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Abstract

Cutaneous T cell lymphoma (CTCL) is characterized by a background of chronic inflammation,
where malignant CTCL cells escape immune surveillance. To study how miRNAs (miRs) regulate
T cell exhaustion, we performed miRseq analysis, gRT-PCR, and in situ hybridization on 45
primary CTCL samples, 3 healthy skin samples, and CTCL cell lines, identifying miR-155-5p,
130b-3p and -21-3p. Moreover, miR-155-5p, -130b-3p, and -21-3p positively correlated with
immune checkpoint gene expression in lesional skin samples and were enriched in the IL6/JAK/
STAT signaling pathway by gene set enrichment analysis. Further gene sequencing analysis
demonstrated decreased mRNA expression of the major negative regulators of JAK/STAT
signaling, SOCS, PIAS and PTPN. Transfection of MyLa and HuT78 cells with anti-miR-155-5p,
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-21-3p, and -130b revealed a considerable increase in SOCS proteins along with a significant
decrease in the levels of activated STAT3 and IC surface protein expression, as well as decreased
cell proliferation. Downregulation of miR-155, -130 and -21 in CTCL cell lines decreased CTCL
cell growth and facilitated CD8+ T cell-mediated cytotoxic activity, with concordant production
of IFN+y and CD107a expression. Our results describe the mechanisms of miR-induced T cell
exhaustion, which provide a foundation for developing synthetic anti-miRs to therapeutically
target the tumor microenvironment in CTCL.
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Introduction

Cutaneous T-cell lymphomas (CTCL) constitute a heterogeneous group of non-Hodgkin
lymphomas that derive from clonally expanded effector/central CD4+ T cells in a
background of chronic inflammation. (Rubio Gonzalez et al., 2016). It is assumed that

the underlying chronic inflammation sensitizes the CTCL cells to proliferate abnormally

in response to stimulatory signals and predisposes them to genetic instability (\Vermeer

et al., 2001). Together, the immune cells that are thought to transmit these signals (e.g.,
tumor associated macrophages [TAMS]), the cytotoxic immune cells that become suppressed
because of these signals (e.g., CD8+ T cells), and the malignant CD4+ T cells that receive
the signals and proliferate abnormally collectively compose the tumor microenvironment.
These signaling interactions within the tumor microenvironment create a permissive
environment for CTCL growth and, in response to oncogenic signals from proliferating
tumor cells, the tumor microenvironment changes during disease progression (Criscione
and Weinstock, 2007). Immune checkpoints (ICs) play critical roles in immune exhaustion
and disease progression. We have demonstrated that CTCL cells display a phenotypic and
functional exhausted profile because of continuous tumor antigen overload (Querfeld et al.,
2018).

One potential mechanism by which IC protein synthesis can be modulated is by the
induction of mMiRNAs (miRs) (Omar et al., 2019). MiRs, negative regulators of mMRNA,
contribute to the pathogenesis and progression of mycosis fungoides/Sézary syndrome
(MF/SS) (Ralfkiaer et al., 2011, Ralfkiaer et al., 2014). Diagnostic profiling indicated

that miRs have high diagnostic potential in CTCL, with upregulated miR-155-5p and
downregulation of miR-203 and miR-205 discriminating from benign inflammatory skin
disorders (Ralfkiaer et al., 2014). Notably, enhanced expression of miR-155 has been
demonstrated in CTCL and has been linked to the constitutive activation of the JAK/STAT,
NF-kB, and PI3K/AKT survival pathways in vitro (Seto et al., 2018).

To date, no experimental studies have investigated the mechanisms of miR-directed T-
cell exhaustion in CTCL. In this study, we hypothesized that miRs regulate 1C receptor
expression and enhance T cell exhaustion via STAT signaling, contributing to the
pathogenesis of CTCL.
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Results

miR expression profiles in CTCL patients

We performed miRNAseq (miRseq) analysis on 45 skin samples from CTCL patients and

3 healthy controls with Illumina Hiseq2500. Statistical analysis showed that expression of
miR-155-5p, -130b-3p and -21-3p (abbreviated as miR-155, miR-130 and miR-21 herein)
correlated with T-stage (patch, plaque, tumor) and was higher in advanced/tumor (T3)
CTCL stages compared to healthy controls (Figure 1A). miR-155 was the only miR of
those tested that was significantly increased in SS (T4) compared with normal skin tissue
samples (p < 0.05). To further validate the miR expression, we performed gRT-PCR analysis
using lesional CTCL skin samples and healthy controls (Figure 1B). We found significantly
increased expression of miR-155, -130, and -21 in CTCL compared with healthy controls.
In addition, /n situ hybridization (ISH) was used to identify the location of miRs in lesional
skin of CTCL. The results revealed that all three miRs were mainly expressed in dermal
tumor infiltrates, although the intensity of /n situ expression varied among the 3 miRs
(Figure 1C). Representative hematoxylin and eosin (H&E) images highlight a predominant
dermal lymphoid infiltrate composed of sheets of atypical lymphocytes. Furthermore, single
cell RNAseq combined with TCR seq analysis from skin explants originating from same
skin lesion provided evidence that most cells were consistent with clonal tumor cells
(highlighted in blue), with small numbers of other immune cell subsets in grey color
(Supplemental Figure 1A).

ICs positively correlate with miR-155, -130 and -21 in CTCL

Multicolor immunohistochemistry of a representative plaque sample (T2) and a tumor lesion
(T3) demonstrated overexpression of PD-L1 and PD1 compared with healthy control (Figure
2A, B, C). The Pearson’s correlation coefficient revealed a significant difference of PD1

and PD-L1 expression between plaque and tumor lesions compared to control (p <0,001

for PD1; p< 0,001 for PD-L1). Furthermore, the Pearson’s correlation coefficient between
miR-155, miR-130, and miR-21 log2 expression level and the log2 expression value of
various IC genes revealed that increased miR-155 expression correlated highly with CTLA4
(r=0.59, p<0.0001), PD1 (r=0.42, p=0.0021), PD-L1 (r = 0.42, p=0.0025), TIM3 (r
=0.63, p<0.0001), LAG3 (r = 0.57, p< 0.0001), and ICOS (r = 0.74, p< 0.0001) mRNA,
increased miR-21 expression correlated highly with PD-L1 (r = 0.44, p=0.0012), TIM3
(r=0.52, p<0.0001), and ICOS (r = 0.37, p< 0.0073) mRNA; and increased miR-130
expression correlated highly with CTLA4 (r = 0.5, p=0.0002), PD-L1 (r = 0.54, p<
0.0001), TIM3 (r = 0.69, p< 0.0001), LAG3 (r = 0.49, p=0.0003), and ICOS (r = 0.68,
p<0.0001) mRNA (Table 1 and Figure 2D). The miR profile of CTCL correlated with an
exhausted T cell immunophenotype as summarized in Table 1.

The STAT signaling pathway is activated in CTCL and is inhibited by an oligonucleotide
inhibitor of miR- 155

We investigated the potential signaling pathways that are associated with the increased
miR-155, -130 and -21 expression profile using gene set enrichment analysis (GSEA).
Our data demonstrate that the highly upregulated expression of miR-155, -130, or -21
is significantly associated with increased JAK/STAT3 signaling (Figure 3A). Furthermore,
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we analyzed gene expression of three major negative regulators of JAK/STAT signaling,
SOCS, PIAS and PTPN. Gene expression levels of SOCS2, SOCS3, SOCS6, PIASI, PIAS3
and PTPN11 were decreased, while there was no significant change in PIAS2and PIAS4
expression levels in lesional CTCL samples compared to healthy controls (Figure 3B),
suggesting that expression of SOCS and to a lesser extent PIAS regulators is critical in the
control of STAT3 signaling in CTCL.

Cobomarsen (MRG- 106), an oligonucleotide inhibitor of miR- 155, has been evaluated in a
clinical phase 1/2 trial for CTCL (Querfeld et al., 2018). We used lesional skin samples from
6 CTCL patients (baseline and after 4 weeks of treatment with cobomarsen [Supplemental
Table 1]) to identify the critical pathways affected by miR- 155 inhibition in CTCL. As
expected, miR-155 was the most strongly downregulated miR in the treated sample cohort
when compared to baseline (Supplemental Table 2). Using the criteria of RPKM value =1, P
value <0.05, and fold-change < 1.5, we identified 498 up- and 370 down-regulated genes in
treated vs baseline samples (Supplemental Figure 1B, Supplemental Table 3). Hierarchical
clustering of all DE genes shows that treated and baseline samples are distinct except for one
patient, which could be possibly explained by an overall low number of malignant T cells
within the dermal inflammatory infiltrate (Supplemental Figure 1C). A multi-dimensional
scaling (MDS) plot with differentially expressed (DE) genes shows a clear separation
between treated and baseline samples (Supplemental Figure 1D). Furthermore, hallmark
pathway analysis using GSEA identified several pathways that were significantly inhibited
in treated samples vs baseline, including JAK/STAT signaling pathways (o = 0.0044, FDR=
0.019, Supplemental Table 4).

Overexpression of miR-155, -130 and -21 and T cell exhaustion signatures in CTCL cell

lines

RNA seq analysis revealed the expression levels of miR-155, -130, and -21 in CTCL

cell lines (H9, HH, HuT78, MyLa) and healthy control (Supplemental Figure 2A). The
results highlight a distinct expression profile for miR-155, -130, and -21 in HH and MyLa
(derived from skin-resident T cells in MF tumor), compared to HuT78 and H9 (derived from
circulating central memory T cells in SS), indicating the biologic differences of the CTCL
cell lines. gRT-PCR validation revealed that miR-155, -130 and -21 were upregulated in
CTCL cell lines, but the expression level for the specific miRs varied among cell lines and
could be explained based on the biologic differences of cell origin. We found that the miR
expression of the MF tumor-derived CTCL cell lines MyLa and HH, and the SS-derived

cell lines HUT78 and H9 are similar, respectively (Supplemental Figure 2B). Ranking of
miR-155, -130, -21 expression in the CTCL cell lines is listed in Supplemental Table 5.
Notably, ISH was used to validate the expression of miR-155, -130 and -21 ina CTCL cell
line (HUT78 cells). The data showed that HuT78 cells express all three miRs (Supplemental
Figure 2C). Analysis of RNA-seq data reveals the expression profile of STATs and the
negative regulators of STAT pathway in CTCL cell lines compared with CD4+ T cells from
a healthy donor (Supplemental Figure 2D). Although some differences in expression levels
of the negative regulators of JAK/STAT pathway between the cell line clusters exist, they are
generally downregulated. The JAK/STAT genes vary between clusters; e.g. STAT3is higher
in HUT78/H9, while STAT5 and STATG6 is higher in the MyLa/HH cell line cluster. STAT4 is
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only up-regulated in healthy donor CD4+ T cells. Using RT-PCR analyses, we evaluated the
level of IC expression in CTCL cell lines. The ranking of the ICs expression in CTCL cell
lines is listed in Supplemental Table 6.

MiR-155, -130 or -21 regulate IC expression in MyLa and HuT78 cells via the JAK/STAT
signaling pathway

To further investigate the role of miR-155, -130 and -21 in CTCL, we transfected MyLa or
Hut78 cells with anti-miR-155, -130, or -21, or scrambled control (scr). First, RT-PCR was
performed to test the electroporation efficiency in MyLa and HuT78 cells (Figure 4A). We
noticed that antimiR-155, -130 and -21 were significantly decreased compared to scr. After
transfection, flow cytometry analysis revealed that miR-155, -130 and -21 miRs significantly
decreased the IC protein surface expression of PD1 (p< 0.05, p< 0.01, p<0.01), PD-L1 (p
<0.01, ns, p<0.05), TIM3 (p< 0.01, p<0.01, ns), LAG3 (p< 0.05, p< 0.05, p<0.05), and
ICOS (ns, p<0.05, p<0.01) in MyLa cells, and the effects were much stronger in HUT78
cells with significantly decreased expression of the extended IC panel including CTLA4 (p
<0.01, p<0.01, p<0.001), PD1 (p< 0.001, p<0.001, p<0.001), PD-L1 (p<0.001, p
<0.001, p<0.01), TIM3 (p< 0.001, p<0.001, p<0.001), LAG3 (p<0.001, p<0.01, p
<0.001), and ICOS (p< 0.001, p< 0.001, p< 0.05) (Figure 4B) after 72 h of transfection.
The gating strategy is shown in Supplemental Figure 3A. An immunoblot assay revealed a
dramatic decrease in pSTAT3 levels with a concomitant increase in SOCS1, SOCS2, and
SOCS4 protein expression in MyLa, and an increase in SOCS1 expression in HUT78 cells
transfected with anti-miR-155, -130 or -21, compared to cells transfected with scr (Figure
4C). There was no change in expression of PTEN (Figure 4C) or pNF-kB (Supplemental
Figure 3B).

Inhibition of miR-155, -130 or -21 in CTCL cell lines decreases cell growth and promotes
susceptibility to cytotoxic T-cell-mediated cytolysis

To investigate the biological role of miR-155, -130, and -21 in CTCL growth, we transfected
MyLa and HuT78 cells with the corresponding anti-miRs or with scramble control. An
MTT assay was utilized to assess cell growth. MyLa cells transfected with anti-miR-155,
-130, or -21 showed significantly reduced cell growth compared to the control group at

96h after transfection (p < 0.0001, p< 0.01, p< 0.0001). HuT78 cells transfected with anti-
miR-21 showed significantly reduced cell viability at 48h compared with scr control (Figure
5A, p<0.01), and cell viability was significantly reduced at 96h after transfection with
anti-miR-155, -130, and -21 (p < 0.0001, p < 0.0001, p< 0.0001), respectively. To evaluate
the functional importance of MyLa and HuT78 cells transfected with anti-miR-155, -130, or
-21, we measured T cell-induced cytolytic capacity using a >1Chromium (Cr)-release assay
and cocultured effector cytotoxic CD3* and CD8* T cells derived from healthy donors at
different ratios with the >1Cr-labelled target CTCL cell lines MyLa or Hut78 at an effector
(E): target cell (T) ratio of 100:1, 50:1, or 25:1, respectively. After 24h, the percent of CD3*
or CD8™" T cell-induced cytolysis was generally higher in anti-miR-transfected MyLa and
HuT78 cells compared to scr, but only reached statistical significance for anti-miR-155 and
anti-miR-130-treated MyLa cells at E:T ratio of 50:1 (v < 0.05). The percent of CD8" T
cell-induced cytolysis was significantly higher for anti-miR-155 and anti-miR-130-treated
MyLa cells compared to scr at E:T ratio = 100:1 (p < 0.05, p< 0.05), and for anti-miR-155
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and anti-miR-130-treated HUT78 cells than the scr at E:T ratio = 50:1 (< 0.05, p<

0.05) (Figure 5B). Significant killing of MyLa or HuT78 cells was not observed after

12h co-culture with either CD3* or CD8* T cells (Supplemental Figure 3C). To further
validate our assay, we co-cultured CD8" T cells with anti-miR-155, -130, or -21 treated
MyLa or HuT78 cells for 48h at E:T ratio =100:1 and then measured by CD107a cell
surface expression and IFN-y production. There was a significant upregulation in CD107a
expression and IFN-y production in CD8* T cells co-cultured with anti-miR-155, -130, and
-21 treated MyLa (p<0.05, p<0.05, p<0.05), and HuT78 cells (p<0.01, ns, p<0.01) (Figure
5C).

Discussion

Widespread immunologic abnormalities and T cell exhaustion is a hallmark of CTCL, and
ICs are known to play a key role in tumor immune escape mechanisms (Anzengruber et al.,
2019, Rubio Gonzalez et al., 2016). Our previous study demonstrated that the expression

of T cell exhaustion genes increases with advanced stages of disease (Querfeld et al.,

2018). Here, our experimental approach was used to identify critical miRs that regulate

the transcription of ICs in CTCL. Our combined miRNA and mRNA targeting screening
revealed 3 critical miRs, miR-155, miR-130, and miR-21, that strongly correlated with
multiple IC gene expression levels in CTCL by Pearson’s correlation coefficient analysis.
These targets were validated using RT-PCR and ISH analysis in CTCL skin samples and
CTCL cell lines, and their functional relevance was identified by proliferation and cytotoxic
T cell assays, and /in vitro analysis of CTCL cell lines transfected with antagomirs to
miR-155, miR-130 and miR-21. miR-155 was previously shown to contribute to CTCL
pathogenesis and disease progression (Ralfkiaer et al., 2011, Ralfkiaer et al., 2014). Recent
studies also identified that miR-155 and miR-21 correlated with diagnosis and prognosis in
MF and SS patients, respectively (Narducci et al., 2011, van der Fits et al., 2011). High
expression of miR-155 was also shown in other lymphomas, such as DLBCL, and in solid
malignancies. Notably, miR-155, miR-130, and miR-21 not only correlated with IC mRNA
expression but were also all upregulated in CTCL samples compared to healthy control and
correlated with tumor burden, with higher expression levels in plaques and tumors compared
to those in patch and erythrodermic lesions. miR-130 and miR-21 have not been shown to
be upregulated in the MF subtype of CTCL. A possible explanation could be differences in
patient subgroups and control populations. Accordingly, we performed RT-PCR to further
validate miR expression, and we were able to confirm and extend the findings of van Kester
et al (van Kester et al., 2011) that miR-130 and miR-21 in addition to miR-155 were
significantly differentially expressed in CTCL.

MiRs that modulate immune responses via regulation of IC expression have increasingly
received attention (Cortez et al., 2019, Jang et al., 2017, Omar et al., 2019). Studies have
shown that the expressions of ICs may directly or indirectly be repressed by miRs in
multiple types of cancers (Cristino et al., 2019, Smolle et al., 2017). To our knowledge
previously unreported that miRs correlated with 1C expression and T cell exhaustion in
CTCL. We found that miR-155, miR-130, and miR-21 strongly correlated with multiple
IC gene expression levels in CTCL by Pearson’s correlation coefficient analysis. Notably,
miR-155 has been linked to the PD1/PD-L1 pathway in other malignancies, but to our
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surprise they were also correlated with LAG3, TIM3 and ICOS. Our /n vitro data show that
anti-miR treatment inhibits MyLa and HuT78 cell growth and targets multiple IC mRNA
expression via STAT signaling. There are several negative regulators of the JAK/STAT
pathway: protein inhibitor of activated STAT (PIAS) (Chung et al., 1997); protein tyrosine
phosphatase, non-receptor type (PTPN) (You et al., 1999); and suppressors of cytokine
signaling (SOCS) (Hanada et al., 2003, Wormald et al., 2006). Our data showed that pSTAT3
levels decreased while levels of the negative STAT regulator SOCS increased after anti-miR
transfection in both MyLa and HuT78 cells, indicating that the regulation of STAT3 by
miR-155, -130, and -21 is mediated through an alteration of the expression of SOCS family
members in CTCL. However, given the heterogeneity of the 2 different CTCL cell lines
demonstrating different STAT gene expression levels, other pathways or tumor-intrinsic
factors that play a role in IC regulation cannot be ruled out. (Kalbasi and Ribas, 2020)

The JAK/STAT pathway is known to be constitutively activated in CTCL (Netchiporouk et
al., 2014, Olszewska et al., 2020, Wu et al., 2016). Our data showed that miR-155, miR-130,
and miR-21 control the expression of checkpoint receptors through STAT3 signaling.
STAT3-mediated regulation in PD-L1 and its role in modifying anti-tumor immunity has
been recently identified (Song et al., 2018). Our findings provide additional evidence of
STAT3-mediated regulation of the co-inhibitory receptors LAG3, TIM3, PD1 and CTLAA4,
and the co-stimulatory receptor ICOS. Our findings did not support the involvement of
PTEN or NF-xB pathways in IC regulation in CTCL. The functional significance of
miR-155, -130 and miR-21-mediated immune evasion was demonstrated /n vitro. The
downregulation of these miRs has facilitated T cell-mediated cytotoxic responses owing
to decreased I1C expression.

Overall, our study identified miR-155, -130, and -21 as key regulators of T cell exhaustion in
CTCL that could form the basis to develop therapeutic targets in combination with immune
checkpoint blockade to potentiate antitumor efficacy.

Materials and Methods

Patients and samples

Ethical approval for the study was obtained from City of Hope Comprehensive Cancer
Center, Duarte, CA, USA. Skin samples from patients with CTCL attending the cutaneous
lymphoma clinic at City of Hope were obtained. Sections of 45 formalin-fixed paraffin-
embedded (FFPE) skin biopsies of MF/SS lesions and 3 healthy skin samples identified
from City of Hope’s tissue repository were used for miR and mRNA expression analysis
(Querfeld et al., 2018). All patients provided written informed consent and were staged
according to the revised staging and classification of MF/SS (Olsen et al., 2007). T (skin)
stages included T1 (n=7), T2 (n=16), T3 (n=18), and T4 (n=4)). Three FFPE tissue samples
of healthy skin from 3 patients undergoing reconstructive plastic surgery served as healthy
controls. A separate set of lesional skin sections were obtained from six early stage MF
patients treated with anagomiR-155 (MRG 106, cobomarsen) at baseline and 4 weeks into
treatment (Supplemental Table 1). Skin stages were T1 (n=3) and T2 (n=3), respectively.
Healthy PBMC and CD3+, CD8+ T cells from City of Hope blood donor center.
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Flow cytometry staining

MyLa or HuT78 cell pellets were resuspended in FACS buffer (PBS, 5% FBS) and stained
with predetermined antibody volumes: anti-CD107a (Cat# 555800, BD Bioscience), anti-
IFNy (Cat# 506510, Biolegend), anti-PD1 (Cat# 560908, BD Biosciences), anti-PD-L1
(Cat# 563741, Biolegend), anti-ICOS (Cat# 564778, Biolegend), anti-CTLA4 (Cat# 561717,
BD Biosciences), anti-TIM3 (Cat# 565566, BD Biosciences), anti-LAG3 (Cat# 369318, BD
Biosciences) and the fixation/permeabilization solution kit (Cat# 554714, BD Bioscience).
Cells were analyzed using a Fortessa flow cytometer (BD Bioscience, San Jose, CA). The
FlowJo 10.6.2 software program (Tree Star, Inc.) was used for data analysis.

RNA sequencing and bioinformatics analysis

RNA sequencing was performed by the Integrative Genomics Core with Illumina Hiseq
2500 as previously described (Pal et al., 2015). Reads were aligned to human genome
assembly hg19 using Tophat v2. For each sample, expression counts for ensemble genes
were summarized by HTseq v0.6. 1, and reads per kilobase of transcript per million mapped
reads (RPKM) were calculated. For miRNA sequencing, adapters were trimmed using
cutadapt v1.9.1, and miR expression levels were counted based on miRBase v19 mature
mIiR sequences using customized scripts as described previously (Querfeld et al., 2018).

Count normalization and differential expression analysis between groups were conducted
using Bioconductor package “edgeR”. Multiple comparisons were adjusted using FDR.
Heatmaps were generated using cluster v3. The Gene Ontology and pathway analysis was
performed with GSEA v4.

Automated scoring of multiplex immunohistochemistry images

CellProfiler (McQuin et al., 2018) was used to quantify expression of PD-L1 and PD1 in
digitized multiplex fluorescent immunohistochemistry images from representative patients
with patch/plaque stage and tumor stage CTCL, and from healthy matched controls (Figure
2A, 2B, 2C). Images were de-multiplexed, and built-in object segmentation algorithms were
used to detect DAPI-stained nuclei and rhodamine-stained PD-L1/PD1-expressing cells.
Algorithm performance was evaluated by two pathologists (DS and CQ). The percentage

of positive cells was calculated for CTCL patient samples and controls, and Pearson’s
chi-squared test for equal proportions was used to derive a p-value for the null hypothesis of
equal proportions.

Statistical analysis

Data analysis was performed using GraphPad Prism (\Version 8.0, GraphPad Software, Inc.,
La Jolla, CA). The Mann-Whitney ranked sum test was used to compare the miR expression
between different stages. The Pearson’s correlation coefficient used to test the linear
relationship between miR expression and IC levels. The Student’s ¢test was used unless
stated otherwise. Comparisons of > 2 groups used one-way analysis of variance (ANOVA)
followed by Dunnett’s or Tukey’s post hoc analysis. The mean * standard deviation was
provided, and at least three experiments were performed. P values were two-sided, and the
statistical significance threshold was set at p < 0.05.
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Additional methods are discussed within supplemental material and methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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GSE181130 [https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE181130].
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Analysis of miR-155, -130, and -21 expression in lesional skin samples from CTCL patients.
A. Expression levels of miR- 155, miR- 130, and - 21 in normal tissue, early or patch/plaque

(T1, T2), tumor (T3), and erythrodermic (T4) MF/SS stages (n = 48). p- values were

measured by Mann—Whitney independent ftest. *p < 0.05, **p < 0.01, ***p < 0.001. B.
gRT-PCR measurements of miR- 155, - 130, and - 21 expression in human lesional skin
from 3 patients with CTCL were normalized to the relative expression in healthy T-cells (U6
was used as endogenous controls to normalize the miRNAs expression in CTCL tissues) and
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presented as mean + SD. *p < 0.05, ***p < 0.001, ****p < 0.0001 by two-tailed Student’s
ttest. C. Representative H&E images and /n situ hybridization images of miR- 155, miR-
130, and - 21 or scrambled (control) probes in sections of CTCL tumor lesion. The pictures
were taken using optical microscope and imaging system. Upper image, scale bar = 100 um;
lower image, scale bar = 20 um.
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Figure 2.
IC protein expression and the correlation between IC gene and miR-155, -130, -21

expression in CTCL. A-B. Immunophenotypic features of CTCL patch/plaque or tumor,
with multiplex immunohistochemistry for IC expression. CD3, CD4, PD1, and PD-L1
expression on skin sections of CTCL lesion from a representative patient with patch/plaques
(A) or tumor (B) are shown. Scale bar = 100 pm. C. Automated scoring of PD-L1 and

PD1 staining for patch/plaque and tumor stage lesions and matched healthy controls.
Positive cells are displayed in varying colors, and percentages of positive cells are shown.
P-values are for Pearson’s chi-squared test of equal proportions between controls and patient
samples. D. Pearson correlation scatter plots of miR-155, -130, -21 levels and PD1, PD-L1,
CTLA-4, LAG3, TIM3, ICOS gene expression. pvalues were two-sided, and the statistical
significance threshold was set at p < 0.05.
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Figure 3.
Enrichment of miR-155, -130 and -21 in IL6/JAK/STAT3 signaling pathway and the

expression of JAK/STAT signaling negative regulators. A. Enrichment plots from gene

set enrichment analysis (GSEA). B. Expression level of the JAK/STAT signaling negative
regulators: SOCSs, PIASs and PTPNs at different stage. *p < 0.05, **p< 0.01, ***p<
0.001, ****p < 0.0001. Each T- stage compared to normal control by two-tailed Student’s ¢
test.
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Figure 4.

Anti-miR-155, -130, and -21 reduced IC expression in MyLa and HuT78 cells. A. The
relative expression levels of miRs (mean + SD) in MyLa or HuT78 cells were analyzed by
gRT-PCR, following 72 h of treatment with anti-miRs. B. ICs expression was analyzed by
flow cytometry analysis in MyLa or HuT78 cells following anti-miR treatment. C. Western
blot analysis was performed after MyLa or HuT78 cells were treated with anti-miR-155,
-130, or -21 or scr for 48 h. Data are expressed as mean + SEM, n = 3. *p< 0.05, **p<
0.01, ***p < 0.001, ****p < 0.0001 by two-tailed Student’s #test.
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Figure 5.

IC expression changes of MyLa and HuT78 cells are associated with decreased cell growth
and enhanced cytotoxic T cell-mediated immune responses. A. MyLa or HuT78 cells
treated with anti-miR-155, -130, or -21 for 48 h or 96 h were analyzed using MTT assay.
Absorbance of cellular metabolic activity was measured at 590 nm and normalized to
scramble control. **p < 0.01, ****p < 0.0001 by two-tailed Student’s #test. B. Anti-miRs
or scramble control transfected CTCL cell lines were co-cultured with human effector cells
for 24 hours at various E:T ratios. The % specific lysis of the target MyLa and HUT78
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cells were plotted against multiple E:T ratios. C. CD8" T cells, co-cultured with CTCL
cells transfected with anti-miRs or scramble control, were analyzed for CD107a cell surface
expression and IFN-y production. *p < 0.05, **p < 0.01 by two-tailed Student’s #test.
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Table 1.

The miR profile of CTCL correlates with an exhausted immunophenotype.

miRs Log FC  Pvalue FDR PDlcor PDL1cor CTLA4cor LAG3cor TIM3cor ICOScor
hsa-miR-181a-3p 244 8.68E-24  1.67E-20 0.37 0.36 0.49 0.4 0.53 0.6
hsa-miR-142-3p 2.34 7.53E-23  7.24E-20 0.3 0.47 0.38 0.41 0.53 0.54
hsa-miR-21-3p 2.14 3.35E-18  1.61E-15 0.24 0.46 0.27 0.27 0.53 0.39
hsa-miR-9-5p 214 6.31E-16  2.42E-13 0.41 0.21 0.38 0.37 0.36 0.36
hsa-miR-625-3p 1.95 1.62E-15 5.19E-13 0.43 0.4 0.58 0.6 0.59 0.69
hsa-miR-21-5p 1.44 6.70E-15  1.29E-12 0.24 0.52 0.26 0.34 0.6 0.33
hsa-miR-130b-3p 1.28 1.76E-14  2.70E-12 0.26 0.55 0.5 0.48 0.7 0.69
hsa-miR-181b-5p 1.52 2.65E-13  3.18E-11 0.41 0.27 0.49 0.39 0.43 0.65
hsa-miR-181a-5p 1.42 5.87E-13  5.93E-11 0.4 0.25 0.44 0.33 0.43 0.61
hsa-miR-142-5p 1.68 191E-12 1.67E-10 0.4 0.41 0.48 0.46 0.54 0.61
hsa-miR-1246 2.1 2.25E-11  1.66E-09 0.3 0.4 0.27 0.45 0.47 0.13
hsa-miR-146a-3p 1.82 4.31E-10  2.12E-08 0.45 0.3 0.64 0.33 0.46 0.66
hsa-miR-625-5p 1.34 4.69E-10  2.25E-08 0.49 0.25 0.46 0.58 0.54 0.63
hsa-miR-146a-5p 1.57 1.95E-09  7.19E-08 0.53 0.24 0.68 0.39 0.38 0.76
hsa-miR-766-3p 1.02 3.85E-08  9.47E-07 0.13 0.41 0.37 0.51 0.45 0.54
hsa-miR-363-3p 1.19 3.69E-06  4.98E-05 0.41 0.13 0.35 0.53 0.49 0.33
hsa-miR-20b-5p 1.34 557E-06  7.18E-05 0.33 0.16 0.35 0.5 0.44 0.32
hsa-miR-155-5p 1.56 8.79E-06  0.0001068 0.43 0.42 0.58 0.55 0.63 0.74
hsa-miR-150-3p 1.29 3.18E-05 0.0003412 0.68 0 0.55 0.47 0.28 0.6

FDR: false discovery rate; miR: miRNA; Log FC: Log fold change

pvalue < 0.01 and fold-change > 1.5.
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