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Abstract

Background Extracorporeal photopheresis (ECP) has emerged as a systemic first-line immunomodulatory therapy in leukaemic cutaneous
T-cell lymphoma (L-CTCL) and is now beginning to be utilized in other T-cell-mediated diseases. Although ECP has been used for nearly
30 years, its mechanisms of action are not sufficiently understood, and biomarkers for response are scarce.

Objectives We aimed to investigate the immunomodulatory effects of ECP on cytokine secretion patterns in patients with L-CTCL, to help
elucidate its mechanism of action.

Methods A total of 25 patients with L-CTCL and 15 healthy donors (HDs) were enrolled in this retrospective cohort study. Concentrations of
22 cytokines were simultaneously quantified by using multiplex bead-based immunoassays. Neoplastic cells in patients’ blood were evaluated
by flow cytometry.

Results Firstly, we observed a distinct cytokine profile pattern difference between L-CTCLs and HDs. There was a significant loss of tumour
necrosis factor (TNF)-«, and significant increase of interleukins (IL)-9, IL-12 and IL-13 in the sera of patients with L-CTCL compared with HDs.
Secondly, patients with L-CTCL who received ECP were classified as treatment responders and nonresponders according to the quantitative
reduction of malignant burden in their blood. We evaluated cytokine levels in culture supernatants from patients’ peripheral blood mono-
nuclear cells (PBMCs) at baseline and 27 weeks after ECP initiation. Strikingly, PBMCs purified from ECP responders released statistically
higher concentrations of innate immune cytokines IL-1a, IL-13, granulocyte—macrophage colony-stimulating factor (GM-CSF) and TNF-a in
comparison with ECP nonresponders. In parallel, responders showed clearance of erythema, reduction of malignant clonal T cells in the blood,
and a potent boost of relevant innate immune cytokines in individual patients with L-CTCL.

Conclusions Taken together, our results demonstrate that ECP stimulates the innate immune network, and facilitates redirection of the
tumour-biased immunosuppressive microenvironment towards proactive antitumour immune responses. The alterations of IL-1a, IL-13, GM-
CSF and TNF-a can be used as biomarkers of response to ECP in patients with L-CTCL.
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What is already known about this topic?

(L-CTCL) and in a variety of T-cell-mediated diseases.

e Extracorporeal photopheresis (ECP) is a systemic first-line immunomodulatory therapy in leukaemic cutaneous T-cell lymphoma

e Enhancement of antibody-dependent cellular cytotoxicity is associated with treatment response to ECP.
e ECP’'s exact mechanism of action is not sufficiently understood, and biomarkers for response are scarce.

What does this study add?

sponders vs. nonresponders.

¢ \We find a difference in the cytokine profile between patients with L-CTCL and healthy donors. In patients with L-CTCL, their serum
interleukins (IL)-9 and IL-13 are increased, while tumour necrosis factor (TNF)-a is decreased.

e This study dissects the differences in the cytokine profiles of patients with L-CTCL who did and did not respond to ECP.

e \We find significant differences in IL-1a, IL-18, granulocyte—macrophage colony-stimulating factor (GM-CSF) and TNF-a in ECP re-

e |-1a, IL-18, GM-CSF and TNF-a are promising biomarkers for monitoring ECP efficacy in patients with L-CTCL.

Leukaemic cutaneous T-cell lymphomas (L-CTCLs), includ-
ing Sézary Syndrome (SS) and advanced-stage erythro-
dermic mycosis fungoides with blood involvement, are
clinically characterized by erythroderma, lymphadenopathy
and detection of abnormal circulating T cells in the blood.
Although the pathogenesis of CTCL is not entirely under-
stood, an impaired T-helper (Th) 1 immune response with
exhaustion of effector cells is a hallmark of advanced dis-
ease. The accompanying immunodeficiency is caused by
a decline of antigen-specific T-cell responses, impairment
of natural killer (NK) cell activity and cell-mediated cytotox-
icity, peripheral eosinophilia and elevated levels of serum
IgE."=* Immunotherapies that revert an immunosuppressed
phenotype to a normal phenotype profile play an important
role in CTCL.5 Recently, numerous advances in the under-
standing of immune exhaustion in CTCL have been made.
Specifically, CD4 tumour cells were shown to overexpress
immune checkpoints such as programmed cell death protein
1 (PD-1),2 CTLA4,* BTLA, FRCL3 and TIGIT,® which may be
relevant for future use of checkpoint inhibitors as treatment.
However, it has been demonstrated recently that despite
high levels of PD-1 on tumour cells, targeting this molecule
may not be an optimal general strategy for all patients with
CTCL, as the use of anti-PD-1 nivolumab increases prolifer-
ation of both nonmalignant and malignant clones of T cells.?
Therefore, perspectives of the use of checkpoint inhibitors
in CTCL require further studies on both the molecular and
clinical levels.

Currently, extracorporeal photopheresis (ECP), a tradi-
tional and well-established method of immunotherapy,t-8
is recommended as a first-line treatment of CTCL with
blood involvement®'" and further indicated for a variety of
T-cell-mediated diseases, such as graft-versus-host disease
(GvHD),"012.73 systemic sclerosis'®'* and solid organ trans-
plant rejection (SOTR)."%'5 ECP is a method relying on collec-
tion of a patient’s lymphomonocytes into an extracorporeal
circulating system, where they are subsequently treated
with 8-methoxypsoralen (8-MOP) followed by ultraviolet
A (UVA) light exposure. Although ECP has been used suc-
cessfully in the clinic for nearly 30 years, its exact mecha-
nisms of action are not sufficiently understood. On the one
hand, there is experimental evidence for a direct reduction

of T-cell proliferation by ECP-treated monocytes.'® Further,
ECP positively affects NK cells, which have quantitatively
and qualitatively impaired function in CTCL." Recently, we
demonstrated that ECP activated NK cells and their anti-
body-dependent cellular cytotoxicity can serve as a bio-
marker for treatment response to ECP in patients with SS.’
ECP treatment also promotes the function of regulatory T
(Treg) cells and myeloid-derived suppressor cells to sup-
press T-cell proliferation.’”'®

On the other hand, ECP induces apoptosis in dendritic
cells and the neutrophil population, which increases periph-
eral tolerance.’®1? |t has been suggested that ECP may lead
to changes in the repertoire of the secreted cytokines.?0-22
Several studies have demonstrated that abnormalities in
cytokine secretion is a hallmark of L-CTCL and might play
a crucial role in the immune alterations observed in pro-
gressive disease. Ex vivo studies demonstrated that the T
lymphocytes purified from patients with SS released sig-
nificantly higher concentrations of interleukin (IL)-4, and
significantly lower levels of IL-2 and interferon (IFN)-~.23.24
Additional in vitro experiments have shown that CD4+ T
cells from individual patients with CTCL can adopt a Treg
phenotype, secreting IL-10 and transforming growth factor
(TGF)-3.2526 Transcriptional profiling for ECP responders in
patients with L-CTCL revealed IL-13 and integrin signalling as
a top hit pathway.?’ Similarly, peripheral blood mononuclear
cells (PBMCs) and monocytes collected from patients with
GvHD before, and 30 min after, completion of ECP treat-
ment reported a significant release of IL-13 and [1-12.28-%0
Further, in vitro exposure of human PBMCs or monocytes
to 8-MOP/UVA and subsequent lipopolysaccharide (LPS) or
T-cell stimulation resulted in a significantly higher amount of
IL-18, IL-12 and tumour necrosis factor (TNF)-a and concom-
itant reduction of IL-6 and 1L-10.29.30

Despite several reports on the immunoregulatory effects
of ECP in patients with L-CTCL, to our knowledge, no com-
plex multiparameter analysis of the cytokine secretion pro-
file pre- and post-therapy has been published to date. In this
study, we evaluated the secretion profile of 22 cytokines
pre- and post-ECP therapy, in both patient serum and lym-
phocyte culture supernatant. We further investigated the
relationship between ECP treatment response and the
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change in cytokine level with ECP treatment. Our findings
contribute to the understanding of immunoregulatory mech-
anisms of ECP and may be used to objectively assess and
monitor ECP response to treatment.

Materials and methods

Study participants

This study retrospectively and prospectively enrolled
patients who underwent ECP for L-CTCL between 1997 and
2018. The frozen sera and PBMCs were obtained from the
biobank of the University Hospital of Zlrich. The study pop-
ulation included 25 patients who received ECP for L-CTCL as
a first-line treatment (summarized in Table 1). Healthy blood
controls (HC) were ordered from the blood donation centre
in Zurich. Samples were not complete for all time points for
all patients, resulting in a total number of 30 serum samples
(15 for L-CTCL baseline and 15 for HC); and 32 PBMC cul-
ture supernatant samples (16 for L-CTCL baseline and 16
for L-CTCL after ECP treatment). The diagnosis of L-CTCL
and the treatment response were evaluated according to
the 2007 International Society for Cutaneous Lymphomas/
European Organization for Research and Treatment of
Cancer diagnostic criteria for the CTCL staging.®!

We evaluated the cytokine level in the patients’ sera
prior to ECP treatment, and after 27 consecutive weeks of
uninterrupted ECP therapy. Written informed consent was
obtained from all participants. The study was conducted in
accordance with the principles of the Declaration of Helsinki
and was approved by the Institutional Review Board of the
Swiss cantonal ethics committees (KEK No. 2018-00209).

Extracorporeal photopheresis treatment and
response criteria

ECP therapy was administered using the THERAKOS®
CELLEX® Photopheresis System apparatus (Bedminster,
NJ, USA), according to the guidelines on the use of ECP
in the management of CTCL.3%3% At baseline, ECP was
performed on 2 consecutive days, every 2 weeks; the reg-
imen was modified for each individual patient according
to treatment response. In case of insufficient response to
ECP monotherapy, patients received additional systemic
immunomodulating agents, mostly IFN-a and bexarotene.
Patient response to ECP therapy was classified according
to the improving level of blood involvement.®! Patients with
complete response (CR), partial response (PR) and minor
response (MR) were considered as responders. CR was
defined as laboratory results returning to the range of the
healthy population. Patients with PR showed greater than
50% quantitative reduction of tumour burden in the blood,
and patients with MR showed 25-50% of improvement.
Stable disease means the blood involvement after ECP
improved less than 25% and the increase in neoplastic cell
count is not higher than 50% from baseline. If the neoplastic
cell count increased more than 25% compared with base-
line, we defined it as progressive disease, i.e. a deterioration
of the disease stage compared with baseline. Those with
stable or progressive disease were considered to be non-
responders.

Table 1 Characteristics of study

Patient characteristics L-CTCL, n=25
Sex, female : male, n (%) 1411 (56 : 44)
Race, White : Black, n (%) 24 :1 (96 : 4)
Alive : Dead : Lost to follow-up, n (%) 10:12:3(40:48:12)
Age at diagnosis (years), mean (SD) 70.9 (10.1)
Disease stage at diagnosis

A, n (%) 1(4)

1B, n (%) 4(16)

IVAT, n (%) 15 (60)

IVA2, n (%) 3(12)

IVB, n (%) 2(8)
Time to diagnosis (years), mean (SD)? 4.7 (5.2)

Survival after diagnosis (years), mean (SD, 3.9(2.9, 0.5-11.0)

range)®

Detectable CD4+ VB TCR clone, n (%)° 13 (52)
Age at the start of ECP therapy (years), 72.4 (10.7)
mean (SD)

Time from diagnosis to the start of ECP 1.4 (2.3)
therapy, years, mean (SD)¢

Number of ECP cycles received per 24.9 (17.0, 2-65)
patient, mean (SD, range)¢

Systemic treatment modalities?

ECP monotherapy, n (%) 13 (62)

ECP plus associated treatments, n (%) 12 (48)
Interferon o, n (%) 10 (83)
Bexarotene, n (%) 5(42)
Methotrexate, n (%) 4 (33)
Interferon ~, n (%) 2(17)

ECP therapy follow-up

Ongoing treatment at the time of 7 (28)

manuscript preparation, n (%)

Reason for ECP discontinuation, n (%) 18 (72)
Death, n (%) 6 (33)
Disease progression, n (%) 4(22)
Complete remission, n (%) 1(6)
Other reasons, n (%)¢ 7 (39)

Response to ECP"

Responders, n (%) 14 (56)
Complete response, n (%) 3(12)
Partial response, n (%) 5 (20)
Minor response, n (%) 6 (24)

Nonresponders, n (%) 11 (44)
Stable disease, n (%) 6 (24)
Progressive disease, n (%) 5 (20)

Cause of death, n (%) 12 (48)

[-CTCL, n (%) 10 (83.3)

Other, n (%) 2 (16.7)

ECP, extracorporeal photopheresis; L-CTCL, leukaemic cutaneous T-cell
lymphoma; TCR, T-cell receptor.2Defined as the time of the onset of any
persistent cutaneous symptoms compatible with L-CTCL to the time
of L-CTCL diagnosis. ®Defined as the time from diagnosis of L-CTCL
to either death, lost to follow-up or to discontinued observation at the
time of manuscript preparation. cAssessed by flow cytometry during
routine clinical investigations. 9Defined as the time from diagnosis of
L-CTCL to the first cycle of ECP treatment. ®Summarized for individual
patients either until cessation of ECP therapy or at the end of the manu-
script preparation. fAssessed from the beginning of ECP treatment until
the last analysed blood sample for each patient. 9Comorbidity (n=1),
inclusion in clinical trials (n=2), patients’ wish (n=2) or lost to follow-
up (n=2). "Percentages in this section are of the whole cohort. ‘Colon
carcinoma, suicide.

Stimulation of peripheral blood mononuclear cells
for cytokine production

PBMCs were isolated via Ficoll centrifugation and stored in
liquid nitrogen. Upon thawing, fully automated cell counting
was performed using Moxi Flow Smart Flow Cytometer Kit
(ORFLO® Technologies, Ketchum, 1D, USA), and viability

20 Aeniga g0 uo Josn suuesneT ap aNsIoAUN AQ £60022./€09/G/68 1 /2101HE/Plq/Ww0d"dnoolWapeD.)/:Sd)ly Wol) papeojumod



606 Boost of innate immunity cytokines in L-CTCL ECP responders, Y.-C. Tsai et al.

was evaluated with propidium iodide. In the case of cell via-
bility < 70%, dead cells were removed via centrifugation on
fetal bovine serum.®* After counting, PBMCs were subse-
quently stimulated with human T-cell Activation/Expansion
kit (Miltenyi Biotec, Solothurn, Switzerland) at a final con-
centration of 1 x 108 live cells per mL and 1 pL of LPS
[from Salmonella minnesota R595 (Re), TLRgrade™, Enzo
Life Sciences AG, Lausen, Switzerland] in order to stimulate
dendritic cells. Cells were cultured for 72 h and centrifuged,
and supernatants from the cultures were harvested and
stored at =20 °C.

Cytokine assays and theoretical sensitivity

We quantified the concentrations of 22 cytokines, includ-
ing IL-1a, 1L-18, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10,
IL-12, IL-13, IL-17a, IL171, IL-21, 1122, 1L-23, IL-31, granu-
locyte—macrophage colony-stimulating factor (GM-CSF),
IFN-c, IFN-~ and TNF-a in serum and PBMC culture
supernatant samples using multiplex bead-based immuno-
assays. LEGENDplex™ Human Th Cytokine Mix and Match
Subpanel kit (BioLegend, Amsterdam, the Netherlands),
the BD™ CBA Human Soluble Protein Flex Set System (BD
Biosciences, Allschwil, Switzerland) and the Human HS
Magnetic Luminex Performance Assay multiplex kit (R&D
Systems, Zug, Switzerland) were used according to the
manufacturers’ instructions. Because each cytokine assay
has a sensitivity limitation, values lower than the detection
range were noted as 0 pg mL™", and values beyond the max-
imum detection range were labelled as the maximum detec-
tion concentration for the following analysis.

Flow cytometry

Flow cytometry data was acquired on BD LSRFortessa™
Cell Analyzer (BD Biosciences). The following antihuman
monoclonal antibodies were used for flow cytometry
experiments: CD3 (clone BW264/56, label PerCP; Miltenyi
Biotec #130-096-910), CD4 (clone VIT4; label APC-Vio770;
Miltenyi Biotec #130-098-153), CD7 (clone CD7-6B7; label
PE-Cy7; BioLegend #343114), CD8 (clone REA734; label
FITC; Miltenyi Biotec #130-110-815), CD26 (clone BAbD;
label PE-Cy5; BioLegend #302708). V3 clonal T-cell pop-
ulations were assessed using 10Test® Beta Mark TCR V
beta Repertoire kit (Beckman Coulter, Nyon, Switzerland)
according to the manufacturer’s instructions. Data analysis
was performed on FCS Express 5 Flow Cytometry RUO (v5;
https://denovosoftware.com) and plotting was done using
GraphPad Prism 8 software.

Statistics

Statistical analysis was performed using GraphPad Prism
8 software. For comparison between two groups, a two-
tailed Mann-Whitney U-test was applied. P-values lower
than 0.05 were considered statistically significant.

Correlogram

Correlation matrix stands for the dependence and association
between multiple variables. We used R package Hmisc (v4.7-
1) to compute correlation coefficients of two variables and the

corresponding significant value. The visualization of the corre-
lation matrix was generated by R function corrplot() (v.0.92).3°
The colour depth and size variation of circles indicate the cor-
relation strength. Numbers ranging from -1 to 1 represent the
Spearman’s rank correlation coefficients of the variables.

Results

Leukaemic cutaneous T-cell lymphomas are
characterized by an altered serum cytokine profile
compared with healthy individuals

CTCL has a highly complex pathophysiology and has been
mostly associated with increased Th2 cell activity.36:37 We
expected the immune landscape in CTCL to be different
from healthy individuals, both in terms of innate and adap-
tive cytokines. A combination of multiplex bead-based
immunoassays was applied to simultaneously quantify the
concentrations of 22 cytokines in the sera of patients with
L-CTCL and healthy individuals. Indeed, the comprehen-
sive analysis and the relevant correlation matrix profiling
revealed a distinct cytokine pattern between L-CTCL and
HC (Figure 1a). Interestingly, positive correlations between
Th2 cytokines IL-5 and IL-9, IL-13 and GM-CSF are observed
only in L-CTCL. Further examination of the concentration of
single cytokines revealed a significant loss of TNF-«, and
significant increase of I-9, 1L-12 and IL-13 in the sera of
patients with L-CTCL compared with HC (Figure 1b). Other
than those, there were no statistically significant differences
in the levels of IL-1a, IL-18, IL-2, 1L-4, IL-5, IL-6, IL-7, IL-8,
IL-10, IFN-a and IFN-~. In most cases, the concentrations
of IL-17a, IL-17f, IL-21, IL-22, 1L-23 and IL-31 are lower than
the detection limit (Figure S1; see Supporting Information).

Extracorporeal photopheresis boosts the release
of innate immunity cytokines in responders’
peripheral blood mononuclear cells

As a next step, we aimed to explore the dynamic changes
in the cytokine profile in patients with L-CTCL undergoing
immunomodulatory treatment with ECP. Individual patients
with L-CTCL were classified as responders or nonrespond-
ers according to the quantitative assessment of malignant
burden in the skin by the modified Severity Weighted
Assessment Tool (MSWAT) and also the proportion of
neoplastic cells in the blood. The cytokine levels of culture
supernatants from the patients’ PBMCs were evaluated at
baseline and after 27 weeks of uninterrupted ECP treat-
ment. Strikingly, we found that the post-ECP PBMCs from
responding patients released a significantly higher amount
of innate immune cytokines including IL-1a, IL-18, GM-CSF
and TNF-a in comparison with the baseline. In contrast, the
pre- and post-ECP PBMCs from nonresponders showed no
significant differences in the relevant cytokine production.
The dot plot of paired samples disclosed a boost of innate
immune cytokine secretion after ECP in the responder
group, and it also revealed the tendency to decrease the
level of cytokine discharging in the post-ECP PBMCs of the
nonresponders (Figure 2). The alterations of TNF-q, IL-1q,
IL-18 and GM-CSF can possibly be used as biomarkers of
response to ECP in patients with L-CTCL.
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Figure 1 L-CTCL is characterized by an altered serum cytokine profile including loss of cytokine TNF-a and increase of cytokines IL-9, IL-12 and
IL-13. (a) Patients with L-CTCL show distinct cytokine patterns compared with HC. The correlation matrix displays the positive and negative
correlations between cytokine levels in the serum of HC (n=15) and patients with L-CTCL (n=16). Colour depth and size variation of circles in the
figure indicate the correlation strength. Numbers ranging from -1 to 1 represent the Spearman’s rank correlation coefficients of the variables. (b)
The dot plot revealed the absolute concentration of different cytokines in HC and in patients with L-CTCL. The sera collected from patients with
L-CTCL showed a significant decrease of TNF-a and a significant increase of IL-9, IL.-12 and IL-13 compared with HC. *P<0.05, **P<0.01 and
***P<0.001. conc., concentration; GM-CSF, granulocyte—macrophage colony-stimulating factor; HC, healthy blood controls; IFN, interferon; IL,
interleukin; L-CTCL, leukaemic cutaneous T-cell lymphoma; ns, not significant; TNF, tumour necrosis factor.

Effective extracorporeal photopheresis leads to
immune profile recovery in the skin and blood
of individual patients with leukaemic cutaneous
T-cell ymphoma

Clinical observations of responders to immunomodulatory
ECP treatment showed a complete clearance of erythema
in patients’ skin (Figure 3a). We further confirmed laboratory
disease remission in the patient’s blood by flow cytome-
try. In the clinical model of patient SS006 (Figure 3a), the
malignant CD4+V@32 clonal T cells occupied 97% of the
CD4+ T-helper cell population before the therapy. After ECP
treatment for 5 consecutive months, the level of malignant
T cells was reduced by 77% compared with baseline, and
this value further dropped to only 13% in the whole CD4+
cell population following 2 additional months of continuous
regimen. The loss of CD7 or CD26 on the T-cell surface
is a widely accepted surrogate marker of malignant CTCL
cells. The proportion of malignant CD3+CD4+CD7- and/or
CD26- T-helper cells in the responder’s blood decreased
from 6605 cells per mL blood to 162 cells per mL blood
after 5 months of ECP treatment, and the effectiveness was
maintained in a stable scenario when continuing ECP for
7 months. The percentage of CD4+ T-helper cells vs. CD8*

cytotoxic T cells also declined from 47.5% to 5% at 5 months
and to 2% at 7 months after ECP, which indicates that the
patient’s immunity shifted towards a normal condition of
a healthy individual (Figure 3b). Furthermore, we demon-
strated cytokine alteration of an ECP responder (SS002 from
Figure 3a). The result manifested a potent increase of rele-
vant innate immune cytokines such as TNF-a, IL-1q, IL-18
and GM-CSF in this case model (Figure 3c). To conclude, our
results demonstrate that ECP stimulates the innate immune
network and facilitates the redirection of the tumour-biased
immunosuppressive microenvironment towards active anti-
tumour responses.

Discussion

In this study, we evaluated the immune-regulatory effect
of ECP through the cytokine secretion pattern on compar-
atively large cohorts. Firstly, we compared the cytokine
repertoire of L-CTCL and healthy individuals. The results of
our study showed significantly increased levels of immuno-
suppressive cytokines IL-9, IL-12 and IL-13 with a concom-
itant decrease in the secretion of pro-inflammatory TNF-«
in patients with L-CTCL compared with healthy individuals.
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Figure 2 Box plots and dot plots of paired samples from responders and nonresponders to ECP at baseline and at 27 weeks post-treatment.

ECP boosts the release of innate immunity cytokines in the PBMCs of ECP responders. Post-ECP PBMCs acquired from patients responding to
ECP (n=9) released statistically higher amounts of innate immune cytokines such as IL-1a, IL-13, GM-CSF and TNF-« in comparison with the
baseline (n=9). In contrast, the pre- (n=7) and post- (n=7) ECP PBMCs purified from ECP nonresponders showed no significant differences in
cytokine production. The dot plots of the paired samples show a boost of innate immune cytokine secretion after ECP in the individual responders,
and also reveal a tendency of decrease in the release of cytokines in the post-ECP PBMCs of the nonresponders. *P<0.05, **P<0.01 and
**¥P<0.001. ECP, extracorporeal photopheresis; GM-CSF, granulocyte—macrophage colony-stimulating factor; IL, interleukin; ns, not significant;

PBMCs, peripheral blood mononuclear cells; TNF, tumour necrosis factor.

The elevation of IL-9 and IL-13 is consistent with the widely
accepted assumption of a Th2-biased immunosuppression
microenvironment in patients with advanced CTCL.?4.36
Interestingly, in contrast to the findings of other groups,
we detected a significant increase of IL-12 in the serum
of patients with L-CTCL, and we did not observe a signifi-
cant difference in the level of immunosuppressive cytokine
[[-436.38 and Treg cytokine [L-10.2526 One possible explana-
tion for this discrepancy could be that the previous publica-
tions were based mainly on ex vitro experiments. Patients’
PBMCs or T lymphocytes were cultured in medium with
phytohaemagglutinin stimulation, followed by cytokine
measurement in the culture supernatant. Therefore, the
results might not represent the substantial in vivo condi-
tion. In addition, depending on the naive character of each
cytokine, some of them exist at a relatively low level in both
healthy and diseased samples (only a few picograms per
mL) and may remain under the detectable limitation of the
experimental method. According to our results, serum sam-
ples contain only minuscule amounts of IL-4, IL-17a, IL-171,
IL-21, IL-22 and IL-23. Thus, a more specific and sensitive
detection method is required for the measurement of these
cytokines. In addition, the results might be influenced by
the relatively large sample size compared with other stud-
ies. In our observation, some L-CTCL cases show a rise in
[L-10 concentration; however, it did not reach a significantly

different level in our samples. Because CTCL is a highly
heterogeneous disease, a specific patient cohort whose
PBMCs secrete a higher amount of IL-10 might be present,
strengthening the maturation of the Treg phenotype and
skewing the microenvironment towards an immunocom-
promised status.

There have been only a limited number of studies show-
ing changes in the cytokine profile in other diseases treated
with ECP. ECP has most commonly been used for GvHD
and SOTR. For GvHD, the cytokine profile shows progress
towards a Th2 response, with an increase in IL-4, IL-10
and TGF-B3; but a decrease in IL-1a, IL-18, I1L-12, IFN-~ and
TNF-a.29-%" For SOTR, the cytokine profile shows a decrease
in IL-6, IL-10, IL-17a and IFN-~2242 (summarized in Table 2).
This contrasts with our findings in L-CTCL responders to
ECP, and we believe that the difference is based on the
fact that CTCL is an intrinsic malignancy of T cells, while
GvHD and SOTR are reactive immune-mediated nonmalig-
nant conditions.

To our knowledge, this is the first study demonstrating
that the ECP responders’ PBMCs release a statistically
higher amount of IL-1a, IL-13, GM-CSF and TNF-a after
long-term ECP therapy. In contrast, the ECP nonresponders’
PBMCs did not show any significant difference. The increase
of IL-13 and TNF-« secretion in PBMCs and monocytes on
ECP treatment has been observed already in patients with
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Figure 3 Effective ECP leads to immune profile recovery in the skin and blood of patients with L-CTCL. (a) Clinical images of patients treated
successfully with ECP who showed a complete clearance of the erythema. (b) ECP effectiveness was observed from the blood of patient SS006
(with L-CTCL), which displayed a reduction of CD4+V@32 clonal T cells and malignant CD3+CD4 +CD7- and/or CD26- T cells, and the recovery of
the CD4+/CD8* T-cell ratio. (c) Cytokine profile from patient SS002 (representative patient with L-CTCL) revealed that ECP strongly boosts innate
immunity cytokines TNF-a, GM-CSF, IL-1a and IL-18.ECP, extracorporeal photopheresis; GM-CSF, granulocyte—macrophage colony-stimulating
factor; IL, interleukin; L-CTCL, leukaemic cutaneous T-cell lymphomas; TNF, tumour necrosis factor.

L-CTCL or GvHD and reported for both in vivo and ex vivo
conditions.?”?2 Our results strengthen this observation, link
the immunomodulatory effect to the therapeutic success of
the ECP therapy and provide evidence on its long-term effi-
cacy, detected after an average of 6 months of uninterrupted
ECP. Members of the IL-1 family were validated as potent
proinflammatory molecules and strong mediators between
innate and adaptive immunity.*3 In a mouse model of mela-
noma, it has been proven that IL-1aand IL-13 are essential for

Table 2 Cytokine profile alteration after ECP treatment

Factor L-CTCL GvHD SOTR
responders

L1 Increase Decrease

118 Increase Decrease

4 No difference Increase

-6 No difference Decrease Decrease

10 No difference Increase considered Decrease

most important factor

12 No difference Decrease

I-17a No difference Decrease

GM-CSF Increase

IFN=-y No difference Decrease Decrease

TNF-a Increase Decrease

TGFB Not tested Increase

ECP, extracorporeal photopheresis; GM-CSF, granulocyte—macrophage
colony-stimulating factor; GvHD, graft-versus-host disease; IFN, inter-
feron; IL, interleukin; L-CTCL, leukaemic cutaneous T-cell lymphoma;
SOTR, solid organ transplant rejection; TGF, transforming growth factor;
TNF, tumour necrosis factor.

tumour eradication and for activating tumour-specific T lym-
phocytes and tumour-infiltrating macrophages.** GM-CSF
is a major factor priming myelopoiesis and maturation of
myeloid cells, and consequently contributes to T-cell acti-
vation and differentiation.*>46 \Vowels et al. reported a post-
ECP increase in proinflammatory TNF-«, and its tumoricidal
effects were associated with a better outcome in patients
with CTCL.#” Our data support that ECP primed the pro-
duction of innate immune cytokines in the ECP responders’
lymphocytes, and this empowers both innate and adaptive
immunity for eliminating tumour cells.

In conclusion, our data confirm previous observations
suggesting that patients with CTCL are in an immunosup-
pressed state due to the increase of IL-9 and IL-13 and
loss of TNF-a. Our analysis further highlights IL-1c, 1118,
GM-CSF and TNF-« to be the top hit cytokines, secreted by
ECP responders’ lymphocytes, which might allow their use
as biomarkers for predicting ECP responses. It is also worth
noting that all the above-mentioned changes in cytokine
concentrations were apparent after 27 weeks of treatment.
This supports the recommendation that ECP should be con-
tinued for a time period of not less than 6 months before
concluding that it lacks efficacy.®
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