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Key Points

There is striking subclonal molecular heterogeneity within clonal malignant T-cell
populations in the skin and blood of leukemic CTCL.
Tissue microenvironment in�luences the transcriptional state of malignant T cells, likely
contributing to evolution of malignant clones.
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Visual Abstract

Abstract

Cutaneous T-cell lymphoma (CTCL) is a heterogeneous group of mature T-cell neoplasms char-
acterized by the accumulation of clonal malignant CD4+ T cells in the skin. The most common
variant of CTCL, mycosis fungoides (MF ), is con�ined to the skin in early stages but can be ac-
companied by extracutaneous dissemination of malignant T cells to the blood and lymph nodes
in advanced stages of disease. Sézary syndrome (SS), a leukemic form of disease, is character-
ized by signi�icant blood involvement. Little is known about the transcriptional and genomic re-
lationship between skin- and blood-residing malignant T cells in CTCL. To identify and interro-
gate malignant clones in matched skin and blood from patients with leukemic MF and SS, we
combine T-cell receptor clonotyping with quanti�ication of gene expression and cell surface
markers at the single cell level. Our data reveal clonal evolution at a transcriptional and genetic
level within the malignant populations of individual patients. We highlight highly consistent
transcriptional signatures delineating skin- and blood-derived malignant T cells. Analysis of
these 2 populations suggests that environmental cues, along with genetic aberrations, contrib-
ute to transcriptional pro�iles of malignant T cells. Our �indings indicate that the skin microen-
vironment in CTCL promotes a transcriptional response supporting rapid malignant expan-
sion, as opposed to the quiescent state observed in the blood, potentially in�luencing ef�icacy of
therapies. These results provide insight into tissue-speci�ic characteristics of cancerous cells
and underscore the need to address the patients’ individual malignant pro�iles at the time of
therapy to eliminate all subclones.

Introduction

Insights into the molecular progression of cutaneous T-cell lymphoma (CTCL) have revealed a
signi�icant degree of heterogeneity in affected tissues between different patients and disease
stages and prospective intraindividual variability.  In addition, single-cell pro�iling of ad-
vanced stage tumor biopsies and circulating Sézary syndrome (SS) cells has further highlighted
substantial inter- and intratumoral variability.  While these approaches have provided im-
portant insights into the genomic instability and the transcriptional heterogeneity of CTCL,
there is a gap in the understanding of disease progression between skin and blood, and little is
known about the degree to which malignant T cells in the blood resemble malignant T cells in
lesional skin within leukemic disease.  In the present study, we interrogate multiple modali-
ties of information in single cells from matched skin and blood samples of patients with
leukemic disease and healthy controls within a single work�low. By using expanded CRISPR-
compatible cellular indexing of transcriptomes and epitopes by sequencing (ECCITE-seq),  we
sought to compare the molecular pro�ile of malignant clones residing in the skin and circula-
tion of these patients across gene and protein expression modalities. We apply inferred copy
number variation (CNV ) and phylogenetic analysis to examine subclonal heterogeneity to gain
insights into the evolution and the relationship of malignant clones across tissues.

Materials and methods

Clinical samples
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Patient and control samples were collected at New York University Langone Health Medical
Center, Columbia University Irving Medical Center, and Roger Williams Medical Center in accor-
dance with protocols approved by the New York University School of Medicine Institutional
Review Board and Bellevue Facility Research Review Committee (IRB#i15-01162), Columbia
University Irving Medical Center Institutional Review Board (IRB#AAAQ8751), Roger William
Medical Center Protocol Review Committee (IRB#15-520-99), and Rhode Island Hospital
Institutional Review Board (IRB#4159-16). Patients with CTCL were diagnosed according to
ISCL/EORTC classi�ication criteria, and all patients included in the study had detectable
leukemic involvement and staging of mycosis fungoides (MF) stage IV or SS. Most patients in-
cluded were not undergoing any topical or systemic therapies for at least 2 weeks before the
time of biospecimen collection. A summary of the clinical notes, including past therapies for
each patient, is included in supplemental Table 1, available on the Blood Web site. After written
informed consent was obtained, skin biopsy and peripheral blood samples were harvested. All
authors had access to de-identi�ied patient clinical data.

Harvesting of cells from clinical tissue

Peripheral blood mononuclear cells (PBMCs) were isolated from the blood of patients and
healthy controls by gradient centrifugation using Ficoll-Paque PLUS (GE Healthcare) and
Sepmate-50 tubes (Stemcell). Buffy coat PBMCs were collected and washed twice with phos-
phate-buffered saline (PBS) 2% fetal bovine serum (FBS). Skin biopsies were digested in 0.25
mg/mL of Liberase TL and 0.5 mg/mL DNase (Sigma) diluted in RPMI and incubated for 1.5
hours at 37°C. Skin dissociated cells were �iltered through a 70-μM cell strainer. All cells from
single-cell suspensions were cryopreserved in freezing medium (40% RPMI 1640, 50% FBS
and 10% dimethyl sulfoxide). Cryopreserved PBMCs and skin-dissociated cells were thawed
for 1 to 2 minutes in a 37°C water bath, washed twice in warm PBS 2% FBS, and resuspended
in complete media (RPMI 1640 supplemented with 10% FBS and 2 mM L-Glut) on the day of
the experiments. Biopsies from 2 patients did not yield suf�icient T cells to be included in
analysis.

Oligo-conjugated antibodies

Antibodies used for cell hashing and for our ECCITE-seq antibody-derived tags (ADT) panel
were covalently and irreversibly conjugated to barcode oligos by iEDDA-click chemistry
(“home conjugated”) as previously described  or purchased as TotalSeq-C reagents
(BioLegend). Concentrations and clones used for all conjugated antibodies for staining are
listed in supplemental Table 4.

ECCITE-seq protocol compatible with 10x genomics instruments

Cells were stained with barcoded antibodies and loaded onto the 10x Chromium single-cell
work�low (10X Genomics) as previously described  with a few modi�ications. Approximately 1
million to 3 million cells per sample were resuspended in CITE-seq staining buffer (2% BSA,
0.01% Tween in PBS) and incubated for 10 minutes with Fc receptor block (TruStain FcX,
BioLegend and FcR blocking reagent, Miltenyi) to prevent antibody binding to Fc receptors.
Cells were then incubated with hashing and ECCITE-seq surface panel antibodies for 30 min-
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utes at 4°C. After staining, cells were washed 3 times in PBS containing 2% BSA and 0.01%
Tween, followed by centrifugation (300 ×g for 5 minutes at 4°C) and supernatant aspiration.
After the �inal wash, cells were resuspended in PBS and �iltered through 40-µm cell strainers.

Stained cells from each sample were pooled and loaded into the 10x Chromium Single Cell
Immune Pro�iling work�low according to the manufacturer’s instructions with a few modi�ica-
tions as previously described.  Additional modi�ications included 1. Addition of 2 pmol of
TotalSeq-C BioLegend protein-tag additive (CTCGTGGGCTCGGAGATGTGTATAAGAGACG) during
cDNA ampli�ication PCR for pools stained with TotalSeq-C antibodies and 2. N7NY_xx indexing
primers, as described by Mimitou et al,  were used along with SI-PCR primer to make libraries
for TotalSeq-C antibodies. Libraries were pooled and sequenced on Illumina NovaSeq 6000,
MiSeq, or HiSeq 2500.

Single-cell data processing

Alignment, quantification, and demultiplexing FASTQ �iles from the 10x libraries were pro-
cessed using the count module of Cell Ranger pipeline, version 3.0.1 (10x Genomics). FASTQ
�iles from the T-cell receptor (TCR) α/β and TCR γ/δ libraries were processed using the vdj
module of Cell Ranger pipeline, version 3.0.1 (10x Genomics). For ADT libraries and hashtag
oligos (HTO) libraries, the tag quanti�ication pipeline version 1.3.2, available at
https://github.com/Hoohm/CITE-seq-Count, was used to tally the counts from reads. A
Hamming distance of 1 was used as criteria for read sequence matches to preassigned bar-
code sequences. All reads from the 5' mRNA, TCR α/β, and TCR γ/δ libraries were aligned to
the GRCh38 reference. Raw UMI gene expression (GEX), TCR α/β, TCR γ/δ clonotype, ADT, and
HTO count matrices were obtained. Samples were demultiplexed by their HTO using Seurat
HTODemux with positive quantile parameter set to 0.999.

Single-cell data analysis

Removal	of	cell	doublets	 Scrublet  was used to detect and remove intrasample cell duplicates.
We parameterized the model using a 7% expected doublet rate, 30 principal components (de-
fault), and a minimum gene variability of the 85th percentile (default). We performed manual
thresholding by using a doublet score of 0.2.

Seurat	normalization	 The count matrices of all modalities were loaded into a Seurat v3 object
(Seurat version 3.0.2). For GEX data, we normalized the count data using LogNormalize and
scaled the resulting normalized values using ScaleData. For all other modalities (ADT, HTO, TCR
α/β, TCR γ/δ), we normalized the count data using centered-log ratio (margin = 2) and scaled
the resulting normalized values using ScaleData.

Multimodal	WNN	analysis	 We applied weighted-nearest neighbor (WNN) analysis on our
ECCITE-seq data, enabling the integrative analysis of GEX and ADT modalities in the same cells
as previously described.  k-Nearest neighbors graphs (k = 20) were �irst constructed, and the
neighbors of each cell in each modality were identi�ied. For graph construction, the �irst 30
principal components (PCs) of the log-normalized values from the GEX modality and the �irst
10 PCs of the centered-log ratio values from the ADT modality were used. The dimensionally
reduced molecular pro�iles of the k-nearest neighbors of each cell were then averaged and
compared with the actual values to obtain the residuals. This procedure was done in a within-
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modality (RNA-RNA, protein-protein) and cross-modality (RNA-protein, protein-RNA) manner.
Next, for each of these residuals, they were converted into af�inity-based similarities using
Uniform Manifold Approximation and Projection (UMAPs) locally adaptive kernel. Finally, the
ratios of the within-modality and cross-modality af�inities were softmax transformed to obtain
the cell-speci�ic modality weights. The weighted similarity then formed the basis of the con-
struction of the WNN graph. Using the integrated WNN graph, we constructed t-SNE visualiza-
tions and performed modularity clustering from it.

TCR	analysis	 TCR α/β reads attributed to each cell barcode were grouped, assembled into a
single contig, and then had their V, D, and J segments annotated. Only clonotypes with produc-
tive and full-length contigs were retained for analysis. TCR α/β and TCR γ/δ clonotype count
matrices were obtained and appended alongside GEX and ADT modalities for simultaneous
analysis.

CNV inference InferCNV version 1.2.1 was applied for analysis of individual patient samples
using malignant cells (de�ined by their expanded TCR β clonotype, distinctive clustering, and
GEX patterns) (supplemental Figures 3 and 4) from both the blood and skin as the targets, and
nonmalignant CD4+ T cells were used as the reference. For subcluster analysis, the
analysis_mode parameter was set to “subclusters.” Default parameters (cutoff = 0.1,
cluster_by_groups = TRUE, denoise = TRUE, HMM = TRUE) were used for these analyses.

Phylogenetic analysis Using the de-noised CNV inference hidden Markov model results, we
built copy number pro�iles for each patient at 500-Kb resolution. Neighbor-joining trees of ma-
lignant T cells were then constructed and rooted with an individual nonmalignant T cell using R
package ape version 5.3. Bootstrap analysis of the NJ tree was performed using 100 replicates
to estimate the con�idence of the clades. Visualization of the tree as a phylogram was done us-
ing R package ggtree version 2.0.1.

Pseudotime trajectory analysis Pseudotime trajectory analysis was performed on each patient
with CTCL with matched blood and skin samples (SS1 to SS4 and MF stage IV) using Monocle 2
version 2.14.  Brie�ly, moderately expressed genes identi�ied using detectGenes (min_expr = 
0.1) and at least 20 cells expressing the genes were used for the analysis. PCA was performed,
and the top 20 components were used for t-SNE visualization. Ordering genes were de�ined
based on DifferentialGeneTest on the tissue of origin and used for trajectory construction
(DDRTree)  and pseudotime analysis. We rooted the state based on the CNV subtype that
has the shortest branch length as compared with nonmalignant CD4+ T cells.

Gene-set analysis Two gene sets—resting CD4+ T cells and activated CD4+ T cells upon
CD3/CD28 stimulation in human tissues—were retrieved from Szabo et al.  We used Seurat
function ScoreModules to score each malignant cell from both blood and skin on each gene
set.

Code availability Code for the pipeline to pre-process ECCITE-seq data are available on GitHub:
http://github.com/ouyang-lab/CTCL. All downstream analysis will be made available on
request.
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Results

Clonal subpopulations in skin and blood

We used ECCITE-seq to examine clonal malignant T cells and survey other leukocytes in the
blood and skin of 5 patients with leukemic MF and SS and in the blood of 2 additional patients
with SS (supplemental Table 1). While sequencing-based capture of surface epitopes recapitu-
lates distribution of markers used for �luorescence -activated cell sorting analysis of malignant
T cells in CTCL (supplemental Figure 1), ECCITE-seq enables a far more detailed analysis of the
samples with information on >50 surface epitopes, single cell transcriptome and V(D)J
repertoire.  As expected, we detected clonally expanded malignant T cells only in CTCL pa-
tient-derived specimens (Figure 1A-B; supplemental Figures 2-4). Differences in malignant
burden and in the distribution of other leukocyte populations were observed between individ-
ual patients (Figure 1B; supplemental Figure 2; supplemental Tables 2 and 3). The malignant T
cells within each patient were de�ined based on their expanded TCR β CDR3 and on distinct
GEX and ADT pro�iles clustering them away from polyclonal nonmalignant T cells in both tis-
sues (Figure 1A; supplemental Figure 2). Malignant GEX pro�iles included dysregulated expres-
sion of hallmark genes frequently affected in leukemic MF and SS, including SATB1 , DPP4
(CD26), CD7, TOX, PSL3, HDAC9, DNM3, CDO1, KIR3DL2, and GATA3 (supplemental Figures 3 and
4). Additionally, the malignant T cells in all patients with CTCL with matched lesional skin and
blood shared identical TCR clonotypes between tissues, indicating distinct clonal involvement
across tissues in late-stage CTCL.

We then reclustered our CTCL samples, only including the malignant T cells, and focused on
their transcriptional pro�iles. Our analysis detected transcriptional heterogeneity at the single-
cell level among malignant T cells from the same patient, allowing for grouping into distinct
clusters (Figure 1C-D; supplemental Figure 5). Interestingly, when malignant T cells from skin
and blood were analyzed together, most of the subclonal transcriptional heterogeneity was ob-
served in the blood, whereas the skin-derived malignant T cells mainly constituted a single sub-
cluster (Figure 1C-D; supplemental Figure 5). This was consistent across all patients investi-
gated; together, these results exposed a high degree of transcriptional heterogeneity in blood-
derived malignant T cells of multiple patients with CTCL and a unique transcriptional bias gen-
erally grouping skin-derived malignant T cells in their own subcluster.

CNVs identify malignant subclones

SS is known to encompass a signi�icant degree of genetic instability across patients, portrayed
by an abundance of CNVs.  To determine if the intraclonal malignant transcriptional het-
erogeneity in our CTCL cohort re�lects the presence of distinct malignant subclones, we in-
ferred CNVs at the single-cell level in clonal malignant T cells from single -cell RNA-sequencing
(scRNA-seq) data as has been previously demonstrated in other tumor types  (Figure 2A-C;
supplemental Figure 5). This technique (InferCNV) was previously used in the analysis of uveal
melanoma to ascertain clonal structure in tumors and reveal noncanonical large-scale CNVs
with potential implications in tumor progression.  CNV inference methods use GEX data to
�ind broad, contiguous sections of consistent copy number changes. We took advantage of this
method to identify broad CNV events to distinguish major subclonal malignant populations. We
corroborated our results using an alternative method of CNV pro�iling from scRNA-seq (copy
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number karyotyping of aneuploid tumors)  (supplemental Figure 6). One limitation of these
algorithms involves possible false discovery of CNV patterns if signi�icant GEX differences oc-
cur between the chosen reference and target cells in the absence of genetic aberrations. We
reinforced our con�idence in inferring CNV events from scRNA-seq data by applying the
method on scRNA-seq from a patient with SS not otherwise included in the study and compar-
ing with matched whole-exome sequencing and methylation microarray datasets. This compar-
ison revealed high concordance in the CNVs detected by scRNA-seq, whole-exome sequencing,
and methylation microarray, albeit with low sensitivity for small-scale aberrations, as would be
expected (supplemental Figure 7). To independently validate our inferred CNVs, we also mea-
sured loss of heterozygosity stemming from CNV events in our individual patients with CTCL
(supplemental Figure 8). Our analysis of skin and blood revealed multiple subclonal popula-
tions within each patient’s malignant T cells, de�ined by varying degrees of acquired CNVs in
both tissues (Figure 2A-C). Each patient also contained a unique combination of CNVs within
their malignant subclones, reinforcing the wide range of genetic aberrations found in late-
stage CTCL tissues. Similar CNV pro�iles are often shared between individual malignant sub-
clones across the tissues, suggesting that genetic heterogeneity alone does not dictate tissue
localization of malignant cells. Notably, the CNV de�ined subclones in 5 out of 7 patients (SS1-
SS4 and SS6) showed a moderate degree of concordance (adjusted Rand index: 0.28-0.50)
with the previously transcriptionally de�ined clonal subclusters (Figure 2D; supplemental
Figure 5) supporting InferCNV’s predictions. Although the other 2 patients (MF stage IV1 and
SS6) showed a lower degree of alignment (adjusted Rand index: 0.08-0.10), most cells from
each de�ined state still visually aligned with each other.

Because CTCL is thought to arise from skin effector/memory T cells and progress to leukemic
involvement in a subgroup of patients,  we sought to examine whether the evolutionary
relationship between CNV-de�ined subclones in each patient can identify the tissue of origin of
malignant cells and provide a map of clonal evolution in leukemic disease. To this end, we ap-
plied a phylogenetic approach in which we constructed neighbor-joining trees as well as mini-
mum evolution and average linkage distance–based phylograms for each patient’s malignant T
cells, rooted by the polyclonal nonmalignant T cells from the same patient (Figure 2C; supple-
mental Figures 5, 9, and 10). We observed that in most of the matched samples, there was no
clear monodirectional phylogenetic relationship between skin- and blood-derived subclones to
suggest a tissue of origin for disease, with distinct trajectories of clonal evolution among indi-
vidual patients. Our analysis showed branches of clonal evolution leading to advanced skin and
blood subclones in each patient. Advanced subclones also shared several common intermedi-
ate-late branching points regardless of tissue distribution, indicating that closely related sub-
clones could reside in either affected tissue. Interestingly, only the patient diagnosed with MF
stage IV1, who did not meet clinical criteria for SS diagnosis, showed a more clear distinction in
subclonal trajectories between tissues. This complex and variable phylogenetic landscape
based on CNV accumulations reveals a snapshot of the development of multiple related but
unique subclones in the skin and blood of patients with SS, with both tissues frequently shar-
ing similar branches of evolution. Collectively, these data highlight the highly heterogeneous
nature of late-stage CTCL at the subclonal level and highlight a clinically relevant challenge pre-
sented by the emergence of distinct subclonal populations across multiple tissues.

Tissue-dependent transcriptional signatures
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In contrast to their blood-derived counterparts, skin-derived malignant T cells from our pa-
tients with CTCL showed a strong tendency to group either as a single main subcluster (SS1,
SS3-MF stage IV1) or as a separate island of cells away from circulating cells (SS2) when ana-
lyzed by their transcriptional pro�ile (Figure 1C; supplemental Figure 5). To assess the tran-
scriptional relationship between malignant skin- and blood-derived T cells from these patients,
we applied a transcriptional trajectory analysis of matched samples as previously described  (
Figure 3A,C; supplemental Figure 11). This analysis revealed transcriptional trajectories that
generally started with subclones having the fewest CNVs and ended with subclones containing
more extensive CNVs. We also observed a strong transcriptional bias, with skewing of all skin-
derived subclones, toward the end of the branches that started at blood-derived subclone tra-
jectories. This is in contrast with our previous observations using phylogenetic analysis of the
inferred CNV subclones, in which we found an intermixed distribution among skin and blood
subclonal branches in regards to their path of evolution and their common ancestors (
Figure 2B; supplemental Figure 5). These results suggested the presence of a strong tissue-de-
pendent transcriptional bias in malignant T cells from the skin, effectively masking subclonal
differences.

To determine the underlying mechanism behind this transcriptional bias observed in skin-de-
rived malignant T cells, we performed paired transcriptional comparisons between matched
skin- and blood-derived malignant T cells from 5 of our patients with CTCL (Figure 3B-C; sup-
plemental Figure 12). This comparison revealed a consistent and strong upregulation of sev-
eral T cell activation-, TCR ligation-, and mitogen-induced transcripts as well as regulators of
cell cycle in malignant T cells from skin as compared with their blood-derived counterparts.
These genes included PDCD1 (PD-1), NR4A1, NR4A2, NR4A3, TNFRSF18 (GITR), TNFRSF4 (OX-
40R), BRD2, REL, DUSP2, DUSP4, GEM, and CDKN1A among others. Additionally, upregulated
transcripts in blood-derived malignant T cells compared with their skin-derived counterparts
included KLF2, an important factor in maintaining T-cell quiescence,  and TCF7 and SELL
(CD62L), known markers of resting T cells.  Because PD-1 and CD62L were included in our
ADT surface protein panel (supplemental Table 4), we examined whether the tissue-dependent
expression of these proteins was also evident in individual malignant T cells (supplemental
Figure 13). Our results revealed signi�icantly higher levels of surface PD-1 expression in skin-
derived malignant T cells compared with blood counterparts in 4 of 5 patients with CTCL (SS1-
4) and signi�icantly higher levels of CD62L expression in blood-derived malignant T cells com-
pared with their skin counterparts in 4 of 5 patients with leukemic CTCL (SS2-5) in line with
tissue-speci�ic distribution of activation signature.

The abundance of differentially expressed transcripts relating to differences in activation sta-
tus between malignant T cells depending on their tissue location prompted us to investigate
whether independent “T-cell activation status” gene sets were enriched in malignant T cells
from skin and blood (Figure 3A,D; supplemental Figure 11).  Notably, skin-derived malignant
T cells had a consistently higher T-cell activation score compared with blood-derived malignant
T cells, whereas the opposite was true for the resting T-cell score. It resulted in a markedly in-
creased activation-to-resting-score ratio in malignant T cells from skin as compared with their
blood-derived counterparts in each patient (Figure 3D). Importantly, this activated signature is
unique to the lesional skin microenvironment of CTCL, because there was no difference in the
activation to resting score ratio between skin-derived CD4+ T cells from the nonlesional skin of
a healthy control and a patient with psoriasis compared with their blood counterparts (supple-
mental Figure 14).
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To explore whether this chronically activated phenotype of malignant T cells in the skin tumor
microenvironment coincides with a high proliferative potential, we applied a cell cycle scoring
analysis using canonical markers of G1, S, and G2/M as previously described  and superim-
posed them on the transcriptional trajectories of malignant T cells (supplemental Figure 15).
Our results revealed that the frequency of highly proliferative malignant T cells in the skin of
patients with CTCL was higher than that found in circulation. These results are consistent with
observed activation of malignant T cells in the skin and indicate that the skin tumor microenvi-
ronment provides signals conducive to frequent malignant T-cell activation and expansion. Of
note, regressing out tissue-dependent transcriptional signatures allowed malignant subclones,
based on inferred CNV pro�iles from skin, to cluster together with their most phylogenetically
closely related subclones in blood (supplemental Figure 16). Overall, these results show con-
sistent transcriptional signatures delineating malignant subclones from skin and blood, high-
lighting the importance of the tumor microenvironment in shaping the transcriptional pro-
grams that contribute to distinct functional responses.

Discussion

SS is known to be a heterogeneous disease, with different patients demonstrating highly vari-
able transcriptional pro�iles,  but not much is known about the relationship between
malignant T cells from the skin and blood in these patients. Our �indings reveal the presence of
a distinct T-cell clone identi�ied in both the matched skin and blood of patients with MF stage
IV and patients with SS with multiple CNV-de�ined subclonal populations in both tissues. In ac-
cordance with previous studies,  many of these subclones displayed recurrent CNVs, par-
ticularly involving gains in 8q (containing MYC , 5 of 7 patients) and 17q (5 of 7 patients) and
losses in 10q (containing PTEN, 4 of 7 patients) and 17p (containing TP53, 5 of 7 patients) that
could be found in both tissues. This broad assortment of CNVs was accompanied by a high de-
gree of transcriptional heterogeneity between clonal malignant T cells across patients (supple-
mental Figure 17). The presence of a highly branching subclonal evolution regardless of tissue
was also re�lected in our phylogenetic analysis, in which we saw no clear linear relationship
between skin- and blood-derived subclones. GEX analysis using T-helper (Th) subtype differen-
tiation markers between tissues also revealed preferential expression of Th2 and Th17 signa-
ture transcripts across malignant T cells, consistent with previous reports on Th identity of ma-
lignant cells in CTCL  (supplemental Figure 18). These results highlight a close genetic rela-
tionship between subclonal populations in circulation and skin, frequently sharing branches of
clonal evolution, and suggest that migration between tissues is continuous, not a one-time
event. While one of our patients (MF stage IV1) showed clear phylogenetically related sub-
clones based on tissue distribution, that individual was the only patient not considered to have
SS based on lack of clinical criteria, suggesting that recirculation of evolved malignant clones
may be a characteristic of SS. This highly diverse landscape at the subclonal level provides in-
sight regarding the refractory nature of advanced-stage CTCL,  in which malignant subpopu-
lations can be resistant to treatment,  and highlights the need for a personalized, multipronged
therapeutic approach wherein the complete landscape of subclonal diversity in each patient
should be considered. Because most patients with SS are treated with sequential single-agent
therapies,  our data provide additional rationale behind a polytherapeutic approach.

Our differential GEX analysis revealed robust differences between malignant T cells from blood
and skin and highlighted marked enrichment of transcripts related to activation status and cell
cycle progression. This indicates that the tumor microenvironment in CTCL can dictate the
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transcriptional program of malignant T cells. Several lines of evidence have pointed to the criti-
cal role of the skin microenvironment in the pathogenesis of CTCL, a site of interaction be-
tween skin pathobionts and immune cells and as a site of chronic activation and proin�lamma-
tory signaling that promotes the selection of malignant CD4+ T cells.  A report by
Cristofoletti et al  also proposes that skin-derived T cells in SS have a higher proliferative in-
dex compared with their blood-derived counterparts. Together with the highly consistent dif-
ferences we observe in expression of activation- and mitogen-induced transcripts in malignant
T cells found in the skin and blood of patients, these �indings indicate that the skin microenvi-
ronment of CTCL promotes a transcriptional landscape driving sustained activation that can
lead to rapid malignant expansion.

Because treatment failure is a common occurrence in patients with SS,  it is imperative to im-
prove our understanding of the mechanisms that promote disease heterogeneity, speci�ically
the emergence of multiple malignant subclones. Our results suggest that the skin microenvi-
ronment can greatly in�luence the transcriptional state of malignant T cells and may promote
evolution of malignant subclones that can readily disseminate through the circulation. Our
study provides a foundation for further understanding the molecular drivers that orchestrate
tissue distribution in the skin and blood of patients with advanced-stage CTCL at the single-cell
level and makes the case for extending this multimodal approach to interrogate the key drivers
of both early skin-con�ined and progressive disease.

Supplementary Material

The online version of this article contains a data supplement.
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4. Iżykowska K, Przybylski GK, Gand C, et al.. Genetic rearrangements result in altered gene expression and novel fusion
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cells and upregulates CTLA-4: relevance for Sézary syndrome. J	Invest	Dermatol. 2013;133(1):249-257. [PMCID:

PMC4284066] [PubMed: 22951729]

http://core.ac.uk/labs/oadiscovery/redirect?url=https%3A%2F%2Fwww.ncbi.nlm.nih.gov%2Fpmc%2Farticles%2FPMC8532199&key=580AE7A8A27E8C53B4360C324E5F2433


06.01.2023 09.33 Multimodal single-cell analysis of cutaneous T-cell lymphoma reveals distinct subclonal tissue-dependent signatures - PMC

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8532199/?report=printable 14/18

41. Fanok MH, Sun A, Fogli LK, et al.. Role of dysregulated cytokine signaling and bacterial triggers in the pathogenesis
of cutaneous T-cell lymphoma. J	Invest	Dermatol. 2018;138(5):1116-1125. [PMCID: PMC5912980] [PubMed:

29128259]

42. Alberti-Violetti S, Talpur R, Schlichte M, Sui D, Duvic M.. Advanced-stage mycosis fungoides and Sézary syndrome:
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Figure 1.

ECCITE-seq	captures	transcriptional,	surface	protein	and	clonotypic	information	from	multiplexed	healthy
and	CTCL	tissues	as	well	as	malignant	heterogeneity	in	disease. (A) Representative t-SNE plots of single cells

from PBMCs and skin dissociated tissue of a CTCL patient (SS1) clustered and visualized by GEX and ADT expression
using WNN analysis and colored by cluster (left) or tissue of origin (right). (B) Dot plot showing the percentage of pop-
ulations making up the skin and blood of a healthy control (HC1), 5 CTCL patients (SS1-MF stage IV1), and blood from

2 CTCL patients (SS6 and SS7). Apoptotic keratinocytes from skin tissue were �iltered out. (C) Representative t-SNE plot
depicting transcriptional heterogeneity within the malignant T cells from matched blood and skin de�ined by their
common expanded clonotype in a CTCL patient. (D) Bar plots showing the subclonal composition based on transcrip-

tional differences in malignant T cells from 7 CTCL patients (5 of whom have matched blood and skin). APK, apoptotic
keratinocytes; BC, B cells; BCM, memory B cells; DC, dendritic cells; FB, �ibroblasts; gdT, γ/δ T cells; KRT, ker-
atinocytes; M, malignant T cells; MO, monocytes/macrophages; NK, natural killer cells; pDC, plasmacytoid dendritic

cells; T4M, memory CD4+ T cells; T4N, naı̈ve CD4+ T cells; T8E, effector CD8+ T cells; T8M, memory CD8+ T cells;
T8N, naı̈ve CD8+ T cells; UNC, unclassi�ied.
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Figure 2.

Copy	number	variations	(CNVs)	identify	distinct	malignant	subclones	phylogenetically	intermixed	between
CTCL	tissues. (A) Subclonal populations are colored based on inferred CNV analysis . Predicted regions of copy num-
ber gain (in red) or loss (in blue) highlighted across the genomic position (columns) and single cells (rows) divided

into their subclonal branches from phylogenetic analysis.(B) Plot showing gain (in red) and loss (in blue) events in
CNV de�ined subclones from the skin- and blood-derived clonal malignant T cells from 5 patients (SS1-MF stage IV1)
and blood from 2 patients (SS6 and SS7). Skin derived CNV states are shown as dashed lines and blood derived CNV

states as solid lines. CNV states with less than 1% frequency in their tissue or based on less than 5 cells were �iltered
out. (C) Representative phylogram of the malignant skin- and blood-derived T cells of a CTCL patient (SS1) boot-
strapped 100 times and rooted using their non-malignant polyclonal T cells to determine malignant evolution of CNV

de�ined clusters. Branch length depicts level of CNV burden. (D) Representative river plot showing connections be-
tween GEX based malignant subclusters and CNV de�ined malignant subclones in a CTCL patient (SS1).
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Figure 3.

Transcriptional	comparison	of	skin-	and	blood-derived	malignant	T	cells	in	CTCL. (A) Representative transcrip-
tional trajectory analysis of malignant skin- and blood-derived T cells from a CTCL patient (SS1). Colored by tissue of
origin (top), inferred CNV subclones (middle) and activation to resting score ratio (bottom). (B) Pairwise comparison

of differentially expressed genes between skin- and blood-derived malignant T cells of 5 CTCL patients (SS1-MF stage
IV1). (C) Plots showing expression of selected “T-cell activation” and “cell-cycle” genes in malignant T cells found in
circulation and skin. (D) Violin plots showing T-cell activation to resting score ratios, across malignant T cells from

skin and blood of 5 CTCL patients (SS1-MF stage IV1).
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