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Abstract: Background: Cutaneous T-cell ymphoma (CTCL) is highly heterogeneous, and its prognosis is closely relat-
ed to the disease stage. The tumor microenvironment (TME) is an important component of tumor tissue, driving can-
cer cell growth, progression, and metastasis. However, the diagnostic value of TME in CTCL has not yet been studied
in-depth. To date, no study has performed a comprehensive evaluation of the significance of the TME in CTCL.
Methods: Using xCell methods based on bulk RNA sequencing data, we inferred immune cell fraction in the TME
in 126 patients and assessed the prognostic importance of immune cells. Consensus clustering was performed to
determine the TME subtypes and characterize the transcriptome of each subtype. Based on the TME subtypes, we
established the disease progression model using random forest algorithms and logistic regression. The efficacy of
the model was examined using an additional 49-patient cohort. Finally, we validated our finding at the protein level
using immunochemistry in a 16-patient cohort. Results: Patients with advanced CTCL presented with a more active
immunity overall than those with early stage. Random forest algorithms revealed that the immune cells CD4, mac-
rophages, and dendritic cells (DCs) were the most effective prognosis predictors. Therefore, we constructed a risk
model using logistic regression based on these immune cells. The TME score could be used to effectively predict
disease conditions in three datasets with the AUC of 0.9414, 0.7912, and 0.7665, respectively. Imnmunochemistry
at the protein level revealed that helper T cells and the macrophage markers CD4 and CD68 could successfully dis-
tinguish different CTCL stages in patients, whereas the DC marker langerin showed no change with disease progres-
sion. Conclusion: We found advanced-stage CTCL was associated with an active immune microenvironment, and
the immune signatures CD4 and CD68 showed a relatively high accuracy in predicting CTCL disease progression.
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Introduction lower) have a life expectancy of more than 15
years [3]. In addition, patients are advised to
follow a personalized treatment plan depending
on their clinical stage. Patients with early-stage
CTCL are normally treated with conventional

and topical medicines; whereas those with

Cutaneous T cell lymphoma (CTCL) is a non-
Hodgkin lymphoma characterized by malignant
CD4* T cell infiltration in the skin. The clinical
prognosis varies greatly among patients with

some presenting with a chronic and indolent
condition, while for a small percentage it can
be aggressive and fatal [1]. Furthermore, the
stage of CTCL has a decisive influence on the
prognosis of patients. Most patients with early-
stage CTCL have a lengthy life expectancy;
however, the survival rate reduces dramatically
as the disease progresses [2]. Those with
advanced illness (commonly referred to as
Stage IIB or above) usually have a life expec-
tancy of fewer than 5 years, whereas patients
with early-stage disease (i.e., Stage IIA and

advanced-stage CTCL are encouraged to par-
ticipate in clinical trials and get systemic treat-
ment as soon as possible [4]. As a result, pre-
dicting clinical outcome and selecting anappro-
priate treatment plan requires a comprehensive
understanding of the disease progression.

The cancer immune microenvironment is impor-
tant in the growth, invasion, and metastasis of
CTCL. This malignancy is characterized by sys-
tematic immune dysfunction and skin infiltra-
tion by cutaneous lymphocyte antigen (CLA)-
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positive lymphocytes [5]. Thus, the skin envi-
ronment, comprising various immune cell sub-
sets as well as their interaction with malignant
T cells through chemokines and cytokines,
plays a central role in the development and
pathogenesis of CTCL. Infiltrating immune cells
can exert anti-tumor immunity; however, as
they interact with tumor cells, they can also pro-
vide a suitable environment for tumor growth
and metastasis [6]. The infiltrated immune cell
pattern in the tumor microenvironment (TME)
reflects the tumor immune response and pre-
dicts therapeutic benefits, especially from
immunotherapy. Immune checkpoint inhibitors
such as PD-1-Ab have achieved ideal treatment
efficacy in Hodgkin lymphoma [7], melanoma
[8], and many solid tumors [9]. However, immu-
notherapy is not appropriate for all patients, as
successful tumor cell depletion requires an
active anti-tumor immune microenvironment
[10-13]. An inhibitory immune milieu character-
ized by suppressed cell activity and cytotoxic
cell exhaustion often leads to a low immuno-
therapy response. The TME also affects the
response of patients to conventional therapies
like chemotherapy and radiotherapy [14]. Thus,
identification of TME features facilitates the
development of prognostic models and guides
targeted therapy. Previous research has shown
that the TME is an excellent predictor of prog-
nosis and treatment response in solid tumors
and B cell lymphoma [15-17]. Nevertheless, lit-
tle is known about how the immunological
state affects the clinical outcome of T cell lym-
phoma. Although the current CLIPi and CLIC
score are the most widely used predictive tools
for CTCL clinical risk [18-20], they ignore lym-
phoma microenvironments and cannot guide
immunotherapy.

In this study, we first established a tool to pre-
dict risk of disease progression based on skin
immune microenvironment features. By show-
ing the expression of immune signatures, the
TME score can help make decisions on treat-
ment strategies, especially on immunotherapy.

Materials and methods
Data collection

The clinical information and RNA-sequencing
(RNA-seq) data were obtained from the GEO
database (https://www.ncbi.nlm.nih.gov/geo/).
The keywords “cutaneous T cell lymphoma”,
“mycosis fungoides”, and “gene expression/
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profiling” were used for searching. Datasets
satisfying the following criteria were included:
(1) skin samples from patients with primary
CTCL and (2) availability of clinical information.
The two largest datasets GSE70328 and
GSE9479 were used for analysis. The mRNA-
seq data were produced using the Affymetrix
GeneChip HT-HG_U133A Early Access Array
Platform and were processed using the Robust
Multi-Chip Average. The third-largest dataset
GSE113113, among those satisfying the inclu-
sion criteria, was used for validation.

Immune cell type fraction analysis

We used the ssGSEA algorithm to calculate the
pro- and anti-tumor immune infiltration scor-
es (biomarkers are shown in Supplementary
Table 1). Then, the webtool xCell was used to
estimate the abundance of immune and stro-
mal cell infiltration [21]. xCell integrates gene
enrichment analysis with a deconvolution
method and infers cell types based on the
gene signature from RNA-seq or microarray
data. The gene expression data were prepared
following instructions by the developers and
then uploaded to the xCell web portal (https://
xcell.ucsf.edu/). From the 64 estimated cell
types, we finally included 33 immune cell types
(involved in innate and adaptive immunity) for
further analysis.

Consensus clustering of TME-infiltrating cells

According to the xCell results, samples could
be divided into different TME subgroups bas-
ed on certain immune cell patterns. The
ConsensusClusterPlus R package was applied
to determine the number of clusters in the
training cohort [22].

Identification of differentially expressed genes
(DEGS)

The DEGs between the TME subgroups were
identified using the R package limma. DEGs
with an adjusted P-value <0.05 were consid-
ered for future analysis. For immune-related
genes, the 4,872 reference genes were down-
loaded from the MSigDB database c7.all.v7.4.
symbols (http://www.gsea-msigdb.org).

Gene ontology (GO) and gene set enrichment
analysis (GSEA)

GO analysis and GSEA of DEGs were used for
further functional enrichment analysis. GO
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functional analyses were performed using
the enrichplot and clusterProfiler R packages.
Adjusted and unadjusted P-values <0.05 were
considered significant. GSEA were performed
using the software GSEA_4.1.0. A normalized
enrichment score (NES) >1 and nominal P-
value (NOM P-value) <0.05 were considered
significant.

Model construction

The training cohort was made up of 89 ran-
domly generated samples from the GSE70328
and GSE9479 datasets. The 37 remaining sam-
ples from the two datasets were used as test
samples. Another CTCL dataset GSE113113
was used as the external validation cohort.
Boosted classification trees and random for-
est, which were built with the gbm (v2.1.3) and
randomforest R packages using log TPM val-
ues, were used to select immune cell signa-
tures from the xCell data. Boosting was per-
formed with 2,000 classification trees with a
multinomial distribution. The algorithm was
trained by shrinking class centroids toward the
overall centroid or by a threshold amount that
minimized the misclassification error as deter-
mined through 10-fold cross-validation on the
training cohort. The variable importance of
each cell type was assessed by quantifying
the mean decrease in the Gini index of each
predictor averaged overall splits. The cross-val-
idation analysis showed that the misclassifica-
tion error was the smallest when 6 variables
were taken into consideration (Supplementary
Figure 1). Then a classification model was con-
structed using Logistic regression with the
MASS R package. The formula used was as
follows:

exp (fo + fixat faxa t -+ + BoXn)
1 + eXp (BO + 61X1 + BQXQ tot ann)

TME score =

Whereby patients with a TME score over 0.5
were classified into a clinical high risk of dis-
ease progression group. To test the accuracy of
the disease progression model, the receiver
operating characteristic (ROC) curve analysis
was performed using the pROC R package.

Immunohistochemistry (IHC) validation

To identify the malignant cells, macrophages,
and dendritic cells (DCs), IHC was performed.
The skin samples were collected from Peking
University, Shenzhen Hospital, from 2005 to
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2020. The clinical features of patients are
summarized in Supplementary Table 1. For
antigen retrieval, the slides from formalin-fix-
ed paraffin-embedded CTCL tissue specimens
were heat-treated by boiling in EDTA Antigen
Retrieval Solution (pH 8.0; Solarbio, Beijing,
China) for 20 min. Then, the sections were
blocked with BSA solution for 20 min at 25°C.
To detect CD4, CD68, and langerin levels, the
slides were incubated with monoclonal anti-
body (Abcam, Cambridge, UK) at 1:200 dilution
(overnight at 4°C); the IHC Kit for Mouse Pri-
mary Antibody (ZSGB-Bio, Beijing, China) was
used as secondary antibody and then stained
with 3,3’-diaminobenzidine reagents according
to manufacturer’s instructions. Each incuba-
tion step was followed by three 5 min washes
in PBS buffer. Hematoxylin-eosin (H&E) stain-
ing was used to investigate the overall immune
state and was conducted according to proce-
dures in published articles [23].

The staining results were semi-quantified by a
pathologist (Liao) using the following system.
Stain color scores (at 100x magnification): no
staining, 0; pale yellow, 1; tan, 2; brown, 3; and
the final stain color score was taken as the
average of five different microscopic fields.
Stain color proportion (at 40x magnification):
no staining in any cells, O; staining in less than
25% of cells, 1; staining in 25-50% of cells, 1;
staining in 50-75% of cells, 3; staining in more
than 75% of cells, 4; The final result of IHC
score was calculated by multiplying stain color
scores and stain color proportions.

Statistical analysis

All statistical analyses were performed using
the software R version 4.1.1 (The R Founda-
tion for Statistical Computing, MO, USA) by
Student’s t test. Adjusted P-values <0.05 were
considered significant.

Results
Landscape of TME cells in CTCL

The study consisted of 175 specimens, includ-
ing 126 patients in the training cohort
(GSE70328, n=63, and GSE9479, n=63) and
49 in the validation cohort (GSE113113). The
study design is shown as a flowchart in Figure
1. To analyze the immune landscape in the
TME in CTCL, we used the ssGSEA algorithm to
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Figure 1. Flow chart of comprehensive analysis of tumor microenvironment in cutaneous T cell ymphoma.

infer a tumor-related immune cell infiltra-
tion score based on bulk tumor expression
data. According to immune cell markers
(Supplementary Table 2), the fraction of both
anti-tumor and pro-tumor immune cells was
calculated. As shown in Figure 2A, cells show-
ing anti-tumor activity (e.g., activated CD8*
cells, type 1 helper cells) and suppressive pro-
tumor activity (e.g., type 2 helper cells, regula-
tory T cells) were positively correlated accord-
ing to the Pearson’s correlation test. Com-
pared to patients with early-stage CTCL, those
with advanced-stage were characterized by
a rich abundance of anti-tumor immunity
(P=0.0076) and had more active pro-tumor
activity (P=0.015) (Figure 2B and 2C).

Next, we portrayed the immune cell pattern
using the xCell algorithm. We correlated the
immune cell landscape with the clinical stage
(Figure 2D) which showed that many innate
immune cells that were decreased as the dis-
ease progressed, including DCs, eosinophils,
and NK T cells, while neutrophils, as well as M1
and M2 macrophages, showed an increased
proportion in patients with advanced-stage
CTCL. For adaptive immunity, many T lympho-
cyte subtypes increased in the advanced
stage, such as CD4 memory T cells, CD8 cen-
tral memory T cells, and CD8 effector memory
T cells. However, the B lymphocytes did not
seem to play an important role in CTCL - as
they only consisted of a small fraction of
immune cells with a minor difference between
disease stages.
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Identification of two TME subtypes of CTCL

Based on the heterogeneity of infiltrating
immune cells in CTCL, we assessed potential
clusters using the consensus clustering meth-
od and obtained two stable clusters termed
clusters A and B. The TME in cluster B was dis-
tinguished by rich infiltration in most immune
cells, whereas immune cell infiltration was
poor in cluster A except for DCs (Figure 3A).
Also, we noticed that the TME of patients in
cluster B was mostly associated with advanc-
ed CTCL, indicating a positive correlation
between an active TME and disease progres-
sion (Figure 3B). Cluster B also had a higher
average expression of oncogenes. Most tumor-
related gene signatures, like KIR3DL3, TOX,
and JUNB were higher in cluster B, except for
the T cell differentiation regulator GATA3 (Figure
30C).

Afterward, we conducted DEG analysis on two
TME subtypes to illustrate the underlying bio-
logical characteristics of different TME sub-
types. We obtained 6,325 significant DEGs
between the two TME subtypes (P<0.01), with
the most upregulated genes in cluster A being
immune-related genes that present antigens
such as FCER1A, HLA-DQB2, CD1C, CD1E, and
CD207 (Figure 4A). In cluster B, the most sig-
nificantly upregulated genes were cell prolifera-
tion-related genes like SAMD9 and AIM2. The
GSEA indicated that genes involved in MYC,
mTOR, and E2F pathways showed statistically
significant upregulation in TME cluster B (Figure

Am J Transl Res 2022;14(5):3037-3051
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Figure 2. Estimation of immune infiltration score and immune cell fraction. A. Correlation between infiltration of cell types executing anti-tumor immunity and pro-
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4B). GO analysis indicated substantial enrich-
ment of genes involved in neutrophil-related
immune response, small molecular metabo-
lism, and ATPase activity (Figure 4C).

Immune state of the 2 TME subtypes

To further investigate the immune status of the
two distinct TME subtypes, we analyzed the
expression of 104 immune-related genes
(Figure 5A). The overall expression of immune-
related genes was not significantly different
between the two subtypes, but genes regulat-
ing cytotoxicity and immune checkpoints had
a higher expression in TME cluster B. More-
over, we analyzed the expression patterns of
immune checkpoint genes (Figure 5B). The
results showed that almost all immune check-
points were significantly overexpressed in TME
cluster B compared to TME cluster A except for
PDCD1, ICOS, and GITR.

TME score predicted clinical stage in CTCL

To apply the TME classification practically, we
constructed the TME score using random for-
est and logistic regression algorithms based on
immune cell types to represent the features of
the TME clusters. The study population includ-
ed 89 patients in the training cohort (ran-
domly generated from GSE 70328 and GSE
9479), and 86 in the test cohort (37 from the
GSE70328 and GSE 9479 datasets, 49
patients from GSE113113). Using random for-
est, the phenotype signatures were extracted
from the 33 immune infiltrating cells through
dimensionality reduction. Among all immune
cells, six cell types were considered important
for predicting clinical stage, including macro-
phages, M1 macrophages, DCs, conventional
DCs (cDC), CD4* T cells, and CD4* memory
cells (Supplementary Figure 1C). Besides the
tumor cells, the antigen presenting cells were
most important in determining disease pro-
gression. Next, we constructed a logistic
regression model with the following formula:

exp(1.18 + 0.76 X CD4 + memory T cells - 2.32 X CD4
+T cells + 12.94 X ¢DC - 13.62 X DC + 60.74 X Macrophages

-195.75 X M1 Macrophages)
1+exp(1.18 + 0.76 X CD4 + memory T cells - 2.32 X CD4
+T cells + 12.94 X ¢cDC-13.62 X DC *+ 60.74 X Macrophages

TME score =

-195.75 X M1 Macrophages)

and found a significantly higher TME score in
cluster A vs cluster B. Then we evaluated the
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test cohort and one independent dataset
GSE113113. The TME score showed high
diagnostic value in both the training and test
cohort (area under the curve [AUC]=0.9414 in
the training cohort, AUC=0.7912 in the test
cohort, and AUC=0.7665 in the external va-
lidation cohort GSE113113) (Figure 6A-C). To
test the diagnostic value of our model at the
protein level, we performed IHC staining of
CD4, CD68, and langerin in 16 CTCL skin
samples. In patients with advanced CTCL, the
average infiltration IHC scores of CD4 cells and
TAMs were higher than that of patients with
early stage (P=0.096 and P=0.21, respecti-
vely) (Figure 6D). However, unexpectedly, the
IHC score for DC infiltration was equally low in
both stages with less than 25% DC infiltration
in most patients. Figure 6E-H exhibit the HE
and IHC staining image of patient 12, who suf-
fered from IVA-stage MF, and Figure 6I-L ex-
hibit the HE and IHC staining image of patient
9, who was stage IB MF when the skin biopsy
sample was collected. While the density and
intensity of CD4* and CD68" cells were signifi-
cantly higher in patient 12, there was no signifi-
cant difference of Langerin between the two
different stage patients.

Discussion

CTCL arises from malignant T lymphocyte
clones in the skin, accompanied by chronic
inflammation in the cancer lesion. Further-
more, as the disease progress, the tumor cells
start to circulate between skin, lymph nodes,
and peripheral blood. CTCL comprises two
major subtypes, MF and SS, together constitut-
ing more than half of all cases [24]. Mycosis
fungoides (MF), often recognized as early-
stage Sezary Syndrome (SS), is slowly progres-
sive and characterized by limited patches and
plagues in the photo-protected skin. With a
TNMB stage under 1V, the average life expec-
tancy of patients with MF can be up to 15
years. On the contrary, SS, the leukemic form
of MF, is aggressive and lethal. Patients pres-
ent with erythroderma and a high burden of
malignant T cells (called Sezary cells) in the
blood (1,000 cells/uL). Once diagnosed with
SS, patients suffer a rapid progressive course
and have an average life expectancy of less
than 2 years [25].

The skin microenvironment plays a central role
in the development and progression of CTCL.

Am J Transl Res 2022;14(5):3037-3051
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by a pathologist using the following system. Stain color scores (at 100x magnification): No staining, O; Pale yellow, 1; Tan, 2; Brown, 3; and the final stain color score
was taken as the average of five different microscopic fields. Stain color proportion (at 40x magnification): No staining in any cells, O; Staining in less than 25% of
cells, 1; Staining in 25-50% of cells, 1; Staining in 50-75% of cells, 3; Staining in more than 75% of cells, 4. The final result or IHC score was calculated by combining
multiple stain color scores and stain color proportions. E-H. The hematoxylin-eosin (H&E) as well as CD4-, CD68-, and langerin-staining of a patient with advanced
CTCL. All staining figures are shown at a magnification of x100 (Scale Bar: 500 um). I-L. The H&E as well as CD4-, CD68-, and langerin-staining of a patient with
early-stage CTCL. All staining figures are shown at a magnification of x100. (Scale Bar: 500 pym).
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Recent studies have demonstrated that the
tumor immune milieu (i.e., tumor cells, tumor-
infiltrating T cells, macrophages, DCs, mast
cells) with their interactions as well as secret-
ed chemokines and cytokines are crucial for
malignant clone proliferation and escape from
immunosurveillance [10, 13]. Our study re-
vealed that CTCL is a heterogeneous disease
on the TME level with disease progression
accompanied by immune activation. Unlike B
cell lymphoma or solid tumors [16, 17, 26],
most patients with advanced stage had a rela-
tively hot TME, shown by rich infiltration of both
cells exerting cytotoxic and prohibitory ability.
We next analyzed the correlation between
immune cell patterns and the clinicopathologic
features of patients. Apart from the tumor
cells, the most significant differences between
patients with early and advanced-stage CTCL
were innate immune cells such as dendritic
cells, macrophages, NK, and NKT cells. In
accordance with a previous study, although the
difference was not significant during either
early (stage | to stage IlA)- or advanced (stage
IIB to stage IV)-disease in patients, the conven-
tional DC depletion and pDC recruitment in the
skin were strongly observed in patients at
tumor stage (IV) as compared to other stages
(stage | to stage Ill) [27]. Another antigen pre-
sentating-related cell subtype, the macro-
phage, had an upwards trend in patients with
advanced-stage CTCL [28, 29]. Both studies
indicated the importance of antigen pre-
sentation and stimulation in the progression of
CTCL. Surprisingly, we found that the increase
in NK cell number correlated with poor progno-
sis, which may be explained by the hypothesis
set forth by Mundy-Bosse et al.: impaired NK
cell recognition functions and their increased
number resulted from high levels of IL-15
secreted by malignant CD4" cells [30]. The role
of innate immunity was undoubtedly crucial in
both immune surveillance and immune escape
in CTCL.

As for the specific acquired immunity, B cells
and CD8" T cells did not seem to differ be-
tween early- and advanced-stage CTCL. Our
study suggests that B cells had almost no sig-
nificant correlation with tumor stage in CTCL.
The function of B cells can vary in different
types of cancers [31-33] but they mostly play
an active role in anti-tumor immunity. Although
the tumor clones were type 2 helper T cells,
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most patients had reduced humoral immunity
which needs further investigation in CTCL. As
for CD8* T cells, although the total number of
CD8" cells did not increase according to the
disease stage, the CD8" memory cells exhibit-
ed a higher percentage in patients with stage
IIB or higher. Torrealba et al. found a likely phe-
nomenon in the peripheral blood of patients
with SS [34]: compared to healthy controls,
although patients with SS had reduced num-
bers of total CD8* T cells, they exhibited higher
percentages of effector and memory cells, indi-
cating a chronic activation of CD8 cells. Overall,
the advanced patients usually had a higher
fraction of macrophages, effector or memory
CDS8 cells, less infiltration of DC, NK, and eosin-
ophils, and showed no significant difference in
B cells. The immune cell infiltration patterns
were largely shaped by the clinical features.

Next, to show how certain immune cell infiltra-
tion patterns determine the transcriptome fea-
ture of patients, we used a consensus clu-
stering algorithm to identify potential TME sub-
types in CTCL. Patients were divided into two
TME clusters: cluster A represented a less
abundant infiltration of immune cells than its
counterparts, while cluster B exhibited a more
advanced stage than A with a higher overall
expression of oncogenes including KIR3DL3,
TOX, and JUNB. Therefore, we hypothesized
that increased cancer cells could drive the
activation of neighboring immune cells and
guide them to downregulate immunosurveil-
lance through chronic activation. Compared to
TME cluster A, the major downregulated genes
were antigen-presentation genes with upregu-
lated genes in cell proliferation in TME cluster
B, which was consistent with our finding that
DC cells decreased in patients during late-
stage CTCL. GSEA further proved this finding,
as the most enriched DEGs were components
of the mTOR, MYC, and E2F pathway demon-
strating a positive association between an
active immune microenvironment and tumor
cell proliferation ability. Subsequently, we
examined the expression of immune-related
genes to demonstrate the functional differenc-
es between the two groups. Results suggest-
ed that the chemokine profile was not signifi-
cantly different between immune active and
immune repressed conditions. The C-C and
C-X-C motif chemokines were secreted from
both malignant T cells as well as infiltrated
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immune cells [35] - serving as coordinators of
immune cell movement. Two TME subtypes
expressed similar chemokines, suggesting the
signal exchanges in the tumor milieu were as
active in different immune states. Molecules
that indicated cytotoxic abilities and immune
checkpoints showed greater expression in
TME cluster B, indicating that patients with
advanced stage had a strong anti-tumor immu-
nity and upregulation of inhibitory signals. We
especially focused on immune checkpoints,
and though intriguingly most immune check-
points were overexpressed in the immune
active subgroup, the expression of PDCD1
showed no significant difference between
groups. This was consistent with recent find-
ings [36, 37], and the role of PD-1 may be com-
plex as in vivo models have shown it can also
be a haploinsufficient suppressor of malignant
T cells [38]. In addition, we found that the T
cell and NK cell activator LAG3 was the most
upregulated gene in the TME active subcluster,
indicating a potential clinical application of
LAG3 inhibitor to restore T cell function from
exhaustion.

Finally, we constructed a disease progression
prediction model to classify patients into differ-
ent groups. Using the results of the inferred
cell fraction, the model successfully predicted
the clinical stage in different datasets. To test
whether our results could be used in pathologi-
cal diagnosis, we conducted an IHC experi-
ment. Our cohort with 16 patients validated
the effectiveness of CD4 and CD68 when
deciding progression risk; however, the marker
of mature DC cells, langerin, did not show a
meaningful difference between groups.

There are limitations in our study. First, the
sizes of included RNA-sequencing cases and
IHC cases were small, and this was due to the
overall incidence of CTCL was rather low and it
was hard for single center studies to enroll
many qualified patients. Second, although the
xCell algorithm enabled us to infer fractions of
immune cell subsets, the precise state was
masked by bulk genomic methods; for example,
we were not able to know the expression of
exhausted markers on CD8* T cells. Lastly, sin-
gle cell RNA sequencing has been introduc-
ed to the research on CTCL as a powerful
approach which provides deep insight into cell-
to-cell variation in both tumor and microenvi-
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ronment. Thus, single cell RNA sequencing is
likely to help us gain a more comprehen-
sive and profound understanding of tumor
microenvironment in CTCL. Overall, more ge-
nomic analyses, especially at the single cell
level, from different medical centers are need-
ed to establish better understanding of tumor
microenvironment in CTCL.

Conclusions

We comprehensively analyzed the immune cell
landscape of TME in patients with CTCL and
correlated the clinicopathologic features of
patients with RNA sequencing data available
online. Based on immune cell patterns, we
identified two molecularly distinct CTCL types
with different immune patterns and tumor bur-
dens. According to our findings, we believe
that our classification system of CTCL might
contribute to predicting the clinical outcomeof
patients and guide physicians when prescribing
immune checkpoint inhibitors.
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Supplementary Table 1. The clinical information of 16 patients who provided skin samples for IHC
validation

ID Sex Age clinical stage
1 Male 68 IVA
2 Female 47 1B
3 Male 35 1A
4 Male 29 1B
5 Female 37 IVA
6 Male 78 IA
7 Female 45 IA
8 Male 50 1
9 Male 47 B
10 Female 68 IA
11 Male 32 1A
12 Male 49 IVA
13 Male 81 A
14 Male 46 B
15 Male 82 1B
16 Male 38 IA
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Supplementary Figure 1. Choice of important variance in the disease progression model. A, B. Using cross-validation algorithm to decide the number of random
forest trees and variance. For 200 trees and 6 variances, the cross-validation error is the smallest. C. The six most important factors that influence disease stage

in patients.



CD4 and CD68 predict disease progression in CTCL

Supplementary Table 2. Gene signatures used for calculating GSEA immune score

Metagene Cell type Immunity Metagene Cell type Immunity
ADAM28 Activated B cell Anti-tumor GPR44 Type 17 T helper cell Anti-tumor
CD180 Activated B cell Anti-tumor IFT80 Type 17 T helper cell Anti-tumor
CD79B Activated B cell Anti-tumor ASB2 Type 2 T helper cell Pro-tumor
BLK Activated B cell Anti-tumor CSRP2 Type 2 T helper cell Pro-tumor
CDh19 Activated B cell Anti-tumor DAPK1 Type 2 T helper cell Pro-tumor
MS4A1 Activated B cell Anti-tumor DLC1 Type 2 T helper cell Pro-tumor
TNFRSF17 Activated B cell Anti-tumor  DNAJC12 Type 2 T helper cell Pro-tumor
IGHM Activated B cell Anti-tumor DUSP6 Type 2 T helper cell Pro-tumor
GNG7 Activated B cell Anti-tumor GNAIL Type 2 T helper cell Pro-tumor
MICAL3 Activated B cell Anti-tumor LAMP3 Type 2 T helper cell Pro-tumor
SPIB Activated B cell Anti-tumor NRP2 Type 2 T helper cell Pro-tumor
HLA-DOB Activated B cell Anti-tumor OSBPL1A Type 2 T helper cell Pro-tumor
IGKC Activated B cell Anti-tumor PDE4B Type 2 T helper cell Pro-tumor
PNOC Activated B cell Anti-tumor PHLDA1 Type 2 T helper cell Pro-tumor
FCRL2 Activated B cell Anti-tumor  PLA2G4A Type 2 T helper cell Pro-tumor
BACH2 Activated B cell Anti-tumor RAB27B Type 2 T helper cell Pro-tumor
CR2 Activated B cell Anti-tumor RBMS3 Type 2 T helper cell Pro-tumor
TCL1A Activated B cell Anti-tumor RNF125 Type 2 T helper cell Pro-tumor
AKNA Activated B cell Anti-tumor  TMPRSS3 Type 2 T helper cell Pro-tumor
ARHGAP25 Activated B cell Anti-tumor GATA3 Type 2 T helper cell Pro-tumor
CCL21 Activated B cell Anti-tumor BIRC5 Type 2 T helper cell Pro-tumor
CcDh27 Activated B cell Anti-tumor CDC25C Type 2 T helper cell Pro-tumor
CD38 Activated B cell Anti-tumor CDC7 Type 2 T helper cell Pro-tumor
CLEC17A Activated B cell Anti-tumor CENPF Type 2 T helper cell Pro-tumor
CLEC9A Activated B cell Anti-tumor CXCR6 Type 2 T helper cell Pro-tumor
CLECL1 Activated B cell Anti-tumor DHFR Type 2 T helper cell Pro-tumor
ADRM1 Activated CD8 T cell Anti-tumor EVI5 Type 2 T helper cell Pro-tumor
AHSA1 Activated CD8 T cell Anti-tumor GSTA4 Type 2 T helper cell Pro-tumor
C1GALT1C1 Activated CD8 T cell Anti-tumor HELLS Type 2 T helper cell Pro-tumor
CCTeB Activated CD8 T cell Anti-tumor IL26 Type 2 T helper cell Pro-tumor
CD37 Activated CD8 T cell Anti-tumor LAIR2 Type 2 T helper cell Pro-tumor
CD3D Activated CD8 T cell Anti-tumor ABAT CD56 bright natural killer cell ~ Anti-tumor
CD3E Activated CD8 T cell Anti-tumor  C11orf75  CD56 bright natural killer cell  Anti-tumor
CD3G Activated CD8 T cell Anti-tumor C5orf15 CD56 bright natural killer cell ~ Anti-tumor
CD69 Activated CD8 T cell Anti-tumor CDHR1 CD56 bright natural killer cell ~ Anti-tumor
CD8A Activated CD8 T cell Anti-tumor DCAF12 CD56 bright natural killer cell ~ Anti-tumor
CETN3 Activated CD8 T cell Anti-tumor DYNLL1 CD56 bright natural killer cell ~ Anti-tumor
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GPT2 Activated CD8 T cell Anti-tumor KRT86 CD56 bright natural killer cell ~ Anti-tumor
GZMA Activated CD8 T cell Anti-tumor MLST8 CD56 bright natural killer cell ~ Anti-tumor
GZMH Activated CD8 T cell Anti-tumor ELMOD3 CD56 bright natural killer cell ~ Anti-tumor
GZMK Activated CD8 T cell Anti-tumor ENTPD5 CD56 bright natural killer cell ~ Anti-tumor
IL2RB Activated CD8 T cell Anti-tumor  FAM119A  CD56 bright natural killer cell ~ Anti-tumor
LCK Activated CD8 T cell Anti-tumor  FAM179A  CD56 bright natural killer cell ~ Anti-tumor
MPZL1 Activated CD8 T cell Anti-tumor CLic2 CD56 bright natural killer cell  Anti-tumor
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