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Abstract Macrophage migration inhibitory factor (MIF) is
known to be involved in oncogenic transformation, tumour
progression, and immunosuppression and is overexpressed
in many solid tumours, including paediatric rhabdomyosar-
coma (RMS). We investigated the function of MIF in RMS
during treatment with cytotoxic drugs. RMS cell lines were
analysed by flow cytometry, immunofluorescence staining,
and ELISA. We demonstrated the overexpression of MIF in
RMS cells and the enhanced expression and secretion after
treatment with cytotoxic agents. Migration assays of RMS
cells revealed that inhibitors of MIF (ISO-1, Ant.III 4-IPP,
Ant.V, sulforaphane (SF)) and blocking antibodies caused
reduced migration, indicating a role for MIF in metastatic
invasion. Additionally, we investigated the function of MIF
in immune escape. The development of a population con-
taining immunosuppressive myeloid-derived suppressor
cells was promoted by incubation in conditioned medium
of RMS cells comprising MIF and was reversed by MIF
inhibitors but not by antibodies. Although most inhibi-
tors may restore immune activity, Ant.IIl and 10 uM SF
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disturbed T cell proliferation in a CFSE assay, whereas T
cell proliferation was not reduced by 3 uM SF, ISO-1 or
antibodies. However, the inhibition of MIF by blocking
antibodies did not increase the killing activity of allogenic
PBMC:s co-cultured with RMS cells. Our results reveal that
MIF may be involved in an immune escape mechanism and
demonstrate the involvement of MIF in immunogenic cell
death during treatment with cytotoxic drugs. Targeting MIF
may contribute to the restoration of immune sensitivity and
the control of migration and metastatic invasion.
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Abbreviations

CDh Cluster of differentiation

CFSE Carboxyfluorescein succinimidyl ester

DMEM Dulbecco’s modified Eagle medium

FCS Foetal calf serum

GM-CSF Granulocyte—-macrophage colony-stim-
ulating factor

HEPES 4-(2-hydroxyethyl)-1-pipera-

zineethanesulfonic acid
IL Interleukin

MDSCs Myeloid-derived suppressor cells

MIF Macrophage migration inhibitory
factor

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide

NC Negative control

PE Phycoerythrin

PBMCs Peripheral blood mononuclear cells

PBS Phosphate-buffered saline

PC Positive control
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RMA Alveolar rhabdomyosarcoma
RME Embryonal rhabdomyosarcoma
RMS Rhabdomyosarcoma

RT Room temperature

SF Sulforaphane

VLE RPMI-1640 Very low endotoxin Roswell Park

Memorial Institute Medium

Introduction

Rhabdomyosarcoma (RMS) is the most common paediatric
soft tissue sarcoma, accounting for 3—4 % of all paediat-
ric malignancies [1] and 7-8 % of malignant solid paedi-
atric tumours [2]. The latest system for classification of the
heterogeneous RMS is based on the histological subtype
together with molecular genetics [3]. The two main sub-
types, alveolar RMS (RMA) and embryonal RMS (RME)
[4, 5], differ not only in their histopathology and tumour
biology but also in their responsiveness to treatment [6,
7]. The current multidisciplinary and multimodality treat-
ment is based on risk stratification and includes surgery,
chemotherapy, and radiotherapy [8, 9]. Although patients
suffering from RMS show satisfactory responses to this
treatment, especially the embryonal subtype [10], there are
still several major problems, including metastatic invasion,
multidrug resistance, and tumour recurrence [11]. Further-
more, the outcome of patients with tumours in advanced
stages is poor.

One reason for this unsatisfactory outcome is the
immune escape of tumours, which can occur due to differ-
ent factors. These factors may include the accumulation or
reduction of immunomodulatory factors or special immune
cells such as myeloid-derived suppressor cells (MDSCs)
[12, 13]. Hence, it is essential to develop novel treatment
approaches, such as the activation of the individual’s
immune system, to achieve increased anti-tumour activity.

With the aim of identifying novel treatment approaches,
a differential gene expression analysis of 11 RMS sam-
ples was carried out, which revealed elevated expression
of immunomodulatory proteins [14] such as macrophage
migration inhibitory factor (MIF) [15]. MIF is a protein that
is involved in oncogenic transformation, tumour progression
and the disturbance of immune activation [15-17]. Moreo-
ver, MIF supports tumour cell growth, angiogenesis, and
cell migration [18-20], potentially through its functional
receptors CXCR2, CXCR4, and CD74 [20-22]. CXCR4 is
also expressed in RMS [23]. Furthermore, in addition to its
role in tumourigenesis, MIF has a strong influence on the
immune system [17] by inhibiting the lysis of melanoma
cells by natural killer cells [17], enhancing tumour-associ-
ated CD4" regulatory T cells as well as CD8* regulatory
T cells (accompanied by decreased CD8%-induced tumour
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cytotoxicity) [24], and inducing MDSCs in the tumour
microenvironment [25]. Moreover, tumour-derived MIF
appears to participate in the immune escape of various
malignant tumours [26, 27]. Taken together, tumour-derived
MIF appears to have a strong impact on tumourigenesis by
regulating the immune system.

In RMS, some proteins, such as calreticulin, have been
shown to be upregulated during cellular stress, and this
induction enhances susceptibility to macrophage attack
[28]. However, during treatment with cytotoxic drugs, a
shift in protein expression may alter treatment efficiency
by inducing multidrug resistance or promoting immune
escape. Therefore, the aim of this study was to investigate
the expression profile of MIF during treatment with cyto-
toxic drugs. Additionally, we aimed to evaluate the immu-
nomodulatory function of MIF in RMS after treatment with
inhibitory molecules and MIF-blocking antibodies.

Materials and methods
Cells and culture conditions

We focused on the two major subtypes of RMS which
are represented by RMA and RME [4, 5]. The RMA cell
line Rh30 (fusion positive, PAX3-FOXOI1, t(2;23) [29];
DSMZ, Braunschweig, Germany) as well as the RME
cell lines RD (fusion negative [29]; ATCC, Manassas, VA,
USA), A-204 (fusion negative [29]; DSMZ, Braunsch-
weig, Germany), and RMS33-2 (unclassified fusion sta-
tus, derived from an RME and adapted to the culture for
18 passages) were grown in Dulbecco’s modified Eagle
medium (DMEM) supplemented with 10 % foetal calf
serum (FCS), 100 U/ml penicillin, 100 ug/ml streptomycin,
and 2 mML-glutamine (all from Biochrom, Berlin, Ger-
many) at 37 °C in 5 % CO, under humidified conditions
of 95 % air. We were concentrating on the cytotoxic drug
vincristine, an effective agent in the standard VAC proto-
col, and on doxorubicin and etoposid, which are incorpo-
rated in recent studies, especially for high-risk patients [8].
Influence of cytotoxic drugs on RMS cells was analysed in
confluent cultures which were treated with 0.01, 0.03, and
0.1 pg/ml for doxorubicin and vincristine and 0.01, 0.1,
and 1 pg/ml for etoposid for 48 h. Conditioned media were
collected and passed through a 0.2 uM mash sterile filter
from RMS cells cultured at confluence for 3 days in very
low endotoxin Roswell Park Memorial Institute Medium
(VLE RPMI-1640, Biochrom, Berlin, Germany), and were
buffered by 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES, 25 mM; Biochrom AG, Berlin, Germany).
PBMCs were isolated from healthy voluntary donors out
of whole-blood samples by density gradient centrifuga-
tion using Biocoll (Biochrom, Berlin, Germany) and were
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cultured in VLE RPMI-1640 with the same supplements
except of heat-inactivated FCS. Generation of a popula-
tion containing MDSCs was achieved by using 0.01 ng/ul
granulocyte-macrophage colony-stimulating factor (GM-
CSF, Becton-Dickinson, Heidelberg, Germany) in cul-
tures of PBMC for 5 days, and MIF inhibitors were added
in the provided samples. For detection of the population
containing MDSCs, flow cytometry with PE-anti-human
CD33 and VioBlue-anti-human CD14 (both Miltenyi Bio-
tec GmbH, Bergisch Gladbach, Germany) was performed
according to the manufacturer’s instructions.

Immunofluorescence staining

RMS cells were seeded at a density of 3000 cells/100 pl
on Poly-p-lysine (Poly-p-lysine hydrobromide, Sigma-
Aldrich, Munich, Germany)-coated glass slides in double-
chamber culture inserts (Ibidi, Munich, Germany) over-
night followed by application of cytotoxic drugs for 48 h.
MIF was detected by a monoclonal mouse anti-human
MIF antibody (KloneAbcam, Cambridge, UK) at a 1:1250
dilution in PBST overnight and AlexaFlour546®-goat anti-
mouse antibody (2 pug/ml in PBST, Invitrogen, Darmstadt,
Germany) as described previously [28].

Flow cytometry analysis of RMS cells

RMS cells were treated with cytotoxic drugs for 48 h,
trypsinized, fixed in 3.7 % formaldehyde solution for 5 min
and permeabilized with FACS buffer (PBS with 2 % FCS,
2 mM EDTA, 0.005 % NaN;) containing 0.2 % Tween
20 for 10 min. Intracellular MIF was detected by a two-
step incubation with primary antibody anti-human MIF
(1:1250 in FACS buffer) and FITC goat anti-mouse anti-
body (1:2000; Sigma-Aldrich, Munich, Germany) for each
30 min. Flow cytometry was carried out with FACSCalibur
(Becton—Dickinson, Heidelberg, Germany) and evaluated
with FCS Express 3 Flow Cytometry (De Novo Software,
Los Angeles, USA).

Elisa

Quantitative analysis of human MIF was performed by
using an enzyme immunoassay kit (Holzel Diagnostika,
Koln, Germany). Supernatants from cultures of confluent
RMS cells were collected after 24 and 48 h of incubation
with cytotoxic drugs as described above. ELISA was con-
ducted according to the manufacturer’s protocol.

Migration assay

RMS cells at a density of 3 x 10%100 ul/well were
plated in double-chamber culture inserts (Ibidi, Munich,

Germany). After incubation overnight to receive conflu-
ence cell monolayer, culture inserts were gently removed
and wells were filled with media containing MIF inhibi-
tors ISO-1 (25 puM), Ant.III 4-IPP (25 uM), Ant.V (25 uM;
all Inhibitors Merck Millipore, Darmstadt, Germany), SF
(3 uM; Enzo Life Sciences GmbH, Lorrach, Germany),
and anti-human MIF antibody (2 pg/ml), respectively. The
cell-free space between the double chambers was measured
0 h, 5 h, and 24 h after removing the chambers on images
from Axiovert 40 equipped with AxioCamMRcand AxioVi-
sion 3.1 (Carl Zeiss, Oberkochen, Germany). Migration is
expressed as relative quotient of measured space to those of
the untreated control culture.

Cell viability

Cell viability was performed by seeding 3 x 10° A204,
RD, and Rh30 cells and 1 x 10* RMS33-2 cells per well
in a 96-well plate. After 24 h, cells were treated with MIF
inhibitors ISO-1, Ant.IIl 4-IPP, Ant.V, SF or MIF anti-
bodies in serial twofold dilutions of inhibitors ranging
from 0 to 100 uM. In the case of combining the treatment
with doxorubicin, its concentration ranged from 0.0003
to 3 ug/ml. After 96 h, cell viability was determined by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay as described previously [30]. The per-
centage of cell viability was calculated by normalization
between background of cultures without cells (only culture
medium) and untreated cells as control.

CFSE analysis of PBMCs proliferation

For detection of T cell proliferation, PBMCs were stained
with CFSE (Life Technologies GmbH, Invitrogen, Darm-
stadt, Germany) prior to plating. 5 uM CFSE solution in PBS
containing 0.1 % heat-inactivated FCS was added warm to
PBMCs (37 °C, 10 min). Reaction was stopped with ice-cold
VLE RPMI-1640 and cells were centrifuged, resuspended,
and plated at a density of 5 x 10%/well/250 ul. 200 IU/
ml interleukin 2 (IL-2, Novartis AG, Basel, Switzerland)
and 1 ng/ml anti-human CD3 (Clone OKT3; eBioscience,
Frankfurt, Germany) were used for stimulation. MIF inhibi-
tors Ant.III 4-IPP (50 pM), ISO-1 (50 uM), and SF (10 and
3 uM) as well as anti-human MIF antibody (2 and 1 pg/ml)
were added, respectively. In the provided samples, 200 ul
of supernatants of RMS cell cultures was added to 50 ul of
PBMC cultures. Media were changed with fresh additives
after 2 days. PBMCs were analysed by BD LSR II (Bec-
ton—Dickinson GmbH, Heidelberg, Germany) to determine
the different populations and T cell proliferation using BD
FACSDiva (BD Bioscience, San Jose, USA) after 5 days of
cultivation. CD3™ cells were detected by using PE/Cy7 anti-
human CD3 Antibody (BioLegend, Fell, Germany).
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Kill assay

Reporter Rh30 cells with stable integration of Gaussia Lucif-
erase (Rh30-Gluc) [31] were seeded in 96-well plates (Bec-
tonDickinson GmbH, Heidelberg, Germany) at a density of
5 x 10? cells/well. After 24 h, 2 pg/ml, 1 pg/ml, or 0.5 pg/
ml anti-MIF antibody was added to the provided wells and
incubated for 30 min at 37 °C. Freshly isolated PBMCs were
administrated in tumour cell: effector cell ratios of 1:10,
1:20, and 1:40 and stimulated with IL-2 (200 IU/ml). After
24 h at 37 °C, supernatants were discharged, followed by
washing Rh30 Gluc cells with PBS, adding 200 pl culture
medium and incubating for 2 h at 37 °C. RMS cells which
are still alive are able to secret Gaussia Luciferase into the
supernatants. 5 ul of these supernatants was transferred onto
a white 96-well plate. The substrate Coelenterazine (Gaussia
Glow Juice, PJ.K. GmbH, Kleinblittersdorf, Germany) was
dissolved in buffer, and 50 pl of this solution was added
to each well directly before measurement. Luminescence
was detected for 1 s by using WALLAC Victor plate reader
(PerkinElmer, San Diego, USA). All assays were conducted
in triplicate. Cell viability in per cent was calculated by nor-
malizing the background of cultures without cells and Rh30
Gluc cells without PBMCs.

Statistics

Data were analysed by ANOVA and Bonferroni’s post-test
(GraphPad Prism 4.00; GraphPad Softwares Inc., San Diego,
USA) and shown as mean =+ standard error of the mean
(SEM). p < 0.05 was considered to be significant. Additive
effects of MIF inhibitors and cytotoxic drugs were evaluated
by Isobolograms according to Lieber et al. 2013 [32].

Results

Treatment with cytotoxic drugs leads to enhanced
expression of MIF in human RMS cell lines

MIF expression was detected in A204 cells by immunoflu-
orescence staining in the cytoplasm but not in the nucleus
(Fig. 1a). Treatment with increasing concentrations of dox-
orubicin (0.01-0.1 pg/ml) led to enhanced expression of
MIF without changes in the cellular distribution. However,
MIF expression was strongly enhanced with increasing
concentrations of doxorubicin, and this phenomenon was
also observed with the drugs vincristine (0.01-0.1 pg/ml)
and etoposide (0.01-1 pg/ml) (Fig. 1a). The same observa-
tions were noted in other RMS cell lines such as RD, Rh30,
and RMS33-2 (data not shown).

To confirm these observations, treated and untreated
RMS cells were analysed by flow cytometry (Fig. 1b). With
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all variables held constant aside from drug concentration,
all four RMS cell lines showed increased MIF expression
as the drug concentration increased, particularly with vin-
cristine, which resulted in intense staining even at the low-
est concentration (0.01 pg/ml). The greatest changes were
observed in the cell lines RD and RMS33-2, followed by
A204 and Rh30. However, in non-tumour cells such as
fibroblasts, the intracellular concentration of MIF did
not change as a result of incubation with cytotoxic drugs
(Fig. 1b). These findings suggest that MIF expression is a
general process in tumour cells but not in normal cells such
as fibroblasts. Additionally, there are differences between
tumour cell lines and cytotoxic drugs in their capacity to
induce MIF. However, dependency of MIF induction on the
cell type could be not ruled out.

As MIF exists not only in the intracellular environment
but also in a soluble form, we investigated whether the secre-
tion of MIF by RMS cells is altered during treatment with
cytotoxic drugs (Fig. 2). MIF was quantified in cell culture
medium after 48 h of incubation with drugs at the same con-
centrations used in the previous assays. Depending on the
cell line, enhanced MIF secretion was observed in a dose-
dependent manner, which was significantly higher in nearly
all the treated cultures compared to the untreated control
(Fig. 2). Although the cell line RMS33-2 showed increased
secretion of MIF compared with the negative control, espe-
cially in the presence of vincristine, no significant difference
could be detected. However, in the cell lines Rh30 and A204,
a significant (up to threefold) increase in secretion was iden-
tified for doxorubicin (0.1 pg/ml), etoposide (1 pg/ml), and
both concentrations of vincristine (0.03 and 0.1 pg/ml). For
cell line A204, a significant change was also observed at
0.03 pg/ml of doxorubicin (approximately twofold increase).
All cell lines except for RMS33-2 showed significantly
higher secretion in the presence of vincristine (Fig. 2).

In contrast, cultured normal fibroblasts secreted a low
amount of MIF (659 £ 3 pg/ml) compared to the RMS
cells (3271 £ 161 — 6825 + 132 pg/ml). Although the
secretion of MIF increased (approximately 2-fold) during
the treatment of fibroblasts with vincristine, the amount of
MIF did not reach 15 % of that observed in the correspond-
ing cultures of RMS cells (Fig. 2).

Taken together, our data indicate that RMS cells express
and secrete a large amount of MIF, and this secretion can
be further enhanced during treatment with cytotoxic drugs.
This effect was less prominent in non-tumour cells such as
fibroblasts.

Impaired migration of RMS cells through MIF
inhibition

RMS cell motility is linked to the metastatic capacity of
RMS tumours, and tumour-derived MIF promotes motility
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Fig.1 Enhanced expression of MIF after incubation with cytotoxic
drugs. RMS cell lines and human fibroblasts were incubated with
three different cytotoxic drugs at various concentrations: doxoru-
bicin, vincristine, and etoposide. a Immunofluorescence staining
of A204 cells after 48 h of treatment. Enhanced expression of MIF
was observed with increasing drug concentrations, as denoted by the
red fluorescence. PC is a positive control without treatment, and NC

in different tumour cells. Therefore, we analysed whether
the inhibition of MIF leads to alterations in RMS cell
migration (Fig. 3). RMS cells were found to migrate rap-
idly, as the surface of the cell-free gap (500 um) within con-
fluent cultures was overgrown within 24 h in a migration
assay. Rh30 and RD cells migrated faster than A204 cells
and especially RMS33-2 cells. Addition of the MIF inhibi-
tors Ant.III 4-IPP (25 uM), Ant.V (25 uM), ISO-1 (25 pM),
and SF (3 uM) as well as the blocking antibody (2 pg/ml)
to the cultures led to a cell line- and inhibitor-dependent
decrease in cell motility in migration assays (Fig. 3). The
greatest impact on cell migration was observed after 5 h.

is a negative control without primary antibody. Similar results were
observed in RD, Rh30, and RMS33-2 cells. b At 48 h after admin-
istration, the cells were analysed by flow cytometry. In all RMS
cell lines, increased MIF expression was observed compared to the
untreated control. In fibroblasts, MIF expression did not change with
treatment

With SF treatment, cell motility was reduced in nearly
every cell cultures tested compared with the control cul-
tures (RMS33-2: fivefold slower, Rh30: 40 % & 0.6 % of
the control, A204: 56.6 % =+ 17.5 % of the control) after
5 h and even after 24 h (from 52 % =+ 8.8 % (RMS33-2) to
93.8 % £ 1.7 (RD)). The MIF-blocking antibody had only
a minimal impact on cell migration in most cases (RMS33-
2: 62.0 &+ 75.4 % and Rh30: 108.0 & 8.9 % of the control
after 5 h); however, this antibody had a greater effect on
RD, which was 38.2 &+ 17.9 % after 5h and 54.3 =+ 7.5 %
of the control after 24 h. Nevertheless, the influence of MIF
on RMS cell migration was confirmed via the use of the
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Fig. 2 Enhanced secretion of MIF after incubation with cytotoxic
drugs. RMS cell lines and human fibroblasts were incubated with
various concentrations of doxorubicin, vincristine, and etoposide for
48 h. The amount of secreted MIF in the cell culture supernatants

from two independent replicates, as determined by ELISA, is repre-
sented as the mean and SEM. Significantly enhanced MIF secretion
was detected in every RMS cell line in the presence of each drug
(**P < 0.05, ##**P < 0.0001, two-way ANOVA)

Fig. 3 Influence of MIF inhibi- a b
tors on tumour cell migration. S 150 - :é 150 =
A204 (a), RD (b), Rh30 (¢), and S €
RMS33-2 (d) cells were treated 3 S
with the MIF inhibitors Ant. X 100 T - * 100
III (25 uM), Ant.V (25 pM), c <
ISO-1 (25 uM), and SF (3 uM) = =
as well as anti-MIF antibodies % 50 5 50 . e
(2 pg/ml). At the indicated time = =
points, migration was evaluated 2 2 é ’J_‘
in relation to untreated controls s s "
(100%). Impaired migration of & 0 24 © 5
tumour cells was obvious after Time (h) Time (h)
5 h in some treatments (*) c d
8 150 2
£ < 200 4
o o
& 100+ & 150 4
c c
2 L2
T T 100 -
2 504 hod
R IS
@ 0 s 0
x 5 24 L
Time (h) Time (h)
3 Antlll @3 Ant.Y @l 1ISO-1 mm SF I Anti MIF

other inhibitors. Ant.V (19.1 £ 11.6 % of the control) and
Ant.IIT (47.3 &+ 15.3 % of the control) had the greatest abil-
ity to retard Rh30 cells, whereas ISO-1, at 30.7 & 5.3 % of
the control, showed the greatest ability to retard RD cells
after 5 h.

These observations suggest that MIF contributes to the
motility of RMS cells; therefore, MIF may modulate the
metastatic capacity of RMS tumours.
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MIF and the development of a population containing
MDSCs

Tumour-derived MIF has been demonstrated to be
involved in protecting tumours against the immune sys-
tem via the induction of MDSCs, among other mecha-
nisms [25]. Therefore, we analysed the development of a
population containing human MDSCs (CD337CD14%)
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Fig. 4 Development of MDSCs during incubation with RMS cul-
ture medium and MIF inhibitors. a—d The cultivation of PBMCs
with RMS culture medium led to the development of CD33MCD14"
as well as CD14'°CD33° populations. Addition of the MIF inhibitor

in PBMCs after incubation with RMS culture medium,
which resulted in the production of a different population
of CD33"CD14" cells (Fig. 4a—d). Although the cell count
of the CD337CD14™" population was nearly the same, the
RMS-conditioned medium caused increased expression
of CD14% in the CD33™" population. In these cultures, the
development of a new cell population showing low CD33
expression together with low CDI14 was observed. The
MIF inhibitor SF (3 uM) did not affect the CD33'°CD14"
cell population compared with the control (no inhibitors
and no conditioned medium). The expression of CDI14
on CD33% cells was not altered, although this population
was reduced by twofold, indicating an off-target effect of
SF which can influence the cells by HMGBI1. Adding SF
to PBMC cultures with RMS-conditioned medium did not
impair the increased expression of CD14; however, the
CD33MCD14" cell population comprised merely half of the

SF (a), ISO-1 (b), or Ant.III (c) prevented the formation of CD33"ic-
D14 cells and enhanced the formation of CD14°CD33'° cells; how-
ever, these effects were not observed after treatment with the anti-
MIF antibodies (d)

same cell population compared to the cultures with condi-
tioned medium alone. A stronger impact on the develop-
ment of the population containing MDSCs was observed
using a higher concentration of SF (10 uM), which induced
a 3.9-fold reduction in the CD33"CD14" population. The
CD337CD14" cell population increased as the concentra-
tion of SF increased.

Taken together, these data show that SF prevented the
development of CD337CDI14" cells and increased the
CD14°CD33' cell population.

When ISO-1 was used to block the activity of MIF, a 9.7-
fold reduction in the CD33*CD14" population of PBMCs
was observed compared to the untreated control, whereas
a 6.7-fold reduction in the same population was found
when RMS culture medium, PBMCs, and ISO-1 were com-
bined compared to RMS-conditioned medium alone. Sim-
ilar to SF, treatment with ISO-1 led to an increase in the
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Fig. 5 Proliferation of T cells during incubation with RMS culture
medium and MIF inhibitors. a—d PBMCs were stimulated with IL-2
and OKT3 and cultured as indicated for 5 days. Proliferation was
detected by a CFSE assay. Incubation with RMS supernatant (A204)
slightly decreased the proliferation rate of T cells in each culture. No

CD14°CD33' population (3.4-fold with ISO-1 alone and
2.4-fold with the addition of RMS-conditioned medium).
Similar changes were also observed when cells were incu-
bated with Ant.III 4-IPP.

In contrast, the anti-MIF antibody did not produce the same
results. Indeed, only a small decrease in the CD33*CD14M"
population was identified, and there was an increase in this
population with the addition of RMS-conditioned medium.
The CD14"°CD33!° population changed only slightly.

MIF and the proliferation of T cells

By incubating PBMCs with RMS culture medium, a slight
decrease in the proliferation of T cells was observed in
all CFSE assays (Fig. 5a—d). High concentrations of SF
(10 uM) and Ant.IIT 4-IPP (50 uM) prevented T cell pro-
liferation in both cultures with RMS-conditioned and non-
RMS-conditioned samples (up to a 70-fold reduction). Only
a slight disturbance in the proliferation of immune cells was
observed after treatment with a low concentration of SF
(3 uM), anti-MIF antibodies, or ISO-1 (50 uM) (Fig. 5).
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defects in the proliferation of T cells were observed during treatment
with low concentrations of SF (3 uM), ISO-1, or anti-MIF antibod-
ies, whereas higher concentrations of SF and Ant.III prevented T cell
proliferation

Role of MIF in the killing activity of PBMCs

To investigate the ability of PBMCs to kill human RMS
cells during MIF inhibition, we co-cultured Rh30-Gluc cells
together with PBMCs at different ratios (Fig. 6). By pre-
incubating Rh30 cells with the anti-MIF antibody, we aimed
to stimulate PBMCs by disturbing the activity of tumour-
derived MIF. We observed that PBMCs efficiently killed
Rh30-Gluc cells. At a 10:1 ratio of effector to tumour cells,
25 % of the Rh30-Gluc cells remained viable after 24 h, and
this was further reduced to 20 % at a 20:1 ratio. Blocking
MIF with two different concentrations of anti-MIF antibody
(1 pg/ml and 2 pg/ml) did not influence the killing efficiency.

Discussion

In recent years, the treatment of paediatric rhabdomyosar-
coma has been improved for standard-risk patients [10].
However, the survival of high-risk patients is still poor
[11], indicating the importance of the search for novel
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Fig. 6 Influence of the MIF antibody on tumour cell lysis. Rh30
Gluc cells were incubated with 2, 1, and 0.5 pug/ml anti-MIF anti-
bodies for 30 min before the addition of effector cells. PBMCs were
added at different ratios for a killing assay. After 24 h of co-culture,
Gaussia luciferase activity was measured in the live tumour cells. The
relative tumour cell viability of three replicates is shown as the mean
and SEM. Treatment with the anti-MIF antibody did not significantly
enhance the killing activity

therapeutic options such as immunotherapeutic approaches
[13]. Modulation of the immune system has shown to be
promising in the treatment of RMS, which is demonstrated
by bone marrow transplantation [33], antibody treatment
[28], clinical trials investigating T cell or NK-cell trans-
plantations (Clinicaltrials.gov) [34], or T cell-based immu-
notherapy approaches in RMS [35, 36]. Therefore, our aim
was to investigate potential novel mechanisms that impair
the immune response in RMS and to reverse their effects by
using a therapeutic applicable way with small inhibitors or
antibodies.

The immunomodulatory protein MIF is overexpressed
not only in RMS but also in many other tumours, such as
neuroblastoma, melanoma, hepatocellular carcinoma, and
colon cancer [17, 37-39], leading to tumour progression,
oncogenic transformation, and disturbed immune acti-
vation [15-17]. Various studies have provided evidence
for the involvement of tumour-derived MIF in immune
escape by increasing tumour-associated CD4" Tregs and
CD8" Tregs accompanied by decreased CD8*-induced
tumour cytotoxicity in MIF™* mice [24] or by promot-
ing the differentiation and increasing the proportion of
MDSCs within the tumour [25]. By using inhibitors of
the tautomerase activity of MIF, such as SF, the devel-
opment of MDSCs can be reduced and tumour growth
and metastasis can be repressed [19]. Furthermore, MIF
appears to participate in immune escape by counteract-
ing NK and CD8" T cell-mediated immune surveillance
in malignant gliomas [26]. MIF interacts with different
receptors such as CD74, CXCR2, CXCR4, and CXCR7
[22, 40] which could serve in possible receptor-based

targeted therapies. Various intracellular and extracellu-
lar signalling pathways in which MIF is involved have
been linked to different cellular effects, including the
inhibition of p53 [41], the activation of ERK pathways
via the induction of N-Myc expression, and the enhanced
expression of VEGF [42]. Furthermore, MIF has been
shown to induce COX-2, leading to cell proliferation,
enhanced motility, disturbed apoptosis, and suppression
of the immune response [43].

The inhibitors used in this paper were characterized by
blocking the enzymatic activity of MIF which are able to
block both the intracellular and extracellular signalling
pathways. On the contrary, MIF antibodies are only com-
petitive for extracellular MIF. ISO-1, an isoxazoline sub-
stance, inhibits the tautomerase activity of MIF by binding
to its catalytic site. Ant.III, an iodo-pyrimidine compound,
is known to covalently modify MIF. Ant.V is able to
antagonize MIF against receptor binding as a symmetrical
bis-(amino, hydroxynaphthalenedisulfonate) compound.
Finally, SF is a version of natural R-sulforaphane, an ingre-
dient in broccoli which seems to inhibit tumour formation.
All inhibitors can penetrate the cell membrane, on contrary
to MIF antibodies.

Despite its effects on multiple pathways that influence
the viability of tumour cells, it appears that MIF inhibi-
tors do not disturb viability in RMS. We did not observe a
general decrease in RMS cell viability in vitro by inhibit-
ing MIF with its inhibitors ISO-1, Ant.III, Ant.V or MIF
antibodies (Supplementary Fig. 1), and the same result was
observed previously when investigators knocked down MIF
expression in human RH18 [15]. We were able to show a
decrease in RMS cell viability by treatment with SF and an
intensification of this effect by combining doxorubicin with
SF (Supplementary Figs. 1 and 2). Isothiocyanates such
as SF are known to modulate broader cellular processes,
including the potent inactivation of MIF tautomerase activ-
ity [44, 45]. Therefore, the observed inhibition of cell via-
bility could be a result of an off-target effect. Though, no
reduction in viability of fibroblasts was observed by SF
treatment.

Various studies report the pro-metastatic and pro-migra-
tion capacity of MIF, indicating that the use of MIF inhibi-
tors may influence cell migration [19]. Our data showed
that MIF inhibitors disrupted RMS cell migration, and this
inhibition was slightly correlated with the basal secretion
of MIF in the different RMS cell lines. This correlation
was not observed in experiments testing SF, suggesting an
off-target effect of SF. In addition, the differences observed
between the inhibitors indicate that the small molecules
tested may have non-specific effects. As blocking antibod-
ies, which act only extracellularly, did not influence migra-
tion, intracellular MIF appears to play a role in RMS cell
migration through intracellular signalling.
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In fact, we showed that the production of tumour-
derived MIF is induced in RMS by three commonly used
cytotoxic drugs. Usually, MIF is secreted by different path-
ways, e.g. through the mediation of pl15 [46]. Further-
more, cytotoxic drugs can induce cell death, following by
an enhanced release of intracellular proteins which may
include MIF. The levels of intracellular and secreted MIF
but not mRNA (data not shown) increased during treatment
with different anticancer drug classes in different tumour
cell types. To date, few data have been produced to support
the drug-induced overexpression of MIF in non-tumour
patients [47]. Further analysis of gene expression data-
bases (GEO, http://www.ncbi.nlm.nih.gov/gds/) revealed
an induction of MIF in breast cancer cells treated with
doxorubicin (GDS2244/217871_s_at) and in endometrial
cells treated with carboplatin (GPL570, 217871_s_at). The
enhanced expression of MIF in response to cytotoxic drugs
may result in a reduction of immunogenicity and a distur-
bance of the immune response against tumours. Although
conventional chemotherapeutics are known to be immuno-
suppressive, there is evidence that these drugs are able to
induce immunogenic cell death, especially for the anthra-
cycline drug doxorubicin [48-51]. Thus, to assess the role
of enhanced MIF expression in immunogenic cell death,
we combined anti-MIF antibodies in cytotoxic assays. In
these assays, MIF did not have an impact on the Kkilling
efficiency of leucocytes.

In agreement with the results obtained in a breast
cancer model [25, 52], we were able to demonstrate the
MIF-dependent induction of a population containing
MDSCs in tumours and the reversal of this effect by SF
in RMS cell cultures. Conditioned medium from MIF-
expressing RMS cells enhanced the differentiation of the
population containing MDSCs, and this enhanced differ-
entiation was suppressed by the addition of MIF inhibi-
tors. However, T cell proliferation was disturbed by these
inhibitors, with the exception of low concentrations of
SF, ISO-1, and MIF antibodies, in cultures containing
PBMCs and conditioned medium. Therefore, although
some MIF inhibitors, such as Ant.III, were able to impair
the development of the population containing MDSCs,
they also disturb T cell proliferation. Blocking antibod-
ies did not have effects in this development and in T cell
proliferation. This result indicates that a less active anti-
body was used in this work and in our functional assays,
although we were able to show that this antibody binds
to MIF using flow cytometry. To study the integrated
influence of the complex populations of leucocytes on
RMS cells during inhibition of MIF, we used primary
PBMCs and not NK cells which were used by Korcken-
berg et al. [27]. Although we could not reveal enhanced
tumour cell lysis by PBMCs during treatment with MIF
antibodies, Krockenberg et al. showed enhancement of

@ Springer

ovarian tumour lysis by NK cells with the use of an anti-
MIF antibody, which restored the MIF-induced immune
escape [27]. Therefore, antibodies appear to be promising
for inhibiting tumour-derived MIF [53].

In summary, we demonstrated the involvement of MIF
in tumour cell migration in RMS. We also demonstrated
that treatment with cytotoxic drugs leads to enhanced MIF
expression, which may disrupt immunogenic cell death via
the induction of a population containing MDSCs. To reac-
tivate the immune system, targeting of MIF using block-
ing antibodies, low concentrations of SF, or even ISO-1
appears to be promising for reversing treatment-dependent
MIF induction. Indirect procedure to inhibit MIF activity
on immune and tumour cells may consist on blocking of
MIF receptors.
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