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Abstract

Primary cutaneous lymphoma, particularly cutaneous T-cell lymphoma (CTCL),
represents a malignancy long defined by protean manifestations, diagnostic delay,
clinical deception, and therapeutic ambiguity. Despite being confined to the skin at
presentation, CTCLexhibitsmarkedbiologicalheterogeneityand phenotypicvariation.
Diagnostic workflows reliant on serial biopsies and stage-based classifications fail to
adequately capture this complexity, contributing to suboptimal intervention. In this
perspective, we position CTCL as a discovery problem, highlighting the limitations
of single-layer diagnostics in distinguishing malignant disease from inflammatory
mimics. We discuss how emerging digital pathology, artificial intelligence-enabled
imaging, and integrative interdisciplinary approaches can interrogate disease
across spatial and molecular scales. By reframing CTCL through a systems-level lens,
such strategies have the potential to enable earlier biological stratification, inform
mechanism-driven therapeutic targeting, and guide the rational use of skin-directed
and systemic treatments. Without such integrative frameworks, innovation in CTCL
treatment risks remaining fragmented and incomplete.
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1. Introduction

Primary cutaneous lymphoma (CL) imposes a disproportionate disease burden despite
its orphan status, owing to chronicity, diagnostic delay, and sustained impairment in
quality of life. These malignancies comprise a heterogeneous group of non-Hodgkin
lymphoproliferative disorders confined to the skin at presentation, with the majority
arising from mature T lymphocytes."* Commonly known as cutaneous T-cell lymphoma
(CTCL), the reported incidence estimates range from 2.9 to 8.6 cases per million
population, though the true incidence is likely substantially higher.>* Among these,
mycosis fungoides (MF) accounts for more than half of CLs worldwide.® Some variants
such as folliculotropic ME, pagetoid reticulosis, and primary cutaneous anaplastic large
cell lymphoma are known for their clinical indolence, while others such as Sézary
syndrome (SS) and primary cutaneous natural killer/T-cell lymphoma have a more
aggressive clinical presentation.’
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The path to diagnosis is not straightforward due
to clinical heterogeneity and the absence of cutaneous
hallmarks. A lack of awareness of CTCL among general
practitioners and non-specialists adds to the diagnostic
barriersto timelymanagement.®Records of biobank datasets
show a median diagnostic latency between first symptom
development and initial diagnosis of approximately three
years in early ME*® Diagnostic ambiguity contributes to
prolonged misclassification, inconsistent management
strategies, and missed opportunities for early intervention,
underscoring persistent gaps in current diagnostic and
oncology care pathways. This perspective review aims to
address deficits in timely care by operationalizing machine
learning-derived classifiers, risk stratification, and therapy
response prediction. The prospective assignment of
patients to mechanism-based treatment pathways and
adaptive refinement of clinical decision models have the
potential to bridge key transitional gaps in treatment
options.

2. Clinical challenge: Cutaneous T-cell
lymphoma as an underestimated mimicker

The medical dictum “when you hear hoofbeats, think
horses, not zebras” often contributes to diagnostic delays.
Over-reliance on such principles can be misleading,
because early presentations often masquerade as “horses,”
referring to common conditions getting priority in clinical
triaging and work-up. The clinical challenges remain
high—the morphological appearance of CTCLs can bear
close resemblance to a broad spectrum of inflammatory
dermatoses.*” Early stages (e.g., IA, IB, IIA) of MF can
resemble common conditions such as psoriasis, atopic
dermatitis, secondary syphilis, and dermatophytic
infections, while late tumor presentations (e.g., IIB, IVB)
and SS simulate primary and secondary erythroderma.

Clinical assessment is further confounded by the
widespread use of topical corticosteroids, which can
substantially modify lesion morphology and obscure
characteristic features, limiting the reliability of bedside
diagnosis.® The typically indolent course of early MF often
promotes a conservative “watch-and-wait” approach,
accompanied by only moderate diagnostic vigilance.
However, the unpredictability of treatment responses and
relapse patterns adds considerable uncertainty to clinical
decision-making.

3. Diagnostic and discovery frameworks in
cutaneous T-cell lymphoma
3.1. Digital histology support

Diagnosing CTCL, especially in early stages, is challenging
because histologic findings (e.g., epidermotropism, atypical

lymphocytes, Pautrier microabscesses) are not individually
pathognomonic and may be absent or subtle, leading to
equivocal biopsy results and potential sampling error.>'° The
information obtained via traditional microscopic analysis
is limited and time-consuming for detailed interpretation.
Digital pathology data consist of curated repositories of
annotated digital slides linked to clinical metadata and can
transform diagnostic histopathology from a descriptive
discipline to a discovery platform. Whole-slide imaging
addresses limitations inherent to conventional glass-
slide review, including piecemeal assessment and cross-
sectional sampling bias, by producing high-resolution
images of entire tissue sections." This forms the substrate
for advanced computational analysis by aggregating large
numbers of CTCL cases across cohorts, enabling the
mechanistic linking of tissue and tumor characteristics.'?

Initiatives such as the Cutaneous Lymphoma
International Digital Pathology Registry serve as resource
centers that support the development of predictive models
for disease evolution and therapeutic responsiveness.'® It
was founded with the goal of providing a platform for the
development and validation of artificial intelligence (AI)-
based models to improve clinical care and outcomes in
patients with CLs. The Registry is governed by a Joint Data
Registry Agreement, which defines the legal, ethical, and
operational framework for the collaborative collection,
management, and use of data within the platform. This
framework is particularly important for rare diseases such
as CTCLs, where the development and validation of robust
Al models require large, multicenter datasets. Accordingly,
the Cutaneous Lymphoma International Digital Pathology
Registry serves as a structured collaborative consortium
that enables the development and validation of Al-driven
models based on shared real-world data from CL patients.
Such approaches pave the way toward personalized
pathology in CTCL, where histological complexity can be
systematically quantified and correlated with molecular
and clinical outcomes."

However, the diagnostic interpretation of CLs
remains critically dependent on clinical context and
the consideration of inter-regional variations. Global,
multicenter datasets are required to increase the
performance and generalizability of models. Whole-
slide imaging files are large and require computational
infrastructure for high-throughput analysis. Care is also
needed to ensure consistency in pathology workflow
systems.

In cases where histology remains inconclusive but the
clinical index of suspicion is high, establishing a diagnosis
beyond histology and immunophenotyping requires
additional tools. TCRG gene rearrangement analysis
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using polymerase chain reaction for clonality assessment
is a useful adjunct.’* Multiple studies have reported
that a majority of cases demonstrate T-cell monoclonal
rearrangements in 52-90% of well-established CTCL
cases.'s

Therefore, the real-world utility for mechanistic
inference is contingent not just on access to subvisual
morphometric phenotypes and high-quality image datasets
but also on the integration with other “layers” (Figure 1).

3.2.The need for multi-omics profiling in cutaneous
T-cell ymphoma

The factors influencing disease progression are not well
understood. Around 20-30% of MF cases progress to more
advanced disease, which is associated with worse five-year
survival rates.”” This is signaled by a transition from a T
helper 1-predominant toward a T helper 2-predominant
immune profile, and the loss of specific T-cell markers
(e.g., CD2, CD3, CD5, CD7)."** Rindler et al.** observed
consistent downregulation of six cutaneous biomarkers
(CXCR4, CD69, HSPA1A, ZFP36, IL7R, and TXNIP) in
lesions associated with disease progression or advanced-
stage progression.

The response rates of immunotherapy in advanced MF
and SS remain unpredictable, reflecting the heterogeneous
disease processes at local, cellular, and systemic levels. In
advanced CTCL, a computational multi-omics framework

identified molecular features that distinguished responders
from non-responders to monotherapy (anti-programmed
cell death protein 1) and combination therapy (anti-
programmed cell death protein 1 + interferon-y therapy).?!
Non-responders showed an enrichment of regulatory
CLA*CD39* T-cell subsets.” Serum levels of circulating
cell-free DNA in CTCL patients were found to be
significantly higher than in healthy controls and were
associated with a significantly worse prognosis.”

The use of single-cell RNA sequencing with T-cell
receptor profiling, together with clustering methods—
such as graph-based clustering and dimensionality
reduction—can reveal both intertumoral and intratumoral
heterogeneity.”> Markers (e.g., CCR4, KIR3DL2, DUSP2)
indicative of established MF and expressed among CD4*
MF central memory malignant cells suggest that early
therapeutic strategies may need to focus on central/
systemic routes, as opposed to tissue-resident phenotypes
of CD4* CTCL.*

Image-based biomarkers using mathematical models
to extract semi-quantitative and quantitative data for
radiomic analysis represent an additional emergent tool.
In inflammatory skin conditions such as Hansen’s disease,
lesions may show increased 18F-fluorodeoxyglucose
uptake because of hypermetabolic inflammatory activity,
potentially resulting in false-positive positron emission
tomography-computed tomography findings.*® Radiomic

Figure 1. Diagram illustrating the integrative diagnostic pathway from biopsy to mechanism-driven therapy in cutaneous T-cell ymphoma. Image created

by the authors.
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data alone, or in combination with clinical and genetic
profiles, may enable better classification and staging, as well
as the assessment of the need to escalate or de-intensify
treatment.”

3.3. Epigenetic plasticity and its role in tumor
development

An exciting paradigm lies in controlling the behavior
of the tumor microenvironment. By shifting immune
pathways, epigenetic restructuring could realign
transformed T cells.”” To date, several malignancy-
related epigenetic pathways, such as DNA methylation
and microRNAs (miRNAs)/onco-miRNAs (e.g., miR-
155 overexpression in advanced CTCL), have been
elucidated.”””® miRNAs are non-coding RNAs that regulate
post-transcriptional gene expression by binding to target
mRNAs. Their dual mechanistic action on oncogenic
(onco-miRNA) drivers and tumor-suppressive (anti-
miRNA) RNAs has important therapeutic implications
for the development of miRNA mimics and anti-miRNA-
based therapies.”” These agents enable the regulation of
tumor activity by “silencing” the overexpression of onco-
miRNAs and restoring the reduced function of anti-
miRNAs. An example is Cobomarsen (MRG-106), which
targets miR-155, a miRNA that utilizes locked nucleic acid
antisense oligonucleotide technology and has been shown
to restore gene expression and control tumor progression.*

4, Choosing the right treatment: An
integrative approach

4.1. Better cutaneous and extracutaneous targets

The conventional dichotomy of skin-directed therapy for
early disease and escalated chemotherapy for tumor stages
reflects a phenotypic heuristic that risks obscuring early
biological aggressiveness in CTCL.*! Attaining durable
remission states may require rethinking traditional,
compartmentalized treatment paradigms in favor of early,
concurrent modulation of cutaneous and hematologic
disease axes. Skin-directed approaches typically involve
topical agents, phototherapy, photodynamic therapy,
and total skin electron beam therapy for extensive areas.
Technical refinements in total skin electron beam therapy
that allow real-time motion control using optical surface
monitoring systems enable more rapid segmentation
and higher beam output, thereby improving treatment
efficiency.*

A  modular and integrative approach using
multidimensional datasets—including digital
histopathology, somatic genomic alterations, T-cell
receptor clonality, transcriptomic cytokine networks, and
epigenomic features (e.g., DNA methylation and chromatin

accessibility)—can reflect dominant biological states,
such as T helper 2 cell polarization or immune regulatory
suppression. Computational inference using network-
based analyses and multimodal machine learning can then
classify patients into mechanistically defined subgroups
with distinct therapeutic susceptibilities. Such an approach
can herald a shift away from a conventional reductionist
framework toward integrative, mechanism-informed
models that move beyond single-analyte-dependent
treatment decisions (e.g., reliance on biomarkers alone).

4.2. Challenges in integrating care pathways and
the need for multidisciplinary cutaneous T-cell
lymphoma teams

A major challenge of multi-omics technologies is cost,
because they require specialized instrumentation and
computational infrastructure for data processing and
storage. In addition, the lack of standardized protocols
for sample collection, processing, and data analysis can
lead to variability across studies, making results difficult
to reproduce or compare. Data integration also remains
complex, as combining diverse datasets requires advanced
bioinformatics tools and expertise that are not widely
available in clinical settings.

There is also a limited availability of large, well-
annotated patient cohorts needed to validate multi-
omic biomarkers. Translating multi-omics findings into
clinically actionable targets requires extensive validation
studies and regulatory approval, which can slow
implementation. With a multidisciplinary CTCL team
comprising dermatologists, histopathologists, oncologists,
nuclear medicine specialists, and digital pathology support
staff, the management of CLs may witness a paradigm shift
in protocols, leading to superior clinical outcomes, beyond
“watch-control-care”

5. Conclusion

Cutaneous lymphomas epitomize the challenge of rare
cancers. They remain diagnostically elusive and evade
timely detection, making therapeutics uncertain. Synergy
among interdisciplinary teams, digital pathology, multi-
omics approaches, and epigenetic targeting offers a
reframed perspective and a pivot toward management of
this challenging hematological malignancy involving the
skin. This premise could shift CTCL care from early-stage
diagnostic ambiguity to biologically informed strategies
that not only improve remission rates and symptom control
but also provide greater clarity toward curative potential.
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