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Abstract: Cutaneous T-cell lymphomas (CTCLs) are a heterogeneous group of T-cell lymphomas
characterised by high relapse rates and no curative treatments unless the allogeneic stem cell
transplantation. The main complication in the management of this kind of malignancy is the
variability that characterises the genetic and clinical features among the CTCL subtypes. JAK/STAT,
MAPK/ERK, PI3K/Akt, and NF-kB are those signalling pathways that are found altered in CTCL
and that are responsible for promoting both T-cell malignancy and the pro-tumorigenic
microenvironment. Thus, targeting key players of these pathways can be an advantageous
therapeutic option for CTCL. In this review, we aim to summarise the different approaches that
precisely inhibit the kinases of each cited signalling. JAK inhibitors seem to be the most promising
kinase inhibitors for CTCL. However, adverse events have been reported especially in patients with
immunosuppression or an underlying autoimmune disease. More studies are needed, especially
clinical trials, to investigate the benefits of these drugs for the treatment of cutaneous T-cell
lymphomas.

Keywords: cutaneous t-cell lymphoma; kinase inhibitors; targeted therapy

1. Introduction

Cutaneous T-cell lymphomas (CTCLs) are a heterogeneous group of non-Hodgkin lymphomas
that mainly affect older adults with an incidence of 7.5 per one million people annually. This kind of
malignancy starts with mutated T cells that infiltrate into the skin and alter cell interactions in the
microenvironment and surrounding skin cells too [1,2].

The different subtypes of CTCL are characterised by high variability in both clinical and genetic
features. The most frequent one is Mycosis fungoides (MF), which represents 55% of CTCL cases,
while Sézary syndrome (5S), its leukemic variant, is only 5% of CTCL cases, but is considered the
most aggressive CTCL subtype [1-3]. MF clinical development goes through patches, plaques, and
tumours, compromising the immunological system and even other organs in the tumour stage.
Meanwhile, SS is a very aggressive subtype with a high recurrence rate and poor prognosis, going
through erythroderma, and lymphadenopathy, and it is associated with neoplastic clonal T-cells in
the skin, lymph nodes, and peripheral blood [2—4].

There is a wide variety of available therapies such as topical corticosteroids, ultraviolet
phototherapy, radiotherapy, total skin electron beam therapy, chemotherapy, and antibodies such as
mechlorethamine or bexarotene [2,5]. However, the only curative treatment available is allogeneic
stem cell transplantation (alloSCT) [6].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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As mentioned before, MF and SS start with the monoclonal proliferation of effector/central
memory CD4+ T-cells growing under an inflammatory landscape. Crucial for the CTCL progression
are the interactions that T cells establish with the skin microenvironment, leading to advanced stages
and an immune-suppression state with increased risk for infections and decreased antitumour
immune response [2,3]. These cell-to-cell interactions are carried out by different signalling networks
like JAK/STAT, MAPK/ERK, PI3K/Akt, and NF-kB, among other signalling pathways. For CTCL
initiation and progression, there are indeed dysregulations of these key cell pathways that are
fundamental for cell viability. Thus, alterations will promote T-cell malignancy, immune response
deregulation, and microenvironment remodelling [2].

Due to the variety that characterises the different CTCL subtypes and the relevance of the cell
pathways alteration during tumour progression, becomes clear the importance of acquiring a more
targeted approach and direct treatments towards the players of these key pro-tumorigenic pathways.
Therefore, this review will focus on different approaches to precisely inhibit the kinases of each cited
signalling as therapeutic opportunities (Figure 1).
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Figure 1. Kinase signalling pathways in eukaryotic cells.

2. JAK/STAT Signalling

The JAK/STAT pathway is one of the key cellular signalling pathways involved in the regulation
of proliferation, differentiation, apoptosis, immune regulation, and haematopoiesis by controlling
gene expression [7,8]. Ligands such as cytokines, hormones, and growth factors by interacting with
their receptors, can trigger this pathway, whose main components are JAKs (Janus Kinases) and
STATs (Signal Transducers and Activators of Transcription). JAK1, JAK2, JAKS, and TYK2 (non-
receptor Protein Tyrosine Kinase-2) are protein kinases that can be activated upon ligand-mediated
receptor multimerization that allows the JAKs trans-phosphorylation; once activated, they
phosphorylate their targets STATs. STATs consist of seven cytoplasmic transcription factors (STATI,
STAT2,STAT3, STAT4, STAT5a, STATS5b, STAT6). When they are phosphorylated, they can dimerise,
enter the nucleus, and regulate gene transcription by binding specific regulatory sequences [7].

Alteration of the JAK/STAT signalling pathway has been involved in the pathogenesis of solid
tumours and haematological malignancies, including CTCLs. Point mutations in JAK1, JAK3, STAT3,
and STAT5b and copy number variants (CNVs) in JAK2, STAT3, and STAT5b have been observed in
CTCLs, and these mutations can vary in the different subtypes of this malignancy [2]. The CNVs in
JAK2, STAT3, and STAT5b and activating mutations in JAK1 and JAK3 are more typical of SS. In MF
is quite frequent the downregulation of SOCS1, a direct inhibitor of JAKs; can occur because of
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deletion/unbalanced translocation (35%), the upregulation of the SOCS1-targeting miR-155 or the
methylation of its promoter [3,9]. Hyperactivation of the JAK/STAT signalling in CTCL can be due to
both genetic alterations of the pathway’s elements in the tumour cells and increased stimulation
operated by interferons and cytokines, like IL-2, IL-7, and IL-15, typical of the inflammatory
microenvironment that characterises this type of cancer. This supports T-cell survival by affecting
proliferation, apoptosis, and immunogenicity [3,7]. In particular, the early stage of CTCL is usually
characterised by constitutive STAT4/5 activation induced by cytokines, while advanced stages are
defined by cytokine-independent JAK1 and JAK3 constitutive signalling [10]. STAT3 and STAT5
constitutive expressions support the upregulation of Th2 cytokine IL-4, miR-155, survival genes like
BCL2 and BCL-XL, and cell cycle genes like Cyclin D and c-Myc [11].

2.1. JAK Inhibitors

Because of the central role of the JAK/STAT pathway in the pathophysiology of CTCLs, specific
approaches against its proteins have been studied, including JAK inhibitors. JAK inhibitors act on the
four JAKs preventing the activation of the STAT-gene expression regulation [12]. Pacitinib,
Filogotinib, and Oclacitinib can target specific JAKs, like JAK1, or be less specific like Baricitinib,
Abrocitinib and Ruxolitinib that target JAK1 and 2, or Tofacitinib that targets JAK1, 2 and 3; and a
multikinase inhibitor, Perficitinib, that can inhibit all the JAKs [2]. Based on how they bind and
interact with the JAKSs, they can be distinguished into reversible or irreversible, and ATP-competitive
or allosteric inhibitors [12].

Thanks to their anti-inflammatory action, JAK inhibitors are now FDA-approved for
dermatological diseases, graft-versus-host-disease (GVHD), ulcerative colitis, myelofibrosis, and
rheumatoid arthritis [2]. In recent years, different in vitro, in vivo and clinical studies investigated the
effect of JAK inhibitors in CTCLs, showing promising results.

2.2. JAK Inhibitors Effect on Cell Proliferation and Apoptosis in CTCL In Vitro Models

Ruxolitinib, a JAK1 and JAK2 inhibitor, and Tofacitinib, a JAK3 inhibitor (with minor action
towards JAK1 and JAK2 too) have been tested in different CTCL cell lines, with more data available
concerning Ruxolitinib effects in vitro and in vivo.

It has been shown that both Tofacitinib and Ruxolitinib induce a cytotoxic effect in MyLa, SeAx,
HH, and Hut-78 cells; Tofacitinib was more effective in Hut-78 cells that carried a JAK3 mutation
[11,13]. Reduction in cell viability has been observed in both MyLa and SeAx cells treated with
Ruxolitinib, with a consistent major decrease if combined with the histone deacetylase inhibitor
(HDACI) Resminostat [11,14]. Yumeen et al. studied the effect of Ruxolitinib JAK’s inhibition in
patient-derived cells too, and they observed variation between patient samples and a moderate
correlation between high levels of JAK2 expression and the sensitivity to Ruxolitinib. Importantly,
they assessed that JAK inhibition effects were potentiated when combined with HDACi, proteasome,
and BET inhibitor, but the best results were obtained if combined with BCL2 inhibitor [15].

It has been further demonstrated that Ruxolitinib inhibits cell proliferation in MyLa, SeAx, HuT-
78, and HH [11,16,17]; again, it was observed that its effect is amplified if combined with Resminostat
in MyLa and SeAx cells [17]. A recently identified JAK inhibitor, ND-16 (Nilotinib derivate), showed
a similar result as Ruxolitinib in inducing cell cycle arrest in H9 cells [18].

In addition, Ruxolitinib enhances apoptosis in SeAx and MyLa cells, but this effect becomes
statistically significant only if used in combination with Resminostat [11,14,17]. ND-16 was proved
to increase the apoptotic process in H9 cells too [18].

2.3. JAK Inhibitors Interfere with Pro-Tumorigenic Cellular Signalling In Vitro and In Vivo CTCL Models

When CTCL cells are treated with JAK inhibitors, not only STATs are contrasted, but key pro-
tumorigenic signalling is perturbed. MyLa, HuT-78, and HH cells decrease STAT3 expression under
Ruxolitinib treatment [16]. It has been evaluated that MyLa cells present lower levels of p-STAT3
after 48 hours of treatment [11]. Even ND-16, in H9 cells, decreases STAT levels and regulates cell
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cycle proteins and the Bcl-2 family members [18]. This has been also confirmed in vivo: analysis in
CTCL CAM (chorioallantoic membrane) tumours proved that even MyLa and SeAx xenografted
tumours treated with the dual treatment Ruxolitinib and Resminostat inhibited STATS5
phosphorylation [14].

2.4. JAK Inhibitors Block Primary Tumour Formation and the Metastatic Cascade in CTCL

Ruxolitinib also exerts anti-tumour activity and blocks the metastatic cascade at different levels;
again, these effects are increased if combined with Resminostat [14]. The CAM model has been
exploited to study Ruxolitinib potential in vivo and allowed first to assess that it can decrease the size
of primary xenograft tumours of MyLa and SeAx cells, with statistically significant results in the SeAx
ones. Nevertheless, Ruxolitinib also inhibits both migration and invasion potential of SeAx cells; in
MyLa cells, the same effect is observed but only if combined with the HDACi, and the dual inhibition
tested in 3D spheroids dramatically reduced the number of escaped CTCL cells and their travelled
distance. Going along the next metastatic steps, JAK inhibition by Ruxolitinib also decreased SeAx
cell intravasation in the CAM model, while it is not able to decrease the number of extravasated cells
and colonisation capability alone. However, it reduces liver and lung metastasis in both MyLa and
SeAx-derived models.

2.5. Clinical Trials and Case Reports of JAK Inhibitors in CTCL

Recently, Vahabi et al. reported all the clinical trials, case reports, and case series that evaluated
the efficacy and safety of JAK inhibitors in the treatment of CTCL [2]. Two non-randomized phase II
clinical trials have been conducted, one tested Ruxolitinib in T-cell lymphomas and one Cerdulatinib
in refractory/relapsed CTCL or PTCL (Peripheral T-cell Lymphoma) patients. Cerdulatinib is a dual
SYK/JAK inhibitor, precisely it targets JAK1, 2, and 3, but also the tyrosine-protein kinase (SYK). SYK
has been found overexpressed in T-cell lymphomas and identified as a key factor in driving cell
growth and survival [19]. Cerdulatinib-treated patients showed better overall response rate (ORR =
35%) compared to Ruxolitinib-treated ones (ORR=11%); nevertheless, both clinical trials revealed
variable ORR depending on the CTCL subtype. Indeed, between those treated with Cerdulatinib, the
highest ORR was reached by the MF patients, while the lowest was by SS ones. Considering
Ruxolitinib, the subcutaneous panniculitis-like T-cell lymphoma (SPTCL) patients were the best
responders, showing a clinical benefit rate (CBR) of 100% [2]. Vahabi et al. also took into consideration
eight case reports and three case series of Ruxolitinib and Upadacitinib (JAK1 inhibitor) treatments
in CTCL patients that confirmed higher effectiveness in SPTCL.

For what concerns the safety profile of JAK inhibitors in CTCL patients, the adverse effects that
emerged as most common were neutropenia and infections, though they are manageable. However,
Vahabi et al. suggested caution in their administration to old patients with a history of cardiac
disease, since studies conducted on JAK inhibitor use in other inflammatory diseases reported
increased risk for cardiovascular events, as well as cancer, and infection. Moreover, it is emerging
that JAK inhibitor treatment is responsible for de novo CTCL development or relapse in those
patients with underlying autoimmune disease or prior immunosuppression. Indeed, patients treated
with JAK inhibitors for rheumatoid arthritis with an immunosuppressive history developed de novo
CTCL, and two CTCL patients who underwent Ruxolitinib for chronic GVHD worsened [2].

2.6. JAK Inhibition to Overcome Staphylococcus aureus-induced drug resistance

Staphylococcus aureus infections are quite common in SS patients, and it has been recently
demonstrated that it is responsible for inducing drug resistance in these patients. Staphylococcal
enterotoxins (SE) protect malignant T cells from HDACIi, while chemotherapeutic drugs and
metabolic inhibitors induce cell death. Interestingly, JAK/STAT signalling is one of the driving
pathways of this process, and its inhibition through Tofacitinib can block the SE-induced Romidepsin
(HDAC:) resistance [20]. Thus, JAK inhibitors could be potentially used to overcome the S. aureus-
induced drug resistance.
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3. NF-kB Signalling

Nuclear factor-kappa B (NF-kB) is a key genetic transcription regulator involved in
inflammation, immune response, and cell proliferation, survival, and differentiation. The NF-kB
family is composed of five members: p65 (RelA), RelB, C-Rel, p50 (pl05/NFkB1), and p52
(p100/NFkB2). They form homo- or hetero-dimers that are maintained inactive in the cytosol through
the binding to the inhibitory IkB proteins; in the case of p105 and p100 proteins, their C-terminal IkB-
like structure is enough to maintain them inhibited. The NF-kB activation occurs thanks to the
phosphorylation of the IkB proteins by the IkB kinase (IKK) complex (IKKa, IKK{, and IKKy) that
initiates their ubiquitination and so degradation. The free NF-kB dimers can translocate into the
nucleus and bind and regulate their target genes. In the canonical pathway, pro-inflammatory
cytokines (TNF, IL-1) and TLR ligands (e.g. liposaccharides) allow the p50-RelA/p65 freeing through
the activation of IKKp. In the so-called “non-canonical” pathway, LT, BAFF, CD40, and RANKL
activate the IKKa homodimers, and the NF-kB dimers released are composed by p52 and RelB [21-
23]. In both activation pathways, TRAFs (TNF receptor-associated factors) are involved, and while
RIPs (receptor-interacting proteins) and TAK1 cooperate with them in the canonical pathway to
activate IKK, NIK is responsible for phosphorylating and activating IKKa in the non-canonical one
upon TRAFs regulation [22,24].

Most of the human cancers and leukaemia are characterised by constitutively activated NF-kB
[21]. High levels of NF-kB signalling support T-cell proliferation, activation, and survival, and
aberrant NF-kB pathways are associated with lymphoma development [3,22]. In CTCLs, the
increased NF-kB functionality is a key driver of malignant cell survival and inflammatory signalling
through the induction of anti-apoptotic and pro-inflammatory genes. In addition, in more advanced
stages of CTCL progression, increased expression of immunosuppressive genes, like IL-10 and TGFB,
are responsible for the immunosuppression response [21]. This is particularly true in SS, which is
characterised by constitutively increased NF-kB activity. Moreover, heterozygous deletions, somatic
mutations, truncation, CNVs, and splice site mutations in NF-kB pathway players have been
identified in CTCL [10].

Therefore, it is evident the importance of this pathway as a therapeutic target in CTCLs.
Bortezomib, which blocks the IkB proteasomal degradation maintaining NF-kB dimers inactivated in
the cytosol, is now the main approach studied in CTCL to inhibit the NF-kB signalling, with positive
results coming from a phase II study [25]. Nevertheless, two different kinases are crucial for NF-kB
activation and could be directly targeted.

3.1. IKK Inhibitors

IKK activation represents the key step of NF-kB activation, thus this kinase could be
pharmacologically targeted. IKKp selective inhibitors have been the main focus of modulating
abnormal NF-kB signalling, however, the lack of clinically positive results led to a reduced interest
in the pharmaceutical industry. So, it has been proposed to redirect the interest towards IKK«
inhibitors to understand even better if there are peculiar advantages in inhibiting the specific IKKa-
NIK axis in different tumour settings. Nevertheless, few have been done in this direction, mainly
because IKKa plays a role in the canonical NF-kB pathway too, and can phosphorylate IKKf3, possibly
leading to the same toxicity effect of IKKf3 direct inhibition [24,26]. Up to now, few data is available
about the IKK inhibition in CTCL cell lines: IKKf3 inhibition leads to a decreased cell number after 72
hours in HH, MyLa, and SeAx (p < 0.05) [27].

3.2. TAK1 Inhibitor in CTCL

Upstream IKK, two kinases are essential for IKK activation, representing putative therapeutic
targets, TAK1 and NIK. It is proposed to be preferential to inhibit NIK (NF-kB-Inducing-Kinase)
instead of IKKa in the non-canonical pathway. However, very few NIK inhibitors are known in the
literature [24], and no tests have been conducted on CTCL.
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TGFB-Activated Kinase 1 (TAK1) is a member of the MAP kinase kinases family involved in the
NF-kB activation. Once TAK1 is activated downstream by TRAF6 and Ubcl3, it phosphorylates and
activates IKK [27-29]. In CTCL cells, TAK1 is constitutively active and maintains the NF-kB
activation. Up to now, in vitro and in vivo studies have been conducted to evaluate TAK1 inhibition
in CTCL. In particular, the TAK1 inhibitor 5Z-7-Oxozeaenol has been tested in SeAx, MyLa, and HH
cell lines. This study showed that TAK1 inhibition promotes apoptosis and induces 70-80% growth
reduction 36 hours after treatment in HH and SeAx cells. This is associated with decreased p65-NF-
kB nuclear levels and downregulation of NF-kB target genes. An in vivo study displayed a reduction
of CTCL-derived tumour growth, likely due to decreased cell proliferation and increased apoptosis,
confirming the positive effects of TAK1 inhibition. Furthermore, TAK1 sustains the [3-catenin
signalling too [27]. [B-catenin is known to exert a pro-tumorigenic role in T-cell neoplasms and in
CTCL progression [30]; in addition, Wnt/p-catenin and NF-kB are interconnected pathways since
they can reciprocally regulate each other [31]. The same study reported before proved that the TAK1
inhibition in CTCL cell lines obtained with 5Z-7-Oxozeaenol blocked the 3-catenin signalling too [27].
Thus, TAK1 inhibition represents a crucial approach to block concomitantly both aberrant signalling.
TAKI1 inhibitors implementation in clinical practice has been limited because of the lack of selectivity
within the human kinome and lack of oral bioavailability. However, new promising molecules were
recently developed, such as HS-276 which has been demonstrated to overcome these limitations and
could be exploited to acquire more knowledge about TAK1 inhibition in CTCL [32].

4. MAPK Signalling

The mitogen-activated protein kinases (MAPKSs) are proteins located in the cytoplasm that
contribute to the phosphorylation of many other proteins, and some can translocate to the nucleus
for phosphorylating nuclear transcription factors. The MAPK family is one of the key cellular
signalling pathways and is based on several cascades like ERK, p38 and PI3K/Akt, which receive
external stimuli and spread through the subsequent elements from the same MAPK family. These
signals can be orchestrated by regulating their amplitude and duration, and in that way, cells will
deliver many responses such as proliferation, migration, differentiation, and apoptosis, among others
[33,34].

4.1. ERK Signalling

Extracellular signal-regulated kinase 1/2 (ERK), also known as MAPK3/1, is a serine/threonine
protein and a core member of the MAPKs, which plays an important role in cell growth,
development, and division. This cascade starts the transduction of the signal in the cytoplasm with
Ras (upstream G protein), continues with Raf (downstream G protein) and MAPK/ERK kinase
(MEK1/2), and ends in ERK by translocating to the nucleus to regulate transcription factors.
Therefore, ERK activation will regulate gene expression depending on the different stimuli perceived
from the microenvironment, such as growth factors, cytokines, G-protein-coupled receptor ligands,
and oncogene signals [33]. Furthermore, ERK1/2 has been related to cell survival, while JNK and p38
are more related to apoptosis [35].

4.2. MAPK/ERK Inhibitors Effect on Cell Proliferation and Apoptosis in CTCL In Vitro Models

Recently, mutations affecting key players of the MAPK signalling pathway have been detected,
such as gain of function mutations of ERK1 and B-Raf signalling in MF patients. Even in advanced
stages of CTCL, there were Ras mutated keeping MAPK signalling activated thus the cell survival.
Another factor implicated is JNK, with an increased expression in MF and SS patients that can lead
to cell proliferation and differentiation [1]. So Chakraborty et al. found that using Romidepsin
(HDACGi) combined with MEK inhibitors produced more apoptosis in cells expressing Ras mutated
than only by romidepsin treatment [36]. Some authors like Kiefiling et al. chose a more unspecific
treatment like Sorafenib, a multikinase inhibitor, which produces apoptosis and an anti-
proliferative effect in CTCL lines, like HuT-78, SeAx, MyLa, and HH [37]. In addition, Karagianni et
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al. demonstrated that Resminostat (HDAC;i) in combination with Ruxolitinib (JAK1/2i) exerted good
results by inhibiting p-Akt and p-JNK levels and MAPK activation in both Myla and SeAx cell lines
[11].

4.3. MAPK/ERK Inhibitors Effect on CTCL Microenvironment

In the microenvironment, increased expression of miR-155 in lymphoid tissue, including MF,
was observed with increasing lesion severity, and treated with Cobomarsen (miR-155 inhibitor). In
vitro, HuT-102 MF cell line was constitutively expressing MAPK/ERK signalling and Cobomarsen
decreased its hyperactivation and ERK1/2 phosphorylation, thus decreasing cell proliferation and
inducing apoptosis [38].

4.4. Clinical Trials of MAPK/ERK Inhibitors in CTCL

The multikinase inhibitor Sorafenib was approved for renal and hepatocellular carcinomas and
has already been tested in CTCL cells which generates the blockage of Raf by inhibiting p-MEK and
p-ERK. Thus, in a study in 2014 of 12 patients with refractory/relapsed CTCL, nine had an ORR of
22%, although six patients stopped the administration of Sorafenib due to adverse effects.
Nevertheless, Sorafenib demonstrated better results in combination with an HDACi, named
Vorinostat, by causing apoptosis [37].

5. p38 Signalling

p38 is a family of serine/threonine protein kinases with a molecular weight of 38 kDa and they
are a class of MAPKSs consisting of p38a, p383, p38y, and p38d. P38 kinases are activated by MAP
kinase kinases 3 and 6 (MKK3/6) [39,40]. They act as gene regulators by targeting transcription factors
under normal or cellular stress conditions [40]. Also, it has been found that these proteins are
activated by various proinflammatory stimuli, and can induce cell proliferation, differentiation,
apoptosis, or invasion too [41](p. 38). Moreover, it has been described that p38f3 can have a
cytoprotective effect, or even, p38y may have an important role in CTCL development [39].

5.1. p38 Inhibitors Effect on Differentiation and Apoptosis in CTCL In Vitro Models

Importantly, it has to be considered that each p38 member has a specific activation motif that
stimulates the canonical p38 pathway, but an alternative one exists, which is crucial for the activation
and differentiation of T cells [39]. Yong et al. treated the CTCL cell line Hut-78 with CSH71, a p38y
inhibitor, which could mediate the apoptosis of the CTCL cells [41](p. 38). Although, a complete loss
of p38y could easily cause inflammation, autoimmune disorders, and cancer. So p38y can be targeted
for treating CTCL due to its high expression in CTCL cell lines; p38f has an increased expression too
[39]. On one hand, there have been described p38y,0-selective inhibitors type I like Imidazo[1,2-
a]pyridine, which can be used in combination for treating CTCL. On the other hand, UM-60 which is
an ATP-competitive p38a MAPK inhibitor, similar to Skepinone-L a type I inhibitor, reported the
highest effect on the inhibition of STAT1a phosphorylation [42].

5.2. Clinical Trials of p38 Inhibitors in CTCL

ATI-450, a strong p38a inhibitor, started to be used for treatment in rheumatoid arthritis with
good response and now, it is already in phase II clinical trials and planned to be oriented towards
other diseases, such as psoriasis or cancer, so it can be a potential treatment for CTCL [42].

6. PI3K/Akt/mTOR Signalling

Phosphatidylinositol ~ 3-kinase/Protein =~ Kinase-B/mechanistic =~ target of rapamycin
(PI3K/Akt/mTOR) signalling pathway is formed of important kinases which regulate the
transmission of external stimuli into the cells. They are usually activated by oncogenes and growth
factor receptors to promote cell growth, differentiation, survival, cellular metabolism, and
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cytoskeletal reorganisation responses. This pathway is frequently altered in cancer since there are
tumour suppressors linked to this signalling, and some somatic mutations appear in several solid
tumours and haematological diseases, including CTCL [43,44].

Since the phosphorylated version of the main proteins of the PI3K/Akt signalling pathway was
found in both MF and SS patients, like p-Akt, or hyperactivated p-mTOR, it is important to know if,
in these pathologies, they suffer some alterations like mutations. Indeed, PI3K and PTEN were
identified to be related to TCR-CD28 signalling and deletions, respectively. While phosphorylation
of Akt can be used as a biomarker of poor prognosis, PTEN phosphatase can inhibit PI3K/Akt
downstream signalling [1].

Furthermore, miR-122 was highly expressed in advanced stages of MF in the malignant T cells,
directly related to the activation of Akt and the inhibition of TP53. In this way, these genetic
alterations are not likely to produce protein alterations in the primary tumour, so this may be caused
in the CTCL microenvironment through the secretion of cytokines by malignant T cells and the
activation of other pathways (JAK/STAT) [1]. Both pathways communicate by cross talks and, as
mentioned before, JAK/STAT activated signalling will keep cell proliferation and survival. In
addition, the secretion of CCL21 in the microenvironment by epithelial, dendritic, and endothelial
cells, along with the production of chemokines, induces mTOR hyperactivation which causes the
proliferation of malignant T cells and a more aggressive phenotype in CTCL [5].

6.1. PI3K/Akt/mTOR Inhibitors in CTCL In Vitro and In Vivo Models

Five CTCL cell lines were used, Myla, HuT-102, HuT-78, MJ, and HH, to stimulate CD4+ T-cell
receptors and then treated with Cobomarsen (miR-155i) or Idelalisib, a small molecule inhibitor of
PI3K/Akt signalling. It demonstrated that either Cobomarsen or Idelalisib decreased dramatically
Akt and ERK1/2 phosphorylation [1]. Another potential drug is ND-16 that, as mentioned before,
inhibits effectively key cellular pathways and, among them, the PI3K/AKT/mTOR and MAPK
pathways [18]. According to Karigianni et al., it was also analysed in vivo models: CAM xenografted
tumours in chicken models of MyLa and SeAx cells, that were treated with Ruxolitinib, significantly
decreased p-Akt and p-ERK, while in combination with Resminostat (HDACi) inhibited
phosphorylation of p38 too [14].

6.2. Clinical Trials Targeting PI3K/Akt/mTOR Signalling Pathway in CTCL

In a phase II clinical trial, Everolimus, an mTOR inhibitor, was administered to 16 relapsed T-
cell lymphoma patients and it had a good response with an ORR of 44% [45]. In a phase I study,
blocking upstream the cascade in 19 CTCL patients by using Duvelisib, a dual PI3K-d and PI3K-y
inhibitor, had an ORR of 32%, probably due to its specificity to constitutive expression of p-Akt. The
most unfavourable effects of Duvelisib were neutropenia, maculopapular rash, and pneumonia, so it
needs to be evaluated for better efficacy and an optimal dose consensus [46].

Table 1. Molecular inhibitors of key dysregulated pathways in CTCL. Some drugs have been used for
in vitro or in vivo studies or are already in clinical trials for CTCL.

Signalling pathway  Kinase target = Drug Tests and results on CTCL
JAK/STAT JAK1/2 Ruxolitinib  Positive results from in vitro, in vivo and clinical studies.
¢ Cytotoxic effect and proliferation inhibition in MyLa,
SeAx, HH, HuT-78 cell lines.
e Interfering with pro-tumorigenic signaling in vitro.
e Blocking of xenografted CTCL primary tumour
formation in vivo.
e Blocking of metastatic cascade in vivo: migration,

invasion and extravasation inhibition of SeAx cells;
reduced liver and lung metastasis from MyLa and
SeAx-derived xenograft tumour.
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e C(linical trial (phase II): ORR 11%; best response in
SPTCL patients (CBR 100%).
e Case reports and case series: higher effectiveness in

SPTCL.
JAK3 Tofacitinib  In vitro study: cytotoxic effect in MyLa, SeAx, HH, HuT-78 cell
lines.
JAK2 ND-16 In vitro study: cell cycle arrest and increased apoptosis in H9
cell line.
JAK1/2/3 Cerdulatinib Clinical trial (phase II): ORR 35%, with highest ORR in MF
SYK patients.
JAK1 Upadacitinib Case reports: complete response in two MF patients.
NF-kB TAKL 57-7- In vitro study: reduced proliferation and apoptosis induction in
Oxozeaenol HH and SeAx cells. CTC-derived tumour growth reduction.
HS-276 No results on CTCL. Suggested.
IKKp BAY65-8072 In vitro study: reduced HH, MyLa, and SeAx cell growth.
MAPK/ERK ERK1/2 Cobomarsen In vitro study: miR-155 inhibitor which decreases ERK1/2

phosphorylation in HuT-102 MF cell line.
Multikinase Sorafenib In vitro study: inhibits p-MEK and p-ERK successfully in HuT-
Inhibitor 78, SeAx, MyLa, and HH cell lines.
Clinical trial: ORR of 22% with multiple adverse effects.
In vitro study: combination with Resminostat (HDACi) alters

JNK Ruxolitinib p-JNK levels and inhibits MAPK activation in Myla and SeAx
cell lines.

MEK Selumetinib In vitro study: combination with Romidepsin (HDACI)
produced more apoptosis in cells expressing Ras mutated in
HuT-78 cell line.

P38y CSH71 In vitro study: apoptosis in HuT-78 cell line.

D38Y,5 Imidazo[1,2- No results on CTCL. Suggested.

P38 ’ a]pyridine
380 UM-60 In vitro study. Not approved drug.

ATI-450 No results on CTCL. Suggested.

PI3K/Akt/mTOR

PI3K/Akt Idelalisib In wvitro study: combination with Cobomarsen produced
depletion of both Akt and ERK1/2 phosphorylation.
ND-16 . . X . .
In vitro study: depletion of key signalling pathways in H9 cells.
e In vivo study: combination with Resminostat (HDACI)
p-Akt Ruxolitinib inhibited p-p38, p-Akt and p-ERK usin MyLa and SeAx cell
lines in derived xenografted tumours.
R i S el R s T s
PI3KY,5 Duvelisib cal trial (phase I): o with several adverse effects.

7. Conclusions

The main purpose of this review is to recapitulate the current strategies for CTCL that target key
kinases of important cellular signalling pathways which are found altered in this pathology. We have
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focused our attention on five signalling pathways: JAK/STAT, NF-kB, MAPK/ERK, p38 and
PI3K/AKT/mTOR.

JAK inhibitors have shown to be very promising kinase inhibitors for CTCL patients, even if
larger clinical studies are needed to investigate their efficacy and safety. Based on the evidence that
emerged from the in vitro and in vivo studies reported, their clinical evaluation in combination with
HDAC inhibitors will be of particular interest. These studies also highlight TAK1 as a promising
putative target to block the aberrant NF-kB signalling activation in CTCL. Thanks to the advance in
TAK1 inhibitors development, it will be possible to better explore their efficacy as CTCL treatment.

JAK inhibitors also can be applied to inhibit efficiently the MAPK signalling pathway like ND-
16 or Ruxolitinib in combination with HDACi. Inhibition by MAPK inhibitors decreased a lot of p-
Akt and p-ERK1/2. It means that tumours with a particular protein expression profile can be treated
with this kind of inhibitor, like MEK inhibitors with HDACi when Ras mutated is upregulated,
Cobomarsen inhibiting constitutive expression of MAPK and miR-155 or, even, from a clinical point
of view, Everolimus and Duvelisib could potentially inhibit when p-Akt was constitutively
expressing. However, still, there is not a consensus on dose optimal administration, there are not high
response rates in all patients, there are drugs under investigation, or presence of multiple adverse
effects.
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