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Role of Dysregulated Cytokine Signaling
and Bacterial Triggers in the Pathogenesis
of Cutaneous T-Cell Lymphoma
Melania H. Fanok1,10, Amy Sun1,10, Laura K. Fogli1, Vijay Narendran2, Miriam Eckstein3,
Kasthuri Kannan1,4, Igor Dolgalev1,4, Charalampos Lazaris1,5, Adriana Heguy1,4, Mary E. Laird6,
Mark S. Sundrud7, Cynthia Liu1, Jeff Kutok8,11, Rodrigo S. Lacruz3, Jo-Ann Latkowski6, Iannis Aifantis1,5,
Niels Ødum9, Kenneth B. Hymes2,8, Swati Goel2,12 and Sergei B. Koralov1,5
Cutaneous T-cell lymphoma is a heterogeneous group of lymphomas characterized by the accumulation of
malignant T cells in the skin. The molecular and cellular etiology of this malignancy remains enigmatic, and
what role antigenic stimulation plays in the initiation and/or progression of the disease remains to be elucidated. Deep sequencing of the tumor genome showed a highly heterogeneous landscape of genetic perturbations, and transcriptome analysis of transformed T cells further highlighted the heterogeneity of this disease.
Nonetheless, using data harvested from high-throughput transcriptional profiling allowed us to develop a
reliable signature of this malignancy. Focusing on a key cytokine signaling pathway previously implicated in
cutaneous T-cell lymphoma pathogenesis, JAK/STAT signaling, we used conditional gene targeting to develop a
fully penetrant small animal model of this disease that recapitulates many key features of mycosis fungoides, a
common variant of cutaneous T-cell lymphoma. Using this mouse model, we show that T-cell receptor
engagement is critical for malignant transformation of the T lymphocytes and that progression of the disease is
dependent on microbiota.
Journal of Investigative Dermatology (2018) 138, 1116e1125; doi:10.1016/j.jid.2017.10.028

INTRODUCTION
Cutaneous T-cell lymphoma (CTCL) is a heterogeneous group
of non-Hodgkin’s lymphomas characterized by the accumulation of malignant T lymphocytes in the skin (Willemze,
2005). CTCL patients typically present with erythematous,
scaling skin patches, and plaques that can progress to tumors
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and widespread erythroderma (Hwang et al., 2008; Jawed
et al., 2014). The most common variant of CTCL, mycosis
fungoides (MF), is often indolent in its early stages and can be
managed by topical agents or phototherapy. However,
advanced stages of MF and the leukemic variant of the disease,
Sézary syndrome (SS), have a more aggressive clinical course,
prove difficult to treat, are debilitating, and have no cure.
The age-adjusted incidence of CTCL is less than 10 cases
per million people in the United States (Jawed et al., 2014).
The rarity and heterogeneity of CTCL has made it difficult to
understand the pathogenesis of this malignancy. Although
several studies have investigated the genetic changes in
CTCL, there is little consensus as to the molecular drivers of
this disease. Array-based comparative genome hybridization
and sequencing studies have shown that CTCL is genetically
unstable, with various mutations and gains and losses of large
parts of chromosomes (Choi et al., 2015; van Doorn et al.,
2009; Vermeer et al., 2008). These aberrations have resulted in changes in cytokine signaling pathways and in the Rb,
p53, and PTEN pathways (Choi et al., 2015; da Silva Almeida
et al., 2015; Kiel et al., 2015; Lamprecht et al., 2012; McGirt
et al., 2015; Vermeer et al., 2008; Wang et al., 2015; Wong
et al., 2011). Changes in genes within cell survival pathways,
the NF-kB pathway, and those involved with chromatin
remodeling and DNA damage response have also been
observed (Choi et al., 2015; Kiel et al., 2015). However, the
contribution of the individual genetic perturbations to disease
pathogenesis remains unclear.
The characteristic skin homing of malignant T cells in
CTCL is notable, in part, because as a barrier surface, the
epithelium is host to antigens that can trigger inflammatory
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responses contributing to malignant transformation. T cells
in MF patients typically show characteristic signs of
chronic antigenic stimulation (Girardi et al., 2004).
Coupled with notable increases in antigen-presenting cells
in patient skin (Pigozzi et al., 2006), evidence indicated a
role for T-cell receptor (TCR) signaling in the etiology of
this disease. Several studies showing that the incidence
of CTCL is higher among certain professions further
highlight the fact that exposure to specific environmental
antigens may be a contributing factor (Morales-SuárezVarela et al., 2005).
Commensal microbiota represent a primary source of
antigenic exposure on the skin, and a role for the skinresident commensal Staphylococcus epidermis in tuning the
inflammatory milieu within this tissue has been established
(Naik et al., 2012). Although S. epidermis promotes protective immunity at the skin barrier surface via enhancing
T helper (Th) 17 differentiation, microbial dysbiosis has been
shown to play a role in the initiation and progression of
cancer in other contexts (Hu et al., 2013). In addition to
commensal microbes, pathogenic infections have also been
implicated in malignancy (Belkaid and Hand, 2014; Elinav
et al., 2013; Polk and Peek, 2010). In line with this, CTCL
patients frequently present with bacterial infections, particularly with Staphylococcus aureus, and antibiotic treatment
to eliminate S. aureus often produces notable clinical improvements (Jackow et al., 1997; Nguyen et al., 2008; Tokura
et al., 1995). Although a link between microorganisms and
CTCL initiation and/or progression has been noted (Axelrod
et al., 1992; Jackow et al., 1997; Willerslev-Olsen et al.,
2013), establishing a causative relationship between skinresident and pathogenic bacteria and disease progression is
nearly impossible in the absence of a reliable animal model
of this malignancy.
In this study, whole-exome sequencing of a cohort of SS
patients showed a heterogeneous spread of genetic alterations that converged on several oncogenic pathways,
including PI3K signaling and the STAT3 pathway. Critically,
gene set enrichment analysis of high-throughput RNA
sequencing data from malignant T cells showed a distinct
CTCL transcriptional signature validated with previously
published transcriptome data. Using conditional gene targeting to express a hyperactive allele of STAT3 selectively in T
lymphocytes, we generated an animal model of CTCL that
recapitulates many of the key features of human disease.
Generation of this model shows the causative role of
deregulated STAT3 signaling in CTCL pathogenesis. Furthermore, by using this model we also show that antigenic
signaling and the presence of microbiota are necessary for
CTCL progression, establishing a preclinical model for evaluation of therapeutic strategies for CTCL.
RESULTS
High-throughput sequencing of malignant cells highlights
the genetic heterogeneity of SS

To gain insight into the molecular etiology of CTCL, we isolated T lymphocytes from the blood of SS patients. Transformed T lymphocytes were isolated at high purity based on
the characteristic expression of CD7 and CD26 (see
Supplementary Figure S1 online). Despite a large number of

mutations found in malignant T cells, few genes were
mutated in more than one patient, and no genes were
mutated in three or more patients, emphasizing the molecular heterogeneity of this disease (Figure 1a). In contrast,
copy number variation (CNV) analysis of exomes showed
notable recurrent losses and gains of whole sections of
chromosomes (Figure 1b). Patients with a larger burden of
circulating tumor cells tended to have more gross CNVs,
indicating an escalation in chromosomal instability with
disease progression. The most common chromosomal
changes include the loss of 17p, gain of 17q, loss of parts of
chromosome 10, and gain of 8q, with most of these changes
previously observed (Cristofoletti et al., 2013; Fischer et al.,
2004; Kiel et al., 2015; Lamprecht et al., 2012; Vermeer
et al. 2008). Notable genes lost in 17p and chromosome 10
include the tumor suppressors TP53 and PTEN, respectively,
and gene copy numbers gained include STAT3 and STAT5 in
17q and MYC in 8q, all well established as associated with
lymphomagenesis (Figure 1b). Copy number amplifications
of STAT3 and MYC and loss of PTEN and TP53 were verified
using digital droplet PCR (see Supplementary Figure S2 online). The observed diverse genetic aberrations converged on
common cancer-associated signaling pathways in SS, with
many CNVs associated with the ERK/MAPK, NF-kB, PI3KAKT, TP53, and STAT3 signaling pathways (see
Supplementary Figure S3 online).
Transcriptome analysis shows a distinct CTCL gene
expression signature

We next examined the gene expression profile of sorted
T cells from patient tumor samples compared with naı̈ve and
memory T cells from healthy individuals. Principal component analysis showed that although the memory and naı̈ve
T-cell populations from healthy individuals clustered with
their respective cell types, tumor samples were widely spread
across the principal component analysis plot, highlighting the
molecular heterogeneity of this disease (Figure 1c). Silhouette
analysis performed to measure the degree of similarity between clusters underscored the heterogeneity of the tumor
cluster (Figure 1c). Both the MF and SS forms of CTCL are
thought to arise from malignant transformation of memory T
lymphocytes, and indeed this is consistent with our principal
component analysis, because the malignant cells are closer
to memory T cells along PC1 than they are to naı̈ve T lymphocytes. Analysis of differential gene expression between
the transformed T cells and memory T cells yielded a gene
expression signature, which we trimmed down to 124 genes
up-regulated in SS cells, based on Q-value (0.05) and fold
difference in expression (>4) (Figure 1d, and see
Supplementary Table S1 online). To validate the robustness of
this signature, we performed gene set enrichment analysis
(Subramanian et al., 2005) on a previously published transcriptome of SS cells from 32 patients and sorted T lymphocytes from healthy individuals (Wang et al., 2015). Our CTCL
signature was dramatically enriched in the malignant T cells
from the published dataset, despite the differences in cell
isolation, library preparation, and sequencing methodology
(Figure 1e, and see Supplementary Figure S4 online), highlighting the potential of using this gene expression signature
for diagnosis.
www.jidonline.org 1117
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Figure 1. Genetic landscape of CTCL. (a) Circos plot of SNVs identified by WES. Mutations were identified by comparing the tumor cells with the
patient’s B cells. Individual chromosomes are marked on the outer ring. Concentric circles represent patient genomes. Black pips indicate deleterious SNVs
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STAT3 inhibition results in decreased cell proliferation and
survival in CTCL cell lines

Although our analysis of the genetic landscape, along with other
recently published whole-exome sequencing studies (Choi
et al., 2015; da Silva Almeida et al., 2015; Kiel et al., 2015;
McGirt et al., 2015; Wang et al., 2015), highlighted the molecular heterogeneity of CTCL, one pathway that is consistently
up-regulated in this disease is the STAT3 cytokine signaling
pathway. Constitutive activation of STAT3 is an omnipresent
feature of cell lines established from CTCL patients (Krejsgaard
et al., 2011; Netchiporouk et al., 2014; Sommer et al., 2004).
Many cytokines can trigger STAT3 phosphorylation, and the
subsequent activation of this signaling pathway contributes to
the regulation of genes important in survival and proliferation.
Our analysis of CNVs showed that STAT3 duplications are
1118 Journal of Investigative Dermatology (2018), Volume 138

observed in nearly half of the patients (Figure 1b, and see
Supplementary Figure S2), with CNVs and single nucleotide
variations also observed in phosphatases and kinases known to
regulate STAT3 activity (see Supplementary Figure S3). These
results are consistent with reports of cytogenetic amplifications
of STAT3 from other genome-wide studies of CTCL (da Silva
Almeida et al., 2015; Woollard et al., 2016). Two recent
studies further emphasize the potential role of STAT3 in CTCL
pathogenesis by identifying rare somatic mutations in the STAT3
SH2 domain, responsible for mediating dimerization, in malignant T lymphocytes from CTCL patients (da Silva Almeida
et al., 2015; Kiel et al., 2015). To test the reliance of CTCL
cells on STAT3 activity, we treated CTCL cell lines with STA-21, a
selective STAT3 inhibitor (Song et al., 2005). The Sez4 cell line is
derived from the blood of an SS patient (Abrams et al., 1991),
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and the MyLa 2059 line is derived from a plaque biopsy sample
of an MF patient (Kaltoft et al., 1992). The two patient-derived
cell lines that we tested showed decreased cell number and
increased cell death after STAT3 inhibition (Figure 2). These
results are consistent with previous studies that have shown
apoptosis of CTCL cell lines after inhibition of STAT3 activity by
small interfering RNA or the dominant negative form of STAT3
and together highlight the importance of this signaling pathway
for survival of the malignant cells (Krejsgaard et al., 2011;
Sommer et al., 2004; Verma et al., 2010).
An autochthonous mouse model of CTCL pathogenesis
shows augmented Th17 differentiation and T-cell
transcriptional signature mirroring human CTCL

To further investigate the role of STAT3 in malignant transformation of T lymphocytes in which a hyperactive version
of STAT3, STAT3C (Bromberg et al., 1999) was knocked into
the Rosa26 locus with an upstream floxed stop cassette
(R26STAT3Cstopfl). Excision of the stop cassette mediated
by Cre recombinase leads to expression of a flag-tagged
STAT3C and concomitant expression of EGFP from the IRESGFP cassette (Casola et al., 2006). Analysis of thymocytes
from young R26STAT3Cstopfl/þCD4Cre mice and littermate
controls showed no notable differences in thymic T-cell
development (see Supplementary Figure S5 online). However,
with age, R26STAT3Cstopfl/þCD4Cre mice developed a
lymphoproliferative-like disease with characteristic hair loss
and scaly skin plaques (Figure 3a). The skin phenotype of the
mice progressed with age and was scored based on severity of
disease. The mice on the lower end of the scale displayed dry
skin and a range of hair loss, and on the more severe end of the
scale animals developed obvious sores and lesions (see
Methods section for disease scale). By 8 months, most mice
displayed a visible skin phenotype (Figure 3b) with rare atypical lymphocytes with irregular, cerebriform nuclear appearance reminiscent of SS cells present in some blood smears
from older mice (see Supplementary Figure S6 online).
Immunofluorescent staining for CD3 in skin sections from
older mice highlighted clustering of T cells reminiscent of
Pautrier microabscesses at affected sites (Figure 3c, and see
Supplementary Figure S7a and b online), a pathognomonic
clinical feature of CTCL (Jawed et al., 2014). Additionally,
acanthosis, hyperkeratosis, and parakeratosis reminiscent of
CTCL (Shapiro and Pinto, 1994) accompanied T-cell accumulation and proliferation in the skin (see Supplementary
Figure S7). Supporting these observations, flow cytometry of
the skin showed a nearly 10-fold increase in CD4þ T-cell
number in R26STAT3Cstopfl/þCD4Cre mice compared with
control animals (Figure 3d). Deep sequencing of the T-cell
repertoire suggested that the disease remained polyclonal (see
Supplementary Figure S8 online), consistent with early MF
(Whittaker et al., 1991), since advanced CTCL often shows
expansion of a clonal subpopulation (Kirsch et al., 2015).
Along with the augmented number of T cells in the skin,
enlarged lymph nodes of R26STAT3Cstopfl/þCD4Cre mice had
dramatically increased numbers of CD4þ T cells (Figure 3e).
T cells isolated from secondary lymphoid organs of
R26STAT3Cstopfl/þCD4Cre mice exhibited an increase in
activated/memory CD4þ T cells (CD44hiCD62Llo) (see
Supplementary Figure S9a and b online) and had a greater

percentage of proliferating CD4þ T cells as indicated by positive staining for the Ki67 antigen (Figure 3f). Flow cytometry
analysis of cytokine expression in CD4þ T cells from the skin
of R26STAT3Cstopfl/þ CD4Cre mice showed a dramatic increase in IL-17e and IL-22eproducing T cells compared with
control animals (Figure 4a and b). This is consistent with observations of increased IL-17A production from skin biopsy
samples of MF patients (Cirée et al., 2004). This trend was also
observed in T cells isolated from peripheral lymph nodes
(Figure 4a and b). The frequency of IFN-geproducing cells in
the skin was not significantly different; however, we observed
a lower frequency of IL-4eproducing cells in the skin of
mutant mice (see Supplementary Figure S9c and d). Consistent
with the previously reported finding that STAT3 directly promoted RORgt transcription (Yang et al., 2008), we observed a
greater number of RORgtþIL-17e and RORgtþIL-17þ cells in
the skin and lymph nodes of R26STAT3Cstopfl/þCD4Cre
compared with littermate controls (see Supplementary
Figure S9e and f). Indeed, up-regulation of STAT3 in malignant T cells of CTCL patients may explain the high frequency
of Th17 cells often observed in this malignancy (Krejsgaard
et al., 2011, 2013) and may contribute to the inflammatory
skin microenvironment in this disease.
To further assess the relevancy of our mouse model to
human disease, we examined the transcriptional profile of
CD4þ T cells isolated from the skin of R26STAT3Cstopfl/þ
CD4Cre mice. As shown in Figure 4c, gene set enrichment
analysis reflected that malignant T cells from the skin of
R26STAT3Cstopfl/þ CD4Cre mice had a distinct, altered transcriptional pattern compared with CD4þ T cells sorted from
the skin of control animals and that our previously characterized (see Supplementary Table S1) human CTCL gene
expression signature was readily identifiable in the lymphocytes from mutant mice.
Disease progression in a CTCL mouse model is dependent on
TCR signaling and the presence of microbiota

Cutaneous lymphomas are unique in that the malignant
cells localize to surfaces, where environmental exposure in
the form of pathogens or irritants may contribute to CTCL
pathogenesis. Previous epidemiological studies have noted
geographical clustering of this malignancy (Ghazawi et al.,
2017; Litvinov et al., 2015; Moreau et al., 2014), suggesting
an environmental trigger in disease initiation, and a number
of studies have implicated microbial contribution to CTCL
initiation and progression (Axelrod et al., 1992; Jackow
et al., 1997; Tokura et al., 1995). In particular, S. aureus is
reported to be found on affected skin of 44e63% of CTCL
patients across two prior studies (Nguyen et al., 2008;
Talpur et al., 2008). Persistent activation of T cells via the
antigen receptor by bacterial antigens and/or superantigens
may contribute to CTCL pathogenesis. To examine if TCR
engagement is critical for CTCL pathogenesis, we crossed
the R26STAT3Cstopfl/þCD4Cre mice onto an OTII Rag2
knockout background to restrict the TCR repertoire. The
OTII transgene encodes the TCRa and TCRb chains of the
T-cell antigen receptor specific for the chicken ovalbumin
peptide, and the absence of the Rag2 enzyme ensures that
no other TCR specificities are present in these animals.
Analysis of R26STAT3Cstopfl/þ CD4Cre OTII Rag2KO mice
www.jidonline.org 1119
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showed no expansion of T cells in the skin and, in contrast
to older R26STAT3Cstopfl/þCD4Cre littermates, these
animals failed to develop any signs of clinical disease
(Figure 5a).
Given the often-noted bias in TCR Vb repertoire in patient
biospecimens (Linnemann et al., 2004) and the vast clinical
experience with CTCL that suggests that worsening of
symptoms is often associated with bacterial sepsis, with
improvement of disease parameters after antibiotic therapy
(Talpur et al., 2008; Tokura et al., 1995), we sought to
examine the contribution of microbiota to disease initiation
and progression in the R26STAT3Cstopfl/þCD4Cre model. We
rederived our CTCL mouse model into germ-free isolators via
hysterectomy and cross-fostering to generate mice that we
confirmed to be free of bacteria, viruses, and fungi via culture, quantitative PCR, and sequencing-based approaches.
Remarkably, we observed that although the clinical signs of
disease started at the same age in germ-free and in conventionally housed animals (under specific pathogen-free conditions), the disease in germ-free animals never progressed to
fulminant malignant disease (Figure 5b) observed in the specific pathogen-free animals. The course of disease was readily
restored once the R26STAT3Cstopfl/þCD4Cre animals were
cohoused with specific pathogen-free animals (Figure 5b).
The incendiary role of skin-resident bacteria and the antigens they produce in CTCL pathogenesis is supported by the
fact that S. aureus colonized the skin of CTCL patients at a
higher rate than the general population (Talpur et al., 2008)
1120 Journal of Investigative Dermatology (2018), Volume 138
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and by the association between S. aureus sepsis or colonization and CTCL progression (Krejsgaard et al., 2014).
S. aureus and other skin-associated opportunistic infections
may contribute to disease progression through stimulation of
T cells or via induction of cytokine production in bystander
cells, thereby contributing to the tumor microenvironment.
We observed that much like MF patients, R26STAT3Cstopfl/þ
CD4Cre animals present with notable pruritus (Ahern et al.,
2012) (Figure 5c), and the persistent scratching is likely to
result in introduction of opportunistic infections. Given these
observations, it is worth considering whether aggressive
treatment of pruritus and prevention of S. aureus colonization
in patients with early stage MF would reduce the chance of
progression to more advanced CTCL disease.
DISCUSSION
Results of our genome- and transcriptome-wide analyses of
sorted T cells from SS patients underscore the genetic heterogeneity of this malignancy. In agreement with a recent
study that also highlighted a predominance of CNVs
compared with single nucleotide variations in CTCL
(Choi et al., 2015), our whole-exome sequencing results
suggest that CTCL may be a disease driven by CNVs instead
of transformative point mutations. A few of the cytogenetic
changes recurred in our cohort, including loss of 10q and 17p
and gain of 8q and 17q. Despite the diversity of individual
mutations and cytogenetic alterations that the landscape
analysis of CTCL showed, the genetic perturbations
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consistently converged on the JAK/STAT pathway, along with
the p53, MAPK, NF-kB, and PI3K pathways, in the malignant
T cells. Changes to various genes within these pathways have
previously been observed by whole-exome sequencing and
comparative genome hybridization studies; nonetheless,
there is a lack of consensus regarding the specific molecular
drivers of CTCL (Choi et al., 2015; de Leval et al., 2009;
Vermeer et al., 2008). We posit that rather than a single genetic driver of malignant transformation, the collective single
nucleotide variations and CNVs alter several pathways relevant to lymphomagenesis. Because most of these mutational
changes were copy number aberrations, the cumulative
chromosomal instability may be a key mechanism of transformation in this disease.
Although constitutive phosphorylation of STAT3 and the
key role of STAT3 in the survival of CTCL cell lines has previously been documented (Krejsgaard et al., 2011; McKenzie
et al., 2011; Sommer et al., 2004), our results help elucidate

the molecular basis for the persistent STAT3 activation
observed in CTCL and establish that this pathway is a driver
of this malignancy. We found that STAT3 was duplicated in
three out of eight patients, but we also observed amplification
of several kinases known to phosphorylate STAT3, such as
JAK3 and SRC family kinases (Bromberg and Darnell, 2000),
as well as loss of some of the negative regulators of STAT3.
Our analysis of the heterogeneous genetic landscape and
transcriptome of this enigmatic malignant disease yielded a
defining transcriptional signature of CTCL. This presents a
compelling potential diagnostic tool that warrants further
investigation.
Using conditional gene targeting, we showed the critical
role of cytokine signaling, namely STAT3, in promoting CTCL
pathogenesis and established a tractable and spontaneous
model of CTCL. Previously published mouse models of CTCL
relied on xenograft transplantation of cell lines established
from human CTCL patients or on injection of virally
www.jidonline.org 1121
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control mice (b, top) Quantification of cytokine production from CD3þCD4þ T cells isolated from skin of R26STAT3Cstopfl/þCD4Cre and control animals for 23
independent experiments. n  25 for each genotype. (b, bottom) Th17 cytokine production in CD4þ T cells from peripheral lymph nodes for 25 or more
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transduced mouse cells into immunocompromised mice
(Adachi et al., 2015; Charley et al., 1990; Han et al., 2012;
Ito et al., 2014; Kittipongdaja et al., 2015; Krejsgaard et al.,
2010; Thaler et al., 2004; Wu et al., 2014), while another
model implanted a murine T-cell lymphoma line into a syngeneic host to generate malignant T-cell disease after DNFB
stimulation (Wu et al., 2011). Although our genomic landscape analysis that highlighted the important role of STAT3 in
human malignancy focused on genomic material from SS
patients, our small animal model more closely mimicked the
MF form of CTCL. Furthermore, our genetic approach of
expressing the hyperactive mutant of STAT3 in all T lymphocytes precludes us from making any inference regarding
the precise cell of origin for this malignant disease—a topic
that is hotly debated in the field (Campbell et al., 2010;
Krejsgaard et al., 2017). Nonetheless, the relevant genetic
1122 Journal of Investigative Dermatology (2018), Volume 138

trigger, the characteristic histopathological presentation of
the disease, and the presence of a transcriptional signature of
human malignancy in T cells from the mutant animals all
distinguish the autochthonous mouse model generated here.
Furthermore, because this model does not rely on injection or
grafting of already malignantly transformed tissue, the
development and progression of CTCL, along with genetic
and pharmacological interventions, can be assessed.
Pathogenesis in this model is linked to the expression of
proinflammatory Th17 cytokines. This is intriguing in light of
the normally characterized clinical progression of CTCL. Skin
lesions from patients in early stages of disease show
enhanced expression of Th1 cytokines, such as IFN-g,
thought to be linked to an antitumor immune response (Bagot
et al., 1998; Echchakir et al., 2000; Kim et al., 2005). As the
disease progresses, the tumor microenvironment takes on a
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markedly different profile, characterized by an increase in
Th2 cytokines, such as IL-4, IL-5, and IL-13, accompanied by
a reduction in antitumor Th1 cells (Krejsgaard et al., 2017).
However, several studies find enhanced expression of the
cytokines IL-17A and IL-17F in lesional skin driven by STAT3
hyperactivity (Cirée et al., 2004; Krejsgaard et al., 2011,
2013). Enhanced expression of IL-17 is associated with an
aggressive disease course in the subset of patients where it is
seen (Krejsgaard et al., 2013, 2017). Our observation that
mice expressing the hyperactive STAT3 allele display a Th17biased inflammatory environment is consistent with the critical role that STAT3 plays in Th17 differentiation, and thus the
model may represent the more aggressive form of the disease.
Additionally, we took advantage of the CTCL animal model
to show the central role of TCR signaling in the development of
CTCL. This will facilitate further explorations of the role of
T-cell interaction with antigen-presenting cells in the

development of the disease. Furthermore, we confirm the necessity for microbial triggers in CTCL disease progression, thus
validating the many epidemiological and clinical observations
that have previously linked CTCL pathogenesis and bacterial
infections. Use of this model can facilitate exploration of
interventions that modify the composition of the skin microbiome as potential therapies. Given the molecular heterogeneity of this malignancy, we believe that targeting of the tumor
microenvironment has to be considered along with inhibition
of specific signaling networks found to be aberrantly expressed
in the individual tumors. These interventions would have to
truly reflect personalized medicine, with skin microbiome
analysis complementing tumor RNA and DNA sequencing.
MATERIALS AND METHODS
For detailed Materials and Methods, please see the Supplementary
Materials online.
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Clinical samples
Eight patients with SS and four healthy volunteers were identified at
New York University Langone Medical Center and were included in
this study in accordance with protocols approved by the New York
University School of Medicine Institutional Review Board and Bellevue Facility Research Review Committee (ClinicalTrials.gov identification: NCT01663571). CTCL patients were diagnosed according
to the WHO classification criteria. Patients with history of other
hematopoietic malignancies were not included in this study. After
written informed consent was obtained, peripheral blood samples
were harvested.

Quantification of disease progression in mouse model
Monthly phenotype scoring was performed in a blinded fashion.
Skin phenotype was assessed, and mice were assigned a score of
0e5 as follows: score of 0 ¼ wild type appearance; 1 ¼ hair loss
around eyes; 2 ¼ dry skin, obvious scratching, thinning of hair on
neck; 3 ¼ extensive hair loss on face or back of neck; 4 ¼ large bald
or scaly patches of skin; 5 ¼ large scabs, sores, or open lesions. Mice
with a score of 5 were killed, and the score of 5 was carried
throughout the remainder of the analysis.
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