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KEY PO INTS

� EuroFlow standardized
multiparameter flow
cytometry improves
identification,
quantitation, and
characterization of
circulating S�ezary cells.

� Immunophenotypically
distinct S�ezary subsets
are clonally related and
share a transcriptomic
signature indicating
impaired T-cell function.

S�ezary syndrome (SS) is an aggressive leukemic form of cutaneous T-cell lymphoma with
neoplastic CD41 T cells present in skin, lymph nodes, and blood. Despite advances in ther-
apy, prognosis remains poor, with a 5-year overall survival of 30%. The immunophenotype
of S�ezary cells is diverse, which hampers efficient diagnosis, sensitive disease monitoring,
and accurate assessment of treatment response. Comprehensive immunophenotypic pro-
filing of S�ezary cells with an in-depth analysis of maturation and functional subsets has not
been performed thus far. We immunophenotypically profiled 24 patients with SS using
standardized and sensitive EuroFlow-based multiparameter flow cytometry. We accurately
identified and quantified S�ezary cells in blood and performed an in-depth assessment of
their phenotypic characteristics in comparison with their normal counterparts in the blood
CD41 T-cell compartment. We observed inter- and intrapatient heterogeneity and pheno-
typic changes over time. S�ezary cells exhibited phenotypes corresponding with classical
and nonclassical T helper subsets with different maturation phenotypes. We combined
multiparameter flow cytometry analyses with fluorescence-activated cell sorting and per-

formed RNA sequencing studies on purified subsets of malignant S�ezary cells and normal CD41 T cells of the same
patients. We confirmed pure monoclonality in S�ezary subsets, compared transcriptomes of phenotypically distinct
S�ezary subsets, and identified novel downregulated genes, most remarkably THEMIS and LAIR1, which discriminate
S�ezary cells from normal residual CD41 T cells. Together, these findings further unravel the heterogeneity of S�ezary
cell subpopulations within and between patients. These new data will support improved blood staging and more accu-
rate disease monitoring.

Introduction
S�ezary syndrome (SS) is an aggressive leukemic form of cutane-
ous T-cell lymphoma (CTCL) characterized by the presence of
clonal mature CD41 T helper (Th) cells that home to the skin
and recirculate between lymph nodes and peripheral blood
(PB). SS is defined by the clinical triad of (pruritic) erythroderma,
generalized lymphadenopathy, and the presence of neoplastic,
clonally related T cells in PB and skin.1,2 Diagnosing SS is chal-
lenging and often delayed because of nonspecific clinical and
histopathological features that are also frequently seen in more
prevalent benign erythrodermic skin disorders, such as chronic
atopic dermatitis, psoriasis, pityriasis rubra pilaris, and
idiopathic/drug-related erythroderma.3,4 Consequently, the

detection of neoplastic cells, so-called S�ezary cells, and the
assessment of tumor burden in blood are imperative for diagno-
sis and become progressively relevant for disease staging,
assessment of therapeutic effectiveness, disease progression,
and prognosis.5-8

Traditionally, blood involvement has been manually assessed by
microscopy, based on the detection of morphologically atypical
mononuclear cells with characteristic convoluted cerebriform
nuclei. Restricted by low sensitivity and considerable interob-
server variability, this method is currently broadly replaced by
flow cytometry (FC) immunophenotyping of S�ezary cells in PB,
which mostly relies on the loss of CD26 and CD7 cell surface
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markers.3,6,7,9,10 Recent work has made significant progress in
immunophenotypic profiling of S�ezary cells and recognized that
S�ezary cells exhibit heterogeneous phenotypes that surpass the
aberrant expression of CD7 and CD26 markers alone.3,11-13

Additional markers proposed for the detection of S�ezary cells
include, among others, upregulated expression of CD158k,
adhesion molecule CD164, and immune checkpoint receptor
PD-1 (CD279).9,14-20 Furthermore, these FC studies have also
provided novel insights into the cellular identity of S�ezary cells
and have questioned the long-standing hypothesis that S�ezary
cells originate from central memory, Th2 differentiated
cells.13,21-28 Nevertheless, despite the extensive use in research
and widespread implementation in clinical practice, current FC
protocols lack standardization both technically and in the com-
position of the applied antibody panels, which complicates com-
parability between and within studies and laboratories. In
addition, the in-depth characterization and classification of
S�ezary cells by FC is hampered by small sample size, the limited
number of markers used, varying methodology, and profound
diversity in S�ezary cell (immunophenotypic) characteristics.12,25

Consequently, in the absence of a superior approach, the immu-
nophenotypic criteria for S�ezary cell counts remain unrevised.

To address these issues, we applied highly sensitive and stan-
dardized EuroFlow-based multiparameter FC (MFC) methods and
tools for detailed immunophenotyping of a cohort of 24 patients
with SS. EuroFlow is a consortium that has designed, developed,
and validated standardized approaches for FC evaluation of
hematological malignancies.29,30 We performed fluorescence-
activated cell sorting (FACS) and RNA sequencing (RNA-seq) on
purified phenotypically distinct S�ezary and normal CD41 T-cell
subsets of the same patients and healthy controls (HCs). With this
approach, we aimed to (1) define the immunophenotypic profile
of S�ezary cells using standardized FC approaches, (2) perform an
in-depth characterization of SS cellular identity, (3) evaluate, in dif-
ferent phases of the disease, potential immunophenotypic
changes over time, (4) study the transcriptome of phenotypically
distinct S�ezary cell subsets, and (5) discover novel S�ezary-specific
markers using gene expression data.

Methods
Patients, controls, and samples
We prospectively included a cohort of 24 patients with SS (12
men and 12 women; median age 68.5 years, range 52-85).
Patient characteristics are summarized in Table 1. To evaluate
potential immunophenotypic changes over time, 13 follow-up
samples were obtained from 8 SS cases within 23 months after
inclusion of the initial PB sample. All patients with SS were diag-
nosed by an expert panel of the Dutch Cutaneous Lymphoma
Group and were included in the Dutch national registry for cuta-
neous lymphomas. Diagnoses were made in accordance with
the World Health Organization and European Organization for
Research and Treatment of Cancer classification before or at the
time of inclusion in this study.1 A total of 10 age- and sex-
matched HCs (6 men and 4 women; median age 60 years,
range 47-62) were also included. This study was approved by
the Medical Ethics Committee of the Leiden University Medical
Center, and written informed consent was obtained from all indi-
viduals in line with the Declaration of Helsinki.

EuroFlow-based immunophenotyping
EDTA-anticoagulated PB samples (n 5 47) collected from
patients with SS and HCs were freshly (,4 hours) processed
and stained with 3 complementary EuroFlow antibody panels:
lymphoid screening tube (LST), T-cell chronic lymphoprolifera-
tive disorder (T-CLPD, tube 1), and immune monitoring CD41

T-cell tubes, composed of 27 different markers. (Panel infor-
mation is detailed in supplemental Table 1, available on the
Blood Web site, and was previously published.29,31) Instru-
mental setup and calibration, sample preparation, immunos-
taining, and data acquisition were performed according to
EuroFlow standardized operating protocols.30 Per sample,
$1.5 3 105 events were measured on a BD FACSCanto II
3-Laser (LST, T-CLPD) and BD LSR-Fortessa X-20 4-Laser
(immune monitoring CD41 T cell) using FACSDiva software
(BD Biosciences, San Jose, CA) at the Flow Cytometry Core
Facility (Leiden University Medical Center, Leiden, The Neth-
erlands; https://www.lumc.nl/research/facilities/fcf). Absolute
cell counts were assessed in 31 of 47 PB samples using Per-
fectCount Beads (Cytognos SL, Salamanca, Spain) and follow-
ing the manufacturer’s instructions. The Infinicyt software
(Cytognos SL) was employed for MFC data analysis using the
approaches and innovative tools that were previously
described in detail.29,30

Statistical analysis of immunophenotypic data
Reference values (ie, percent of leukocytes and absolute counts/
mL) were established for all leukocyte (sub)populations in PB and,
in particular, for the CD41 T-cell population (stratified in $86
subsets) based on 10 PB samples from HCs. Mann-Whitney U
test was applied for the statistical comparison between cell popu-
lations of SS and HCs. Bland-Altman’s32 and linear regression
analyses computed the concordance between conventional and
EuroFlow-based gating strategies for S�ezary cell measurements.
Statistical analyses were carried out using GraphPad Prism Viewer
8.4.2 software applying a significance level of P, .05.

FACS and bulk RNA-seq of sorted CD41

T-cell subsets
Additional PB samples were obtained from 3 patients with SS
and 3 age- and sex-matched HCs for FACS. CD41 T cells ($15
3 106) or peripheral mononuclear cells ($40 3 106; separated
by Ficoll density gradient centrifugation) were stained with
anti–human monoclonal antibodies: CD45-OC515 (Cytognos
SL), CD3-APC, CD4-APCH7, CD2-BV650, CD26-BV605, CD7-
FITC, CD183-PE, CD196-PECF594, CCR10-PerCPCy5.5 (BD Bio-
sciences), CD28-BV421, and CD194-PECy7 (BioLegend, San
Diego, CA) (supplemental Table 1). FACS procedure was con-
ducted on an Aria-III cell sorter (BD Biosciences). FACS subsets
(purity .95%) included S�ezary CD41 T-cell subsets (n 5 6) from
3 patients with SS, phenotypically corresponding normal CD41

T-cell subsets from the same patients (n 5 3), and 3 HCs (n 5 6)
(supplemental Table 2). Subsequently, sorted cells were sub-
jected to RNA isolation (,24 hours) using RNeasy Mini Kit (Qia-
gen, Hilden, Germany).

RNA-seq Bulk RNA-seq was carried out by GenomeScan (Lei-
den, The Netherlands), and data processing and analysis were
executed as described in detail in supplemental Methods. In
brief, a fragment analyzer determined sample quality and con-
centration. Libraries were prepared using the NEBNext Ultra II
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Table 1. Clinical characteristics of patients with SS (n 5 24) at blood sampling

SS case

Interval
diagnosis to

study inclusion,
mo

Age at sample
inclusion, y

WBC 3 109/L
(Sysmex)

Treatment at blood
sampling

Status last
follow-up

1 6 75 9.2 Topical therapy D1

2 44 64 7.8 Topical therapy A1

3 15 61 6.6 Topical therapy, PUVA A1

FU1* 35 63 6.5 Topical therapy

FU2 50 64 16.5 Topical therapy, MTX,
prednisone

4 22 68 6.0 Topical therapy A1

5 23 85 9.0 Topical therapy D1

6 15 72 14.9 Topical therapy, prednisone A1

FU1 34 74 11.9 Emollients

7 32 79 9.8 Topical therapy, prednisone D1

8† 0 66 10.7 Topical therapy A1

FU1 10 67 10.8 Topical therapy

FU2* 17 67 10.5 Topical therapy

FU3 30 68 10.4 Topical therapy, PUVA

9 46 77 5.7 Topical therapy, MTX A1

FU1 66 78 10.9 Topical therapy, prednisone,
TSI

10† 0 65 15.3 Prednisone D1

11 6 61 4.8 PUVA, IFN-a A1

FU1 16 62 25.7 Resminostat, CHOEP

FU2 25 62 4.5 Prednisone,
mogamulizumab, gemcitabin

12† 0 82 7.9 Topical therapy, prednisone A1

FU1 18 84 7.3 Topical therapy, prednisone,
mogamulizumab

13† 0 57 11.5 Bath-PUVA A1

FU1 6 57 11.9 Topical therapy, bath-PUVA

14† 0 80 115.8 Chlorambucil D1

15 68 69 10.7 Emollients D1

16 2 67 11.7 Topical therapy,
IFN-a, prednisone

A1

FU1 9 67 10.8 Topical therapy,
IFN-a, prednisone

FU2 15 68 13.7 Topical therapy, prednisone,
mogamulizumab

Follow-up status of each patient is given as alive (A1) or died (D1) with SS.

CHOP, cyclophosphamide doxorubicin (Adriamycin) vincristine (Oncovin) prednisolone; FU, follow-up; IFN, interferon; PUVA, psoralen and UV light A; TSI, total skin electron irradia-
tion; UVB, UV B; WBC, white blood cell.

*In parallel, FACS experiment performed.

†PB sample collected at the diagnostic stage.
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Directional RNA Library Prep Kit for Illumina (E7760S/L; New
England Biolabs, Ipswich, MA). Subsequently, ribosomal RNA
was depleted (rRNA Depletion Kit, E6310; New England Biol-
abs) followed by RNA fragmentation and conversion to cDNA.
A concentration of 1.1 nM cDNA was used for paired-end
sequencing on NovaSeq6000 (Illumina, San Diego, CA). The Illu-
mina data analysis pipeline RTA3.4.4 and Bcl2fastq v2.20 was
applied for image analysis, base calling, and initial qual-
ity assessment.

Information regarding the identification of differentially
expressed genes (DEGs) and pathway analyses are given in sup-
plemental Methods.

Results
EuroFlow and conventional FC strategies yield
different S�ezary cell counts
With the application of EuroFlow MFC on the initial 24 SS
samples, an aberrant CD41 T-cell population was detected in
all cases (Table 2). The identification of the S�ezary cell popu-
lation was based on the aberrant expression of SS-related,
T-cell antigens and/or the overexpression or asynchronous
expression of CD41 T-cell delineating markers (ie, consider-
ing the whole phenotypic profile).4,29 Additionally, multidi-
mensional plots were used to distinguish immunophenotypic
aberrancies from the normal CD41 T-cell counterpart, based
on the expression of all parameters per antibody panel (sup-
plemental Figure 1). The signatures of immunophenotypic
features are given for each SS case and were defined as aber-
rancies that were sufficiently discriminatory between neoplas-
tic and normal CD41 T cells and displayed by most (.50%)
neoplastic cells (Table 2).

In parallel, S�ezary cell levels defined using EuroFlow-based strat-
egy were compared with conventional gating strategies relying
on the definition of S�ezary cells as CD41CD262 or CD41CD72

T cells. This comparison yielded different tumor cell percentages
and corresponding S�ezary cell counts in most cases (Table 2). Of
note, CD41CD262 and CD41CD72 gating strategies either
over- or underestimated S�ezary cell levels compared with
EuroFlow-based strategy (Table 1; Figure 1). Bland-Altman’s
analyses revealed moderate to low levels of agreement between
both methods, most evidently at lower tumor percentages (Fig-
ure 1A-B). Corresponding linear regression analyses of S�ezary
cell measurements (as percentages of total CD41 T cells)
revealed a moderate (r2 5 0.70; P , .0001) to poor (r2 5 0.15;
P 5 .06) association between EuroFlow-based and conventional
gating strategies based on CD41CD262 (Figure 1C) and
CD41CD72 (Figure 1D), respectively. In comparison, median
values of CD41CD262 and CD41CD72 subsets in our cohort of
HCs were calculated at 15.4% (range: 8.8-25.2) and 14.9%
(range: 8.4-28.1) of total CD41 T cells, respectively.

S�ezary cells harbor remarkable inter- and
intrapatient immunophenotypic heterogeneity
Comparative immunophenotypic analysis between S�ezary
cells and their normal CD41 T-cell counterpart using
EuroFlow-based MFC revealed substantial heterogeneity in
the expression of different markers (Table 2; supplemental
Figure 1). Overall, S�ezary cells were characterized by dimin-
ished expression, measured as a decrease in median fluores-
cence intensity, of common lymphocyte antigen CD45 (5/24,
21%), T-cell lineage markers CD3 (15/24, 63%), CD4 (7/24,
29%), CD5 (4/24, 17%), CD2 (13/24, 54%), CD7 (13/24, 54%),
and/or CD26 (22/24, 92%), the latter in combination with con-
sistent positivity of CD28 costimulatory molecule. Of note,

Table 1. (continued)

SS case

Interval
diagnosis to

study inclusion,
mo

Age at sample
inclusion, y

WBC 3 109/L
(Sysmex)

Treatment at blood
sampling

Status last
follow-up

17*,† 0 77 7.4 Topical therapy A1

18 20 68 16.2 CHOP, topical therapy A1

19 130 72 6.0 CHOP D1

20† 0 59 5.8 Topical therapy, ciclosporin,
bleach bath

A1

21 4 73 14.1 Emollients A1

22 1 61 11.2 Topical therapy, prednisone,
UVB

A1

23† 0 52 10.4 Prednisone A1

24 21 83 8.9 Topical therapy, prednisone A1

Follow-up status of each patient is given as alive (A1) or died (D1) with SS.

CHOP, cyclophosphamide doxorubicin (Adriamycin) vincristine (Oncovin) prednisolone; FU, follow-up; IFN, interferon; PUVA, psoralen and UV light A; TSI, total skin electron
irradiation; UVB, UV B; WBC, white blood cell.

*In parallel, FACS experiment performed.

†PB sample collected at the diagnostic stage.
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the percentage of S�ezary cells per sample exhibiting loss of
CD26 or CD7 antigen expression ranged from 1.13% to 100%
and 0.05% to 100%, respectively. Additionally, S�ezary cells
had higher forward (9/24) and sideward (3/24) light scatter
characteristics. Rare immunophenotypic findings included the
increased expression of CD5 (1/24, 4%) or CD3 (3/24, 13%)
and the complete loss of CD3 (1/24, 4%). Furthermore, the
median fluorescence intensity of CD38 on S�ezary cells was
slightly decreased (n 5 14) or increased (n 5 2) as compared
with normal CD41 T cells. However, this marker harbored no
sufficient discriminatory power in any of the cases (data not
shown).

SS samples demonstrated a wide variety of possible immuno-
phenotypic aberrancies (supplemental Figure 1). The most
frequent immunophenotypic signature, CD3loCD41CD2lo/2

CD7lo/2CD26lo/2, was only seen in 4/24 cases (17%), reflect-
ing interpatient immunophenotypic heterogeneity (Figure
2B). Moreover, within an individual sample, S�ezary cells rarely
represented a homogenous cell population with a fixed

immunophenotypic aberrancy (Figure 2C). Instead, immuno-
phenotypic features of individual samples were displayed
among a variable percentage of neoplastic cells revealing
intrapatient heterogeneity (Figure 2D). Of note, no particular
immunophenotypic alterations could be associated with a
specific type of treatment.

Likewise, the extent of inter- and intrapatient heterogeneity was
further corroborated at the maturation and Th differentiation sta-
tus. Accordingly, S�ezary cells exhibited phenotypes correspond-
ing with a wide range of Th differentiation subsets (Figure 3A;
supplemental Figure 1). A Th2 phenotype was most regularly
represented (21/24, 88%) and displayed on 2.19% to 85.31% of
S�ezary cells, followed by Th17 (12/24, 50%, displayed on 2.57%
to 74.21%) and nonclassical Th phenotype CCR41CCR101 (12/
24, 50%, displayed on 1.46% to 77.23%). Typically, S�ezary cells
were clustered as distinct populations with phenotypes matching
predominantly 2 (46%; 11/24) or multiple ($3 in 50%; 12/24) Th
subsets at 1 single time-point measurement, thereby not consid-
ering small subsets (ie, displayed by ,5% of S�ezary cells).
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Figure 1. EuroFlow-based and conventional FC gating strategies yield different S�ezary cell levels. Bland-Altman’s plots reveal the differences between S�ezary cell
percentages (of total CD41 T cells) as calculated using conventional gating strategies (A; CD41CD262 or B, CD41CD72) and EuroFlow approach (calculated percen-
tages herein were based on the 8-color T-CLPD antibody panel). The difference (y-axis) between both methods is drawn against the average measures of both methods
(x axis). The limits of agreement (dashed lines: mean difference 6 1.96 SD) are displayed. A y-value closer to 0 indicates a higher level of agreement. Compared with
the CD41CD262 approach, the calculated bias was 20.78, with a 16.9 standard deviation and 95% limits of agreement from 233.9 to 32.4. These differences decreased
at higher tumor burden levels. Compared with the CD41CD72 conventional method, Bland-Altman’s analysis calculated a considerable bias (224.6) with 34.7 standard
deviation and 95% limits of agreement from 292.6 to 43.4. Linear regression plots revealed an overall moderate (C) to poor (D) correlation between conventional and
EuroFlow-based gating methods for assessing tumor burden in PB. Given are the slope plus standard error and r2, and the significance level is indicated.
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Notably, in line with previous studies, in most patients, S�ezary
cells highly expressed the skin-homing receptor CCR4 on vari-
able but mostly high S�ezary cell percentages, regardless of the
concurrent and variable expression of other chemokine
receptors.33-37

Subsequently, we defined the (corresponding) maturation stages
of these functionally distinct S�ezary cell subsets (Figure 3B; sup-
plemental Figure 1). Overall, S�ezary cells had a tendency toward
the earlier stages of maturation, in particular, central memory
(21/24, 88%) and naïve (15/24, 63%) phenotypes. However, all
maturation stages, except terminally effector (TE), were repre-
sented and most samples were heterogeneous, containing

S�ezary cell clusters belonging to 2 (12/24, 50%) or multiple (ie,
$3 in 6/24, 24%) maturation stages.

Immunophenotypic analysis reveals shifted
distribution of immune cell populations in SS
We studied the distribution of circulating nontransformed leu-
kocytes, which provided a detailed overview of the immuno-
logic dynamics in the PB of patients with SS (Figure 4). The
imbalanced immune homeostasis in SS was evidenced by sig-
nificant reduction of absolute cell counts of CD81 cytotoxic (P
5 .016), TCRab1 (P 5 .0001) and TCRgd1CD42CD82/lo (P 5

.016) T cells, B cells (P 5 .042), and natural killer cells (P 5

.0073) in patients with SS compared with HCs (Figure 4A),

APS APS

APS APS

A B

C D

Figure 2. S�ezary cells show heterogeneous phenotypes reflecting inter- and intrapatient diversity. (A) An automatic population separator (APS) plot based on all
parameters included in the T-CLPD antibody panel showed the normal distribution of CD41 T cells derived from 10 age- and sex-matched HCs (reference database).
The green inner and outer lines represent, respectively, the first and second standard deviation of normal CD41 T cells (green dots) and their corresponding population
medians (larger green dots). (B) Phenotypically altered CD41 T cells (red dots) from 24 patients with SS are depicted against the reference database and illustrate their
heterogeneous and aberrant expression patterns compared with normal CD41 T cells. Examples of 2 SS samples showing a tumor population with 1 homogeneous (C)
or 2 immunophenotypically distinct (D) aberrancies.
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whereas neutrophils (P , .0001) and monocyte plus dendritic
cell (P 5 .0009) counts were significantly increased. Among
normal residual CD41 T cells, T follicular helper (TFH) (P 5

.0049) and Th1/Th17 (P 5 .0016) cells were significantly
reduced in SS. Additionally, non-CD41 T-cell population was
shifted toward a TE maturation stage (P 5 .0090) (Figure 4B).

Immune monitoring by standardized MFC reveals
tumor evolution
We explored immunophenotypic changes in time and thereby
established the additional value of standardized MFC in immune
monitoring of SS. Patients with SS were monitored for 36 months,
during which time the clinical course varied considerably.
Sequential PB sampling (n 5 13) was performed in 8 patients
with SS (median 1.5 follow-up samples, range 1-3). Four patients
with SS maintained a stable disease course without clinical signs
of progression and/or significant changes in therapy. In contrast,
4 other patients failed to respond to standard therapy (skin-
directed therapy and prednisone) and presented with disease
progression 7 to 23 months after the initial PB sample. S�ezary
cell phenotype remained relatively stable over time (n 5 6, 46%)
or revealed an evident phenotypic shift in either the expression
of general S�ezary identification markers and/or T-cell delineating
markers (n 5 7, 54%). Nonetheless, at least 1 major phenotypic
aberrancy remained unaltered. Such a phenotypic shift is well
illustrated by an SS case that was characterized by the clonal

expansion of 2 phenotypically distinct T-cell populations, variably
balanced throughout the course of the disease (Figure 5).

Gene expression analysis confirms the clonal
origin of S�ezary subsets
Detailed MFC analysis revealed that S�ezary cells display exten-
sive variation at the phenotypic level. Intrigued by these obser-
vations, we sought to explore the relationship between
phenotypically distinct S�ezary cell subsets at the gene expres-
sion level based on analyses of FACS immunophenotypically dis-
tinct CD41 T-cell tumor subsets from patients with SS (n 5 6)
and the closest normal CD41 T-cell counterparts from the same
patients (n 5 3) and 3 age- and sex-matched HCs (n 5 6). For
this purpose, a dedicated antibody panel was designed (supple-
mental Table 1).

We first verified that subsets that were isolated as S�ezary cells
based on their altered immunophenotype were clonal cells
determined by their T-cell receptor (TR)–ab repertoires (Figure
6), TRA-CDR3 and TRB-CDR3 sequences, using MiXCR soft-
ware.38,39 By contrast, isolated normal CD41 T-cell subsets from
the same patient demonstrated a normal polyclonal repertoire
of TR genes (supplemental Figures 2 and 3). The same approach
proved that immunophenotypically distinct S�ezary cell subsets,
isolated from the same patient, shared the same TR rearrange-
ment and were thus clonally related. Based on their unique
TRA-CDR3 and TRB-CDR3 sequences, the rearrangement

TE

N

CM
PM

TM

CM CM

TM

CM
PM

TM

Th1/Th17

Th1

TD-
Th2

CD194+ 
CCR10+

Th22

Th17

CD183+
CD194+

CD183+
CD194+
CD196+

Th2
CD194+ 
CCR10+

Th22 Th22

Th2

Th17

APS APS APS APS APS

APS APS APS APS APS

A

B

CD183+
CD194+
CCR10+

Figure 3. S�ezary cells exhibit a wide range of different Th and maturation phenotypes illustrative of inter- and intrapatient heterogeneity. (A) Reference data
set of phenotypically defined classical and nonclassical Th subsets depicted in an APS plot based on the expression patterns of CD183, CD194, CD196, and CCR10 on (left)
normal CD41 T cells derived from 10 age- and sex-matched HCs with corresponding Th population medians (larger dots) and second standard deviation lines. To compare,
3 examples of samples from patients with SS, with S�ezary cells (red) displaying phenotypes matching (from left to right) predominantly 1 (SS case 4; that of Th2 [77% of tumor
cells]), 2 (SS case 1; CD1941CCR101 [77%] and Th22 [20%]), or multiple (SS case 13; Th2 [60%], Th17 [21%], and Th22 [7%]) Th subsets at one single time-point measurement.
(Right) Merged file of 24 SS initial samples exhibiting the aberrant and heterogeneous expression patterns of S�ezary cells compared with the normal reference data set. Given
are classical Th1 (CD1831), Th2 (CD1941), Th17 (CD1941CD1961), Th22 (CD1941CD1961CCR101), Th1/Th17 (CD1831CD1961), and most common nonclassical
CD1941CCR101, CD1831CD1941, CD1831CD1941CD1961, CD1831CD1941CCR101, and nonnaïve 2CD1832CD1942CD1962CCR102 Th subsets. (B) An APS plot compar-
ing the 5 main maturation stages of normally distributed CD41 T-cell populations (2.0 standard deviation curve is shown) derived from 10 age- and sex-matched HCs with
their corresponding medians (larger dots) for each maturation stage (left). Maturation stages were based on characteristic CD27, CD45RA, and CD62L expression patterns.
Examples of 3 samples from patients with SS showing aberrant CD41 T cells (small red dots) that exhibit predominantly (from left to right) (SS case 22) CM, (SS case 21) CM
and TM, or (SS case 15) CM, TM, and PM phenotypes. (Right) All phenotypically aberrant CD41 T cells from 24 samples from patients with SS merged into 1 file with their
corresponding population medians (larger dots) of each patient sample. CM, central memory; N, naïve-like; PM, peripheral memory; TM, transitional memory.
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distribution was calculated for each sample. All S�ezary tumor
subsets harbored 1 dominant clone accounting for $98.6% of
the total number of sequencing reads.

RNA-seq of purified S�ezary cells reveals
downregulated genes associated with TR function
and development
Based on the RNA-seq data, we compared the global tran-
scriptome of different FACS-purified subsets. Overall, a
principal component analysis revealed the clustering of
normal CD41 T-cell subsets and the comparability between
normal CD41 T-cell populations from patients and HCs
(Figure 7A). By contrast, a principal component analysis
separated S�ezary from normal CD41 T-cell subsets, indicat-
ing considerable differences in the global transcriptomes
of S�ezary cells beyond functional properties alone.

Immunophenotypically distinct S�ezary subsets that were
separately isolated from the same patient presented func-
tional variation in between subsets, but the overall expres-
sion patterns were conserved across S�ezary cell subsets,
regardless of functional properties, given their display in
close proximity.

In addition, we confirmed phenotypically identified Th (func-
tional) subsets by evaluating their corresponding lineage-
specifying gene expression profiles (Figure 7B). Normal CD41

T-cell subsets from HCs with a Th2 or Th17 phenotype
expressed higher levels of GATA3 and RORA/RORC that are
known to prime naïve CD41 T cells toward Th2 and Th17 func-
tional subsets, respectively. Likewise, S�ezary subsets from the
same patient showed different lineage-specifying profiles
although they were less prominent compared with subsets from
HCs.31,40
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Figure 4. Distinct distribution of nontransformed leukocytes in PB of patients with SS and HCs. (A) Quantitation (absolute cell counts/mL) of whole blood innate
and adaptive immune cell populations in SS initial samples (n 5 14, for which absolute counts were assessed) and age- and sex-matched HCs (n 5 10). (B) Relevant
altered distribution (as % of given cell population on y-axis) of non-CD41 and normal residual CD41 T-cell subsets based on the data of initial SS samples (n 5 24 for
non-CD41 and n 5 21 for CD41 T-cell subsets) compared with HC samples (n 5 10). SS samples that contained ,2% of normal residual CD41 T cells (n 5 3) were not
included in the analysis due to decreased accuracy of cell subset classification. The medians (middle line) with corresponding 95% confidence intervals are given. Mann-
Whitney U test was used for statistical analysis, and significance is noted as not significant (n.s.). *P , .05; **P , .01; ***P , .001; ****P , .0001. Treg, T regulatory cell.
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We identified 155 significant DEGs (avglog2FC $5; FDR ,0.05),
of which 98 genes were consistently downregulated and 57
were consistently upregulated in S�ezary subsets, including
multiple genes previously reported to be implicated in SS
(Figure 7C; supplemental Table 3). In order of significance,
DNM3OS, MET, GATA6, TWIST1, and DNM3 were upregu-
lated and DPP4 (encoding for CD26) was downregulated,
respectively.3,41-46 Overall, gene ontology enrichment analy-
sis of these DEGs highlighted downregulated genes
involved in adaptive immune response, whereas multiple
cellular functions (including cell adhesion, migration, and
signaling) were found among the upregulated genes (Figure
7D).47 Canonical pathway analysis through ingenuity path-
way analysis identified 139 significant pathways (P , .05)
based on DEGs (FDR ,0.05; log2FC02(2)5) (supplemental
Figure 4).

Remarkably, the most significant DEG was THEMIS (thymo-
cyte-expressed molecule involved in selection), an important
regulator of thymocyte positive selection, which was specifi-
cally and consistently downregulated (log2FC 5 10.4) in
S�ezary cells regardless of its phenotype. In line with
this, another gene involved in the negative regulation of
TR signaling, LAIR1, was significantly downregulated

(log2FC 5 6.1) in SS subsets. These results highlight a shared
transcriptional profile associated with TR function in S�ezary
cells. We next sought to identify a core set of genes consis-
tently and exclusively perturbed across S�ezary cell subsets.
Therefore, we computed the minimal fold change across
tumor and normal subsets from patients with SS and HCs
(supplemental Table 3). This approach corroborated that
THEMIS has the absolute highest discriminatory power (mini-
mal fold change .100) between S�ezary and normal CD41

T-cell subsets. Among others, LAIR1 and TMEM273 (minimal
fold changes of 13.4 and 16.1, respectively) were included in
the top 10 discriminatory DEGs.

Discussion
The heterogeneity of S�ezary cells at the immunophenotypic
level is increasingly acknowledged. Exploring heterogeneity is
critical for the overall knowledge of SS pathogenesis, tumor evo-
lution, and resistance to therapy. In turn, this is essential for the
discovery of S�ezary-specific targets and biomarkers that are
potentially useful for diagnosis, treatment monitoring, and prog-
nosis. Herein, we applied EuroFlow MFC technologies and tools
to a large prospective cohort of patients with SS for highly
sensitive and standardized identification, quantitation, and

A B

APS APS

C

APS

Figure 5. Sequential monitoring reveals shifts in S�ezary cell immunophenotype correlated with disease progression. Three PB samples were collected at different
disease stages from SS case 11. (A) The initial sample, isolated 6 months after diagnosis. MFC analysis showed 1 homogeneous tumor population characterized by the
diminished expression of CD3 surface antigen. (B) The second PB sample was collected 16 months after diagnosis. At that time, the patient had experienced disease
progression, and systemic treatment with CHOEP chemotherapy was initiated. Herein, the tumor population increased from 30% to 90% of the total CD41 T-cell popu-
lation, but this expansion was primarily based on the (dramatic) emergence of a novel S�ezary cell tumor population characterized by a distinct immunophenotypic pro-
file (CD3loCD4lo in combination with CD26negCD7negCD2lo) as compared with the preexisting tumor population, which was detectable but proportionally decreased
over time. Treatment was insufficiently effective and was switched to mogamulizumab, a monoclonal antibody targeting CCR4. (C) At third sampling, 19 months after
the first sample and now under treatment with mogamulizumab, the initial CD3lo tumor population was no longer detectable, and the newly emerged CD3loCD4lo

tumor population was abundantly present compromising .90% of total CD41 T cells.
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characterization of peripheral circulating S�ezary cells and non-
transformed leukocytes. Together with FACS and RNA-seq on
purified S�ezary and normal subsets, our in-depth analyses pro-
vided a thorough overview of the immunophenotypic and tran-
scriptional profiles in SS.

Most of the debated topics and unresolved issues in the field of
CTCL regard the definition and percentual limits for detection
and quantitation of S�ezary cells in PB (as diagnostic and treat-
ment response criteria). In this study, we extensively demon-
strated that conventional FC as currently used in clinical practice

could either over- or underestimate tumor burden as compared
with EuroFlow methodology. This is explained through the
observation that fixed immunophenotypic aberrancies
(CD41CD262 and CD41CD72) were displayed by a variable
percentage of neoplastic cells and the admixture of reactive
and/or (functionally shifted) normal CD41 T cells partly harbor-
ing similar phenotypes, respectively.48 Accordingly, a rational
approach to differentiate S�ezary cells should be initiated with
the exclusion of normal cell populations in PB and the recogni-
tion of asynchronized and/or imbalanced representation of a
particular cell population in the context of normal hematopoietic
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Figure 6. Circos plots confirming monoclonality of FACS S�ezary tumor subsets given their monoclonal TRs of the a and b chains. By contrast, corresponding nor-
mal CD41 T-cell subsets isolated from the same patients with SS revealed a typical polyclonal pattern. The extended figure of rearrangement patterns (circos plots),
clonality distribution (pie charts), and sample information regarding TRA/TRB rearrangements and CDR3 sequences for all FACS CD41 T-cell subsets are depicted in
supplemental Figures 2 and 3 and supplemental Table 2, respectively.
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cell populations. Therefore, EuroFlow gating strategy focuses on
the identification of aberrant cells based on the whole pheno-
typic parameters, which allowed for the detection of S�ezary cells
in all SS samples analyzed. Accordingly, in most cases (22/24,

92%), tumor cells demonstrated abnormal (usually dimmer vs
normal counterpart) expression of markers other than the
CD262/lo and/or CD72/lo, mainly involving a CD3lo, CD4lo,
CD22/lo, and, to a lesser extent, CD5lo and CD45lo profile, that
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Figure 7. RNA-seq data reveal distinct transcriptional profiles of different FACS CD41 T-cell populations and identify recurrent novel aberrancies. (A) Principal
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clearly distinguished S�ezary cells from normal/reactive CD41 T
cells. Nonetheless, S�ezary cell identification remains challenging
in some cases, and improvement can be reached by incorporat-
ing additional resolutive SS-specific markers.

Being intrigued by the extent of heterogeneity observed in SS
and the need for additional SS-specific markers provided the
rationale for a combined approach incorporating MFC and bulk
RNA-seq transcriptomic analysis covering phenotypically distinct
neoplastic (S�ezary) and normal CD41 T cells. Differently from
other studies involving transcriptome profiling of SS sam-
ples,11,49,50 we sought to unravel heterogeneity not only
between but also within patients and therefore included pheno-
typically distinct S�ezary cell populations and, in parallel, isolated
phenotypically related normal CD41 T-cell subsets from the
same patients with SS and HCs. Our gene expression data dem-
onstrated that phenotypically distinct S�ezary cell populations
from the same patient are clonally related given their identical
TRA- and TRB-CDR3 sequences. This observation suggests that
in SS a common progenitor cell can mature and differentiate
along the T-cell pathway and generate the outgrowth of pheno-
typically distinct tumor populations or is evidence for phenotypic
plasticity of a matured T-cell clone. In support of these hypothe-
ses, although the predominant immunophenotype of S�ezary
cells is central memory, all maturation stages (except TE) are
observed in most patients. This is substantially different in myco-
sis fungoides, a CTCL type assumed to derive from skin-resident
effector memory T cells.48

We discovered, among other findings, the transcriptional down-
regulation of THEMIS and LAIR1, which are involved in TR func-
tion.52,52 These genes were recently implied in the pathogenesis
of adult T-cell leukemia-lymphoma, a lymphoma that is clinically
closely related to SS.53 Further experiments will be required to
functionally and biologically characterize these genes and
address their potential as diagnostic, therapeutic, and/or prog-
nostic biomarkers.

Sequential monitoring of PB by MFC was performed in 8 patients
with SS and uncovered that S�ezary cell immunophenotype is
subject to changes because cell surface protein expression can
be reversely acquired and lost during the disease course. These
observations suggest that S�ezary cells might be in continuous
evolution and adaptation as a result of a spontaneous takeover
of dominant subclone(s), possibly after (epi)genomic instability
or reflect phenotypic plasticity, or they may also be in part due
to therapies that differently target subclones, inducing the emer-
gence of new or expansion of existing subclones that are resis-
tant to therapy, thereby causing relapse.11 Therefore, FC
measurements should be performed routinely to actively moni-
tor early escape mechanisms that require adaptation in therapy
regimens. A fully standardized methodology using EuroFlow-
based MFC is thereby a prerequisite for making direct compari-
sons possible; in this sense, it should be emphasized that the
presence of phenotypic changes during SS evolution is at odds
with conventional FC approaches that define neoplastic cells
based on immunophenotypic aberrancies of fixed markers.
Additionally, the application of MFC goes beyond diagnostic
and monitoring utility. Together with better characterization of
patients’ biology, MFC analysis could be applied to select

patients eligible for novel immunotherapeutic treatment strate-
gies because their efficacy is likely to correlate with their tar-
geted membrane expression on S�ezary cells.

The altered levels of innate and adaptive circulating leukocytes
in patients with SS provide evidence of the impaired immune
homeostasis and contribute to an increased risk of opportunistic
infections. Interestingly, the concurrent decrease in levels of cir-
culating TFH and B cells hint at an impaired loop of humoral
immunity because TFH cells play a critical role in the activation
and differentiation of antigen-specific B cells into memory and
plasma cells.54 Furthermore, the accumulation of TE T cells is
possibly linked to the dysregulation of T-cell homeostasis. A bet-
ter understanding of biological mechanisms underlying these
shifts helps in selecting treatments that not only restore normal
counts but also improve the normal distribution within immune
cell populations in PB of patients with SS.

Our approach of integrating MFC, FACS, and RNA-seq pro-
vided important insights into inter- and intrapatient heterogene-
ity and helped obtain additional S�ezary-specific markers that
could prove its diagnostic and/or prognostic use in future
research. We demonstrated the importance of using advanced
standardized MFC to precisely detect neoplastic S�ezary cells
and robustly and reproducibly study immunophenotypic aber-
rancies measured at single time points and prospectively, which
was otherwise impossible. We anticipate that the outcomes of
this explorative study can form the basis for larger validation
studies aiming to revise international diagnostic and treatment
response FC criteria and improve diagnosis, monitoring, treat-
ment, and prognosis in SS.
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