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Introduction

Summary

ATP binding cassette subfamily B member 5 (ABCB5) has been identified as
a tumour-initiating cell marker and is expressed in various malignancies,
including melanoma. Moreover, treatment with anti-ABCB5 monoclonal
antibodies has been shown to inhibit tumour growth in xenotransplantation
models. Therefore, ABCB5 represents a potential target for cancer
immunotherapy. However, cellular immune responses against ABCB5 in
humans have not been described so far. Here, we investigated whether
ABCB5-reactive T cells are present in human melanoma patients and tested
the applicability of ABCB5-derived peptides for experimental induction of
human T cell responses. Peripheral blood mononuclear cells (PBMNC)
isolated from blood samples of melanoma patients (n = 40) were stimulated
with ABCB5 peptides, followed by intracellular cytokine staining (ICS) for
interferon (IFN)-y and tumour necrosis factor (TNF)-a. To evaluate
immunogenicity of ABCB5 peptides in naive healthy donors, CD8 T cells
were co-cultured with ABCB5 antigen-loaded autologous dendritic cells
(DC). ABCBS5 reactivity in expanded T cells was assessed similarly by ICS.
ABCB5-reactive CD8' T cells were detected ex vivo in 19 of 29 patients,
melanoma antigen recognised by T cells (MART-1)-reactive CD8" T cells in
six of 21 patients. In this small, heterogeneous cohort, reactivity against
ABCB5 was significantly higher than against MART-1. It occurred
significantly more often and independently of clinical characteristics.
Reactivity against ABCB5 could be induced in 14 of 16 healthy donors in
vitro by repeated stimulation with peptide-loaded autologous DC. As
ABCB5-reactive CD8 T cells can be found in the peripheral blood of
melanoma patients and an ABCB5-specific response can be induced in vitro
in naive donors, ABCB5 could be a new target for immunotherapies in
melanoma.
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patient’s immune system — this new therapeutic approach
is currently tested in various cancers [3,4]. For example,

During recent years, cancer immunotherapy has experi-
enced a renaissance. First, due to improved understanding
of the underlying immune mechanisms and more sophisti-
cated production strategies, cell-based approaches for
immunotherapy were applied successfully, e.g. adoptive T
cell therapy or dendritic cell (DC) vaccination strategies
[1,2]. Secondly, cancer therapy has been improved greatly
by the introduction of various immune check-point inhibi-
tors (ICI), which induce destruction of tumours by the

anti-programmed death 1 (PD-1) antibodies were efficient
in the treatment of metastatic melanoma, renal cell carci-
noma and lung cancer [5]. However, there is a large group
of patients showing no response to ICI treatments [6]. In
preclinical models, the combination of ICI and immunisa-
tion against tumour-associated antigens (TAA) led to
improved responses. In order to induce TAA-specific T
cells, vaccines based on DC have been explored widely [7].
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Strategies for preparation of autologous clinical-scale DC
have been explored extensively and operational protocols
have been published [8,9]. By combining both active
immunisation against tumour antigens and treatment with
ICIL, new treatment options might be found. In order to
make such a treatment widely applicable, a TAA expressed
in several malignancies would be ideal.

The ATP-binding cassette subfamily B member 5
(ABCB5), also known as P-glycoprotein ABCBS, is over-
expressed in melanoma [10,11], colon carcinoma [12],
hepatocellular carcinoma [13] and Merkel cell carcinoma
(MCC) [14], and might also play a role in leukaemic can-
cers [15,16]. Hence, it would be a widely applicable target
for immunotherapy. ABCB5 was first described in 2003 by
Frank et al. [17] as a phospho-glycoprotein found on the
CD133-positive progenitor cell subpopulation within
human epidermal melanocytes. It has homologies to other
members of the ABC protein superfamily, e.g. to ABCB1
[multiple drug resistance 1 (MDR1) protein] and ABCB4/
MDR3. ABCB5-specific antibodies were generated in mice
by immunisation against the 16 amino acid (AA) sequence
from the extracellular loop 3 (RFGAYLIQAGRMTPEG).
The immunoglobulin (Ig)Glx anti-ABCB5 monoclonal
antibody (mAb) clone 3C2-1D12 (referred to in the fol-
lowing as aABCB5-3C2) was selected for further studies
based on its favourable binding sensitivity and specificity
characteristics [17]. The antibody was shown to bind both
human and murine ABCB5 [17-19], making it an interest-
ing tool for the evaluation of ABCB5 expression and possi-
ble effects on ABCB5-expressing cells. The level of ABCB5
expression correlates with tumourigenicity of melanoma
cells [19], is low in naevi and rises with malignant progres-
sion. In contrast to ABCB5-negative tumour cells, ABCB5-
positive tumour cells were shown to induce the growth of
primary tumours and metastases. Therefore, ablating
ABCB5-expressing tumour cells might be the key to avoid-
ing melanoma metastasis and relapse. ABCB5 confers che-
moresistance in cancer cell lines and tumours in vivo,
leading to enrichment of ABCB5-positive tumour cells after
chemotherapy [11,12]. A shRNA-mediated ABCB5 knock-
down inhibited tumourigenic xenograft growth signifi-
cantly and sensitised colorectal cancer cells to fluorouracil
(5-FU)-induced cell killing [12]. The same was shown
recently for ABCB5-expressing MCC cell lines and clinical
specimens [14], where chemotherapeutic regimens led to
enrichment of ABCB5-positive tumour cells in vitro and in
vivo. In combination with other melanoma-associated
markers, such as melanoma chondroitin sulphate proteo-
glycan (MCSP) and melanoma cell adhesion molecule
(MCAM) and a melanoma stem cell marker (CD271),
ABCBS5 can be used for the isolation and quantification of
circulating tumour cells (CTC), which could be a prognos-
tic marker for disease progression or response to treatment
[20,21].

ABCB5-specific T cells in melanoma

To characterise ABCB5 further as a possible target for
cancer immunotherapy, we analysed its immunogenicity in
silico and in vitro: an ABCB5 peptide pool was designed
and used to screen melanoma patients for an ABCB5-
specific T cell response compared to the well-characterised
melanoma antigen recognised by T cells (MART)-1. Fur-
thermore, to determine the feasibility of a DC-based cancer
vaccine targeting ABCB5, we explored whether ABCB5-
reactive CD8 T cells can be induced in vitro in healthy
donors using autologous, ABCB5 peptide-pulsed DC.

Materials and methods

ABCBS peptide pool design

The ABCB5 sequence recognised by the monoclonal anti-
body (16-mer peptide RFGAYLIQAGRMTPEG derived
from extracellular loop 3-associated amino acid residues
493-508) was selected for induction of a T cell response,
because immunisation against this target can be considered
ABCBS5-specific and safe, based on the data obtained
with antibody treatment over 8 weeks in mice [19]; no
strong cross-reactivity to similar ABC transporters was
detectable in in-house characterisations. The AA sequence
RFGAYLIQAGRMTPEG was screened for homologies with
other ABC proteins (B1, B4, B11) and modified to reduce
cross-reactivities and to include further non-homologues
AA to enlarge the number of possible epitopes. The result-
ing peptide pool consisted of the three 15mer peptides,
GAYLIQAGRMTPEGM, IQAGRMTPEGMFIVF and
MTPEGMFIVFTAIAY (ABCB5-Loop-3). Potential epitopes
for common major histocompatibility complex (MHC)-I
molecules within these three 15mers were mapped (Sup-
porting information, Fig. S1) [22]. The selected ABCB5-
derived peptides were synthesised (JPT, Berlin, Germany)
and dissolved in dimethylsulphoxide (DMSO) at 10 nmol/
1 pl. An equimolar stock solution consisting of all three
peptides was filter-sterilised and stored in small aliquots
at —20°C.

Patient cohort

An ethics vote was obtained before sample gathering com-
menced (2010-318N-MA). Between October 2015 and July
2016, 40 blood samples from patients treated for melanoma
in the Clinic for Dermatology, Venereology and Allergy,
University Medicine, Mannheim were gathered using ethyl-
enediamine tetraacetic acid (EDTA) monovettes (Sarstedt,
Niimbrecht, Germany) after receiving written informed
consent. Peripheral blood mononuclear cells (PBMNCs)
were isolated by Ficoll (Ficoll Paque Premium; GE Health-
care, Dornstadt, Germany) density gradient centrifugation.
Cells were counted, resuspended in cryomedium [CellGro
DC; Cellgenix, Freiburg, Germany/10% human serum
albumin (HSA), Octalbin; Octapharma, Heidelberg,
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Germany/10% DMSO; Sigma, Darmstadt, Germany] and
frozen in liquid nitrogen until further usage.

Generation of autologous DC and expansion of CD8
T cells

Leucocyte reduction filters for isolation of PBMNCs were
purchased from the Institute of Transfusion Medicine,
Hannover Medical School, Germany. PBMNCs were iso-
lated by Ficoll density gradient centrifugation. Cells were
counted, resuspended in cryomedium and frozen in liquid
nitrogen until further use. For monocyte or T cell isolation,
cells were thawed and washed with culture medium con-
taining 5% HSA. DC were generated from CD14" cells
enriched using magnetic cell sorting (MACS) technology
(Miltenyi Biotec, Bergisch Gladbach, Germany) and differ-
entiated into DC using a modified protocol based on the
literature [8,23]. CD14™ were seeded at a final concentra-
tion of 2 X 10° cells per 1 ml medium (CellGro DC, Cell-
Genix, Freiburg, Germany), DC differentiation was
induced by 1000 IU/ml interleukin (IL)-4 and 800 IU/ml
granulocyte—-macrophage colony-stimulating factor (GM-
CSF) (Miltenyi Biotec). DC were fed on day 4 and matured
on day 6 by addition of a maturation cocktail consisting of
2000 IU IL-1B, 1000 IU IL-6, tumour necrosis factor
(TNF)-a (Miltenyi Biotec), interferon (IFN)-y (Imukin,
Boehringer, Germany), 1 pg prostaglandin E, (PGE,)
(Prostin, Pfizer, Austria), 2 pg R848 and 10 pg poly(I:C)
(InvivoGen, Toulouse, France) per 1 ml, respectively. After
24 h on day 7, DC were harvested. Mature DC (mDC) were
set to 10° cells per 1 ml in CellGro DC medium and incu-
bated with peptides (100 pM ABCB5 peptides; JPT/20 pl
per 1 mL MART-peptide pool; Miltenyi Biotec) for 2 h at
37°C, 5% CO,. Afterwards, loaded mDC were washed.
CD8" T cells were isolated from thawed PBMNCs using
CD8 MACS Micro Beads (Miltenyi Biotec), following the
manufacturer’s instructions. For induction of specific T cell
responses, co-cultures were set up in 24-well plates using
2 X 10° of CD8™ T cells and 40 000 peptide-loaded mDC
per well. Irradiated (100 Gy) CD8-negative cells were added
as feeder cells. For the first 4 days, cultures were supple-
mented with 10 IU IL-2, 50 IU IL-7 and 50 IU IL-15 per
1 ml (Immunotools, Friesoythe, Germany). From day 5
onwards, cultures were fed with medium containing 100
IU IL-2, 50 IU IL-7 and 50 IU IL-15 per 1 ml. Cultures
were restimulated weekly by addition of loaded mDC
(40 000 per well) and feeder cells.

ABCBS5 surface staining

Mature monocyte-derived DC were seeded at 10° cells per
1 ml CellGro DC medium and loaded with different con-
centrations (100 uM for mDC to be used in co-cultures) of
three ABCB5-derived 15mer peptides for 2 h at 37°C 5%
CO,. Afterwards, cells were washed twice. ABCB5 surface
staining of peptide-loaded DC was then performed using

the mouse anti-human aABCB5-3C2 antibody (Maine
Biotech, Portland, ME, USA) conjugated directly to fluo-
rescein isothiocyanate (FITC) (AbD Serotech/Biorad,
Kidlington, UK). Staining was performed for 30 min at
room temperature in a 96-well plate; Fc-Block (Miltenyi
Biotec) was added to lower unspecific background staining.
Cells were washed twice and analysed by flow cytometry in
a BD Accuri C6 cytometer. For analysis of ABCB5 loading,
a gate was set in the forward-/side-scatter (FSc/SSc) on
mDC to exclude dead cells and debris. The percentage of
positive cells in the FITC channel was determined in a
histogram.

Intracellular cytokine staining for detection of
antigen-specific T cells

Prior to stimulation, frozen patient samples were thawed,
washed in medium and seeded at 10° cells per 1 ml in Cell-
Gro DC medium supplemented with 10 IU per 1 mL IL-2,
IL-7 and IL-15 and rested overnight. Next day, cells were
harvested, counted, set to 5 X 10°/ml, seeded into 96-well
plates (Greiner, Frickenhausen, Germany), 200 pl per well,
and stimulated overnight with ABCB5- or MART-1 pep-
tide pool in the presence of brefeldin A and monensin to
inhibit secretion of induced cytokines. CD28/CD49d co-
stimulatory reagent [Becton Dickinson (BD), Heidelberg,
Germany] was added to patient samples to improve stimu-
lation of low-affinity T cells. Expanded CD8" T cells from
healthy donors were harvested after 4 weeks of co-culture,
washed, counted, set to 5 X 10°ml in CellGro DC
medium and seeded for restimulation. An unstimulated
control was set up for background correction. Wells incu-
bated with cell activation cocktail (Biolegend, London,
UK) were used as positive control. All reagents and anti-
bodies for intracellular cytokine staining (ICS) were pur-
chased from Biolegend. Following peptide stimulation,
cells were washed and stained for CD3-FITC and CD8-
phycoerythrin-cyanin 7 (PE-Cy7). For ICS, cells were
treated with fixation buffer, followed by ICS permeabilisa-
tion wash buffer and stained for IFN-y-PE and TNF-a-
allophycocyanin (APC). Samples were analysed in a BD
fluorescence activated cell sorter (FACS) Aria Fusion (BD,
Erembodegem, Belgium); at least 20 000 CD3-positive
events were acquired. Data were exported as FCS files and
analysed further (gating strategy is depicted in Supporting
information, Fig. S3) using kaLuza software (Beckman
Coulter, Krefeld, Germany).

Calculations and statistical tests

When calculating the percentage of cytokine-producing T
cells, only populations consisting of at least 10 events and
the resulting percentages were considered valid. Thus, if at
least 20 000 CD3"CD8" cells were analysed, a percentage
of 0-05% equates to 10 cells. After subtraction of back-
ground cytokine levels (unstimulated control), the
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Table 1. Patient cohort

ABCB5-specific T cells in melanoma

Treatments before analysis

Initial Chemotherapy/ ABCB5 MART-1

No. Stage Sex diagnosis Metastases  targeted therapy =~ Immunotherapy  Radiotherapy — IFN-y* or TNF™  IFN-y" or TNF®
Po1 1B M MM No No No No No No
P02 IB M MM No No No No Yes Yes
P03 1B M MM No No No No Yes No
P04 1B F SSM No No No No Yes (n.d.)
P05 1B M SSM No No No No No No
Po6 IB F MM No No No No No No
P07 1A F SSM No No No No Yes (n.d.)
P08 1A M LMM No No No No Yes No
P09 1IB M NMM No No No No Yes Yes
P10 11IB M MM No No No No No No
P11 111B F MM No No Yes No Yes Yes
P12 I1IB F AMM No No Yes No Yes No
P13 11IB M NMM No No No No Yes No
P14 11cC F MM Yes Yes Yes Yes Yes (n.d.)
P15 IIIC F MM Yes No No Yes Yes No
P16 II1C F MM No Yes Yes No Yes No
P17 IIIC F MM No No No No Yes Yes
P18 v F MM Yes Yes No No Yes No
P19 v M MM Yes Yes Yes Yes Yes No
P20 v M MM Yes Yes Yes Yes No No
P21 v M MM Yes No Yes No Yes Yes
P22 v M NMM Yes Yes Yes Yes No (n.d.)
P23 v M MM Yes Yes Yes No No (n.d.)
P24 v M LMM Yes Yes Yes Yes Yes (n.d.)
P25 v F MM Yes No No No Yes No
P26 v F MM Yes Yes No Yes No No
P27 v M MM Yes Yes Yes Yes Yes Yes
P28 v F MM Yes No No No No (n.d.)
P29 v M MM Yes Yes Yes No No (n.d.)

Information on patients’ clinical characteristics and reactivity against ATP binding cassette subfamily B member 5 (ABCB5) Loop3 or mela-
noma antigen recognized by T cells (MART-1). Patients are sorted by disease stage at blood sampling. ‘Chemotherapy/targeted therapy’ includes
kinase inhibitors, dacarbazine and paclitaxel treatments. ‘Stage’ and ‘metastases’ refers to the time-point of blood sampling; ‘immunotherapy’
includes adjuvant immunotherapy, immune checkpoint blockade, interferon (IFN), RNA vaccine. MM = malignant melanoma;
AMM = amelanotic melanoma; SSM = superficial spreading melanoma; LMM = lentigo-maligna melanoma; NMM = nodular malignant mela-
noma; M = male; F = female; n.d. = not determined. Rating of ABCB5 or MART-1 response based on IFN-y or tumour necrosis factor (TNF)-
a secretion upon in-vitro stimulation: yes = cytokine-secreting cells (IFN-y or TNF-a) above 0-05% background after stimulation with antigen;

no = cytokine-secreting cells (IFN-y and TNF-a) below or equal to 0-05% above background.

resulting percentage of cytokine-producing cells was rated
as follows: above 0-05% was considered a positive response
and below 0-05% a negative response. All statistical analy-
ses were performed using GraphPad Prism (GPP). A test
for normality was performed on data sets; based on the
results parametric or non-parametric tests were chosen for
further analyses.

Results

Patient cohort

In our study we examined a typical melanoma patient pop-
ulation treated at a skin tumour centre. A total of 40

samples from melanoma patients were collected, but cell
yield after Ficoll-density gradient isolation of PBMNCs was
too low in some cases (n=11), therefore these were not
included in the analyses. In 29 samples, T cell reactivity
against ABCB5 could be assessed by ICS; in 21 of these the
cell yield allowed for parallel testing of MART-1 reactivity.
The patients’ characteristics are summarised in Table 1. Of
the 29 patients, 16 were male and 13 female; five were
sampled at stage IB, three patients in stage II, eight patients
at stage III and the majority of samples were collected from
patients at stage IV (n=12). Fourteen patients had metas-
tases at the time of blood sampling and 15 were free of
metastases. For three patients, samples from two different
time-points were available.
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Fig. 1. Detection of ATP binding cassette subfamily B member 5 (ABCB5)-reactive CD3CD8 T cells in melanoma patients (a) Example of
fluorescence activated cell sorting (FACS) plots for intracellular cytokine staining (ICS) after overnight stimulation of samples from melanoma
patients (P). The density plots for CD3-FITC fluorescein isothiocyanate (FITC) versus interferon (IFN)-y-phycoerythrin (PE) or tumour necrosis
factor (TNF)-a-allophycocyanin (APC), respectively, are shown for the CD3*CD8" population. Complete gating strategy is depicted in
Supporting information, Fig. S3. The value in the upper left is the difference between the percentage in the peptide-stimulated minus the
percentage in the unstimulated sample. (b) Comparison of the percentage of cytokine-secreting CD3"CD8™ T cells after stimulation with ABCB5
compared to melanoma antigen recognised by T cells (MART-1); only patients in whom both antigens were assessed were included in the
analysis (n=21). Stimulation with ABCB5 leads to significantly higher cytokine levels (Wilcoxon’s matched-pairs signed-rank test, IFN-y
P=10-0002, TNF-ac P=10-0011). (c) Based on the response to ABCB5 or MART-1, data were arranged in a contingency table and analysed using
Fisher’s exact test. Only the analysis of IFN-y is depicted here, TNF-a-based analysis yielded similar results. Patients in this cohort reacted to
ABCBS significantly more often than to MART-1 (IFN-vy Fisher’s exact test P = 0-0013, relative risk 4-667, odds ratio 12; TNF-a Fisher’s exact
test P = 0-0088, relative risk 4, odds ratio 8).

Selection of putative epitopes with minimised cross- significantly higher IFN-y or TNF-a production in the
reactivity CD3"CD8" compartment compared to stimulation with
the MART-1 peptide pool (Fig. 1b). Analysing the samples
from responders (IFN-y or TNF-a in CD3CD8 > 0-05%)
and non-responders (IFN-y and TNF-a in CD3CD8
< 0-05%), Fisher’s exact test showed a significant difference
between the two antigens. The relative risk was 4-7 and 4-0
and the odds ratios were 12 and 8 for IFN-y and TNF-«
cytokine response-based analysis, respectively; i.e. reactivity
against ABCB5-loop-3 is more likely than against MART-1
in the tested patient cohort (Fig. 1¢).

For three patients (P06, P12 and P19), samples from dif-
ferent time-points were available. In patient P06, no
increase for cytokine production could be seen in in-vitro
The presence of CD3"CD8" T cells specific for ABCB5 and stimulation, either for ABCB5-loop-3, or for MART-1, in

Based on the epitope used for antibody generation the
peptide pool ‘Pool495 (mAB)’/ABCB5-loop-3 was designed
following bioinformatic analyses, consisting of the follow-
ing 15mers: GAYLIQAGRMTPEGM, IQAGRMTPEGM-
FIVF and MTPEGMFIVFTAIAY. MHC-I-epitope mapping
[22] showing the 10 highest ranked putative epitopes per
MHC molecule [22] is summarised in Supporting informa-
tion, Fig. S1.

ABCB5-reactive T cells can be detected in melanoma
patients

MART-1 was assessed by overnight stimulation of patient both samples taken 292 days apart. Samples from patient
PBMNC:s, followed by ICS for IFN-y or TNF-a. The reac- P12 were taken 195 days apart; this patient showed reactiv-
tivity detected against ABCB5 and MART-1 is summarised ity against ABCB5-loop-3 and no reactivity against MART-
in Fig. 1. The ABCB5-loop-3 peptide pool led to 1 at both time-points, respectively. Reproducibly, in P19,
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no response against MART-1 and a strong response against
ABCB5-loop-3 were detected in both samples taken 98
days apart.

Reactivity against ABCB5-loop-3 could not be correlated
with clinical characteristics and occurred independently of
disease stage, presence of metastases, previous or ongoing
immunotherapy or chemotherapy. Overall, 19 of 29
(65-5%) patients tested showed an immune response by
raised IFN-y or TNF-a levels compared to patient-specific
background against ABCB5-loop-3, while only six of 21
(28-5%) patients tested showed a reaction against MART-1.
As expected, one patient with amelanotic melanoma
showed no reactivity against MART-1; however, MART-1
responses were rare in this cohort, which might still be too
small to find a correlation between responses against the
tested antigens and clinical characteristics.

Staining of ABCB5-derived peptides loaded onto
mDC

Surface staining of ABCB5 peptides on mDC was per-
formed in DC generated from healthy donors, peptide
doses from 1 to 600 pM were tested, and peptide dose-
dependent staining of mDC with « ABCB5-FITC could be
shown after pulsing the DC at a peptide concentration of
200 pM or above (Supporting information, Fig. S2a). Using
the same antibody, ABCB5-expressing cells were detected
in primary tumour material (Supporting information, Fig.
S2b). Experiments with individual peptides showed that
antibody staining is only dose-dependent for peptide 3
(data not shown); no specific staining occurs when DC are
pulsed with a ‘scramble’ peptide (data not shown), consist-
ing of the AA from the original sequence used for antibody
generation, but in a different order.

Induction of CD8" T cell response against ABCB5 in
healthy donors using peptide-pulsed DC

To explore immunogenicity of ABCB5 in vitro, CD8" T
cells of healthy donors were co-cultured with ABCB5
peptide-loaded autologous mDC for 2—4 weeks. DC were
assessed initially in selected donors (n = 10) for expression
of relevant surface markers [median expression CD209
> 55%, CD80 > 85%, CD83 > 85%, CD86 > 90%, human
leucocyte antigen D-related (HLA-DR) > 95%, CD14
< 10%] and production of IL-12p70 (mean > 5000 pg per
10° mDC) to confirm an immunogenic phenotype (data
not shown). ABCBS5 reactivity was assessed by ICS for IFN-
v and TNF-a following restimulation with ABCB5 peptides
overnight. The results are summarised in Fig. 2. In stimula-
tion experiments with 16 donors, ABCB5 reactivity — albeit
low in some cases — could be induced in 14 of 16 donors
(88%). In 10 of 16 patients (63%), the percentage of
cytokine-producing CD3"CD8™ T cells was above 0-5%.

ABCB5-specific T cells in melanoma

Discussion

Classical cancer treatment aims at the dissection of the
tumour and destruction or growth limitation of malignant
cells. While a variety of chemotherapeutic drugs, targeted
therapies and radio-therapeutic treatment schemes is avail-
able, for some cancers and/or disease stages such treat-
ments are of limited success. Therefore, induction of a
durable immune response is believed to be important for
more efficient cancer therapies achieving long-term remis-
sion and disease-free survival. Identification of new TAA is
relevant for the development of new drugs and defining
new targets for immunotherapy. Here, we explored the eli-
gibility of ABCBS5 as a target in cell-based cancer immuno-
therapy. Potential epitopes from ABCB5 were synthesised
and peptides were tested regarding their clinical relevance
and applicability for DC-based immunotherapy using dif-
ferent strategies: (i) clinical relevance of all selected ABCB5
peptides was tested by stimulation of T cells from mela-
noma patients (Fig. 1); (ii) dose-dependent peptide loading
of DC was proved by in-house antibody staining (Support-
ing information, Fig. S2); and (iii) immunogenicity of the
aforementioned peptides was tested by in-vitro stimula-
tions of CD8" human T cells with peptide-pulsed autolo-
gous mDC (Fig. 2).

ABCB5 was shown to be expressed in, for example,
malignant melanoma [11,19], Merkel cell carcinoma [14]
and colon carcinoma [12]. Chemotherapy does not eradi-
cate, but selects ABCB5-positive tumour cells [11,24], and
higher ABCB5 expression correlates with higher malignancy
[19]. In human-to-mouse xenotransplantation models,
tumour growth was inhibited by administration of « ABCB5
antibodies, which make the tumour cells susceptible to
chemotherapy and initiate immune responses against the
antibody-labelled cells; for example, antibody-dependent
cellular cytotoxicity which was shown in vitro [19]. While
the development of a therapeutic antibody represents one
therapeutic option once a target is identified, individual
immunotherapeutic approaches such as active immunisa-
tion against the target antigen can often be realised more
quickly. However, no cellular immune responses directed
against ABCB5 have been described so far. As a murine
antibody could be raised against the ABCB5 extracellular
loop 3, this region of the protein can be considered immu-
nogenic. In addition, ABCB5-expressing tumour cells were
described to initiate metastases [19], and in a multi-
marker-based method for quantification of circulating
tumour cells, the number of ABCB5-positive circulating
tumour cells correlated with metastasis [20,21,25,26].
ABCBS5-positive tumour cells could detach from the pri-
mary tumour and therefore stimulate circulating tumour-
specific T cells. To detect a possible immune response
against ABCB5, we analysed peripheral blood from
melanoma patients for ABCB5-reactive CD8" T cells in
comparison to a well-known melanoma TAA, MART-1.
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Fig. 2. Induction of an immune response against ATP binding cassette subfamily B member 5 (ABCBS5) in healthy donors in vitro (a) Example

of fluorescence activated cell sorting (FACS) plots for intracellular cytokine staining (ICS) with samples from healthy donors (HD) after co-

culture with autologous ABCB5-peptide-loaded dendritic cells (DC). The density plots for CD3-fluorescein isothiocyanate (FITC) versus

interferon (IFN)-y-phycoerythrin (PE) or tumour necrosis factor (TNF)-a-allophycocyanin (APC), respectively, are shown for the CD3 CD8*
population. Complete gating strategy is depicted in Supporting information, Fig. S3. The value in the upper left is the difference between the
percentage in the peptide-stimulated minus the percentage in the unstimulated sample. (b) Cytokine-secretion in the CD3*CD8" compartment
after subtraction of background. The grey area above the x-axis shows the 0-05% cut-off/lower limit of detection (LLD) for this method.
Thirteen of 16 donors showed ABCB5 reactivity; in two donors (HDO01, HD13) no ABCB5-specific CD3CD8 T cell response was induced; in one

donor (HD14) reactivity was very low.

Interestingly, ABCB5 reactivity occurred more often than
reaction to MART-1. MART-1-reactive T cells in the
peripheral blood of melanoma patients were already
described more than 20 years ago [27], and it was postu-
lated that the presence of tumour-specific T cells correlates
with clinical response to immune adjuvant treatment and
overall outcome [6]. At the same time, it became apparent
that a T cell response against a TAA might lead to down-
regulation of the recognised antigen and ultimately tumour
immune escape [28]. MART-1 has been used as target for
several cancer immunotherapies, including peptide vaccina-
tion [29], adoptive T cell transfer [30] and DC vaccination
[31], with limited success. Furthermore, especially in
approaches based on adoptive transfer of (receptor-modi-
fied) T cells, adverse reactions such as vitiligo, uveitis or
ototoxicity occurred. Peptide vaccination can also — apart
from inducing tumour-reactive cytotoxic T cells — lead to
expansion of regulatory T cells, followed by decline of
tumour-reactive cytotoxic T lymphocytes (CTL) to baseline

[32]. The low frequency of MART-reactive patients in our
patient cohort might be due to inhibition of CTL activity
by regulatory T cells. This is in line with findings from other
studies, where either the expression of MART-1 declines in
correlation to the level of MART-1-reactive T cells [28] or a
loss of function in TAA-specific CTL occurs, characterised
by expression of PD-1 and T cell immunoglobulin and
mucin domain-3 (TIM-3) [33,34]. Furthermore, some
reports described tumour-specific CD4 T cells to have a
negative impact on patient survival [35]. An aberrant
MHC-II expression in melanoma was shown to induce
tumour-specific CD4" T cells, which dampen tumour-
reactive CD8 T cells by TNF production [36]. Depletion of
regulatory T cells was shown to improve induction and
expansion of TAA-specific memory T cells [37]. The
ABCBS5-specific T cell response in melanoma patients needs
to be characterised further in this regard, including the
expression of exhaustion markers on peripheral T cells and
cytokine patterns of CD8" and CD4 ™" T cells.
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Our patient cohort was heterogeneous regarding disease
stage, metastasis and treatments. No correlation was found
between reactivity against either ABCB5 or MART-1 and
clinical characteristics. However, a lack of correlation of
ABCBS reactivity with disease stage might also imply that
the antigen was recognised early on. If sampling of both
tumour material and peripheral blood is possible, charac-
terisation of ABCB5 expression in the tumour and tumour
infiltrating lymphocyte (TIL) infiltration, together with
quantification of peripheral ABCB5-reactive T cells, could
help to confirm eligibility of ABCB5 as a target for immu-
notherapy. As ABCBS5 is considered as a tumour-initiating
cell marker characterising therapy-resistant cells [12,19],
inducing or enhancing pre-existing ABCB5 immunity
might help to eradicate tumour cells and reduce tumour
metastasis and relapse. While immunotherapies targeting
other autoantigens such as MART-1 were tolerated overall
and induced mainly temporary problems [29,31], some
severe side effects occurred in individual cases [38]. In
murine models, targeting ABCB5 to ablate tumour engraft-
ment and growth was safe [14,19]. Moreover, apart from
epithelial defects and impairment in wound healing, the
viability of ABCB5 knock-out mice has been determined to
be similar to wild-type animals [39].

After detecting ABCB5-reactive T cells in melanoma
patients, we aimed to assess its suitability for an immuno-
therapeutic treatment approach. Therefore, we tried to
induce T cell reactivity in healthy donors using autologous
DC in in-vitro stimulations, which led to induction of
ABCB5-specific CD8" T cells in 14 of 16 donors tested.
This indicates that ABCB5-loaded autologous DC might be
suitable for immunotherapy approaches, possibly in com-
bination with immune check-point blockade. ABCB5 is
expressed in a variety of cancers, and ABCB5 expression
particularly marks cells which are chemotherapy-resistant
and can give rise to metastases [11,12,14,19,24]. While
ABCBS is a tumour-associated antigen (TAA), it is also
expressed on normal cells, yet the expression is lower than
in malignant cells [12,19]. The availability of a monoclonal
antibody against the region containing several putative T
cell epitopes has important benefits: as a safety assessment,
expression of the target antigen can be analysed in tissue
cross-reactivity studies, and possible long-term toxicities
and adverse effects induced by an immune response against
this target can be assessed in relevant species (e.g. mouse)
using the antibody.

Taken together, in addition to data on the ABCB5
expression in malignancies already available, detection of
ABCB5-reactive CD8™" T cells in melanoma patients affirms
ABCBS as a potential target for immunotherapy.
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Supporting information

Additional Supporting information may be found in the
online version of this article at the publisher’s web-site:

Fig. S1. Epitope ranking for ATP binding cassette sub-
family B member 5 (ABCB5)-Loop3 15mers based on
normalised values from different prediction algorithms.

The

normalised  ranking for  possible  major
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histocompatibility complex (MHC)-I epitopes derived
from the AA sequence GAYLIQAGRMTPEGMFIVFTAIAY
was calculated according to Krishna and Anderson [22];
the suggested MHC-I set covers > 60% of the population
for HLA-A locus and > 35% for the B locus. The
highest-ranked epitopes all fall within the sequence of at
least one of the three 15mers. Thus, using a cocktail
based on these three peptides, many different HLA-loci
would be covered.

Fig. S2. Staining of ATP binding cassette subfamily B
member 5 (ABCB5) on peptide-loaded mature dendritic
cells (mDC) and in tumour slides. (a) Dendritic cells
(DC) generated from peripheral blood mononuclear cells
(PBMNCs) of healthy donors were pulsed with different
ABCB5-Loop3 peptide pool concentrations ranging from
1 to 600 uM for 2 h. Cells were washed and stained with
aABCB5-3C2-fluorescein isothiocyanate (FITC). The total
number of loading and staining experiments performed is
given for each median value. Below 100 puM, signal for
peptide-pulsed DC was below background. Dose-
dependent staining started from 100 pM, and was clearly
detectable using concentrations above 200 pM; however,
there is no proof that this correlates directly with peptide
presentation in the major histocompatibility complex
(MHC) context. (b) A cryosection of a large primary,
periocular melanoma (stage II) stained with aABCBS5-

ABCB5-specific T cells in melanoma

3C2-FITC and 4,6-diamidino-2-phenylindole (DAPI).
The image was taken on an EVOS Floid Cell Imaging Sta-
tion at X20 magnification (settings for intensity were
60% green channel, 30% blue channel, and for processing
51% brightness, 56% contrast). Approximately 80% of
cells express ABCB5.

Fig. S3. Intracellular cytokine staining (ICS) gating strat-
egy. The gating strategy for analysis of ICS samples is illus-
trated; staining of expanded healthy donor CD8 T cells is
shown. In the forward-(FSc)/side-scatter (SSc) (upper left
plot), a gate is set on the living lymphocytes [gate (alive)].
In the lower left corner of the FSc/SSc density plot, dead
cells and debris can be seen (‘dd” = dead/debris). The pop-
ulation next to it are the irradiated feeder cells
(‘C = feeder). In the CD3-fluorescein isothiocyanate
(FITC) versus CD8-phycoerythrin-cyanin 7 (PE-Cy7) den-
sity plot gated on (alive), the CD3"CD8" cells are gated
[gate (CD3CD8)]. At least 20 000 events were recorded in
the (CD3CD8) gate. Next, the percentages of cytokine-
producing cells [interferon (IFN)-y] are determined in the
unstimulated and peptide-restimulated samples. To calcu-
late the peptide-specific CD8" T cell response, the signal in
the unstimulated control is subtracted from the value
determined in the peptide-stimulated sample. Values above
0-05% are considered as a positive response, values below
or equal to 0-05% no response.
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