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Cutaneous T-cell lymphoma (CTCL) is characterized by proliferation of malignant T cells
in a chronic inflammatory environment. With disease progression, bacteria colonize the
compromised skin barrier and half of CTCL patients die of infection rather than from direct
• Staphylococcal enterotoxins
organ involvement by the malignancy. Clinical data indicate that bacteria play a direct role
activate oncogenic pathways
in disease progression, but little is known about the mechanisms involved. Here, we
in CTCL.
• This discovery implies a novel demonstrate that bacterial isolates containing staphylococcal enterotoxin A (SEA) from
role of microbes as drivers of the affected skin of CTCL patients, as well as recombinant SEA, stimulate activation of
signal transducer and activator of transcription 3 (STAT3) and upregulation of interleukin
disease progression.
(IL)-17 in immortalized and primary patient–derived malignant and nonmalignant T cells.
Importantly, SEA induces STAT3 activation and IL-17 expression in malignant T cells when cocultured with nonmalignant T cells,
indicating an indirect mode of action. In accordance, malignant T cells expressing an SEA-nonresponsive T-cell receptor variable
region b chain are nonresponsive to SEA in monoculture but display strong STAT3 activation and IL-17 expression in cocultures with
SEA-responsive nonmalignant T cells. The response is induced via IL-2 receptor common g chain cytokines and a Janus kinase 3
(JAK3)-dependent pathway in malignant T cells, and blocked by tofacitinib, a clinical-grade JAK3 inhibitor. In conclusion, we
demonstrate that SEA induces cell cross talk–dependent activation of STAT3 and expression of IL-17 in malignant T cells, suggesting
a mechanism whereby SEA-producing bacteria promote activation of an established oncogenic pathway previously implicated in
carcinogenesis. (Blood. 2016;127(10):1287-1296)

Key Points

Introduction
Cutaneous T-cell lymphoma (CTCL) comprises a group of heterogeneous lymphoproliferative disorders deﬁned by the expansion of
malignant skin-homing T cells in a chronic inﬂammatory environment. Mycosis fungoides and Sézary syndrome represent the most
prevalent forms of CTCL.1,2 Despite intensive research, the CTCL
etiology remains elusive and the pathogenesis is far from understood.
Chromosomal instability, abnormal gene expression, gene duplication, and epigenetic deregulation have been implicated in CTCL,
but no single underlying genetic or epigenetic event has yet been
identiﬁed as a likely cause of the disease.3-9 Persistent activation of
signal transducer and activator of transcription 3 (STAT3)10 has
repeatedly been implicated in CTCL pathogenesis as a potent driver
of survival and proliferation of malignant T cells.11-17 Importantly,
STAT3 promotes malignant expression of the proinﬂammatory
cytokine interleukin (IL)-17, including a range of cytokines
associated with skin inﬂammation, immune deregulation, and
disease progression.18-23

It is well established that STAT3 is tyrosine phosphorylated in vivo
in CTCL skin lesions and in peripheral blood Sézary cells. The level of
tyrosine phosphorylation in STAT3 increases in advanced disease.13,24
Activating mutations are sufﬁcient to turn STAT3 into a full oncogene
in experimental animals,10 and activating mutations in Janus kinases
(JAKs) have been described in other hematologic malignancies.25-27
Recently, activating mutations have also been described in a subset
(12.5%) of CTCL patients,28,29 but it remains unknown what drives
aberrant activation of JAK/STAT signaling in the majority of
patients. STAT3 activation may become further increased after loss
of regulatory control by suppressor of cytokines signaling 3, by
protein inhibitor of activated STAT3, and by other tyrosine protein
phosphatases.19,30 However, presently, it remains unclear what
drives the dramatic increase and chronic activation of STAT3 in
advanced CTCL.
Although the etiology of this malignancy remains unclear, recent
studies report on a signiﬁcant geographical and occupational clustering
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of patient cohorts.31-36 Thus, cross-analysis of cancer databases in
Texas identiﬁed several geographic clusters with a ﬁvefold to 20-fold
increased CTCL incidence.37 A potential etiologic agent is unknown,
but the environmental factors appear to play an essential role in CTCL
pathogenesis.36,37 For decades, microbes have been suspected to play a
key role in CTCL, both as etiologic agents and as drivers of lifethreatening complications.22,38-42 So far, ﬁrm evidence for a microbial
etiology in CTCL is lacking,43,44 but clinical data indicate that bacteria
may play an important role in progression and mortality in advanced
disease.39,40,45 Whereas Staphylococcus aureus is a common commensal organism in healthy individuals, it is a major source of morbidity in
CTCL because it causes persistent skin and life-threatening systemic
infections39,42,46,47 seen in 44% to 76% of patients with advanced
CTCL.40,45,48
Staphylococcal enterotoxins (SEs), including the A type (SEA), are
bacterial superantigens that circumvent normal antigen processing and
recognition. SEs bind directly to major histocompatibility complex
class II molecules and cross-link T-cell receptors (TCRs) by binding to
their TCR variable region b chains (TCR-Vbs) with very high afﬁnity,
which results in broad T-cell hyperactivation. Because SEs are
restricted only by the TCR-Vbs of the TCR complex, they can activate
up to 20% of all naı̈ve T cells.49 The importance of SEs is emphasized
by reports indicating that antibiotic therapy of staphylococcal infections
in CTCL is associated with clinical improvement and, in some cases,
remission of the lymphoma.40,45,50 However, the mechanisms involved
in disease aggravation and progression mediated by S aureus and SEs
are poorly understood.
In this study, we report that SEA induces STAT3 activation and
IL-17 expression in malignant T cells via engagement of nonmalignant
CD4 T cells. Our ﬁndings suggest that bacterial toxins play a central
role in the activation of a key oncogenic pathway in CTCL.

CTCL patients using swabs wetted with 0.1% Triton X-100 in 0.075 M
phosphate buffer, transferred to Stuart transport medium, and cultivated on blood agar overnight at 37°C at 5% carbon dioxide. In accordance with the Declaration of Helsinki, the samples were obtained with
informed consent after approval by the Committee on Health Research
Ethics.
Cell lines
The malignant T-cell line, SeAx, and the nonmalignant T-cell line, MF1850,
were established from patients diagnosed with CTCL53 and cultured in media
supplemented with 10% human serum (HS medium) and IL-2 as described
elsewhere.54 Prior to experimental setup, the CTCL cell lines were starved
overnight in HS medium without IL-2.
ELISA
The concentrations of IL-17A in cell culture supernatants were measured using
the Human IL-17A DuoSet ELISA Development Kit from R&D Systems in
accordance with the manufacturer’s instructions.
Detection of SEs in bacterial isolate supernatants
The presence of SEs in bacterial cultures was examined using the RIDASCREEN
SET A, B, C, D, E kit (R-Biopharm, Darmstadt, Germany), with a toxin
detection limit of 0.25 ng/mL and in accordance with the manufacturer’s
instructions.
RNA purification, complementary DNA synthesis, and qPCR
Total cellular RNA was puriﬁed and reverse transcribed into complementary
DNA as previously described.55 Quantitative polymerase chain reaction (qPCR)
was performed using the TaqMan assay from ThermoFisher Scientiﬁc in
accordance with the manufacturer’s instructions, and the samples were analyzed
on an Mx3005P instrument (Stratagene).
Cell isolation, flow cytometry, and cell sorting

Materials and methods
Antibodies and reagents
Enzyme-linked immunosorbent assay (ELISA) kits and IL-2-, IL-7-, and IL-15blocking antibodies were purchased from R&D Systems (Minneapolis, MN).
JAK3 and Erk1/2 antibodies were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA), whereas STAT3 antibody was purchased from Cell
Signaling Technology (Beverly, MA). Fluorochrome-conjugated CD3, CD4,
CD25, CD26; major histocompatibility complex class II; and pY(705)STAT3 and the respective ﬂuorochrome-conjugated isotype control
antibodies used for ﬂuorescence-activated cell sorting (FACS) were provided
by R&D Systems, BioLegend (San Diego, CA), BD Biosciences (San Jose,
CA), and Leinco Technologies (St Louis, MO), respectively. Other reagents
were obtained as follows: TCR-Vb kit from Ramcon (Bregnerød, Denmark),
JAK3 inhibitor tofacitinib (CP-690550) from Selleck Chemicals (Houston,
TX), small interfering RNA (siRNA) against JAK3 and STAT3 from
ThermoFisher Scientiﬁc (Waltham, MA), and SEs from Toxin Technology
(Sarasota, FL). SEA mutants were generously provided by Active Biotech
(Lund, Sweden).
Patients and isolation of S aureus bacteria
Malignant and nonmalignant T cells were isolated from the blood of patients
diagnosed with Sézary syndrome in accordance with the World Health
Organization/European Organization for Research and Treatment of Cancer
classiﬁcation.1 Malignant Sézary syndrome T cells typically lack the expression
of cell surface markers CD26 and/or CD7 and often display reduced expression
of CD4 when compared with nonmalignant T cells.1,51,52 Accordingly, T cells
were identiﬁed as malignant (CD4low/1/CD72, CD4low/1/CD262) and nonmalignant (CD41/CD71, CD41/CD261). Bacterial isolates were collected from

Peripheral blood mononuclear cells (PBMCs) were isolated from the blood of
Sézary syndrome patients by Lymphoprep density-gradient centrifugation (AxisShield, Oslo, Norway) and (1) used directly for ﬂow cytometric analysis,56
(2) cultured in HS medium with phosphate-buffered saline (PBS) or SEA, or
(3) sorted by FACS using FACSAria (BD Biosciences) into populations of
malignant and nonmalignant T cells based on CD4 and CD26 surface expression
and then mono- or cocultured in HS medium with PBS or SEA. Purity of the
sorted malignant and nonmalignant T cells was .99% and .95%, respectively.
In experiments in which cocultured SeAx and MF1850 cells were sorted,
the SeAx cells were stained prior culture with 1 mM carboxyﬂuorescein
succinimidyl ester (CFSE) as previously described.24 The CFSE-positive
(SeAx) and CFSE-negative (MF1850) cells were sorted by FACSAria,
resulting in a purity .98%. Data acquisition and ﬂow cytometric analysis
were done on Fortessa ﬂow cytometers (BD Biosciences) using FlowJo
software (Tree Star, Ashland, OR).
Transient transfections
A total of 2 3 106 cells per sample were transfected with siRNA against JAK3,
STAT3, or nontargeting control (ON-TARGETplus SMARTpool; Thermo
Scientiﬁc, Lafayette, CO). Pellets were resuspended in 100 mL of transfection
solution (Ingenio Electroporation Solution; Mirus Bio, Madison, WI) in the
presence of 0.25 mM of the respective siRNAs and transfected with an Amaxa
Nucleofector (Lonza, Cologne, Germany).
Statistics
For statistical analysis, a 2-tailed Student t test with a signiﬁcance level of P 5 .05
was used, with P , .05 indicating a signiﬁcant difference between a sample and
control.
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Figure 1. Bacterial isolates from CTCL patients contain SEs. (A) Mixed bacterial isolates from patients were tested for SE expression (SEA, SEB, SEC, SED, and
TSST-1) and categorized accordingly as either positive or negative. Cocultures with malignant T cells (SeAx) and nonmalignant T cells (MF1850) were then stimulated with
SE-positive or SE-negative isolates and incubated for 24 hours. IL-17 concentration in the supernatants was determined by ELISA. (B) Malignant (SeAx) and nonmalignant
(MF1850) T-cell lines were mono- and cocultured in the absence (Media) or presence (Isolate) of a mixed bacterial isolate from a CTCL patient. IL-17A protein was
measured in the supernatant after 24 hours of incubation with ELISA. (C-D) Malignant (SeAx) and nonmalignant (MF1850) T-cell lines were mono- and cocultured with
vehicle (PBS) or recombinant SEA (50 ng/mL) (C), or with PBS, SEAwt, or the toxins SEAD227A, SEAF47A/D227A, SEB, SEC2, SED, SEE, SEI, or TSST-1 (50 ng/mL)
(D). IL-17A protein was measured in the supernatant after 24 hours of incubation with ELISA. (E) Malignant (SeAx) and nonmalignant (MF1850) T-cell lines were monoand cocultured with SEA (50 ng/mL) and tofacitinib (0.3 mM) or vehicle (dimethylsulfoxide [DMSO]) for 24 hours. After incubation, IL-17A protein concentration was
determined by ELISA. Error bars represent standard error of the mean of 3 independent experiments. *P , .05. Malign., malignant; Neg, negative; Non-malign.,
nonmalignant; Pos, positive.

Results
SE-containing bacterial isolates from CTCL skin trigger
expression of IL-17 by malignant cells

It has been a matter of controversy whether malignant T cells express IL-17 in CTCL. Thus, some studies have reported on IL-17A
and/or IL-17F expression by malignant T cells in lesional skin or
blood,21,55,57-59 whereas others did not ﬁnd IL-17 family cytokines
despite the presence of IL-22-producing T helper (Th)17 cells.60
Because IL-17 is typically produced by CD4 T cells in response to
bacteria such as S aureus (reviewed in Lee et al61) and because
SE-producing S aureus often colonizes lesional skin, we hypothesized

that SE can trigger IL-17 expression in CTCL. Accordingly, we tested
whether bacterial isolates from lesional skin induced IL-17 production
in cocultures of malignant and nonmalignant T cells. We analyzed for
the presence of common enterotoxins in 46 bacterial isolates from
CTCL skin (N 5 6) and found that SEA was present in 21 out of 46
isolates, whereas SEB, SEC2, SED, and TSST-1 were not detected,
therefore, conﬁrming previous ﬁndings by others that lesional skin is
often colonized by SEA-producing staphylococci.40
Next, we performed cocultures of malignant and nonmalignant
T-cell lines stimulated with SEA-positive and -negative bacterial
isolates from CTCL skin. As shown in Figure 1A, SEA-containing
isolates stimulated vigorous production of IL-17A protein (average,
1515 pg/mL; range, 485-3865 pg/mL; Figure 1A), whereas SEA-negative
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Figure 2. SEs activate and phosphorylate STAT3 in
both malignant and nonmalignant T cells. (A) Representative flow cytometric analysis of CFSE-stained
malignant (SeAx) and nonmalignant (MF1850) T-cell
lines mono- and cocultured with either vehicle (PBS) or
recombinant SEA (50 ng/mL) for 24 hours. All samples
were stained for pY(705)-STAT3. “PBS 1 Malign.”
signifies gated nonmalignant T cells cocultured with
malignant T cells, and vice versa for “SEA 1 Non-malign.”

bacterial isolates did not (average, 195 pg/mL; range, 100-250 pg/mL;
Figure 1A). To address whether malignant and/or nonmalignant T cells
produced IL-17, we stimulated cocultures and separate cultures of
malignant and nonmalignant T cells in the presence or absence of
SEA-containing isolates prior to analysis of IL-17 protein in culture
supernatants. As shown in Figure 1B, SEA-positive isolates induced
a strong IL-17 response in cocultures of malignant and nonmalignant
T-cell lines (Figure 1B), whereas IL-17 production was not observed in separate cultures of malignant and nonmalignant T cells
(Figure 1B). The SEA-negative isolates induced only weak IL-17
response. Considering that SEA was by far the most prevalent
SE in bacterial isolates from our patients, we tested whether
recombinant SEA can also induce IL-17 production in cocultures
of malignant and nonmalignant T-cells. Indeed, as shown in
Figure 1C, recombinant SEA produced almost identical results as
presented in Figure 1B. Notably, 2 nonstimulatory SEA-mutants
(SEAD227A and SEAF47A/D227A)62 and SEB, SEC, SED, and
TSST-1 did not elicit signiﬁcant IL-17 production (Figure 1D),
indicating that the IL-17 response was highly speciﬁc for intact
SEA. The JAK3/STAT3 pathway drives IL-17 expression in
malignant T cells,21 and as shown in Figure 1E, the clinical-grade
JAK3 inhibitor tofacitinib profoundly (.70%) inhibited SEAinduced IL-17 production in cocultures of malignant and nonmalignant T cells.
SEA induces STAT3 activation in cocultures

As shown in Figure 2, SEA induced a strong upregulation and
phosphorylation (pY705) of STAT3 in both malignant and nonmalignant T cells after coculture when compared with cocultures
stimulated with a vehicle control (PBS). STAT3 phosphorylation
was also increased in nonmalignant T cells, but not in malignant
T cells, after monoculture with SEA when compared with vehicle
control.
To address whether IL-17 in cocultures originated from malignant
cells, nonmalignant cells, or both cell types, we separated the malignant
and nonmalignant T cells by FACS after coculture in the presence or
absence of SEA as above and measured IL-17. As shown in Figure 3A,
SEA induced high expression of IL-17 mRNA in malignant T cells after

coculture with nonmalignant T cells when compared with vehicle
control. In contrast, SEA did not induce signiﬁcant IL-17 mRNA
expression in nonmalignant T cells after coculture with malignant
T cells. Likewise, SEA did not induce IL-17 mRNA expression in
monocultures of malignant and nonmalignant T cells. As shown in
Figure 3B, siRNA-mediated depletion of STAT3 in malignant T cells
profoundly inhibited IL-17 production in cocultures of malignant and
nonmalignant T cells (Figure 3B, third column) when compared with
the effect of nontargeting siRNA controls (Figure 3B, ﬁrst
column). In contrast, STAT3 knockdown in nonmalignant T cells
had no effect on IL-17 production (Figure 3B, second column),
and STAT3 depletion in both malignant and nonmalignant T cells
had no additional effect when compared with siRNA-mediated
depletion of STAT3 in malignant T cells alone (Figure 3B, third
vs fourth column). In parallel, malignant and nonmalignant
T cells were treated with JAK3 siRNA or a nontargeting control
prior to coculture in the presence or absence of SEA as above.
JAK3 depletion in malignant T cells strongly inhibited IL-17
production in cocultures (Figure 3C), whereas JAK3 depletion in
nonmalignant T cells had no effect, indicating that SEA drives IL17 expression through a JAK3/STAT3-dependent pathway in
malignant T cells cocultured with nonmalignant T cells.
To address whether the cell cross talk–dependent induction of IL-17
requires cell-to-cell contact or was mediated through soluble factors,
malignant and nonmalignant T cells were cocultured as above but
separated by a cytokine-permeable membrane in Transwell plates. SEA
induced high levels of IL-17 protein in supernatants isolated from
malignant and nonmalignant T cells cocultured in Transwell plates
(Figure 3D). Likewise, SEA induced a signiﬁcant increase in IL-17
mRNA expression in malignant T cells, but not in nonmalignant T cells,
after coculture in Transwell plates (Figure 3E). Because IL-2
induces IL-17 expression in malignant T cells21 and because SEA
induces IL-2 expression in nonmalignant T cells,22 cocultures were
performed with and without SEA and IL-2-blocking and control
antibodies. As shown in Figure 3F, inhibition of IL-2 almost
completely blocked IL-17 production in cocultures, indicating the
key role of IL-2 in SEA-mediated cross talk between malignant and
nonmalignant T-cell lines.
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Figure 3. Enterotoxin induces IL-17 production in cocultured malignant T cells. (A) Malignant (SeAx) and nonmalignant (MF1850) T-cell lines were either mono- or
cocultured with vehicle (PBS) or SEA (50 ng/mL) for 16 hours. The cocultured malignant and nonmalignant T cells were sorted by FACS, and the relative levels of IL-17A and
GAPDH mRNA were determined in all samples by qPCR. In each sample, the level of IL-17A mRNA was normalized to that of GAPDH mRNA and depicted as fold change
compared with monocultured malignant T cells with PBS. “Malign. Cocultured” signifies IL-17A expression in malignant T cells cocultured with nonmalignant T cells, and
vice versa for “Non-malign. Cocultured.” (B-C) Malignant (SeAx) and nonmalignant (MF1850) T cells were transiently transfected with nontargeting (NT) or STAT3
specific siRNA (B) or JAK3-specific siRNA (C) and monocultured for 24 hours. Then, the transfected cells were washed and cocultured in the presence of SEA
(50 ng/mL) for another 24 hours before the concentrations of IL-17A in cell culture supernatants were determined by ELISA. Data are presented as percentage of IL-17A
secretion relative to cocultures of malignant and nonmalignant T cells transfected with NT siRNA. (D) Malignant (SeAx) and nonmalignant (MF1850) T-cell lines were
cocultured separated by Transwells with vehicle (PBS) or SEA (50 ng/mL) for 24 hours. IL-17 concentrations in the supernatants were determined by ELISA. (E)
Malignant (SeAx) and nonmalignant (MF1850) T-cell lines were either monocultured with Transwells or cocultured separated by Transwells for 24 hours. The relative
levels of IL-17A and GAPDH mRNA were determined in all samples by qPCR. In each sample, the level of IL-17A mRNA was normalized to that of GAPDH mRNA and
depicted as fold change compared with monocultured malignant T cells with PBS. “Malign. Transwell” signifies IL-17A expression in malignant T cells cocultured with
nonmalignant T cells separated by a Transwell, and vice versa for “Non-malign. Transwell.” (F) Malignant (SeAx) and nonmalignant (MF1850) T-cell lines were monoand cocultured with vehicle (PBS), SEA, SEA plus immunoglobulin G (IgG) isotype control, or SEA plus neutralizing IL-2 antibody (aIL-2). IL-17 concentrations in the
supernatants were determined by ELISA. Error bars represent standard error of the mean of 3 independent experiments. GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; mRNA, messenger RNA.

STAT3 activation and IL-17 expression in primary T cells from
CTCL patients

To address whether SEA also triggered STAT3 activation and IL-17
expression in primary T cells derived from CTCL patients, PBMCs
were cultured in the presence or absence of SEA prior to FACS analysis
of STAT3 activation in malignant (CD41/CD262) and nonmalignant
(CD41/CD261) T-cell populations. As observed from pY(705)STAT3 staining, SEA induced a profound activation of STAT3 in
both malignant (CD41/CD262) and nonmalignant (CD41/CD261)
T cells (Figure 4A). Analysis of IL-17 expression showed induction of
both mRNA (Figure 4B) and protein (Figure 4C), demonstrating
signiﬁcant IL-17A upregulation by SE in 5 of 6 patients tested.
To further investigate SEA-mediated activation of primary
malignant T cells, we performed TCR-Vb staining of malignant

(CD41/CD262) and nonmalignant (CD41/CD261) T-cell compartments. As shown in a representative image in Figure 5A, CD41/CD262
T cells expressed only the TCR-Vb17, whereas CD41/CD261 T cells
displayed a typical gaussian distribution of TCR-Vbs, indicating that
the CD41/CD262 compartment consisted of only 1 malignant T-cell
clone, whereas the CD41/CD261 compartment contained a nonmalignant T-cell population with a normal TCR-Vb distribution.
Using FACS, we separated CD41/CD262 and CD41/CD261
T cells and performed mono- and cocultures with or without SEA
prior to analysis of STAT3 phosphorylation. As shown in Figure 5B,
both malignant and nonmalignant T cells displayed a considerable
baseline STAT3 phosphorylation in primary malignant and nonmalignant T cells, which is in agreement with our previous ﬁndings.13
Notably, SEA triggered a profound upregulation of STAT3 phosphorylation in malignant T cells after coculture with nonmalignant T cells
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Figure 4. SE treatment leads to STAT3 phosphorylation and subsequent IL-17 secretion in primary
T cells from CTCL patients. (A) Representative flow
cytometric analysis of PBMCs freshly purified from a
CTCL patient and cultured for 24 hours with SEA
(200 ng/mL) or vehicle (PBS). After incubation, cells
were stained for pY-STAT3 and CD3, CD4, and CD26.
Nonmalignant T cells stain CD31, CD41, and CD261,
whereas malignant T cells stain CD31, CD41, and
CD262. (B) PBMCs from CTCL patients were stimulated with an SE cocktail of SEA, SEB, SEC2, SEE,
SEI, and TSST-1 (200 ng/mL) or vehicle (PBS) for 24
hours. After incubation, IL17A expression and GAPDH
expression were determined by qPCR. In each sample,
IL17A expression is normalized to GAPDH. (C) Pooled
data of PBMCs from CTCL patients stimulated for 24
hours with an SE cocktail of SEA, SEB, SEC2, SEE,
SEI, and TSST-1 (200 ng/mL) or vehicle (PBS). IL-17A
concentrations were determined by ELISA and normalized to 106 cells. *P , .05. ND, not detected.

and in the presence of SEA, whereas SEA had little effect on STAT3
phosphorylation in monoculture of malignant T cells. In contrast,
SEA induced a strong upregulation of STAT3 phosphorylation in
nonmalignant T cells, and this phosphorylation level was not further
affected by addition of malignant T cells (Figure 5B).
To address whether SEA triggered IL-17 expression in primary
malignant T cells, PBMCs were cultured with and without SEA prior to
qPCR analysis of IL-17A expression in CD41/CD262 malignant
T cells (Figure 6A, lower right) and CD41/CD261 nonmalignant
T cells (Figure 6A, upper right). Notably, SEA induced IL-17A
expression in both the large fraction (86%) of malignant T cells and the
small fraction (5%) of nonmalignant T cells (Figure 6A). Next,
malignant T cells (CD41/CD262) were cultured in the presence and
absence of SEA in monoculture and coculture with nonmalignant CD4
T cells. As shown in Figure 6B, SEA induced IL-17 production in
primary malignant T cells when cocultured with nonmalignant T cells
(but not in monocultures of malignant T cells), showing that IL-17A
expression in primary malignant T cells depended on SEA-driven cross
talk between malignant and nonmalignant T cells. Next, cocultures

were treated with neutralizing antibodies against IL-2, IL-7, and IL-15,
as well as against a combination of the 3 antibodies, prior to stimulation
with SEA. As shown in Figure 6C, each individual antibody inhibited
the IL-17A response by 15% to 20%, whereas the combination of
antibodies inhibited the response by .40%, indicating that the IL-17A
response was at least partly driven by IL-2 receptor common g gamma
chain (IL-2Rg) cytokines.

Discussion
In this study, we demonstrate for the ﬁrst time that SEA induces STAT3
activation and IL-17 expression in immortalized and primary malignant T cells derived from CTCL patients. SEA-containing isolates
of bacteria from CTCL skin, as well as recombinant SEA, triggered
STAT3 activation and robust IL-17 production in malignant T cells
when cocultured with nonmalignant T cells, but not with SEA alone.
Activated STAT3 is oncogenic in animal models10 and believed to
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Figure 5. SEs induce STAT3 phosphorylation in
primary malignant T cells cultured with nonmalignant T cells. (A) Representative flow cytometric
analysis of freshly purified PBMCs from a CTCL
patient stained with CD3, CD4, CD26, and a TCR-Vb
panel. Bar plots demonstrate TCR-Vb repertoire of the
malignant (CD31, CD41, CD262) T-cell compartment
and the nonmalignant (CD31, CD41, CD261) compartment. (B) CD41 /CD262 (malignant T cells) and
CD41/CD261 (normal T cells) were separated by FACS
from freshly purified PBMCs from a CTCL patient.
CD41 /CD262 and CD41 /CD261 T cells were monoand cocultured with either vehicle (PBS) or SEA
(200 ng/mL) for 24 hours. After incubation, cells
were stained for pY-STAT3. Intensity of pY-STAT3
staining is shown in the contour plot. “PBS 1 Nonmalignant” signifies gated malignant T cells cocultured
with nonmalignant T cells and stimulated with vehicle,
and vice versa for “SEA 1 Malignant.”

foster CTCL.12-17 STAT3 provides survival signals through upregulation of proto-oncogenes such as Bcl-2 and survivin,11,15
IL-2 receptor,63 and pro-oncogenic microRNAs,64,65 and through
downregulation of tumor-suppressive microRNAs such as miR22.66 In addition, STAT3 drives expression of suppressor of
cytokines signaling,19 cytokines of the Th2 (IL-5 and IL-13),67 Th17
(IL-17, IL-22),21 regulatory T-cell (IL-10) phenotype,22 and other
factors.
Our ﬁnding that SEA induced strong STAT3 activation in primary
malignant T cells provides direct evidence linking bacterial toxins with
activation of an oncogene in CTCL. Moreover, it suggests a mechanism
whereby toxin-producing bacteria (via the activation of STAT3) can
augment an array of pathological processes in the lymphomagenesis.
This ﬁnding is important because, for decades, SEs have been suspected
to play a tumor-promoting role in CTCL.39,40,45,50,68-70 We now propose
that SEA-mediated cross talk between malignant and nonmalignant
T cells triggers oncogenic STAT3 activation in vivo. Our ﬁndings
provide a plausible explanation for clinical observations indicating
that SE-producing staphylococci promote tumor growth and
aggravate the disease and, conversely, that antibiotic therapy may
halt disease progression and even induce tumor regression in some
CTCL patients.40,45,50
Despite the well-established role of STAT3 in CTCL pathogenesis,
it has not been clear what drives malignant STAT3 activation in vivo.
Recently, activating mutations have been described in a subset (12.5%)

of CTCL patients,28,29 but it remains unknown what drives aberrant
STAT3 activation in the majority of patients. Early on, it was discovered that malignant T cells under ex vivo conditions rapidly lost
expression of activated STAT3, indicating that in vivo signals and
factors (such as IL-2Rg cytokines) present in the local environment play
a key role in malignant STAT3 activation in CTCL patients.14 In
support, IL-2 and other IL-2Rg-binding cytokines such as IL-7, IL-15,
and IL-21 induce STAT3 activation in primary malignant T cells and
immortalized T-cell lines,71-73 suggesting that these cytokines may also
drive STAT3 activation in vivo. Although malignant and nonmalignant
T cells, as well as stromal cells and keratinocytes, may produce IL-2Rgbinding cytokines in vivo, the actual cells producing these factors and
relative contribution by different sources remain unknown.
The present ﬁndings showing that SEA triggers STAT3 activation
and IL-17 expression via an indirect mechanism involving nonmalignant (ie, inﬁltrating) T cells and soluble factors such as IL-2 and
other IL-2Rg cytokines suggest that enterotoxins may also trigger
IL-2Rg-mediated STAT3 activation in vivo. SE-producing S aureus
skin infection is more common in advanced disease compared with
less-advanced CTCL. In fact, S aureus was isolated from skin, blood,
and other foci from the majority of CTCL patients with advanced
disease and, in half of these patients, the bacteria produced SEA, SEB,
and/or TSST-1.40 If the proposed mechanism is at play in these patients,
then higher loads of SE-producing bacteria in skin and blood in
advanced disease would be predicted to translate into higher levels of
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Figure 6. SEs induce IL-17 production from cocultures of primary malignant T cells and nonmalignant CD4 T cells. (A) PBMCs from a CTCL patient
were stimulated with either vehicle (PBS) or SEA
(200 ng/mL) for 24 hours and then sorted by CD4 and
CD26. IL17A gene expression from malignant and nonmalignant cells was determined by qPCR and normalized
to GAPDH expression. (B) Primary malignant T cells from
a CTCL patient and nonmalignant CD4 T cells were
mono- and cocultured with either vehicle (PBS) or SEA
(200 ng/mL). IL-17A protein was measured in the
supernatant after 24 hours of incubation with ELISA.
(C) Primary malignant T cells from a CTCL patient
and nonmalignant CD4 T cells were cocultured with
SEA and blocking antibodies against IL-2, IL-7, or
IL-15 or against a combination of IL-2, IL-7, and IL-15
(mAb comb) for 24 hours. IL-17A concentrations were
determined by ELISA and normalized to 106 cells and
are shown in absolute concentrations and in percent
inhibition of IC control.

activated STAT3 and may partially explain why malignant STAT3
activation is increased in advanced disease.13
As mentioned earlier, SEs have long been suspected to drive chronic
activation of malignant T cells.40,50,68-70,74 Originally, it was thought
that toxins triggered proliferation and expansion of malignant T cells
through direct binding and activation of malignant T-cell clones
expressing the appropriate TCR-Vb, even though little data were
available to support this hypothesis; others, however, contradicted this
view (reviewed in Willerslev-Olsen et al38). Our ﬁndings presented in
this study have signiﬁcant implications for the understanding of the
interplay between bacterial toxins and malignant T cells. An indirect
mode of action implies that toxin-mediated activation of malignant
T cells does not rely on the expression of a single, toxin-speciﬁc
TCR-Vb by these malignant T cells but on expression of multiple toxinbinding TCR-Vbs expressed by nonmalignant inﬁltrating T cells.
Consistent with this hypothesis, we observed that SEA induced STAT3
activation in a primary malignant T-cell clone expressing an SEAnonresponsive TCR-Vb (TCR-Vb17) only when cocultured with
nonmalignant T cells expressing a full TCR-Vb repertoire including
several SEA-binding TCR-Vbs (such as TCR-Vb5).
In principle, this observation implies that it is not only the few
patients who harbor a single malignant T-cell clone expressing an SEAresponsive TCR-Vb but all patients who carry nonmalignant T cells
with SEA-responsive TCR-Vbs who are susceptible to SEA-mediated
STAT3 activation in malignant T cells. Thus, bacterial toxins might
have a dramatic impact on malignant T-cell activation in a much
broader range of patients than previously thought. Moreover, our
ﬁndings show that malignant T cells engage in a complex and delicate
cross talk with nonmalignant T cells that dramatically changes their
response to signals and factors in the microenvironment. By inference,
our data therefore indicate that conventional in vitro models using
monocultures of puriﬁed malignant T cells have fundamental
limitations when it comes to mimicking the pathogenesis in vivo.
Furthermore, it is likely that cytokines and factors other than IL-2Rg
cytokines also inﬂuence toxin-mediated cross talk between malignant

and nonmalignant T cells. Indeed, SEA triggers IL-10 expression
in cocultures of malignant and nonmalignant T cells;75 IL-13 inhibits
IL-17, but not IL-22 and IL-26, expression by Th17 cells;76 and
prostaglandins (eg, prostaglandin E2) produced by malignant T cells
are known to modulate differentiation and cytokine production by
nonmalignant T cells.75 Accordingly, our data suggest that an inclusion
of nonmalignant T cells (and possibly stromal cells and keratinocytes)
into cultures of malignant T cells would critically improve future in
vitro models of CTCL to better mimic the dynamic interactions seen in
CTCL patients.
It has been a matter of controversy whether IL-17 is expressed in
CTCL. Some studies have reported IL-17 mRNA and/or protein
expression in situ and ex vivo, whereas others reported its absence,
despite the presence of IL-22-producing Th17-like cells.21,57-59,60 The
present ﬁndings offer a possible explanation for these opposing results;
speciﬁcally, that the differences in frequency and severity of skin
colonization and infection by SE-producing bacteria between different
cohorts of patients and even within a single cohort may explain why
IL-17 expression differed between these studies and between patients
within a single cohort.21,57,60 The ﬁnding that SEA induces IL-17
expression in nonmalignant primary T cells was not unexpected, given
that SEA mediates STAT3 activation in these cells,77 but it was
important because it suggests that both malignant and nonmalignant
T cells may contribute to IL-17 expression in vivo. Because psoriasis is
also associated with IL-17, deregulated STAT3 signaling, and skin
colonization by superantigen-producing bacteria like S aureus, it is
tempting to speculate whether similar pathological mechanisms are
involved in psoriasis and CTCL disorders, which have many histologic
and clinical features in common. Yet, it is an open question whether
IL-17 is involved in the antimicrobial defense and/or lymphomagenesis
in CTCL patients displaying skin colonization by enterotoxinproducing S aureus.
In conclusion, we show that SEA induces a cross talk–dependent
activation of STAT3 and expression of IL-17 in malignant T cells,
suggesting a mechanism whereby SEA-producing bacteria promote
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activation of an established oncogenic pathway (STAT3) previously
implicated in the pathogenesis of CTCL.
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alterations in Sézary syndrome. Cancer Res.
2008;68(8):2689-2698.
6. Kopp KL, Kauczok CS, Lauenborg B, et al.
COX-2-dependent PGE(2) acts as a growth factor
in mycosis fungoides (MF). Leukemia. 2010;
24(6):1179-1185.
7. Huang Y, Litvinov IV, Wang Y, et al. Thymocyte
selection-associated high mobility group box gene
(TOX) is aberrantly over-expressed in mycosis
fungoides and correlates with poor prognosis.
Oncotarget. 2014;5(12):4418-4425.
8. Krejsgaard T, Vetter-Kauczok CS, Woetmann A,
et al. Ectopic expression of B-lymphoid kinase in
cutaneous T-cell lymphoma. Blood. 2009;113(23):
5896-5904.
9. Litvinov IV, Netchiporouk E, Cordeiro B, et al.
Ectopic expression of embryonic stem cell and
other developmental genes in cutaneous T-cell
lymphoma. OncoImmunology. 2014;3(11):
e970025.
10. Bromberg JF, Wrzeszczynska MH, Devgan G,
et al. Stat3 as an oncogene. Cell. 1999;98(3):
295-303.
11. Nielsen M, Kaestel CG, Eriksen KW, et al.
Inhibition of constitutively activated Stat3
correlates with altered Bcl-2/Bax expression and
induction of apoptosis in mycosis fungoides tumor
cells. Leukemia. 1999;13(5):735-738.
12. Nielsen M, Kaltoft K, Nordahl M, et al. Constitutive
activation of a slowly migrating isoform of Stat3
in mycosis fungoides: tyrphostin AG490 inhibits
Stat3 activation and growth of mycosis fungoides
tumor cell lines. Proc Natl Acad Sci USA. 1997;
94(13):6764-6769.
13. Sommer VH, Clemmensen OJ, Nielsen O, et al.
In vivo activation of STAT3 in cutaneous T-cell

lymphoma. Evidence for an antiapoptotic function
of STAT3. Leukemia. 2004;18(7):1288-1295.
14. van Kester MS, Out-Luiting JJ, von dem Borne
PA, Willemze R, Tensen CP, Vermeer MH.
Cucurbitacin I inhibits Stat3 and induces
apoptosis in Sézary cells. J Invest Dermatol.
2008;128(7):1691-1695.
15. Zhang C, Li B, Gaikwad AS, et al. Avicin D
selectively induces apoptosis and downregulates
p-STAT-3, bcl-2, and survivin in cutaneous T-cell
lymphoma cells. J Invest Dermatol. 2008;128(11):
2728-2735.
16. Zhang Q, Nowak I, Vonderheid EC, et al.
Activation of Jak/STAT proteins involved in signal
transduction pathway mediated by receptor for
interleukin 2 in malignant T lymphocytes derived
from cutaneous anaplastic large T-cell lymphoma
and Sezary syndrome. Proc Natl Acad Sci USA.
1996;93(17):9148-9153.
17. Verma NK, Davies AM, Long A, Kelleher D,
Volkov Y. STAT3 knockdown by siRNA induces
apoptosis in human cutaneous T-cell lymphoma
line Hut78 via downregulation of Bcl-xL. Cell Mol
Biol Lett. 2010;15(2):342-355.
18. Kasprzycka M, Zhang Q, Witkiewicz A, et al.
Gamma c-signaling cytokines induce a
regulatory T cell phenotype in malignant CD41
T lymphocytes. J Immunol. 2008;181(4):
2506-2512.
19. Brender C, Nielsen M, Kaltoft K, et al. STAT3mediated constitutive expression of SOCS-3 in
cutaneous T-cell lymphoma. Blood. 2001;97(4):
1056-1062.
20. Brender C, Lovato P, Sommer VH, et al.
Constitutive SOCS-3 expression protects T-cell
lymphoma against growth inhibition by IFNalpha.
Leukemia. 2005;19(2):209-213.
21. Krejsgaard T, Ralfkiaer U, Clasen-Linde E, et al.
Malignant cutaneous T-cell lymphoma cells
express IL-17 utilizing the Jak3/Stat3 signaling
pathway. J Invest Dermatol. 2011;131(6):
1331-1338.
22. Krejsgaard T, Willerslev-Olsen A, Lindahl LM,
et al. Staphylococcal enterotoxins stimulate
lymphoma-associated immune dysregulation.
Blood. 2014;124(5):761-770.
23. Goel S, Fogli LK, Sun A, et al. STAT3 serine
phosphorylation and HDAC inhibition in CTCL
[abstract]. Blood. 2013;122(21). Abstract 3755.
24. Levidou G, Siakantaris M, Papadaki T, et al. A
comprehensive immunohistochemical approach
of AKT/mTOR pathway and p-STAT3 in mycosis
fungoides. J Am Acad Dermatol. 2013;69(3):
375-384.
25. James C, Ugo V, Le Couédic JP, et al. A unique
clonal JAK2 mutation leading to constitutive

signalling causes polycythaemia vera. Nature.
2005;434(7037):1144-1148.
26. Walters DK, Mercher T, Gu TL, et al. Activating
alleles of JAK3 in acute megakaryoblastic
leukemia. Cancer Cell. 2006;10(1):65-75.
27. Flex E, Petrangeli V, Stella L, et al. Somatically
acquired JAK1 mutations in adult acute
lymphoblastic leukemia. J Exp Med. 2008;205(4):
751-758.
28. McGirt LY, Jia P, Baerenwald DA, et al. Wholegenome sequencing reveals oncogenic mutations
in mycosis fungoides. Blood. 2015;126(4):
508-519.
29. Choi J, Goh G, Walradt T, et al. Genomic
landscape of cutaneous T cell lymphoma.
Nat Genet. 2015;47(9):1011-1019.
30. Woetmann A, Nielsen M, Christensen ST, et al.
Inhibition of protein phosphatase 2A induces
serine/threonine phosphorylation, subcellular
redistribution, and functional inhibition of STAT3.
Proc Natl Acad Sci USA. 1999;96(19):
10620-10625.
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Sézary syndrome lesions. Arch Dermatol Res.
2006;298(7):353-356.

70. Vonderheid EC, Boselli CM, Conroy M, et al.
Evidence for restricted Vbeta usage in the
leukemic phase of cutaneous T cell lymphoma.
J Invest Dermatol. 2005;124(3):651-661.

59. Chong BF, Wilson AJ, Gibson HM, et al.
Immune function abnormalities in peripheral
blood mononuclear cell cytokine expression
differentiates stages of cutaneous T-cell
lymphoma/mycosis fungoides. Clin Cancer Res.
2008;14(3):646-653.

71. Marzec M, Liu X, Kasprzycka M, et al. IL-2- and
IL-15-induced activation of the rapamycinsensitive mTORC1 pathway in malignant CD41
T lymphocytes. Blood. 2008;111(4):2181-2189.

60. Miyagaki T, Sugaya M, Suga H, et al. IL-22, but
not IL-17, dominant environment in cutaneous
T-cell lymphoma. Clin Cancer Res. 2011;17(24):
7529-7538.
61. Lee Y, Collins M, Kuchroo VK. Unexpected
targets and triggers of autoimmunity. J Clin
Immunol. 2014;34(Suppl 1):S56-S60.
62. Abrahmsén L, Dohlsten M, Segrén S, Björk P,
Jonsson E, Kalland T. Characterization of two
distinct MHC class II binding sites in the
superantigen staphylococcal enterotoxin A.
EMBO J. 1995;14(13):2978-2986.
63. Eriksen KW, Kaltoft K, Mikkelsen G, et al.
Constitutive STAT3-activation in Sezary
syndrome: tyrphostin AG490 inhibits STAT3activation, interleukin-2 receptor expression
and growth of leukemic Sezary cells. Leukemia.
2001;15(5):787-793.
64. van der Fits L, van Kester MS, Qin Y, et al.
MicroRNA-21 expression in CD41 T cells is
regulated by STAT3 and is pathologically involved
in Sézary syndrome. J Invest Dermatol. 2011;
131(3):762-768.
65. van der Fits L, Out-Luiting JJ, Tensen CP,
Zoutman WH, Vermeer MH. Exploring the IL-21STAT3 axis as therapeutic target for Sézary
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