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Abstract
Sézary Syndrome (SS) is a rare aggressive epidermotropic cutaneous T-cell lymphoma (CTCL) defined by erythroderma,
pruritis, and a circulating atypical CD4+ T-cell clonal population. The diversity of Sézary cell (SC) phenotype and genotype
may reflect either plasticity or heterogeneity, which was difficult to evaluate dynamically until the achievement of long-term
SC expansion. Therefore, we developed six defined culture conditions allowing for the expansion of SC defined by their
phenotype and monoclonality in four of seven SS cases. Engraftment of SC through the intrafemoral route into
immunodeficient NOD.Cg-Prkdc(scid)Il2rg(tm1Wjll)/SzJ (NSG) mice was achieved in 2 of 14 SS cases. Secondary
xenograft by percutaneous injection mimicked most of the features of SS with dermal infiltration, epidermotropism, and
blood spreading. These models also allowed assessing the intra-individual heterogeneity of patient SC. Subclones sharing
the same TCR gene rearrangement evolved independently according to culture conditions and/or after xenografting. This
clonal selection was associated with some immunophenotypic plasticity and limited genomic evolution both in vitro and
in vivo. The long-term amplification of SC allowed us to develop eight new SC lines derived from four different patients.
These lines represent the cell of origin diversity of SC and provide new tools to evaluate their functional hallmarks and
response to therapy.

Introduction

Sézary Syndrome (SS) is a rare and aggressive cutaneous
T-cell lymphoma (CTCL) defined by erythroderma with a

circulating atypical CD4+ T-cell clone. By definition,
blood involvement is high with B2 stage (i.e., CD4+CD7-
cells or CD4+CD26- cells or other aberrant phenotype
≥1000/μL in the presence of a relevant T-cell clone in
blood) [1]. New criteria to assess the B2 stage have been
evaluated to achieve interlaboratory reproducibility for SS
diagnosis [2]. The ability of Sézary cells (SCs) to circulate
is supported by their central memory T-cell phenotype
(CCR7+ CD45RO+ CD45RA-CD62L+) and their skin
homing properties based on the expression of specific
molecules, such as CCR4 and CLA [3]. However, recent
data suggest that SCs are not restricted to a central
memory phenotype but are either heterogeneous in their
cell of origin or differentiation stage according to the
expression of markers characteristic of stem cell memory
(TSCM), central memory (TCM), effector memory (TEM),
and naive or transitional memory (TTM) T cells [4, 5].
Their heterogeneity at the single-cell level is also impor-
tant to understand variable responses to treatments, such
as HDAC inhibitors [6]. In addition to their phenotypic
diversity, SCs show a heterogeneity of mutations invol-
ving oncogenes, tumor suppressor genes, or epigenetic
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modulators with a mixture of drivers and passenger events
at various rates [7–9]. Their different allelic frequencies
would suggest that the monoclonal T-cell population may
contain different subclones with specific properties
according to quiescence, stemness, or proliferation, as
supported by a heterogeneous single-cell transcriptional
profile of CTCL [10].

So far, the biological characterization of SCs has been
impaired by the lack of reproducible in vivo and in vitro
models. A murine model was developed after injection of
MBL2 T lymphoma cells followed by inflammatory peptide
inoculation into the ears, resulting in a local development of
lymphoma [11]. More recently, an original murine model of
IL-15 transgenic mice harboring some CTCL features within
4 to 6 weeks of birth (including full-body, scaly erythematous
plaques/patches, exfoliative dermatitis, ulcerations, severe
pruritus, and increases in peripheral white blood cell) was
developed [12]. For human models, few HTLV-1 negative
SC lines are available (Sez/SZ4, HUT78/H9, and SeAx) and
do not represent SC diversity [13–15]. Moreover, a fully
relevant model of SS with both skin and blood involvement
was never achieved using these cell lines, despite the use of
different sites of injection and mouse recipients (NOD SCID
IL2γc-/-, CB17 SCID beige) [16–18]. Only two groups
recently obtained patient-derived xenograft (PDX) from three
SS cases with migration to the skin and epidermotropism after
intravenous injection of SC [19, 20]. Among established cell
lines, percutaneous injection of Sez4 and SeAx cell lines
failed to engraft, whereas HUT78 cell injection led to local
tumorigenesis without cell migration to other tissues [21].
Recently, we developed a robust model of intrahepatic
injection of several CTCL lines achieving both successful
hepatic engraftment for 80% of cell lines and dissemination to
several organs such as spleen and kidneys, but without skin
infiltration [22].

In this study, we established new in vitro culture con-
ditions and a PDX model to achieve SC expansion from
fresh patient cells. These models confirmed genomic and
immunophenotypic interindividual diversity and revealed
different subpopulations among original clonal T cells
within the same patient. Establishing eight new SC lines
corresponding to several SC differentiation stages also
provides novel tools to characterize SC hallmarks.

Materials and methods

Patient characteristics and human Sézary sample
processing

Blood samples from 14 adult patients with SS
T4NxMxB2 stage (at one time of illness) were collected at

the Oncodermatology Department (Bordeaux, France)
(Supplementary Table S1). Patients provided informed
consent in accordance with the Declaration of Helsinki and
national ethics rules. The institutional review board of our
institution approved the manipulations of Sézary samples
(DC-2008–412). Peripheral blood mononuclear cells
(PBMCs) were isolated by Pancoll centrifugation, immuno-
phenotyped, and used directly or frozen in fetal calf serum
containing 10% DMSO.

Flow cytometry

Antibodies used for immunolabeling are described in
the Supplementary methods. SCs were identified based on
TCRVβ+CD4+ CD3+ CD8- cell surface expression in
normal mature T cells by Fluorescence-Activated
Cell Sorting (FACS) using a Canto II cytometer (BD
Biosciences) with FACS Diva Software. For in vitro
manipulation, SCs were sorted using an ARIA II cell sorter
(BD Biosciences, Le Pont de Claix, France).

TCRγ rearrangements

The human TCR gamma gene rearrangement was studied
using the BIOMED-2 protocol, as described previously
[23].

Mouse models

PBMCs from primary patient samples were injected intra-
femorally or percutaneously (1 × 106 cells/mouse unless
otherwise specified) in immunodeficient NOD.Cg-Prkdc
(scid)Il2rg(tm1Wjll)/SzJ (NSG) mice (from the Jackson
Laboratory). The monitoring of mice engraftment and tissue
analyses are described in the Supplementary materials and
methods.

Culture of patient SCs

SCs purified by FACS were co-cultured with or without
MS5 or MS5-Delta Like 1 (MS5-DL1) stromal cells, as
described previously [24]. MS5 and MS5-DL1 cells were
kindly provided by Dr F Pflumio (U1274 INSERM, Fon-
tenay-aux-Roses, France). These culture conditions were
adapted by adding cytokines (mix A: IL-2 [25 ng/mL], IL-4
[17.5 ng/mL], phytohemagglutinin (PHA) 1%, and mix B:
IL-7 [10 ng/mL], IL-15 [10 ng/mL]). Cells were collected
weekly from individual wells, counted, and then re-plated in
the appropriate culture conditions for 4 weeks. To obtain
SC lines, we selected the culture condition providing the
highest proliferation rate for further expansion for at least
6 weeks.
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SC line treatments

One million cells from SC lines (L1, L2, L4, L5, and L7)
were plated per six-plate well and treated for 48 h with
romidepsin (10 nM), doxorubicin (20 nM), and vorinostat
(3 µM) [25, 26]. For Annexin V+/Hoechst- (A+/H−),
Annexin V-/Hoechst+ (A−/H+), and Annexin V+/
Hoechst+ (A+/H+) cell detection, cells were stained with
Annexin V-PE (BD Biosciences) according to the manu-
facturer’s recommendations and Hoechst 33342 was
added 5 min before sample acquisition. FACS as men-
tioned above was used to evaluate A+/H-, A-/H+, or A+/
H+ cells, which are indicators of early apoptosis, necrosis
and late apoptosis, respectively.

Immunohistochemistry

Immunohistochemistry and Hematoxylin–Eosin–Saffron
staining were performed as described previously [22] and in
the Supplementary materials and methods.

Multicolor fluorescence in situ hybridization (mFISH)
karyotyping

Cultured cells were harvested using the cytogenetic
standard protocol for metaphase lymphocytes and
mFISH experiments were performed as described pre-
viously [27–29].

Oligonucleotide array-based CGH

Oligonucleotide array-based CGH was conducted as
described previously [30].

Lymphopanel analyses

Lymphopanel sequencing was performed on seven
patients and eight SC lines using the IonS5 (ThermoFisher
Scientific). This lymphopanel was designed with Ion
Ampliseq technology (ThermoFisher Scientific, Life
Technologies, Les Ullis France) to identify mutations
within frequently altered genes in SS and peripheral T-cell
lymphoma (ARID1A, CARD11, CCR4, CD28, DNMT3A,
FAS, FASN, IDH2, JAK3, KDM6B, MLL3/KMT2C,
PLCG1, RHOA, SETD1B, STAT3, STAT5B, TET2,
TP53, ZEB1) [8, 9, 31]. Data processing and protocols
are described in the Supplementary materials and
methods.

Statistical analyses

Statistical significance of compared measurements was
determined using the Mann–Whitney nonparametric test

using GraphPad Prism (GraphPad Software, Inc. La Jolla,
CA, USA).

P values < 0.05 were considered significant.

Results

Patient SC growth in defined culture conditions

In seven patients, SCs were identified by their CD3+CD4
+ CD8- phenotype and the monotypic expression of a
TCRVβ variant. The proportion of tumor cells was already
dominant in unsorted blood samples (88 ± 6%) and purity of
the tumor population reached 99 ± 2% after sorting in all
samples (Fig. 1a, Supplementary Table S2). SCs were
sorted based on TCRVβ2+ CD3+ CD4+CD8- pheno-
type and then plated with or without stromal MS5/MS5-
DL1 cells [24]. Medium was implemented with or without
cytokines known to activate T cells [32–35]. Among the six
culture conditions tested, four of seven patient samples were
amplified in vitro in at least one culture condition that was
patient-specific (Supplementary Table S2). For two patients
(#2 and #5), SCs plated without stromal cells showed the
highest expansion compared to other conditions (Supple-
mentary Fig. S1A, B). The SCs of patients #6 and #10 were
amplified more rapidly when plated on stromal cells than
without them (Fig. 1b, Supplementary Fig. S1A). Expres-
sion of a common TCRVβ variant and presence of the same
monoclonal TCRγ rearrangement of patient-derived cul-
tured (PDC) cells supported that expanded SCs originated
from patient SCs (Fig. 1a, c, Supplementary Fig. S1C). The
original SC phenotype was not predictive of cell growth
within a defined culture condition, but all amplified samples
expressed the TCRVβ2 variant (Supplementary Table S2).
Altogether, using six parallel culture conditions was
required to achieve at least one amplification of SCs in 57%
of patients tested (four of seven cases).

In vivo modeling of SS

To improve the in vivo models of SS using the few avail-
able SC lines [16–18], we established a new standardized
model using patient cells. PBMCs from 14 patient samples
(Supplementary Table S1) were injected intrafemorally into
NSG mice (n= 5 minimum) and the percentage of TCRVβ
characteristic of tumor cells was analyzed from bone mar-
row (BM) aspiration. Only 14.3% (patients #2 and #10 out
of 14 cases) of Sézary samples engrafted, even after
6 months of monitoring (Supplementary Table S3). For
patient #2, four of five mice developed the disease from
week 9 to 13 with different speeds of engraftment (Fig. 2a),
whereas patient #10 cells engrafted after 18 weeks (Sup-
plementary Fig. S2A, B). At sacrifice, patient SCs invaded
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different tissues such as the opposite femur, spleen, liver,
kidneys, and blood, but without any skin involvement
(Fig. 2a, b, Supplementary Figs. S2A, S3). We also con-
firmed that SCs were derived from original patients’ cells
(Fig. 2c, Supplementary Fig. S2B). SCs were able to rein-
itiate the disease in secondary xenografts and to engraft
more rapidly than the primary xenograft, at 5 vs. 9 weeks,
respectively (Supplementary Fig. S4A). The infiltration of
different tissues by SCs appeared homogeneous in cell
percentage (Supplementary Fig. S4B) and was confirmed by
immunostaining (Supplementary Fig. S4C) and clonality
assessment (data not shown). The ability of SCs to reinitiate
the disease in secondary recipients also supported their
lymphoma-initiating property.

To obtain skin lesions, we also performed secondary
xenografts of patient #2-derived cells through the percuta-
neous route, which is generally used to monitor local
tumorigenesis as the long-established SS cell lines do
not spread out into the bloodstream [18]. Local tumor-
igenesis was achieved in 100% of animals (Fig. 3a) and

involved spreading to different tissues in all mice (Fig. 3b).
Interestingly, the percentage of tumor cells in the blood
reached around 60% in all animals (Fig. 3b, Supplementary
Fig. S4D), which contrasts with its absence after HUT78
percutaneous engraftment (Supplementary Fig. S5). While
skin lesions remained localized around the injection site,
histopathological analyses showed that infiltration of the
dermis was associated with regular pilotropism and epi-
thelial migration of some SCs (Fig. 3c). Such preclinical
model may represent a valuable tool to analyze both epi-
dermotropism and blood spreading mechanisms.

Establishment of SC lines from PDC and PDX

To obtain stable SC lines, PDC established for 28 days or
PDX cells were cultured for an additional period until they
reached more than 23 population doublings, which is the
limit of division for normal CD4+ T cells [36] (Table 1).
For long-term PDC, the expressions of CD3 and TCRVβ2
were stable after culture (Fig. 4a, b). According to the
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Fig. 1 Patient Sézary cells (SCs) in vitro expansion in defined
media. a Characterization of patient #10 SCs according to TCRVβ2,
CD3, CD4, and CD8 expression. Dot plots representing the immu-
nophenotype of PBMC, the purity of tumor TCRVβ2+ CD3+
CD4+ CD8-cells after flow cytometry cell sorting and the identifi-
cation of SC purity after culture (patient-derived culture, PDC) by

detection of TCRVβ2+CD4+ cells using FACS. b Primary cultures
of patient #10 SCs for 28 days after SC sorting. Cells were cultured on
six different culture conditions and counted every week. c Identity of
TCRγ gene rearrangement between original SCs of patient #10 and
PDC was determined by the Biomed-2 protocol and capillary fragment
analysis.
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memory or naive T-cell phenotype, long-term PDC
expanded a subpopulation already present in SCs (Fig. 4b).
The majority of L5 cells showed a naive T cell phenotype
expressed by only 24% of SCs in the original
patient #10 sample. Similarly, the L8 cell line corresponded
to the expansion of a TEM/EMRA subpopulation present
within the initial patient #6 sample (Fig. 4b). In the two cell
lines derived from patient #5, L3 exhibited the same TEM

phenotype as the patient’s SCs, whereas L4 exhibited a
TEMRA phenotype corresponding to the loss of CD45RO and
the re-expression of CD45RA by TEM cells (Fig. 4b,
Table 1 and data not shown). Despite this variation, this
culture process provided four new SC lines (L3, L4, L5, and
L8) derived from original SCs.

To derive SC lines from PDX, involved spleens were
dissected and the sorted SCs were plated in basal medium
with cytokines for at least 8 weeks (Fig. 5a, b). Two L1 and
L2 SC lines derived from secondary and primary xenografts
of patient #2 SC reached 23 cell divisions at 132 and
80 days, respectively (Table 1). They displayed identical
TCRγ monoclonal rearrangement and TCRVβ expression
variants (Fig. 5a, c). However, the L1 cell line derived from
naive T cells corresponded to 31% of the original SC,
whereas the L2 cell line derived from the TCM/TEM cell
compartment corresponded to 55.6% of the original SC
(Fig. 5c). In another patient #10, PDX-derived SC lines
(L6 and L7) also underscored the presence of phenotypic
variation. While the original patient #10 SC phenotype was

naive T cells/TCM, PDX cell lines exhibited a more mature
phenotype (TCM/TEM cells) (Supplementary Fig. S2C, D).

Altogether, four additional new SC lines (L1, L2, L6,
and L7) were obtained through xenografting.

Culture and PDX models reveal clonal composition
of Sézary samples

To determine whether phenotypic differences before vs.
after SC expansion were due to surface molecule plasticity
or to a subclonal selection process, we used multicolor-
fluorescence in situ hybridization (mFISH) karyotyping
and aCGH analyses. For patient #2, #6, and #10, two or
three major tumor subclones were detected in the original
sample. Long-term culture of PDC or PDX cells achieved
selection of one or two of these original subclones
(Fig. 6a, Supplementary Fig. S6A–C, Supplementary
Table S4), which was correlated with the above pheno-
typic variation (Figs. 4b, 5c). Despite the lack of original
fresh metaphase cells of patient #5 SCs, aCGH parallel
analyses of original SC- and PDC-derived L3 and L4 SC
lines suggested that the ancestral clones acquired new
alterations at chromosomes 1, 10, and 21 after expansion.
Three different subclones were obtained after culture, one
of them was shared by L3 and L4 in various proportions,
supporting subclonal heterogeneity in this patient’s SCs
(Supplementary Table S4, Supplementary Fig. S6A). For
SC lines from patients #5 and #10, the few additional

a

b Femur

Liver

Spleen

Kidney

c
Patient 2 cells

PDX

% of engra�ment-end point Engra�ment follow-upFig. 2 Patient SCs expansion
in an immunodeficient mice
model. a 1 × 106 patient # 2 SCs
(TCRVβ2+ CD3+ CD4+
CD8−) were injected in NOD
SCID IL2Rγc−/− (NSG)
immunodeficient mice and
percentage of tumor cells was
determined in bone marrow
(BM) by FACS from week-9
and then every 2 weeks. Mice
were sacrificed when percentage
of SC in BM reached at least
50% or when mice shown signs
of illness. Purple dots represent
the percentage of engraftment in
femur at sacrifice. For each
tissue median and range are
shown. b Identification of
human cells (HLA-ABC) by
immunohistochemistry in femur,
spleen, liver, and kidney.
c Identity of TCRγ gene
rearrangement between original
SCs and PDX cells was
determined by the Biomed-2
protocol and capillary fragment
analysis.
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changes detected by mFISH analyses also suggested
limited clonal evolution during amplification (Supple-
mentary Fig. S6A, C, Supplementary Table S4). The
genomic index [37] after SC amplification was close to
that of original SCs, except for the L3 cell line (Supple-
mentary Table S4). The mutational status of SC lines was
evaluated via targeted lymphopanel analyses (Fig. 6b,
Supplementary Table S5). Other than the TP53 mutation
(five of seven patients), no common prevalent mutation
was identified, confirming the interindividual SC genetic
heterogeneity (Fig. 6b). The mutational profile of the SC
lines was similar to the corresponding original SCs with a
stable or enriched variant allelic frequency (VAF) of
the mutations. An acquired PLCG1 mutation detected in
the L1 cell line was absent in the L2 cell line and in the
original SCs (Fig. 6b).

While underscoring interindividual heterogeneity in the
cell of origin and phenotype of SCs, our results support
restricted intraindividual heterogeneity. PDC and PDX
models and the derived SC lines revealed sub-clones
already present in the original SC bulk, limited pheno-
typic plasticity or genomic changes after expansion.

SC lines as a new tool for therapeutic evaluation

To evaluate whether SC lines could be relevant for therapeutic
screening, five (L1, L2, L4, L5, L7) were treated with
therapies currently used to treat patients with SS (romidepsin,
doxorubicin, and vorinostat) [38–40]. L1 and L2 derived from
the same patient were significantly sensitive to all three
treatments with slight differences in the cell death percentage
(romidepsin: 81 ± 1% vs. 92 ± 0.5%; doxorubicin: 49 ± 0.6%
vs. 63 ± 2% and vorinostat: 73 ± 0.3% vs. 67 ± 0.5% for L1
and L2, respectively) (Fig. 7a, b). This was also true for L5
and L7 derived from the same patient, except for romidepsin
treatment (75 ± 1% vs. 50 ± 3%). Interestingly, the L4 cell
line derived from another patient was resistant to doxorubicin
treatment compared to other cell lines (Fig. 7b). The per-
centages of A+/H-, A-/H+, A+/H+ cells were evaluated for
each SC line and treatment. L5 exhibited more A-/H+ cells
than the other cell lines, even those derived from the same
patient (L7), after romidepsin treatment (Supplementary Fig.
S7A). L1 and L2 also seemed to respond differently because
L2 exhibited more cells in A+/H− and less A-/H+ cells
than L1, whereas there were no significant differences for

Day-40 after injection

Mouse 2Mouse 1 Mouse 3

b c

a

HES anti-HLA-ABC
Mouse 1-Skin

Fig. 3 Renewal of patient SCs in secondary transplant at skin site.
0.4–2 × 106 tumor cells (TCRVβ2+CD3+CD4+CD8-) from
patient #2 derived from primary xenograft were injected percuta-
neously in secondary NSG mice and percutaneous tumor volume was
measured during 8–10 weeks after transplantation. a Pictures showing
cutaneous tumors in mice. Arrows indicate the site of tumor formation.
Tumor size were measured weekly until the sacrifice. The graph
represents the evolution of tumor volume. b Mice were sacrificed
when the skin tumor volume reached 2000 mm3. The cells from

different tissues were prepared and percentage of TCRVβ2+ CD3+
cells analyzed by FACS. Graph represents the percentage of TCRVβ2
+ CD3+ cells in femur, blood, spleen, liver and kidney. For each
tissue, median and range are shown. c Skin lesion of mouse 1 was
analyzed by HES staining and human cells identified by HLA-ABC
immunostaining in skin section. A marked dermal infiltration and
regular pilotropism of HLA-ABC positive cells was observed in
all mice.
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A+ /H+ cells (Supplementary Fig. S7A–C). Altogether, our
new SC lines displayed inter- and intra-individual hetero-
geneity in therapeutic responses, which may be used to
explore the mechanisms of therapeutic resistance in patients
with SS.

Discussion

During the last several decades, very few CTCL cell lines
or experimental models have been developed [17, 41, 42].
A reproducible protocol for SC expansion by patient-
derived long-term culture or PDX was lacking. Here, six
defined culture conditions were necessary to expand
in vitro about 60% of the SS samples. A PDX model was
used to directly amplify purified SCs, but with a
lower success rate. Immortalizing SCs also revealed
that the phenotypic and genetic diversity of SS mainly
corresponded to interindividual heterogeneity according
to the different cell of origin or maturation phenotype and
more rarely correspond to a restricted subclonal hetero-
geneity already present within the bulk of some patient
samples.

Standard short-term culture methods used to expand
CTCL cells involve adding different cytokines such as IL-2,
IL-4, IL-7, and IL-15 and unspecific mitogen as PHA in the
medium. Starting from skin samples generally favors the
proliferation of benign infiltrating T cells and is not suitable
for growing tumor T cells [43]. In four patients, we also
achieved unrelated clonal expansion when starting from
unpurified blood samples despite a high content of SCs
(data not shown), showing that SC sorting based on TCRVβ
expression may be necessary to obtain tumor SCs from
long-term cultures.

Our results also support the need to use different defined
cytokines and stromal cells for SC expansion and main-
tenance as permissive culture conditions were patient-
dependent and not predicted by the SC differentiation stage.
Indeed, SCs from patient #2 and #10 displayed the same
naive T cells/TCM phenotype but were able to grow with or
without MS5 stromal cells. In vivo, the SCs derived from
these patients also showed different speeds of engraftment
(9 and 18 weeks, respectively) and involved different
tissues or organs depending on the patient. Recently, γ-
secretase inhibitors inhibiting NOTCH signaling were
found to induce apoptosis in SC lines and primary patient
cells, supporting the importance of the NOTCH signaling
pathway as a new target to treat patients with SS [44, 45].
In our models, coculture with MS5-DL1 overexpressing
NOTCH DeltaLike 1 ligand only supported SC proliferation
in patient #6 and #10 with the same efficacy than MS5 not
expressing this ligand. The TCRVβ repertoire is related to
the microenvironment [46] and may favor the expansion ofTa
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TCRVβ2+ cells under our culture conditions, which remain
to be adapted for TCRVβ2-negative SCs.

Pilot studies in immunodeficient mice have primarily
used the percutaneous injection of CTCL cell lines to
effectively monitor tumorigenesis at a theoretically ortho-
topic site [18, 21]. However, epidermotropic CTCL cells do
not primarily develop in the deep dermis or hypodermis.

Interestingly, one group has used an original model of fetal
intrahepatic injection but its complexity and rate of animal
mortality have hampered its further development [17]. To
further achieve engraftment with fresh and fewer patient
cells, we employed another route by engrafting SCs intra-
femorally in NSG mice, because this model was shown to
efficiently expand T-cell malignancy [47]. Primary PDXs
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Fig. 4 Establishment of new SC lines from cultures. a After primary
cultures, SCs from patients #5, #6 and #10 were plated between 42 and
63 days to achieve expansion in long-term culture. b Immunopheno-
type of the cell lines was evaluated before (original cells) and at the

end point of the culture according to TCRVβ2 and CD3 expression to
quantify tumor cells. Inside TCRVβ2+ CD3+ population, CCR7 and
CD45RO expressions were used for assessing T-cell maturation stages
(naive, TCM, TEM and TEMRA).
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were obtained in two patients with SC engraftment at the
BM site, which was associated with spreading to the liver
and spleen but without skin involvement, as observed when
xenografting CTCL cell lines through intrahepatic injection

[22]. Therefore, we performed secondary PDX at a percu-
taneous site and obtained both local tumorigenesis with
dermal infiltration together with epidermotropism and blood
dissemination, which represent a valuable model to evaluate
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the therapeutic response at the skin and systemic levels.
Surprisingly, percutaneous xenograft of the HUT78 cell line
only achieved local tumorigenesis with neither epidermo-
tropism nor spreading capacity, supporting a difference
between long-term and recently patient-derived cell lines in
the expression and function of chemoreceptors and adhe-
sion molecules.

Genetic characterization of fresh samples confirmed
heterogeneity between patients and to a lesser extent within
the same individual. Interestingly, original tumor cells from
patient #2 contained two major subclones with naive and

Fig. 5 Development of different SC lines from a single patient #2
by sequential xenografting. a Schematic representation of L1 and L2
cell lines production from primary and secondary xenografts described
in Fig. 2 and Supplementary Fig. S4. TCRγ gene rearrangements
between the two PDX cell lines and original sample were determined
by the Biomed-2 protocol and are shown on the diagram. b PDX cells
after primary and secondary engraftment were cultured with cytokines
mix B described in Material and methods and counted every week.
Graph represents cumulative cell number along the culture. c Immu-
nophenotype of L1 and L2 cell lines was evaluated before (original
cells) and at the end point of the culture according to TCRVβ2 and
CD3 expression to quantify tumor cells. Inside TCRVβ2+ CD3+
population, CCR7 and CD45RO expressions were used for assessing
T-cell maturation stages (naive, TCM, TEM, and TEMRA).
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Fig. 6 Clonal heterogeneity and evolution of SCs revealed by PDC
and PDX models. a mFISH and aCGH analyses were performed for
patient #2. Schematic representations show the clonal heterogeneity in
original patient sample and after culture of PDX. Alterations men-
tioned in black are examples of shared alterations. The red ones are
additional alterations distinguishing different sub-clones illustrated by

mFISH pictures. Circles with different colors distinguish the distinct
sub-clones before and after amplification. b Identification of genomic
alterations found in original samples and after cell line expansion using
a panel targeting 19 most frequently altered genes in SS. VAF: Variant
allelic frequency.
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TCM/TEM phenotypes that evolved independently during
culture and/or xenografting providing two clonally related
cell lines (L1 and L2). For patient #10, limited clonal

evolution was observed after expansion in culture (loss of
der(4)t(4;5) chromosome). Such intratumoral clonal het-
erogeneity has been reported in a transformed mycosis
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Fig. 7 Therapeutic response to HDAC inhibitors and doxorubicin
on SC lines expansion in vitro. 1 × 106 cells/well were plated and
treated for 48 h with romidepsin (10 nM), doxorubicin (20 nM) and
vorinostat (3 µM). Untreated and DMSO conditions were added as
controls. a Example of Annexin V+/Hoechst-, Annexin V-/Hoechst+

and Annexin V+/Hoechst+ cell proportion analysis after treatments
for L1. b Quantification of total death in each condition for 5 SC lines
(mean ± SD). Data were analyzed using Mann–Whitney test and were
considered statistically significant at *P < 0.05.
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fungoides case after large cell transformation by comparing
skin and blood compartments [48]. Therefore, preclinical
models may increase our understanding of genetic homo-
geneity and subclonal heterogeneity starting from the
patient’s sample.

The lack of preclinical models of CTCL has also limited
the validation of new therapeutic agents [49, 50]. Two
recent studies achieved PDX from three patients with SS
using intravenous tail injection of SCs [19, 20]. These
models also recapitulated the clinical and histological fea-
tures of SS with blood spreading to skin and other organs
such as liver and spleen providing a preclinical platform for
both in vivo and in vitro screening [20]. However, no cell
line has been so far maintained in long-term culture from
these PDX passages. Our new SC lines with different cell
differentiation stages now represent interesting tools for
drug screening. For example, the two clonally related L1
and L2 cell lines derived from patient #2 exhibited the same
cell death level in response to treatments. However, they
displayed different proportions of A-/H+ and A+/H- cells,
which could be supported by their respective naive (L1) and
memory (L2) T-cell phenotype as the apoptosis regulation is
different in naive and memory T cells [51]. Different sen-
sitivities to doxorubicin were also observed between SC
lines, underscoring that our new models may be used to
evaluate drug response and possibly resistance mechanisms.

This study provides an original methodology to amplify
SCs and obtain new SC lines, which better represent SS
diversity according to cell of origin phenotype or differ-
entiation stage. The models confirmed that SCs mostly
displayed interindividual heterogeneity with no or very little
plasticity in long-term expansion. Different responses to
therapies may depend on the cell of origin of SCs, as well as
some biological differences regarding proliferation, tumor-
igenesis, and migration. Using percutaneous injection, we
also obtained an avatar of SS mimicking both skin and
blood involvement, which may be used to test the effects of
therapeutic agents at both levels, as well as the mechanisms
regulating the balance between blood and skin
compartments.
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