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ABSTRACT

The PD-1 inhibitor pembrolizumab is effective in treating Sézary syndrome, a leukemic variant of
cutaneous T-cell lymphoma. Our purpose was to investigate the effects of pembrolizumab on healthy
and malignant T cells in Sézary syndrome and to discover characteristics that predict pembrolizumab
response. Samples were analyzed before and after 3 weeks of pembrolizumab treatment using single-cell
RNA-sequencing of 118,961 peripheral blood T cells isolated from six Sézary syndrome patients. T-cell
receptor clonotyping, bulk RNA-seq signatures, and whole-exome data were integrated to classify
malignant T-cells and their underlying subclonal heterogeneity. We found that responses to pembrolizu-
mab were associated with lower KIR3DL2 expression within Sézary T cells. Pembrolizumab modulated
Sézary cell gene expression of T-cell activation associated genes. The CD8 effector populations included
clonally expanded populations with a strong cytotoxic profile. Expansions of CD8 terminal effector and
CD8 effector memory T-cell populations were observed in responding patients after treatment. We
observed intrapatient Sézary cell heterogeneity including subclonal segregation of a coding mutation
and copy number variation. Our study reveals differential effects of pembrolizumab in both malignant and
healthy T cells. These data support further study of KIR3DL2 expression and CD8 immune populations as
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predictive biomarkers of pembrolizumab response in Sézary syndrome.

Introduction

Immune checkpoint blockade immunotherapy has been shown to
produce favorable outcomes in a variety of cancers.
Pembrolizumab is a monoclonal antibody against PD-1, an
immune checkpoint molecule that induces T-cell exhaustion.
Blockade of PD-1 can switch exhausted T-cells to a more invigo-
rated state, in which they can recognize and eliminate cancer cells'.

Sézary syndrome is a leukemic subtype of cutaneous T-cell
lymphoma typically derived from CD4 central memory
T-cells.” Pembrolizumab was associated with a 27% overall
response rate in patients with Sézary syndrome, and these
responses appeared to be especially deep and durable.” Thus,
biomarkers of response to pembrolizumab in patients with
Sézary syndrome are needed to select the subset of patients
who are most likely to experience long-lasting responses. The
two currently proposed biomarkers of response are not readily
translatable because they are either rare and limited to mycosis
fungoides such as PD-LI structural variants* or require com-
plex spatial analysis from multiplexed imaging data.”

A major obstacle in relating potential biomarkers to clinical
outcomes is accurately distinguishing the malignant
CD4 + T-cells of Sézary syndrome from other similar CD4
cell populations. This is of particular importance in assessing
the response to PD-1 inhibition, where the target PD-1 is not
only expressed on the immune cells of interest but also by the

Sézary cells themselves.® Another key challenge in biomarker
identification is the underlying tumor heterogeneity of Sézary
syndrome. Sequencing of the clonal T-cell receptor (TCR)
represents the most specific method to identify the malignant
T-cells. Single-cell RNA-sequencing (scRNA-seq) paired with
single-cell sequencing of the TCR enables both the assessment
of the clonal heterogeneity of Sézary syndrome and the dis-
crimination of malignant from normal T-cells.

In this study, we sought to identify peripheral blood biomarkers
of response to pembrolizumab and to decipher the differential
effects of pembrolizumab on healthy-T cells versus Sézary cells.

We conducted scRNA-seq with paired TCR sequencing on
118,961 T-cells isolated from three Sézary syndrome patients
that responded to pembrolizumab treatment and three patients
that failed to respond. We analyzed transcriptomic and
inferred genomic features, such as mutations and copy number
variations, to better understand the immunological, transcrip-
tional, and genomic characteristics that underlie pembrolizu-
mab response.

Materials and methods
Human subjects and sample collection

Cryopreserved peripheral blood mononuclear cells were col-
lected as part of a phase II clinical trial of pembrolizumab
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treatment for mycosis fungoides and Sézary syndrome as pre-
viously described (NCT02243579).” For each patient, PBMCs
were obtained before the first dose of pembrolizumab (pre-
treatment, Pre), and three weeks later, prior to administration
of the second dose of pembrolizumab (Cycle 2, C02).
Additional samples from later timepoints were analyzed for
two of the patients. The best clinical response was assessed by
consensus global response criteria” according to the trial pro-
tocol. Patients that had either complete or partial response in
the clinical trial were classified as “responder” in this study, and
patients that had either progressive disease or stable disease
were classified as “non-responder.” Written informed consent
was obtained from all enrolled patients in accordance with the
Declaration of Helsinki. This study was approved by the
Institutional Review Board at Stanford University.

T-cell isolation and scRNA-seq

Cryopreserved PBMCs were thawed through sequential dilu-
tion. Live T cells were then immediately isolated using the
Human Pan T cell Isolation Kit (Miltenyi Biotec) followed by
Dead Cell Removal Kit (Miltenyi Biotec). Cells were resus-
pended into CryoStor® CS10 freezing medium (STEMCELL
Technologies) and transferred into a cold (4°C) Nalgene®
Mr. Frosty® Freezing Container (ThermoFisher Scientific)
which was immediately placed into —80°C freezer for four to
24 hours before long-term storage in liquid nitrogen. SCRNA-
seq libraries were generated from the cryopreserved T cells
using the Chromium Next GEM Single Cell 5 v2 chemistry
(10x Genomics) according to manufacturer’s instructions by
MedGenome Inc. (Foster City, CA, USA). TCR sequencing was
performed from the barcoded ¢cDNA using the Chromium
Single Cell Human TCR Amplification kit following the man-
ufacturer’s instructions by MedGenome Inc. (Foster City, CA,
USA). Libraries were sequenced on a NovaSeq 6000 (Illumina),
and the generation of FASTQ files from BCL file using Cell
Ranger (10x Genomics) mkfastq function.

Computational analyses of scRNA-seq

Detailed descriptions of computational analyses are provided
in the Supplementary methods. Alignment and read counts
were performed using Cell Ranger 4.0.0 (10x Genomics). All
subsequent analyses were performed using Seurat 3.1.4° with
R 3.6.1 unless otherwise specified. Each dataset was normal-
ized, and cells were assigned using thresholds for the number
of features and percentage of counts mapping to mitochondrial
or ribosomal genes. All 15 datasets were integrated and scaled
using the IntegrateData and ScaleData functions. In total,
118,961 cells passed all quality control metrics and were
included in the analyses.

Sézary cells were purified via fluorescent-activated cell sort-
ing based on their CD4 and CD26 expression from cryopre-
served PBMCs collected prior to pembrolizumab treatment.
Total RNA was extracted. RNA-seq libraries were made using
SMARTer stranded total RNA-seq Kit v2, pico input kit
(Takara) and sequenced on HiSeq 4000 (Illumina). These
bulk RNA-seq data were used to build personalized reference
transcriptional profiles of Sézary cells for each patient. Bulk

RNA-seq data from NCBI SRP125125” was used to build
reference transcriptional profiles of all other T-cell subtypes.
The normalized count matrices from the bulk RNA-seq data
were normalized and log-transformed to yield a personalized
transcriptional profile, which was integrated into a previously
defined dataset of 29 cell populations.” The SingleR'® package
was used to assign a T-cell subtype identity using this indivi-
dualized reference transcriptional profile.

Differential gene expression analyses were performed with
the FindMarkers function between comparator populations.
To avoid identification of genes driven by one sample or
patient, significant genes were identified through pairwise sam-
ple-to-sample analysis, rather than analyzing merged data from
comparator groups. A statistical overrepresentation test was
performed using the PANTHER Pathways annotation data set
(PANTHER 16.0"") for the differentially expressed genes from
Pre to CO2 for each patient. Fisher’s Exact test was performed,
and pathways with a False Discovery Rate of less than 0.05 were
considered statistically significant.

Pseudotime analysis was performed with TSCAN 2.0.0'* in
R 4.0.2. Each top-clone cell (at Pre and C02 for each patient)
was assigned a pseudotime position (in a trajectory from Pre to
C02) based on its UMAP location and to find/visualize dyna-
mically expressed genes along the pseudotime trajectory.

For each dataset, the CellCycleScoring function was used to
calculate for each cell an S phase score and a G2M phase score
based on expression of S phase and G2M phase markers and
also to assign each cell a cell cycle phase.

A list of 454 genes with an increased expression in CD8 naive
cells as compared to CD8 effector memory T cells was used to
create an effector score.'” A list of 16 genes defining a cytotoxicity
signature was used to create a cytotoxicity score."* For each
dataset, the AddModuleScore function was then used to calculate
the effector score and cytotoxicity score for each cell based on its
expression of the genes in these lists, respectively.

Single nucleotide variants analysis

A list of somatic variants were determined from prior exome
sequencing for all patients except Pt6.” For each patient’s Pre-
dataset, cb_sniffer!® with Python 3.8.5 was used to detect UMIs
and cell barcodes with coverage overlying variant genomic
positions. Variants were filtered for those with above 10,000
total UMIs detected at the position of the variant. Cells with at
least one variant of UMI were assigned as containing the
mutation. If no variant UMIs were present then they were
assigned as wild type for the mutation if there were six or
more reference UMIs. Cells with five or fewer reference
UMIs and no variant UMIs were categorized as “unknown”.

Copy number variation analysis

InferCNV 1.7.1 in R 4.0.2 was used to computationally infer
the copy number variation for each patient’s top-clone cells
from pretreatment time points. The cells with TRB CDR3s
other than those of the top or second top clone were used as
a reference to establish a baseline upon which copy number
variations of the top-clone cells were calculated.



Flow cytometry

T-cells from the pre-treatment timepoint for each patient were
purified as above and viably frozen. Cells were then thawed and
stained with a panel including antibodies against CD3, CD4,
CD8, PD1, CD39, and KIR3DL2, as well as 7-AAD for viability.
Specific antibody clones are listed in Supplementary Methods.
Data were collected on a BD™ LSR II or FACSymphony A5
flow cytometer. Live Sézary cells were individually gated by the
co-expression of CD4 and CD3, and lack of expression by
CD26 and CD8. Analysis was performed with Cytobank 9.1.

Results
scRNA-seq clustering and identification of Sézary cells

To determine the differential effects of pembrolizumab on
malignant and healthy T-cells and to find features that predict
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Figure 1. Experiment schematic and clustering of cells. a). Experiment schemat

ONCOIMMUNOLOGY e2115197-3

response to pembrolizumab, we analyzed peripheral blood
T-cells from three patients with response to pembrolizumab
and three patients with no response (either progressive disease
or stable disease). scRNA-seq and single-cell TCR sequencing
was performed on a total of 118,961 T-cells isolated from 15
samples collected before and during pembrolizumab treatment
(Figure 1(a,b)). We analyzed the transcriptome of these cells, as
well as inferred various genomic features such as mutations
and copy number variations from the scRNA-seq data
(Figure 1a), to gain a better understanding of the immunolo-
gical, genomic, and transcriptomic features that underlie pem-
brolizumab response.

Although TCR clonotyping has traditionally been consid-
ered the gold standard to identify malignant T-cells in cuta-
neous T-cell lymphomas (CTCL), recent observations have
suggested that the intratumoral heterogeneity of CTCL may
include multiple TCR clonotypes.'®'” In addition to a clear
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dominant TCR clonotype, we noted multiple high-frequency
TCR clonotypes in several samples as high as 6.4% of all T-cells
(Figure 1d), raising the possibility of multiple Sézary clono-
types. Therefore, to distinguish malignant T-cells from normal
T-cells, we incorporated both transcriptomic and TCR clono-
typic data to ensure accurate assignment of cell type.

Because of the marked interpatient heterogeneity of Sézary
syndrome,'®° we used bulk RNA-seq data on immunophe-
notypically sorted Sézary cells to determine personalized refer-
ence transcriptomes for each patient’s Sézary disease and
merged these with previously defined references for 29
immune cell types.” We then computationally assigned each
cell to one of the reference cell types (Figure 1c). We related the
resulting cell classification to the two most frequent TRB CDR3
clonotypes for each patient.

For all patients, cells with the most common TRB CDR3
clonotype (“top clone”) were classified as Sézary cells
(Figure le, Figure 1c). In contrast, cells with the second most
common TRB CDR3 clonotype (“second clone”) had a distinct
transcriptomic profile. Thus, it appears that the multiple high-

frequency TCR clones observed in these patients were due to
the expansion of nonmalignant T-cells.

Sézary gene expression associates with response to
pembrolizumab

Since the top clone invariably corresponded with Sézary cells,
we used the TRB CDR3 to identify Sézary cells for further
analysis. Sézary cell markers were consistent with previous
studies (Figure 2a).”’ > We next analyzed pretreatment sam-
ples to identify the genes differentially expressed within Sézary
cells between responding and non-responding patients
(Figure 2b, Supplementary Table S1). We found three genes
consistently differentially expressed between every responding
and non-responding patient (Supplementary Table S2).
Responses to pembrolizumab were associated with lower
expression of KIR3DL2 and higher expression of KIF5B and
HSB17B11 within the Sézary cell population. When assessed by
flow cytometry, the association between response and
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KIR3DL2 expression showed a similar trend, with the excep-
tion of Pt 4, whose Sézary cells had low KIR3DL2 expression by
flow cytometry but high KIR3DL2 by scRNA-seq. The differ-
ence in KIR3DL2 expression by flow cytometry was not sig-
nificantly different between responding and non-responding
patients (Supplementary Fig. 1).

Effects of pembrolizumab treatment on Sézary cells

Because these Sézary cells are known to have varying expres-
sion of PD-1,% we sought to determine the effects of pembro-
lizumab treatment on the Sézary cell population. We compared
samples obtained prior to treatment and to those collected
three weeks after the first dose of pembrolizumab.

Pembrolizumab treatment modulated expression of genes
associated with T-cell activation and apoptosis signaling within
the Sézary cell population (Figure 2c-h, Supplementary Tables
$3-S4). Pembrolizumab significantly increased SOCSI expres-
sion in the Sézary cells of two responding patients but signifi-
cantly decreased SOCSI expression in two non-responding
patients. In all responding patients, pembrolizumab treatment
was associated with a decrease in expression of the actin cytos-
keletal genes FYB1, TBCIDI0C, and ARPCIB. Additionally, in
the Sézary cells of responders after pembrolizumab treatment,
we observed a decreased expression of TCF7, which has been
shown to be required for self-renewal of both CD8 and CD4
T-cells.”**> A pseudotime analysis of the Sézary cells further
validated that many of these differentially expressed genes were
also dynamically changed in the same direction along
a pseudotime trajectory from pretreatment to 3 weeks after
the first dose (Supplementary Fig. 2, Supplementary Table S5).

These effects of pembrolizumab on the Sézary cell popula-
tion were durable in the responders. For one of the responders,
the modulation of T-cell activation was still observed in Sézary
cells 3.5 years after the initiation of treatment (Supplementary
Table S6).

Treatment of T-cell malignancies with immune checkpoint
inhibitors presents a theoretic risk of disease hyperprogres-
sion through release of T-cell inhibition. Examples of hyper-
progression with PD-1 treatment have been observed in adult
T-cell leukemia and peripheral T-cell lymphomas***” and
stimulation of leukemic CTCL with nivolumab increases
malignant T-cell proliferation ex vivo.*® To further evaluate
the effect of pembrolizumab on Sézary cell proliferation,
alterations in the cell cycle after three weeks of treatment
were computationally inferred for Sézary cells. The percen-
tage of Sézary cells in the more proliferative phases of the cell
cycle (G2M and S) decreased significantly for responders
while no significant change was observed for the non-
responders (Figure 2i).

Effects of pembrolizumab treatment on expanded
cytotoxic clonotypic cells

We next explored the phenotype of the high frequency, non-
malignant T-cell clones by analyzing the second most common
T-cell clonotype in each patient. Differential gene expression
comparison to other T-cell clonotypes revealed that the
expanded second clones were associated with markers of
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cytotoxic lineage (Figure 3a, Supplementary Table S7).
Together the clustering of the second clones with CD8 terminal
effector T cells on the UMAP projection (Figure le, Figure 1c),
these results indicated that the second-clone cells were most
likely cytotoxic CD8 terminal effector T cells.

We noted increased expression of cytotoxicity markers in
the second clones of responding patients as compared to non-
responders (Figure 3a). To further investigate the effector and
cytotoxicity characteristics of the second clone, an effector
score and a cytotoxicity score were calculated for each cell
based on previously defined gene signatures.'>'* For all
patients, the second clone appeared to have higher effector
and cytotoxicity scores than cells with other TRB CDR3s
(Figure 3b, Figure 3c). Both the cytotoxicity and effector
score of the second clones appeared to be higher in responding
patients as compared to those in non-responding patients
(Figure 3b, Figure 3c).

Proliferation of CD8 T-cells has been associated with
response to PD-1 inhibition in other malignancies.”’
Therefore, we tested whether pembrolizumab differentially
affected the expansion of CD8 populations in responders ver-
sus non-responders. We compared the change in frequencies
for computationally inferred T-cell subtypes for each patient
after 3 weeks of pembrolizumab treatment. Pembrolizumab
treatment yielded a significantly greater expansion of the
CD8 effector population (terminal effector and effector mem-
ory) in responders as compared to non-responders (Figure 3d).

In two of the responders, the effects of pembrolizumab on
the CD8 effector population appeared durable. At timepoints
further than 3 weeks after the first dose, both the second clone
and the CD8 effector population remained in higher abun-
dance than pretreatment, and the second clone cells retained
their phenotype with high cytotoxicity and effector scores
(Supplementary Fig. 3).

Intrapatient Sézary cell heterogeneity through integrated
single cell analysis of single nucleotide variant and copy
number alterations

Sézary syndrome has been shown to have variable genomic
intrapatient heterogeneity'”*° typically with multiple identified
subclones. Because intratumoral genomic heterogeneity has
been correlated with clinical response to immunotherapy in
other malignancies,”’ we leveraged this dataset to explore clo-
nal heterogeneity at a single cell level through integration of
TCR clonotype, subclonal copy number alterations, and single
nucleotide variants.

We searched within our scRNA-seq data for patient-
specific single nucleotide variants (SNV) determined
through bulk exome sequencing.’ The detection of these
variants by scRNA-seq is strongly dependent on both gene
expression and the cDNA position of the variant. Therefore,
our analysis was restricted to five variants associated with
three patients (Pts 1, 2, and 5). For all mutations, cells
expressing the variant were almost exclusively limited to
the Sézary TRB clonotype (Figure 4a-d). The small percen-
tages of variant-expressing cells identified as possessing
a non-Sezary TRB clonotype are within the margin of
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error of this variant detection approach and therefore are
favored to be unlikely to be truly expressing the somatic
variant (Supplementary Fig. 4). Sézary cells displayed het-
erogeneity for some variants (Figure 4d). For the responding
Pt2, the Sézary cells were more clonal with respect to the
analyzed variants comparing to the non-responding Pt5
(Figure 4e).

Next, we explored clonal heterogeneity through inferred
copy number variants (CNVs) within the Sézary cell popula-
tions. Clonal CNVs were present in all patients, including
clonal aberrations in chrl7 (5 of 6 patients, Figure 5b-f),
which is one of the most common copy number alteration in
Sézary syndrome.’>** Additionally, at least one subclonal CNV
was identified in each patient. These subclones typically com-
prised only a small fraction of the total Sézary population. No
remarkable difference in copy number variation was observed
between responders and non-responders (Figure 5a-f).

To further elucidate the clonal architecture, we integrated
cell-specific single nucleotide variants with the inferred copy
number variants. We focused on Pt5 where the Sézary cells
demonstrated a subclonal RHOA®'”Y mutation as well as sub-
clonal CNV variants. We found that copy gains in chr4 and

chr8 and the RHOA'”Y variant appeared to be mutually
exclusive and present in independent subclones (Figure 5g-h).
Finally, we explored whether resistance to pembrolizumab was
due to selection of specific resistant subclones. However, we found
no significant change in the subclonal composition of Sézary cells
when comparing pretreatment samples with those collected after
three weeks of pembrolizumab treatment based on the limited
number of assessable SNVs and CNVs (data not shown).

Discussion

Distinguishing malignant from nonmalignant T-cells in CTCL
poses a major challenge in identifying potential biomarkers of
response to immunotherapy. High-dimensional analysis such
as mass cytometry or highly multiplexed imaging can more
reliably identify malignant T-cells, but still may be imperfect in
resolving CTCL cells from similar CD4 T-cell subsets. We used
single-cell analysis with TCR sequencing to better resolve
tumor-intrinsic and tumor-extrinsic features. Three Sézary
cell-intrinsic markers were discovered through this approach.
High expression of HSD17B11 and KIF5B was associated with
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Figure 3. Characterization of expanded clones (cells with the second most common TRB CDR3) from each patient. a). Expression of cytotoxicity and effector T-cell are
shown for the second clone (top) and all other non-Sézary T-cells (bottom). b). Effector scores of the second clone and cells with other TRB CDR3s in each patient.
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combined. d). Change from Pre to C02 in CD8 terminal effector or CD8 effector memory T cells as a percentage of non-Sézary T-cells in responders and non-responders.

*: p < .05, Teff: terminal effector T cell, Tem: effector memory T cell.
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Figure 4. Heterogeneity of Sézary population through detection of single nucleotide variants. a-c). UMAP visualization highlighting the Sézary clonotype for three
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Figure 5. Heterogeneity of the Sézary population through copy number analysis. a-f). Computationally inferred copy number variation heatmap of the Sézary clones
prior to treatment for each patient with each row representing a Sézary cell. Subclones indicate subsets of cells with unique copy number variations. In panel e (right)
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variant (middle) and merging both characteristics (right). h). Percentage of

RHOA®"”Y variant in Pt5 Sézary cells with or without the CNV of subclone 2. CNV: copy number variation, WT: wild-type.

responding patient. The short-chain alcohol dehydrogenase
gene HSD17B11 has previously been identified as a serologic
tumor antigen in CTCL with 4 out of 6 patients demonstrating
serological reactivity against the antigen.”* KIR3DL2 has con-
sistently been found to be overexpressed in Sézary cells.”
KIR3DL2, according to previous studies, helps Sézary cells
avoid activation-induced cell death.’®*” Expressions of
KIR3DL2 and PD-1 have been proposed to define three sub-
classes of Sézary syndrome with distinct skin immune micro-
environments including higher numbers of reactive
CD8 + T-cells in the setting of low KIR3DL2 expression.*®
Since low expression of KIR3DL2 was associated with response,
our results raise the possibility that treatment with anti-
KIR3DL2 treatment such as lacutamuab® could synergize
with pembrolizumab therapy.

Although the mechanism of action of pembrolizumab
relates to its effects on healthy immune cells, we discovered
tumor-intrinsic effects of pembrolizumab on the malignant
Sézary cells, including altered expression of TCR signaling
pathway genes. Additionally, the expression of genes involved
in T-cell differentiation such as GATA3 and TCF7 was also
significantly changed after treatment with pembrolizumab.
TCF7 has been associated with T-cell “stemness.”*’
Therefore, it is possible that by decreasing TCF7 expression,
pembrolizumab may inhibit the ability of Sézary cells to con-
tinue their renewal in responding patients. The changes in the
cell cycle distribution and TCF7 expression of Sézary cells after
pembrolizumab treatment suggest that the response to therapy
may at least in part be due to intrinsic effects of pembrolizumab
on Sézary cells.



Inhibition of the PD-1/PD-L1 axis in PD-1 expressing
T-cell lymphomas carries a theoretic risk of triggering
hyperprogression through release of PD-1 inhibition.*"**
Evidence for hyperprogression has been reported in ex
vivo studies as well as in cases of PD-1 expressing T-cell
malignancies.”””** The two completed trials of PD-1 treat-
ment in cutaneous T-cell lymphoma, including the asso-
ciated trial of this study, have not reported cases of
hyperprogression.>** While we did not observe evidence
for accelerated Sézary T-cell growth or proliferation in
this study, we cannot exclude the possibility of
a proliferative effect of pembrolizumab due to the small
number of patients and focus on early treatment
timepoints.

Our data suggest that effector CD8 populations also play
a role in mediating the response to pembrolizumab. While
tumor infiltrating CD8 + T-cells have consistently been impli-
cated in response to immune checkpoint therapies in solid
malignancies,” no correlation was seen between cutaneous
CDS8 T-cells and response to pembrolizumab in this trial.>”
However, in analyzing circulating lymphocytes, we found per-
ipheral blood CD8 terminal effector and CD8 effector memory
T-cell populations expanded in responding patients upon pem-
brolizumab treatment. Furthermore, we found a marked clonal
expansion of CD8 terminal effector cells in patients with Sézary
syndrome, reaching a frequency of >6% of all peripheral blood
T-cells in one patient with a long-term response to pembroli-
zumab. This population shared a strong cytotoxic profile that
mirrors those seen in clonally expanded peripheral blood CD8
populations in metastatic melanoma.*® The clonal populations
were largest in the three responding patients in our cohort and
clonal size of expanded CD8 + T-cell clones has been shown to
predict the response to immune checkpoint blockade in meta-
static melanoma.*>*

Finally, by integrating prior genomic data, we were able to
investigate the clonal architecture of these Sézary patients at
a single cell level. Recent studies have suggested that CTCL
may generate multiple malignant TCR clonotypes. By relating
transcriptomes, TCR sequence, copy number variants and sin-
gle nucleotide variants at the single cell level, we found no
evidence of multiple malignant TCR clonotypes. Our data
nevertheless did confirm the marked intratumor heterogeneity
that has been observed in multiple complementary
studies.'”'®?*°%*® We further demonstrate the first example
of branched evolution in CTCL involving subclonal segrega-
tion of a single nucleotide mutation (RHOA G17V) and a copy
number variant (gain of chr 4 and 8). We found no significant
changes in the subclonal composition in these patients after
pembrolizumab treatment. However, due to technical limita-
tions of scRNA-seq data, our analysis was limited to only five
variants from three patients, and it is likely that one cycle of
treatment is too short of a period to detect changes in the clonal
heterogeneity. Future methodological advancements in infer-
ring genomic variations from scRNA-seq data will be needed to
better track somatic variants and assess clonal evolution in
response to checkpoint therapy.

In conclusion, our study shows that responses to pembroli-
zumab in Sézary syndrome are associated with tumor-intrinsic
features and with characteristics of circulating CD8 T cell
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populations. The expression of the CTCL marker KIR3DL2
deserves particular consideration as a potential biomarker of
response in future studies of immune checkpoint therapy in
CTCL. Single cell-based analysis with paired TCR sequencing
is an effective strategy to dissect tumor-intrinsic and extrinsic
effects of immune therapies in CTCL.

Disclosure statement

The authors report there are no competing interests to declare.

Data availability statement

Data are available via dbGaP: phs002933.v1.p1.

Author contributions

Concept and design: T.S. and M.S.K. Development of methodology: T.S. and
M.S.K. Acquisition of data: T.S., GED., A.CK, NR, SP.F, YK, M.SK.
Analysis and interpretation of data: T S., G.E.D., A.CK. and M.S.K. Writing,
review, and/or revision of manuscript: T.S. and M.S.K. with input from all
authors.

Ethical approval and informed consent

This study was approved by the Stanford University Institutional Review
Board (IRB). A written informed consent was obtained from all patients who
participated in this study in accordance with the Declaration of Helsinki.

Funding

This work was supported by the NIH under Grant K08 CA207882; NCI
under Grant 5UM1CA154967; American Cancer Society - Stanford
Cancer Institute Institutional Research Pilot Grant; and the Haas Family
Foundation.

ORCID

Michael S. Khodadoust (%) http://orcid.org/0000-0001-9061-7351

References

1. Apostolidis J, Sayyed A, Darweesh M, Kaloyannidis P, Al
Hashmi H. Current clinical applications and future perspectives
of immune checkpoint inhibitors in non-hodgkin lymphoma.
J Immunol Res. 2020;2020:9350272. d0i:10.1155/2020/9350272.

2. Campbell JJ, Clark RA, Watanabe R. Sézary syndrome and mycosis
fungoides arise from distinct T-cell subsets: a biologic rationale for
their distinct clinical behaviors. Blood. 2010;116:767-771. doi:10.
1182/blood-2009-11-251926.

3. Khodadoust MS, Rook AH, Porcu P, Foss F, Moskowitz A]J,
Shustov A, Shanbhag S, Sokol L, Fling SP, Ramchurren N, et al.
Pembrolizumab in relapsed and refractory mycosis fungoides and
sézary syndrome: a multicenter phase II study. J Clin Oncol.
2020;38(1):20-28. doi:10.1200/JC0O.19.01056.

4. Beygi S, Fernandez-Pol S, Duran G, Wang EB, Stehr H, Zehnder JL,
Ramchurren N, Fling SP, Cheever MA, Weng W-K, et al
Pembrolizumab in mycosis fungoides with PD-L1 structural
variants. Blood Adv. 2021;5:771-774. doi:10.1182/bloodadvances.
2020002371.

5. Phillips D, Matusiak M, Gutierrez BR, Bhate SS, Barlow GL,
Jiang S, Demeter J, Smythe KS, Pierce RH, Fling SP, et al.
Immune cell topography predicts response to PD-1 blockade in


https://doi.org/10.1155/2020/9350272
https://doi.org/10.1182/blood-2009-11-251926
https://doi.org/10.1182/blood-2009-11-251926
https://doi.org/10.1200/JCO.19.01056
https://doi.org/10.1182/bloodadvances.2020002371
https://doi.org/10.1182/bloodadvances.2020002371

€2115197-10 (&) T.SUETAL

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

cutaneous T cell lymphoma. Nat Commun. 2021;12(1):6726.
doi:10.1038/s41467-021-26974-6.

Samimi S, Benoit B, Evans K, Wherry EJ, Showe L, Wysocka M,
Rook AH. Increased programmed death-1 expression on CD4+
T cells in cutaneous T-cell lymphoma: implications for immune
suppression. Arch Dermatol. 2010;146(12):1382-1388. doi:10.
1001/archdermatol.2010.200.

Olsen EA, Whittaker S, Kim YH, Duvic M, Prince HM, Lessin SR,
Wood GS, Willemze R, Demierre M-F, Pimpinelli N, et al. Clinical
end points and response criteria in mycosis fungoides and Sézary
syndrome: a consensus statement of the International society for
cutaneous lymphomas, the united states cutaneous lymphoma
consortium, and the cutaneous lymphoma task force of the eur-
opean organisation for research and treatment of Cancer. J Clin
Oncol. 2011;29:2598-2607. doi:10.1200/JC0O.2010.32.0630.

Stuart T, Butler A, Hoffman P, Hafemeister C, Papalexi E,
Mauck WM, Hao Y, Stoeckius M, Smibert P, Satija R, et al.
Comprehensive  integration of single-cell data. Cell
2019;177:1888-1902.e21. doi:10.1016/j.cell.2019.05.031.

Monaco G, Lee B, Xu W, Mustafah S, Hwang YY, Carré C,
Burdin N, Visan L, Ceccarelli M, Poidinger M, et al. RNA-seq
signatures normalized by mRNA abundance allow absolute decon-
volution of human immune cell types. Cell Rep. 2019;26(6):1627-
1640.e7. doi:10.1016/j.celrep.2019.01.041.

Aran D, Looney AP, Liu L, Wu E, Fong V, Hsu A, Chak S,
Naikawadi RP, Wolters PJ, Abate AR, et al. Reference-based ana-
lysis of lung single-cell sequencing reveals a transitional profibrotic
macrophage. Nat Immunol. 2019;20(2):163-172. doi:10.1038/
s41590-018-0276-y.

Mi H, Muruganujan A, Huang X, Ebert D, Mills C, Guo X,
Thomas PD. Protocol update for large-scale genome and gene
function analysis with the PANTHER classification system
(v.14.0). Nat Protoc. 2019;14(3):703-721. d0i:10.1038/s41596-
019-0128-8.

Ji Z, Ji H. TSCAN: pseudo-time reconstruction and evaluation in
single-cell RNA-seq analysis. Nucleic Acids Res. 2016;44:e117.
do0i:10.1093/nar/gkw430.

Gattinoni L, Lugli E, Ji Y, Pos Z, Paulos CM, Quigley MF,
Almeida JR, Gostick E, Yu Z, Carpenito C, et al. A human memory
T cell subset with stem cell-like properties. Nat Med.
2011;17:1290-1297. doi:10.1038/nm.2446.

Rath JA, Bajwa G, Carreres B, Hoyer E, Gruber I, Martinez-
Paniagua MA, Yu Y-R, Nouraee N, Sadeghi F, Wu M, et al. Single-
cell transcriptomics identifies multiple pathways underlying anti-
tumor function of TCR- and CD8af-engineered human CD4 +
T cells. Sci Adv. 2020;6:eaaz7809. doi:10.1126/sciadv.aaz7809.
Petti AA, Williams SR, Miller CA, Fiddes IT, Srivatsan SN,
Chen DY, Fronick CC, Fulton RS, Church DM, Ley TJ, et al.
A general approach for detecting expressed mutations in AML
cells using single cell RNA-sequencing. Nat Commun.
2019;10:3660. doi:10.1038/s41467-019-11591-1.

Iyer A, Hennessey D, O’Keefe S, Patterson J, Wang W, Salopek T,
Wong GKS, Gniadecki R. Clonotypic heterogeneity in cutaneous
T-cell lymphoma (mycosis fungoides) revealed by comprehensive
whole-exome sequencing. Blood Adv. 2019;3:1175-1184. doi:10.
1182/bloodadvances.2018027482.

Iyer A, Hennessey D, O’Keefe S, Patterson J, Wang W, Wong GKS,
Gniadecki R. Branched evolution and genomic intratumor hetero-
geneity in the pathogenesis of cutaneous T-cell lymphoma. Blood
Adv. 2020;4:2489-2500. doi:10.1182/bloodadvances.2020001441.
Najidh S, Tensen CP, van der Sluijs-Gelling AJ, Teodosio C, Cats D,
Mei H, Kuipers TB, Out-Luijting JJ, Zoutman WH, van Hall T, et al.
Improved Sézary cell detection and novel insights into immunophe-
notypic and molecular heterogeneity in Sézary syndrome. Blood.
2021;138:2539-2554. doi:10.1182/blood.2021012286.

Gaydosik AM, Tabib T, Geskin L], Bayan C-A, Conway JF,
Lafyatis R, Fuschiotti P. Single-cell lymphocyte heterogeneity in
advanced cutaneous T-cell lymphoma skin tumors. Clin Cancer
Res. 2019;25:4443-4454. doi:10.1158/1078-0432.CCR-19-0148.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Buus TB, Willerslev-Olsen A, Fredholm S, Bliimel E, Nastasi C,
Gluud M, Hu T, Lindahl LM, Iversen L, Fogh H, et al. Single-cell
heterogeneity in Sézary syndrome. Blood Adv. 2018;2:2115-2126.
doi:10.1182/bloodadvances.2018022608.

Booken N, Gratchev A, Utikal J, Weifl C, Yu X, Qadoumi M,
Schmuth M, Sepp N, Nashan D, Rass K, et al. Sézary syndrome is
a unique cutaneous T-cell lymphoma as identified by an expanded
gene signature including diagnostic marker molecules CDO1 and
DNM3. Leukemia. 2008;22(2):393-399. doi:10.1038/sj.leu.
2405044.

Dulmage B, Geskin L, Guitart J. The biomarker landscape in
mycosis fungoides and Sézary syndrome. Exp Dermatol.
2017;26:668-676. doi:10.1111/exd.13261.

Moerman-Herzog A, Mehdi SJ, Wong HK. Gene Expression
Comparison between Sézary syndrome and lymphocytic-variant
hypereosinophilic syndrome refines biomarkers for Sézary syn-
drome. Cells. 2020 Aug 29;9(9):1992. doi:10.3390/cells9091992.
Kratchmarov R, Magun AM, Reiner SL. TCF1 expression marks
self-renewing human CD8. Blood Adv. 2018;2:1685-1690. doi:10.
1182/bloodadvances.2018016279.

Nish SA, Zens KD, Kratchmarov R, Lin WHW, Adams WC,
Chen Y-H, Yen B, Rothman NJ, Bhandoola A, Xue -H-H, et al.
CD4+ T cell effector commitment coupled to self-renewal by
asymmetric cell divisions. ] Exp Med. 2017;214:39-47. doi:10.
1084/jem.20161046.

Ratner L, Waldmann TA, Janakiram M. Rapid progression of adult
T-cell leukemia-lymphoma after PD-1 inhibitor therapy. N Engl
] Med. 2018;378:1947-1948. doi:10.1056/NEJMc1803181.
Bennani NN, Pederson LD, Atherton P, Micallef I, Colgan JP,
Thanarajasingam G, Nowakowski G, Witzig TE, Feldman AL,
Ansell SM, et al. A Phase II study of nivolumab in patients with
relapsed or refractory peripheral T-cell lymphoma. Blood.
2019;134:467. doi:10.1182/blood-2019-126194.

Saulite I, Ignatova D, Chang Y-T, Fassnacht C, Dimitriou F,
Varypataki E, Anzengruber F, Nigeli M, Cozzio A, Dummer R,
et al. Blockade of programmed cell death protein 1 (PD-1) in
Sézary syndrome reduces Th2 phenotype of non-tumoral
T lymphocytes but may enhance tumor proliferation.
Oncoimmunology. 2020;9(1):1738797. doi:10.1080/2162402X.
2020.1738797.

Kamphorst AO, Pillai RN, Yang S, Nasti TH, Akondy RS,
Wieland A, Sica GL, Yu K, Koenig L, Patel NT, et al
Proliferation of PD-1+ CD8 T cells in peripheral blood after
PD-1-targeted therapy in lung cancer patients. Proc Natl Acad
Sci U S A. 2017;114:4993-4998. d0i:10.1073/pnas.1705327114.
Herrera A, Cheng A, Mimitou EP, Seffens A, George D, Bar-Natan
M, Heguy A, Ruggles KV, Scher JU, Hymes K, et al. Multimodal
single-cell analysis of cutaneous T cell lymphoma reveals distinct
sub-clonal tissue-dependent signatures. Blood.
2021;138:1456-1464. doi:10.1182/blood.2020009346.
McGranahan N, Furness AJ, Rosenthal R, Ramskov S, Lyngaa R,
Saini SK, Jamal-Hanjani M, Wilson GA, Birkbak NJ, Hiley CT,
et al. Clonal neoantigens elicit T' cell immunoreactivity and sensi-
tivity to  immune  checkpoint  blockade.  Science.
2016;351:1463-1469. doi:10.1126/science.aaf1490.

Lin WM, Lewis JM, Filler RB, Modi BG, Carlson KR, Reddy S,
Thornberg A, Saksena G, Umlauf S, Oberholzer PA, et al.
Characterization of the DNA copy-number genome in the blood
of cutaneous T-cell lymphoma patients. J Invest Dermatol.
2012;132:188-197. doi:10.1038/jid.2011.254.

Gug G, Huang Q, Chiticariu E, Solovan C, Baudis M. DNA copy
number imbalances in primary cutaneous lymphomas. J Eur Acad
Dermatol Venereol. 2019;33:1062-1075. doi:10.1111/jdv.15442.
Hartmann TB, Thiel D, Dummer R, Schadendorf D, Eichmuller S.
SEREX identification of new tumour-associated antigens in cuta-
neous T-cell lymphoma. Br J Dermatol. 2004;150(2):252-258.
do0i:10.1111/§.1365-2133.2004.05651.x.

Nikolova M, Bagot M, Boumsell L, Bensussan A. Identification of
cell surface molecules characterizing human cutaneous T-cell


https://doi.org/10.1038/s41467-021-26974-6
https://doi.org/10.1001/archdermatol.2010.200
https://doi.org/10.1001/archdermatol.2010.200
https://doi.org/10.1200/JCO.2010.32.0630
https://doi.org/10.1016/j.cell.2019.05.031
https://doi.org/10.1016/j.celrep.2019.01.041
https://doi.org/10.1038/s41590-018-0276-y
https://doi.org/10.1038/s41590-018-0276-y
https://doi.org/10.1038/s41596-019-0128-8
https://doi.org/10.1038/s41596-019-0128-8
https://doi.org/10.1093/nar/gkw430
https://doi.org/10.1038/nm.2446
https://doi.org/10.1126/sciadv.aaz7809
https://doi.org/10.1038/s41467-019-11591-1
https://doi.org/10.1182/bloodadvances.2018027482
https://doi.org/10.1182/bloodadvances.2018027482
https://doi.org/10.1182/bloodadvances.2020001441
https://doi.org/10.1182/blood.2021012286
https://doi.org/10.1158/1078-0432.CCR-19-0148
https://doi.org/10.1182/bloodadvances.2018022608
https://doi.org/10.1038/sj.leu.2405044
https://doi.org/10.1038/sj.leu.2405044
https://doi.org/10.1111/exd.13261
https://doi.org/10.3390/cells9091992
https://doi.org/10.1182/bloodadvances.2018016279
https://doi.org/10.1182/bloodadvances.2018016279
https://doi.org/10.1084/jem.20161046
https://doi.org/10.1084/jem.20161046
https://doi.org/10.1056/NEJMc1803181
https://doi.org/10.1182/blood-2019-126194
https://doi.org/10.1080/2162402X.2020.1738797
https://doi.org/10.1080/2162402X.2020.1738797
https://doi.org/10.1073/pnas.1705327114
https://doi.org/10.1182/blood.2020009346
https://doi.org/10.1126/science.aaf1490
https://doi.org/10.1038/jid.2011.254
https://doi.org/10.1111/jdv.15442
https://doi.org/10.1111/j.1365-2133.2004.05651.x

36.

37.

38.

39.

40.

41.

42.

lymphomas. Leuk Lymphoma. 2002;43(4):741-746. doi:10.1080/
10428190290016836.

Schmitt C, Marie-Cardine A, Bensussan A. Therapeutic Antibodies to
KIR3DL2 and other target antigens on cutaneous T-cell lymphomas.
Front Immunol. 2017;8:1010. doi:10.3389/fimmu.2017.01010.
Thonnart N, Caudron A, Legaz I, Bagot M, Bensussan A, Marie-
Cardine A. KIR3DL2 is a coinhibitory receptor on Sézary syndrome
malignant T cells that promotes resistance to activation-induced cell
death. Blood. 2014;124:3330-3332. do0i:10.1182/blood-2014-09-
598995.

Vergnolle I, Douat-Beyries C, Boulinguez S, Rieu JB, Vial JP,
Baracou R, Boudot S, Cazeneuve A, Chaugne S, Durand M et al.
CD158k and PD-1 expressions define heterogeneous subtypes of
Sézary syndrome. Blood Adv. 2022 Mar 22;6(6):1813-1825. doi:10.
1182/bloodadvances.2021005147.

Bagot M, Porcu P, Marie-Cardine A, Battistella M, William BM,
Vermeer M, Whittaker S, Rotolo F, Ram-Wolff C,
Khodadoust MS, et al. IPH4102, a first-in-class anti-KIR3DL2
monoclonal antibody, in patients with relapsed or refractory
cutaneous T-cell lymphoma: an international, first-in-human,
open-label, phase 1 trial. Lancet Oncol. 2019;20(8):1160-1170.
d0i:10.1016/51470-2045(19)30320-1.

Pais Ferreira D, Silva JG, Wyss T, Fuertes Marraco SA,
Scarpellino L, Charmoy M, Maas R, Siddiqui I, Tang L, Joyce JA,
et al. Central memory CD8 T cells derive from stem-like Tcf7 hi
effector cells in the absence of cytotoxic differentiation. Immunity.
2020;53:985-1000.e11. doi:10.1016/j.immuni.2020.09.005.
Wartewig T, Kurgyis Z, Keppler S, Pechloff K, Hameister E,
Ollinger R, Maresch R, Buch T, Steiger K, Winter C, et al. PD-1
is a haploinsufficient suppressor of T cell lymphomagenesis.
Nature. 2017;552:121-125. doi:10.1038/nature24649.

Park ], Daniels ], Wartewig T, Ringbloom KG, Martinez-Escala
ME, Choi S, Thomas JJ, Doukas PG, Yang J, Snowden C, et al.

43.

44,

45.

46.

47.

48.

ONCOIMMUNOLOGY €2115197-11

Integrated genomic analyses of cutaneous T-cell lymphomas reveal
the molecular bases for disease heterogeneity. Blood. 2021;138
(14):1225-1236. doi:10.1182/blood.2020009655.

Rauch DA, Conlon KC, Janakiram M, Brammer JE, Harding JC,
Ye BH, Zang X, Ren X, Olson S, Cheng X, et al. Rapid progression
of adult T-cell leukemia/lymphoma as tumor-infiltrating Tregs
after PD-1 blockade. Blood. 2019;134(17):1406-1414. doi:10.
1182/blood.2019002038.

Lesokhin AM, Ansell SM, Armand P, Scott EC, Halwani A,
Gutierrez M, Millenson MM, Cohen AD, Schuster SJ, Lebovic D,
et al. Nivolumab in patients with relapsed or refractory hematolo-
gic malignancy: preliminary results of a phase Ib study. J Clin
Oncol. 2016;34(23):2698-2704. doi:10.1200/JCO.2015.65.9789.

Li F, Li C, Cai X, Xie Z, Zhou L, Cheng B, Zhong R, Xiong S, Li ],
Chen Z, et al. The association between CD8+ tumor-infiltrating
lymphocytes and the clinical outcome of cancer immunotherapy:
a systematic review and meta-analysis. EClinicalMedicine.
2021;41:101134. doi:10.1016/j.eclinm.2021.101134.

Fairfax BP, Taylor CA, Watson RA, Nassiri I, Danielli S, Fang H,
Mahé EA, Cooper R, Woodcock V, Traill Z, et al. Peripheral CD8
T cell characteristics associated with durable responses to immune
checkpoint blockade in patients with metastatic melanoma. Nat
Med. 2020;26:193-199. d0i:10.1038/s41591-019-0734-6.

Watson RA, Tong O, Cooper R, Taylor CA, Sharma PK, de Los
Aires AV, Mahé EA, Ruffieux H, Nassiri I, Middleton MR, et al.
Immune checkpoint blockade sensitivity and progression-free survi-
val associates with baseline CD8 + T cell clone size and cytotoxicity.
Sci Immunol. 2021;6:eabj8825. doi:10.1126/sciimmunol.abj8825.
Borcherding N, Voigt AP, Liu V, Link BK, Zhang W,
Jabbari A. Single-cell profiling of cutaneous T-cell lymphoma
reveals underlying heterogeneity associated with disease
progression. Clin Cancer Res. 2019;25:2996-3005. doi:10.1158/
1078-0432.CCR-18-3309.


https://doi.org/10.1080/10428190290016836
https://doi.org/10.1080/10428190290016836
https://doi.org/10.3389/fimmu.2017.01010
https://doi.org/10.1182/blood-2014-09-598995
https://doi.org/10.1182/blood-2014-09-598995
https://doi.org/10.1182/bloodadvances.2021005147
https://doi.org/10.1182/bloodadvances.2021005147
https://doi.org/10.1016/S1470-2045(19)30320-1
https://doi.org/10.1016/j.immuni.2020.09.005
https://doi.org/10.1038/nature24649
https://doi.org/10.1182/blood.2020009655
https://doi.org/10.1182/blood.2019002038
https://doi.org/10.1182/blood.2019002038
https://doi.org/10.1200/JCO.2015.65.9789
https://doi.org/10.1016/j.eclinm.2021.101134
https://doi.org/10.1038/s41591-019-0734-6
https://doi.org/10.1126/sciimmunol.abj8825
https://doi.org/10.1158/1078-0432.CCR-18-3309
https://doi.org/10.1158/1078-0432.CCR-18-3309

	Abstract
	Introduction
	Materials and methods
	Human subjects and sample collection
	T-cell isolation and scRNA-seq
	Computational analyses of scRNA-seq
	Single nucleotide variants analysis
	Copy number variation analysis
	Flow cytometry

	Results
	scRNA-seq clustering and identification of Sézary cells
	Sézary gene expression associates with response to pembrolizumab
	Effects of pembrolizumab treatment on Sézary cells
	Effects of pembrolizumab treatment on expanded cytotoxic clonotypic cells
	Intrapatient Sézary cell heterogeneity through integrated single cell analysis of single nucleotide variant and copy number alterations

	Discussion
	Disclosure statement
	Data availability statement
	Author contributions
	Ethical approval and informed consent
	Funding
	ORCID
	References

