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Staphylococcus aureus induces drug resistance
in cancer T cells in Sézary syndrome
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Patients with Sézary syndrome (SS), a leukemic variant of cutaneous T-cell lymphoma
(CTCL), are prone to Staphylococcus aureus infections and have a poor prognosis due to
treatment resistance. Here, we report that S aureus and staphylococcal enterotoxins (SE)
induce drug resistance in malignant T cells against therapeutics commonly used in CTCL.
Supernatant from patient-derived, SE-producing S aureus and recombinant SE significantly
inhibit cell death induced by histone deacetylase (HDAC) inhibitor romidepsin in primary
malignant T cells from patients with SS. Bacterial killing by engineered, bacteriophage-
derived, S aureus-specific endolysin (XZ.700) abrogates the effect of S aureus superna-
tant. Similarly, mutations in major histocompatibility complex (MHC) class Il binding sites of
SE type A (SEA) and anti-SEA antibody block induction of resistance. Importantly, SE also
triggers resistance to other HDAC inhibitors (vorinostat and resminostat) and chemother-
) apeutic drugs (doxorubicin and etoposide). Multimodal single-cell sequencing indicates
T-cell receptor (TCR), NF-xB, and JAK/STAT signaling pathways (previously associated with
drug resistance) as putative mediators of SE-induced drug resistance. In support, inhibition of TCR-signaling and Protein
kinase C (upstream of NF-kB) counteracts SE-induced rescue from drug-induced cell death. Inversely, SE cannot rescue
from cell death induced by the proteasome/NF-kB inhibitor bortezomib. Inhibition of JAK/STAT only blocks rescue in
patients whose malignant T-cell survival is dependent on SE-induced cytokines, suggesting 2 distinct ways SE can induce
drug resistance. In conclusion, we show that S aureus enterotoxins induce drug resistance in primary malignant T cells.
These findings suggest that S aureus enterotoxins cause clinical treatment resistance in patients with SS, and antibac-

® Enterotoxins from
S aureus bacteria
induce drug resistance
in primary malignant
T cells in SS.

® Targeting bacteria,
their toxins, and
downstream signaling
pathways in malignant
T cells abrogate the
induction of drug
resistance.

terial measures may improve the outcome of cancer-directed therapy in patients harboring S aureus.
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morbidity and mortality.’”?” Skin barrier defects induced by
malignant T cells are likely ports of entrance for bacterial
infection.”®*°

Introduction

Sézary syndrome (SS) is a malignant disorder of T cells that
belongs to the spectrum of cutaneous T-cell lymphoma (CTCL),
a non-Hodgkin lymphoma.'™ The etiology of CTCL remains For decades, staphylococcal enterotoxin (SE)-producing

unresolved, and studies of the mutational landscape have been
unrevealing.®'? Dysregulation of JAK/STAT, PLCy, and NF-xB
signaling has repeatedly been linked to malignant cell prolif-
eration, apoptosis resistance, and inflammation in CTCL."*""®

CTCL is characterized by heightened vulnerability to bacterial
infections, contributing  significantly to disease-related
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Staphylococcus aureus has been suspected to play an impor-
tant role in the pathogenesis of CTCL.?**"*3 In support, many
patients with severe disease (particularly patients with SS)
display skin colonization by SE-producing S aureus, and treat-
ment with antibiotics has a beneficial clinical effect in SS and
erythrodermic mycosis fungoides.**¢ These findings suggest
that S aureus can affect the malignant cells (directly or via the
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tumor microenvironment) and promote disease aggravation,
which can be inhibited by antibiotics.

The mechanisms underlying the effects of S aureus on CTCL
pathogenesis remains to be fully elucidated, and the impact of
S aureus eradication on disease activity and cancer treatment
outcomes remains an open question. Here, we show, to the
best of our knowledge, for the first time that SE-producing S
aureus can induce drug resistance in malignant T cells,
providing a novel rationale for antibacterial therapy targeting S
aureus in patients with CTCL.

Materials and methods

Patient material

This study includes 20 patients with SS. The patient character-
istics are mentioned in Table 1. Blood samples were collected
from 17 patients with SS after obtaining written consent from all
patients as well as institutional approvals from Denmark (Com-
mittee on Health Research Ethics, H-16025331) and Germany
(University Hospital Wiirzburg, 115/15). Experiments were per-
formed in accordance with the Declaration of Helsinki.

PBMC isolation, cell culture, inhibitors, and pulse
experiments.

Peripheral blood mononuclear cells (PBMCs) from blood of
patients with SS (SS PBMCs) were isolated by density gradient
centrifugation following manufacturer’s protocol (StemCell
Technologies). In most cases, PBMCs were cryopreserved
(supplemental Methods, available on the Blood website) and
used later for experiments. PBMCs were cultured in RPMI 1640
media (Sigma-Aldrich) supplemented with 10% pooled human
serum (Copenhagen Hospital) and 1% antibiotics (penicillin and
streptomycin) (Sigma-Aldrich). For SE stimulation, a pool of SE
(SEA, SEB, SEC2, SED, and SEI) (Toxin Technologies) at 50 to
100 ng/mL were added to the cells before treatment with CTCL
drugs. For cytokine experiments, a pool of interleukin-2 (IL-2)
family cytokines, IL-2 (2 x 103 U/mL; Novartis), IL-4, IL-7, and IL-
15 (10 ng/mL each; Peprotech), were added. For romidepsin
pulse experiments, cells were treated with high concentration
of romidepsin for 6 hours.*” Cells were washed and kept in
complete media for 16 hours followed by incubation with and
without SE pool for 3 days.

Patient bacterial isolation and culture

S aureus from patients with CTCL was isolated and validated for
SE expression in our previous study.® Supernatants from S
aureus cultures were prepared as previously described.®
Briefly, S aureus was prepared from an overnight culture
diluted to an optical density 600 nm of 0.01 in tryptic soy broth
and regrown for 4 hours with or without 1 pg/mL XZ.700 (an
engineered S aureus-specific endolysin®*® from Micreos
Pharmaceuticals AG, Baar, Switzerland). Bacterial supernatants
were prepared by centrifugation (10 000g for 10 minutes) fol-
lowed by sterile filtration (0.22 pm filter).

Flow cytometry and cell sorting

Primary conjugated monoclonal antibodies against CD3, CD4,
CD7, CD8, CD14, CD26, CD45, TCRCp1, TCRVp1, TCRVpZ,
TCRVp8, and TCRVpB18 were purchased from BD Biosciences,
BioLegend, Miltenyi Biotec, Beckman Coulter, and R&D
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Systems. Cultured cells were pelleted by centrifugation,
washed using FACS-PBS buffer (phosphate-buffered saline
[PBS] + 1% fetal bovine serum + 0.02% NaN3). Cell surface
staining (30 minutes on ice) was performed using Brilliant Stain
buffer (BD Biosciences). Malignant cells were gated as
CD3"CD4*TCRVB#". In patients for whom the dominant TCRVp
clone could not be targeted, malignant cells were gated as
CD3'CD4*CD7'*" and/or CD26~ or CD3'CD4*CD26
TCRCP1*/TCRCP1™ (depending on whether the T-cell receptor
[TCR] of the malignant clone uses the TRBC1 or TRBC2 gene
segment in its TCRB chain). Flow cytometric analysis was con-
ducted using a 5-laser BD LSR-Fortessa. Data were analyzed
using FlowJo (TreeStar). Cell sorting was conducted on a 3-laser
BD FACS Aria-ll, using a 100-um nozzle. Propidium lodide (PI)
was added to exclude dead cells while sorting. Purity of sorted
cells was consistently >95%.

Apoptosis assay and western blotting

For apoptotic experiments, at the end of cell culture, cells were
stained with Mitotracker red CMXRos (Thermo Fisher) and were
incubated at 37°C for 30 minutes. Cells were washed, and flow
cytometry procedure was followed. After cell surface staining,
cells were stained with Pl and annexin V suspended in annexin V
binding buffer (BD Biosciences). Apoptotic cells were identified
from nonpermeable (PI) malignant or nonmalignant cells as
Mitotracker®Annexin V*; that is, if a patient had dominant
TCRVp1 clone, then the apoptotic population of malignant cells
would be gated as PI"CD3*CD4*TCRVp1*Mitotracker'®”
Annexin V*. Western blotting was performed as previously
described”! and analyzed using Image Lab (BioRad).

CITE-seq

For cellular indexing of transcriptomes and epitopes by
sequencing (CITE-seq) experiment, PBMCs from a patient with
SS (SS17) were treated ex vivo with romidepsin in the presence or
absence of SE for 36 hours. Each condition was multiplexed by
tagging with a unique hashtag antibody together with a cocktail
of oligo-conjugated antibodies targeting 101 different surface
proteins (TotalSeq-C, BiolLegend). CITE-seq antibodies were
individually optimized and titrated using a previously described
protocol.*? Live cells from each condition were sorted and
pooled before loading on the 10X chromium using the Chro-
mium Next GEM Single Cell 5 reagent kits v2 (10X Genomics).
For further description of procedures, sequencing, data pro-
cessing, and analysis, please see supplemental Methods.

Statistics

Graphs and statistical analyses, except for CITE-seq experi-
ments, were made using GraphPad Prism 9. Error bars repre-
sent the standard error of the mean, and the level of statistical
significance was set at *P < .05.

Results

S aureus culture supernatants and SE induce drug
resistance in malignant T cells

Figure 1A-C shows examples of patients with SS with S aureus skin
colonization before and after treatment with antibiotics. Eradica-
tion of S aureus with antibiotics reduced disease activity in
patients undergoing anticancer treatment with doxorubicin, vor-
inostat, and alitretinoin (Figure 1A-C). This confirms and extends
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Table 1. Patient characteristics

Patient

Sex

Age, y

Diagnosis

Year of
diagnosis

Stage/
classification

Treatment

Previous
treatment

S aureus
infection

SS1 M 75 SS 2015 IVA1 (T4, NO, Doxorubicin PUVA, ECP, IFN-a, Yest
MO, B2) bexarotene,
mogamulizumab
SS2 M 71 SS 2017 IVA1 (T4, N1, Vorinostat ECP, UVB, IFN-a, Yest
MO, B2) mogamulizumab,
brentuximab vedotin
SS3 M 64 SS 2021 IVA1 (T4, N1, ECP, alitretinoin UVB, acitretin, Yest
B2, M0) brodalumab, topical
corticosteroids
SS4 M 85 SS 2012 NA ECP, IFN-a PUVA, IFN-a, bexarotene Yest
SS5 M NA SS 2013 B2 Blood collected NA NA
before ECP
treatment
SSé M 67 SS 2016 B2 ECP, IFN-a, Acitretin, chloroquine, Yest
bexarotene, TSEI doxycycline,
prednisolone
SS7 M 65 SS 2016 B2 ECP, IFN-a, Ifliximab, ustekinumab, Yest
prednisolone secukinumab,
adalimumab, acitretin,
alitretinoin, prednisolone
SS8 F 74 SS 2016 B2 ECP Prednisolone, Not
methotrexate, PUVA
SS9 M 79 SS 2016 B2 ECP Ifliximab, etanercept, Yest
adalimumab,
ustekinumab, cyclosporin,
PUVA
SS10 M 58 SS 2018 B2 ECP, IFN-a, Prednisolone, Yest
prednisolone methotrexate
SS11 M 82 SS 2018 B2 ECP NA Yest
SS12 M 77 SS 2017 B2 ECP, brentuximab PUVA, UVB, Yest
vedotin methotrexate, IFN-a,
bexarotene
SS13 M 71 SS/leukemic 2014 IVA2 (pT4, N3, Gemcitabine UVB, ECP, bexarotene, NA
MF B2, M0) methotrexate
SS14 M 80 SS 2011 IVB (pT4p, N3, | ECP, brentuximab UVB, methotrexate, Yest
M1) vedotin bexarotene, PUVA,
gemcitabine,
prednisolone,
domatinostat (4SC-202),
doxorubicin, brentuximab
vedotin, ECP,
bendamustine, dimethyl
fumarate
SS15 F 85 SS 2014 IVA1 (pT4, NO, Bexarotene Methotrexate NA
B2, M0)
SS16 F 60 SS 2020 IVA1 (T4, N1, | ECP, methotrexate Methotrexate NA
B2, M0)

Treatment indicates the patient clinical treatments at the time point of blood collection where PBMCs were isolated and used for experiments.
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ECP, extracorporal photopheresis; IFN, interferon; F, female; M, male; MF, mycosis fungoides; NA, not available; PUVA, psoralen and ultraviolet A; SS, Sézary syndrome; TSEI, total skin
electron irradiation; UVB, ultraviolet B.

*S aureus infection during or before the sample collection.
tData obtained from clinical swabs.

$Data based on the measure of immunoglobulin G levels against S aureus proteins in patient serum by enzyme-linked immunosorbent assay (supplemental Methods).
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Table 1 (continued)

Year of

Patient Sex Diagnosis diagnosis

Age, y

Stage/
classification

S aureus
infection

Previous

Treatment treatment

SS17 M 77 SS 2022 Prednisolone, No previous treatment Yest
topical
corticosteroid,
grade IV
SS18 M 84 SS 2022 IVA (T4, NO, Alemtuzumab ECP Yest
MO, B2)
SS19 F 71 SS 2023 IVA (T4, NO, Acitretin, ECP No previous treatment Yest
MO, B2)
5S20 M 67 SS 2023 IVA1 (T4, N2, ECP, CHOP, brentuximab Yest
B2, M0) mogamulizumab vedotin, cisplatin,
cytarabine

Treatment indicates the patient clinical treatments at the time point of blood collection where PBMCs were isolated and used for experiments.

ECP, extracorporal photopheresis; IFN, interferon; F, female; M, male; MF, mycosis fungoides; NA, not available; PUVA, psoralen and ultraviolet A; SS, Sézary syndrome; TSEI, total skin

electron irradiation; UVB, ultraviolet B.
*S aureus infection during or before the sample collection.

tData obtained from clinical swabs.

$Data based on the measure of immunoglobulin G levels against S aureus proteins in patient serum by enzyme-linked immunosorbent assay (supplemental Methods).

previous data that eliminating bacterial colonization increased the
efficacy of different types of ongoing anticancer treatment.®® This
prompted us to hypothesize that S aureus and its toxins may
directly induce drug resistance in malignant T cells. To address
this hypothesis, we initially focused on the effect of S aureus on
malignant T-cell responses to romidepsin, which is a potent
inducer of apoptosis in malignant cells but not in nonmalignant
CD4" T cells (supplemental Figure 1A). Accordingly, we examined
whether supernatant from SE-producing S aureus (isolated from
affected skin of a patient with SS) could modulate romidepsin-
induced apoptosis in primary malignant cells. Thus, we treated
SS PBMCs with romidepsin for 72 hours in the presence or
absence of supernatant followed by flow cytometric analysis of
apoptosis in malignant cells. Supematant from SE-producing S
aureus drastically reduced romidepsin-induced apoptosis in
malignant cells, whereas supernatant from endolysin (XZ.700)-
treated S aureus did not have this effect (Figure 1D; supplemental
Figure 1B). Because endolysin abrogates SE production and kills S
aureus,®® we hypothesized that the antiapoptotic effect of S
aureus supematants was mediated by SE. To address this, we
treated SS PBMCs with romidepsin in the presence or absence of
supernatants from S aureus isolates derived from 2 patients that
either produced or did not produce SE (supplemental Figure 1C).
Intriguingly, only the S aureus supernatant that contained SE
showed potent reduction in romidepsin-induced apoptosis. To
test whether SE was sufficient to counteract the romidepsin-
induced apoptosis, we treated SS PBMCs with romidepsin in
the presence or absence of a pool of SE and analyzed apoptosis
in malignant cells by assessing poly (ADP-ribose) polymerase
(PARP) cleavage (Figure 1E) and by flow cytometry (supplemental
Figure 1D). As hypothesized, romidepsin-induced apoptosis was
markedly reduced in the presence of SE in a dose- and time-
dependent manner (Figure 1F). The antiapoptotic effect of SE
was not restricted to this treatment regimen. Thus, even when
added 16 hours after pulse treatment with romidepsin, SE
blocked the apoptotic effect of very high concentrations of
romidepsin (25-100 nM; Figure 1G), whereas pretreatment with
SE had little effect (supplemental Figure 1E). Analysis of S aureus

S AUREUS INDUCES DRUG RESISTANCE IN CTCL

supernatants identified SEA as the dominating type of SE pro-
duced by S aureus derived from patients.*® Consistent with these
results, recombinant SEA (SEA™) drastically diminished
romidepsin-induced apoptosis (Figure TH-I). In contrast, a
mutated SEA (SEAT7AP2274) that cannot bind to major histo-
compatibility complex (MHC) 11** had no effect (Figure 1H-I). As
expected, the effect of SEA was abrogated by addition of a
blocking anti-SEA antibody (Figure 1J-K). Together, this indicates
that (1) SEA is sufficient to counteract treatment-induced
apoptosis, (2) this effect is dependent on the superantigenic
properties of SEA, and (3) the observation is not due to off-target
effects or contaminants.

SE largely overrides the transcriptional effect of
romidepsin in malignant T cells

In our SS cohort, malignant cells from 9 of the 10 romidepsin-
naive patients were sensitive to romidepsin as measured by a
significant drop in cell survival after treatment (Figure 2A-B).
Importantly, presence of SE drastically improved malignant cell
survival after romidepsin treatment (Figure 2A-B). To explore
this effect, we performed single-cell CITE-seq analysis of SS
PBMCs treated with romidepsin in the presence or absence of
SE (Figure 2C-H). Cell cultures were collected after 36 hours to
capture the transcriptional profiles before the onset of cell
death induced by romidepsin (sensitivity of the malignant cells
to romidepsin was confirmed by flow cytometry after 72 hours
culture; supplemental Figure 2A-B). Cell types were identified
by their surface protein expression, and malignant cells were
defined by their monoclonal TCR' and expression of
malignant-associated markers TOX*® and KIR3DL2,%¢ in concert
with low surface levels of CD7* and CD26*® (Figure 2C-D;
supplemental Figure 2C-D). Although romidepsin and SE indi-
vidually induced strong transcriptional responses in the malig-
nant cells (Figure 2E-F), treatment with romidepsin in the
presence of SE largely resembled the response to SE alone, as
evident by their differentially expressed genes and coclustering
in transcriptional space. This trend was also evident from
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Figure 1. S aureus culture supernatants and SE induce drug resistance in malignant T cells. (A-C) Photographs of affected skin from 3 patients with SS before and after
antibiotic treatment with ongoing cancer-directed treatments: (A) doxorubicin (SS1), (B) vorinostat (SS2), and (C) alitretinoin (SS3). (D) Flow cytometric plots showing apoptotic
fraction of malignant T cells from SS17 PBMCs after 72 hours of treatment with 2 nM romidepsin and bacterial culture supernatant (sup) from S aureus cultured in the presence
or absence of endolysin. The used S aureus strain was originally isolated from lesional skin of a different patient with SS. For control, tryptic soy broth medium (Ctrl medium)
was added to the PBMC culture. (E) Western blot showing cleaved and uncleaved PARP expression after 24- and 48-hour treatment of $54 PBMCs with either SE and/or
romidepsin. GAPDH is used as a loading control. (F) Apoptotic fraction of malignant cells from PBMCs of 5 patients with SS (SS4, SS5, SS8, SS9, and SS12) after 72 and 144
hours treated with increasing concentrations of romidepsin in the presence (SE) or absence (PBS) of SE. Statistical significance was assessed by 2-way analysis of variance
(ANOVA) followed by the Sidak multiple comparisons test. **P < .01; ***P < 0005. (G) Apoptotic fraction of malignant cells from PBMCs of 2 patients with SS (558 and $512)
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gene-set enrichment analysis and transcription factor activity
analysis (Figure 2G-H; supplemental Figure 2E). These findings
suggest that upon treatment with romidepsin in the presence of
SE, the SE-induced gene-regulation largely overshadows the
romidepsin-mediated changes in gene expression. Both gene-
set enrichment analysis and transcription factor activity anal-
ysis identified induction of key signaling pathways including
NF-kB signaling, cytokine-mediated JAK/STAT signaling, and
TCR/B-cell receptor signaling upon SE exposure, both in
isolation and in combination with romidepsin treatment
(Figure 2G-H), and this activation profile largely resembles that
observed in malignant T cells from skin (supplemental Figure 3).

SE-mediated drug resistance of malignant T cells is
not limited to romidepsin

Because SE significantly reduced romidepsin-induced
apoptosis of malignant cells, we tested whether SE also coun-
teracted the effects of other clinically used histone deacetylase
inhibitors (HDACI), vorinostat’’ and resminostat.”® Similar to
romidepsin, treatment of SS PBMCs with either vorinostat or
resminostat induced potent cell death, and both were coun-
teracted by the presence of SE, resulting in survival of malignant
cells (Figure 3A-D). Our CITE-seq analysis indicated that SE
modulated signaling pathways involved in the survival of
malignant cells such as NF-kB and JAK/STAT. Thus, we
hypothesized that the prosurvival effect of SE on malignant cells
may not be limited to HDACi. Doxorubicin and etoposide are 2
chemotherapeutic agents that induce DNA damage and have
been used as a treatment for CTCL.>"*? We selected PBMCs
from patients with SS that responded to doxorubicin or eto-
poside ex vivo and tested whether presence of SE also coun-
teracted the cytotoxic effect on malignant cells of these
chemotherapeutics. Indeed, we found that SE exposure
induced marked resistance in malignant cells toward both
doxorubicin and etoposide (Figure 3E-H). Due to fluorescent
properties of doxorubicin being incompatible with Pl staining,
we used Mitotracker red CMXRos to mark viable cells.
Furthermore, the effect of SE-induced drug resistance was not
limited solely to HDACi and drugs inducing DNA damage,
because SE exposure also maintained malignant cell survival
after treatment with the adenosine triphosphate synthase
inhibitor oligomycin (supplemental Figure 4A-B). Together, this
indicates that the presence of SE does not directly interfere with
the mode of action of these agents but rather promote overall
drug resistance and survival of the malignant cells. Moreover,
SE did not induce efflux of drugs as judged by flow cytometry
analysis of fluorescent drugs, doxorubicin and fluorophore-
conjugated vorinostat (coumarin-suberoylanilide hydroxamic
acid [c-SAHA]) (supplemental Figure 4C-E) and was not
associated with an increased expression of drug transporters as
judged from CITE-seq analysis (supplemental Figure 4F).

Because NF-kB signaling is enhanced by SE treatment
(Figure 2G-H), we investigated whether using the clinically
approved proteasome and NF-«B inhibitor bortezomib,'*>?

could abrogate SE-induced drug resistance. We found that bor-
tezomib induced potent malignant cell death that could not be
rescued by SE (Figure 31-J). Similarly, SE did not confer resistance
to crystal violet (gentian violet,>* which has been shown to inhibit
NF«B in CTCL®) (supplemental Figure 4G). These findings
suggests that SE-induced drug resistance may be driven by
enhanced NF-kB-mediated cell survival of malignant cells.

SE-induced drug resistance is mediated by TCR
signaling via LCK-PKC-NF-xB

NF-xB is known to be vital for the survival of malignant cells in
CTCL and is directly induced by TCR activation®®*” Our CITE-
seq analysis confirmed that SE triggered profound TCR-
mediated activation of malignant cells (as shown by pathway
enrichment and induction of surface CD25, CD69, and CD71
expression; Figure 2G; supplemental Figure 2C), suggesting
that SE-induced drug resistance could be mediated through
TCR engagement. Thus, we examined whether the blockage of
TCR signaling could abrogate SE-induced drug resistance. TCR
signaling is contingent upon early activation of protein tyrosine
kinases such as lymphocyte cell-specific protein-tyrosine kinase
(LCK) (SRC family of tyrosine kinases), a critical kinase in the
initiation of TCR signaling after antigen presentation.”®
Accordingly, we tested whether SRC inhibitor A-419259
would block SE-induced drug resistance. A-419259 treatment
effectively blocked SE abrogation of romidepsin-induced cell
death (Figure 4A-B). Similar results were obtained with dasati-
nib, a clinically approved inhibitor used against different can-
cers. Dasatinib, known to inhibit LCK,”” had little effect on
malignant cell survival by itself but abrogated the SE-mediated
resistance to romidepsin (Figure 4C-D). Of note, A-419259
inhibited activation and proliferation in both malignant and
nonmalignant T cells (supplemental Figure 5A-B). Because TCR-
induced NF-kB signaling is downstream of protein kinase C
(PKC)-0 activation, we blocked PKC-0 with a clinical inhibitor,
sotrastaurin.®® Sotrastaurin significantly inhibited SE-induced
romidepsin resistance (Figure 4E-F). Next, we inhibited the
MAP kinase cascade in TCR signaling because MAP kinases
have previously been linked to HDACi resistance.®’ Using 2
clinical MEK inhibitors, we found that neither inhibitor abro-
gated SE-induced romidepsin resistance (supplemental
Figure 5C-D). TLRs can activate NF-kB,%? but inhibitors of
TLR2 and TLR4 had no effect on SE-induced romidepsin resis-
tance, suggesting that they are not involved (supplemental
Figure 5E). Taken together, our findings support the hypothe-
sis that SE-induced drug resistance is induced by TCR signaling
through the PKC-6 pathway leading to NF-«B activation.

SE-induced drug resistance can be both direct and
indirect through release of IL-2 family cytokines

In addition to NF-xB signaling, our CITE-seq data indicated
that JAK-STAT-mediated interleukin signaling and STAT3
activity was induced in malignant cells in the presence of SE
(Figure 2G-H). IL-2 and its family members stimulate JAKT and

Figure 1 (continued) after a different 6 hours pulse, 16 hours chase in vitro treatment regimen with high concentrations of romidepsin in the presence (SE) or absence (PBS) of
SE. (H-I) Representative flow cytometric plots (H; SS13) and quantification (I) of apoptotic fraction of malignant cells from PBMCs of 5 patients with SS (5S4, SS8, SS12, SS13,

and SS15) after 72 hours of treatment with 2 nM romidepsin in presence of wild-type SEA or mutant SEA (SE

AFATAID22TA) (1K) Representative flow cytometric plots (J; $$15) and

quantification (K) of apoptotic fraction of malignant cells from 4 patients with SS (554, SS12, SS13, and SS15) after 72 hours of treatment with 2 nM romidepsin in presence of
SEA or SEA and a blocking anti-SEA antibody. For panels I-K, statistical significance was assessed by repeated measures 1-way ANOVA followed by Tukey multiple com-
parison test. *P < .05. Ctrl, control; DMSO, dimethyl sulfoxide; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Figure 2. SE largely overrides the transcriptional effect of romidepsin in malignant T cells. (A-B) Representative flow cytometric plots (A; $S8) and quantification (B) of
percentage of viable malignant cells from PBMCs of 10 patients with SS (554, SS7, SS8, SS10, SS11, SS12, SS13, SS15, SS16, and SS17) treated with 2 nM romidepsin for 72
hours in the presence (SE) or absence (PBS) of SE. Red triangle shows the PBMCs of a patient with SS, which did not respond to romidepsin treatment. Statistical significance
was assessed by ordinary 1-way ANOVA followed by Tukey multiple comparison test. **P < .01; ***P < .0005. (C-E) Integrated uniform manifold approximation and projection
(UMAP) from the 4 sample conditions (DMSO, romidepsin, SE, and SE + romidepsin) based on both mRNA and surface protein expression using totalVI colored by cell types
(C), TCRB CDR3 clonotype (D), and sample culture conditions (E; SS17). (F) Heatmap showing relative mean expression of malignant T cells after 36 hours treatment with
romidepsin in the presence or absence of SE in SS517. Genes were selected based on differential expression between treatment and PBS control with a false discovery rate
(FDR) <0.05 and a log2 fold change >0.5 or <—0.5 among any of the 3 treatments, yielding 574 genes in total. (G) Gene-set enrichment analysis (GSEA) of immune system
pathways included in the Reactome database comparing 3 treatment conditions after 36 hours of culture (5517): romidepsin (Ro), SE, and SE + romidepsin with PBS-treated
control. Plot shows top 15 pathways from each comparison based on highest absolute normalized enrichment scores (NES) having a g-value <0.05. Other pathways are
included in supplemental Figure 2E. (H) Transcription factor activity analysis using DoRothEA transcription factor signatures comparing 3 treatment conditions after 36 hours of
culture (5517): romidepsin, SE, and SE + romidepsin with PBS-treated control. Plot shows top 10 differentially activated transcription factors from each comparison based on
highest absolute log2 fold change having an FDR <0.05. DMSO, dimethyl sulfoxide; mRNA, messenger RNA; NK cells, natural killer cells.
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JAK3, leading to STAT3/5 activation.®® Both malignant and
nonmalignant T cells express JAK/STAT activating cytokines
upon SE stimulation (Figure 5A-B). To determine whether
signaling through cytokines could facilitate SE-induced drug
resistance, we treated SS PBMCs ex vivo with romidepsin in the
presence or absence of a cocktail of IL-2 family cytokines (IL-2,
IL-4, IL-7, and IL-15). We observed that the IL-2 family cytokines
were sufficient to protect malignant cells from cell death
induced by romidepsin (Figure 5C-D). To determine whether
cytokine signaling is necessary for SE-induced drug resistance,
we added either A-419259 (to block TCR signaling) or a clini-
cally used JAK inhibitor, tofacitinib (known to block IL-2 family
cytokine signaling®®), while treating SS PBMCs with romidepsin
in the presence or absence of either SE or IL-2 family cytokines.
Consistent with the results above, both SE and cytokines
induced romidepsin resistance in malignant T cells (Figure 5E).
Importantly, A-419259 completely blocked SE-induced romi-
depsin resistance but did not affect cytokine-induced romi-
depsin resistance (Figure 5E). In contrast, although tofacitinib
completely blocked cytokine-induced romidepsin resistance
(Figure 5E), we found remarkable differences in the effect of
tofacitinib on SE-induced romidepsin resistance between the
patients (Figure 5E-H; supplemental Figure 6B-C). Tofacitinib
had limited effect on cytokine secretion (supplemental
Figure 6A). In PBMCs investigated from 3 of the 5 patients,
we found only modest or no reduction in SE-induced romi-
depsin resistance in the presence of tofacitinib (JAK-indepen-
dent; Figure 5E-F; supplemental Figure 6B). In PBMCs from the
remaining 2 patients, SE-induced romidepsin resistance was
almost completely abrogated by the presence of tofacitinib,
suggesting that cytokine signaling was necessary for the effect
in these patients (JAK-dependent; Figure 5G-H; supplemental
Figure 6C). These individual differences in the impact of JAK/
STAT on SE-induced HDACI resistance were not surprising
because SS is a highly heterogeneous disease,*>“” and SE can
induce STAT3 activation indirectly in malignant cells through IL-
2 family cytokines released by nonmalignant, SE-responsive
bystander CD4" T cells.®®

To determine whether TCR signaling is sufficient to induce drug
resistance in patients who respond to SE in a JAK-dependent
fashion and to investigate the dependence of nonmalignant
cells, we sorted malignant T cells from the PBMCs of 3 patients
with SS (based on CD3, CD4, CD8, CD7, CD26, and TCR-CB1
expression) (Figure 6A). Due to the lack of surface markers that
define malignant T cells, sorted malignant cells will unavoidably
contain a minute nonmalignant CD4™ T cells. Nonetheless,
even in these highly enriched conditions, SE still induced potent
drug resistance in sorted malignant T cells. For 2 patients, this
resistance was abrogated by the presence of tofacitinib (JAK-
dependent), whereas malignant cells from 1 patient showed
JAK-independent resistance (Figure 6B-C; supplemental
Figure 7).

Discussion

In this study, we show that S aureus and its toxins induce
resistance to drug-induced cell death in primary malignant T
cells from patients with SS. Thus, supernatants from SE-
expressing S aureus isolated from SS skin largely protected
malignant cells from cell death induced by romidepsin, whereas
endolysin-treated SE-producing S aureus and SE-negative S
aureus had no effect. Because only live S aureus express exo-
proteins such as SE, these findings imply that the effect was
mediated by SE. In support, the inhibitory effect on romidepsin-
induced apoptosis was fully replicated by highly purified SEA
and abrogated by antibody blocking and mutations in the MHC
class Il binding domain of SEA (SEAF47A/D227A) " \yhich prevent
TCR-MHC class Il crosslinking (a prerequisite for SEA-mediated,
TCR activation®®). For decades, it has been suspected but never
proven that bacterial superantigens play a pathogenetic role in
CTCL.?**772? The present findings indicate that SE-mediated
induction of drug resistance could be one of the missing links
between S aureus and disease aggravation. Importantly,
induction of resistance was not confined to romidepsin. On the
contrary, SE also induced malignant T-cell resistance to other
HDACi (vorinostat and resminostat), chemotherapeutic drugs
(doxorubicin and etoposide), and metabolic inhibitors (oligo-
mycin). However, the protective effect was not universal and
unspecific, because SE could not rescue malignant cells from
cell death induced by bortezomib and crystal violet, which have
also been used for the treatment of CTCL.**** Importantly, the
induction of drug resistance was dependent on continuous
presence of SE, implying that drug resistance may also subside
after eradication of S aureus in patients. This points to a
possible beneficial clinical effect of a persistent control and
prevention of skin colonization by S aureus in these patients.

Short-term pulse treatment of malignant cells with a high dose
of romidepsin was equally potent at inducing malignant cell
death. Importantly, presence of SE 16 hours after the removal of
the romidepsin pulse was still sufficient to counteract the drug-
induced cell death, showing that SE-induced drug resistance is
not due to direct SE-drug interaction but mediated at a level
downstream of the drug entering and initiating its effect.
Consequently, SE-induced drug resistance was neither medi-
ated through direct SE interaction with the drug nor blocking
entrance or facilitating its removal. In line with a broad resis-
tance mechanism, SE-induced resistance appears to be medi-
ated through the cellular response to SE rather than direct
interference with the treatment. In support, our CITE-seq anal-
ysis identified 3 potentially important pathways: NF-kB, TCR,
and STAT3. NF«B activity has been implicated in resistance to
HDAGI”? and chemotherapeutic drugs.”*”” In vitro studies on
different cancer cell lines have shown that inhibiting NF-xB
enhanced sensitivity to treatment with doxorubicn’*”® and
etoposide.”®’”” Together with our present finding that SE acti-
vates NF-kB signaling in malignant cells and overrides most of

Figure 3. SE-mediated drug resistance of malignant T cells is not limited to romidepsin. Representative flow cytometric plots (5512 [A,Cl; SS4 [E]; SS17 [G]; SS7 [I)) and
quantifications of percentage of viable malignant cells from PBMCs of patients with SS cultured for 72 hours in the presence or absence of SE and treated with 1 pM vorinostat
(A-B) (n = 5[SS5, SS7, SS10, $512, and SS17]), 2 pM resminostat (C-D) (n = 3 [SS4, SS10, and SS$12]), 100 to 400 nM doxorubicin (E-F) (n = 4 [SS4, SS7, SS10, and SS17]; due to
fluorescent properties of doxorubicin being incompatible with Pl staining, we used Mitotracker red CMXRos to mark viable cells), 10 to 50 pM etoposide (G-H) (n = 5 [SS7, SS8,
SS10, SS11, and SS17)), or 50 nM bortezomib (I-J) (n = 4 [SS7, SS10, SS11, and SS12)). Statistical significance was assessed by repeated measures 1-way ANOVA followed by
Tukey multiple comparisons test. *P < .05; **P < .005; ***P < .0005. DMSO, dimethyl sulfoxide; ns, not significant.
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Figure 4. SE-induced drug resistance is mediated by TCR signaling via LCK-PKC-NF-kB. Representative flow cytometric plots (S54 [A]; S513 [C,E]) and quantifications of
percentage of viable malignant cells from PBMCs of patients with SS treated with 2 nM romidepsin for 72 hours in the presence or absence of SE and 2 pM A-419259 (A-B) (Src
inhibitor) (n = 8 [SS4, SS5, SS8, 5510, SS12, SS13, SS14, and S$S15]), 100 nM dasatinib (C-D) (n = 6 [SS4, SS8, SS10, SS12, SS13, and SS15)), and 1.5 uM sotrastaurin (E-F) (PKC
inhibitor) (n = 5 [SS4, SS10, SS$12, SS13, and SS15]). Statistical significance was assessed by repeated measures 1-way ANOVA followed by Tukey multiple comparison test. *P <
.05; **P < .01; ****P < .0001. DMSO, dimethyl sulfoxide.
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Figure 5. SE-induced drug resistance can be either JAK-dependent or -independent. (A) Heatmaps showing cytokines secreted by PBMCs derived from SS4 after 24, 48,
and 72 hours of treatment with 2 nM romidepsin in the presence or absence of SE. (B) Heatmap showing cytokine expression across the cell types identified in the CITE-seq
data set from SS17 after 36 hours of treatment with 2 nM romidepsin in the presence or absence of SE. Expression is calculated as log1p transformed unique transcripts per
million log1pl %m%; . (C-D) Representative flow cytometric plots (C; S513) and quantification (D) of percentage of viable malignant cells from PBMCs of 7 patients
with SS (SS4, SS5, SS6, SS8, SS12, SS13, and SS14) treated with 2 nM romidepsin for 72 hours in the presence or absence of cytokines (IL-2, IL-4, IL-7, and IL-15). Statistical
significance was assessed by ordinary 1-way ANOVA followed by Tukey multiple comparison test. ****P < .0001. (E-H) Representative flow cytometric plots (SS8 [E]; S510 [G])
and quantifications of percentage of viable malignant cells from PBMCs of patients with SS treated with 2 nM romidepsin for 72 hours in the presence or absence of SE and
JAK inhibitor (1 uM tofacitinib) of patients exhibiting JAK-independent (E-F) (n = 3 [SS8, SS12, and SS13)) or JAK-dependent (G-H) (n = 2 [SS4 and SS10]) resistance being
induced by the presence of SE. (E) PBMCs from SS8 treated in the presence of cytokines (IL-2, IL-4, IL-7, and IL-15) as well as SRC inhibitor (2 pM A-419259). DMSO, dimethy!

sulfoxide; NK cells, natural killer cells.

the transcriptional changes induced by romidepsin, it is likely
that SE induce drug resistance, at least partly, through the NF-
kB pathway. This conclusion is consistent with our observations
that SE could not rescue malignant cells from cell death
induced by bortezomib and crystal violet, which has been
shown to inhibit NF-kB activity in malignant cells from patients
with CTCL."*>®

TCR signaling depends on activation of the SRC tyrosine kinase,
LCK, resulting in NF-kB activation through a PKC-dependent
pathway that promotes cell survival by inhibiting proapoptotic
proteins.”®’? Accordingly, blockage of both early TCR signaling
(dasatinib) and PKC activity (sotrastaurin) inhibited SE-induced
drug resistance. The response was selective to the PKC
pathway, because inhibition of MEK (which has been implicated
in HDACi resistance®’) was not sufficient to counteract SE-
induced drug resistance. These differences between cancer
and cell models suggest that HDACi resistance may be

1506 € blood” 11 APRIL 2024 | VOLUME 143, NUMBER 15

dependent on both cell-intrinsic features and factors in the
tumor microenvironment.

Our CITE-seq data showed that SE enhanced STAT3 activation
in HDACi-treated cultures. JAK/STAT signaling is also induced
by cytokines including the IL-2 family, which stimulate JAK-
dependent, STAT-mediated cell survival in malignant cells
from patients with SS.>*%4%/" |t also showed that SE-induced
expression of cytokines in malignant and nonmalignant T cells
as confirmed by our analysis of secreted cytokines. Indeed, our
results show that IL-2 family cytokines provided survival signals,
which protected malignant cells from drug-induced apoptosis.
These findings provide first evidence that cytokines, which are
expressed in the tumor microenvironment,?® may play a role in
drug resistance in patients with CTCL. Surprisingly, JAK-STAT
activation was only necessary for SE-induced drug resistance
in some patients but not all. As illustrated in Figure 7, these
findings suggested that 2 pathways are involved: (1) direct

VADIVEL et al

¥20g dunr g uo jsenb Aq jpd-ulew-|/9120-€202-PI9 P00IA/819122Z/96¥ LIS L/EYL/4Pd-BloiLE/po0|q/Bi0 suonedlqndyse//:d)y woly papeojumoq



DMSO Romidepsin

Annexin V

Propidium iodide

Annexin v

Propidium iodide

DMSO SE

Annexin v

Propidium iodide

Romidepsin + F
Romidepsin + SE IL-2-family cytokines
3 JAK independent
5%
DMSO =
= 60
o
)
a0
8
£ 20
pa—
LA
A-419259 &
(SRC inhibitor) x
& &
R
&
o
&
&
Tofacitinib
(JAK inhibitor)
Romidepsin Romidepsin + SE
2 JAK dependent
g 80
DMSO =
= 60
Qo
S 3
S0
3
2
=
= 0
O & &
¥ eQe\ eQe\ &\Q\
LSRNt
Tofacitinib Qp& Q‘o@ R
(JAK inhibitor) ((/X R
¥
R
&
(9
XQ~
&

Figure 5 (continued)

TCR-dependent, JAK-independent pathway mediated through
PKC-dependent NF-kB signaling (Figure 7, upper part); and (2)
an indirect JAK-dependent pathway that relies on SE-induced
cytokine production in bystander T cells or the malignant cells
themselves in an auto/paracrine fashion (Figure 7, lower part).
Experiments with sorted malignant cells confirmed that SE
could induce drug resistance even in highly enriched cultures
from both JAK-dependent and -independent malignant pop-
ulations. At present, it is not known why different responses
were observed in malignant T cells from different patients.
Because SE can either directly (via TCRV interaction) or indi-
rectly (via bystander T cells) activate malignant cells,?®#"#? this
may explain why induction of drug resistance in malignant cells
from some patients relies on cytokine signaling, which can be

S AUREUS INDUCES DRUG RESISTANCE IN CTCL

blocked by tofacitinib, whereas others do not. Interestingly, a
study in chronic lymphocytic leukemia showed IL-6 induced
resistance to vorinostat through STAT3 activation, and inhibi-
tion of STAT3 reversed vorinostat resistance.®® Several other
lines of evidence support that STAT3 plays a role in HDACi
resistance: (1) STAT3 phosphorylation was associated with
vorinostat resistance,®* (2) JAK inhibition boosted the efficacy
of romidepsin,® and (3) Sézary cells carrying the constitutively
active variant of STAT3 (Y640F) were less sensitive to
romidepsin-induced apoptosis.?® Importantly, eradication of
SE-producing S aureus by antibiotics inhibited STAT3 activation
in vivo in patients with CTCL.*® Taken together, these findings
support the hypothesis that SE-producing S aureus can induce
STAT3-dependent resistance to drugs such as HDACi.
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Figure 6. SE induce drug resistance in purified malignant T-cell cultures via JAK-dependent or -independent mechanisms. (A) Flow cytometric plot showing percentage
of malignant T cells before and after sorting of PBMCs from SS4. (B-C) Flow cytometric plots showing percentage of viable malignant cells from sorted malignant T cells
treated with 2 nM romidepsin for 72 hours in the presence or absence of SE and JAK inhibitor (1 pM tofacitinib) of patient exhibiting JAK-independent (S513) (B) and JAK-
dependent (SS4) (C) resistance being induced by the presence of SE. DMSO, dimethyl sulfoxide.
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Figure 7. S aureus induces drug resistance in malignant T
cells through direct and indirect TCR activation. S aureus
can induce drug resistance in malignant T cells through
secretion of SE using 2 distinct pathways: (1) direct TCR-
dependent, JAK-independent pathway mediated through
PKC-dependent NF-kB signaling (upper part), and (2) an
indirect JAK-dependent pathway, which relies on SE-induced
cytokine production in bystander T cells or the malignant
cells themselves in an auto/paracrine fashion (lower part).
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Although we find a clear effect in patient with advanced SS,
larger controlled clinical studies are warranted to establish the
overall clinical implications of S aureus in CTCL and particularly
in relation to disease stage, subtype, microbiome, and ethnic/
geographical factors.®” Of note, Wang et al recently reported
on disease-stage—dependent increased skin colonization by S
aureus in a large cohort of Chinese patients with CTCL.%
Importantly, many patients harbored SE-producing S aureus
confirming and extending the milestone study by Duvic et al.*'
These data suggest that S aureus-mediated induction of drug
resistance is a global problem in relation to the treatment of
patients with CTCL.%”

In conclusion, we demonstrate that S aureus and its toxins
induce drug resistance in malignant T cells. These findings
provide one of the missing links between S aureus and cancer
and provide an explanation of how skin colonization by SE-
producing bacteria can fuel disease activity in CTCL. More-
over, our results highlight the need to eradicate and prevent S
aureus skin colonization in addition to targeting the malignant
cells in patients with CTCL.
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