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m Sezary syndrome (SS) is an aggressive leukemic variant of cutaneous T-cell lymphoma
(CTCL) with a median life expectancy of less than 4 years. Although initial treatment
* Individual patients with responses are often good, the vast majority of patients with SS fail to respond to ongoing

Sézary syndrome
contain several distinct
malignant subpopula-
tions and show marked
single-cell
heterogeneity.

therapy. We hypothesize that malignant T cells are highly heterogeneous and harbor
subpopulations of SS cells that are both sensitive and resistant to treatment. Here, we
investigate the presence of single-cell heterogeneity and resistance to histone deacetylase
inhibitors (HDACI) within primary malignant T cells from patients with SS. Using single-cell
RNA sequencing and flow cytometry, we find that malignant T cells from all investigated
patients with SS display a high degree of single-cell heterogeneity at both the mRNA and

el sl protein levels. We show that this heterogeneity divides the malignant cells into distinct

tions exhibit differences
in their sensitivity to
treatment warranting
precision therapy.

subpopulations that can be isolated by their expression of different surface antigens.
Finally, we show that treatment with HDACi (suberanilohydroxamic acid and romidepsin)
selectively eliminates some subpopulations while leaving other subpopulations largely
unaffected. In conclusion, we show that patients with SS display a high degree of single-cell
heterogeneity within the malignant T-cell population, and that distinct subpopulations of
malignant T cells carry HDACi resistance. Our data point to the importance of understanding
the heterogeneous nature of malignant SS cells in each individual patient to design
combinational and new therapies to counter drug resistance and treatment failure.

Introduction

Cutaneous T-cell lymphoma (CTCL) is a group of non-Hodgkin lymphomas characterized by chronically
inflamed skin lesions containing malignant T cells. Sézary syndrome (SS) is an aggressive leukemic variant of
CTCL with a median life expectancy of less than 4 years."? Current management of SS comprises a long list
of experimental and established treatments including extracorporeal photopheresis and histone deacetylase
inhibitors (HDACI).>® With the exception of allogenic hematopoietic stem cell transplantation, current
treatment options only alleviate symptoms and tumor burden of the disease without the prospect of full
remission or cure.>® Although initial response rates for most treatments are good, patients with SS often
develop resistance to ongoing treatments.®* Despite vigorous research and progress in our understanding of
the genomic landscape of CTCL, no single common driver mutation has yet been identified.”® The lack of
recurrent driver mutations is also reflected in the great molecular differences seen between individual
patients. However, malignant SS cells from the majority of patients are highly genetically unstable and present
with multiple genetic and chromosomal aberrations converging on particular cancer-associated molecular
pathways.”"" Malignant SS cells often exhibit abnormal expression of T-cell surface markers and can be
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isolated on the basis of their clonal T-cell receptor (TCR) or their
characteristic low expression of CD7 and/or CD26.''3

On the basis of their presence in the blood and lymph nodes and their
expression of distinct surface markers such as CD197 (CCR7),
CD27, and CD62L (L-selectin), SS cells are suspected to derive from
transformed central memory T (Tew) cells.'® However, studies have
found that although the majority of malignant cells from most patients
with SS do exhibit a Ty surface phenotype, some malignant cells
express surface markers inconsistent with the Ty phenotype, such
as high levels of CD45RA."®"® This indicates that the population of
malignant SS cells within each patient exhibits some degree of
cellular heterogeneity, despite reportedly originating from a single
transformed T-cell clone."”

We hypothesize that single-cell heterogeneity within the malignant
T-cell population of SS facilitates treatment resistance through
selection and may explain the marked recurrence rate in SS. In this
study, we establish the presence of cellular heterogeneity within
primary malignant T cells from patients with SS at the surface
marker and mRNA level. We show that the malignant populations
consist of distinct subpopulations that exhibit remarkable differ-
ences in their sensitivity toward HDACi treatment.

Methods
Malignant cells from patients with SS

Peripheral blood mononuclear cells (PBMCs) were collected from the
blood of patients diagnosed with SS in accordance with the World
Health Organization and European Organization for Research and
Treatment of Cancer classification.'® None of the patients received
treatment with HDACi or have previously been treated with HDACI.
A full list of patient characteristics including past and current treatments
is shown in Table 1. PBMCs were isolated by density gradient
centrifugation, using LymphoPrep and SepMate-60 tubes (Stem Cell
Technologies, catalog #07851 and #85460). Malignant T cells were
identified by their expression of a dominant TCRV@ clone (SS6, SS8,
SS9, SS10, and SS11) and their characteristic low expression of CD7
and/or CD26.'%'® In accordance with the Declaration of Helsinki, the
samples were obtained with informed consent after approval by the
Committee on Health Research Ethics (H-16025331).

Flow cytometry

Primary conjugated monoclonal antibodies against CD2, CD3, CD4,
CD7, CD15s, CD20, CD25, CD26, CD39, CD43, CD45RA,
CD45R0O, CD49b, CD62L, CD70, CD93, CD127, CD164, CD197,
CD200, CD226, CD279, CCR10, cutaneous lymphocyte-associated
antigen, TCRVB1, TCRVB2, TCRVR8, and TCRVB18 were pur-
chased from BD Biosciences, BioLegend, Miltenyi Biotec, Beckman
Coulter, or R&D Systems. Dead cells were excluded using propidium
iodide or 7-amino-actinomycin D (BioLegend, catalog #420404).
Single-cell suspension was ensured by filtering cells through a 100-pm
cell strainer. Antibody panels were diluted in BD Brilliant Stain Buffer
(BD Biosciences, catalog #563794), and cells were stained for 30
minutes at room temperature protected from light. Flow cytometric
analysis was conducted using a 3- or 5-laser BD LSR-Fortessa at the
Core Facility for Flow Cytometry at the University of Copenhagen.

Surface marker screening

Malignant SS cells were screened for the expression of 240 surface
markers, using BD Lyoplate Human Surface Marker Screening
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Panel (BD Biosciences, catalog #560747). Up to 7 samples were
tagged using separable combinations of CFSE, CellTrace Violet,
CellTracker Violet BMQC, and Fixable Viability Dye eFluor780
(Thermo Fisher, catalog #C34557, #C10094, and #65-0865-14)
to allow multiplexed analysis. After careful washing, tagging was
verified to allow clear separation of the samples by flow cytometry,
and samples were pooled. Staining with primary and secondary
Lyoplate antibodies was conducted in accordance with manufac-
turer instructions. To enable identification of malignant cells, each
well was stained with primary conjugated monoclonal antibodies
against CD3, CD4, CD7, and CD26 after staining with the
secondary Lyoplate antibodies. Dead cells were removed using
7-amino-actinomycin D, and after demultiplexing, malignant cells
were gated based on low expression of CD7 and/or CD26.">'® The
240 screened surface markers were filtered as “expressed” by
having at least 10% of cells from at least 1 patient expressing
more than the median fluorescence intensity (MFI) of the isotype
plus 10 standard deviations (SDs) of the isotype: MFlgoo, quantile >
(MFIIsotype +10 X SDIsotype)-

Cell sorting

Cell sorting was conducted on a 3-laser BD FACS Aria-ll, using a
100-um nozzle at the Core Facility for Flow Cytometry at the
University of Copenhagen. After staining, unsorted and sorted
samples were kept at 4°C throughout. Malignant cells from each
patient were single-cell index sorted directly into 3 BD Precise
96-well plates (BD Genomics, catalog #634411), following the
manufacturer's instructions. Remaining malignant cells were sorted
into tubes. Purity of sorted cells was consistently above 95%.
Immediately after sorting, cells in tubes were pelleted, resuspended
in TRI Reagent (Sigma-Aldrich, catalog #T9424), and together with
BD Precise plates, stored at —80°C until library construction.

Targeted single-cell RNA sequencing

Targeted single-cell RNA sequencing libraries were constructed
using the BD Precise assay, following the manufacturer’s instruc-
tions. In short, after lysis and barcoded reverse transcription, all
96 wells were pooled. Subsequently, targeted amplification was
performed using the T-reg Precise Panel, consisting of probes
targeting 110 T-cell-relevant genes (BD Genomics, catalog #PRC-
PNL-IMM). This was followed by final library preparation by the
addition of sequencing adapters and plate indices. Pooled libraries
were sequenced using the lllumina MiSeq or HiSeq2500 platform
at the Center for Genomic Medicine, Rigshospitalet. Demultiplex-
ing, read mapping, and extraction of unique molecular identifier
counts were performed using the BD: Precise Targeted Analysis
Pipeline at the Seven Bridges Platform. Three wells randomly
distributed on each 96-well plate were kept empty. Unlike wells
containing single cells, these empty wells showed consistent low
background read counts, with practically no reads being mapped to
the target transcripts. To discard low-quality samples, only wells
with mapping efficiency above 50% were included in the sub-
sequent analysis. Further analysis and data visualization were
performed using R.

Bulk RNA sequencing

RNA from sorted malignant cells was isolated using TRI Reagent/
BCP (Sigma-Aldrich, catalog #B9677) purification and isopropanol
precipitation, as previously described.'® Total RNA sequencing
libraries were constructed using the lllumina TruSeq kit and
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sequenced on the lllumina HiSeq2500 platform at the Center for
Genomic Medicine, Rigshospitalet. Raw RNA-Seq reads were
pseudoaligned to the human transcriptome (ENSEMBL, GRCh38),
using the Kallisto software. Expression values were calculated using
the tximport and DEseq2 R packages, adhering to the guidelines
suggested in the DEseq2 manual.'®

Histone deacetylase inhibitor treatment

PBMCs isolated from patients with SS were kept in RPMI-1640
(Sigma-Aldrich, catalog #R204) containing 10% human serum
(Copenhagen Hospital Bloodbank) and 1% Penicillin/Streptomycin
(Sigma, catalog #P7539). Cells were treated with 4 concentrations
of 2 different HDAC, starting from 4 nM depsipeptide (romidepsin)
or 4 uM suberanilohydroxamic acid (SAHA/vorinostat) in fourfold
dilution series. Because of dilution error, cells from SS5 were
treated with slightly different HDACi concentrations than the other
patients (4.0, 0.8, 0.16, and 0.032 instead of 4.0, 1.0, 0.25, and
0.06, respectively). Cells were treated for 8 days, after which they
were counted and analyzed by flow cytometry. As some malignant
T cells upregulate CD26 and CD7 in response to stimulation,
CD26 was included in the clustering of TCRVB™ cells. For patients
for whom antibodies toward TCRVB clone were not available,
the malignant cells were gated as non-CD26"CD7™. Malignant
populations were downsampled to 1000 events per treatment
before dimension reduction to faithfully represent the populations
present in the treated samples (with lower event counts).

Flow cytometry data analysis and visualization

Flow cytometry data were gated and manually inspected, using
FlowJo (TreeStar), and subsequently loaded into R using the
flowCore and flowWorkspace packages.?° t-distributed stochastic
neighbor embedding (t-SNE) dimension reduction (perplexity set to
30) and automated PhenoGraph clustering were performed, using
the Cytofkit package.>" All code used in the analyses included in
this study is available from the authors on request.

Results

Malignant T cells display heterogeneous surface
marker expression

Despite its expected origin from a single transformed clone, we
hypothesize that the malignant T-cell population from patients with
SS exhibits a high degree of single-cell heterogeneity within each
individual patient. Loss of CD7 and CD26 are hallmark character-
istics of malignant T cells from patients with SS.'>'3 In our SS
cohort (see Table 1 for patient characteristics), we found that
neither CD7 nor CD26 alone was sufficient to define the malignant
T-cell population in all patients (Figure 1A-C). However, we found
that the non-CD26*CD7* population is dramatically enriched for
cells expressing the dominant TCRV chain (Figure 1B). For the
patients for whom no dominant TCRVB chain could be detected,
the non-CD26*CD7™ population consisted almost completely of
cells unmarked by the TCRVB screening kit (Figure 1B). As the
TCRVB screening kit covers about 70% of the normal T-cell
receptor repertoire, large proportions of nonreactivity to the kit have
been proposed as surrogate marker of clonality.'*?? Although the
dominant TCRVB™ population is highly enriched for the malignant
T-cell clone, it also contains a minor population of nonmalignant
cells using the same TCRV chain (Figure 1C). Thus, we gated
malignant cells as the (TCRVB ") non-CD26"CD7* population.
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To identify surface markers that are heterogeneously expressed by
the malignant T-cell population, we screened malignant cells from
8 patients with SS for the expression of 240 surface antigens, using
a flow cytometry-based assay. Of these 240 markers, 86 were
expressed by malignant cells (Figure 2A). Using interquantile range
(90% quantile — 10% quantile fluorescence; IQR90) as a measure
of heterogeneity, we could visualize the heterogeneity in surface
marker expression across different patients and identify the markers
that are highly heterogeneously expressed (Figure 2B). Although
some markers are heterogeneously expressed in all investigated
patients, we found that many markers were specific to individual
patients or groups of patients (Figure 2A-B). This is consistent with
the great differences in gene expression, single-nucleotide mu-
tations, and chromosomal aberrations often observed between
patients with SS.7911:23

Looking at the cellular distribution of the top 20 most heteroge-
neously expressed surface markers, we observed that although some
markers were expressed in a continuum, others showed clear
bimodal separation indicative of distinct subpopulations (Figure 2C).

This shows that malignant cell populations of all investigated
patients exhibit high degrees of heterogeneity in their surface marker
expression, and that this heterogeneity can be assayed using flow
cytometry.

Malignant population contains multiple
distinct subpopulations

The heterogeneous surface marker expression strongly argues for
the presence of distinct subpopulations within the malignant cell
population in each individual patient. We analyzed coexpression of
some of the most heterogeneously expressed markers by flow
cytometry to formally determine whether distinct subpopulations
can be isolated. Using t-SNE, we visualized single-cell expression of
several markers at the same time. This allowed identification of
populations exhibiting distinct combinations of surface markers
within the malignant cell population (Figure 3A). We analyzed the
combined expression using an automated clustering algorithm
(PhenoGraph), resulting in several clusters that could be merged to
convincingly represent subpopulations with distinct surface marker
expression (“Reduced”; Figure 3B). Although all included markers
were differentially expressed within at least 1 patient, not all patients
showed similar heterogeneity of all markers (Figure 3A,C). Only
cutaneous lymphocyte-associated antigen exhibited consistent
bimodal expression in the malignant populations in all patients
(Figure 3A,C).

Malignant T cells display heterogeneous
mRNA expression

The data presented here establish that cells from a given malignant
population can be divided into different subpopulations on the basis
of their surface marker expression. We conducted targeted single-
cell RNA sequencing of malignant cells to determine whether the

heterogeneous surface phenotypes found within the malignant
population could be correlated with distinct mRNA transcription
profiles. We index sorted 1.566 single malignant cells from 6
patients and analyzed their expression of a range of T-cell-relevant
genes. To verify the single-cell expression, the use of index sorting
allowed us to correlate surface protein and mRNA expression in
each individual cell. We found reasonable correlation between
the mRNA and protein expression at the single-cell level for the
genes encoding proteins included in our flow cytometry panel
(supplemental Figure 1A). Furthermore, we compared the average
single-cell mMRNA expression with bulk RNA-Seq expression from
the malignant population of the same patients and found good
correlation (R = 0.51-0.62; supplemental Figure 1B).

As was the case for the surface marker expression, the malignant
cells from different patients exhibited different expression patterns.
However, all patients showed heterogeneous expression of several
mRNA transcripts (Figure 4A). To determine whether the single-cell
mRNA expression profiles were consistent with the existence of
distinct malignant subpopulations, we visualized the expression of
select genes using t-SNE. Similar to their surface marker expression,
single-cell mRNA expression divided the malignant population into
clusters of cells exhibiting differential coexpression (Figure 4B).

Thus, despite the interpatient differences in expression of mRNA
and surface proteins, the malignant population in all investigated
patients could be divided into subpopulations, with distinct expres-
sion profiles at the mRNA and protein levels.

HDAC inhibitor treatment differentially affects
malignant subpopulations

Having established the presence of distinct subpopulations within
the malignant cells in all investigated patients with SS, we
hypothesized that the high occurrence of treatment resistance
found in these patients could be a result of differences in treatment
sensitivity of these malignant subpopulations. Such differences in
treatment sensitivity would allow treatment to eliminate some
subpopulations, and thus reduce the overall malignant cell counts,
but leave other subpopulations unaffected. To investigate this, we
treated PBMCs from 6 patients with SS with increasing concen-
trations of 2 HDACI, SAHA (vorinostat), and romidepsin,®* and
followed changes in malignant subpopulations.

As shown earlier, although we found malignant subpopulations in all
investigated patients with SS, their abundance and expression
pattern varied greatly from patient to patient. Thus, to capture
changes in malignant subpopulations with higher precision, we
expanded and customized our flow cytometry panel to each patient
on the basis of the heterogeneously expressed markers identified in
the surface marker screening experiment (Figure 2).

We found that cells from all patients responded to treatment,
as demonstrated by the reduced malignant cell counts, in a
dose-dependent manner. However, the magnitude of response to
HDAC: treatment varied greatly between the investigated patients.

Figure 1. Identification of the malignant population. (A) Gating strategy of nonmalignant CD3*CD4"CD7"CD26" cells from 10 patients with SS (SS2-SS11). (B)
TCRVB distribution within the CD4* non-CD26*CD7" (malignant), CD4"CD26"CD7" (nonmalignant), and CD8" T cell populations. Because of incomplete antibody
coverage by the TCRV screening kit, not all T cells can be assigned to a TCRVB and are included in the “unmarked” fraction. (C) Assessment of the fraction of CD26*CD7™"

cells within the CD4™ population expressing the dominant TCRV clone detected in 5 of the 10 patients with SS.
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We present results from each individual patient in Figure 5
and supplemental Figures 2-6. On the basis of the customized
panels, malignant cells from all patients could be divided into
at least 5 subpopulations with distinct surface marker expression
(Figure 4A; supplemental Figures 2A, 3A, 4A, 5A, and 6A). As
exemplified by patient SS8, 0.256 nM romidepsin treatment
selectively and drastically reduced in some (ie, blue and red)
subpopulations while leaving the remaining subpopulations largely
unaffected (ie, brown, purple, and green; Figure 5B-D). This effect
was also seen using 1 wM SAHA treatment (Figure 5E-G). Indeed,
although the highest concentrations of both HDACi almost
completely eliminated the malignant population, the remaining few
cells were all from the subpopulations that were also unaffected
by lower concentrations (Figure 5C,F). Importantly, the surviving
subpopulations showed largely unchanged cell numbers and
exhibited constant single-cell surface marker expression after the

2120 BUUS et al

treatment (Figure 5D,G-H). This indicates that the observed
changes in the malignant population are a result of selection of
subpopulations, rather than an overall change in surface marker
expression. Importantly, although characterized by coexpression of
other surface markers, similar differences in the treatment sensitivity
of the subpopulation were found in SS cells from all investigated
patients (supplemental Figures 2-6).

We further hypothesized that the selective elimination of some, but not
all, subpopulations would also be reflected in a reduction in the overall
diversity of the malignant population. Consistent with this, we found
that the diversity within the total malignant population measured by 4
diversity indices calculated from the full set of PhenoGraph clusters
was reduced in all investigated patients (Figure 5I).

Together, these findings strongly support our hypothesis that some
malignant subpopulations are more resistant to treatments than
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Figure 3. Coexpression of surface markers divide malignant cells into subpopulations. (A-B) Coexpression of a panel of surface markers within the malignant population
of 7 patients with SS visualized by t-SNE plots colored by (A) fluorescence intensity of the indicated markers or (B) automated clustering using the PhenoGraph algorithm showing all
(left) or a reduced number of clusters (right). (C) Single-cell heat maps distributed by reduced PhenoGraph cluster (left bar) and colored by fluorescence intensity of the indicated

markers. Violin plots (top) display the overall expression range of the indicated markers within the total malignant population. CLA, cutaneous lymphocyte-associated antigen.

others, which thus strengthens the model in which malignant
heterogeneity is a driver of treatment resistance in SS.

Discussion

Facilitated by the emergence of powerful single-cell methods, the
importance of malignant heterogeneity in various cancers is becoming
increasingly clear.2*2° Here, we employed single-cell RNA sequenc-
ing and high-level multicolor flow cytometry analysis to establish the
heterogeneity of malignant cells in SS. We screened malignant SS

€ blood advances 28 aucusT 2018 - vOLUME 2, NUMBER 16

cells for the expression of 240 surface markers by flow cytometry and
confirmed that the surface marker landscape of malignant SS cells
largely resembles that of memory T cells. It has been proposed that
SS cells originate from central memory T (Tcy) cells because of their
high expression of CD45R0, CD62L, and CD197." This was a novel
paradigm, which sparked a number of important studies elucidating
the nature and the origin of the malignant clone in CTCL. In
accordance, we found that a large proportion of the malignant cells
from most patients have this Tcy phenotype. However, this hypothesis
was disputed by studies showing that the malignant population of

SINGLE-CELL HETEROGENEITY IN SEZARY SYNDROME 2121



\I i II‘\HIH Il S100A10
| | || S100A4
m (IR | I {1l ] IL7R

I Il CCR7

SELL ALT!

1| I I | : T m
I IHI‘ L] by | ’ | \Il | ‘I ‘I “ | IIH " [ | | \J | SMAD2 _ALT2
Il ney ‘ I‘ ‘I i ggRA ALT2

|u||\| " 1\‘””" ‘ : iubl ! | | L LRI

J“ ‘ 1 | EII H\l\‘ LU ‘-H:l \III\H I I | II‘\I\‘HII
I | | 1

il | Il RN T 111 |
LU iy | !||| i |HI I'H IIJH ! HlIII\I [ e \KZFsALTw

| W ol
| | Il | ] | I I\ I \ I | |1 ECLQLH
| | | IHI h | ' | H[, \III \I I GZ

\II :H | [ |II I } III\I"II\IEIFI ]

|
|
1141 HI\II'\ LRRC32
| ‘ I I 1l i 5 I b il I|\ I | II H‘l I ! 'I'I CTLAA

| | 1L ‘H
I IE\IH ‘ y III{I.II”” |I] IIMIH llml\ll I

STA
PSMBZ _ALT1

i | i
H 1 '

_—

10 | | et [t
e LW ) i q 1 |” ) II| FH|\|I H *“
’ | L hlw |llI lul IIII l | I‘ “ILJ:WF\lI"II ﬂlj’l I| . I IJ il ‘:Hl‘m* l‘” imﬂﬁ# ‘F%E%:r;s,fxm
iy Wi i 1' Hll‘l' ™ -F | M ! [\ BB BRL 1) FTerc AT
‘ \h i AV i\%\lﬂjﬂr b .LM.J o, ﬂ lg, e i 1'.'.1‘5.'4'“",""
f ‘||H|| ||1 I||4n "I IHWI | l l Jr Iﬁmﬁllll"l‘f |'| ' il | |",|'W I 'I.r U TRAFL AT

lil\llllM!Il I Hl Il I\I \EI
| lli‘ ‘
I Mk I ' T 5 (|

! I ||I I | M I| 1l SMADA,ALTw
| I‘ Jhi | | ml 1T H‘
H Foxm _ALT1
! il IL21R
AHR'ALTY
b

LGALSI

LGALS1 S100A10 S100A4 SELL

L g2, K g2, K g2
©_Qp o_Gmy G e s & B0 Qo

. @ o0 0 @
VSNE T tow NN N High

Log2 UMI count

Figure 4. Single-cell mRNA sequencing confirm heterogeneity at the transcriptional level. (A) Heat maps showing the single-cell MRNA expression of malignant
cells from 6 patients with SS. (B) Single-cell mMRNA coexpression of CCR7, CXCR4, IL7R, LGALS1, PSMB4, PTPRC, S100A10, S100A4, and SELL within the malignant
population of 6 patients with SS visualized by t-SNE plots. Color indicate the log2 transformed number of unique molecular identifier (UMI) counts for each gene from the

individual cells.

many patients with SS also includes a population of cells expressing phenotype to infer their cellular origin. However, our data show that
CD45RA, which usually marks naive T (Ty) or stem-cell memory the malignant populations exhibit highly heterogeneous expression
T (Tscw) cells, indicating plasticity in expression of these markers.'®'® of many classical T-cell markers and contain multiple populations
It is appealing to assign malignant SS cells to a known T-cell with coexpression patterns not matching the conventional T-cell
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classifications (ie, CD45RA"CD45RO" and CD45RA"CD279"
cells). Furthermore, in 7 of the 9 patients with SS included in the
analysis, we found a notable population of CD197 " CD62L"%9 not
resembling classical memory cells. Indeed, despite surface expres-
sion matching Ty, Tom, or Tscm, Roelens and colleagues reported
that at the transcriptional level, SS cells cluster together, rather than
with Ty, Tewm, or Tsem cells from healthy donors.'® Together with our
data, this warrants caution when inferring functional similarity
between malignant and healthy cells, based on common surface
marker expression.

Several studies have identified features of malignant T cells from
patients with SS that differentiate them from the majority of
nonmalignant T cells. These include high scatter characteristics
with abnormal Sézary cell morphology, as well as increased
expression of CD60, CD158k (KIR3DL2), CD164, and CD307c
(FCRL3) and loss of expression of CD2, CD7, CD26, and
CD49d."®253" |n our SS cohort, we obtained the most consistently
defined malignant population using CD7 and CD26 together with
the dominant TCRVPB clone (when possible). Although the vast
majority of nonmalignant T cells are CD26 " CD7™, a minority of these
cells may lose expression of CD7 and CD26.%7 As a consequence,
in the absence of more selective markers of malignancy, gating
malignant cells as non-CD26"CD7" cells potentially allows a minor
fraction of nonmalignant T cells to be included in the malignant
population. We have not directly assessed this possible contam-
ination, but the magnitude can be estimated by the presence of
polyclonal T cells within the non-CD26"CD7* population for patients
with a malignant population unmarked by the TCRVB screening kit
(2.5%-12.9%; Figure 1B). For the TCRVB™ gated patients, the
contamination can be assumed to be smaller than the size of the
TCRVB*CD26*CD7" population (0.0%-7.7%; Figure 1C), as this is
the dominant phenotype of nonmalignant T cells. Thus, nonmalignant
contamination may contribute to the identified heterogeneity.
However, as this estimated contamination is much smaller than the
identified malignant subpopulations, we find it highly unlikely to be a
major contributor.

We analyzed the single-cell mRNA expression of malignant SS
cells with probes targeting a panel of 110 T-cell-related genes.
Surprisingly, the vast majority of the expressed genes contained in
this panel were heterogeneously expressed between different
malignant cells. Only a cluster of 5 genes (S700A4, ST00A10,
IL7R, CCR7, and CXCR4) was highly expressed by most malignant
cells. Among these genes, IL7R, CCR7, and CXCR4 encode well-
established molecules with defined function in growth and migration
of malignant T cells."*3235 Yet, even these “classical” biomarkers of
CTCL displayed heterogeneous expression within some patients,

suggesting that cellular heterogeneity among malignant T cells may
also pose difficulties using the novel therapeutic strategies targeting
these proteins. Although some of this heterogeneity is likely reflecting
the limitations in the sensitivity of the used single-cell RNA
sequencing assay, it is intriguing that the 2 cancer-related S100A
genes (S700A4 and S7100A70),%® which have not been previously
investigated in CTCL, show ubiquitous high expression within the
malignant population.

It has recently been shown that HDACi treatment is associated with
global increases in DNA accessibility and that HDACi accentuate
the existing accessibility rather than evoking new accessible DNA
elements.®” Qu et al also demonstrate that although HDACI
treatment in vivo reduced malignant T-cell counts, the DNA
accessibility changes in the nonmalignant compartment are best
aligned with the observed normalization of the chromatin sig-
nature.?” In the present study, we did not investigate DNA
accessibility, but found consistent reductions in malignant T-cell
numbers after HDACi treatment in vitro, whereas the non-
malignant T-cell numbers were less affected. This could indicate
a dual effect of HDAGi treatment: both reducing malignant cell
numbers and normalizing the nonmalignant immune system.
Future studies should aim at verifying the DNA accessibility
results from Qu et al at the single-cell level, as such studies can
distinguish changes within the entire malignant population from
changes within or as a result of elimination of distinct malignant
subpopulations.

Development of resistance to treatment is a major issue in the
management of advanced-stage CTCL.>*®3° We show that the
treatment with HDAGCi can efficiently reduce cell numbers by
eliminating the major malignant subpopulations. Yet certain sub-
populations displayed considerable resistance to the effect of
HDAGC: in vitro, and we hypothesize that similar subpopulations may
escape treatment in patients in vivo, founding the cellular basis for a
subsequent outgrowth of malignant SS cells. As some subpopu-
lations are unaffected, HDACi treatment effectively selects for the
least-sensitive malignant cells, potentially leading to full-scale
treatment resistance and relapse of uncontrollable disease, as
commonly seen in these patients.

Such a mechanism for treatment resistance is analogous to how
bacteria develop resistance toward most antibiotics. As a conse-
quence, albeit not without pitfalls (such as drug-drug interactions),
our results support the simultaneous use of multiple treatments
targeting different malignant subpopulations that could lead to full
eradication of the malignant T cells overall. To determine the right
treatment combinations, a targeted approach would greatly benefit
from detailed characterization of the subpopulations of malignant

Figure 5. HDAC inhibitor treatment affect some malignant subpopulations, but not all. (A) Coexpression of surface marker expression within malignant cells from a

patient with SS (SS8) visualized by t-SNE plots colored by fluorescence intensity of the indicated markers or by automated clustering using the PhenoGraph algorithm showing

all (left) or a reduced number of clusters (right). (B-G) Changes in the malignant subpopulations after treatment with increasing concentrations of 2 HDAC inhibitors. (B-D)
Romidepsin or (E-G) SAHA colored by reduced PhenoGraph clusters. (B,E) Visualized by changes in t-SNE plots of clustered cells. (C-D,F-G) Visualized by stacked bar plots
of (C,F) cluster frequency or (D,G) total cell counts. (H) Single-cell heat maps of malignant T cells treated with increasing concentrations of romidepsin. Rows are distributed

by reduced PhenoGraph clusters (left) and colored by fluorescence intensity of the indicated markers. Violin plots (top) display the overall expression range of the indicated

markers within the total malignant population. () Normalized quantification of the population diversity within the malignant population of 6 patients with SS after treatment with

increasing concentrations of romidepsin or SAHA, based on distribution among PhenoGraph clusters, using different diversity indices (Shannon, Simpson, and inverse Simpson

indices and Fisher's « diversity). Diversity indices were normalized to the diversity of the untreated sample from each patient. Bars depict mean percentage *+ standard error of

mean of 6 patients with SS (n = 6). Note that cells from SS5 were treated with slightly different concentrations (see “Methods”).
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cells in a personalized manner. In this study, we show that such
characterization is indeed feasible, using fast and high-throughput
methods such as flow cytometry, which is already implemented at
most treatment facilities.
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