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A B S T R A C T   

Cutaneous T cell lymphomas (CTCLs) are a heterogeneous group of lymphoproliferative neoplasms that exhibit a 
wide spectrum of immune-phenotypical, clinical, and histopathological features. The biology of CTCL is complex 
and remains elusive. In recent years, the application of next-generation sequencing (NGS) has evolved our un-
derstanding of the pathogenetic mechanisms, including genetic aberrations and epigenetic abnormalities that 
shape the mutational landscape of CTCL and represent one of the important pro-tumorigenic principles in CTCL 
initiation and progression. Still, identification of the major pathophysiological pathways including genetic and 
epigenetic components that mediate malignant clonal T cell expansion has not been achieved. This is of prime 
importance given the role of malignant T cell clones in fostering T helper 2 (Th2)-bias tumor microenvironment 
and fueling progressive immune dysregulation and tumor cell growth in CTCL patients, manifested by the 
secretion of Th2-associated cytokines and chemokines. Alterations in malignant cytokine and chemokine 
expression patterns orchestrate the inflammatory milieu and influence the migration dynamics of malignant 
clonal T cells. Here, we highlight recent insights about the molecular mechanisms of CTCL pathogenesis, 
emphasizing the role of cytokines, chemokines, and associated downstream signaling networks in driving im-
mune defects, malignant transformation, and disease progression. In-depth characterization of the CTCL 
immunophenotype and tumoral microenvironment offers a facile opportunity to expand the therapeutic arma-
mentarium of CTCL, an intractable malignant skin disease with poor prognosis and in dire need of curative 
treatment approaches.   

1. Introduction 

Cutaneous T cell lymphomas (CTCLs) represent a broad, highly 
heterogeneous grouping of lymphoproliferative disorders characterized 
by the neoplastic development of clonally-derived malignant skin- 
homing or skin-resident memory T lymphocytes. It is a relatively un-
common skin disease, although increasing incidence rates have been 
reported in the past three decades with approximately 3,000 new cases 
registered per year in the United States [1] and 350 new cases in the 

United Kingdom [2]. Epidemiologic studies have documented 
geographic clustering as well as demographic (age, race, sex) trends of 
CTCL cases [3]. Known to primarily affect males [1] and Caucasian in-
dividuals over 55 years old, new demographic data has reported 
younger age presentation and an aggressive clinical course in 
African-American, Hispanic, and Middle-Eastern individuals [3–6]. 

In terms of clinical behavior and prognosis, CTCLs are recognizably 
distinct from the histologically similar systemic lymphomas and their 
associated secondary cutaneous presentations [7]. However, their 
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Table 1 
Classification of CTCL variants with their clinical and histologic features.  

CTCL entities Clinical presentation Histopathologic 
work-up 

References 

Classical Mycosis Fungoides 
(MF) 

Pink or erythematous 
scaly patches and 
infiltrated plaques  

• Epidermotropic 
infiltrate of 
lymphocytes  

• Pautrier’s 
microabscesses- 
intraepidermal 
clusters of atypical 
lymphocytes  

• Large cell 
transformation 
(advanced stages) 

[126,242]  

MF variants 
Folliculotropic MF(FMF) Acneiform lesions, 

follicular papules or 
alopecic plaques 
formation on the scalp, 
face, neck, and upper 
trunk  

• Dense 
lymphocytic 
infiltrates into the 
hair follicle 
epithelia 

[126,243] 

Granulomatous slack skin Bulky skin folds seen in 
the intertriginous folds  

• Granulomatous T 
cell infiltrates  

• Loss of elastic 
fibers 

[126,244] 

Pagetoid reticulosis (PR) Psoriasiform lesion seen 
on acral sites 

Prominent 
epidermotropic 
lymphocytic 
infiltrate 

[126] 

Sézary syndrome (SS) Erythroderma, 
generalized 
lymphadenopathy, 
pruritus  

• Single lymphocyte 
epidermotropism,  

• Telangiectasias  
• Slight dermal 

infiltrate 

[126,245] 

Adult T cell leukemia/ 
lymphoma (ATL/ATLL) 

Nodulotumoral, plaques, 
multipapular, patches, 
erythrodermic and 
purpuric skin eruptions  

• Epidermotropism  
• Pautrier 

microabscess 

[246,247]  

Primary cutaneous CD30-positive  
lymphoproliferative disorders (CD30+ LPD) 

Lymphomatoid papulosis 
(LYP) 

Grouped or disseminated 
papules and small 
nodules  

• Dermal 
lymphocytic 
infiltrate  

• Medium to large- 
sized lymphoid 
cells (with nuclear 
pleomorphism) 
admixed eosino-
phils and 
histiocyte 

[248] 

Primary cutaneous anaplastic 
large cell lymphoma (PC- 
ALCL) 

Rapidly growing large 
ulcerated tumors. 

Infiltrates of large 
pleomorphic or 
anaplastic tumor 
cells 

[126] 

(continued on next page) 
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Table 1 (continued ) 

CTCL entities Clinical presentation Histopathologic 
work-up 

References 

Subcutaneous panniculitis- 
like T cell lymphoma 
(SPTCL) 

Subcutaneous plaques or 
nodules, focal 
lipoatrophy  

• Lobular 
panniculitis  

• Lymphocyte and 
macrophage- 
containing 
infiltrate 

[126,249]  

Primary cutaneous peripheral T-cell lymphoma, rare subtypes 
Primary cutaneous γ/δ T cell 

lymphoma (CGD-TCL) 
Formation of necrotic 
and ulcerated plaques, 
nodules, and tumors 

Epidermotropic and 
subcutaneous 
infiltrates 

[126] 

Primary cutaneous aggressive 
epidermotropic CD8- 
positive T cell Lymphoma 
(CD8+ AE-CTCL) 

Necrotic or ulcerated 
plaques and tumors  

• Epidermal 
ulceration,  

• Pandermal and 
epidermotropic 
lymphocytic 
infiltrate 

[242,250] 

Primary cutaneous CD4+
small/medium-sized 
pleomorphic T cell 
lymphoproliferative 
disorder (CD4+SMT-LPD) 

Papule or nodule on the 
face, neck, or upper trunk 

Dense, nodular, and 
diffuse or superficial 
lymphoid infiltrate 

[251] 

Primary cutaneous acral 
CD8+ T cell lymphoma 
(CD8+ ATCL) 

Slow-growing nodule, 
without patches or 
plaques 

Proliferation of 
monomorphic, 
intermediate-sized 
CD8+ T cells 

[252] 

Extranodal NK/T cell 
lymphoma, nasal type 

Nasal obstruction, 
epistaxis, facial swelling, 
lethal midline granuloma 

Polymorphic 
infiltrate of 
lymphoma cells and 
non-neoplastic 
inflammatory cells 

[253]  
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classification remains ambiguous and ill-defined but is constantly 
updated. Currently, the classification and terminology are based on the 
revised WHO 2017 classification and the updated 2018 World Health 
Organization-European Organization for Research and Treatment of 
Cancer (WHO-EORTC) consensus classification for skin tumors mono-
graph [8,9]. The majority of CTCL cases are comprised of mycosis fun-
goides (MF), accounting for approximately 60 % of CTCL cases, and 
CD30+ lymphoproliferative disorder (LPD), accounting for approxi-
mately 25 % of CTCL cases. Rare distinct CTCLs have also been defined, 
such as Sézary syndrome (SS), constituting around 5% of CTCL cases. 
The rarest subtypes, representing up to 2% of the cases, include entities 
with an indolent clinical course and limited distribution, such as pri-
mary cutaneous CD4+ small/medium T cell LPD (SMPTC-LPD), primary 
cutaneous acral CD8+ T cell lymphoma (acral CD8+ TCL) and subcu-
taneous panniculitis-like TCL (SPTCL) as well as those with an aggres-
sive course, such as primary cutaneous CD8+ aggressive epidermotropic 
cytotoxic T cell lymphoma (CD8+ PCAETL) or primary cutaneous γδ T 
cell lymphoma (PCGDTCL) [7,10–12] (Table 1). In comparison to the 
well-characterized spectrum of MF/SS and LPD, the exact character-
ization and classification of other rare CTCL variants is controversial and 
incomplete. This diagnostic inaccuracy at the molecular level, together 
with their rare occurrence and clinicopathologic overlap, has resulted in 
limited therapeutic approaches and a lack of treatment recommenda-
tions [13]. As MF and SS are well-researched amongst all CTCL entities 
and collectively account for the majority of cases, our review will pri-
marily focus on these 2 clinical variants addressed hereafter by the term 
’CTCL’ unless specified otherwise. 

CTCL encompasses a wide range of clinical, histological, molecular, 
and immunophenotypic features. Clinicopathologically, the most well- 
defined CTCL entity is MF, which exhibits broad clinical presentations 
ranging from localized cutaneous single lesions (flat erythematous 
patches in photo-protected areas) to more generalized distribution 
(erythroderma) and nodules with orwithout ulceration [14]. MF shows 

characteristic disease evolution, typically evolving through progressive 
stages IA-IVB [15]. In the early stages, MF has indolent clinical behavior 
and is typified by pruritic erythemato-squamous plaques with benign 
inflammatory features that resemble chronic eczemas, allergic contact 
dermatitis, psoriasis, and large-plaque parapsoriasis [16]. Such 
inflammation-simulating clinical features account for the substantial 
diagnostic delay in early-stage MF cohorts. The great clinical variability 
of MF lesions (e.g. hypopigmented, verrucous, etc.), the lack of singular 
diagnostic test, and undefined prognostic indices further add to the 
difficulty [17]. Over the period of years, even decades, the lesions may 
progress into infiltrated plaques (plaque stage) or large intradermal ul-
cerated tumors (tumoral stage) composed of cytomorphologic, pheno-
typic, and genotypic abnormal tumor cells. In a subset (30 %) of patients 
[18], the disease can progress aggressively and eventuate in eryth-
roderma (confluent erythematous, pruritic patches/plaques covering at 
least 80 % of total body surface area) or extracutaneous involvement, 
preferentially to lymph node/peripheral blood [15]. Overt leukemic or 
organ involvement is typically associated with a poor prognosis arising 
from both malignant invasion and immunosuppression. 

Sézary syndrome is an aggressive leukemic CTCL entity that is clin-
ically characterized by the triad of erythroderma (with severe intrac-
table pruritus/itch), enlarged lymph nodes, and the distribution/ 
accumulation of clonal atypical cerebriform T cells in the skin, periph-
eral blood (so called Sézary cells), and lymph nodes [7,19]. Clinically, SS 
may occur de novo or evolve gradually in patients with chronic MF [20]. 
SS is considered a late stage of CTCL because of its aggressive nature [8, 
16,21,22]. It typically presents a grim prognosis that is heavily influ-
enced by systemic problems and comorbidities, such as cardiovascular 
diseases in older patients, hypoproteinemia, compromised temperature 
regulation, and increased predisposition to opportunistic infections and 
sepsis; the latter being frequently associated with high mortality in SS 
patients [23]. 

Given the strikingly similar morphologic and phenotypic features, SS 

Table 2 
Cytokines in CTCL pathogenesis.  

Cytokines Profile Signaling pathways Regulatory role/function in CTCL References 

IL-2 Th1 
JAK/STAT  • Stimulates proliferation and survival of malignant T cells  

• Generates inducible FoxP3+ Treg cells via STAT5  
• Immune evasion 

[36,254] PI3K/mTOR 
MAPK/ERK 

IL-4 Th2 JAK/STAT  
• Promotes tumor cell proliferation  
• Stimulates Th2 predominance and immune defects [16,70] 

IFN-γ Th1 JAK/STAT  
• Induces secretion of Th1 chemokines  
• Decreased expression in advanced stages associated with immune suppression and skewing 

towards Th2 inflammatory TME 
[60,109] 

IL-8 P Pro- 
inflammatory 

NF-κB  • Involved in non-histaminergic itch  
• Promotes neutrophil chemotaxis 

[98,255] 

IL-10 Th2 NF-κB  

• Impairs differentiation of infiltrated monocytes into mature DCs  
• Abrogates Th1 responses  
• Immune suppression  
• Promotes M2 polarization of TAMs  
• Promotes tumor growth 

[72,73,208] 

IL-12 Th1 JAK/STAT (STAT4)  

• Induces IFN-γ production  
• Activates cytotoxic lymphocytes  
• Decreased expression associated with stage-related defects in cell-mediated immunity and in 

Th1 cytokine production 

[103,163, 
164] 

IL-13 Th2 STAT6  
• Impairs antibacterial protein induction causing cutaneous bacterial infections  
• Promotes Th2 phenotype in CTCL cells and non-malignant T cells [60,256] 

IL-15 Pro- inflammatory STAT3  
• Promotes malignant transformation of T cells  
• Induces FoxP3 expression  
• Immune evasion 

[36,81] 

IL-17A Pro- inflammatory STAT3 Drives angiogenesis [257] 

IL-22 Pro- inflammatory STAT3  
• Facilitates CTCL cell metastasis via IL-22/CCL20/CCR6 axis  
• Induces epidermal hyperplasia through STAT3/CCL20 axis  
• Plays crucial role in disease development 

[61,257] 

IL-31 Th2 
JAK1/2-STAT RAS/ERK 
PI3K/Akt Involved in advanced CTCL-associated non-histaminergic itch [98,258] 

IL-32 Pro- inflammatory 
MAPK  • Autocrine growth factor in CTCL  

• Promotes cell proliferation and viability  
• Upregulates survival genes 

[74,76] NF-κB  
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and MF seem to be closely related. Recent high-definition transcriptomic 
studies employing next generation sequencing (NGS) technologies have 
established a comprehensive overview of the genomic and epigenetic 
landscape of CTCL and uncovered the complex mutational spectrum of 
MF and SS, with a strong link to their occurrence and progression. 
Functionally, this has led to the identification of >50 driver mutations 
[24] (with a strong bias for somatic copy number variants (SCNVs) 
compared to somatic mutations) [25] and common mutagenic pathways 
that essentially ‘drive’ CTCL pathogenesis. MF/SS variants typically 
exhibit somatic mutations, amplifications, or deletions in genes that 
participate in key cellular processes, including immune-synapse 
signaling [25], DNA damage response [25], programmed cell death 
[26], and cell-cycle regulation [27]. Mutational changes in various 
signaling cascades such as T cell receptor (TCR), nuclear factor-kappa B 
(NF-κB) [26,28] and Janus kinase (JAK)/signal transducer and activator 
of transcription (STAT) [29] pathways that are highly relevant to CTCL 
pathogenesis have also been uncovered. Moreover, numerous studies 
have reported the accumulation of epigenetic alterations, including 
changes in chromatin accessibility and DNA methylation profile, histone 
modifications, and microRNA (miR/miRNA) regulation, which in turn 
contribute to malignant transformation and disease progression in 
MF/SS [30–32]. Regardless, the identification of the major cancer 
drivers or the collection of genetic and epigenetic events that underscore 
the expansion of malignant clonal T cells has not been achieved. 

For decades, CTCL has been traditionally described as a monoclonal 
disease arising from the expansion of mature memory CD4+ helper T 
cells. Challenging this view, Campbell et al. [33] identified MF and SS as 
biologically distinct lymphomas that originate from distinct functional T 
cell subsets. According to the observations, SS cells are derived from 
central memory T (TCM) cells, whereas MF cells are derived from effector 
memory T (TEM) cells. This concept has been widely accepted as the 
most plausible explanation for the different clinical behaviors of these 2 
subtypes that otherwise show overlapping cytologic and immunophe-
notypic features. Nevertheless, advances in single-cell sequencing 
technology, including droplet-based single-cell RNA-sequencing 
(scRNA-seq) have questioned this dogma by presenting an unprece-
dented view of lymphocyte heterogeneity and revealing substantial 
inter- and intra-patient phenotypic heterogeneity and phenotypic plas-
ticity [34–36]. In fact, CTCLs represent a paradigm for the heterogeneity 
and dynamic complexity of neoplastic disorders. Several studies have 
demonstrated at least some level of heterogeneity in the malignant cell 
population, derived from each patient, which is manifested through the 
formation of complex aberrant clonal hierarchies and subclones. Sup-
porting this notion, recent data has highlighted extensive single-cell 
heterogeneity in SS patient-derived primary malignant T cells and 
identified several distinct subpopulations among original clonal T cells 
that exhibit heterogeneous expression of surface markers characteristic 
of TEM, TCM, stem cell memory (TSCM), naïve (TN), or transitional 
memory (TTM) T cell phenotypes [35,37,38]. Emerging evidence has 
also confirmed phenotypic shifts among major naïve/memory T cell 
subsets in both MF and SS, suggesting its importance as a functional state 
indicator rather than a cell-of-origin surrogate for SS and MF classifi-
cation [39]. It has been suggested that the true functional heterogeneity 
of the lymphocytes in MF and SS reflects their phenotypic plasticity. One 
of the arguments supporting this phenomenon has been the demon-
stration of the cytokine-dependent transition of malignant T cells into 
immunomodulating regulatory T cells (Treg) and IL-17-producing 
helper T (Th17) cells during advanced stages of CTCL [36]. 

Recent developments focused on re-evaluating traditional perspec-
tives on monoclonality and mature T cell origins of MF have been driven 
by the discovery of clonal heterogeneity, testifying to the possible origin 
of MF from immature early precursor T cells. MF has been shown to 
harbor different clonotypic compositions even in its early stages, with 
evidence on both inter- (topologic) and intra-lesional clonotypic di-
versity [40]. Extensive experimental findings by Hamrouni et al. [41] 
have identified the complex, polygonal nature of MF arising from 

substantial clonal heterogeneity and diversity with respect to TCR 
(TCRɑ, γ, and β sequence) gene rearrangements, corroborating with the 
immature precursor origin of MF. This heterogeneity/variation in clo-
notypic richness is speculated to be caused by a mechanism similar to 
that of consecutive tumor seeding. According to the model, the accrual 
of diverse neoplastic T cell subclones from the peripheral blood to the 
developing lesions of lymphoma leads to the transfer of diversity and the 
emergence of new genetically different subclones that are capable of 
reentering the circulation and seeding other skin lesions [40]. The 
diverse TCR clonality patterns favor the speculation of clinically 
distinctive but genetically linked neoplasms (such as MF and lympho-
matoid papulosis) in the same patient and the concomitant involvement 
of multiple skin regions by new or relapsing MF [41]. Such 
intra-individual subclonal heterogeneity in TCR gene rearrangements 
has also been reported in SS patients. Using cell culture and 
patient-derived xenograft models, this clonal selection was found to be 
associated with immunophenotypic plasticity and limited genomic 
evolution [42]. Besides evidence of malignant clonality, previous studies 
have also identified oligoclonal or monoclonal populations of 
non-malignant skin-infiltrating lymphocytes in MF skin lesions that 
exhibit TCR gene rearrangements [16]. 

In addition to the phenotypic and clonal diversity, evidence of 
genomic heterogeneity has also been provided. Based on the current 
data, both MF and SS exhibit subclonal distribution of genomic aber-
rations (single-nucleotide variants (SNVs) and somatic copy-number 
aberrations (CNAs)). This subclonal enrichment of mutations accounts 
for extensive intratumoral heterogeneity (ITH), showing a branched 
phylogenetic relationship pattern. Notably, ITH has been credited for 
the divergent evolution of MF, in which each lesion, or rather individual 
T cell clone, evolves by accumulating mutations independently of one 
another [24]. Single-cell transcriptome profiling has also highlighted 
vast inter- and intra-tumor cell transcriptional heterogeneity, particu-
larly in the T lymphocyte subset, in advanced CTCL skin samples [43]. 
Analysis of tumor-specific lymphocyte clusters have revealed unique 
transcriptional pattern of each cluster that are characterized by the 
expression of genes such as retinol dehydrogenase 10 (RDH10), C-X-C 
Motif Chemokine Ligand (CXCL) 13, secretogranin II (SCG2; CTCL-2), 
FGR proto-oncogene, Src family tyrosine kinase, insulin like growth 
factor binding protein (IGFBP) 2/6, neurofilament medium chain 
(NEFM; CTCL-5), anoctamin 1 (ANO1), transition protein 1 (TNP1), 
carboxylesterase 4 (CES4A), Zinc finger, DHHC-type containing 14 
(ZDHHC14; CTCL-6), lectin, galactoside-binding, soluble, 7 (LGALS7), 
serpin peptidase inhibitor, clade B (SERPINB) 3/4, SPR2A (CTCL-8), 
neurotrophic receptor tyrosine kinase (NTRK2), and transmembrane 
protease serine 3 (TMPRSS3; CTCL-12) [43]. Such a complex genomic 
landscape of CD8+, CD4+, and Treg tumor-infiltrating lymphocytes 
(TILs) as well as variable expression of effector molecules and check-
point receptor inhibitors has been associated with impaired antitumor 
response dominantly observed in CTCL patients. 

Despite all of the evidence for CTCL heterogeneity, significant 
changes in the tumor inflammatory microenvironment are consistently 
observed as the disease progresses from early indolent to advanced 
metastasizing and symptomatic (recalcitrant pruritus) stages. These 
changes do not occur as an epiphenomenon; instead, they appear as 
critical checkpoints in disease progression. Accumulating evidence has 
asserted an increasingly important role of malignant T cells in fostering 
the inflammatory milieu and fueling progressive immune dysregulation 
and tumor cell growth in CTCL patients, manifested through the secre-
tion of Th2 cytokines and chemokines. Herein, we summarize the in-
flammatory changes that accompany disease evolution and define the 
roles of cytokines, chemokines, and multiple signaling networks in 
driving immune defects, malignant transformation, and disease pro-
gression in CTCL. 
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2. Immune defects in CTCL: Th2-biased tumor 
microenvironment 

The clinical and histological features of early lesional skin in CTCL 
bear a resemblance to benign inflammatory disorders due to the pres-
ence of dense benign immune cell infiltrates, with only a small share 
occupied by malignant T cells [44,45]. These benign cell infiltrates are 
primarily composed of reactive T helper 1 (Th1) cells and interferon 
(IFN)-γ-secreting CD8+ TILs [16,46]. Studies have established the 
cytotoxicity of these non-neoplastic mononuclear cells, manifesting a 
Th1-biased cytokine profile, against autologous tumor cells [47,48] as 
well as correlated their high numbers with improved survival in CTCL 
patients [46,49,50]. This suggests that an early disease stage represents 
an equilibrium phase whereby a vigorous cell-mediated antitumor im-
mune response can actively abrogate the expansion of the malignant 
population [17]. 

Advanced stages, on the other hand, present several immunologic 
abnormalities including, defects in Th1 cytokine production (e.g. IFN-γ 
and interleukin (IL)-2) and a decline in the number of non-malignant 
immune cells [16,46] concomitant with markedly elevated expression 
of Th2 lineage-specific transcription factors (e.g. GATA-3) and cytokines 
(e.g. IL-4, IL-5, IL-13, and IL-31) [44]. In particular, with the increasing 
burden of circulating malignant T cells during disease progression, there 
is a drop in the number and activity of infiltrating CD8+ T cells, Th1 
cells, and natural killer (NK) cells [16,51]. Such defects in cellular 
cytotoxicity caused by the Th2-dominated inflammatory tumor micro-
environment (TME) have been found to profoundly affect both host 
antitumor immune response and immunity against microbial pathogens 
[52,53]. A better understanding of the mechanisms that contribute to 
this Th1-Th2 shift is essential to facilitate the development of therapies 
targeting the Th2 phenotype and state of immune evasion for improving 
both the anticancer and the anti-pathogen response in CTCL patients. 

2.1. Role of cytokines in immune dysfunction and disease progression in 
CTCL 

The two most common clinical entities of CTCL - MF or SS have a 
strong bias towards a Th2 phenotype, fostered by the functional polar-
ization of cytokines towards a Th2 profile and the establishment of a 
Th2-dominant TME [54–56]. This cytokine-mediated shift from a Th1 to 
a Th2-dominated microenvironment has been shown to occur directly 
via repression of benign T cell responses or indirectly via modulation of 
chemokine expression patterns in the TME [57–59] (Table 2). Guenova 
et al. [60] demonstrated the capacity of Th2 cytokines, secreted by 
malignant T cells, to suppress benign Th1 responses in the leukemic 
variant of CTCL (L-CTCL). L-CTCL is a uniform malignancy of FOXP3+
Treg cells, Th17 cells [61–63], and Th2 cells [64–66]. However, its 
clinical presentation indicates the presence of Th2-driven immunologic 
response that is characterized by reduced Th1 responses, eosinophilia, 
and an increased level of serum immunoglobulin (Ig) E and A [67–69]. 
Supporting this observation, Guenova and colleagues found a strong Th2 
bias in both benign (non-clonal) and malignant (clonal) T cells derived 
from L-CTCL patients, as gauged by the elevated production of Th2 cy-
tokines, including IL-4 and IL-13, and reduced Th1 cytokine production, 
including IFN-γ. High constitutive expression of IL-13 and its receptors, 
IL-13Rα1/2 has been detected in tumor cells derived from CTCL skin 
lesions and found to mediate tumor cell growth, proliferation, and 
anti-tumor type I immune response [60,70]. Although the propensity for 
Th2 bias in benign T cells is intriguing, it reflects the skewing of the 
entire T cell population, leading to the overproduction of Th2 cytokines 
and abrogation of Th1 responses. Further, the authors proposed that the 
Th2 bias of malignant T cells is intrinsic and fueled by cellular abnor-
malities or the secretion of autocrine growth factors, whereas the bias of 
non-clonal benign T cells is extrinsic and influenced by the production of 
Th2 cytokines by the malignant clones. The latter finding was derived 
from the recovery of Th1 responses (increased IFN-γ production and 

decreased IL-4 production) on culturing non-clonal benign T cells 
separately from their malignant clonal counterparts [60]. 

2.1.1. Role of pro-inflammatory cytokines in CTCL 
Besides the secretion of Th2 cytokines, several studies have identi-

fied increased expression of pro-tumorigenic/inflammatory cytokines, 
such as IL-10, IL-15, IL-16, IL-17A, IL-17F, IL-22, and IL-32 in CTCL 
lesions [57,61]. These cytokines have been shown to exhibit pleiotropic 
immunosuppressive activities associated with immunodeficiency and 
evasion of immunologic tumor surveillance. They also possessthe ca-
pacity to promote the formation of pro-tumorigenic inflammatory en-
vironments, facilitating tumor progression. For example, in SS, 
activation of the JAK/STAT3 pathway in malignant T cells, with a 
functional Treg phenotype, leads to the secretion of the immunosup-
pressive cytokine IL-10 that abrogates the growth of non-malignant T 
cells [71]. Malignant clones in L-CTCL patients express elevated levels of 
IL-10, which reduces Th1 cytokine production and diminishes Th1 re-
sponses [60]. Recently, Wu et al. [72] demonstrated the pivotal role of 
IL-10, secreted by host cells, in maintaining large numbers of infiltrating 
macrophages and their M2 polarization in the TME of T cell lymphoma. 
Using xenograft mice models, the group also determined the critical 
contribution of IL-10 in facilitating CTCL tumor growth. IL-10 secretion 
by malignant T cells has been found to impair the differentiation of 
infiltrated monocytes into mature dendritic cells (DCs), thereby 
compromising the competent host anti-tumor immune response [73]. 
Expectedly, a stage-dependent increase in IL-10 mRNA expression, with 
a collateral increase in the density of malignant T cell infiltrates, has 
been observed during MF progression from patch to tumor stage [55, 
72]. Similarly, a progressive increase in the mRNA expression of IL-32 in 
MF skin lesions [74] and its overexpression in SS patients has been re-
ported [29]. Very recent observations have suggested significantly 
upregulated expression of IL-32 between MF lesional fibroblasts and 
fibroblasts in healthy skin [75]. IL-32 is an autocrine cytokine that has 
been demonstrated to stimulate cell proliferation and viability through 
mitogen-activated protein kinase (MAPK) and NF-κB signaling [76] as 
well as upregulate the expression of survival genes in MF [74], thus 
implicating its role in the formation and maintenance of CTCL skin le-
sions [76]. In contrast to IL-32, there are conflicting reports on the 
expression and functional role of IL-15 in CTCL. For instance, 
Willerslev-Olsen et al. [77] demonstrated high, spontaneous IL-15 
mRNA expression in malignant T cells versus non-malignant T cells as 
well as confirmed its constitutive expression in MF skin lesions in situ (in 
agreement with the findings in [78–80]); however, the authors found no 
correlation with advanced or progressive disease. Mishra et al. [81], on 
the other hand, determined a stage-dependent overexpression of IL-15 in 
dermal CD4+ T cell infiltrates and circulating CD4+ T cells in peripheral 
blood obtained from CTCL patients. In CTCL, IL-15 harbors a complex 
functional profile and has been assigned both anti-tumor [82–84] and 
tumor-promoting roles [80,85] that are speculated to depend on the 
cytokine environment and skin lesions being analyzed [77]. The active 
role of IL-15 in attracting CD4+ memory T cells to the skin and inciting T 
cell proliferation/survival could be one possible explanation for its high 
expression in malignant T cells [78,86,87]. Recently, Mishra and team 
[81] delineated a causal role of IL-15 in CTCL pathogenesis and outlined 
an oncogenic autoregulatory loop underscoring its overexpression in 
CTCL patients. According to the proposed model, IL-15 promoter 
hypermethylation within the Zeb1 (transcriptional repressor of IL-15 in 
T cells) binding region results in the impaired transcriptional regulation 
and aberrant production of IL-15 by CD4+ T cells. The resulting auto-
crine overproduction of IL-15 and downstream signaling in T cells 
upregulates the expression of chromatin modifiers histone deacetylase 
(HDAC) 1 and 6 and activates onco-miR-21 via inhibiting 
HDAC1-mediated negative autoregulatory loop. Dysregulated expres-
sion of these enzymes ultimately provokes malignant transformation of 
normal T cells. In CTCL skin lesions, epidermal keratinocytes (KCs) that 
are triggered by malignant T cells express IL-15 in situ, proving that 
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malignant T cells are not the exclusive source of IL-15. This is indicative 
of the strategy adopted by malignant T cells to promote their own pro-
liferation by stimulating IL-15-producing KCs [45,80]. Recent observa-
tions have indicated that IL-17F, a member of the IL-17 cytokine family, 
is expressed constitutively in MF-associated malignant T cells [88] and 
has been linked with the progressive disease state [89]. Increased IL-17F 
expression has been found to be induced by the JAK/STAT3 pathway in 
malignant CTCL cells [89]. Deriving from IL-17′s dominant role in 
controlling systemic levels of inflammatory and angiogenic factors in a 
variety of tumor types [90], Lauenborg et al. [88] illustrated 
IL-17F-driven angiogenesis in MF characterized by enhanced endothe-
lial sprouting and tube formation via activation of endothelial cells. 
Evidence suggests that IL-16, a T cell chemoattractant and growth fac-
tor, potentiates the proliferation, migration, and cutaneous accumula-
tion of C-C Motif Chemokine Receptor (CCR)4+/Thymic stromal 
lymphopoietin receptor (TSLPR)+/CD4+/CCR7-/CD31+ effector 
memory T cells in MF [91]. Besides its modulatory effects on T cells, 
IL-16 secreted in the cytokine milieu has also been shown to augment 
the growth and survival of SS cells [91]. Given its role as a modulator of 
T cell activation and migration, both intracellular and nuclear pro-IL-16 
levels were found to correlate with disease stage; early stage CTCL dis-
played higher plasma levels of secreted mature IL-16, whereas advanced 
stages were associated with the loss of intracellular IL-16 and surface 
CD26 levels [259]. Ito et al. [92] determined the aberrant over-
expression of IL-22 and a subunit of its specific receptor complex, 
interleukin-22 receptor subunit alpha-1 (IL22RA1) in advanced CTCL 
cells. The group described an autocrine pathway initiated by the 
IL-22-IL22RA1 axis that activates intragenic C-C Motif Chemokine 
Ligand (CCL) 20 expression, which in turn enhances the multidirectional 
migratory potential of CTCL cells and facilitates invasion and distant 
organ metastasis via CCR6 chemokine receptor interaction. The findings 
were in concert with previous studies associating elevated CCL20 with 

epidermal hyperplasia and the infiltration of CCR6+ cells such as 
Langerhans cells into CTCL lesional skin [61]. Assessment of the 
IL-22/IL-17 involvement and their corresponding signature molecules 
has linked IL-22, and not IL-17, with the development of CTCL [61]. 
Recent investigations aimed at deciphering the underlying mechanisms 
of pruritus and disease severity in CTCL patients have suggested a po-
tential role for the Th2-associated cytokine IL-31. IL-31 is a novel 
cytokine that belongs to the glycoprotein 130 (gp130)/IL-6-derived 
cytokine family and is primarily produced by skin-homing CD4+ Th2 
cells [93]. Widely recognized as a pruritogenic cytokine, IL-31 has been 
identified as a link between the immune and neuronal systems and, 
hence, is strongly associated with allergic or pruritic disorders such as 
atopic dermatitis and atopic eczema [94,95]. Beyond itch, emerging 
data has elucidated the immunomodulatory and pro-inflammatory 
functions of this cytokine, particularly, in Th2-biased inflammation 
[95]. In addition, IL-31 has been implicated in regulating epithelial 
barrier function, neuronal development, as well as cellular properties 
such as differentiation, migration, proliferation, and survival through 
the IL-31/IL31RA/OSMRβ axis and the downstream activation of ca-
nonical JAK/STAT, Phosphatidylinositol-3-kinase (PI3K)/protein kinase 
B (Akt), and MAPK pathways [96,97]. In CTCL, the exact pathological 
function of IL-31 remains elusive and discrepant. Studies delineating the 
functional role of IL-31 in CTCL have documented variable findings on 
the correlation between IL-31 levels with that of pruritus and disease 
severity. Although raised serum levels have been found to positively 
correlate with CTCL severity and marked pruritic symptoms [98,99], 
differences in IL-31 serum levels with no or marginally detectable 
expression have been reported in non-pruritic (MF) and pruritic (Folli-
culotropic MF (FMF) and SS) CTCL variants, respectively [100]. 

In conjunction with the Th2 cytokine-mediated immune shift 
accompanying disease progression, CTCL patients with a high-burden 
(detectable levels of circulating malignant T cells) disease manifest 

Fig. 1. Role of cytokines in the development of 
a Th2-biased inflammatory milieu through the 
modulation of chemokines. 
In MF/SS, CLA+ CD4+ malignant T cells ex-
press various but limited numbers of chemokine 
receptors such as CXCR3, 4, and CCR4,7,10. 
Increased expression of Th2 cytokines such as 
IL-4 and IL-13 by malignant T cells stimulates 
the secretion of Th2-recruiting chemokines 
CCL26 and CCL11 by dermal fibroblasts, CCL26 
by keratinocytes, and CCL18 by dendritic cells 
and tumor-associated macrophages. The pro-
duction of CCL18 by dendritic cells leads to the 
recruitment and activation of Th2 benign T cells 
via OX40/OX40L dendritic cell interactions and 
CD40/CD40L interactions involving both den-
dritic cells and malignant T cells. The in-
teractions between Th2 cytokines and CCR3 
present on eosinophils and a subset of Th2 cells 
regulate the Th2-biased inflammatory environ-
ment. Th2 cytokines encourage dermal fibro-
blasts to secrete periostin, which causes 
epidermal keratinocytes to produce TSLP, that 
facilitates the skewing of a Th2-polarized in-
flammatory environment. Decreased expression 
of IFN-γ by malignant T cells, combined with 
low expression of HVEM on the surface of 
dermal fibroblasts, reduces fibroblast and ker-
atinocyte expression of Th1 cell-attracting che-
mokines CXCL9 and CXCL10. . Increased skin 
trafficking and activation of Th2 cells, 
increased levels of Th2 cytokines, and 
decreased recruitment of Th1 cells contribute to 
the development of a Th2-biased tumor 

microenvironment.   
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altered profiles of secreted Th1 cytokines and immune function abnor-
malities. Stage-related defects in cell-mediated immunity and that of 
Th1 cytokine production, associated with progressive SS, have been 
found to be coherent with the decreased secretion of IL-12 [101]. Studies 
have demonstrated the decreased ability of SS-borne peripheral blood 
mononuclear cells (PBMCs) to produce IL-2 [102] and IL-12. IL-12 is a 
classified immunoregulatory cytokine that potently induces the pro-
duction of IFN-γ and activation of cytotoxic lymphocytes [103]. In 
addition to PBMCs, CD7- (lack of CD7 surface expression in CD4+ T 
cells) and CD7+ T cell subset have been found to synthesize IL-2 in SS 
and MF patients, respectively [104]. Aside from PBMCs, a progressive 
decline in the production of IL-12 and IFN-α by CD123+ myeloid den-
dritic cells (DC1) and CD11c+ plasmacytoid dendritic cells (DC2) [105], 
respectively has been observed [101]. The drop in the production of 
these cytokines, crucially linked to Th1 responses, coincide with an in-
crease in tumor burden in peripheral blood and a diminution of DC 
numbers in the circulation. Profound alterations in the regulation and 
expression of cytokine genes in activated PBMCs, associated with early 
to late-stage MF (with and without blood involvement), have also been 
observed and proposed to underscore inherent defects in immunocom-
petence in patients [106]. In SS patients, a dysfunctional cytokine 
response, including impaired secretion of IL-6, IL-10, and IL-13 and 
decreased production of type 1 interferons (IFN-α, β), in PBMCs has been 
attributed to both extracellular and intracellular toll-like receptor (TLR) 
activation [107]. Intriguingly, unlike the Th2 bias of malignant T cells 
seen in SS patients upon TLR activation, mononuclear cells do not show 
enhanced Th2 cytokine secretion. This suggests that 
TLR-pathogen-associated molecular pattern (PAMP) interactions 
generate Th1 and not Th2-related cytokines [107]. These results signify 
the role and involvement of different cell types and the immunological 
milieu in the development of CTCL-associated cytokine disorders and 
stage-related defects in cellular immunity. Benefitting from such ob-
servations, reconstitution of Th1 cytokines, like IFN-α and IFN-γ, and 
restoration of Th1 responses seems to be an effective treatment strategy 
for CTCL patients. 

2.2. Role of chemokines in Th1/Th2 transition and immune cell 
trafficking in CTCL 

Parallel to the alterations in malignant cytokine expression pathways 
and their skewing towards a Th2 profile, changes in chemokine 
expression patterns have been implicated in fostering a Th2-biased in-
flammatory environment in CTCL. Evidence suggests that changes in 
malignant Th1 and Th2 cytokine secretion can affect chemokine secre-
tion by fibroblasts, DCs, tumor-associated macrophages (TAMs), and 
KCs [44] (Fig. 1). 

In early stage CTCL, KCs and dermal fibroblasts in the lesional skin 
express higher amounts of the chemokines CXCL9 and CXCL10 that are 
involved in preferentially attracting Th1 cells to the inflammatory sites. 
In advanced stages, however, there is a strong reduction in Th1- 
associated chemokine expression levels, with an increase in the 
expression of Th2 cell-attracting chemokines such as CCL17, CCL18, 
CCL22, and CCL26 [91,108–111]. Underlying the decreased expression 
of Th1 chemokines in advanced CTCL is the low expression of herpes-
virus entry mediator (HVEM)/CD270 on the surface of dermal fibro-
blasts that can contribute to the shift from Th1- to Th2-dominant TME 
during disease progression [109]. HVEM is one of the three distinct 
receptors for the cellular ligand LIGHT/CD258 [112], a member of the 
tumor necrosis factor (TNF) superfamily which is expressed on imma-
ture DCs and activated T cells [113,114]. In the CTCL setting, 
LIGHT-HVEM interaction enhances the production of chemokines that 
are involved in recruiting CXC chemokine receptor (CXCR) 3+ Th1 cells, 
such as CXCL9− 11 by IFN-γ-stimulated dermal fibroblasts through in-
hibitor κBα (IκBα) phosphorylation and downstream activation of 
NF-κB. With disease progression, though, a decrease in CXCR3 ligands 
and downregulation of HVEM expression alongside elevated LIGHT 
expression potentially affects the Th1 chemokine pattern and the 
Th1-Th2 balance [109]. In contrast to IFN-γ, IL-4 (expressed by tumor 
cells)-stimulated dermal fibroblasts in the lesional skin express higher 
mRNA levels of Th2-recruiting chemokines CCL26 (also known as 
eotaxin-3) and CCL11 (also known as eotaxin-1) in comparison to 
normal skin [110]. In addition to the higher levels of these Th2 che-
mokines, the lesional skin of advanced CTCL displays upregulated 
mRNA expression of CC chemokine receptor 3 (CCR3), an eotaxin 

Fig. 2. Spectrum of recurrently mutated signaling pathways in CTCL. 
CTCLs show aberrant activation of an array of signaling pathways, including JAK/STAT, NF-κB, PI3K/mTOR, and MAPK pathways. Activation of these pathways, 
elicited upon interaction between soluble ligands (cytokines and growth factors) or cell antigens and their cognate receptors, results in the translocation of effector 
proteins into the nucleus and transcription of specific genes that regulate inflammation, immune response as well as T cell activities such as cell proliferation, 
survival, growth, and distinct lineage differentiation. 
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receptor present on eosinophils and a subset of Th2 cells [115,116]. The 
interaction between eotaxins and CCR3 has been implicated in regu-
lating the Th2-biased inflammatory environment crucial for the devel-
opment of CTCL. Moreover, Th2 cytokines have been demonstrated to 
enhance the secretion of CCL18 that is expressed by TAMs [117–119] 
and DCs [108] in CTCL skin. CTCL skin lesions typically exhibit 
increased expression of CCL18 that is specifically involved in recruiting 
benign, infiltrating Th2 cells [120] and correlate with disease progres-
sion [108,118]. In a recent investigation, Vieyra-Garcia et al. [120] 
unveiled the presence of an inflammatory synapse between 
CCL18-expressing OX40L+/CD40L+/c-Kit + DCs, benign Th2 T cells, 
and malignant T cells. According to their model, the production of 
CCL18 by c-Kit+ DCs leads to the recruitment and activation of Th2 
benign T cells via OX40/OX40L DC interactions and CD40/CD40L in-
teractions involving both DCs and malignant T cells. This activation of 
benign T cells ultimately causes apparent (increased) inflammation in 
the CTCL skin and has been postulated to provide pro-growth signals to 
the tumor. 

Thymic stromal lymphopoietin (TSLP) is a cytokine that activates 
CD11c (+) DCs and triggers Th2-type immune responses and inflam-
mation [121] via the synthesis of Th2 chemokines such as CCL17 (also 
known as thymus and activation-regulated chemokine (TARC)) and 
CCL22 (also known as macrophage-derived chemokine (MDC)) [122, 
123]. Takahashi et al. [121] determined a reinforcing cycle linking 
Th2-type immune response and TSLP production by KCs that is stimu-
lated by an ECM protein periostin produced by dermal fibroblasts in 
CTCL pathogenesis. Particularly, the authors decoded the important 
roles of periostin and TSLP in establishing Th2-dominant TME in CTCL, 
as determined in atopic dermatitis [124]. Serum [125] and plasma [91] 
TSLP levels in CTCL patients are elevated in comparison to the levels in 
serum from healthy controls, suggesting that Th2-dominant environ-
ment in CTCL lesions may be driven by TSLP. 

2.2.1. Role of chemokines in malignant T cell trafficking in CTCL 
In addition to their central role in Th2 transition, chemokine/che-

mokine receptor networks coordinate the localization/trafficking of 
immune cell subsets within the microenvironment of skin tumors, 
particularly CTCL that arise from the malignant proliferation of skin- 
homing T cells [8,126]. Within the TME, host stromal and cancer cells 
produce various chemokines that stimulate directional migration and 
activation of TILs and innate immune cells [127–129]. T cells belonging 
to distinct T cell lineages display different chemokine receptor expres-
sion patterns that account for their differential responses to specific 
chemokines [130] and different migratory properties [131]. For 
instance, polarized T cells harbor distinct profiles of chemokine re-
ceptors that are influenced by cytokines IFN-α and transforming growth 
factor beta (TGF-β): Th1 polarized cells show ‘preferential’ expression of 
CXCR3, CXCR6, and CCR5 while Th2 subset have ’preferential’ 
expression of CCR4 and CCR8 [132]. Such flexibility in chemokine re-
ceptor expression serves tissue-selective migration of effector T cells. 
Besides the well-characterized chemotactic functions, chemokine 
receptor/ligand pairs have been assigned several non-redundant roles, 
including organotropic metastasis and conferring survival advantages to 
malignant T cells through the activation of PI3K and Akt pathway [133]. 

CTCL-associated malignant T cells as well as tumor cells express 
chemokine receptors (albeit, limited) that pair with chemokines pro-
duced by endothelial cells (ECs), activated KCs, and DCs. This chemo-
kine receptor-ligand interaction results in the firm arrest of malignant T 
cells on the luminal surfaces of vascular ECs and migration to specific 
compartments of the skin such as the epidermis and towards activating 
DCs, respectively [130,134]. For example, selective expression of CCR4 
and CCR10 (receptors for CCL17 and CCL27, respectively) on 
skin-homing memory T cells serves as an important regulator of effector 
T cell recruitment to the skin [135,136]. A role for the CCR4− CCL17, 
CCL22 interactive pathway in T cell homing to skin has been suggested 
by a report showing an increased percentage of skin-homing (Cutaneous 

Lymphocyte-associated Antigen (CLA)+/CCR4+) T cells in the lesional 
skin and peripheral blood of CTCL patients, parallel to the elevated 
expression of CCL17 and CCL22 in CTCL skin [137]. It has been shown 
that enhanced CCL22 expression by Langerhans cells in the epidermal 
compartment of CTCL lesions mediates the positioning and clustering of 
malignant CCR4+ T cells in the skin, resulting in the formation of 
hallmark Pautrier’s microabscesses or intraepidermal clusters of atyp-
ical lymphocytes in MF [137]. 

Beyond T cells, CTCL cells have been found to adopt the CCR4- 
mediated multistep adhesion cascade to migrate [138]. Wu et al. 
[138] demonstrated that differential expression patterns of CCR4 as well 
as differential functional capacities of CCL22 and CCL17 mediate 
CCR4-driven transendothelial migration in both MF and SS cells. Spe-
cifically, the group found that MF cells are more responsive towards 
CCR4− CCL22 signaling and, hence, manifest greater chemotaxis, 
integrin-mediated arrest on ECs, and overall transendothelial migration 
in comparison to SS cells [138]. Analogous to the differential expression 
on neoplastic cells, CCR4 expression patterns in reactive T cells also 
differ with disease stage. Substantially higher expression of CCR4 is 
observed in the early patch and plaque stages of MF [139]. Serum CCL17 
levels, however, tend to be higher in the MF tumor stage than in the 
patch/plaque stage [140]. Like CCR4, both tumor and reactive T cells, 
associated with the MF patch and plaque stage, express CXCR 3/CD183 
and CXCR4 [139,141]. Higher CXCR3 levels were specifically associated 
with epidermotropic histologic pattern-bearing (low-grade) tumors vs. 
dermal pattern-bearing tumors in MF cases [141]. Alongside CXCR3, 
increased expression of its ligands CXCL9 and CXCL10 has been detected 
in early stage MF and is implicated in facilitating recruitment and ag-
gregation of tumor cells in the skin [141]. Circulating SS cells and 
skin-infiltrating malignant T cells have also been shown to express 
functionally active CXCR4, a receptor for CXCL12/stromal cell-derived 
factor 1 (SDF-1) that is abundantly synthesized in the skin [142]. In 
SS, the CXCR4-CXCL12 axis plays a significant role in SS cell skin 
recruitment and accumulation, mediated through the downregulation of 
CD26/dipeptidyl peptidase IV (DPPIV) [142]. CXCL12 is a selective 
substrate of CD26/DPPIV, a membrane-bound extracellular peptidase 
known to alter the chemotactic behavior of chemokines through cata-
lytic N-terminal truncation [143]. Additionally, tumor MF cells display 
high levels of the lymph node-homing molecule CCR7 [144] that co-
ordinates the migration of mature dermal DCs and selected T cell subsets 
into lymphatic tissue [145]. SS-associated skin-homing T cells have also 
been found to express fairly high levels of CCR7 [146] which is proposed 
to direct their tropism and lymphoid organ infiltration [130]. 

Taken together, chemokines and their cognate receptors appear as 
multifarious molecules that critically contribute to the characteristic 
features of CTCL - skin-tropism and Th2-dominant TME. Detailed un-
derstanding of how the chemokine system influences T cell migratory 
patterns and mediates other non-classical cellular functions is instru-
mental to designing strategies that can interfere with this system for 
therapeutic purposes, since chemokine-targeting biologics are already in 
development for inflammatory skin diseases. 

3. Dysregulated signaling pathways in CTCL 

In the past three decades, significant progress has been made in 
delineating the molecular pathogenesis of CTCLs by employing various 
cytogenetic tools. Large-scale genome studies and sequencing technol-
ogies have uncovered a comprehensive landscape of genomic and 
epigenetic modifications that represent one of the important pro- 
tumorigenic principles in CTCL initiation and progression. Recent 
DNA and RNA sequencing studies have unveiled dysregulation of an 
array of signaling pathways downstream of the genomic events, 
including JAK/STAT, NF-κB, PI3K/mTOR, and MAPK pathways, that 
contribute to the oncogenesis and heterogeneity of T cell malignancies 
[14,147] (Fig. 2). In addition, since the progression of CTCL involves a 
complex interplay between malignant T cells, stromal, and epidermal 
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components of the TME, aberrant alterations in signaling pathways 
through autocrine or paracrine stimulation of TCRs by cytokines, ILs, or 
growth factors produced by malignant T cells and/or TME can dysre-
gulate T cell signaling and thus modify cellular interactions in the CTCL 
microenvironment. 

3.1. JAK/STAT pathway and CTCL 

The JAK/STAT pathway is a potent signaling cascade that is central 
to cytokine stimulation in T cells [148]. Apart from cytokine signaling, 
the JAK/STAT axis serves as an intracellular mediator of metabolically 
relevant hormones and growth factors associated with crucial cellular 
events [149]. The mammalian JAK family consists of four cytoplasmic 
tyrosine kinases: JAK1, JAK2, JAK3, and Tyrosine kinase (TYK) 2 [150] 
whereas the STAT family consists of seven latent cytoplasmic proteins: 
STAT1− 4, STAT5A/B, and STAT6 [151]. These proteins are ubiqui-
tously expressed, share structurally and functionally defined domains, 
and form different combinations that hold a high degree of specificity 
towards specific cytokines or growth factor signals [152–154]. 

Theoretically, the core JAK/STAT pathway is relatively simple and 
straightforward. However, the biomolecular effects associated with the 
activation of this pathway are complicated [155]. This pathway is up-
stream of multiple complex biological processes such as inflammation, 
development of the immune system, and immune response [156]. It is 
one of the 12 core cancer signaling pathways that confers a selective 
growth advantage to cancer cells by regulating cell survival [157]. 
Abnormal activation of the JAK/STAT pathway is ubiquitous in all T cell 
malignancies [148]. In particular, dysregulation of the JAK3 signaling 
axis and the activation of its downstream proteins/transcription factors 
such as STAT3, STAT5, and STAT6 have been associated with 
cytokine-mediated control over proliferation and apoptosis-resistance in 
malignant T cells [34,70,158,159]. In CTCL, altered activation of several 
STAT proteins has been reported and is implicated in driving early and 
advanced stage disease. The early stage of CTCL is generally typified by 
activated STAT signaling that is induced by IL-2, IL-7, and IL-15 cyto-
kines [160] while the advanced stages are defined by 
cytokine-independent JAK1 and JAK3 constitutive signaling [161]. 
Early and late CTCL stages have been reported to have constitutive 
activation of STAT4/5 and STAT3, respectively [159]. In comparison to 
non-malignant skin, lesional skin derived from early CTCL cases exhibits 
overexpression of STAT4 [162], a protein involved in IL-12-directed Th1 
response [163]. During the late stage, however, STAT4 expression is 
lost, consequently leading to decreased responsiveness to IL-12 and the 
acquisition of a Th2 phenotype [163,164]. Previous studies have 
demonstrated marked defects in IL-12 p70 production by monocytes in 
SS patients [165]. Several molecular mechanisms mediating STAT4 
downregulation have been identified [165,166], including aberrant 
histone acetylation [162] and indirect control by constitutively acti-
vated STAT5 [167]. Activation of STAT5, also known to occur in late 
stage CTCLs [159], has been shown to upregulate the expression of 
anti-apoptotic genes (Bcl-2 and Bcl-x), cell cycle genes (Cyclin D and 
c-Myc), Th2 cytokines (IL-4), and oncogenic miRNA-155 . STAT4 is a 
known target of miR-155 [162] and, hence, loss of STAT4 expression 
and impaired Th1 response has been attributed to STAT5-mediated 
upregulation of miR-155 [159]. Research has also unveiled an inverse 
relationship between STAT4 and STAT6 expression levels in malignant 
CTCL cells. Litvinov et al. [162] recorded STAT6 upregulation as a 
sequel to downregulated expression of STAT4 in CTCL cells and 
described its potential to affect the Th1/Th2 balance. The malignant 
infiltrate obtained from CTCL skin biopsies was found to have elevated 
pSTAT6 expression as well as significant numbers of pSTAT-6+ mono-
nuclear cells. In line with the STAT6 activation seen in advanced stages, 
stage IV CTCL patients were reported to harbor more pSTAT6+ cells 
than stage I patients [70]. Constitutively activated in malignant lym-
phocytes in MF/SS patients, STAT6 is a multifarious protein associated 
with cell-cycle progression, genomic stability, production of Th2 

cytokines, chemotaxis, and anti-tumor immune response [34]. STAT6 
has also been considered as a common mediator of the IL-13/IL-4 
signaling pathway implicated in tumor cell proliferation [70]. 

In addition to STAT5, advanced stages of CTCL are defined by 
constitutive STAT3 activation [159,168]. Several molecular evidences 
have been presented to support this observation, including stimulation 
by IL-7 and IL-15 [169], IL-21 autocrine feedback loop in the micro-
milieu of CTCL cells [170], and/or constitutive activation of JAK1/JAK3 
signaling [160,161,171]. Activated STAT3 has been found to participate 
in oncogenic transformation by regulating survival signals such as Bcl-2 
expression [161], promoting Th2 and Th17 phenotypes, and inducing 
the expression of oncomiR miR-21 [172]. In addition, it has been 
implicated in upregulating the expression of potent angiogenic factor 
vascular endothelial growth factor (VEGF) [173], IL-5, IL-10, and IL-17 
[36,162], IL-2RA (α-chain of the IL-2 receptor) [170], and suppressor of 
cytokine signaling-3 (SOCS-3) [174]. Aberrant SOCS-3 expression, 
which is dependent on the activation of fully functional STAT3, has been 
linked to malignant transformation that is initiated via eliciting a change 
in the sensitivity of cytokine receptors or altering the balance between 
different cytokine responses, including IFN-γ and IFN-α [174,175]. Ev-
idence has also suggested the functional relevance of the 
STAT3/CCL20/CCR6 axis in CTCL cell metastasis [176]. Notably, 
STAT3 has been identified as an important mediator of phenotypic 
plasticity in CTCL owing to STAT3-dependent secretion of IL-17 in CTCL 
cell lines [64]. Using organotypic mouse models, Thode et al. [45] 
determined the potential of malignant T cells to cause KC hyper-
proliferation and dedifferentiation and induce disorganized KC stratifi-
cation through the secretion of galectin-1 and -3 which drive STAT3 and 
ERK1/2 signaling pathways. Beyond miR-155 and miR-21, constitutive 
activation of STAT signaling and abnormal regulation of STAT3/5 have 
been shown to enhance the expression of oncomiRs such as miR-93 and 
miR-214 [167,172,177] as well as repress the expression of tumor 
suppressor miRs such as miR-22 in CTCL-derived malignant T cells 
[178]. Changes in the expression of these miRNAs appear to facilitate 
oncogenesis, either directly by promoting proliferation/survival of ma-
lignant T cells or indirectly via modulating the TME and anti-tumor 
immune response [167,177]. This modulation of alternative pathways 
through miRNAs signifies the versatile nature and the crucial role of the 
JAK/STAT signaling axis in intracellular crosstalk [156]. 

The canonical mode of JAK/STAT signaling is well-known and based 
on STAT phosphorylation by activated JAK. In the past few years, di-
vergences in this traditional paradigm have been reported, including the 
non-canonical functions of the signaling components [179] and their 
control over the cellular epigenetic status [180]. Very recently, Vadivel 
et al. [181] provided supporting evidence for the non-canonical (cyto-
kine receptor-independent) functions of JAK3 in CTCL by demonstrating 
its ectopic nuclear expression and interactions with nuclear protein 
POLR2A, the catalytic active subunit A of RNA Polymerase II in malig-
nant T cells. The authors also established the capacity of nuclear JAK3 to 
modulate tyrosine phosphorylation of Histone H3; however, its capacity 
to epigenetically regulate gene transcription in malignant T cells 
currently remains unknown. Other studies with the common aim have 
shown that continuous activation of STAT3 induces the expression of 
DNA methyltransferase 1 (DNMT1) in malignant T cells and thus me-
diates oncogenic cell transformation via DNA methylation and epige-
netic gene silencing of tumor suppressor genes [182]. A member of the 
DNMT family of enzymes, DNMT1 is the major catalytic player in DNA 
methylation inheritance and epigenetic gene silencing [183]. 

Studies concentrating on the involvement of the common cytokine 
receptor chain (c)-associated JAK/STAT pathway in lymphomagenesis 
have reported its activation in CTCL cells. In low-grade CTCL cases, this 
activation is induced by γ-chain-signaling cytokines lL-2, -4, -7, -9, and 
-15, whereas in advanced cases, the activation appears constitutive, in 
part, due to the lack of SHP-1 phosphatase-mediated negative regulation 
[184]. Environmental factors such as staphylococcal enterotoxin A 
(SEA)-producing Staphylococcus aureus, isolated from the infected skin of 
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CTCL patients, has been shown to contribute to CTCL aggravation and 
progression via crosstalk-dependent STAT3 activation and IL-17 
expression in SEA-responsive non-malignant infiltrating CD4+ T cells 
[185]. This IL-17A response was discovered to be influenced, partly, by 
IL-2 receptor common γ-chain cytokines that govern the toxin-mediated 
interactions between malignant and non-malignant T cells. Implicated 
both as an etiological agent and a cause of significant morbidity, mi-
crobes such as Staphylococcus aureus cause recurrent skin and 
life-threatening systemic infections in 44–76 % of patients with 
advanced stage CTCL [185]. Genetic alterations potentially affecting the 
JAK/STAT pathway including GCNAs and SNVs of JAK2 [25], activating 
mutations in JAK3, SOCS1 amino acid changes [186], somatic mutations 
in JAK1 [187], and copy number gains of STAT3 and STAT5B [31] have 
all been reported and proposed as disease mechanisms in CTCL. 

3.2. PI3K/mTOR signaling pathway and CTCL 

The PI3K/Akt/mammalian target of rapamycin (mTOR) pathway is a 
critical regulator of cell growth, proliferation, migration, apoptosis, cell 
cycle progression, and cytoskeletal rearrangement [188]. Dysregulated 
in a wide variety of human cancers, constitutive activation of the 
PI3K/Akt/mTOR pathway [189] due to the mutational loss of its 
negative regulator, phosphatase and tensin homolog (PTEN), is 
frequently found in T cell malignancies [189–191]. In SS, multiple 
components of the PI3K/Akt cascade have recurrent genomic copy 
number variants (CNVs), such as copy number (CN) loss of LKB1/Ser-
ine/Threonine Kinase 11 (SK11), PTEN, and programmed cell death 4 
(PDCD4) and gains of P70S6K. These alterations underlie the dysregu-
lation of the PI3K/Akt/mTOR pathway as well as define the outcome 
and survival classes in SS patients [192]. Whole exome sequencing of 25 
SS cases has confirmed somatic copy number alterations (chromosomal 
deletion) in PTEN [28]. Such genomic dysfunction, mapped onto 
recurrently unbalanced 10q23 and 17q23 loci [193], potentially result 
in a metabolic shift toward aerobic glycolysis and aberrant mammalian 
target of rapamycin complex 1 (mTORC1)-dependent protein synthesis 
that is beneficial (in terms of energy) for SS cell recruitment to skin 
and/or lymph node [192]. Besides altering cellular bioenergetics, de-
fects in mTORC1-dependent protein synthesis have also been found to 
increase SS cell size and generate larger cell dimensions, a phenomenon 
termed ‘large cell transformation (LCT)’. In LCT, malignant small lym-
phocytes undergo cytologic transformation and adopt a clonally iden-
tical large cell phenotype [194] which is associated with an aggressive 
clinical course and poor prognosis [195]. Parallel analysis of SS cells 
derived from skin and blood, concurrently acquired from SS patients, 
has shown higher mTORC1/mTORC2 activation in skin-derived cells 
when compared to corresponding circulating SS cells [192]. Beyond 
genetic alterations, aberrant activation of the PI3K/mTOR pathway has 
also been attributed to microenvironmental signals generated by ma-
lignant T cell activation and chemokine and cytokine secretion [86, 
192]. In particular, SDF-1 and CCL21 chemokines have been shown to 
activate the mTORC1 pathway in CTCL through signaling via CXCR4 
and CXCR7 receptors that participate in SS cell skin- [142] and lymph 
node-homing [192,196,197]. 

Besides SS, oncogenic activation of the PI3K/mTOR signaling 
cascade is frequently observed in MF [198]. In situ immunohistochem-
ical assessment of the expression status of the PI3K/mTOR pathway 
components such as p-Akt, p-70S6K, and eukaryotic initiation factor 4E 
binding protein 1 (p-4E-BP1) as well as that of p-extracellular 
signal-regulated kinase (ERK)1/2, p-STAT3, and Notch homolog 1 
(NOTCH1) in MF patients has revealed a close interaction of the 
Akt/mTOR pathway with that of p-ERK, p-STAT3, and NOTCH1 [198]. 
This association has been implicated in disease progression and the 
aggressive phenotype in MF cases. Specifically, expression of p-4E-BP1, 
p-p70S6K, and NOTCH1 was found to positively associate with 
advanced MF stages, whereas simultaneous overexpression of p-Akt, 
p-p70S6K, and p-4E-BP1 was determined to adversely affect patient 

survival [198]. Whole-exome sequencing on 11 MF and SS cases and 
matched normal samples has led to the identification of somatic alter-
ations in PI3K-related genes involved in TCR-CD28 signaling [27]. 
Moreover, the p.Arg297Cys mutation in phosphatidylinositol-3,4, 
5-trisphosphate dependent rac exchange factor 2 (PREX2, referred to 
as PREX2a), a PI3K-interacting oncoprotein [199] that inhibits PTEN 
[200], has been identified in MF samples [28]. PTEN mutations and 
their correlation with disease- and progression-free survival in tumor 
stage have been reported in MF cohorts [201]. Similar to SS, PTEN 
deletion and the consequent loss or decreased functional PTEN protein 
have also been recorded in MF samples and postulated to underscore Akt 
activation in most (if not all) MF cases [201]. Also, in advanced MF 
stages, a cytoprotective signaling loop has been identified involving 
overexpression of miR-122 in malignant T cell infiltrates that amplifies 
the anti-apoptotic Akt/p53 signaling circuit and decreases sensitivity to 
chemotherapy-induced apoptosis [202]. 

3.3. NF-κB pathway and CTCL 

The pivotal role of NF-κB in regulating inflammation relies on its 
ability to arbitrate the induction of pro-inflammatory genes encoding a 
wide range of chemokines and cytokines [203] as well as regulate the 
activation of inflammasomes [204,205]. NF-κB also governs CD4+ T cell 
differentiation into Th1, Th2, Th17, and T follicular effector T cells that 
are involved in generating immune responses via the secretion of cyto-
kines [206]. The regulatory effect of NF-κB on CD4+ T cell differentia-
tion is dependent upon its control over cytokine production in innate 
immune cells and T cell intrinsic factors such as TCR-induced signals 
[203,207]. Besides its physiologic functions in T cell differentiation and 
cytokine production, dysregulated activation and constitutive expres-
sion of NF-κB have been detected in T cell malignancies, including CTCL. 
In fact, a recent study has confirmed the activation of NF-κB in both 
early and advanced MF stages, implicating the role of this prominent 
cell-survival pathway in disease development and progression [14]. 
Although the mechanisms that trigger constitutive NF-κB activation are 
not well-established, studies have acknowledged its seminal role as a 
mediator between malignant cell survival/proliferation and inflamma-
tory signals [208]. 

The NF-κB family of transcription factors consist of five proteins: c- 
Rel, p65 (RelA), RelB, p50 (p105/NFKB1), and p52 (p100/NFKB2) 
[209] that function as homo- and heterodimers and exhibit transcrip-
tional selectivity towards potential NF-κB target genes [210]. CTCL cells 
have been shown to express all five Rel family proteins [208], with 
increased expression of p50, p52, p65, and RelB subunits found in tumor 
lesions [14]. SS cases typically show canonical NF-κB activation [211] 
that predominantly activates the p50/p65 dimeric NF-κB complex 
[212]. SS/CTCL cells also exhibit a constitutive increase in the NF-κB 
transcriptional activity that accounts for the increased expression of 
anti-apoptotic genes [212,213] as well as that of pro-inflammatory and 
anti-inflammatory cytokines [208]. The NF-κB-mediated increase in the 
expression of anti-apoptotic genes, such as cellular inhibitor of apoptosis 
protein (cIAP)-1, cIAP-2, and Bcl-2 and pro-inflammatory cytokine 
genes, such as IL-1, IL-8, tumor necrosis factor alpha (TNF-α), and IL-17 
has been linked with the sustained survival and proliferation of malig-
nant CTCL cells [89,208,214,215]. NF-κB family members have also 
been suggested to regulate the Fas promoter function and, hence, 
apoptotic sensitivity in CTCL [216]. The Fas (also known as CD95 or 
APO-1 or TNFRSF6)-Fas Ligand (FasL) pathway serves a crucial part in 
maintaining immune homeostasis [217]. This is mediated by the elim-
ination of (a) autoreactive T cells formed during lymphoid cell devel-
opment in the thymus (termed central tolerance) [218] and the 
periphery (termed peripheral tolerance) [219] and (b) activated T 
lymphocytes generated during immune response (activation-induced 
cell death (AICD)). In CTCL, alterations in this pathway via decreased 
Fas protein expression [220], high Fas promoter methylation [216], or 
homozygous FAS promoter single nucleotide polymorphisms (SNPs) 
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[221] have been detected, with implications in CTCL pathogenesis and 
clinical response [220]. 

In parallel to the elevated expression of pro-inflammatory cytokines, 
increased expression of NF-κB-dependent anti-inflammatory cytokine 
genes IL-10 and TGF-β has been linked to the inherent immunosup-
pressive nature of CTCL [208]. Studies have identified the role of NFKB1 
(p50) homodimers as a transcriptional activator of IL-10 and determined 
its ability to differentially regulate IL-10 as compared to TNF and IL-12 
[222,223]. Such reciprocal modulation of pro- and anti-inflammatory 
cytokine secretion could also explain the immunosuppressive func-
tions exerted by NF-κB in CTCL. Regardless, the NFκB-mediated tran-
scriptional regulation of immunosuppressive genes remains largely 
unknown. Genome-level studies aimed at delineating the genomic 
landscape and mutation patterns in CTCL have identified 17 mutated 
genes, including those involved in NF-κB signaling [25]. Several genetic 
alterations, including heterozygous deletions, somatic mutations, trun-
cations, CNVs, and splice site mutations have been reported in NF-κB 
components such as NFKB2 and caspase recruitment domain (CARD) 
[25,27–29]. Frequent mutations (truncations and heterozygous de-
letions) in NFKB2 proto-oncogene in CTCL patients have been associated 
with constitutive NF-κB activation [25,224]. In 15% of SS patients, gain 
of function (GOF) mutations in CARD11 (CARMA1) have been docu-
mented [28,29]. CARD11 is a multi-domain cytoplasmic scaffold protein 
and a component of the multimeric CBM signaling complex that relays 
signaling from TCR, triggering the activation of NF-κB [225]. Of 
importance, the somatically mutated CARD11 gene has been determined 
to be a likely cancer driver, indicating its functional impact in CTCL 
[29]. In addition, 18 % of MF and SS patients have been found to harbor 
genomic gains and point mutations in TNFRSF1B that encode tumor 
necrosis factor receptor 2 (TNFR2). Such somatic alterations result in 
recurrent TNFR2 Thr377Ile mutants in T cells, the expression of which is 
associated with the activation of non-canonical NFKB2 signaling and 
enhanced T cell activation and survival [27]. Genetic studies have also 
identified frequent bi- and monoallelic deletions of the tumor necrosis 
factor alpha-induced protein 3 (TNFAIP3/A20) gene in a high percent-
age of SS patients, resulting in the activation of the NF-κB pathway and 
increased proliferation of normal T lymphocytes [226]. A20 is an 
intracellular ubiquitin-editing protein and a crucial negative feedback 
regulator of NF-κB signaling [227]. In T cell-derived diseases such as SS, 
A20 acts as a tumor suppressor and therefore, its genetic depletion or 
inactivation might contribute to SS development [226]. Furthermore, 
CTCL patients show basal activation of protein kinase TAK1 (although 
counteracted by the MYPT1/PP1 phosphatase complex) that correlates 
with NF-κB activation [228]. Using in vitro and in vivo model systems, 
Gallardo et al. [228] demonstrated the capacity of phosphorylated TAK1 
to sustain NF-κB and β-catenin signaling in CTCL cells, thus facilitating 
cell survival and proliferation. Novel recurrent, GOF mutation in RLTPR 
(p.Q575E) has also been determined in CTCL and shown to increase the 
production of IL-2 via TCR-mediated upregulation of NF-κB signaling in 
activated T cells [229]. RLTPR has been identified as a putative cancer 
driver that encodes a scaffolding protein involved in coupling CD28 to 
the CARD11/NF-κB signaling pathway. Thus, when mutated by the p. 
Q575E alteration, the interaction between RLTPR and the 
TCR-dependent enzymes is modified, resulting in the activation of the 
NF-κB signaling cascade [230]. In both mice and humans with RLTPR 
deficiency, the lack of functional RLTPR molecules has been found to 
curb the differentiation of CD4+ T cells toward the Th1 and Th17 
polarized states, with no impact on Th2 differentiation [230]. 

3.4. MAPK cascade and CTCL 

MAPKs are key signaling elements that serve as an intermediary link 
between extracellular signals and the machinery controlling basic 
cellular processes such as cell proliferation, differentiation, migration, 
apoptosis, and stress responses. The MAPK signaling cascade is activated 
when diverse inputs are fed into a three-tiered ‘core-signaling module’ 

comprising of MAPK kinase kinase (MAP3K), MAPK kinase (MAPKK), 
and MAPK [231], resulting in the elicitation of appropriate cellular re-
sponses [232]. So far, six distinct components of MAPKs have been 
identified in mammals: ERK1/2, ERK3/4, ERK5, ERK7/8, Jun N-termi-
nal kinase (JNK)1/2/3, and the p38 isoforms α/β/γ(ERK6)/δ [232–235]. 

The Ras/Raf/MAPK (MEK)/ERK pathway is the most important and 
best studied MAPK signaling pathway in mammals [231,232]. Dysre-
gulated in almost one-third of all human cancers, including CTCL, al-
terations in the ERK pathway occur at several levels but have been 
prominently attributed to the high frequency of activating Ras and B-Raf 
mutations as found in most cancerous lesions [236]. Mutations in Ras 
family oncogenes, including NRASQ61K and KRASG13D have been 
detected in advanced stage CTCL patients and are associated with 
reduced overall survival in comparison to patients without mutations 
[237]. Oncogenic NRAS (Q61K) mutations instigate hyperactivation of 
Ras that induces the downstream MEK-ERK signaling cascade [238] and 
promotes the survival of CTCL cells. Mutations in the MAPK pathway 
were also recently determined in 50 % of CTCLs, including all the CTCL 
histological subsets analyzed irrespective of their heterogeneous muta-
tional profile [239]. Besides alterations in the ERK pathway, 
Bliss-Moreau et al. [240] showed a selective increase in p38γ gene 
expression in vitro and in CTCL clinical samples. P38γ is a crucial 
regulator of malignant T cell activity and growth as well as CTCL cell 
viability, implicating its important functional role in CTCL pathogenesis 
[240]. 

MAPK pathway activation has also been linked to histone deacety-
lase inhibitor (HDACi) resistance in CTCL [241]. CTCL cells resistant to 
epigenetic drug-induced apoptosis exhibit increased MEK phosphory-
lation and decreased expression of pro-apoptotic Bim. This demonstrates 
that upregulation of the MAPK pathway is one of the clinical mecha-
nisms underlying resistance to the potent and clinically approved 
anti-proliferative agents [241]. 

4. Conclusion and future directions 

A growing awareness of the complex dynamics of CTCL arising from 
genetic diversity, phenotypic variability, and tumoral heterogeneity has 
clearly expanded over the last few decades. Recent developments and 
constant optimization of sequencing platforms, such as whole-exome 
and single-cell analysis tools, are constantly changing the traditional 
paradigms of CTCL by giving an unprecedented view into tumor 
evolutionary origins and the unique TME. In the past decade, CTCL tu-
moral heterogeneity has been extended to include the transcriptomic 
and clonal diversity of malignant T cells, their interaction with the local 
microenvironment, and their functional impact on immunological pro-
cesses during tumor evolution. When combined with comprehensive 
molecular and immunobiological studies, these findings have provided 
remarkable knowledge on CTCL immunophenotype and enhanced the 
understanding of diverse mechanisms that underlie the evolving im-
munodeficiency routinely observed in CTCL patients. These mechanisms 
comprise alterations in multiple cellular signaling cascades, constitutive 
activation of STAT proteins, formation of a Th2-biased inflammatory 
milieu, malignant secretion of immunosuppressive cytokines and che-
mokines, loss of TCR repertoire complexity, complex crosstalk amongst 
malignant T cells and the TME components, and competitive malignant 
replacement of benign T cells. Identification and in-depth character-
ization of these regulatory mechanisms have opened new avenues for 
molecularly targeted therapeutics. In particular, the concept of rein-
vigorating the host immune response, particularly in an 
immunopathologically-driven disease like CTCL, has broadened the 
therapeutic armamentarium for CTCL. Emerging therapeutic efforts are 
being focused on the development of multimodal immunotherapies 
employing agents that can induce a complete and durable clinical 
response through the activation of multiple immune cell populations, 
closely mimicking the natural sequence of events. Other potential 
treatment options such as monoclonal antibody therapy and immune 
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checkpoint blockade therapy are currently being investigated for their 
clinical efficacy. Investigations are also underway to test the potency of 
receptor inhibitors or anti-chemokine receptor antibodies to disrupt the 
diverse chemokine/chemokine receptor interactions within the tumor 
inflammatory TME. Benefitting from the clinical efficacy of approved 
and recommended Th1 cytokine IFN-α, restoration of Th1 responses 
through IFN-γ and IL-12 has emerged as an effective strategy to revive 
anti-tumor immune functions and, hence, achieve complete clinical 
response. TLR agonists, that can potently activate the innate immune 
response through the production of pro-inflammatory cytokines such as 
IFN-α, are being actively tested in clinical trials. Moreover, informed by 
the data obtained from comprehensive mapping of oncogenic pathways 
and their intersections within CTCL cells, several candidate agents are 
being subjected to efficacy screening against specific pathways. For 
example, the crucial role of the JAK/STAT pathway formed the basis of 
using a JAK inhibitor ruxolitinib in a phase II clinical trial against re-
fractory or relapsed T cell lymphoma. It is also being preclinically 
assessed for its efficacy in combination formulations for clinical use in 
the treatment of advanced stage CTCL. Given the multilayer communi-
cation between signaling networks, combinatorial targeted drug regi-
mens are expected to greatly enhance the therapeutic spectrum of 
CTCLs. Regardless, much work is still required for the clinical success of 
these therapies, given the heterogeneous nature of CTCLs that can 
significantly impact the clinical, cytotoxic, and immunotherapeutic re-
sponses. Understanding the sources, dynamics, and key spatiotemporal 
features of CTCL heterogeneity is, therefore, critical for the development 
of novel and effective therapeutics. In particular, given the heteroge-
neity and functional diversity of immune subsets within the CTCL TME, 
a holistic view of the immune atlas, including different immune signa-
tures/contexture will help in prognosis prediction and guide immuno-
therapeutic decisions in CTCL patients. Moreover, since Th2-targeted 
therapies, chemokine and chemokine receptor blockers, as well as cell 
signaling inhibitors are in development or approved for other skin 
conditions or diseases, the precise characterization of the molecular 
pathways of all subtypes will help to optimize treatment for CTCL pa-
tients in the future. Above all this, considering the significant overlap in 
phenotypic features and immunologic pathogenesis between CTCL en-
tities, their exact classification and clinicopathological correlation are 
important to attain correct diagnosis and treatment stratification for 
targeted therapies. 
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