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Simple Summary: Sézary syndrome (SS) is a leukemic and incurable variant of cutaneous T-cell
lymphoma characterized by the accumulation of neoplastic CD4+ lymphocytes in the blood, lymph
nodes, and skin. With the exception of allogenic transplantation, no curative chance is available to
treat SS, and it is a priority to find new therapies that target SS cells within all disease compartments.
This review aims to summarize the more recent analyses conducted on skin- and blood-derived SS
cells concurrently obtained from the same SS patients. The results highlighted that skin-SS cells were
more active/proliferating with respect to matched blood SS cells that instead appeared quiescent.
These data shed the light on the possibility to treat blood and skin SS cells with different compounds,
respectively. Moreover, this review recaps the more recent findings on the heterogeneity of circulating
SS cells that presented a series of novel markers that could improve diagnosis, prognosis and therapy
of this lymphoma.

Abstract: Sézary syndrome (SS) is an aggressive variant of cutaneous t-cell lymphoma characterized
by the accumulation of neoplastic CD4+ lymphocytes—the SS cells—mainly in blood, lymph nodes,
and skin. The tumor spread pattern of SS makes this lymphoma a unique model of disease that
allows a concurrent blood and skin sampling for analysis. This review summarizes the recent
studies highlighting the transcriptional programs triggered by the crosstalk between SS cells and
blood-skin microenvironments. Emerging data proved that skin-derived SS cells show consistently
higher activation/proliferation rates, mainly driven by T-cell receptor signaling with respect to
matched blood SS cells that instead appear quiescent. Biochemical analyses also demonstrated
an hyperactivation of PI3K/AKT/mTOR, a targetable pathway by multiple inhibitors currently in
clinical trials, in skin SS cells compared with a paired blood counterpart. These results indicated
that active and quiescent SS cells coexist in this lymphoma, and that they could be respectively
treated with different therapeutics. Finally, this review underlines the more recent discoveries into
the heterogeneity of circulating SS cells, highlighting a series of novel markers that could improve
the diagnosis and that represent novel therapeutic targets (GPR15, PTPN13, KLRB1, and ITGB1) as
well as new genetic markers (PD-1 and CD39) able to stratify SS patients for disease aggressiveness.

Keywords: cutaneous T-cell lymphoma; Sézary syndrome; blood and skin microenvironment; single
cell analysis; transcriptome; biochemical signals; immunophenotype; heterogeneity

1. Introduction

Cutaneous T-cell lymphomas (CTCLs) include a large spectrum of mature T-cell neo-
plasms characterized by the accumulation of neoplastic CD4+ T lymphocytes in the skin.

The most common subtype of CTCL is mycosis fungoides (MF), which represents 60%
of CTCL cases, while the much rarer variant is Sézary syndrome (SS), which accounts for
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approximately 5% [1]. The majority of patients with an early MF show a skin-restricted
infiltration of malignant cells and an indolent course [1], but about 15% of them can
progress toward advanced stages characterized by tumors and erythroderma and that
show a decreased survival at less than 5 years [2,3]. On the contrary, SS is a rare and
leukemic subtype of CTCL showing, ab initio, the simultaneous presence of neoplastic
lymphocytes mainly in the blood, lymph nodes, and skin.

The relationship between MF and SS is still debated. For a long time, SS was consid-
ered an aggressive form of MF, but growing data from genome analyses have demonstrated
specific chromosomal alterations occurring in MF but not in SS, and vice versa, suggesting
that they are two separate clinical entities [4]. These findings are also reinforced by the dif-
ferent transcriptomic profiles and cell surface markers expressed by MF and SS. According
to these data, Campbell et al. indicated that MFs arise from skin resident effector memory
(EM) T cells, whereas SS arises from central memory (CM) T-lymphocytes [5]. However,
the cell of origin of SS and MF is still undetermined.

Despite the great efforts to characterize SS pathogenesis, it remains an incurable
disease, with 5-year overall survival (OS) rates of 15% to 40% for stage IVA and of 0%
to 15% for stage IVB [2,6]. To date, most studies have explored the intrinsic molecular
features of SS, demonstrating that it is characterized by a complex profile of chromosome
aberrations [7-9] and a broad range of genes variously affected by somatic copy-number
alterations and somatic single-nucleotide variants that are involved predominantly in T-cell
activation and apoptosis, activation of NF-kB, JAK/STAT signaling, chromatin remodeling,
and DNA damage response [10,11].

More recently, attention has shifted toward extrinsic mechanisms that impact the patho-
physiology of cancer. Indeed, understanding how the tumor microenvironment sustains
neoplastic cells has become focal in cancer research [12]. Regarding CTCL, many reports
have already described the complex cellular interactions between malignant lymphocytes
and skin elements that play a key role in CTCL pathogenesis [13-17].

Unlike metastatic spread, cutaneous lymphoma dissemination does not reflect tumor
progression, but rather a conserved physiological behavior of neoplastic lymphocytes [18].
This characteristic indicates the strong dependence of these cells on the cutaneous niche that
supports their proliferation and survival through the release of nutrients and the induction
of cellular signals [19-23]. Tumor is a dynamic disease, and during its progression usually
acquires a greater heterogeneity. This implies that the original cancer cells acquire different
molecular signatures, generating an intratumor heterogeneity. Such a condition is the
greatest cause of failure in cancer therapies because the spatial and temporal genetic and
epigenetic diversity and/or plastic gene expression in cancer cells is often associated with
the mechanism of drug resistance [24]. A strong contribution to heterogeneity is also made
by the tumor microenvironment, which triggers distinct and specific signals to tumor cells.
This last aspect assumes a particular importance in CTCL, given the SS cells simultaneously
invade the bloodstream and the skin district, where they interact with keratinocytes, as well
as bystander stromal and immune cells [25]. The impact of fluid and solid environment on
tumor cells adds complexity to the disease and produces intratumor heterogeneity.

To provide a new perspective compared with the latest reviews on molecular hetero-
geneity and deregulated pathways found in CTCLs [26,27], here we focused on comparison
analyses performed between paired skin and blood samples of SS cells. Emerging data
describe the molecular signals triggered in these two SS cell subpopulations. Special
emphasis was also given to new insights into the transcriptional heterogeneity found in
blood-derived SS cells, highlighting new markers that could improve the diagnosis and
prognosis of this aggressive form of CTCL.

2. Blood and Skin Microenvironments Drive the Transcriptional Program and
Signaling of SS Cells

A role for the skin microenvironment in SS pathogenesis has long been hypothesized,
but its function in vivo is poorly known. Lately, some investigations have analyzed matched



Cancers 2022, 14, 2847 3of 14

blood- and skin-derived SS cells, revealing substantial differences between these two cell
subsets. In this section, we discuss the main results obtained so far (Figure 1).
Molecular signals emerging from comparison between paired skin and blood derived SS cells

FC analysis identified differential expression of chemokine and T-cell
homeostatic interleukins receptors (Roelens et al. 2017)

T CXCR3, CCR6, CCRI10, TL-2Ra, TL-15Ra
1 ccr4, 1L-7Ra

Transcriptional comparison highlighted differential T cell activation-,
TCR ligation- and mitogen-induced transcript genes (Herrera et al. 2021)

T PD-1, NR4Al, NR4A2, NR4A3, TNFRSF18, TNFRSF4, BRD2, REL,
DUSP2, DUSP4, GEM, CDKNIA

| KuF2, TCF7, Cp62L.

‘ Proliferation Index was evaluated FC and IHC (Cristofolerti et al. 2019)

T Ki67+ skin-SS cells

‘ PI3K/AKT/mTOR phospho activation levels were evaluated by WB and IHC (Cristofoletii et al. 2019)

T pmTOR(Ser2481), pP70S6K(Thr389), pPRAS40(Thr246), pBAD(Ser112), pPDK1(Ser241),
PSORP(Ser235/236)

WB, western blotting; FC, flow cytometry; IHC, immunchistochemistry

4 Genes up-regulated in skin v blood S8 cells

'+ Genes down-regulated in skin vs blood SS cells

Figure 1. Molecular signals emerging from comparison between paired skin- and blood-derived SS
cells. Comparison analyses performed between paired skin- and blood-derived SS cells highlight the
molecular signals triggered in these two SS cell subpopulations.

Roelens et al. were the first authors who studied this aspect [28]. In a study of
16 SS patients, they observed that compared to blood SS cells, matched skin SS cells showed
a more activated phenotype with a deregulated expression of interleukin receptors such
as CD25 (IL-2R), CD215 (IL-15R), and CD127 (IL-7R), suggesting that skin SS cells have a
major proliferative and survival advantage in response to specific interleukins involved
in SS pathogenesis. These authors demonstrated that skin SS cells also displayed a higher
expression of chemokine receptors such as CXCR3, CCR6, and CCR10, whereas CCR4
resulted in downregulation, a finding that could explain the lower efficacy at the skin level
of mogamulizumab, a therapeutic anti-CCR4 monoclonal antibody [29].

The recent development of single-cell approaches has allowed the analysis of the
transcriptomes, cell surface markers, and genomes of individual cancer cells with un-
precedented resolution. For example, Herrera et al. [30] recently employed a multimodal
approach that allowed the detection of the T-cell receptor (TCR) clonality (TCR  CD3),
single-cell transcriptome, and surface protein expression, as well as genetic analyses based
on copy-number variations (CNVs) on matched skin and blood samples derived from
five SS patients [30]. The authors proved that matched skin- and blood-derived SS cells
shared the same TCR clonotypes, demonstrating that the same neoplastic lymphocytes
could be distributed in both tumor environments. Transcriptional analyses highlighted
that blood SS cells contained several clusters characterized by different expression pro-
files (high transcriptional heterogeneity), whereas skin-derived SS cells mainly clustered
together, revealing a more homogeneous expression profile (low transcriptional hetero-
geneity) (Figure 2). Phylogenetic analyses suggested a continuous migration of SS cells
between the skin and blood, rather than a monodirectional migration predicted for a tissue
of origin of the disease [30].
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Blood derived SS cells

Intra-tumor heterogeneity of Sezary cells

Skin-derived SS cells

Low proliferation index (Cristofoletii et al. 2019) High Proliferation index (Cristofoletii et al. 2019)

Transcriptional quiescent status (Herrera et al. 2021)
High transcriptional cell heterogeneity (Herrera et al. 2021)
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High transcriptional activation status (Herrera et al. 2021)
Low transcriptional cell heterogeneity (Herrera et al. 2021)

Central Memory

Phenotypic heterogeneity of blood-derived SS cells
Central Memory, Naive, Stem-cell memory, Transitional memory,
Effector memory and Treg-like phenotypes of circulating SS cells
(Roelens et al 2018, Borcherding et al. 2019, Buus et al. 2018, Najidh et al. 2021)

Long-term cell cultures -

Patient-Derived Xenograft (PDX)
SS cells heterogeneity evaluated by long-term cell culture and
by PDX mouse model (Poglio et al. 2020)

Figure 2. Intratumor heterogeneity of Sézary cells. Skin- and blood-derived SS cells showed dif-
ferences in proliferation capacity, expression of activation markers, and level of transcriptional
heterogeneity. Blood SS cells showed phenotypic heterogeneity, which also was evaluated under
specific culture conditions and in the PDX mouse model.

Thus, the high and low transcriptional heterogeneity found in blood- and skin-derived
5SS cells may be caused by a reprogramming of SS cells due to their passage from one tumor
environment to another. For example, from blood, where they overcome hemodynamic
forces and interact with blood cells, to skin, where they interact with stromal and immune
cells, or vice versa. By performing a transcriptome comparison, the authors also proved that
skin SS cells were associated with a more activated phenotype, with a strong upregulation
of several transcription factors induced by T-cell activation, TCR ligation, and mitogens,
including regulators of the cell cycle (Figure 1). Among these, the activated status of skin SS
cells was associated with a consistent upregulation of PD-1 and with a greater proliferative
capacity than that observed in paired circulating cells, as also demonstrated by Cristofoletti
et al. [31]. Conversely, the quiescent status of blood SS cells was linked to KLF2, TCF7,
and CD62L overexpression, consistent with their role in T-cell resting [32-34] (Figure 1).
It should be noted that PD-1 is an inhibitory receptor that is upregulated following T-cell
activation, with the aim of avoiding the damage of cell hyperactivation, and thus assuming
an exhaustion role [35]. Therefore, the PD-1 overexpression found in skin SS cells compared
with paired blood SS cells seems to reflect their activation status [30].

Overall, these experiments conducted on paired skin-blood SS cells revealed which
molecular drivers are requested to arrange the tissue distribution of SS cells. They also
indicate the possibility of using drugs, administrated simultaneously or in sequence, that
are able to interfere with resting blood SS cells and proliferating skin SS counterparts.

3. Skin SS Cells Exhibit a Hyperactivated PI3K/AKT/mTOR Signaling Compared to
the Matched Blood Counterpart: Spotlight on Skin Microenvironment

Activation of CD4+ T cells upon engagement of the TCR and costimulatory recep-
tors lead to changes in expression profiles, remodeling of the T-cell proteome, and dif-
ferentiation into effector CD4+ T-cell subpopulations [36]. TCR pathway alterations are
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frequently observed in SS [7,9,37-40]. Engagement of TCR activates, among others, the
PI3K/AKT/mTOR pathway, leading to T-cell proliferation, survival, and differentiation, as
well as cytokine production [41].

Throughout the years, many investigations proved that PI3K/AKT/mTOR signaling
is strongly involved in SS pathogenesis. Early genomic studies demonstrated that PTEN,
the major antagonist of PI3K/AKT signaling [42], is frequently deleted at the monoallelic
level in both MF [43] and SS, in which PTEN is also downregulated by miR-21, miR-
106b, and miR-486 [44]. More recently, our study investigated the CNVs of members
belonging to this cascade in 43 SS patients highlighting recurrent alterations; namely, a loss
in tumor suppressors such as LKB1 (48%), PTEN (39%), and PDCD4 (35%), and a gain in
the proto-oncogene P70S6K (30%). Each of these CNVs, whether evaluated individually or
in combination, was associated with the reduced survival of SS patients [31]. It was notable
that these genetic alterations were differently distributed among patients, thus contributing
to the interpatient heterogeneity.

According to these results, the therapeutic efficacy of PI3K/mTOR inhibitors was
found to be variable among patients and correlated with their genomic status, thus con-
firming the strong impact of heterogeneity in the clinical course of SS patients as well [45].

Functional experiments demonstrated that many cytokines and growth factors de-
tected in SS skin lesions are able to activate PI3K/AKT/mTOR signaling. The first evidence
came from Marzec M. et al. [46], who demonstrated that IL-2 triggered this pathway in
activated primary SS cells and that its inhibition, obtained via treatment with the mTORC1
inhibitor rapamycin [46,47], was able to block SS cell growth in vitro [46] as well in a
xenograft T-cell lymphoma mouse model [48].

Other investigations have been performed in this direction: Murga-Zamalloa et al. [49]
studied the interaction between CTCL cells and lymphoma-associated macrophages known
to play a critical role in disease progression, and demonstrated that autocrine colony
stimulating factor 1 (CSF1) activated AKT/mTOR signaling and promoted T-cell lymphoma
viability. Activation occurred upon binding to the CSF1 receptor, which is highly expressed
by both macrophages and lymphoma cells.

It is also interesting that the IL-31/IL-31 receptor axis involved in the mechanism
of itch, which is one of the worst symptoms of SS [50], is capable of driving PI3K/AKT
signaling in a plethora of skin diseases [51].

Immunohistochemistry confirmed that this pathway is activated in skin-infiltrating SS
cells by the detection of high levels of phosphorylated forms of AKT, mTOR, P70S6K, S6RP,
and 4EBP1 [46,52]. We further deepened this aspect [31] by demonstrating a higher phos-
phorylation level of these proteins, particularly of mTOR, as well as a greater proliferation
index in skin-derived SS cells when compared to blood-derived SS cells concurrently ob-
tained from the same patients (Figure 1). We also proved that SDF-1 and CCL21 chemokines,
both overexpressed in SS tissues [53-56], induced mTORCT1 signaling activation, cell prolif-
eration, and Ki67 upregulation in primary-SS cells and in a SS-derived cell line.

The skin-blood comparison approach therefore demonstrates how the skin upreg-
ulates PI3K/AKT/mTORCI signaling, and indicates a strategy for discovering new bio-
chemical signals that support the growth and expansion of potentially compound target SS
cells (Figure 1).

4. Recent Advances in Intratumor Heterogeneity in Circulating SS Cells

High-throughput technologies such as RNA sequencing (RNA-seq) represented a
turning point for in-depth exploration of tumor heterogeneity. There are essentially two
methods of RNA-seq: bulk RNA-seq and single-cell RN A-seq (scRNA-seq). Bulk RNA-seq
provides for each transcript, an average expression level in the sample, which may comprise
different cell types [57]. Conversely, scRNA-seq is able to detect genes expressed even in
small subclones within bulk RNA-seq. Thus, it provides a higher resolution of cellular
differences and a better understanding of the function of an individual cell in the context of
its microenvironment.
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Recently, several different high-throughput techniques such as flow cytometry [28,58,59],
TCR sequencing [60,61], TCR clonality, and surface protein expression have been used
in combination with RNA-seq or scRNA-seq analyses to gain further insights into cell
heterogeneity and the dysregulated gene expression emerging from SS cells.

The first of these new studies, which combined phenotypic characterization with RNA
expression, was conducted by Roelens M. et al. [28]. Using an eight-color flow cytometry,
the authors characterized circulating SS cells from 45 patients using TCR Vb+CD158k+
or CD158k+ (KIR3DL2) staining in combination with other specific T-cell markers. They
observed that clonal SS cells were not uniformly associated with a CM phenotype, but
they included minor fractions of naive (TN), transitional memory (TTM), effector memory
(EM), and stem-cell memory (TSCM) clonal subpopulations. This last subpopulation was
characterized by FAS receptor expression (CD95) that influenced the cellular apoptotic
resistance [62,63], as reported in adult T-cell leukemia [64]. This investigation highlighted
for the first time the great diversity of clonal SS cells, shedding light on the concept of
phenotypic SS cell heterogeneity (Figure 2).

In an attempt to find a specific SS cell expression signature, the authors then compared
the transcriptional profiles of TN, TCM, and TSCM SS cells derived from three patients with
healthy cell counterparts derived from three healthy donors. The results revealed a common
signature among all SS cell subpopulations, represented mainly by the overexpression
of CD158k, T-plastin, and Twist. These results could have been partly influenced by the
positive selection of malignant lymphocytes based on CD158k staining, a marker that does
not appear to be exclusive to SS cells, as observed in more recent investigations [65,66].

In another study, Borcherding et al. [60] combined scRNA-seq and T-cell receptor
sequencing analyses in matched isolated SS cells and normal CD4+ cells derived from
one SS patient. Based on mRNA expression, the authors distinguished six clusters within
normal CD4+ cells that appeared to be mainly associated with a naive phenotype, and five
clusters within SS cells that contained a phenotype consistent with CM-T cells. Each cluster
found was defined by the expression of the top 5-7 genes. To identify novel markers and/or
therapeutic targets of SS, the authors compared the transcriptome of paired malignant and
normal cells by highlighting a series of differential expressed genes. Among these, they
found two novel markers for SS; namely, SAMSNT1, previously reported as involved in
resistance to IFNa, a key drug in CTCL treatment [67]; and TSPAN2, which is involved
in the migration of lung cancer [68]. The five clusters emerging from the malignant cells
showed different expression profiles, allowing the authors to trace the SS cells’ trajectory.
Using this analysis, the SS cells appeared to evolve from FOXP3+ to GATA3+ or IKZF2+
(Helios) cells, possibly in response to environmental factors, such as Staphylococcus aureus
infection [69]. Using an artificial-intelligence-based algorithm, the expression of these
genes was also investigated in a large dataset of CTCL patients, demonstrating that the
most predictor of CTCL early stage was FOXP3, the principal transcription factor for the
Treg T-cell phenotype. These data provide new elements of the still-debated phenotype
similarity between SS cells and Treg cells, and suggest that SS cell plasticity from Treg to a
CM phenotype could be addressed by microenvironment signaling(s) (Figure 2) [60,70,71].

Overall, these results seemed to outline a change in the transcriptional profile during
SS disease progression, and suggested a hypothesis that SS patients can be stratified
for prognosis according to the percentage of Treg-like SS cells found within their clonal
cells [70,72].

Najidh et al. [59] also performed an RNA-seq analysis on purified subsets of SS cells
(mainly represented by CM and naive phenotypes) and normal CD4+ T cells obtained
from the same three patients and purified using a FACS cell sorting. By comparing SS and
normal CD4+, the authors identified a specific common signature for SS cells. Their gene
ontology analysis highlighted downregulated genes involved in an adaptative immune
response, while many genes implicated in cell adhesion, migration, and signaling appeared
to be upregulated. Among these, the authors found a strong and significant downregula-
tion of THEMIS and LAIR1, which are involved in the positive selection of thymocytes.
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Interestingly, these two genes were also implicated in adult T-cell leukemia, which suggests
a shared pathogenetic mechanism with this leukemic variant.

In an attempt to find a common cell signature among SS cell subpopulations, we
performed a Venn diagram analysis using three lists of differentially expressed genes
between SS cell subsets and healthy controls that emerged from the studies presented
above [28,59,60] (Figure 3).

Shared and unique deregulated genes between malignant and normal CD4* cells

in three high-throughput studies

Roelens et al. 2017 )

‘ Borcherding et al. 2019

2

N\
.+

y
Najidh et al. 2021 4

y Roelens et al. 2017 64 RAB31, IL6ST, FAM129A, CYBB, LYN, ANXA2, DUSP6, HNRNPLL, CDCA7L,

Authors Gene Numbers Gene Symbol
Borcherding et al. 2019 3 ITGB1, GPR15, CCR4
Roelens et al. 2017
Najidh et al. 2021 2 PTPN13, KLRB1
Roelens et al. 2017
\ Borcherding et al. 2019 4 KIR3DL2, DPP4, PLS3, TOX

Najidh et al. 2021

RGS2, C5AR1, EEA1, MPEG1, CERS6, FOXP1, FGL2, CCL4L2, SYT11, ACTNI,
ILI13RAI1, TBXAS1, TAF4B, PLXDC2, ANPEP, IF130, CD74, GZMA, OLRI,
TYROBP, FAM49A, HLA-DRA, HLA-DMA, SLC7A11, NFATC2, PECAMI1, CD58,
TGFBR3, HLA-DRB1, HLA-DRB4, NETO2, FCGR3A, CD38, ANXA2P2, PRDMI,
THBS1, HLA-DRBS, FPR3, SLAMF7, CSFIR, MYO1F, NOG, CXCL16, HLA-DRB6,
LRRN3, PLEK, FCER1G, LPCAT2, RNASE6, CCR1, B3GALT2, FCL3, LYZ, TCF7,
IGFS6

Borcherding et al. 2019 32 TSPAN2, CCDC167, MBP, HACD1, SOINT2, CD7, LAT, ICAM2, JUNB, CDS8A,
LMNA, KIR3DL1, SAMSN1, YWHAH, PTTG1, ID2, COL6A2, DUSP1, HPGD,
NEDDAL, CD70, SKAP1, PDCD1, AHNAK, CD4, MGAT4A, ISG15, GATA3,
LINCO11480, PCSKIN, ESPN, CD5

Najidh et al. 2021 22 TWIST, CDO1, TNFSF9, CCR5, WWC2, NPAS3, CCL5, DNM3, PDE3A, THEMIS,
RNF130, HDAC9, DNM30S, MET, LAIR1, STAT4, SPART, TMEM273, SYTL2,
PRKD3, AUTS2S, GNAO1

Figure 3. Shared and unique deregulated genes between malignant and normal CD4+ cells in three
high-throughput studies.

We highlighted nine shared genes. Among these, CCR4, DPP4 (CD26), TOX, PSL3,
and KIR3DL2 were already widely described in SS [73,74]. The remaining four genes are
less known, and all resulted in upregulation in SS; they were: GPR15, a G protein-coupled
receptor that has been implicated in T-cell trafficking and chronic inflammation [75,76];
PTPN13: a tyrosine phosphatase family protein involved in cell growth and differentiation,
the mitotic cycle, and oncogenic transformation [77]; KLRB1 (CD161), a killer cell lectin-like
receptor that represents a promising immune checkpoint receptor [78] involved in T-cell
proliferation and inhibition of natural killer cell cytotoxicity; ITGB1: a receptor implicated
in proliferation, invasion, angiogenesis, immune response, and therapeutic resistance [79],
which are of importance in immunotherapeutic strategies [80].

Overall, these novel genes might be useful as diagnostic factors for SS, and have
relevant therapeutic implications in curing this lymphoma.

5. Intratumor Heterogeneity Influences the Drug Resistance in SS: A Possible Tool to
Orient the Therapies In Vivo

As already mentioned, intratumor heterogeneity is an important factor in resistance or
sensitivity to therapies. This aspect was recently analyzed by Buus et al. [58] in 11 samples
from SS patients. Malignant cells were identified by their expression of a dominant TCR
Vb rearrangement, and further characterized through 240 surface markers detected using
multicolor flow cytometry. The results revealed that the SS cells encompassed different
subpopulations within the same sample, exhibiting a distinct combination of surface
markers mainly associated with a T-CM, naive, and stem-cell memory T-cell phenotype
(Figure 2). SS subpopulations derived from different patients were then analyzed for
expression of 110 T-cell-related genes, also revealing a high heterogeneity across patients.
Conversely, a cluster of five genes were highly expressed by most malignant cells. These



Cancers 2022, 14, 2847

8 of 14

included the two novel cancer-related genes S100A4 and S100A10, both with various
functions in tumor development and drug resistance, and the three genes IL7R, CCR7, and
CXCR4 involved in tumor growth and migration pathways. The authors then focused on
the relationship between malignant heterogeneity and drug resistance by treating PBMCs
from six patients with two histone deacetylase inhibitors (HDACi); namely, vorinostat
and romidepsin, both approved by the Food and Drug Administration for refractory or
relapsed CTCL [81,82]. The changes in the malignant subpopulations were then followed
in vitro. Authors observed that malignant cells from all patients responded to treatments
in a dose-dependent manner. However, the effects of HDACi exposure varied strongly
among the patients analyzed. Indeed, although most malignant cells were eliminated by
the drugs, some cell subpopulations remained unaffected by treatment. This approach
could be useful for evaluating therapeutic efficacy and drug resistance in patients during
therapy. To evaluate this aspect in depth, the drug sensitivity of PBMCs derived from SS
patients under specific therapies should be assessed in vivo.

Very recently, Poglio et al. [83] addressed the aspect of tumor heterogeneity using long-
term cell culture experiments and patient derived-xenograft (PDX) animal models. They
cultured circulating SS cells derived from four patients under six defined culture conditions,
and observed a large phenotypic heterogeneity within the clonal SS cells derived from each
patient. They also noted that each SS sample only grew under specific culture conditions
regardless of the original phenotype of SS subpopulations, suggesting that each sample
could be related to different cells of origin or levels of maturation. These data further
underlined the concept of interpatient heterogeneity and showed the critical role of the
microenvironment in the growth efficiency of SS cells.

The authors also engrafted the SS cells into immunodeficient NOD scid gamma (NSG)
mice. Using cell cultures and PDX models, the authors obtained novel SS cell lines that
better represented each patient’s cell heterogeneity, despite it being reduced compared
to the original SS cell composition (Figure 2). This heterogeneity reduction seemed to be
generated by a mechanism of selection, rather than phenotypic plasticity.

Interestingly, preclinical tests using different drugs on these SS cell lines confirmed
the critical role of heterogeneity in the therapeutic efficacy as well, as described by Buus
et al. [58]. This study is of particular relevance because it may overcome the low efficiency
of long-term SS cell culturing and the substantial lack of a standardized animal model to
test the therapeutic efficacy in SS patients [84].

6. Beyond Genetic Interpatient Heterogeneity: What Is Next?

In the last decade, a consistent number of studies identified a heterogeneous complex
scenario of genomic alterations and/or focal deletions of importance in the diagnosis
and prognosis of SS [7,37,74,85]. These studies revealed a high interpatient heterogeneity
demonstrated by a plethora of different chromosomal alterations associated with each
patient. Among these, the most common were copy-number variations in chromosome
8q and isochromosomes 17q, 10q, 2p, 11q, and 9p [11,86]. At the gene level, the main
drivers were TP53, RB1, PTEN, DNMT3A, ARID1A, CDKN2A, CDKN1B, and ZEB1 tumor-
suppressor genes, all of which were lost or inactivated [9,11]. Genomic diversity in SS
also involves multiple pathways, mainly including the T-cell receptor, NF-kB, JAK/STAT
signaling, apoptosis, chromatin remodeling, and DNA damage response [11,37,87].

The integration of genomic data with functional analyses is highlighting novel and
specific genetic markers able to stratify SS patients for therapeutic treatments and prog-
nosis. Using this approach, Park et al. [61] demonstrated that the genomic status of PD-1
determined the level of SS cell exhaustion, and stratified the patients based on their SS
cell proliferation ability. After stimulating the SS cells with TCR agonists, these authors
observed that some samples, which were defined as “fully exhausted”, did not proliferate
at all. They showed an increased expression of inhibitory receptors such as PD-1 and TIGIT,
as well as CD39 [88,89], and produced the CXCL13 chemokine, but not IL-2.
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In the second group, which was defined as “moderately exhausted”, the samples
showed a modest proliferative response, and produced CXCL13 and IL-2 and expressed
PD-1, TIGIT, CTLA4, and LAG3, but not CD39.

In contrast, “not-exhausted” SS cells were characterized by a high proliferative ability
and by production of consistent levels of effector cytokines. These samples displayed a
low PD-1 and TIGIT expression, harbored the PD-1 gene deletion, and showed an up-
regulated cell-cycle transcriptional signature driven by the FOXM1 transcription factor.
Using a mouse model, the authors proved that PD-1 deletion was sufficient to reverse
the exhaustion phenotype [61,90]. Genetic analyses conducted on a greater number of SS
samples demonstrated that PD-1 loss was more frequently found in highly proliferating
samples (not-exhausted), and that this deletion correlated with a worse clinical feature and
poor overall survival.

This study suggested that PD-1 genomic status could help stratify CTCL patients
based on disease aggressiveness and become a useful marker for selecting patients for
anti-PD-1/PD-L1 immunotherapies. Since these therapeutic approaches are effective for a
discrete percentage of CTCL patients (overall response rate of 38%) as demonstrated in a
phase II study [91], the evaluation of PD-1 status might be useful in selecting the responder
patients before clinical enrollment (ClinicalTrials.gov: NCT03385226, NCT04118868).

Another example of a genetic marker of interpatient heterogeneity is CD39, which,
as mentioned above, was found to be coexpressed with PD-1 in the “fully exhausted” SS
samples. CD39 is an ectonucleotidase that is responsible, together with CD73, for a cascade
of events to convert proinflammatory ATP into immunosuppressive adenosine in the tumor
microenvironment [92]. Interestingly, CD39 expression is genetically controlled by the SNP
rs10748643 A /G within the promoter region of the CD39 gene [93], as demonstrated in Treg
cells [94], peripheral activated CD4+ T cells [95], tumor-infiltrating CD8+ T cells [96], and
SS cells, as we recently established. In this study, we observed that individuals carrying
the A/G-G/G genotype showed a significantly higher frequency of clonal CD4+CD39+
SS cells (CD39"8h) compared with A/A patients (CD39!°%). Conversely to what was
observed in solid tumors, we also noted that high CD39 expression correlated with a better
prognosis, a finding that, in our cohort of 47 SS patients, appeared to be justified by the
increased apoptotic susceptibility and reduced production of IL-2 found in the CD39Mish
SS cells when compared with the CD39!°% SS cells [97]. These results indicated that PD-
1 and CD39 represent novel genetic markers that can orient the therapeutic choices for
stratified patients.

7. Conclusions

SS represents an ideal model for understanding the effects of blood and skin microen-
vironments on lymphoma cells. The recent combination of high-throughput analyses has
allowed the investigation of skin- and blood-derived SS cells concurrently obtained from
the same SS patients. Emerging data proved that skin-derived SS cells showed consis-
tent higher activation/proliferation rates, mainly driven by TCR signaling, as well as a
more homogeneous transcriptional profile with respect to blood SS cells, which appeared
quiescent. This comparative approach provided a base for understanding the molecular
drivers requested to arrange the skin-blood distribution of SS cells; it also shed light on
the potential use of drugs, administrated simultaneously or in sequence, that are able to
interfere with resting blood SS cells and proliferating skin SS counterparts.

A biochemical comparative approach performed using paired skin-blood SS cells also
demonstrated an hyperactivation at the skin level of PI3K/AKT/mTOR, a pathway that
can be targeted by multiple inhibitors currently in clinical trials. So, this method also might
be useful in addressing targeted therapy and in discovering novel biochemical signals that
support the growth and expansion of SS cells that can be targeted by specific treatments.

RNA-seq and scRNA-seq analyses combined with high-throughput techniques to
investigate TCR clonality and genetic and surface protein expression have demonstrated a
consistent intratumor heterogeneity, as highlighted by distinct blood SS cell subpopulations
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found within the bulk SS cells derived from single patients. These subpopulations were
mainly represented by CM, naive, EM, and stem CM clonal subsets. Each of them was
associated with a specific transcriptional profile, although a cluster of four novel common
genes—GPR15, PTPN13, CD161, and ITGBl—resulted in downregulation when compared
to healthy controls, as emerged in our Venn diagram. These markers might represent novel
genes that are useful as diagnostic factors for SS, with relevant therapeutic implications.

The SS cell subpopulations characterized by specific transcriptional and phenotypical
profiles are also particularly useful in the identification of drug-resistant cell sub-sets that
contribute to therapy failure. Thus, the assessment of drug sensitivity of PBMCs derived
from SS patients under specific therapies might help to evaluate therapeutic responses or
sensitivity in vivo.

Intratumor heterogeneity of blood-derived SS cells can be investigated by culturing
patients’ SS cells for a prolonged time (long-term cell culture) or by transplanting them into
NSG mice. The emerging SS cell lines better represent the original SS cell heterogeneity, and
they can be used to test drug efficacy. Therefore, this approach can potentially overcome
the lack of an SS animal model for preclinical studies.

Finally, despite the high interpatient heterogeneity largely described for SS, new
explorations have discovered that PD-1 genomic status, as well as gene-driven CD39
expression (SNP_rs10748643), represent two novel genetic markers that are able to stratify
SS patients by disease aggressiveness and potentially guide such patients to therapies.

8. Summary

Compared with paired blood SS cells, skin SS cells showed: (1) a higher activation/
proliferation rate mainly driven by TCR signaling; and (2) hyperactivation of PI3K/AKT/
mTOR, a pathway targetable by multiple inhibitors currently in clinical trials.

The new insights regarding the transcriptomic heterogeneity found in blood SS cells
underline novel markers commonly expressed by clonal SS subsets that can improve the
diagnosis and prognosis of and therapy for this lymphoma.
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