immunosuppressive myeloid-
derived suppressor cells to the cancer lesion. Moreover,
it stimulates cancer cells and dendritic cells to produce
PD-L1, which inhibits tumor-specific cytotoxic T cells
(CD8+) via the PD-1 receptor. Furthermore, the release of
immune-suppressive cytokines and growth factors, such as
interleukin-(IL)-10 and transforming growth factor-beta
reduces the number of effector lymphocytes in the tumor
tissue and enhance the polarization of T cells towards the
formation of regulatory T-cell (Treg) formation and an
anti-inflammatory environment.

On the other hand, Shh/GLI can stimulate proinflam-
matory signals, which have been recognized as a potent
promoter and enabler of malignant development when
the activation of the immune system is persistent and
inappropriate. Several studies have shown that during
malignant development, Shh/GLI signaling and proin-
flammatory pathways, such as IL-6/signal transducer and
activator of transcription-3 (STAT3) have reciprocal regu-
latory interactions, including tumor-promoting syner-
gistic signal integration processes.

Shh/GLI-induced autocrine IL-6 signaling and/or
proinflammatory IL-6 from TAM and stromal cells acti-
vate STAT3 signaling in cancer cells, thereby promoting
malignant growth (figure 1).
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Figure 1

Mehanisms of immune modulation by HH/GLI signaling in cancer and inflammation. Cancer cell release CCL2/3 in

response to oncogenic HH/GLI signaling, thereby recruiting TAMs and immunosuppressive MDSCs, 2. HH/GLI-induced PDL-1
expression in cancer and dendritic cells inhibits tumor specific cytotoxic T-cells via binding to PD-1. GLI, glioma-associated
oncogene; HH, Hedgehog; MDSCs, myeloid-derived suppressor cells; TAMs, tumor-associated macrophages; FDA, Food and

Drug Administration; EMA, European Medicines Agency.

Moreover, in basal cell carcinoma, the interaction of
Shh/GLI and proinflammatory IL-6/STAT3 signaling
synergistically regulate common GLI/STAT3 target genes
and promotes cancer proliferation.7 8

The importance of the Shh/GLI signaling in oncogenic
development and immune cross-talk and modulation
makes this pathway a promising target for new anticancer
therapeutic strategies.

In a rat model of colitis-associated cancer and human
colon cancer cells, Shh inhibitors suppressed TNF-o-in-
duced inflammatory signaling, especially IL-6/IL-6R/
gp130 pathway.”' In a mouse model of colitis-associated
cancer, Shh inhibitors significantly reduced tumor inci-
dence and multiplicity, decreased the expression of I1L-6,
TNF-0,, COX-2, STAT3, and NF-kB, and significantly
induced apoptosis.”' Taken together, these data suggest
that administration of Shh inhibitors could be an effective
strategy to prevent colitis-induced colorectal carcinogen-
esis, mainly by targeting IL-6 signaling and suppressing
oncogenic inflammation.

The signaling cascade identifies the transcription factor
GLI1 as a central mediator of the IL-6 signaling network
initiated in the tumor microenvironment, regulating the
progression of pancreatic precursor lesions and tumor
formation. When GLII is absent, IL-6 signaling from

tumor-associated fibroblasts diminishes, and pancreatic
precursor lesions do not progress to advanced stages.*

Inhibition of Shh signaling pathway with small mole-
cules targeting the smoothened (SMO) can successfully
inhibit the growth of various tumors.”” ** Saridegib,
in combination with chemotherapy, contributed to
suppressing serous ovarian cancer growth.” Vismodegib,
either alone or combined with standard chemotherapy
agents, was effective in primary colorectal cancer xeno-
grafts.”® Vismodegib and sonidegib are currently FDA-
approved drugs for patients with locally advanced and
metastatic basal cell carcinoma."”” Glasdegib, alone or
in combination with chemotherapy, showed antitumor
activity in acute myeloid leukemia, myelodysplastic
syndrome, and myelofibrosis,?” ** and has been recently
approved by FDA as the first SMO receptor inhibitor for
acute myeloid leukemia.”

Despite the promising results obtained by Shh pathway
inhibitors, some challenges and concerns have emerged
regarding the use of Shh inhibitors as immune modu-
lators; given the complex and opposite effects, this
pathway may have in terms of proinflammatory and anti-
inflammatory signals. Studies in mice showed the impor-
tance of the anti-inflammatory cytokine IL-10 and Treg
expression, mediated by Shh/GLI, in dampening the
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inflammation and preventing inflammatory damage in
pancreatitis and colitis.”! * Indeed, inhibition of Shh/
GLI signaling worsened the progression of the inflamma-
tory disease and promoted colitis-associated cancer devel-
opment.21 In another study, de la Roche et al discovered
that SMO is involved in T-cell activation and that admin-
istration of SMO inhibitors results in functional disrup-
tion of the immunological synapse and consequently loss
of Tcell effector activity.”! The fact that SMO inhibitors
might block the activity of T-cytotoxic cells could explain
the failure of colon cancer trials, where drug targeting of
Shh signaling accelerated cancer progression, forcing the
termination of the clinical studies.”

Given the complexity and diverse effects of the Shh/
GLI pathway on the immune microenvironment of malig-
nant and non-malignant tissue, it is crucial to understand
how deregulation of this signaling axis precisely alters
antitumor immunity and tumor-promoting inflammation
in order to support the development of more sophisti-
cated tumor therapies.

HEDGEHOG PATHWAY AND INFLAMMATION IN VIRAL
PANDEMICS

A study on infected mouse lungs and human lung cells
transfected with NS1, a protein encoded by influenza-A
virus, revealed an upregulation of Shh target genes,
including IL-6.* Since IL-6 levels were higher in animals
infected with the more pathogenic virus carrying the
A122V point mutation in NS, the authors speculated that

the hastened lethality caused by the mutant virus might
be due, in part, to a Shh-dependent over-production
of cytokines (the so-called cytokine storm), which have
been considered the cause of past influenza pandemics
(figure )33

A cytokine storm is an umbrella term encompassing
several immune dysregulation disorders character-
ized by general symptoms and multiorgan dysfunction.
The production of amounts of cytokines in excess to
those required for a beneficial normal response is a
life-threatening event that may result from the immune
response to the pathogen with multiorgan dysfunction
not directly related to the pathogen itself. Although labo-
ratory abnormalities may be widely variable in cytokine
storms, the increase in circulating cytokines is always
present and associated with symptoms of acute systemic
inflammation involving different organs. Excess of IL-6
may cause an impairment of natural killer-cell function
leading to sustained activation of T cells, which may
trigger the excessive production of several cytokines, such
as interferon (IFN)-y, IL-1, IL-6, TNF-0, and IL-18. The
beneficial effects of specific monoclonal antibodies in
reducing symptoms and improving organ functions have
confirmed the key role of excessive cytokine production.”

The cytokine storm is considered the main mecha-
nism underlying the devastating effects of SARS-CoV-2
pandemic named COVID-19.” ** Serum cytokine levels
found to be elevated in patients with severe COVID-19
include IL-1B, IL-6, IL-10, TNF-0, IFN-y, macrophage

5 )

o 1

T-cell
. Apoptosis

onary epithelial cell

Anakinra
Canakinumab

Figure 2

o

TNF J

JAK1/JAK2

HHIs (sonidegib
Inhibitors slsonicegiy)

Inhibition
of Hh signaling

IFN 1)Il-
IFN-y\IL-

, -6
(24

MechaTablenism of inhibiting the production of cytokine storm in COVID-19 and potential therapy. HH, hedgehog.

4

Palla M, et al. J Immunother Cancer 2022;10:¢004397. doi:10.1136/jitc-2021-004397



Open access

3

inflammatory protein-la. and 1B, and VEGF. In partic-
ular, higher IL-6 levels are strongly associated with shorter
survival. In addition to increased cytokine levels, circu-
lating activated CD4 +and CD8+T cells and plasmablasts
increase the spread of COVID-19. These changes are asso-
ciated with laboratory abnormalities typical of cytokine
storms, such as elevated C reactive protein and D-dimer
levels, hypoalbuminemia, and renal dysfunction. Clot-
ting abnormalities may be present in any disorder asso-
ciated with cytokine storm, but thromboembolic events
appear to be more frequent in COVID-19 than in other
conditions.

One of the earliest therapies targeting cytokine storm
in COVID-19 patients was the anti-IL-6 receptor mono-
clonal antibody tocilizumab.* Despite the limited knowl-
edge regarding the role of immune dysregulation and
cytokine storm in COVID-19, several immunomodula-
tory drugs used for other cytokine storm disorders are
currently under investigation.37 The ant-IL-1f mono-
clonal antibody canakinumab and the recombinant IL-1
receptor blocker anakinra have been used in patients
with COVID-19 pneumonia and acute hypoxemic respi-
ratory failure.® % Acalabrutinib, a selective inhibitor
of Bruton tyrosine kinase regulating B-cell and macro-
phage signaling and activation, has also been proposed
for dampening the hyperinflammatory response in
COVID-19. Inhibitors of JAKI and JAK2 approved for the
treatment of a number of autoimmune and neoplastic
conditions may have the potential to inhibit type-I
IFN, IL-6, IFN-y, and IL-2 signaling. However, anti-IL-6,
inhibitors of Bruton tyrosine kinase and JAK could be
unhelpful or even detrimental if given in the early phase
of the disease, when the immune response to SARS-CoV-2
is adequate for controlling viral replication and clear-
ance. Several viruses (influenza, Epstein-Barr, hepatitis
B and C, HIV) can damage the host tissue by activating
the Shh signaling pathway, for example, activation of
STAT3 and upregulation of IL-6 expression, eventually
driving to detrimental outcomes, such as fibrosis. Thus,
it is conceivable that molecules inhibiting Shh signaling,
such as sonidegib, have the potential for use as effective,
broad-spectrum inhibitors of pathogenic responses to
SARS-CoV-2 (box 2).

HEDGEHOG PATHWAY IN OTHER CONDITIONS

The hedgehog pathway seems to be involved in various
diseases such as autoimmune diseases and airway
inflammation.

Different components of the Shh pathway are expressed
in the thymus and seem to be involved in multiple stages
of T-cell development. In fact, Shh signaling influences
the differentiation and proliferation of early thymocyte
progenitors and plays a role in repertoire selection,
clonal deletion of autoreactive cells and T-cell peripheral
activation. Moreover, hedgehog proteins modulate T-cell
receptor signaling, influencing T-cell differentiation into
T helper 1 (T,1) or T helper 2 (T,2) or inducing cellular

Box 2 Several anti-inflammatory activities of hedgehog/

glioma (HH/GLI) signaling

Tumor immunity*

= Regulates immunosuppressive mechanisms, such as enhanced
regulatory T-cell formation and production of immunosuppressive
cytokines.

= In several cancer entities, aberrantly activated HH/GLI signaling
drives tumor proliferation and growth, while simultaneously damp-
ening inflammation and favors immunosuppression.

Inflammation in basal cell carcinoma (BCC)’

= IL-6 synergizes with HH/GLI in oncogenic transformation.

= The interaction of HH/GLI and proinflammatory IL-6/signal transduc-
er and activator of transcription-3 (STAT3) signaling synergistically
regulates common GLI-STAT3 target genes and promotes cancer
promotion.

Inflammation in colitis-associated cancer?'

= Intestinal epithelial cells TNF-ov stimulated IEC-6 cells exhibit in-
creased levels of proinflammatory cytokines, whereas SHH inhib-
itors suppress TNF-o-induced inflammatory signaling, especially
IL-6/IL-6R/gp130 pathway.

= SHH inhibitors significantly reduce tumor incidence and multiplicity,
decrease the expression of IL-6, TNF-o, COX-2, STAT3 and NF-«B,
and significantly induce apoptosis.

Autoimmune diseases”! *?

= Reduce paw swelling, serum levels of TNF-c, IL-1[3, IL-6 and histo-
logical scores of joint damage in rats.

= Promotes cartilage extracellular matrix production with a potential
clinical interest in rheumatoid arthritis treatment.

Airway inflammation®

= The HH pathway inhibitor cyclopamine attenuates the nicotine-
induced increase in IL-6, IL-8 and TNF-c., while IL-10 levels in-
crease, suggesting that the HH signaling pathway may partly
contribute to cigarette-induced airway inflammation through the
regulation of inflammatory mediators.

= Plays a key role in cigarette-induced airway inflammation, via the
regulation of inflammatory mediators.

anergy."” Recent in vitro evidence has shown that the
Shh pathway promotes in particular T 2 differentiation
of human CD4 +cells, thus suggesting that Shh signaling
may be involved in the etiology of diseases mainly driven
by this response, such as allergy, atopic dermatitis and
asthma."

Some studies also suggest the possible involvement
of Hh signaling in autoimmune disorders such as rheu-
matoid arthritis and Crohn’s disease. Cyclopamine, a
Hh inhibitor, attenuated inflammation and cartilage
damage of adjuvant-induced arthritis rats, as evidenced
by reduced paw swelling, serum levels of TNF-o,, IL-18,
IL-6 and histological scores of joint damage. GLI1 mRNA
levels correlated negatively with type-II collagen and
aggrecan mRNA levels, suggesting Hh signal inhibition
was associated with promoting cartilage extracellular
matrix production. These data suggest that inhibition
of Hh signaling pathway might be of potential clinical
interest in rheumatoid arthritis treatment."’
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In Crohn’s disease, Hh signaling provides negative
feedback to the lamina propria, down-regulating inflam-
matory cytokines and inhibiting leukocyte migration and
fibroblast proliferation while favoring fibroblast migra-
tion. Therefore, Hh signaling appears to be strongly impli-
cated in the pathogenesis of intestinal inflammation, thus
representing a novel therapeutic target in inflammatory
bowel diseases.*

Finally, in a study of human alveolar epithelial cells,*
the Hh pathway inhibitor cyclopamine attenuated the
nicotine-induced increase in IL-6, IL-8 and TNF-o while
IL-10 increased, suggesting that Hh signaling pathway
may partly contribute to cigarette-induced airway inflam-
mation via the regulation of inflammatory mediators.
Thus, blocking Hh signaling and diminishing the airway
inflammation reaction could be a potential approach to
COPD therapy requiring investigation.

CONCLUSION AND FUTURE PERSPECTIVES

Dysregulation of Shh/GLI signaling plays fundamental
yet distinct roles in cancer and various chronic inflamma-
tory diseases by exerting complex and diverse effects on
the immune microenvironment of malignant and non-
malignant tissues. Understanding the molecular ratio-
nale of how deregulation of the Shh/GLI signaling axis
precisely alters immunity and inflammation will support
the development of more sophisticated therapies. Shh
signaling has also been shown to be a target for some
pathogens that presumably use the pathway to control the
local infected environment, thus justifying therapeutic
uses of approved molecules that inhibit Hh signaling
be expanded to treat pathogenic infections. In contrast
to the currently available therapies, such as vaccines
and antivirals, which target strain-specific and rapidly
mutating viral proteins, treatments that target highly
conserved host targets may ultimately provide superior
and continual protection across a broader spectrum of
strains. The emerging knowledge on the broad effects of
the Shh signaling pathway may represent a rationale for
their evaluation as a potential treatment of COVID-19.
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