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Keratinocytes Present Staphylococcus aureus
Enterotoxins and Promote Malignant and
Nonmalignant T Cell Proliferation in
Cutaneous T-Cell Lymphoma
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Cutaneous T-cell lymphoma is characterized by malignant T cells proliferating in a unique tumor microenvi-
ronment dominated by keratinocytes (KCs). Skin colonization and infection by Staphylococcus aureus are a
common cause of morbidity and are suspected of fueling disease activity. In this study, we show that
expression of HLA-DRs, high-affinity receptors for staphylococcal enterotoxins (SEs), by KCs correlates with
IFN-y expression in the tumor microenvironment. Importantly, IFN-y induces HLA-DR, SE binding, and SE
presentation by KCs to malignant T cells from patients with Sézary syndrome and malignant and nonmalignant
T-cell lines derived from patients with Sézary syndrome and mycosis fungoides. Likewise, preincubation of KCs
with supernatant from patient-derived SE-producing S aureus triggers proliferation in malignant T cells and
cytokine release (including IL-2), when cultured with nonmalignant T cells. This is inhibited by pretreatment
with engineered bacteriophage S aureus—specific endolysins. Furthermore, alteration in the HLA-DR—binding
sites of SE type A and small interfering RNA—mediated knockdown of Jak3 and IL-2RY block induction of
malignant T-cell proliferation. In conclusion, we show that upon exposure to patient-derived S aureus and SE,
KCs stimulate IL-2RY/Jak3—dependent proliferation of malignant and nonmalignant T cells in an environment
with nonmalignant T cells. These findings suggest that KCs in the tumor microenvironment play a key role in S

aureus—mediated disease activity in cutaneous T-cell lymphoma.
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INTRODUCTION
Cutaneous T-cell lymphomas (CTCLs) represent a group of
lymphoproliferative neoplasms characterized by the pres-
ence of malignant T cells in the skin. Mycosis fungoides (MF)
and Sézary syndrome (SS) are the most common and
aggressive leukemic forms of CTCL, respectively (Assaf et al,
2021; Willemze et al, 2019). The etiology is still largely un-
known, and the pathogenesis is only partially understood
(Dummer et al, 2021) partly because of a considerable dis-
ease heterogeneity (Litvinov et al, 2017). Although CTCL
does not seem to be inherited (Odum et al, 2017), both ge-
netic, epigenetic, and environmental factors have been
implicated (Chazawi et al, 2019; Han et al, 2023, 2022;
@dum and Geisler, 2024; Tensen et al, 2022; Weiner et al,
2021). Recent data suggest that certain genetic events
involving fusion proteins such as Jak (Jak3—INSL3) are more
prevalent than initially anticipated (Velatooru et al, 2023),
indicating that genetic events may indeed play a key role in
the pathogenesis (Choi et al, 2015; da Silva Almeida et al,
2015; Dobos and Assaf, 2022; Ungewickell et al, 2015).

It is well-established that infection is frequent and is a
common cause of morbidity and mortality in CTCL, partic-
ularly in patients with advanced disease (Allen et al, 2020;
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Axelrod et al, 1992; Bonin et al, 2010; Dai and Duvic, 2023;
Dobos and Assaf, 2022; Mirvish et al, 2011; Willerslev-Olsen
et al, 2013), and is possibly associated with a deficient
antimicrobial defense (Wolk et al, 2014). In a Danish twin
study, we obtained evidence that susceptibility to severe
bacterial infections in patients with CTCL was not genetically
determined but rather a vulnerability, which developed
gradually after the diagnosis had been established (Odum
et al, 2017). In support, recent findings indicate that malig-
nant T cells orchestrate changes in the tumor microenviron-
ment (TME), leading to repression of skin barrier proteins
such as FLGs and in turn a compromised skin barrier (Gluud
et al, 2023). Of note, FLG elements have anti—S aureus
properties, and skin lesions are typical ports of entry for
bacteria such as Staphylococcus aureus, which is the most
common pathogen to colonize lesional skin in patients with
CTCL (Axelrod et al, 1992; Jackow et al, 1997; Nguyen et al,
2008). Importantly, the risk of skin colonization by S aureus
increases with disease progression, and between one and two
thirds of patients with advanced disease harbor S aureus, a
large proportion of which produce toxins such as staphylo-
coccal enterotoxins (SEs) (Willerslev-Olsen et al, 2013). In
addition to the risk of serious invasive infections, coloniza-
tion of skin lesions by SE-producing S aureus is also sus-
pected to fuel disease activity and enhance drug resistance in
malignant T cells (Kadin et al, 2020; Vadivel et al, 2024;
Willerslev-Olsen et al, 2013). Of note, bacteria accelerate
and aggravate disease progression in a mouse model of CTCL
(Fanok et al, 2018), and antibiotic treatment often reduces
skin symptoms and improves disease (Lindahl et al, 2019) at
least transiently until the skin become recolonized by §
aureus (Lindahl et al, 2022). Importantly, eradication of SE-
producing S aureus from lesional skin by aggressive anti-
biotic treatment of patients with advanced disease not only
reduced skin symptoms and clinical disease activity but also
decreased cell proliferation and the fraction of malignant T
cells in lesional skin (Lindahl et al, 2019), supporting the
hypothesis that SE-producing S aureus can fuel disease ac-
tivity and disease progression (Willerslev-Olsen et al, 2013).

As mentioned earlier, it is a characteristic feature of CTCL,
particularly in MF, that predominantly the malignant but also
the nonmalignant T cells tend to silently invade the epidermis
without other histologically visible signs of inflammation (a
phenomenon named epidermotropism) (Edelson, 1980) and,
at least in the initial stage of the disease, proliferate in a TME
dominated by keratinocytes (KCs) (Nickoloff and Griffiths,
1990). Recently, we discovered that malignant T cells
induced the repression of FLG in KCs (Gluud et al, 2023), and
single-cell sequencing of CTCL skin lesions identified distinct
gene expression patterns in lesional KCs, suggesting that
crosstalk takes place between malignant T cells and KCs
(Calugareanu et al, 2023; Gaydosik et al, 2023; Rindler et al,
2021a, 2021b). As the most abundant cell type in the
epidermis, KCs are among the first to encounter S aureus and
its toxins upon their colonization of lesional skin. It has been
known for decades that KCs in lesional skin often express
HLA class Il molecules (such as HLA-DR) (Aubock et al,
1986; Niedecken et al, 1988; Wood et al, 1994), which are
high-affinity receptors for SE (Chintagumpala et al, 1991;
Scholl et al, 1989). Accordingly, this investigation was
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undertaken to unravel how S aureus and SE impact the
interplay between KCs and malignant and nonmalignant T
cells. We provide the evidence that KCs can present patient-
derived S aureus and purified SE to drive signal transducer
and activator of transcription (STAT) activation and prolifer-
ation of malignant T cells in cultures with nonmalignant T
cells and that the response to S aureus can be blocked by
pretreatment with S aureus—specific endolysins.

RESULT

HLA-DR expression by lesional KCs correlates with IFN-y
expression in the TME

HLA class Il are high-affinity receptors for SE (Johnson et al,
1991). Because KCs are the first to encounter SE and other
staphylococcal toxins in the skin, we asked whether KCs
express HLA-DR in lesional skin of patients with CTCL. As
judged from public single-cell RNA-sequencing data,
lesional KCs expressed significantly higher levels of HLA-
DRA than KCs from healthy skin, which were largely negative
(Figure Ta—d). Importantly, in all the examined cohorts of
patients with CTCL, we observed a heterogeneous HLA-DRA
expression pattern (Figure 1d), which was consistent with
previous immunohistochemical studies on HLA-DR expres-
sion in CTCL (Niedecken et al, 1988; Wood et al, 1994). IFN-
v is a known inducer of HLA-DR in KCs, but the role of IFN-y
is far from understood in CTCL. Although it is well-
established that disease progression is associated with an
increase in T helper type 2 cytokines (IL-4, IL-5, IL-13)
(Guenova et al, 2013; Papadavid et al, 2003; Vowels et al,
1992), several earlier studies reported that IFNG (and IP-10)
are expressed in CTCL skin lesions (Daliani et al, 1998;
Dong et al, 2018; Gluud et al, 2023; Nickoloff et al, 1994;
Sarris et al, 1995; Vowels et al, 1994). In our analysis, we
found that IFNG was expressed in lesional skin in a sub-
stantial fraction of patients with CTCL (Figure 1e). When
compared with expression in healthy skin, a significant in-
crease in IFNG expression was found in the skin of some
patients at all stages of the disease (Figure 1e). Because IFN-y
is a potent inducer of HLA-DR expression in KCs, we hy-
pothesized that heterogeneous HLA-DRA expression could
reflect the heterogeneous IFN-y expression pattern in the
TME. In support, there was a positive correlation between
IFNG and HLA-DRA expression in KCs from patients with
CTCL (Figure 1f) (P = .005).

KCs present SEs to T cells in CTCL

To address the functionality of HLA class Il—positive KCs, we
established a culture system as illustrated in Figure 2a. First,
we treated KCs with IFN-v to induce HLA class Il expression
(Figure 2b) prior to incubation with biotinylated SE type A
(SEA) and subsequent staining with APC-R700-streptavidin
(Figure 2c). IFN-y—treated KCs bound significantly higher
amounts of biotinylated SEA in a concentration-dependent
manner than untreated KCs (Figure 2c). Next, HaCaT cells
were treated with IFN-y and a pool of SEs prior to addition of
malignant T cells (MyLa3675) and nonmalignant T cells
(MyLa1850) from a patient with MF (Figure 2a and
Supplementary Figure S1). As judged from Ki-67 staining, SE-
and IFN-y—treated KCs induced vigorous proliferation in
malignant MF and SS T cells (Figure 2d—g), when compared
with untreated KCs and KCs treated with only SE or IFN-y
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Figure 1. HLA-DR expression by lesional KCs correlates with IFN-y in the TME. scRNA-seq data from 39 skin biopsies across 4 published studies were
integrated using scANVI, visualized using Uniform Manifold Approximation and Projection, and colored by (a) cell types annotation, (b) expression of K7 and
K14, and (c) normalized KC expression of HLA-DRA in biopsies from healthy controls and patients with mycosis fungoides. (d) Mean normalized expression of
HLA-DRA within KCs. (e) IFNG transcripts normalized to the total TPMs within each biopsy (TPM). (f) Correlation between mean HLA-DRA expression in KCs
and the IFNG expression (as TPM) for each biopsy. CTCL, cutaneous T-cell lymphoma; ILC, innate lymphoid cell; K1, keratin 1; K14, keratin 14; KC,
keratinocyte; scRNA-seq, single-cell RNA sequencing; TME, tumor microenvironment; TPM, transcript per million.
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Figure 2. Keratinocytes present SEs to T cells in CTCL. (a) Schematic illustration of the culture setup. In short, keratinocytes were pretreated with 10 ng/ml IFN-y
prior to coating with SEs. After thorough washing, malignant and nonmalignant T cells from patients with CTCL were added and analyzed by flow cytometry. (b)
NHEKs and HaCaT cells were treated with +10 ng/ml IFN-y for 24 hours and analyzed for expressions of HLA-DR, HLA-DP, and HLA-DQ using flow cytometry.
(c) Keratinocytes (HaCaT) were treated with 10 ng/ml IFN-y and different concentrations of SEA-bio for 24 hours, and binding was assessed by flow cytometry.
(d—g) Representative flow cytometric contour plots and quantification of Ki-67 expression in malignant T cells—(d, e) Myla3675 and (f, g) SeAx—after 24 hours
culture with nonmalignant T cells (Myla1850) and SE-coated keratinocytes (HaCaT) (n = 3). (h, i) Flow cytometric contour plots of Ki-67 expression in malignant
T cells—(h) Myla3675 and (i) SeAx—cultured 24 hours with nonmalignant T cells (Myla1850) and keratinocytes (HaCaT) pretreated with 10 ng/ml IFN-y and
100 ng/ml SEA™ or SEAT7VP227A for 24 hours. Bar plots show the mean + SEM from 3 independent replicates. *P < .05, **P < .01, ***P < .001, and ****P <
.0001. APC, allophycocyanin; CTCL, cutaneous T-cell lymphoma; MF, mycosis fungoides; FSC-H, forward scatter height; NHEK, normal human epidermal
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(Figure 2d—g) and cultures without nonmalignant T cells
(Supplementary Figure S2). Next, we compared the induction
of proliferation by wild-type SEA and mutated SEA (SEA™7*
P227A) - which had lost the ability to bind HLA class II
(Mehindate et al, 1995). As expected, SEAWIldyPe i duced
vigorous proliferation, whereas SEA™7AP227A - did not
(Figure 2h and i), showing that HLA class Il binding is a
prerequisite for SEA presentation by KCs.

KCs stimulate IL-2Ry/Jak-dependent proliferation of
malignant T cells

To address how SE presentation induced malignant T-cell
proliferation, cultures (as described earlier) were treated with
and without the clinical grade pan-Jak inhibitor tofacitinib.
As shown in Figure 3a and b, Jak inhibition blocked the SE-
induced proliferation of malignant T cell lines. Likewise,
small interfering RNA—mediated knockdown of Jak3 and
IL2RG in malignant T cells (Myla3675 and SeAx)
(Supplementary Figure S3) significantly inhibited the prolif-
eration induced by SE- and IFN-y—treated KCs (Figure 3c—f).
This indicates that KCs induce IL-2RY/Jak-dependent prolif-
eration of malignant T cells. Because nonmalignant T cells in
the cultures were rapidly induced to express /L2 mRNA
(Supplementary Figure S4), they are a likely source of GFs to
stimulate IL-2Ry/Jak-dependent proliferation in malignant T
cells as described in other CTCL models (Woetmann et al,
2007).

SEs presented by primary KCs induce proliferation in

primary malignant T cells

Because HaCaT cells are transformed KCs and therefore not
representative for normal KCs, we also addressed whether

<

primary KCs (normal human epidermal KCs [NHEKs]) were
able to present SEs and, secondly, whether primary malignant
CD4™" T cells from peripheral blood of patients with SS were
responsive to SE presentation by IFN-y—treated NHEKs. IFN-
y—treated NHEKs were fully capable of presenting SEs to
induce enhanced proliferation in malignant T cells
(Myla3675 and SEAx) (Figure 4a) when cultured together
with nonmalignant T cells (MyLa1850). Likewise, IFN-
y—treated NHEKs were able to induce SE-mediated prolifer-
ation of primary CD4" malignant T cells from all 4 investi-
gated patients with SS (Figure 4b and ¢ and Supplementary
Figure S5).

KCs present SEs from patient-derived S aureus isolates to
induce proliferation of malignant T cells

To examine the effect of SE-producing S aureus isolated from
lesional skin, we expanded patient bacteria and used su-
pernatants from SE-producing S aureus in our culture system
as illustrated in Figure 5a. KCs treated with supernatant from
S aureus induced high expression of pY-STAT3 and pY-STAT5
in both MF- and SS-derived malignant T cell lines (Figure 5b
and c) and nonmalignant T cells (Supplementary Figure S6).
Importantly, treatment of S aureus cultures with endolysin
(XZ.700) blocked the effect (Figure 5b and ¢ and
Supplementary Figure S6). In parallel, KC presentation of
patient-derived S aureus supernatants profoundly increased
proliferation in both MF and SS cells (Figure 5d—g) and
nonmalignant T cells (Supplementary Figure S7). Again,
treatment of S aureus cultures with endolysin (XZ.700)
blocked the effect (Figure 5d—g and Supplementary
Figure S7). Similar results were obtained using other S aur-
eus—specific recombinant endolysin  (Supplementary

hal
keratinocyte; PE, phycoerythrin; SE, staphylococcal enterotoxin; SEA, staphylococcal enterotoxin type A; SEA-bio, biotinylated staphylococcal enterotoxin type

A; SEA™, wild-type staphylococcal enterotoxin type A; SS, Sézary syndrome.
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Figure 3. Keratinocytes stimulate
IL-2RY/)ak-dependent proliferation of
malignant T cells. (a—f)
Representative flow cytometric
contour plots and quantification of Ki-
67 expression in malignant T cells. (a)
Myla3675 and (b) SeAx after culture
with nonmalignant T cells (Myla1850)
and keratinocytes (HaCaT) treated
with £10 ng/ml IFN-y and then
coated with 100 ng/ml SE pool in
the presence of 1 UM tofacitinib (Jaki)
or same amount of DMSO (n = 3).
Transient transfection with siJak3 or
silL2RG or the same amount of NT
siRNA control was performed in
malignant T cells from (c—e) MF
(Myla3675) or (d—f) SS (SeAx). After
48-hour incubation, transfected
malignant T cells were further
cultured for 24 hours with
nonmalignant T cells (myla1850) and
keratinocytes (HaCaT) treated with
+10 ng/ml IFN-y and £100 ng/ml SE
pool (n = 3). Bar plots show the mean
+ SEM from 3 independent replicates.
*P < .05, **P < .01, ***P < .001, and
kP < 0001. Jaki, Jak inhibitor; MF,
mycosis fungoides; NT, nontargeting;
PE, phycoerythrin; SE, staphylococcal
enterotoxin; SEA, staphylococcal
enterotoxin type A; silL2RG, IL2RG-
targeted small interfering RNA; sijJak3,
Jak3-targeted small interfering RNA;
siRNA, small interfering RNA; SS,
Sézary syndrome.
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Figures S8 and S9). Next, we examined the effect of patient-
derived S aureus when presented by KCs (NHEKSs) to primary
malignant CD4" T cells from patients with SS. KCs pre-
treated with IFN-y and supernatant from S aureus induced
cell division in malignant CD4™ T cells, which was blocked
by endolysin (XZ.700) (Figure 5h and i and Supplementary
Figure S10). Similar effect was observed in nonmalignant T
cells in the same culture (Supplementary Figure S11).

SEs can induce HLA class Il expression in KCs through
stimulation of primary SS CD4™ T cells

To further decipher the SE-mediated crosstalk between KCs
and malignant and nonmalignant T cells, we measured

cytokines in the supernatants of primary SS patient CD4" T
cells cultured together with KCs stimulated with IFN-y and
supernatant from S aureus or purified SE. As shown in
Figure 6a, presentation of SE from patient-derived S aureus by
KCs to primary SS CD4™" T cells induced the release of several
cytokines to the supernatants, including malignant T cell GFs
(IL-2 and IL-13) (Geskin et al, 2015; Guenova et al, 2013) and
VEGF known to play a role in angiogenesis and disease
progression in CTCL (Karpova et al, 2011; Krejsgaard et al,
2006; Pileri et al, 2015; Sakamoto et al, 2018). Accord-
ingly, these observations suggest that S aureus—indirectly—
stimulate malignant and nonmalignant T cells in concert to
release GFs that induce proliferation in both malignant and
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Figure 5. Keratinocytes present SEs from patient-derived S aureus isolates to induce proliferation of malignant T cells. (a) Schematic illustration of culture
setup. In short, keratinocytes were pretreated with 10 ng/ml IFN-y prior to coating with S aureus supernatant derived from patients with CTCL (+1 pg/ml
endolysin XZ.700). After thorough washing, malignant and nonmalignant T cells from patients with CTCL were added and analyzed by flow cytometry. Flow
cytometric contour plots present the expression level of (b) pY-STAT3 and (c) pY-STAT5 on malignant T cells (Myla3675, top; SeAx, bottom) after culturing with
nonmalignant T cells (Myla1850) and keratinocytes (HaCaT) treated with =100 ng/ml IFN-y for 24 hours and coated with S aureus (£1 pg/ml endolysin XZ.700)
supernatant for 6 hours. (d—g) Representative flow cytometric contour plots and quantification of Ki-67 expression in malignant T cells—(d, e) Myla3675 and (f,
g) SeAx—after 24-hour culturing with nonmalignant T cells (Myla1850) and S aureus (£1 pg/ml endolysin XZ.700) supernatant-coated keratinocytes (HaCaT)
(n = 3). (h) Primary CD4™ T cells isolated from the blood of a patient woth SS (Pt1) were cultured for 5 days with NHEKSs treated with 100 ng/ml IFN-y for 24
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Figure 5. Continued.

nonmalignant T cells (as shown in this study and originally
proposed by Woetmann et al [2007]) and VEGF to increase
angiogenesis, which is associated with disease progression
(Pileri et al, 2015; Sakamoto et al, 2018). Of particular in-
terest in the present context, we observed induction of high
levels of IFN-y and the IFN-y—inducible chemokine IP-10,
which was originally associated with epidermotropism in
CTCL (Sarris et al, 1995; Tensen et al, 1998) (Figure 6a).
Accordingly, we examined whether supernatants from cul-
tures stimulated with SE-producing S aureus and SE are suf-
ficient to induce the expression of HLA class Il on KCs. As
shown in Figure 6b, supernatant from S aureus—stimulated

&

cultures induced HLA class Il expression by KCs, which was
abrogated if the bacteria had been treated with endolysin
(XZ.700). Supernatants from cultures stimulated with purified
SE induced even higher levels of HLA class Il expression by
KCs (Figure 6b). Analysis of published microarray data
(Lindahl et al, 2019) showed a decreased HLA class Il
expression in situ after eradication of SE-producing S aureus
from lesional skin by aggressive antibiotic therapy in patients
with  CTCL with advanced disease (Supplementary
Figure S12). In contrast, the expression of keratins such as
keratin 14 remained essentially unchanged. These findings
suggest that SE-producing S aureus induced HLA class I

hours and coated with S aureus (&1 pg/ml endolysin XZ.700) supernatant for 6 hours. Malignant T cells were gated as CD3"CD4"TCRVB18*CD26™. (i)
Summary of the percentage of proliferation of malignant T cells isolated from 4 patients with SS cultured with NHEKSs treated with different conditions. Bar plots
show the mean 4 SEM from 3 independent replicates. *P < .05, **P < .01, ***P < .001, and ****P < .0001. sup denotes supernatant. CTCL, cutaneous T-cell
lymphoma; MF, mycosis fungoides; NHEK, normal human epidermal keratinocyte; PE, phycoerythrin; Pt1, patient 1; SE, staphylococcal enterotoxin; SEA,
staphylococcal enterotoxin type A; SS, Sézary syndrome; STAT, signal transducer and activator of transcription.
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Figure 6. SEs can induce HLA class Il expression in keratinocytes through stimulation of primary SS CD4™ T cells. (a) Cytokine secretion from cell coculture
supernatants with SS CD4™ T cells and SE-coated (Figure 4b) or patient-derived S aureus supernatant—coated (Figure 5h) keratinocytes analyzed by multiplexed
ELISA (Mesoscale). Superscript for each cytokines represents different meso scale panels as explained in Materials and Methods. (b) Supernatants from (a) 4
culture conditions were added to keratinocytes (HaCaT) and incubated for 24 hours. HLA class Il expression levels on keratinocyte were measured by flow
cytometry. (c) lllustration of a putative vicious circle; keratinocytes can present SEs produced by S aureus to nonmalignant T cells and further induce cytokine
secretion such as IL-2 to promote the proliferation of malignant T cells. Activation of malignant and nonmalignant T cells could induce IFN-vy to stimulate further

HLA class Il expression on keratinocytes and release of IP-10, which in concert attract and activate more T cells at the site of S aureus colonization. sup denotes
supernatant. FSC-H, forward scatter height; SE, staphylococcal enterotoxin; SS, Sézary syndrome.

Journal of Investigative Dermatology (2024), Volume 144



expression in vivo, which is—at least partly—reversed by
elimination of S aureus from lesional skin. As illustrated in
Figure 6¢, our findings suggest that KCs can present SE to
malignant and nonmalignant T cells in TME. This induces
enhanced proliferation of malignant T cells and release of
cytokines, which in turn triggers HLA class Il expression by
surrounding KCs. Together, this constitutes a vicious circle
fueling malignant proliferation driven by SE-producing §
aureus (Figure 6c¢).

DISCUSSION

Malignant T cells in CTCL reside in a unique TME that con-
tains KCs. Regardless, it is far from clear how KCs impact the
malignant T cells and other immune cells in skin lesions of
CTCL. In this study, we provide the evidence that KCs in the
presence of SE-producing S aureus stimulated proliferation of
malignant T cells. KCs displayed a heterogeneous HLA class
Il expression pattern in lesional skin in all disease stages,
confirming previous studies showing HLA-DR expression in
MF (Claesson-Welsh et al, 1986; Sarris et al, 1995; Volc-
Platzer et al, 1987). Because IFN-y is a potent inducer of
HLA class Il in healthy KCs (Johnson-Huang et al, 2012; Kerr
et al, 1990; Nathan et al, 1986), we hypothesized that IFN-y
also induced HLA class Il in KCs in CTCL. In support, IFNG
displayed a heterogeneous expression, very similar to the
HLA class Il expression pattern, and HLA class Il expression
correlated with the expression of IFNG. Given the expression
of T helper type 2 cytokines (IL-4, IL-5, and IL-13) by ma-
lignant T cells and the general belief that CTCL is a T helper
type 2—driven disease, it may appear surprising that we
observed IFNG expression even at late stages of the disease,
which was in contrast to a previous study by Asadullah et al
(1996). However, several other studies have reported on
IFNG expression in MF—also in some patients with advanced
disease (Gaydosik et al, 2023; Gluud et al, 2023; Nickoloff
et al, 1990; Rindler et al, 2021a, 2021b; Saed et al, 1994;
Sarris et al, 1995)—suggesting that a heterogeneous IFNG
expression pattern is a characteristic feature of MF. Although
IFN-vy is a potent and dominating driver of HLA class Il
expression in KCs, we cannot exclude that other cytokines in
the TME could also contribute to HLA class Il expression.
However, cytokines expressed in MF lesions, such as T helper
type 2 cytokines IL-1, IL-2, IL-10, and IL-15, do not induce
HLA class Il in KCs (Huang et al, 2001; Morhenn et al, 1989;
Péguet-Navarro et al, 1994; Viac et al, 1994). Therefore,
further studies are warranted to elucidate the complex regu-
lation and heterogeneous expression of HLA class Il in CTCL.
Importantly, HLA class Il—positive KCs bound SEA molecules
and induced proliferation in malignant T cells in culture, an
effect that was blocked if the HLA class ll—binding domains
of SEA were mutated. Likewise, KCs efficiently induced ma-
lignant T-cell proliferation when the KCs had been pretreated
with IFN-y and incubated with supernatant from patient-
derived SE-producing S aureus prior to culturing with T
cells. This effect was abrogated in the absence of IFN-y and
when endolysin was added to the bacterial culture. SE belong
to a group of bacterial toxins—the exotoxins—that are pro-
duced and secreted by live bacteria only, which contrasts
with other types of bacterial toxins that are an integral part of
the bacterial wall and found in debris from dead bacteria
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(Cavaillon, 2018). Because endolysin inhibits the production
and release of SE by killing of patient-derived S aureus
(Pallesen et al, 2023), our findings suggest that only live, SE-
producing S aureus—through presentation by HLA class
[l—positive KCs—can stimulate release of malignant T-cell
GFs and proliferation of malignant and nonmalignant T cells,
whereas bacterial debris from S aureus cannot. In support,
release of cytokines and GFs (including IL-2) from cell cul-
tures stimulated with supernatant from patient-derived S
aureus was inhibited when the bacteria had been treated with
endolysin. Taken together, these findings show that KCs—
upon stimulation with IFN-y—have the potential to present
SE to induce cytokine release and proliferation of malignant
and nonmalignant T cells. Thus, our findings indicate that
KCs can be an active player in the TME in CTCL and that SE
can promote crosstalk between KCs and malignant and
nonmalignant T cells. Thus, our findings support recent
single-cell sequencing studies by demonstrating crosstalk
between malignant T cells and KCs (Gaydosik et al, 2023;
Rindler et al, 2021a, 2021b). Other studies indicate that KCs
under certain conditions produce cytokines such as IL-7, IL-
15, and TSLP, which may support malignant T-cell growth
(Débbeling et al, 1998; Takahashi et al, 2016; Yamanaka
et al, 2006). Thus, it is likely that KCs also engage in SE-
independent cellular interactions, which support and stimu-
late malignant T cells during lymphomagenesis, similarly to
the recently described cancer-associated KCs in head and
neck cancer (Danella et al, 2021). Because it was recently
reported that several subtypes of KCs are present in CTCL skin
(Gaydosik et al, 2023), future studies are warranted to
elucidate the role of KC subpopulations in the pathogenesis
in CTCL.

S aureus has long been suspected to directly enhance
disease activity in patients with CTCL (Tokura et al, 1992)
(reviewed in Willerslev-Olsen et al [2013]). Skin colonization
by toxin-producing S aureus in CTCL was first reported by
Duvic et al (Jackow et al, 1997). Recently, Liu et al (2024)
studied bacterial skin colonization in a larger cohort of 66
patients with CTCL and observed that one third of the patients
exhibited S aureus colonization of skin lesions. Importantly,
the frequency of lesional skin colonization by S aureus
increased with disease progression (Liu et al, 2024). Inter-
estingly, S aureus was found in cultures from both lesional
and nonlesional skin in most S aureus—positive patients, but
S aureus—positive patients had higher density of S aureus on
the lesional skin than on the contralateral, nonlesional skin
(Liu et al, 2024), indicating that the number of bacteria may
be of importance for the clinical effect. Because more than
one third of the isolated S aureus strains produced SE, the
study was in line with the report by Duvic et al that patients
with advanced disease were more prone to harbor SE-
producing S aureus strains (Jackow et al, 1997).

This study provides, to our knowledge, a previously unre-
ported mechanism whereby KCs—among the first cells to
encounter S aureus—can stimulate malignant T cells and
nonmalignant T cells in the TME. Of note, KCs often display
some degree of HLA class Il expression in lesional skin, and
therefore they are presumably ready to present SE upon skin
colonization and epithelial invasion by SE-producing S
aureus in CTCL. Because supernatants from SE-stimulated
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cultures contained IFN-y and could induce and amplify HLA
class Il expression in KCs, we propose a vicious cycle where
the initial stimulation by SE-binding KCs induces malignant T-
cell proliferation and IFN-y release, which in turn elicit
further HLA class Il expression and SE presentation by KCs, as
illustrated in Figure 6¢c. Our analysis of patients with CTCL
being treated by antibiotics showed a link—in vivo—be-
tween enterotoxin-producing S aureus and enhanced HLA
class 1l expression. Thus, aggressive antibiotic treatment that
eliminated SE-producing S aureus from colonized skin le-
sions was associated with a decreased HLA class Il expres-
sion in situ. Because these findings suggest that eradication of
S aureus inhibited HLA class Il expression in vivo, they pro-
vide hope that killing of S aureus by more selective drugs may
also reverse S aureus—induced HLA class Il expression in
patients.

In recent years, it has become clear that multiple signaling
pathways are dysregulated in CTCL and that this aberrant and
complex signaling network converge in driving proliferation
and survival in malignant T cells—and reversely—that
combinatorial treatment with inhibitors targeting different
key regulators in this network offers new possibilities for a
more efficient therapies (Ardigo et al, 2024; Cao et al, 2023;
Ninosu et al, 2023; Shih et al, 2024; Sorger et al, 2022). Of
note, recent data show that S aureus and its toxins can induce
drug resistance through the upregulation of several players in
the deregulated signaling network in malignant T cells from
patients with SS (Vadivel et al, 2024). For instance, SE
induced enhanced STAT3, protein kinase C, NF-kB, and TCR
signaling in malignant T cells, whereas blockage of the cor-
responding pathways inhibited the induction of drug resis-
tance to histone deacetylase inhibitors (romidepsin,
vorinostat, and resminostat) and chemotherapeutic drugs
(doxorubicin and etoposide) used in treatment of CTCL
(Vadivel et al, 2024). Thus, it appears that S aureus through
the release of SE can enhance signaling pathways already
overly activated and dysregulated in malignant T cells, or in
other words, SE seem to speed up an already ongoing path-
ogenic process. Therefore, elimination of S aureus could be
considered as an adjuvant therapeutic approach to bring
back the baseline cancer activity and drug sensitivity seen
prior to S aureus colonization. In support, clinical findings
suggest that antibiotic treatment can have a beneficial effect
on disease activity in patients with CTCL colonized by S
aureus (Lewis et al, 2018; Lindahl et al, 2019; Talpur et al,
2008), suggesting that antibiotics may break the vicious cir-
cle proposed earlier. However, in most cases, skin lesions
quickly become recolonized by S aureus after termination of
the antibiotic treatment (Lindahl et al, 2022). Aggressive
antibiotic treatment is relevant in clinically severe and life-
threatening S aureus infections, whereas long-term anti-
biotic prevention of skin colonization by S aureus is poten-
tially dangerous owing to the risk of severe side effects and
antibiotic resistance. In fact, skin colonization by methicillin-
resistant S aureus is frequent in some cohorts of patients with
CTCL (Emge et al, 2020). Therefore, there is a need for novel
nonantibiotic treatments that selectively target S aureus to
control and prevent its disease-promoting effects (Guenova
and Odum, 2024; Kadin et al, 2020). Bacteriophage-
derived, engineered endolysin can effectively eliminate
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patient-derived S aureus from colonizing lesional patient skin
ex vivo (Pallesen et al, 2023), and as shown in this study,
endolysins efficiently block induction of malignant T-cell
proliferation in response to presentation of patient-derived S
aureus supernatant by KCs. Encouragingly, a recent study in a
pig model of wound healing showed in vivo efficacy of
endolysin XZ.700 in inducing efficient killing of S aureus
without safety issues and side effects in vivo (Wilkinson et al,
2024). Although an effect in patients with CTCL ultimately
must be determined in clinical trials, these findings suggest
that topical drugs targeting S aureus may contribute to better
treatment of CTCL without the downsides of antibiotics.

In conclusion, we provide evidence for a role of KCs in S
aureus—mediated pathogenesis in CTCL and outline a puta-
tive mechanism for SE/KC-driven proliferation of malignant
and nonmalignant T cells. Moreover, we show that nonanti-
biotic anti—S aureus endolysins potentially can block S aur-
eus—induced disease aggravation.

MATERIALS AND METHODS

Cell lines, cell culture, and patient materials

NHEKs (number C12006, PromoCell) were cultured in KC growth
medium 2 (number C-201110, PromoCell). Immortalized human KC
cell line HaCaT (Boukamp et al, 1988) was cultured in RPMI-1640
(number R2405, Sigma-Aldrich) containing 10% fetal bovine
serum (number 04-007-1A, Biological Industries) and 1% penicillin/
streptomycin (number P7539, Sigma-Aldrich). The malignant T-cell
lines Myla3675 and SeAx and the nonmalignant T-cell line
Myla1850 were established from patients with CTCL (Woetmann
et al, 2007). Malignant and nonmalignant T cells were cultured in
RPMI-1640 (number R2405, Sigma-Aldrich) containing 10% human
serum (Bloodbank, Copenhagen University Hospital, Copenhagen,
Denmark), 1% penicillin/streptomycin, and 10° U/ml IL-2. A total of
500 U/ml IL-4 was applied for Myla1850 and Myla3675. Before the
experimental setup, CTCL cell lines were washed twice with RPMI-
1640 and starved in RPMI-1640 with 10% human serum and 1%
penicillin/streptomycin without cytokines. Malignant T-cell lines
were stained with CellTrace Blue Cell Proliferation Kit (number
C34568, Thermo Fisher Scientific) to be identified. PBMCs were
isolated from blood obtained from patients with SS by density
gradient centrifugation, following the manufacturer’s instruction
(number 86460, StemCell Technologies). PBMCs used for this study
were all cryopreserved. Patient PBMCs were thawed 1 day before the
experiment and cultivated in XVIVO-15 (number BE02-053Q,
Lonza). The SEs (SEA, SE type B, SE type C1, SE type D, and bio-
tinylated SEA) were purchased from Toxin Technology (Sarasota, FL).
Mutant SEA (SEAF7AD2274) was provided by Active Biotech (Lund,
Sweden). A total of T pM of the clinical grade pan-Jak inhibitor
tofacitinib (CP6905590, InvivoGene) was used in the cell culture
experiments. Four patients with SS were included in this study.
Malignant T cells were identified on the basis of their monoclonal
TCR VP as well as low expression of CD26, as previously shown
(Buus et al, 2018; Willemze et al, 2019).

S aureus supernatants preparation and S aureus enterotoxin
determination

S aureus (SA4.1.1.1) was isolated, and the presence of SEs was
verified as previously shown (Lindahl et al, 2019). Bacterial culture
supernatants were harvested from patients with CTCL derived S
aureus, which was grown in tryptic soy broth, starting in an optical
desnitygoonm = 0.01 and then cultured for 4 hours at 37 °C under



180 r.p.m. shaking as previously described (Pallesen et al, 2023). A
total of 1 pg/ml recombinant endolysin XZ.700, MEndoB, or MEn-
doC (Micreos Pharma B.V.) (Eichenseher et al, 2022) was used to kill
S aureus.

KC/T-cell culture system

For HaCaT/T-cell cultures, HaCaT cells were cultured until 100%
confluence and pretreated with £10 ng/ml IFN-y for 24 hours. Cells
were further coated with 50% patient-derived S aureus supernatants
for 6 hours or coated with 100 ng/ml SEA or 100 ng/ml SE pool
(containing SEA, SE type B, SE type C1, SE type D) for 2 hours. After
coating, HaCaT cells were washed multiple times with PBS.
Myla3675/Myla1850 or SeAx/Myla1850 were cultured with HaCaT
in the medium composed of 75% RPMI fetal bovine serum (RPMI-
1640 containing 10% fetal bovine serum) and 25% RPMI human
serum (RPMI-1640 containing 10% human serum) medium for 24
hours. For the T-cell lines cultured with NHEKs, malignant/nonma-
lignant T cells were starved 1 day before the setup. NHEKs were first
treated with £10 ng/ml IFN-v for 24 hours and then coated with 100
ng/ml SE pool (SEA, SE type B, SE type C1, SE type D) for 2 hours.
After coating, NHEKs were washed multiple times with PBS. T-cell
lines were cultured with NHEKs with different treatment in XVIVO-
15 for 24 hours. For primary T cells/NHEKs culture, NHEKs were first
cultured until 100% confluence, then treated with 10 ng/ml IFN-y
for 24 hours, coated with 100 ng/ml SE pool (SEA, SE type B, SE type
C1, SE type D) or 50% patient-derived S aureus (1 pg/ml endolysin)
supernatants for 6 hours, and washed several times with PBS.
EasySep Human CD4" T Cell Isolation Kit (number 17952, STEM-
CELL) was used for CD4™" T-cell isolation from CTCL PBMCs. Pri-
mary CD4" T cells were cultured with NHEKs for 5 days in XVIVO-
15.

Flow cytometry

Fluorochrome-conjugated antibodies against CD3, CD4, CD7, CD§,
CD25, CD26, CD69, Ki-67, pY-STAT3, pY-STAT5, TCRCP1, TCRVfT,
and TCRVB18 and respective fluorochrome-conjugated isotype
control antibodies used for flow cytometry were purchased from BD
Bioscience (San Jose, CA) and BioLegend (San Diego, CA). Cells
were stained with Fixable Viability Stain Dye eFluor780 (number 65-
0865-14, Thermo Fisher Scientific) prior to surface staining. Fixation/
Permeabilization Kit (BD Bioscience) was used to fix and per-
meabilize cells prior to anti-human Ki-67 antibody staining. For
phospho-specific antibodies staining, cells were fixed with fixation
buffer (number 554655, BD Bioscience), permeabilized by Perm
Buffer 1l (number 558050, BD Bioscience), and finally stained
anti—pY-STAT3, anti—pY-STAT5 antibodies. Flow cytometric data
were acquired from 5-laser BD LSR-Fortessa flow cytometer (BD
Biosciences) and analyzed with the Flowjo software (Tree Star,
Ashland, OR).

Reverse transcription quantitative PCR (RT-qPCR)

RNA from cell lines was purified (number 74034, Qiagen) and
transcribed into cDNA (number 4368814, Thermo Fisher Scientific),
and Light-Cycler480 Il (Roche) was used for quantitative (q)PCR to
detect gene expression. GAPDH was used as reference gene for
normalization. All the TagMan assays are from Thermo Fisher Sci-
entific. Data were calculated according to the 2247 method.

Transient transfections

Malignant T-cell lines (2 x 10° cells per sample) were transfected
with 500 pmol small interfering RNA against IL2RG (number L-
007985-00-0005) or 250 pmol small interfering RNA against Jak3
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(number L-003147-00-0005) or equal amount of nontargeting con-
trol (number D-001810-01-05, Dharmacon, ON-TARGETplus) in
100 pul of Ingenio Solution (number MIR-50111, Mirus Bio). After 48
hours of incubation, the effect of the knockdown was validated by
gPCR, and cells were cultured with nonmalignant T cells and HaCaT
cells.

Cytokine secretion profile analysis

Culture supernatants were harvested and stored at —80 °C. Meso-
scale technology was performed using Mesoscale human V-plex
assay kits (Meso Scale Discovery), following the manufacturer’s
protocol (Ch1 = V-PLEX Chemokine Panel 1 Human Kit, Cy1 = V-
PLEX Cytokine Panel 1 Human Kit, Cy2 = V-PLEX Cytokine Panel 2
Human Kit, An1 = V-PLEX Angiogenesis Panel T Human Kit, Prol =
V-PLEX Proinflammatory Panel 1 Human Kit, and Th17 = V-PLEX
Th17 Panel 1 Human Kit).

Single-cell RNA sequencing in skin biopsies

Count matrices from 4 single-cell RNA-sequencing studies were
obtained or generated from the Gene Expression Omnibus (acces-
sion numbers GSE165623 [Rindler et al, 2021a], GSE173205
[Rindler et al, 2021b], GSE182861 [Gaydosik et al, 2022], and
GSE206123 [Gaydosik et al, 2023]). Only skin biopsies from healthy
controls or lesional CTCL skin samples containing an identifiable
malignant T-cell population were included in the analysis. Low-
quality cells were removed when having <300 expressed genes or
>50% mitochondrial transcripts or if part of a cluster with uniformly
low gene detection and high mitochondrial transcripts. Malignant
cells were identified on the basis of expression of a major expanded
TCR clonotype (from single-cell TCR-sequencing data) and validated
by exhibiting high expression of malignant-associated genes (such as
KIR3DL2 and TOX). Samples were batch corrected and integrated
using scVI (Lopez et al, 2018) using expression of the top 3000
variable genes. Subsequent semisupervised integration providing
only malignant cell label was done using scANVI (Xu et al, 2021).
Additional malignant cells were then inferred on the basis of
coclustering with TCR-defined malignant cells and expression of T
cell— and malignant-associated genes in the absence of any single-
cell TCR-sequencing clonotype (ie, owing to drop out). Cell types
were manually annotated on the basis of expression of signature
genes. Total biopsy IFNG expression was quantified as transcripts
per million by dividing the unique molecular identifier count with
the total sample unique molecular identifier count divided by 10°.

Statistics

All the bar graphs were created using GraphPad Prism 10.1.1
(GraphPad Software). One-way ANOVA with Tukey’s multiple
comparison test was used for comparing the significance of differ-
ences. Data are represented as the mean £ SEM from 3 independent
replicates. Statistical significance was considered for P < .05 (*P <
.05, **P < .01, ***P < .001, and ****P < .0001).

ETHICS STATEMENT

Blood samples were collected from 4 patients with SS after obtaining written,
informed consent from all patients as well as institutional approvals from
Denmark (Committee on Health Research Ethics, H-16025331). The patient
characteristics are provided in Supplementary Table S1.

DATA AVAILABILITY STATEMENT

Single-cell RNA-sequencing data used from previously published studies are
available from Gene Expression Omnibus under accessions GSE165623,
GSE173205, GSE182861, and GSE206123. Code used for analysis of single-
cell RNA-sequencing data is available at https:/github.com/Terkild/CTCL_
KC_SA_presentation. All other data are available from the corresponding
authors upon reasonable request.

www.jidonline.org

2801


https://github.com/Terkild/CTCL_KC_SA_presentation
https://github.com/Terkild/CTCL_KC_SA_presentation
http://www.jidonline.org

2802

Z Zeng et al.
Keratinocytes Present S aureus Toxins in CTCL

ORCIDs

Ziao Zeng: http://orcid.org/0000-0002-9138-602X

Chella Krishna Vadivel: http://orcid.org/0000-0002-3710-5143
Maria Gluud: http://orcid.org/0000-0001-8877-3486

Martin R. J. Namini http://orcid.org/0000-0001-7526-7883
Lang Yan: http://orcid.org/0009-0003-6336-723X

Sana Ahmad: http://orcid.org/0000-0003-3309-8350)

Morten Bagge Hansen: http://orcid.org/0000-0001-7257-9451
Jonathan Coquet: http://orcid.org/0000-0002-5967-4857
Tomas Mustelin: http://orcid.org/0000-0001-5912-8840

Sergei B. Koralov: http://orcid.org/0000-0002-4843-3791
Charlotte Menne Bonefeld: http://orcid.org/0000-0002-0523-6229
Anders Woetmann: http://orcid.org/0000-0002-3008-735X)
Carsten Geisler: http://orcid.org/0000-0002-8472-0771
Emmanuella Guenova: http:/orcid.org/0000-0001-5478-8735
Maria R. Kamstrup: http://orcid.org/0000-0003-2173-4516
Thomas Litman: http://orcid.org/0000-0002-6068-901X
Lise-Mette R. Gjerdrum: http://orcid.org/0000-0003-4377-3209
Terkild B. Buus: http://orcid.org/0000-0001-7180-6384

Niels @dum: http://orcid.org/0000-0003-3135-5624

CONFLICT OF INTEREST

NO has received consulting honoraria from Mindera, Micreos Human
Health, PS Consulting, LEO Pharma, and Almirall. SBK laboratory has pre-
viously received funding from Micreos, Dracen Pharmaceuticals, Kymera
Therapeutics, and Bristol Myers Squibb. SBK is supported by National In-
stitutes of Health ROT ROT1CA271245. The remaining authors state no conflict
of interest.

ACKNOWLEDGMENTS

K. Rindler and P. M. Brunner graciously assisted in the annotation and
elaboration of their single-cell RNA-sequencing datasets. We are grateful for
our fruitful discussions and collaboration with Bob de Rooij and Wouter
Eijkelkamp at Micreos Pharmaceuticals AG (Baar, Switzerland) and the
generous donation of endolysin XZ.700, MEndoB, and MEndoC from Micreos
Pharmaceuticals. We thank Thomas Leanderson (Lund University, Lund,
Sweden), Gunnar Hedlund (Immunopoint Consulting AB, Lund, Sweden),
and Karin Leanderson (Lund University) for the generous donation of staph-
ylococcal enterotoxin type A wild type and SEA™7AP227A e thank Core
Facility for Flow Cytometry and Single Cell Analysis, Faculty of Health and
Medical Sciences, University of Copenhagen for their technical assistance
with flow cytometry. The graphical abstract, Figure 2a, Figure 5a, and
Figure 6¢ were created with BioRender.com.

This research was funded by the Danish Cancer Society (Kraeftens
Bekaempelse) (R132-Rp17645, R325-A18855, R167-Rp14954), the Fight
Cancer Program (Knaek Cancer), Novo Nordisk Research Foundation, Novo
Nordisk Foundation Tandem Program (grant number NNF210C0066950), and
the Danish Council for Independent Research (Danmarks Frie Forskningsfond)
(3 project grants for N@: 3165-00211B, 0134-00385B, and 8020-00346B).

NQ is the guarantor of this study.

AUTHOR CONTRIBUTIONS

Conceptualization: ZZ, N@; Investigation: ZZ, TBB; Methodology: ZZ, TBB,
NQ@; Resources: MRK; Funding Acquisition: N@; Writing - Original Draft
Preparation: ZZ, N@; Writing - Review and Editing: ZZ, CKV, MG, MRJN, LY,
SA, MBH, JC, TM, SBK, CMB, AW, CG, EG, MRK, TL, L-MRG, TBB, NO

Disclaimer

The funding source had no influence on the design and conduct of the study;
collection, management, analysis, and interpretation of the data; preparation,
review, or approval of the manuscript; and decision to submit the manuscript
for publication.

SUPPLEMENTARY MATERIAL

Supplementary material is linked to the online version of the paper at www.
jidonline.org, and at https://doi.org/10.1016/j.jid.2024.04.018.

REFERENCES

Allen PB, Switchenko J, Ayers A, Kim E, Lechowicz MJ. Risk of bacteremia in
patients with cutaneous T-cell lymphoma (CTCL). Leuk Lymphoma
2020;61:2652—8.

Ardigo M, Nikbakht N, Teoli M, Gleason L, Crisan L, Querfeld C. Chlorme-
thine gel in combination with other therapies for treatment of mycosis
fungoides: a review with patient cases. Front Med (Lausanne) 2024;10:
1308491.

Journal of Investigative Dermatology (2024), Volume 144

Asadullah K, Haeussler A, Sterry W, Décke WD, Volk HD. Interferon gamma
and tumor necrosis factor alpha mRNA expression in mycosis fungoides
progression. Blood 1996;88:757—8.

Assaf C, Waser N, Bagot M, He M, Li T, Dalal M, et al. Contemporary
treatment patterns and response in relapsed/refractory Cutaneous T-Cell
Lymphoma (CTCL) across five European countries. Cancers (Basel)
2021;14:145.

Aubdck J, Romani N, Grubauer G, Fritsch P. HLA-DR expression on kerati-
nocytes is a common feature of diseased skin. Br J Dermatol 1986;114:
465—72.

Axelrod PI, Lorber B, Vonderheid EC. Infections complicating mycosis fun-
goides and Sezary syndrome. JAMA 1992;267:1354—8.

Bonin S, Tothova SM, Barbazza R, Brunetti D, Stanta G, Trevisan G. Evidence
of multiple infectious agents in mycosis fungoides lesions. Exp Mol Pathol
2010;89:46—50.

Boukamp P, Petrussevska RT, Breitkreutz D, Hornung J, Markham A,
Fusenig NE. Normal keratinization in a spontaneously immortalized
aneuploid human keratinocyte cell line. J Cell Biol 1988;106:
761—71.

Buus TB, Willerslev-Olsen A, Fredholm S, Bliimel E, Nastasi C, Gluud M,
et al. Single-cell heterogeneity in Sezary syndrome. Blood Adv 2018;2:
2115-26.

Calugareanu A, de Masson A, Battistella M, Michel L, Ram-Wolff C,
Bouaziz JD, et al. Exploring the nonlymphocytic cutaneous microenvi-
ronment in advanced cutaneous T-cell lymphomas using single-cell RNA
sequencing. J Invest Dermatol 2023;143:2078—82.e4.

Cao M, Lai P, Liu X, Liu F, Qin'Y, Tu P, et al. ATF5 promotes malignant T cell
survival through the PI3K/AKT/mTOR pathway in cutaneous T cell lym-
phoma. Front Immunol 2023;14:1282996.

Cavaillon JM. Exotoxins and endotoxins: inducers of inflammatory cytokines.
Toxicon 2018;149:45—53.

Chintagumpala MM, Mollick JA, Rich RR. Staphylococcal toxins bind to
different sites on HLA-DR. ] Immunol 1991;147:3876—81.

Choi J, Goh G, Walradt T, Hong BS, Bunick CG, Chen K, et al.
Genomic landscape of cutaneous T cell lymphoma. Nat Genet
2015;47:1011-9.

Claesson-Welsh L, Scheynius A, Tjernlund U, Peterson PA. Cell surface
expression of invariant gamma-chain of class Il histocompatibility antigens
in human skin. J Immunol 1986;136:484—90.

da Silva Almeida AC, Abate F, Khiabanian H, Martinez-Escala E, Guitart J,
Tensen CP, et al. The mutational landscape of cutaneous T cell lymphoma
and Sezary syndrome. Nat Genet 2015;47:1465—70.

Dai J, Duvic M. Cutaneous T-cell lymphoma: current and emerging therapies.
Oncology (Williston Park) 2023;37:55—62.

Daliani D, Ulmer RA, Jackow C, Pugh W, Gansbacher B, Cabanillas F, et al.
Tumor necrosis factor-alpha and interferon-gamma, but not HTLV-I tax, are
likely factors in the epidermotropism of cutaneous T-cell lymphoma via
induction of interferon-inducible protein-10. Leuk Lymphoma 1998;29:
315-28.

Danella EB, Costa De Medeiros M, D’Silva NJ. Cancer-associated keratino-
cytes: new members of the microenvironment in head and neck cancer.
Mol Cell Oncol 2021;8:1933329.

Débbeling U, Dummer R, Laine E, Potoczna N, Qin JZ, Burg G. Interleukin-
15 is an autocrine/paracrine viability factor for cutaneous T-cell lymphoma
cells. Blood 1998;92:252—8.

Dobos G, Assaf C. Transcriptomic changes during stage progression of
mycosis fungoides: from translational analyses to their potential clinical
implications. Br ] Dermatol 2022;186:387—8.

Dong Z, Zhu X, Li Y, Gan L, Chen H, Zhang W, et al. Oncogenomic analysis
identifies novel biomarkers for tumor stage mycosis fungoides. Medicine
(Baltimore) 2018;97:e10871.

Dummer R, Vermeer MH, Scarisbrick JJ, Kim YH, Stonesifer C, Tensen CP,
et al. Cutaneous T cell lymphoma. Nat Rev Dis Primers 2021;7:61.

Edelson RL. Round cells of the epidermis: clues from studies on neoplastic
lymphocytes of cutaneous T cell lymphoma. ] Invest Dermatol 1980;75:
95—102.

Eichenseher F, Herpers BL, Badoux P, Leyva-Castillo JM, Geha RS, van der
Zwart M, et al. Linker-improved chimeric endolysin selectively Kkills
Staphylococcus aureus In Vitro, on reconstituted human epidermis, and in


http://orcid.org/0000-0002-9138-602X
http://orcid.org/0000-0002-3710-5143
http://orcid.org/0000-0001-8877-3486
http://orcid.org/0000-0001-7526-7883
http://orcid.org/0009-0003-6336-723X
http://orcid.org/0000-0003-3309-8350
http://orcid.org/0000-0001-7257-9451
http://orcid.org/0000-0002-5967-4857
http://orcid.org/0000-0001-5912-8840
http://orcid.org/0000-0002-4843-3791
http://orcid.org/0000-0002-0523-6229
http://orcid.org/0000-0002-3008-735X
http://orcid.org/0000-0002-8472-0771
http://orcid.org/0000-0001-5478-8735
http://orcid.org/0000-0003-2173-4516
http://orcid.org/0000-0002-6068-901X
http://orcid.org/0000-0003-4377-3209
http://orcid.org/0000-0001-7180-6384
http://orcid.org/0000-0003-3135-5624
http://BioRender.com
http://www.jidonline.org
http://www.jidonline.org
https://doi.org/10.1016/j.jid.2024.04.018
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref1
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref1
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref1
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref1
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref2
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref2
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref2
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref2
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref3
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref3
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref3
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref3
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref4
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref4
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref4
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref4
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref5
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref5
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref5
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref5
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref6
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref6
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref6
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref7
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref7
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref7
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref7
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref8
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref8
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref8
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref8
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref8
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref9
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref9
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref9
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref9
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref10
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref10
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref10
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref10
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref10
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref11
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref11
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref11
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref12
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref12
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref12
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref13
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref13
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref13
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref14
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref14
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref14
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref14
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref15
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref15
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref15
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref15
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref16
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref16
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref16
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref16
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref17
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref17
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref17
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref18
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref18
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref18
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref18
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref18
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref18
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref19
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref19
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref19
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref20
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref20
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref20
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref20
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref21
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref21
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref21
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref21
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref22
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref22
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref22
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref23
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref23
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref24
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref24
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref24
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref24
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref25
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref25
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref25

a murine model of skin infection. Antimicrob Agents Chemother 2022;66:
e0227321.

Emge DA, Bassett RL, Duvic M, Huen AO. Methicillin-resistant Staphylo-
coccus aureus (MRSA) is an important pathogen in erythrodermic cuta-
neous T-cell lymphoma (CTCL) patients. Arch Dermatol Res 2020;312:
283—8.

Fanok MH, Sun A, Fogli LK, Narendran V, Eckstein M, Kannan K, et al. Role
of dysregulated cytokine signaling and bacterial triggers in the patho-
genesis of cutaneous T-cell lymphoma. ] Invest Dermatol 2018;138:
1116-25.

Gaydosik AM, Stonesifer CJ, Khaleel AE, Geskin LJ, Fuschiotti P. Single-cell
RNA sequencing unveils the clonal and transcriptional landscape of
cutaneous T-cell lymphomas. Clin Cancer Res 2022;28:2610—22.

Gaydosik AM, Stonesifer CJ, Tabib T, Lafyatis R, Geskin LJ, Fuschiotti P. The
mycosis fungoides cutaneous microenvironment shapes dysfunctional cell
trafficking, antitumor immunity, matrix interactions, and angiogenesis. JCI
Insight 2023;8:e170015.

Geskin LJ, Viragova S, Stolz DB, Fuschiotti P. Interleukin-13 is overexpressed
in cutaneous T-cell lymphoma cells and regulates their proliferation. Blood
2015;125:2798—805.

Ghazawi FM, Alghazawi N, Le M, Netchiporouk E, Glassman SJ, Sasseville D,
et al. Environmental and other extrinsic risk factors contributing to the
pathogenesis of Cutaneous T Cell Lymphoma (CTCL). Front Oncol 2019;9:
300.

Gluud M, Pallesen EMH, Buus TB, Gjerdrum LMR, Lindahl LM, Kamstrup MR,
et al. Malignant T cells induce skin barrier defects through cytokine-
mediated JAK/STAT signaling in cutaneous T-cell lymphoma. Blood
2023;141:180—93.

Guenova E, @dum N. Old sins cast long shadows: news on Staphylococcus
aureus in cutaneous T cell lymphoma. J Invest Dermatol 2024;144:8—10.

Guenova E, Watanabe R, Teague JE, Desimone JA, Jiang Y, Dowlatshahi M,
et al. TH2 cytokines from malignant cells suppress TH1 responses and
enforce a global TH2 bias in leukemic cutaneous T-cell lymphoma. Clin
Cancer Res 2013;19:3755—63.

Han Z, Estephan RJ, Wu X, Su C, Yuan YC, Qin H, et al. MicroRNA regulation
of T-cell exhaustion in cutaneous T cell lymphoma. ] Invest Dermatol
2022;142(142):603—12.e7.

Han Z, Wu X, Qin H, Yuan YC, Schmolze D, Su C, et al. Reprogramming of
PD-1+ M2-like tumor-associated macrophages with anti-PD-L1 and lena-
lidomide in cutaneous T cell lymphoma. JCI Insight 2023;8:e163518.

Huang BB, Bonish BK, Chaturvedi V, Qin JZ, Nickoloff BJ. Keratinocyte
CDw60 expression is modulated by both a Th-1 type cytokine IFN-gamma
and Th-2 cytokines IL-4 and IL-13: relevance to psoriasis. J Invest Dermatol
2001;116:305—12.

Jackow CM, Cather JC, Hearne V, Asano AT, Musser JM, Duvic M. Association
of Erythrodermic cutaneous T-cell lymphoma, superantigen-positive
Staphylococcus aureus, and oligoclonal T-cell receptor V beta gene
expansion. Blood 1997;89:32—40.

Johnson HM, Russell JK, Pontzer CH. Staphylococcal enterotoxin microbial
superantigens. FASEB J 1991;5:2706—12.

Johnson-Huang LM, Suarez-Farifias M, Pierson KC, Fuentes-Duculan J,
Cueto |, Lentini T, et al. A single intradermal injection of IFN-y induces an
inflammatory state in both non-lesional psoriatic and healthy skin. J Invest
Dermatol 2012;132:1177—87.

Kadin ME, Hamilton RG, Vonderheid EC. Evidence linking atopy and
staphylococcal superantigens to the pathogenesis of lymphomatoid pap-
ulosis, a recurrent CD30+ cutaneous lymphoproliferative disorder. PLoS
One 2020;15:€0228751.

Karpova MB, Fujii K, Jenni D, Dummer R, Urosevic-Maiwald M. Evaluation of
lymphangiogenic markers in Sezary syndrome. Leuk Lymphoma 2011;52:
491-501.

Kerr LA, Navsaria HA, Barker JN, Sakkas LI, Leigh IM, MacDonald DM, et al.
Interferon-gamma activates co-ordinate transcription of HLA-DR, DQ, and
DP genes in cultured keratinocytes and requires de novo protein synthesis.
J Invest Dermatol 1990;95:653—6.

Krejsgaard T, Vetter-Kauczok CS, Woetmann A, Lovato P, Labuda T,
Eriksen KW, et al. Jak3- and JNK-dependent vascular endothelial growth
factor expression in cutaneous T-cell lymphoma. Leukemia 2006;20:
1759—66.

Z Zeng et al.
Keratinocytes Present S aureus Toxins in CTCL

Lewis DJ, Holder BB, Duvic M. The “Duvic regimen” for erythrodermic flares
secondary to Staphylococcus aureus in mycosis fungoides and Sezary
syndrome. Int ] Dermatol 2018;57:123—4.

Lindahl LM, Iversen L, @dum N, Kilian M. Staphylococcus aureus and
antibiotics in cutaneous T-cell Lymphoma. Dermatology 2022;238:
551-3.

Lindahl LM, Willerslev-Olsen A, Gjerdrum LMR, Nielsen PR, Blimel E,
Rittig AH, et al. Antibiotics inhibit tumor and disease activity in cutaneous
T-cell lymphoma. Blood 2019;134:1072—83.

Litvinov IV, Tetzlaff MT, Thibault P, Gangar P, Moreau L, Watters AK, et al.
Gene expression analysis in Cutaneous T-Cell Lymphomas (CTCL) high-
lights disease heterogeneity and potential diagnostic and prognostic in-
dicators. Oncoimmunology 2017;6:e1306618.

Liu X, SunJ, Gao Y, Liu F, Pan H, Tu P, et al. Characteristics of Staphylococcus
aureus colonization in cutaneous T-cell lymphoma. ] Invest Dermatol
2024;144:188—91.

Lopez R, Regier J, Cole MB, Jordan MI, Yosef N. Deep generative modeling for
single-cell transcriptomics. Nat Methods 2018;15:1053—8.

Mehindate K, Thibodeau J, Dohlsten M, Kalland T, Sékaly RP, Mourad W.
Cross-linking of major histocompatibility complex class Il molecules by
staphylococcal enterotoxin A superantigen is a requirement for inflam-
matory cytokine gene expression. ] Exp Med 1995;182:1573—7.

Mirvish ED, Pomerantz RG, Geskin LJ. Infectious agents in cutaneous T-cell
lymphoma. ) Am Acad Dermatol 2011;64:423—31.

Morhenn VB, Wastek GJ, Cua AB, Mansbridge JN. Effects of recombinant
interleukin 1 and interleukin 2 on human keratinocytes. J Invest Dermatol
1989;93:121—6.

Nathan CF, Kaplan G, Levis WR, Nusrat A, Witmer MD, Sherwin SA,
et al. Local and systemic effects of intradermal recombinant
interferon-gamma in patients with lepromatous leprosy. N Engl ] Med
1986;315:6—15.

Nguyen V, Huggins RH, Lertsburapa T, Bauer K, Rademaker A, Gerami P,
et al. Cutaneous T-cell lymphoma and Staphylococcus aureus coloniza-
tion. ] Am Acad Dermatol 2008;59:949—52.

Nickoloff BJ, Fivenson DP, Kunkel SL, Strieter RM, Turka LA. Keratinocyte
interleukin-10 expression is upregulated in tape-stripped skin, poison ivy
dermatitis, and Sezary syndrome, but not in psoriatic plaques. Clin
Immunol Immunopathol 1994;73:63—8.

Nickoloff BJ, Griffiths CE. Intraepidermal but not dermal T lymphocytes are
positive for a cell-cycle-associated antigen (Ki-67) in mycosis fungoides.
Am ] Pathol 1990;136:261—6.

Nickoloff BJ, Griffiths CE, Barker JN. The role of adhesion molecules,
chemotactic factors, and cytokines in inflammatory and neoplastic skin
disease~1990 update. J Invest Dermatol 1990;94:151S—7S.

Niedecken H, Lutz G, Bauer R, Kreysel HW. Differential expression of major
histocompatibility complex class Il antigens on human keratinocytes. ] Am
Acad Dermatol 1988;19:1030—7.

Ninosu N, Melchers S, Kappenstein M, Booken N, Hansen |, Blanchard M,
et al. Mogamulizumab combined with extracorporeal photopheresis as a
novel therapy in erythrodermic cutaneous T-cell lymphoma. Cancers
(Basel) 2023;16:141.

@dum AF, Geisler C. Vitamin D in cutaneous T-cell lymphoma. Cells
2024;13:503.

Odum N, Lindahl LM, Wod M, Krejsgaard T, Skytthe A, Woetmann A, et al.
Investigating heredity in cutaneous T-cell lymphoma in a unique cohort of
Danish twins. Blood Cancer ) 2017;7:e517.

Pallesen EMH, Gluud M, Vadivel CK, Buus TB, de Rooij B, Zeng Z, et al.
Endolysin inhibits skin colonization by patient-derived Staphylococcus
aureus and malignant T-cell activation in cutaneous T-cell lymphoma.
J Invest Dermatol 2023;143:1757—68.e3.

Papadavid E, Economidou J, Psarra A, Kapsimali V, Mantzana V, Antoniou C,
et al. The relevance of peripheral blood T-helper 1 and 2 cytokine pattern in
the evaluation of patients with mycosis fungoides and Sezary syndrome. Br
] Dermatol 2003;148:709—18.

Péguet-Navarro J, Moulon C, Caux C, Dalbiez-Gauthier C,
Banchereau J, Schmitt D. Interleukin-10 inhibits the primary alloge-
neic T cell response to human epidermal Langerhans cells. Eur ]
Immunol 1994;24:884—91.

www.jidonline.org

2803


http://refhub.elsevier.com/S0022-202X(24)00377-4/sref25
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref25
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref26
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref26
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref26
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref26
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref26
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref27
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref27
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref27
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref27
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref27
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref28
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref28
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref28
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref28
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref29
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref29
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref29
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref29
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref30
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref30
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref30
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref30
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref31
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref31
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref31
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref31
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref32
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref32
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref32
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref32
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref32
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref33
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref33
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref33
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref34
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref34
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref34
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref34
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref34
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref35
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref35
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref35
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref35
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref36
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref36
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref36
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref36
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref37
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref37
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref37
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref37
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref37
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref38
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref38
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref38
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref38
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref38
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref39
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref39
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref39
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref40
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref40
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref40
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref40
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref40
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref41
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref41
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref41
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref41
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref41
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref42
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref42
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref42
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref42
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref43
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref43
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref43
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref43
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref43
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref44
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref44
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref44
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref44
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref44
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref45
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref45
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref45
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref45
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref46
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref46
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref46
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref46
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref47
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref47
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref47
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref47
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref48
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref48
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref48
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref48
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref49
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref49
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref49
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref49
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref50
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref50
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref50
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref51
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref51
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref51
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref51
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref51
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref52
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref52
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref52
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref53
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref53
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref53
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref53
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref54
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref54
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref54
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref54
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref54
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref55
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref55
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref55
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref55
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref56
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref56
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref56
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref56
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref56
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref57
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref57
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref57
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref57
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref58
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref58
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref58
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref58
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref59
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref59
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref59
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref59
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref60
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref60
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref60
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref60
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref61
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref61
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref62
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref62
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref62
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref63
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref63
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref63
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref63
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref63
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref64
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref64
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref64
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref64
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref64
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref65
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref65
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref65
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref65
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref65
http://www.jidonline.org

2804

Z Zeng et al.
Keratinocytes Present S aureus Toxins in CTCL

Pileri A, Agostinelli C, Righi S, Fuligni F, Bacci F, Sabattini E, et al. Vascular
endothelial growth factor A (VEGFA) expression in mycosis fungoides.
Histopathology 2015;66:173—81.

Rindler K, Bauer WM, Jonak C, Wielscher M, Shaw LE, Rojahn TB, et al.
Single-cell RNA sequencing reveals tissue compartment-specific plas-
ticity of mycosis fungoides tumor cells. Front Immunol 2027a;12:
666935.

Rindler K, Jonak C, Alkon N, Thaler FM, Kurz H, Shaw LE, et al. Single-cell
RNA sequencing reveals markers of disease progression in primary cuta-
neous T-cell lymphoma. Mol Cancer 2021b;20:124.

Saed G, Fivenson DP, Naidu Y, Nickoloff BJ. Mycosis fungoides exhibits a
Thi-type cell-mediated cytokine profile whereas Sezary syndrome ex-
presses a Th2-type profile. J Invest Dermatol 1994;103:29—33.

Sakamoto M, Miyagaki T, Kamijo H, Oka T, Takahashi N, Suga H, et al. Serum
vascular endothelial growth factor A levels reflect itch severity in mycosis
fungoides and Sezary syndrome. ] Dermatol 2018;45:95—9.

Sarris AH, Esgleyes-Ribot T, Crow M, Broxmeyer HE, Karasavvas N,
Pugh W, et al. Cytokine loops involving interferon-gamma and IP-10, a
cytokine chemotactic for CD4+ lymphocytes: an explanation for the
epidermotropism of cutaneous T-cell lymphoma? Blood 1995;86:
651—8.

Scholl PR, Diez A, Geha RS. Staphylococcal enterotoxin B and toxic shock
syndrome toxin-1 bind to distinct sites on HLA-DR and HLA-DQ mole-
cules. J Immunol 1989;143:2583—8.

Shih BB, Ma C, Cortes JR, Reglero C, Miller H, Quinn SA, et al. Romidepsin
and afatinib abrogate jak-signal transducer and activator of transcription
signaling and elicit synergistic antitumor effects in cutaneous T-cell lym-
phoma [e-pub ahead of print]. J Invest Dermatol 2024. https:/doi.org/10.
1016/}.jid.2023.12.010 (accessed 14 January 2024).

Sorger H, Dey S, Vieyra-Garcia PA, Poloske D, Teufelberger AR, de
Araujo ED, et al. Blocking STAT3/5 through direct or upstream kinase tar-
geting in leukemic cutaneous T-cell lymphoma. EMBO Mol Med 2022;14:
€15200.

Takahashi N, Sugaya M, Suga H, Oka T, Kawaguchi M, Miyagaki T, et al.
Thymic stromal chemokine TSLP acts through Th2 cytokine produc-
tion to induce cutaneous T-cell lymphoma. Cancer Res 2016;76:
6241-52.

Talpur R, Bassett R, Duvic M. Prevalence and treatment of Staphylococcus
aureus colonization in patients with mycosis fungoides and Sezary syn-
drome. Br ) Dermatol 2008;159:105—12.

Tensen CP, Quint KD, Vermeer MH. Genetic and epigenetic insights into
cutaneous T-cell lymphoma. Blood 2022;139:15—33.

Tensen CP, Vermeer MH, van der Stoop PM, van Beek P, Scheper RJ,
Boorsma DM, et al. Epidermal interferon-gamma inducible protein-10 (IP-
10) and monokine induced by gamma-interferon (Mig) but not IL-8 mRNA
expression is associated with epidermotropism in cutaneous T cell lym-
phomas. J Invest Dermatol 1998;111:222—6.

Tokura Y, Heald PW, Yan SL, Edelson RL. Stimulation of cutaneous T-cell
lymphoma cells with superantigenic staphylococcal toxins. J Invest Der-
matol 1992;98:33—7.

Ungewickell A, Bhaduri A, Rios E, Reuter J, Lee CS, Mah A, et al. Genomic
analysis of mycosis fungoides and Sezary syndrome identifies recurrent
alterations in TNFR2. Nat Genet 2015;47:1056—60.

Journal of Investigative Dermatology (2024), Volume 144

Vadivel CK, Willerslev-Olsen A, Namini MRJ, Zeng Z, Yan L, Danielsen M,
et al. Staphylococcus aureus induces drug resistance in cancer T cells in
Sezary Syndrome. Blood 2024;143:1496—512.

Velatooru LR, Hu CH, Bijani P, Wang X, Bojaxhi P, Chen H, et al. New JAK3-
INSL3 fusion transcript-an oncogenic event in cutaneous T-cell lymphoma.
Cells 2023;12:2381.

Viac J, Gueniche A, Gatto H, Lizard G, Schmitt D. Interleukin-4 and
interferon-gamma interactions in the induction of intercellular adhesion
molecule-1 and major histocompatibility complex class Il antigen expres-
sion of normal human keratinocytes. Exp Dermatol 1994;3:72—7.

Volc-Platzer B, Groh V, Wolff K. Differential expression of class Il alloantigens
by keratinocytes in disease. ] Invest Dermatol 1987;89:64—8.

Vowels BR, Cassin M, Vonderheid EC, Rook AH. Aberrant cytokine produc-
tion by Sezary syndrome patients: cytokine secretion pattern resembles
murine Th2 cells. J Invest Dermatol 1992;99:90—4.

Vowels BR, Lessin SR, Cassin M, Jaworsky C, Benoit B, Wolfe JT, et al. Th2
cytokine mRNA expression in skin in cutaneous T-cell lymphoma. J Invest
Dermatol 1994;103:669—73.

Weiner DM, Durgin JS, Wysocka M, Rook AH. The immunopathogenesis and
immunotherapy of cutaneous T cell lymphoma: current and future ap-
proaches. ] Am Acad Dermatol 2021;84:597—604.

Wilkinson HN, Stafford AR, Rudden M, Rocha NDC, Kidd AS, Iveson S, et al.
Selective depletion of Staphylococcus aureus restores the skin microbiome
and accelerates tissue repair after injury [e-pub ahead of print]. J Invest
Dermatol 2024. https:/doi.org/10.1016/}.jid.2024.01.018 (accessed 01
February 2024).

Willemze R, Cerroni L, Kempf W, Berti E, Facchetti F, Swerdlow SH, et al. The
2018 update of the WHO-EORTC classification for primary cutaneous
lymphomas. Blood 2019;133:1703—14.

Willerslev-Olsen A, Krejsgaard T, Lindahl LM, Bonefeld CM, Wasik MA,
Koralov SB, et al. Bacterial toxins fuel disease progression in cutaneous T-
cell lymphoma. Toxins (Basel) 2013;5:1402—21.

Woetmann A, Lovato P, Eriksen KW, Krejsgaard T, Labuda T, Zhang Q, et al.
Nonmalignant T cells stimulate growth of T-cell lymphoma cells in the
presence of bacterial toxins. Blood 2007;109:3325-32.

Wolk K, Mitsui H, Witte K, Gellrich S, Gulati N, Humme D, et al. Deficient
cutaneous antibacterial competence in cutaneous T-cell lymphomas: role
of Th2-mediated biased Th17 function. Clin Cancer Res 2014;20:5507—16.

Wood GS, Michie SA, Durden F, Hoppe RT, Warnke RA. Expression of class Il
major histocompatibility antigens by keratinocytes in cutaneous T cell
lymphoma. IntJ Dermatol 1994;33:346—50.

Xu C, Lopez R, Mehlman E, Regier J, Jordan MI, Yosef N. Probabilistic
harmonization and annotation of single-cell transcriptomics data with deep
generative models. Mol Syst Biol 2021;17:€9620.

Yamanaka K, Clark R, Rich B, Dowgiert R, Hirahara K, Hurwitz D, et al. Skin-
derived interleukin-7 contributes to the proliferation of lymphocytes in
cutaneous T-cell lymphoma. Blood 2006;107:2440-5.

OO This work is licensed under a Creative Commons

Attribution-NonCommercial-NoDerivatives 4.0
International License. To view a copy of this license, visit
http://creativecommons.org/licenses/by-nc-nd/4.0/


http://refhub.elsevier.com/S0022-202X(24)00377-4/sref66
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref66
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref66
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref66
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref67
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref67
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref67
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref67
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref68
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref68
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref68
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref69
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref69
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref69
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref69
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref70
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref70
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref70
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref70
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref71
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref71
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref71
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref71
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref71
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref71
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref71
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref72
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref72
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref72
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref72
https://doi.org/10.1016/j.jid.2023.12.010
https://doi.org/10.1016/j.jid.2023.12.010
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref74
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref74
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref74
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref74
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref75
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref75
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref75
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref75
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref75
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref76
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref76
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref76
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref76
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref77
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref77
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref77
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref78
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref78
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref78
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref78
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref78
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref78
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref79
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref79
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref79
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref79
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref80
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref80
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref80
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref80
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref81
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref81
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref81
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref81
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref82
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref82
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref82
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref83
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref83
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref83
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref83
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref83
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref84
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref84
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref84
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref85
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref85
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref85
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref85
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref86
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref86
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref86
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref86
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref87
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref87
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref87
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref87
https://doi.org/10.1016/j.jid.2024.01.018
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref89
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref89
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref89
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref89
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref90
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref90
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref90
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref90
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref91
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref91
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref91
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref91
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref92
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref92
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref92
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref92
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref93
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref93
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref93
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref93
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref94
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref94
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref94
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref95
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref95
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref95
http://refhub.elsevier.com/S0022-202X(24)00377-4/sref95
http://creativecommons.org/licenses/by-nc-nd/4.0/

Z Zeng et al.
Keratinocytes Present S aureus Toxins in CTCL

SUPPLEMENTARY MATERIALS
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Rittig AH, et al. Antibiotics inhibit tumor and disease activity in cutaneous
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Supplementary Figure S1. Activation of nonmalignant T cells cultured with keratinocytes treated with IFN-y and SEs. Left: contour plots shows the CD25

expression level after nonmalignant T cells (Myla1850) cultured with keratinocytes (HaCaT) treated with +10 ng/ml IFN-vy for 24 hours and coated with +100
ng/ml SE pool for 2 hours. Flow cytometry was run after 24 hours of culturing. Right: representative quantification of CD25 expression level of nonmalignant T
cell (Myla1850) after culturing (n = 3). Data are represented as the mean =+ SD from 3 independent replicates. *P < .05, **P < .01, ***P < .001, and ****P <

.0001. FSC-H, forward scatter height; SE, staphylococcal enterotoxin.
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Supplementary Figure S2. Malignant a Malignant T cells from MF
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with +10 ng/ml IFN-y for 24 hours
and coated with £100 ng/ml SE pool Ki-67-PE
for 2 hours. Flow cytometry was run
after 24 hours of culturing. FSC-H,
forward scatter height; MF, mycosis
fungoides; PE, phycoerythrin; SE, 21.0 28.1 342 33.1
staphylococcal enterotoxin; SEA, 1 B B 1
staphylococcal enterotoxin type A; SS,
Sézary syndrome.
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Supplementary Figure S3. qPCR analyzed the expression of IL-2RG and Jak3 expression on malignant T cells after siRNA transfection. qPCR analyzed the Jak3
expression on malignant T cells (Myla3675, top left; SEAX, top right) after 48 hours of Jak3—siRNA transfection. qPCR analyzed the IL-2RG expression on
malignant T cells (Myla3675, bottom left; SEAX, bottom right) after 48 hours of IL-2RG—siRNA transfection. NT, nontargeting; SEA, staphylococcal enterotoxin
type A; silL2RG, IL2RG-targeted small interfering RNA; siRNA, small interfering RNA.
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Supplementary Figure S4. IL-2 expression on nonmalignant T cells after culturing with keratinocytes treated with IFN-y and SE pool. gPCR analyzed the IL-2
expression change on nonmalignant T cells (Myla1850) after 3-hour culturing with keratinocytes (HaCaT) treated with +10 ng/ml IFN-y and 100 ng/ml SE
pool. Data are represented as the mean + SD from 3 independent replicates. SE, staphylococcal enterotoxin.
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Supplementary Figure S5. Proliferation of primary CD4" malignant T cells isolated from the blood of patients with SS cultured with primary keratinocytes
treated with IFN-y and SE pool. (a—c) Flow cytometric contour plots were shown on gated malignant T cells from 3 patients with SS. Proliferation was analyzed
using Celltrace violate proliferation dye stained on primary T cells isolated from 3 patients with SS after 5-day culturing with NHEKSs treated with 10 ng/ml IFN-
Y and £100 ng/ml SE pool. (a) Malignant T cells were gated as CD3*CD4*TCRCB~CD26". (b) Malignant T cells were gated as CD3*CD8 TCRCB~CD26". (c)
Malignant T cells were gated as CD3"CD4"TCRVB1*CD26™. PT2, PT3, and PT4, denote patients 2, 3, and 4, respectively. NHEK, normal human epidermal
keratinocyte; SE, staphylococcal enterotoxin; SS, Sézary syndrome.
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Supplementary Figure S6. Keratinocytes present SEs from patient-derived S aureus isolates to induce proliferation of nonmalignant T cells (correspond to
Figure 5b and c). Nonmalignant T cell (Myla1850) cultured with malignant T cell and keratinocyte (HaCaT) for 24 hours were used. Cells were run on flow
cytometry analysis to determine pY(705)-STAT3 and pY(694)-STAT5 accompanied with CD25 expression. sup denotes supernatant. PE, phycoerythrin; SE,
staphylococcal enterotoxin; STAT, signal transducer and activator of transcription.
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Supplementary Figure S7. Keratinocytes present SEs from patient-derived S aureus isolates to induce proliferation of nonmalignant T cells (correspond to
Figure 5d). Nonmalignant T cell (Myla1850) cultured with malignant T cell and keratinocyte (HaCaT) for 24 hours were used. Cells were run on flow
cytometry analysis to determine Ki-67 expression. sup denotes supernatant. FSC-H, forward scatter height; PE, phycoerythrin; SE, staphylococcal enterotoxin.
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Supplementary Figure S8. Phage- a
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Supplementary Figure S9. Phage-
derived S aureus—specific endolysin
(MEndoB) blocks the proliferation
effect on malignant T cells when
cultured with nonmalignant T cells
and keratinocytes. Malignant T cells
from SS (SEAx) and nonmalignant T
cells (Myla1850) cultured for 24 hours
with keratinocyte (HaCaT) treated
with £10 ng/ml IFN-y and S aureus
(£1 pg/ml MEndoB) supernatant were
used. (@) Flow cytometric contour
plots show the CD25 expression level
on nonmalignant T cells (Myla1850)
after culturing. Flow cytometric
contour plots show the (b) Ki-67, (c)
pY(705)-STAT3, and (d) pY(694)-
STAT5 accompanied with CD25
expression level on malignant T cells
(SEAX) after culturing. sup denotes
supernatant. PE, phycoerythrin; SEA,
staphylococcal enterotoxin type A; SS,
Sézary syndrome; SSC-A, side scatter
area; STAT, signal transducer and
activator of transcription.
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Supplementary Figure S10. Proliferation on primary CD4™" T cells isolated from the blood of patients with SS cultured with primary keratinocytes treated
with IFN-y and S aureus supernatant derived from patients with CTCL. (a—c) Flow cytometric contour plots were shown on gated malignant T cells from 3
patients with SS. Proliferation was analyzed using Celltrace violate proliferation dye stained on primary T cells isolated from 3 patients with SS after 5-day
culturing with NHEKs treated with £10 ng/ml IFN-y and S aureus supernatant (1 pg/ml endolysin XZ.700) derived from patients with CTCL. (a) Malignant T
cells were gated as CD3"CD4"TCRCB~CD26™. (b) Malignant T cells were gated as CD3"CD8 TCRCB~CD26™. (c) Malignant T cells were gated as
CD3*CD4*TCRVB1*CD267. sup denotes supernatant. PT2, PT3, and PT4 denote patients 2, 3, and 4, respectively. CTCL, cutaneous T-cell lymphoma; NHEK,

normal human epidermal keratinocyte; SS, Sézary syndrome.
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Supplementary Figure S11. Keratinocytes present SEs from patient-derived S aureus isolates to induce activation and proliferation of nonmalignant T cells
(correspond to Figure 5h). Flow cytometric contour plots were shown on gated nonmalignant T cells from Pt1. Proliferation was analyzed using Celltrace violate
proliferation dye stained on primary T cells isolated from 3 patients with SS after 5-day culturing with NHEKs treated with =10 ng/ml IFN-y and S aureus

supernatant (£1 pg/ml endolysin XZ.700) derived from patients with CTCL. Nonmalignant T cells were gated on CD3"CD4*TCRvp18~. CTCL, cutaneous T-cell
lymphoma; NHEK, normal human epidermal keratinocyte; Pt1, patient 1; SE, staphylococcal enterotoxin; SS, Sézary syndrome.
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Supplementary Figure S12. HLA class Il gene expression on lesional site of 10 patients with CTCL before and after antibiotic treatment. HLA class Il and K14
expressions on samples from lesional site of 8 patients with CTCL from public gene chip (Affymetrix) were analyzed (Lindahl et al, 2019). CTCL, cutaneous T-cell
lymphoma; ID, identification; K, keratin; Pt, patient.
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Supplementary Table S1. Pt Characteristics

Pt Sex Age Diagnosis Year of Diagnosis Stage/Classification Treatment' Previous Treatment

Pt1 M 82 SS 2018 B2 ECP NA

Pt2 F 74 SS 2016 B2 ECP Prednisolone, methotrexate, PUVA

Pt3 M 85 SS 2012 NA ECP, IFN-a. PUVA, IFN-a, bexarotene

Pt4 M 77 SS 2017 B2 ECP, Brentuximab vedotin  PUVA, UVB, methotrexate, IFN, bexarotene

Abbreviations: ECP, extracorporeal photopheresis; F, female; M, male; NA, not available; Pt, patient; PUVA, psoralen and UVA; SS, Sezary syndrome.
Treatment indicates the Pt clinical treatments at the time point of blood collection where PBMCs were isolated and used for experiments.
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