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ORIGINAL ARTICLE

MIF-CD74 signaling impedes microglial M1 polarization and

facilitates brain tumorigenesis

A Ghoochani'®, MA Schwarz'®, E Yakubov', T Engelhornz, A Doerfler?, M Buchfelder', R Bucala®, NE Savaskan'*® and IY Eyll]pog|u1’6

Microglial cells in the brain tumor microenvironment are associated with enhanced glioma malignancy. They persist in an
immunosuppressive M2 state at the peritumoral site and promote the growth of gliomas. Here, we investigated the underlying
factors contributing to the abolished immune surveillance. We show that brain tumors escape pro-inflammatory M1 conversion of
microglia via CD74 activation through the secretion of the cytokine macrophage migration inhibitory factor (MIF), which results in a
M2 shift of microglial cells. Interruption of this glioma-microglial interaction through an antibody-neutralizing approach or small
interfering RNA (siRNA)-mediated inhibition prolongs survival time in glioma-implanted mice by reinstating the microglial pro-
inflammatory M1 function. We show that MIF-CD74 signaling inhibits interferon (IFN)-y secretion in microglia through
phosphorylation of microglial ERK1/2 (extracellular signal-regulated protein kinases 1 and 2). The inhibition of MIF signaling or its
receptor CD74 promotes IFN-y release and amplifies tumor death either through pharmacological inhibition or through siRNA-
mediated knockdown. The reinstated IFN-y secretion leads both to direct inhibition of glioma growth as well as inducing a M2 to
M1 shift in glioma-associated microglia. Our data reveal that interference with the MIF signaling pathway represents a viable
therapeutic option for the restoration of IFN-y-driven immune surveillance.
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INTRODUCTION
With a median survival time of ~ 1 year, primary malignant brain
tumors belong to one of the most threatening tumor entities.! The
poor prognosis is attributed to the ability to induce angiogenesis,
uncontrolled tumor proliferation and invasion® of surrounding
brain parenchyma. A further hallmark of this tumor entity lies in
the ability to modify the tumor microenvironment with induction
of perifocal edema,® with a resultant, drastic increase in mass
effect. Manifesting as cerebral edema, it mandates prior manage-
ment due to typically rapid neurological deterioration before
definitive surgery.® This process entails the release of neurotoxic
factors,®” which in turn intervene in the modulation of the neuro-
immune system 29 Resident microglial cells are in an extraordinary
position to protect the central nervous system through antigen
presentation and phagocytosis in an immune-privileged area.
Their lack can therefore lead to massive neuronal damage.'®""
Any disturbance in neuronal homeostasis leads to the
accumulation and activation of microglia,m'12 the role of which
in tumor proliferation and surveillance and the mechanisms
of tumor escape is little known.® What is confirmed is that
microglial cells show an increased accumulation in peritumoral
tissue as well as diffuse infiltration into the tumor mass without
eliciting immunological or phagocytic responses.®'® Further,
glioma-modulated microglial cells in the brain tumor microenvir-
onment enhance tumor malignancy and are associated with poor
prognosis.'*'> This indicates the presence of an immune-
suppressive tumor microenvironment shifting microglia to an

immune-paralyzing and tumor-promoting M2 phenotype.'”
Immune-modulating cytokines secreted by malignant gliomas
have been identified, notably colony stimulating factor 1 (CSF-1),
glial derived neutrophic factor (GDNF) and transforming growth
factor beta (TGF-B), which contribute to the development of an
immunosuppressive environment.'®'® In this manner, immune
‘escape mechanisms’ have a decisive role in tumor infiltration and
proliferation.

Although the biological function of microglia is yet to be
unequivocally defined in neuro-oncology, tumor inhibition
through the modulation of microglial inhibition is possible at
least in experimental settings. As derived microglia are generally
capable of phagocytosis and accumulate in the tumor bed, this
cell population could be instrumental in the treatment of
malignant gliomas. A reprogramming of these cells with cancella-
tion of the tumor-induced paralysis, combined with the ability to
cross the blood-brain barrier, would predestine microglia for a
neuro-immunological attack on tumor cells. The cytokine macro-
phage migration inhibitory factor (MIF) is an upstream regulator of
innate immunity and a potent cancer growth re%ulator and may
therefore have an essential role in this context.”>?" MIF signals
upstream of cytokines—such as tumor necrosis factor (TNF)-q,
interferon (IFN)-y and interleukin (IL)-1p via receptor binding in
CD74-dependent pathways®>?* as well as being associated with
the promotion of neoplastic cell proliferation and survival of a
different origin involving the ERK1/2-MAPK pathway.?'** Addi-
tionally, despite any autocrine effects, MIF also transmits signals to
the brain parenchyma and in particular to microglial cells.

'Department of Neurosurgery, Universitétsklinikum Erlangen, Medical Faculty of the Friedrich Alexander University of Erlangen-Niimberg (FAU), Erlangen, Germany; “Department of
Neuroradiology, Universitatsklinikum Erlangen, Medical Faculty of the Friedrich Alexander University of Erlangen-Niimberg (FAU), Erlangen, Germany; >Department of Internal
Medicine, Yale University School of Medicine, New Haven, CT, USA and “BiIMECON Ent, Kurfiirstenstrasse 21, Berlin, Germany. Correspondence: Dr IY Eyiipoglu, Department of
Neurosurgery, Universitétsklinikum Erlangen, Medical Faculty of the Friedrich Alexander University of Erlangen-Niirnberg (FAU), Schwabachanlage 6, 91054 Erlangen, Bayern, Germany.

E-Mail: ilker.eyupoglu@uk-erlangen.de or eyupoglu@gmx.net
*These authors contributed equally to this work.
SThese authors contributed equally as senior authors.

Received 1 September 2015; revised 17 December 2015; accepted 23 February 2016; published online 9 May 2016


http://dx.doi.org/10.1038/onc.2016.160
mailto:ilker.eyupoglu@uk-erlangen.de
mailto:eyupoglu@gmx.net
http://www.nature.com/onc

RESULTS

MIF knockdown in malignant gliomas promotes microglial attack
To identify glioma-derived cytokines involved in immune surveil-
lance mechanisms, we analyzed cytokine expression levels in
malignant gliomas by using the ONCOMINE data-mining platform.
It was clearly seen that the expression of MIF was significantly
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higher in glioblastoma patients (WHO°IV) as opposed to the
control group. (Figure 1a).?° This correlates with our own analyses
of MIF expression in WHO’I-°IV gliomas. WHO°IV gliomas (GBM)
have significantly increased MIF expression compared with
controls (Figure 1b). Malignant glioma cell lines U87MG (human),

F98 (rat), GL261 (mouse) as well as primary glioblastoma tissue
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Figure 1. For caption see page 6248
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from three typical patients displayed a prominent overexpression
of the MIF protein compared with normal brain parenchyma
(Figure 1c), confirmed by MIF-specific immunofluorescence
analysis: the higher the WHO°, the more intensive the MIF
expression (Figures 1d and e). A correlative expression analysis
conducted to differentiate between increased MIF secretion
attributed to microglia or to glioma cells showed a significantly
higher MIF expression in malignant gliomas (Figures 1f and g).
Even treatment with conditioned medium failed to stimulate MIF
secretion in microglia (Figure 1h).

In order to elucidate the extent to which MIF expression is critical
to glioma survival, we pharmacologically suppressed MIF activity in
F98 glioma cells through the MIF-specific inhibitor ISO-1.2° There was
no significant difference compared with untreated controls with
regard to cell survival (Figures 2a and b). We next generated MIF-
silenced U87MG and F98 glioma cells through three specific small
interfering RNAs (siRNAs; Figure 2c). In addition, we created U87MG
and F98 glioma cells with overexpression of the cytokine MIF
(Figure 2d). The MIF secretion was subsequently analyzed by
enzyme-linked immunosorbent assay (ELISA) showing significantly
elevated MIF secretion in MIF-overexpressing glioma cells (pMIF) and
a successful suppression of MIF secretion using two independent
siRNAs (siMIF #1 and #2; Figure 2e). The introduction of siRNA-
mediated inhibition of MIF expression in U87MG and F98 glioma cell
lines caused neither any morphological change (data not shown) nor
any significant change in cell proliferation (Figure 2f). To understand
the role of MIF in vivo we implanted control gliomas and MIF
knockdown tumors into mouse brains with subsequent monitoring
of tumor growth by live animal imaging. For that we chose magnetic
resonance imaging (MRI) scans at an early time point before the
occurrence of clinical symptoms. Analysis of the glioma-implanted
mice (Figure 2g) showed a significantly reduced tumor volume in the
group with MIF-deficient gliomas (Figure 2h), whereas no significant
difference in proliferation could be identified in vitro (Figure 2f).
Correspondingly, the mice in the group with MIF-deficient gliomas
survived significantly longer than animals with MIF-secreting wild-
type gliomas (Figure 2i).

Immunohistochemical analysis showed an altered accumulation
of microglia in the group with inhibited MIF expression of glioma
cells (Figures 3a and b). Normally, a conspicuous accumulation of
microglia is found in peritumoral tissue, whereas only a low
number of microglial cells are visible within the tumor itself
(Figure 3a). In contrast, MIF-silenced gliomas showed significant
increase of microglial infiltration (Figure 3b), implying that the
siRNA-mediated inhibition of MIF neutralizes the ‘paralysis’ of
microglia in malignant gliomas. One possible MIF signaling
pathway involves CD74 receptor-dependent mechanisms in
immune cells.?>*” We studied the expression of the MIF receptor
CD74 in primary human glioma specimens in order to determine
the clinical relevance of this signaling pathway. Normal human
brain tissue specimens (control—white matter) showed random

<

distribution of microglial cells (Figure 3c). Human brain tissue with
diagnosed glioblastoma (WHO°IV), however, showed microglial
accumulation at the tumor border as visualized by IB4 staining,
whereas the tumor core was devoid of microglial cells (Figure 3c).
Importantly, CD74 expression was identified in peritumoral tissue
and co-localized with microglia cells (Figure 3c). To investigate the
underlying mechanisms of MIF-induced microglial paralysis, we first
analyzed the expression of CD74 receptor messenger RNA in primary
murine (MMG), in primary human microglia (hMG) and in microglia
cell line (Figure 3d). We then silenced the MIF receptor CD74 on
microglial cells through RNA interference (Figure 3e). Although
proliferation and overall microglial morphology were not affected
(Figure 3f), elevated migratory activity monitored in Boyden chamber
assay was observed after suppression of the CD74 receptor
(Figure 3q).

As MIF acts in long distance, we treated microglial cells with
conditioned media from gliomas in the next set of experiments
(Figure 4a). Although microglia treated with MIF-reduced super-
natant showed no alteration on proliferation, treatment of wild-type
microglia with MIF-enriched supernatant significantly reduced
proliferation activity (Figure 4a). Accordingly, treatment of CD74-
silenced microglia with MIF-enriched supernatant cancels this
proliferation effect, indicating the relevance of CD74 receptor for
MIF signaling (Figure 4a). To test their cellular potency we next
co-cultured either wild-type microglial cells or CD74-silenced
microglia cells with glioma cells (Figure 4b). Five days after
co-culturing, CD74 knocked down microglia entangled and
significantly reduced the number of glioma cells (Figure 4c),
indicating that CD74 knocked down microglia attack malignant
gliomas independent of their MIF phenotype (Figure 4b).
Co-implantation of wild-type microglia and glioma cells into brain
tissue revealed unrestricted glioma growth and reduced microglial
migration in an in vivo-like environment (Figures 4d and e). However,
microglia with disrupted CD74 receptor complex showed a rapid
migratory activity toward the site of the tumor (Figure 4e) and
blocked its growth (Figure 4f). To unequivocally prove that glioma-
derived MIF secretion impacts microglial activity and tumor
progression, we tested CD74 knockdown microglia in vivo. We
orthotopically implanted syngeneic glioma cells into mouse brains
and co-implanted microglial cells following stable in vivo tumor
growth. To confirm the blocked immune escape mechanisms of
malignant gliomas, we performed histological analysis of tumor-
implanted brains (Figure 4g). We found significant higher numbers of
microglial cells surrounding the tumor (Figure 4h). Moreover, brain
tumors were infiltrated by CD74-silenced microglia whereas tumors
with wild-type microglia respected the brain—tumor border and
hardly showed any tumor infiltration (Figure 4g), confirming our data
found in MIF knockdown gliomas (Figures 3a and b). Accordingly,
mice with CD74-silenced microglia showed prolonged survival in
comparison to tumor-bearing mice with wild-type microglial cells
(Figure 4i).

Figure 1. Increased MIF expression by human malignant gliomas. (a) Analysis of MIF expression by ONCOMINE data-mining platform.?> MIF
was significantly higher in glioblastoma patients (WHO°IV, n=27) as opposed to the control group (n=7; P=0.0000181). (b) MIF expression
was analyzed by quantitative reverse transcriptase (RT)-PCR in different astrocytomas. Each group contains at least three samples. MIF was
significantly higher expressed in glioblastoma patients (WHO°IV) compared with control (con). (c) 1st panel, expression of the cytokine MIF in
human (U87), rodent (F98) and murine (GL261) glioma cell lines; p-actin serves as a loading control. 2nd panel, MIF immunoblots from
representative human glioblastoma samples (GBM 1, 2 and 3) and human brain samples without malignant tumors (control 1, 2 and 3).
Immunoblotting for GAPDH serves as a loading control. (d) Human tissue sections of different astrocytoma grades were analyzed for MIF
expression by immunofluorescence. Each group contained at least three samples. The panels show MIF staining (MIF—green) and nuclei
staining (4',6-diamidino-2-phenylindole (DAPl)—blue). Right panel gives merged images of each row. Scale bar, 50 pm. (e) Quantitative
analysis by immune staining showed MIF expression to be directly proportional to WHO®, with a correspondingly significantly high expression
of MIF in WHO?lIl and °IV gliomas. (f) Quantitative RT-PCR analysis shows significantly higher MIF expression in murine glioma cells (GL261) in
comparison to primary murine microglia (mMG). (g) Quantitative RT-PCR analysis shows significantly higher MIF expression in human glioma
cells (U87) in comparison to primary human microglia (hMG). (h) Additional quantitative RT-PCR analysis of MIF expression in the BV2
microglia cell line shows no increase in MIF secretion following co-culture with glioma cells (BV2¢.c) or following treatment with conditioned
glioma medium (BV2¢y).
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Figure 2. MIF suppression in gliomas silences tumor progression in vivo. (a) Treatment of F98 glioma cells with 100 um of the MIF inhibitor
ISO-1 for 72 h does not increase cell death, which was visualized by propidium iodide (PI) staining. Scale bar, 30 um. (b) In vitro F98 glioma cell
survival analysis using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, control compared with 100 um 1SO-1
treatment. The assay was independently repeated three times with n=12. (c) siRNA-mediated MIF knockdown (siMIF#1, #2 and #3) in human
(U87) and rodent (F98) glioma cells, as revealed by immunoblotting. Controls are transfected with scrambled siRNAs; GAPDH serves as an
internal loading control. (d) Overexpression of MIF (pMIF) in human (U87) and rat (F98) glioma cells. GAPDH serves as an internal loading
control. (e) MIF secretion was analyzed by ELISA from F98 glioma supernatants (n = 3). A significantly elevated MIF secretion was identified for
pMIF, whereas a significantly reduced MIF secretion resulted in siMIF#1 and siMIF#2. (f) In vitro proliferation analysis of wild-type gliomas
(human (U87) and rodent (F98); black columns) and gliomas with silenced MIF expression (white columns). The proliferation assay was
repeated three times with n=12. (g) Representative MRI analysis of wild-type gliomas and MIF knockdown gliomas (siMIF) 10 days after tumor
implantation. The tumor bulk (dotted line) was visualized by intraperitoneally applied contrast agent before T1-weighted imaging. (h)
Quantification of T1-weighted MR images of six animals each group (wild-type gliomas vs siMIF gliomas). (i) Kaplan-Meier survival curves of
mice implanted with control gliomas (wild type, n=6) or MIF knockdown gliomas (siMIF, n=6).

Besides the siRNA-mediated silencing of the CD74 receptor, this
receptor could also be inhibited by monoclonal antibody blocking
approach (Figure 5a). Noteworthy, direct exposure to the
monoclonal antibody had no effect on glioma cell viability
(Figure 5b), confirming that the hitherto observed inhibition of
glioma growth cannot be solely attributed to the direct interaction
between secreted MIF and CD74 receptors alone. However,
treatment of the tumor with CD74-specific monoclonal antibodies
in an organotypic environment (Figures 5c¢—f) led to a significant
deceleration in tumor growth through massive tumor infiltration
by microglial cells (Figures 5c-f). Likewise, we found the same

© 2016 Macmillan Publishers Limited, part of Springer Nature.

effects on gliomas in the case of the siRNA-mediated silencing of
CD74 in vivo (Figures 4f and g). These data support the concept that
malignant gliomas secrete MIF to activate microglial CD74 receptors,
inducing microglial paralysis. In order to assess the influence of inert
microglia, we utilized transgenic mice, which express GFP under the
microglia-specific promoter CX3CR1. After implantation of red
fluorescing GL261 glioma cells, we treated brain slice cultures of
these mice with either a monoclonal antibody against CD74 or
recombinant MIF (Figure 5g). Treatment of living organotypic brain
slice cultures with the CD74 antibody induced microglial infiltration of
the tumor as observed in the case of exogenous implanted microglia
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(Figures 5g and h). Treatment with recombinant MIF leads to a
corresponding inhibition of this effect so that the microglia once again
displayed respect for the tumor borders as observed in controls

(Figures 5g and h).
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MIF-CD74 signaling impedes M2 into M1 polarization of glioma-
associated microglia

As MIF-CD74 signaling pathway modulates two relevant char-
acteristics of microglia, that is, phagocytotic activity and cytotoxic
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potency, the question at the heart of the debate is to what extent
this pathway is also associated with the M1/M2 polarization of
glioma-associated microglial cells. In other words: is the MIF-
dependent modulation of phagocytosis and cytotoxicity of
microglial cells a characteristic that attributes to their M1/M2
polarization. We therefore analyzed the ability of MIF to induce a
microglial polarization toward M2 or M1. We first tested F98
glioma cells, which were genetically modified by their MIF
secretion (expressing pMIF or a siMIF gene construct) and co-
cultured these cells with primary rat microglia. M1 parameters
were thereafter measured by quantitative RT-PCR. Although
glioma cells with elevated MIF secretion hindered microglial
shifting to the glioma harming M1 phenotype, silencing of glioma
MIF secretion enabled a significant upregulation of M1 parameter
expression (Figure 6a). In contrast, sole MIF expression did not
suppress M1 marker expression (Figure 6a). In the next set of
experiments we treated primary murine microglial cells with
recombinant MIF and analyzed subsequently the expression of
M2 markers (Figure 6b). After MIF treatment we observed a
significant shift toward the M2 phenotype with increased
expression of CD204, TGF-B, IL-10 and Arg-1 (Figure 6b). We
further tested F98 glioma cells, which were genetically modified
by their MIF secretion and co-cultured these cells with primary
rat microglia. Increased MIF secretion (pMIF) in F98 glioma cells
clearly correlated with elevated M2 marker expression in
primary rat microglia (Figure 6c). Conversely, microglia treated
with conditioned media from MIF-silenced gliomas did not shift
toward a M2 status. Moreover, CD74 inhibition by monoclonal
antibody treatment (CD74,a8) diminished MIF-induced M2
transformation in MIF-expressing co-cultures (Figure 6c). This
microglial shift was also observed in an in vivo experiment
(Figure 6d). We implanted GL261 glioma cells into mouse brain
and analyzed expression of the M1 and M2 markers CD86 and
Arg-1. CD86 as a representative marker for M1 polarization was
significantly increased in MIF-silenced gliomas compared with
wild-type MIF-expressing glioma cells (Figure 6e). Arg-1 as a
representative marker for M2 polarization was conversely
decreased in MIF-silenced gliomas compared with wild-type
MIF-expressing gliomas (Figure 6e). These data show that MIF
modulates microglial cells toward a M2 activation status in a
CD74-dependent manner.

We performed both phagocytosis and cytotoxicity assays in
order to examine the effect of microglial infiltration on glioma
cells. Treatment of murine microglia with recombinant MIF
significantly diminished their phagocytotic activity with reduced
identification of intracellular latex beads in microglial cells
(Figures 7a and b). In order to define the extent of microglial
cytotoxicity on glioma growth, we co-cultivated microglial cells
with GL261 glioma cells and treated these cultures with
recombinant MIF in the presence or absence of CD74-blocking
antibodies. After co-culturing tumor cells with microglia, GL261
glioma cells were analyzed for cell death by fluorescence

Tumor-induced MIF-CD74 signaling paralyses microglia
A Ghoochani et al

activated cell sorting (FACS) analysis (Figure 7c). Treatment with
recombinant MIF significantly reduced microglial toxicity on
glioma cells and this effect could be reversed by combined
treatment together with CD74 (Figure 7d). Further analysis of
polarization status (Figures 7e and f) in order to test our
hypothesis attributing the retarded phagocytosis and cytotoxi-
city to a biased M1/M2 polarization of MIF treated microglia
(Figure 7a) showed a pronounced shift toward M2 polarization
(Figures 7e and f).

Microglial IFN-y secretion reinstates into M1 polarization via an
autocrine loop

As CD74 knockdown microglia revealed long-range tumor
inhibitory activity, we hypothesized that secretory factors—such
as an inflammatory cytokines—could be responsible for this
response. To this effect, we investigated the cytokine profile of
CD74 knockdown microglia with cytokines secreted from wild-
type microglia. Whereas most analyzed cytokines such as IL-1, IL-2
and IL-4 were characterized by equal secretion levels in both
supernatants, IFN-y was significantly elevated in CD74-silenced
microglial cells (Figure 8a).

To confirm that MIF-CD74 signaling includes involvement of
IFN-y activity and merges in a common pathway, we treated
primary murine microglia with MIF and analyzed the correspond-
ing IFN-y expression by quantitative RT-PCR. Noteworthy, MIF
treatment abolished microglial IFN-y expression (Figure 8b).
Further, we tested whether MIF-induced ERK signaling is involved
in IFN-y release. For this, we treated microglial cells with the ERK
inhibitor PD98059 or with the MEK inhibitor U0126 in the
presence of recombinant MIF. These blocking experiments
revealed that MIF-induced IFN-y suppression could be reversed
by ERK1/2 inhibition (Figure 8b).

As MIF-CD74 signaling utilizes ERK1/2 activation to execute its
downstream effects, we tested this in glioma-associated microglial
cells. For this we treated microglial cells with conditioned media
from gliomas and analyzed the ERK1/2 activation. Supernatants
from wild-type gliomas and MIF-overexpressing gliomas induced
ERK1/2 phosphorylation in microglial cells (Figure 8c). Hence,
knocking down CD74 in microglial cells blocked MIF-induced
ERK1/2 activation. Furthermore, phosphorylation of ERK1/2 was
diminished following treatment of microglia with supernatants
from MIF-overexpressing gliomas (Figure 8c). Thus, CD74-silenced
microglia did not show ERK1/2 activation upon glioma-
conditioned media or recombinant MIF treatment, indicating that
MIF executes its signaling effects on microglia through CD74-
dependent signaling.?® Treating microglial cells with recombinant
MIF correspondingly resulted in an increased phosphorylation of
ERK1/2. Moreover, treatment with the ERK1/2 inhibitor PD98059 or
with the MEK inhibitor U0126 diminished MIF-induced ERK1/2
phosphorylation in microglial cells (Figure 8c). These data indicate
that MIF-CD74 signaling executes its effects via downstream
activation of the ERK pathway. Altogether, these data confirm

<
Figure 3.

Glioma derived MIF activates microglial CD74. (a) Brains of wild-type glioma implanted (control) and MIF knockdown implanted

gliomas (siMIF) were cryo-sectioned and analyzed for glioma growth and microglia infiltration. Upper row shows wild-type glioma expansion
(green), microglial distribution (red) and nuclei staining (blue). Lower panel shows microglial distribution in gliomas with siRNA-silenced MIF.
Scale bar, 3 mm. (b) Quantification of microglial cells in peritumoral region (PT), and tumor bulk (T) in wild-type gliomas (black columns) and
MIF knocked down gliomas (white columns) with n=4. (c) Human brain tissues were cryo-sectioned and analyzed for microglial distribution.
Human microglial cells are accumulated in peritumoral regions and CD74+ in glioblastoma affected brain tissue. Upper panel shows
representative image of astroglial distribution (blue, GFAP), microglial cells (red, IB4) and CD74 expression (green) in human brain tissue (non-
malignant brain tissue, control). Right panel gives merged images of each row. Microglial cells (red, IB4+) are accumulated in peritumoral
regions and co-localized with CD74 (green) in human brains diagnosed for glioblastoma (GBM, revealed by GFAP immunostaining, blue).
Lower panel, higher magnification of CD74 (green) positive microglial cells (IB4, red). Scale bar in middle column represents 70 pm and in
lower column 5 pm. (d) Expression of CD74 in primary murine, human and BV2 microglia was analyzed by quantitative RT-PCR. (e) Expression
of CD74 in BV2 microglial cells (control) and BV2 microglial cells with siRNA-mediated CD74 knockdown (siCD74) revealed by representative
immunoblotting. B-Actin serves as a loading control. (f) Microglial proliferation is not affected, (g) whereas siRNA-mediated CD74 silencing in
microglial cells alleviates migration. The experiments were repeated three times with n=12.
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that glioma-associated MIF secretion induces elevated ERK activity. We found that IFN-y impairs glioma proliferation in a
phosphorylation in microglia leading to a suppression of IFN-y concentration-dependent manner with significant effect already
expression. During the course of further investigations of the at 1 pg/ml (Figure 8d). We further used the ex vivo organotypic
possible effects of IFN-y on tumors, we treated F98 and GL261 glioma invasion model (OGIM) with implantation of glioma cells
glioma cells with IFN-y and subsequently analyzed proliferation alone and investigated the impact of an enriched IFN-y
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environment on tumor progression (Figure 8e). In controls,
glioma cells grew over time and infiltrated normal brain tissue
(Figure 8f). In the case of enriched IFN-y levels, tumor
progression was slowed down in a concentration-dependent
manner (Figure 8f), indicating that MIF-induced CD74 signaling
affects downstream IFN-y expression.

We could show that IFN-y suppresses glioma growth directly.
Next, we tested whether IFN-y has an impact on microglial
polarization. For this, we treated primary murine microglia with
IFN-y and processed the M1 parameters, that is, IL-13, CD11b,
CD86 and TNFa. Almost all M1 parameters, excluding CD11b, were
significantly elevated, indicating that IFN-y is a potent cytokine
executing a M1-polarized microglial status (Figure 8g). Short
hairpin-mediated silencing of IFN-y receptor significantly
decreases M1 polarization (CD86 as a representative M1 marker)
compared with control microglia (Figures 8h and i). We further
co-cultured MIF-silenced glioma cells either with wild-type
microglia or IFN-y receptor silenced microglia and analyzed the
microglial ability to induce glioma cell death (Figure 8j). Microglial
cells kill MIF-silenced glioma cells, as expected (Figure 8k). This
effect was completely abolished when the microglial IFN-y
receptor was silenced (Figure 8k), finally confirming that glioma
MIF signaling acts via IFN-y receptor axis (Figure 9).

DISCUSSION

Despite current therapeutic approaches including surgery, che-
motherapy and radiotherapy high-grade gliomas including
glioblastomas have still deadly prognosis.?® Malignant tumor
cells modify their microenvironment to optimize their own
progression thus forming an alternative strategy to target
gliomas3®?' In order to better understand microglia tumor
microenvironment and interaction, we analyzed the expression
of candidate molecules secreted by malignant gliomas. Here, we
identified the cytokine MIF which is expressed and secreted by
malignant gliomas. The MIF expression in malignant gliomas
exceeds by far the levels found in normal brain tissue. Noteworthy
is the fact that increased MIF expression is clinically associated
with a worse prognosis and earlier tumor recurrence in malignant
gliomas.'?*** To test the relevance of MIF in the tumor
microenvironment we introduced specific modifications in the
MIF signaling pathway. Interestingly, genetic and pharmacological
MIF inhibition in malignant gliomas did not cause any morpho-
logical changes nor altered significantly cell proliferation inde-
pendent of residual or bone marrow-derived microglial cells.
However, tumor implantation in vivo revealed that animals with
MIF-deficient tumors lived significantly longer than the control
groups, correlating with a significantly smaller tumor volume in
MR imaging studies. Immunohistochemical analysis showed an

<

Tumor-induced MIF-CD74 signaling paralyses microglia
A Ghoochani et al

altered accumulation of microglia in the glioma group with
inhibited MIF expression. We further blocked the glioma MIF axis
by inhibition MIF receptor activation. The trans-membrane CD74
receptor (DHLAG/HLA class Il histocompatibility antigen gamma
chain) and its co-receptor CD44 (CSPG8/MIC4) are MIF receptors
transmitting macrophage/microglial migration inhibition and pro-
proliferative effects through ERK1/2 downstream activation.*>%’
Alternative MIF receptors have been described with the CXC
chemokine receptors CXCR2 and CXCR4 having a relevant role
especially in inflammatory processes.?>** The activation of these
receptors during inflammation leads to the recruitment of T cells
and monocytes. However, resident microglial cells express mainly
CD74 compared with CXCR2 and CXCR4 thus indicating a
prominent role for MIF signaling in the brain.>>3¢ This is also the
reason why we did not further differentiated the analysis on bone
marrow-derived myeloid cells and T cells. In addition, over 80% of
tumor-associated microglia are resident microglia originating from
the brain itself.3” Only in late course of the disease myeloid cells
will follow microglial cell accumulation.®” As our analysis focused
on the progress of the disease in early stages, we used assays
which allowed to specifically investigate this without any T cell or
myeloid cell impact. We have consciously used the brain slice
culture model through which the influence of systemic mono-
cytes/macrophages as well as T cells could be excluded. Still, the
net effect of tumor-derived MIF is mainly a M2 immuno-
phenotype regardless of resident or invaded myeloid/microglial
population. Furthermore, the expression of CD74 is of clinical
relevance, as higher level of CD74 expression in malignant gliomas
and other tumor entities is associated with a poor prognosis and
correlates with resistance to the first-line chemotherapeutic agent
temozolomide,*®*° whereas so far only one report indicates an
opposite correlation based on a single-center data acquisition.*'
Thus, CD74 may operate in a bidirectional manner by transmitting
the MIF signal in microglial cells as well as activating a survival
program within glioma cells. That CD74 can potentially promote
tumor growth has been demonstrated in other malignant tumors
such as lymphomas.*? Furthermore, targeting CD74 constitutes a
strong mediator for ERK1/2 activation and protector from p53-
dependent apoptosis.”’ CD74 can hence activate NF-kB through
intra-membrane C-terminal domain proteolysis, thereby contribut-
ing to B-cell maturation.”® Here, we carried out analysis of CD74
silencing in microglial cells confirming MIF signaling as a vital
tumor escape mechanism. CD74 activation inhibits microglial
migration and invasion into the tumor. Knockdown of CD74 in
microglia led to an increased migration toward glioma cells.
Moreover, silencing MIF expression in gliomas as well as inhibiting
CD74 reversed the immune-paralyzing effects on microglia and
led to a reinstalled immune surveillance with recognizing the
tumor core. These results could be confirmed in the ex vivo

Figure 4.

MIF-induced microglial paralysis requires CD74 signaling. (a) Wild-type BV2 microglia (MG-control) and siRNA-mediated CD74

knockdown BV2 microglia (MG-siCD74) were treated with supernatants from wild-type gliomas (control), MIF knocked down gliomas (siMIF)
and MIF-overexpressing gliomas (pMIF). Note that supernatants from MIF-overexpressing gliomas (pMIF) did not reduce proliferation in CD74-
silenced BV2 microglia (MG-siMIF). (b) Wild-type microglia (green) were co-cultured in the presence of glioma cells (red) for 1 or 5 days (upper
row) or CD74-silenced microglia (green) were co-cultured with glioma cells (lower row). Circled area delineates close contacts of siCD74
microglia to glioma cells. Scale bar, 12 pm. (c) Quantification of tumor proliferation in the presence of wild-type microglia (control) and CD74
knocked down microglia (siCD74). (d) Scheme of the ex vivo experimental procedure OGIM. Gliomas (red) and microglial cells (green) were
implanted in brain slices and tumor distance was monitored at day 1 and day 12 (n=7). 2nd panel, wild-type BV2 microglia (green) at day 1
and day 12 (upper row). Distance of CD74 knockdown BV2 microglia (green) to tumor border (red) compared from day 1 with day 12
decreases (lower row). Scale bar, 2 mm. (e) Quantification of wild-type BV2 microglia (control) and CD74 knockdown BV2 microglia (siCD74) for
migration and (f) tumor infiltration. (g) Immunohistochemical analysis of co-implanted GL261 glioma and genetically modified BV2 microglia
cells in mice. Upper row: wild-type microglia (MG, green) accumulates in peritumoral areas of gliomas (red). Higher magnification of tumor
border and core (20x). Lower row: CD74 knocked down microglia cells (green) are distributed within the tumor core (red). Scale bar in ‘Merge’
represents 3 mm and in '20x’ 12 pm. (h) Quantification of microglia count (in total numbers) in the tumoral (T) and peritumoral (PT) region
comparing CD74-silenced group and control group. (i) Kaplan-Meier survival curves of glioma-implanted mice implanted with wild-type BV2
microglia (control, n=6) or CD74 knockdown BV2 microglia (siCD74, n=6).
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Figure 5. Modification of CD74 signal transduction on microglia reduces glioma growth. (a) Treatment of F98 glioma cells with two different

concentrations of a monoclonal CD74 antibody (CD74,ag1 and CD74,,4g2) for 72 h does not increase cell death, which was visualized by
propidium iodide (PI) staining. Scale bar, 30 um. (b) In vitro F98 glioma cell survival analysis using MTT assay, control compared with
monoclonal CD74 antibody treatment. (c) Tumor growth was measured in OGIM over a course of 5 days after tumor implantation. Image
analysis of microglia in the tumor bulk and surrounding the tumor. Images show microglia staining in the tumoral and peritumoral region
analyzing the difference of CD74 monoclonal antibody-treated slices and control slices. Upper row shows microglial distribution (red) and
wild-type glioma expansion (green). Lower panel shows microglial distribution in gliomas with CD74 antibody treatment. Scale bar, 15 pm.
(d) Quantification of microglia count (in total numbers) in the tumoral and peritumoral region comparing CD74 monoclonal antibody-treated
group and control group. (e) Analysis of tumor growth in OGIM. Upper panel shows wild-type glioma expansion (green). Lower panel shows
glioma expansion after CD74 antibody treatment. Scale bar, 2 mm. (f) Quantification of tumor growth in OGIM. The growth of the tumor bulk
in organotypic slices treated with a CD74 monoclonal antibody (n = 60) was significantly decreased compared with the control group (n=55).
(g) Brain slice cultures from CX3CR1 transgenic mice were prepared and red fluorescing GL261 glioma cells implanted (OGIM). These mice
express GFP under the microglia-specific promoter CX3CR1. Slice cultures were thereafter treated with a monoclonal CD74 antibody
(CD74p8) or with recombinant MIF (rMIF) over 5 days. Each group contains n =6 slices. Scale bar, 2 mm. (h) Quantification of microglia count
(in total numbers) in the tumoral and peritumoral region comparing CD74,ag group, rMIF group and control group. A significant microglia
accumulation is detected after CD74,4p treatment in peritumoral as well as in tumoral areas. Microglia accumulation significantly decreases
after rMIF treatment.

experiments. Further, we show that inhibition of tumor growth

was reinstalled and secreted, leading to dramatic inhibition of
was induced before the microglial cells reached the tumor mass

tumor progression. In addition, treatment of malignant gliomas

which implied that the tumor inhibiting effect of microglia is
contact independent. We could demonstrate that disruption of
MIF-CD74 signaling reinstalls microglial IFN-y secretion. In fact,
IFN-y is a potent anti-tumor effector molecule supported by the
findings that numerous tumor entities display an inactivating
mutation in the IFN-y signaling pathway, through which tumor
cells escape immune control. On the contrary, interference
with the MIF-CD74 axis leads to a rescue, through which IFN-y

Oncogene (2016) 6246-6261

with clinically feasible concentrations of IFN-y led to reduced
tumor growth. Although IFN-y has direct glioma growth-
inhibitory effects, it is also known to affect M1/M2 polarization
of microglia.** In this context we could show that MIF-CD74-
dependent M2 polarization of glioma-associated microglia
is controlled by silencing microglial IFN-y expression. Inter-
ference with MIF-CD74 pathway diminishes this effect and
allows microglia to polarize into a M1 phenotype hindering
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Figure 6. MIF shifts microglia into a M2 phenotype. (a) Analysis of M1 parameters in co-cultivated BV2 microglia cells with genetically modified
GL261 glioma cells (n=3). Co-cultures contain a semi-permeable membrane, which separates both cell entities. After 20 h co-culture BV2
microglia were analyzed for expression of M1 markers by quantitative RT-PCR. Almost all M1 parameters significantly increase in their
expression in BV2 microglia after co-culture with MIF over-secreting GL261 glioma cells, whereas siRNA-silenced GL261 glioma cells do not.
(b) M2 markers in primary murine microglia were analyzed by quantitative RT-PCR after rMIF treatment (n=3). 20 h of rMIF treatment
significantly increases expression of M2 parameters (that is, CD204, TGF-p, IL-10 and Arg-1). (c) Analysis of M2 parameters in co-cultivated BV2
microglia cells with genetically modified GL261 glioma cells (n = 3). Co-cultures contain a semi-permeable membrane, which separates both
cell entities. After 20 h co-culture BV2 microglia were analyzed for expression of M2 markers by quantitative RT-PCR. M2 parameters
significantly increase in their expression in BV2 microglia after co-culture with MIF over-secreting GL261 glioma cells, whereas siRNA-silenced
GL261 glioma cells do not. (d) Analysis of microglial shift in vivo. Brain sections of GL261 (red) implanted mice were analyzed for expression of
the M1 and M2 markers (yellow) CD86 and Arg-1. Nuclei were stained by DAPI (blue). Total microglia staining was performed by Iba-1 staining
(green). Left column, CD86 as a representative marker for M1 polarization was dramatically increased in MIF-silenced gliomas compared with
wild-type MIF-expressing glioma cells. Right column, Arg-1 as a representative marker for M2 polarization was conversely decreased in MIF-
silenced gliomas compared with wild-type MIF-expressing gliomas. Scale bar, 20 pm. (e) Quantitative analysis of CD86 (black) and Arg-1
(white) staining through measurement of fluorescence intensities.
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Figure 7. MIF modulates phagocytotic activity and cytotoxic potency of microglia. (a) Phagocytotic activity after 24 h of rMIF treatment
was analyzed. To visualize phagocytosis primary murine microglia were fed with green fluorescing latex IgG beads. Scale bar, 15 um.
(b) Quantification of microglial phagocytotic activity (green fluorescing microglia in relation to total microglia in %; n = 4). Treatment with rMIF
significantly decreases microglial phagocytosis. (c) FACS analysis of microglial cytotoxicity (n=3 repetitions). Primary murine microglia were
co-cultured with GL261 glioma cells. Co-cultures contain a semi-permeable membrane, which separates both cell entities. Three days after
cultivation only GL261 glioma cells were analyzed by FACS. (d) Quantification of 7AAD-positive glioma cells shows a significantly reduced
amount of dead glioma cells after rMIF treatment, whereas a combination of CD74,4g plus rMIF diminishes this effect. (e) Analysis of M2
parameters by quantitative RT-PCR of phagocytosing microglia which were fed with green fluorescing latex IgG beads. Treatment of BV2
microglia with recombinant MIF leads to significantly increased expression of almost all M2 parameters. (f) Analysis of M1 parameters by
quantitative RT-PCR of phagocytosing microglia which were fed with green fluorescing latex IgG beads. Treatment of BV2 microglia with
recombinant MIF leads to significantly decreased expression of CD11b and CD86 as prominent M1 markers.

further glioma growth. This novel finding expands the mode of These findings have several clinical implications. First, there is a
MIF action in addition to a direct polarizing effect via CD74. correlation of microglial accumulation in gliomas and their
Here, we demonstrate that in addition to its anti-tumoral effects malignancy, making microglia and the tumor microenvironment a
IFN-y can also shift microglial polarization toward M1 activation. potential biomarker target. Secondly, we found that inhibition of MIF
IFN-y has been known to stimulate MIF secretion in immuno- and CD74 can abrogate the tumor escape mechanism and foster

competent cells.** Our data shows that MIF treatment anti-glioma activity. Since clinical phase | trials with humanized MIF
suppresses IFN-y secretion, which can be attributed to a and CD74 neutralizing antibodies showed no adverse side effects,””

negative feedback mechanism. In addition, current studies inhibition of MIF and CD74 in glioma patients is well conceivable.
concur with our data that MIF is an immunosuppressive Further, our study indicates that shifting microglial cells toward M1
cytokine, which inhibits activation of tumor-associated macro- activation status is a viable approach in normalizing the tumor
phages in other cancer entities.*® microenvironment and thereby attenuating tumor growth.

Oncogene (2016) 6246 -6261 © 2016 Macmillan Publishers Limited, part of Springer Nature.



MATERIALS AND METHODS
Cell lines

Murine GL261 glioma and BV2 microglia cell lines, rat glioma cell line F98
and human glioma cell line U87MG were cultured in DMEM (Dulbecco’s
modified Eagle’s medium; Gibco Life Technologies, Darmstadt, Germany)
medium containing 10% fetal calf serum (Biochrom, Berlin, Germany) and
antibiotics (Gibco) in humidified atmosphere at 37 °C and 5% CO,. Cell
lines were transfected using Roti-Fect (Carl Roth GmbH, Karlsruhe,
Germany) according to the manufacturer’s protocol.

Proliferation assays

BrdU assays were performed according to the manufacturer’s protocol
(Roche Applied Sciences, Mannheim, Germany). For MTT proliferation cells
were incubated with 400 ug/ml MTT for 6 h before the medium was
discarded and cells were resuspended in Isopropanol plus 0.04 m HCI. After
mixing, this solution was measured in an ELISA reader at 550 nm; a
reference wavelength of 690 nm was used.

Immunofluorescence staining

Brains are fixated with 4% para-formaldehyde (Merk, Germany) including
5% sucrose (Roche Applied Sciences) for 24 h, followed by cryoprotection
in 30% (wt/vol) sucrose in 0.1 m phosphate-buffered saline (PBS) for 2—
3 days. After freezing brains in tissue-Tek, brains are cut and processed
free-floating for primary antibodies and immunofluorescence staining.
Sections are incubated for 30 min with 0.5% Triton X (Sigma-Aldrich,
Taufkirchen, Germany) in PBS, followed by primary antibody incubation in
3% horse serum or fetal calf serum and 0,2% Triton X-100 as the blocking
solution and subsequently incubated overnight at 4 °C. Alexa Fluor 448,
568 and 647 (Invitrogen/Life Technologies) were used as secondary
antibodies with 1:1000 concentration. Sections were then washed three
times in PBS, stained with Hoechst (Invitrogen/Life Technologies). These
stained tissue slices were then flat-mounted with ImmuMount (Thermo
Scientific, Schwerte, Germany).

Primary murine microglia

To obtain pre-labeled primary microglia we used the microglial reporter
mouse strain CX3CR1°77*® and microglial cells were isolated as described
with minor modifications.”® Cerebral cortices from mice postnatal day 3
were dissected, carefully stripped of their meninges, digested with 0.25%
trypsin and dispersed into a single-cell level. The cell suspension (‘mixed
glia’) was then cultured at 37 °C in humidified 5% CO,, 95% air. Medium
was replaced every 4-5 days. Mixed glia cultures reached confluence after
7-10 days and were used to harvest microglia between 15 and 20 days
after preparation. Microglia cells were isolated by mild trypsinization (mild
T/E). Briefly, treatment of the confluent mixed glial cultures with 0.06%
trypsin (mild T/E) resulted in detachment of an intact layer of cells
containing almost all the astrocytes and leaving behind a highly enriched
population of microglia (>98%, as determined by CX3CR1-GFP). The
attached microglia were allowed to recover for 24 h.

Primary human microglia

Human brain tissues were obtained at the University of Erlangen
(Germany) in accordance with the local ethical review board and
processed within 2 h after surgery. Isolation of microglia was performed
according to published protocols with some modification.>® Human brain
tissues were obtained at the University of Erlangen (Germany) in
accordance with the local ethical review board and processed within 2 h
after surgery. Isolation of microglia was performed according to published
protocols with some modification. Tissue was enzymatically digested with
10 ml/g of tissue of HBSS with papain (2.5 U/ml; Worthington, Lakewood,
NJ, USA) and DNase (10 U/ml; Roche, Freiburg, Germany) for 1 h at 37 °C
and filtrated with a 100- um cell strainer (BD Falcon, Germany). The cell
suspension was then cultured at 37 °C in humidified 5% CO,, 95% air.
Medium was replaced every 4 days. The Isolation of microglia were
performed by shaking (90 min) and afterwards isolated microglia were
transferred to 6-well-plates. Attached microglia were allowed to recover for
24 h prior experimentation.

Co-culture

For co-culture experiments 2 x 10° microglia cells were cultured for 2 h.
Thereafter, 15x10* MIF-overexpressing or knockdown F98 cells were
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seeded on a membrane and were co-cultured for 3 days. Co-cultures
contain a semi-permeable membrane, which separates both cell entities.
Then, cells were lysed with TRI reagent (Sigma, Taufkirchen, Germany)
according to the manufacturer’s protocol for RNA isolation.

Protein analyses

Western blot analysis was performed according to the manufacturer’s
manual (NUPAGE, Invitrogen Life Technologies, Darmstadt, Germany). For
total protein extraction, cell pellets were resuspended in lysis buffer
containing 50 mm Tris-HCI (pH 8, Sigma), 150 mm NaCl (Merck, Darmstadt,
Germany), 1% Triton X-100 (Sigma-Aldrich), 0.1% SDS (Sigma-Aldrich),
1 mm EDTA (pH 8, Merck), 1 mm phenylmethylsulfonyl fluoride (PMSF,
Roche) and 1 protease inhibitor tablet (Roche). After centrifugation at
15000g for 10 min at 4°C, supernatant was subjected to SDS-
polyacrylamide gel electrophoresis on a 12% polyacrylamide gel. Twenty
micrograms of the soluble fraction were loaded per lane. The separated
proteins were electro-blotted onto a nitrocellulose membrane (Sigma-
Aldrich). Equal loading amounts of the probes were estimated using
immunostaining with anti-mouse B-actin (Sigma-Aldrich) or GAPDH
(Abcam, Berlin, Germany) monoclonal antibodies. Cells were analyzed
for the MIF (Torrey Pines Biolabs, Secaucus, NJ, USA), CD74 (Santa Cruz
Biotechnology, Heidelberg, Germany), ERK1/2 and pERK1/2 (Cell Signal-
ing Technology, Danvers, MA, USA) with respective antibodies and the
chemiluminescence method (Amersham, Munich, Germany) according
to the manufacturer’s protocol.

Live image video microscopy and OGIM

Brain slice cultures and glioma imaging were prepared and maintained as
described.**" After decapitation, brains of 4-day-old Wistar rats were
rapidly removed and placed into ice-cold preparation medium. The brains
were cut in 350 pm thick horizontal slices in preparation medium and
cultured in humidified atmosphere at 35 °C and 5% CO, according to the
interphase technique in culture medium. The medium was changed 1 day
after preparation and every second day thereafter. Stably GFP-or RFP-
transfected F98 or GL261 glioma cells and BV2 microglial cells were
implanted within a total volume of 0.1 ul medium into the slice 1 day after
slice preparation. One day after implantation and every second day, glioma
growth and invasion were evaluated using an inverse fluorescence
microscope (BX51 microscope; Olympus).

MRI

MR imaging was performed on a 3 Tesla MR scanner unit (Magnetom Trio,
Siemens Healthcare, Erlangen, Germany) with a 40-mm-diameter, small
field-of-view orbit surface coil as receiver. Scout images and a 3DCISS
sequence (repetition time =9 ms, echo time =5 ms, reconstructions with a
slice thickness of 0.4 mm) were obtained in coronal, axial and transverse
planes to position the slices accurately. Ten coronal T1- weighted slices, each
with 1 mm thickness and 0.2 mm separation (inter-slice gap) were then
positioned on the transverse scout images to cover the tumor. T1-weighted
images were acquired with a 256x256 matrix, field-of-view =40 mm,
repetition time =507 ms, echo time=17 ms, and a total scan time of 3 min
42 s. For contrast-enhanced images, each animal received 1 ml/kg body
weight of contrast agent (Gadovist 1M, Bayer Vital GmbH, Leverkusen,
Germany) ip. 10 min before the acquisition of T1-weighted sequences.
Imaging analysis was performed for each animal on the central slices using
Siemens build-in image processing software to outline tumor volume on the
T1-weighted contrast-enhanced images. Total tumor volume was calculated
as the summed area on all slices, multiplied by the slice separation and
compared to histology-derived tumor volume.

Genetically modified cells

The following plasmids were used to genetically modify each cell line:
PEGFP-N1 (Clontech Laboratories Inc., Mountain View, CA, USA), pSuper.
neo+GFP (Oligoengine, Seattle, WA, USA), pIRES2-AcGFP (Clontech
Laboratories Inc.), pmRFP-C based on pEGFP-C2. For MIF overexpression
the plasmid pIRES2-AcGFP containing the mouse-MIF sequence
NM_010798 was used. MIF, CD74 and INFyR1 knockdowns were performed
by RNA interference using the pSuper system. Necessary inserts based on
NM_010798 (MIF), NM_010545 (CD74) and NM_010511.2 (INFyR1).
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ELISA
To measure MIF secretion, MIF ELISA kit from MyBiosource (cat. no:
MBS296978) company based on biotin double antibody sandwich
technology was used. Supernatants of MIF overexpress and knockdown
cells were added to wells that are pre-coated with MIF monoclonal
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antibody. After 30 min incubation, MIF antibody and streptavidin-
HRP were added and incubated for 60 min at 37 °C. After five times of
washing, chromogen solution A and B were added and incubated for
10 min at 37 °C for color development. After incubation, stop solution
was added to measure the absorbance under 450 nm wavelength.
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manufacturer’s protocol. Real-time (SYBR Green) PCR was performed in a
LightCycler 480 (Roche Applied Sciences) according to the manufacturer’s
protocol (Thermo Scientific). All samples were assessed in relation to the
levels of GAPDH expression as an internal control. Q-PCR data were
assessed and reported according to the AACt method.

Gene expression analysis

Total RNA was extracted using TRI reagent (Sigma) according to the
manufacturer’s protocol. cDNA was synthesized with 1 pg of total RNA
using Thermo Scientific Reverse Transcription according to the

Xenograft studies

Tumors were implanted into the right frontal lobe of C57BL/6 mice
(Charles River, Sulzfeld, Germany). The animals were anesthetized by
intraperitoneal injection of 500 ul of a mixture of ketamine (Pharmacia
GmbH, Erlangen, Germany), xylazine (Bayer Health Care, Hetzles, Germany)
1) red and atropine (Braun, Melsungen, Germany) and placed in a fixations frame
(David Kopf Instruments, Tujunga, CA, USA). GL261 glioma cells 6x10%
were implanted into the right frontal lobe of the animals (0 mm AP, 2 mm
lateral to bregma, depth 3 mm from dura). For co-implantation RFP-
: marked GL261 cells were implanted into the right frontal lobe of C57BL/6
;‘E:MIF mice as described above. Tumor growth was confirmed by MR imaging at
MG 10 days after implantation. Tumor positive individuals received co-
implantation of 6x10% GFP-expressing BV2 microglia cells 2 mm posterior
‘E} 2) promotes M1

to the tumor.
z,m»

é&l

glioma supviv;

o

Phagocytosis assay

Microglia cells (2x 10%) were cultured in 24 wells plate. After 12 h, cells
were treated with 100 ng/ml rMIF or PBS as control. Latex Beads-Rabbit
IgG-FITC complex (Cayman, cat. no. 400291) was added for 24 h. To
prepare a Latex Beads-Rabbit IgG-FITC solution, beads solution were
diluted 1:1000 according to manufacturer’s protocol.

Boyden chamber assay

Migration assays were performed using Boyden chambers according to the
manufacturer’s protocol (Millipore, Billerica, MA, USA). Per assay 2.5x10°
cells were plated into each chamber and incubated for 24 h.

o FACS

M2 MA1 To quantify glioma cell death under microglia co-culture, F98 cells were

: cultured (2% 10° cells per 6-well plate). After 2 h, microglia cells (15 x 10*
: cells) were seeded on the membrane and treated with rMIF (100 ng/ml) or
CD74 antibody (1pg/ml; Santa Cruz Biotechnology, cat. no. SC-5438). After
3 days incubation, F98 cells were trypsinized and 1 pl/ml 7AAD or Annexin

Figure 9. Interaction of malignant glioma cells and microglia.
Schematic summary of experimental data revealed that malignant
brain tumors secrete the cytokine MIF, which activates the CD74
receptor on microglial cells. This results in tumor immune escape
with paralyzing microglial anti-glioma activity. However, influencing
this signal pathway either by MIF inhibition or by CD74 receptor
inactivation reinstates microglial immune surveillance activity. This
M2 into a M1 phenotype shift goes along with IFN-y secretion and

V (Invitrogen/Life Technologies) were used for cell death analysis with BD
FACSCantoTM II.

Patient samples

Surgical specimens examined in this study were histologically diagnosed
as glioblastoma multiforme (WHO°IV), anaplastic astrocytoma (WHO°IIl),
diffuse astrocytoma (WHO°Il) or juvenile pilocytic astrocytoma (WHO°I)

consecutively leads to tumor cell death. according to the WHO classification. Human neocortex negative for human

«

Figure 8. MIF inhibits IFN-y secretion. (a) Supernatants from wild-type BV2 microglia (control) and CD74 knockdown BV2 microglia (siCD74)
were profiled by cytokine ELISA (n = 3). CD74 knockdown microglia show elevated IFN-y secretion. (b) Primary murine microglia were treated
with rMIF or inhibitors of the MAPK signaling pathway (PD or U0126). Treatment with rMIF-silenced IFN-y expression. Treatment with PD or
U0126 diminished this effect and a significantly increased microglial expression of IFN-y is detectable. (c) Upper panel, glioma-derived MIF
secretion activates microglial ERK1/2 via CD74 receptor. Wild-type primary murine microglial cells (MG-control) and CD74 knocked down
microglia (MG-siCD74) were treated with supernatants from wild-type gliomas (control), MIF knocked down gliomas (siMIF), and MIF-
overexpressing gliomas (pMIF) and phosphorylated ERK1/2 was detected by immunoblotting. Total ERK1/2 serves as a loading control. Lower
blot, BV2 microglial cells were treated with two different concentrations of rMIF, the ERK inhibitor PD98059 (PD) or the MEK inhibitor U0126.
Phosphorylated ERK1/2 was detected after rMIF treatment, whereas both inhibitors suppressed ERK1/2 phosphorylation. Total ERK1/2 serves
as a loading control. (d) Rodent (F98) and murine gliomas (GL261) were treated with various concentrations of IFN-y for 5 days and
proliferation was determined by MTT (n =7). Treatment reduced dose-dependent glioma proliferation significantly. (e) Tumor-implanted brain
slices were treated with various concentration of IFN-y (0.2-10 ng/ml) and tumor occupied areas were monitored after 0, 2, 4 and 6 days. Scale
bar, 2 mm. (f) Quantification of tumor growth in OGIM after IFN-y treatment. (g) M1 markers in primary murine microglia were analyzed by
quantitative RT-PCR after IFN-y treatment (n=3). 20 h of IFN-y treatment significantly increases expression of M1 parameters (that is, IL-1f,
CD86, TNFa), whereas CD11b was not affected. (h) Analysis of IFN-y receptor inhibition by FACS. (i) Quantitative analysis of FACS data. Short
hairpin-mediated silencing of IFN-y receptor significantly decreases M1 polarization (CD86 as a representative M1 marker) compared with
control microglia. (j) Co-cultures of MIF-silenced glioma cells either with wild-type microglia or IFN-y receptor silenced microglia were
analyzed by FACS following annexin V-A staining to identify microglial ability to induce glioma cell death. (k) Quantitative analysis of FACS
data. Wild-type microglial cells kill MIF-silenced glioma cells. This effect was completely negated following silencing of microglial IFN-y
receptor.

© 2016 Macmillan Publishers Limited, part of Springer Nature. Oncogene (2016) 6246 -6261
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brain tumors served as a control. Patients underwent surgical treatment in
the Department of Neurosurgery of the University of Erlangen-Nirnberg,
Germany.

Ethical statements

Studies with human tissue were conducted in compliance with the Helsinki
Declaration and approved by the Ethics Committee of the Friedrich
Alexander University of Erlangen-Nuremberg. All patients gave written
informed consent to participate in the study.

Animal killing was performed in accordance with the German Protection
of Animals Act 14 paragraph one and three. The announcement of rat and
mouse killing was approved by the designee for animal protection of the
University of Erlangen-Nuremberg (TS-7/12).

Animal experiments were done in congruence with the European Union
guidelines for the use of laboratory animals. The protocol for animal
experimentation was approved by the Government of Central Franconia
(permission number 54.2531.31-8/06).

Statistics

Significant differences in figures are colored in pink. Data are given as
value means+s.e.m. Significance is given as confidence intervals at the
95% confidence level with P<0.05 (student’s t-test) if not otherwise
stated. For Kaplan-Meier survival curves, statistical analysis was performed
by Log-rank test (Figure 2: P < 0.0005; Figure 4: P < 0.0179).
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