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The macrophage migration inhibitory factor (MIF)/CD74 signaling pathway is strongly
implicated in inflammation and angiogenesis. We investigated the expression of MIF and
its receptor CD74 in proliferative diabetic retinopathy (PDR) to reveal a possible role of this
pathway in the pathogenesis of PDR. Levels of MIF, soluble (s)CD74, soluble intercellular
adhesion molecule-1 (sICAM-1) and vascular endothelial growth factor (VEGF) were
significantly increased in the vitreous from patients with PDR compared to nondiabetic
control samples. We detected significant positive correlations between the levels of MIF
and the levels of sSICAM-1 (r = 0.43; p = 0.001) and VEGF (r = 0.7; p < 0.001).
Through immunohistochemical analysis of PDR epiretinal membranes, significant positive
correlations were also found between microvessel density (CD31 expression) and the
numbers of blood vessels expressing MIF (r = 0.56; p = 0.045) and stromal cells
expressing MIF (r = 0.79; p = 0.001) and CD74 (r = 0.59; p = 0.045). Similar to
VEGF, MIF was induced in Muller cells cultured under hypoxic conditions and MIF
induced phosphorylation of ERK1/2 and VEGF production in Mller cells. Intravitreal
administration of MIF in normal rats induced increased retinal vascular permeability and
significant upregulation of phospho-ERK1/2, NF-kB, ICAM-1 and vascular cell adhesion
molecule-1 expression in the retina. MIF induced migration and proliferation of human
retinal microvascular endothelial cells. These results suggest that MIF/CD74 signaling is
involved in PDR angiogenesis.

Keywords: proliferative diabetic retinopathy, migration inhibitory factor, CD74, angiogenesis, Miiller cells

INTRODUCTION

Ischemia-induced retinal angiogenesis and excessive deposition of extracellular matrix lead to
the formation of fibrovascular membranes at the vitreoretinal interface in proliferative diabetic
retinopathy (PDR). This outgrowth of fibrovascular tissue, composed of new blood vessels,
leukocytes and a-smooth muscle actin (a-SMA)-expressing myofibroblasts (1-4), often causes
serious vision loss due to recurrent vitreous hemorrhage and/or traction retinal detachment.
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Several studies support the paradigm that inflammation,
neovascularization and fibrosis are critical mechanisms for PDR
initiation and progression as the authors showed overexpression
of inflammatory, angiogenic and fibrogenic factors inducing
those processes (1-5).

In PDR, hypoxia seems to drive neovascularization through
upregulation of angiogenic factors (6, 7). In particular vascular
endothelial growth factor (VEGF), upregulated in retinal cells
in response to oxygen deprivation (8, 9), plays a pivotal role
in promoting retinal neovascularization and vascular leakage
(10, 11). In addition to angiogenesis, recruitment of leukocytes
occurs in the ocular microenvironment of patients with PDR
(1-5). Recent data support a causal relationship between
persistent inflammation and angiogenesis (12, 13) and this
interplay might also be critical for PDR development and
progression. Accordingly, some of the signaling molecules of
the inflammatory response, such as cytokines, chemokines and
their receptors might play an essential role in PDR angiogenesis
and progression. Therefore, a new challenge in PDR research is
the identification of the molecular links between inflammation
and angiogenesis.

Macrophage migration inhibitory factor (MIF) is a widely
expressed proinflammatory cytokine originally discovered as
a product isolated from the culture medium of activated T
lymphocytes that inhibited the random migration of cultured
macrophages in vitro (14). Today a wide spectrum of biological
properties has been attributed to MIF. MIF is closely involved in
autoimmune and inflammatory diseases (15-17). The biological
effects of MIF are mediated through its primary receptor
CD74, which is the major histocompatibility class II-associated
invariant chain (18). The binding of MIF to its receptor CD74
leads to the activation of extracellular signal regulated kinase
(ERK) 1 and 2 and the proinflammatory transcription factor
nuclear factor-kB (NF-kB) (15). Recently, it was demonstrated
that the MIF/CD74 signaling pathway promotes macrophage-
mediated inflammation in type 1 diabetes (19). In addition,
the chemokine receptors CXCR2 and CXCR4 were identified as
functional receptors for MIF. By activating CXCR2 and CXCR4,
MIF displays chemokine-like functions and stimulates leukocyte
chemotaxis (20).

Besides its role in inflammation, MIF has potent
proangiogenic properties and in conjunction with its cell
surface receptor CD74 emerges as an important regulator
of pathological angiogenesis associated with several types of
malignant tumors (21-23). Exogenous MIF stimulated in vitro
endothelial cell migration, proliferation and tube formation, key
steps in the angiogenesis cascade (24-26). Furthermore, MIF
induced angiogenesis in multiple in vivo models (25). Several
studies reported overexpression of MIF and CD74 in multiple
cancers (21-23, 27) and that the MIF/CD74 signaling pathway
promotes tumor progression and angiogenesis (21-24, 27-33).
Furthermore, anti-MIF antibodies suppressed angiogenesis in
animal models of cancer (33). Recently, it was demonstrated that
small molecule inhibitors of MIF, inhibit cancer development
in animal models (29, 34), reduce the severity of experimental
autoimmune encephalomyelitis (17) and lower blood glucose
in an animal model of non-insulin-dependent diabetes

mellitus (35). MIF was proposed as the link that connects
the inflammatory response to tumor-associated angiogenesis
(24, 28-31). The angiogenic activity in tumors was attributed
to the fact that MIF acts as a potent inducer of the angiogenic
factors VEGE, CXCL5, and CXCLS in tumor cells (21, 28, 30).

Given the key roles of the MIF/CD74 signaling pathway
in angiogenesis and inflammation, we hypothesized that this
pathway may be involved in the pathogenesis of PDR. To
test this hypothesis, we investigated the expression of MIF
and CD74 in the ocular microenvironment of patients with
PDR and correlated their levels with the angiogenic activity
in epiretinal fibrovascular membranes and the vitreous levels
of VEGF and the inflammatory biomarker soluble intercellular
adhesion molecule 1 (SICAM-1). We examined the effect of
intravitreal administration of MIF on the retinas from normal
rats. We analyzed in vitro the expression of MIF in human
retinal Miller glial cells following exposure to hydrogen peroxide
(H,03)-induced oxidative stress and the hypoxia mimetic agent
cobalt chloride (CoCl,) and monitored expression of VEGF in
Miiller cells following exposure to MIF. Finally, we investigated
the response of human retinal microvascular endothelial cells
(HRMECsS) to treatment with MIF.

MATERIALS AND METHODS

Patient Samples

Undiluted vitreous fluid samples were obtained from 36 patients
with PDR during pars plana vitrectomy for the treatment
of tractional retinal detachment, and/or nonclearing vitreous
hemorrhage and processed as described previously (1-5). The
diabetic patients were 23 males and 13 females whose ages
ranged from 27 to 74 years with a median [IQR] of 54
[44-59]. The PDR group consisted of 20 patients who had
insulin-dependent diabetes mellitus and 16 patients who had
non-insulin-dependent diabetes mellitus. Vitreous fluid samples
obtained from 20 patients who had undergone vitrectomy for
the treatment of rhegmatogenous retinal detachment with no
proliferative vitreoretinopathy (PVR) were used as the control
samples. Clinical check-up confirmed that control subjects were
free from diabetes or other systemic disease. The controls were
14 males and 6 females whose ages ranged from 26 to 73 years
with a median [IQR] of 55 [38-66]. The ages (p = 0.526; Mann-
Whitney test) and male/female ratios (p = 0.547; Chi-Square test)
did not differ significantly between nondiabetic control patients
and PDR patients.

Fourteen patients with PDR undergoing pars plana vitrectomy
for the repair of tractional retinal detachment donated epiretinal
fibrovascular membranes. At the time of the procedure,
using previously published criteria, retinal neovascular activity
was clinically graded (36). We made a distinction between
active neovascularization (visible perfused new vessels on the
retina or optic disc present within epiretinal membranes)
and inactive involuted disease (nonvascularized, white fibrotic
epiretinal membranes). For comparison, epiretinal fibrocellular
membranes were obtained from ten patients without diabetes
undergoing vitreoretinal surgery for the treatment of retinal
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detachment complicated by PVR. The epiretinal membranes
were processed as previously described (1-4).

The study was conducted according to the tenets of the
Declaration of Helsinki. Before undergoing vitrectomy, all
patients signed a preoperative informed written consent and
approved the use of the excised epiretinal membranes and
aspirated vitreous fluid for further analysis and clinical research.
The Research Center and Institutional Review Board of the
College of Medicine, King Saud University approved the study
design and protocol.

Immunohistochemical Staining of Human

Epiretinal Membranes and Quantitations
For CD31, a-SMA and MIF detection, antigen retrieval was
performed by boiling the sections in citrate based buffer [pH
5.9-6.1] [BOND Epitope Retrieval Solution 1; Leica, Diegem,
Belgium] for 10 min. For CD45 and CD74 detection, antigen
retrieval was performed by boiling the sections in Tris/EDTA
buffer [pH 9] [BOND Epitope Retrieval Solution 2; Leica]
for 20 min. Subsequently, the sections were incubated for 1h
with mouse monoclonal anti-CD31 (ready-to-use; clone JC70A;
Dako, Glostrup, Denmark), mouse monoclonal anti-CD45
(ready-to-use; clones 2B114-PD7/26; Dako), mouse monoclonal
antibody against a-SMA (ready-to-use; clone 1A4; Dako),
mouse monoclonal anti-CD74 antibody (1:50; ab9514, Abcam,
Cambridge, UK) and rabbit polyclonal anti-MIF antibody
(1:200; ab65869, Abcam). Optimal working conditions for the
antibodies were determined in pilot experiments on kidney,
tonsil and liver sections. The sections were then incubated for
20 min with an alkaline phosphatase-conjugated IgG. Immune
interactions were visualized with the Fast Red chromogen (Leica;
15min incubation). Finally, a faint counterstain with Mayer’s
hematoxylin was performed.

To identify the phenotype of cells expressing MIF and
CD74, sequential double immunohistochemistry was performed.
The sections were first incubated with anti-CD45, followed by
treatment with peroxidase-conjugated secondary antibody and
3, 3’-diaminobenzidine tetrahydrochloride substrate. Next, the
second primary antibodies (anti-MIF or anti-CD74) were added
and detected by alkaline phosphatase-conjugated secondary
antibody and Fast Red reactions. No counterstain was applied. In
negative controls, the incubation step with primary antibody was
omitted from the protocol and only the ready-to-use antibody
diluent (Cat No 52022; Dako) was applied.

Immunoreactive blood vessels and cells were counted in
five representative fields, using an eyepiece calibrated grid in
combination with the 40x objective as previously described
(1-4). The level of vascularization in epiretinal membranes was
determined by immunodetection of the vascular endothelium
marker CD31.

Enzyme-Linked Immunosorbent Assays

Enzyme-linked Immunosorbent Assay (ELISA) kits for human
MIF (Cat No DMF00B), human VEGF (Cat No SVE00) and
human sICAM-1 (Cat No SCD540) were purchased from R&D
Systems (Minneapolis, MN, USA). Levels of human MIF, VEGF
and sSICAM-1 in vitreous fluid and MIF and VEGF in culture

medium were determined using those ELISA kits according to
the manufacturer’s instructions. The minimum detection limits
for MIF, VEGF and sICAM-1 ELISA kits were 0.016 ng/ml, 9
pg/ml and 0.096 ng/ml, respectively.

Human Retinal Miiller Glial Cell and Retinal

Microvascular Endothelial Culture

Human retinal Miiller glial cells (MIO-M1) (a generous gift
from Prof. A. Limb, Institute of Ophthalmology, University
College London, UK) were cultured with DMEM containing
1 g/L glucose with 10% (v/v) fetal bovine serum and 1%
penicillin/streptomycin. Confluent cells were starved overnight
in serum-free DMEM to minimize the effects of serum and
subsequently either left untreated or stimulated for 24h.
The following stimuli were used: recombinant human MIF
(2, 20 or 100ng/ml) (Cat No: 289-MFE R&D Systems),
100 M H,0, (Cat No: H101351000, Scharlau, Sentmenat,
Spain) or 300 uM CoCl, (AVONCHEM Limited, Nacclesfield,
Cheshire, UK). Human retinal microvascular endothelial cells
(HRMECs; Cell Systems, Kirkland, WA, USA) were cultured
in Endothelial Cell Basal Medium-2 (EBM-2) supplemented
with the EGM-2MV SingleQuots kit (both from Lonza,
Verviers, Belgium).

Intravitreal Injection of MIF

Intravitreal injection into the eyes of Sprague Dawley rats
(220-250g) was performed as previously described (37).
While the animals were kept under deep anesthesia, 5 pl
of sterilized solution containing 5 ng recombinant MIF or
sterile phosphate buffer saline (PBS) was injected into the
right or left eye, respectively. Four days after intravitreal
administration the rats were sacrificed, retinas were carefully
dissected, snap frozen in liquid nitrogen, and stored
at —80°C.

Measurement of Blood-Retinal Barrier

Breakdown

Blood-retinal barrier (BRB) breakdown in excised retinas was
evaluated 4 days after intravitreal injection as previously
described (37). Briefly, deeply anesthetized rats were
intravenously injected with 50 mg/kg fluorescein isothiocyanate
(FITC)-conjugated dextran (3-5 kDa, Sigma-Aldrich Corp., St.
Louis, MO, USA). After 30 min, a blood sample was collected,
and each rat was then perfused with PBS. The retinas were
carefully excised, weighed and homogenized to extract the
FITC-conjugated dextran. Fluorescence was measured using
a spectra Max Gemini-XPS microplate reader (Molecular
Devices, Sunnyvale, CA, USA) with excitation and emission
wavelengths of 485 and 538 nm, respectively, with PBS as a blank.
A correction for autofluorescence was made by subtracting
the autofluorescence of retinal tissue from non-treated rats.
The concentration of FITC-conjugated dextran in each retina
was calculated from a standard curve of FITC-conjugated
dextran in water. For normalization, the retinal FITC-conjugated
dextran amount was divided by the retinal weight and by the
concentration of FITC-conjugated dextran in the plasma. BRB
breakdown was calculated using the following equation, with the
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results being expressed in pl/(g*h).

Retinal FITC — dextran (ug)/retinal weight (g)
Plasma FITC — dextran concentration (jug/l) *circulation time (h)

Western Blot Analysis of Human Vitreous
Fluid, Miiller Cell Lysates and Rat Retinas

Retina and cell lysates were homogenized in western blot lysis
buffer [30 mM Tris-HCl; pH 7.5, 5mM EDTA, 1% Triton X-
100, 250 mM sucrose, 1 mM Sodium vanadate, and a complete
protease inhibitor cocktail from Roche (Mannheim, Germany)].
After centrifugation of the homogenates (14,000 x g; 15min,
4°C), protein concentrations were measured in the supernatants
(DC protein assay kit; Bio-Rad Laboratories, Hercules, CA).
Equal amounts (50 pg) of the protein extracts were subjected
to SDS-PAGE and transferred onto nitrocellulose membranes.
To determine the presence of soluble (s) CD74 in the vitreous
samples, equal volumes (15 1) of vitreous samples were boiled
in Laemmli’s sample buffer (1:1, v/v) under reducing conditions
for 10 min and analyzed as described (2-4).

Immunodetection was performed with the use of mouse
monoclonal anti-CD74 antibody (1:1,000; ab-9514, Abcam),
rabbit monoclonal anti-phospho-ERK1/2 antibody (1:1,500;
MAB1018; R&D Systems), mouse monoclonal anti-p65 subunit
of NF-kB antibody (1:500, sc-136548, Santa Cruz Biotechnology
Inc, Santa Cruz, CA, USA), mouse monoclonal anti-ICAM-1
antibody (1:500, sc-8439, Santa Cruz Biotechnology Inc), mouse
monoclonal anti-vascular cell adhesion molecule-lantibody
(VCAM-1) (1:500, sc-13160, Santa Cruz Biotechnology Inc) and
mouse monoclonal anti-VEGF antibody (1:750, MAB293, R&D
Systems). Nonspecific binding sites were blocked (1.5h, room
temperature) with 5% non-fat milk made in Tris-buffered saline
containing 0.1% Tween-20 (TBS-T). Three TBS-T washings
(5min each) were performed before the secondary antibody
treatment at room temperature for 1h. Immune reactive bands
were visualized with luminol reagent (sc-2048; Santa Cruz
Biotechnology Inc.). To verify equal loading, membranes were
stripped and reprobed with B-actin-specific antibody (1:2,000;
sc-47778; Santa Cruz Biotechnology Inc.). Band intensities were
quantified using GeneTools software (Syngene by Synoptic Ltd.,
Cambridge, UK).

Chemotaxis Assay

Chemotaxis of HRMECs was evaluated with an xCELLigence
system (ACEA Biosciences, San Diego, CA) as described
before (38). Migration was evaluated in response to different
concentrations of recombinant human MIF (Cat No 289-ME,
R&D Systems), 10 ng/ml of VEGF (Cat No 583702, Biolegend,
San Diego, CA) or dilution medium. First, 160 pl of stimulus
diluted in MCDB131 medium (Gibco/ThermoFisher Scientific,
Waltham, MA, USA) supplemented with 0.4% (v/v) fetal calf
serum were added to the wells of the lower chamber of
a Cell Invasion/Migration (CIM)-Plate (ACEA Biosciences).
After assembly of the lower and upper chamber, 50 pl
of serum-free MCDB131 medium was added in the upper
wells. After equilibration of the plate (1h at 37°C), HRMECs

were added in the upper chamber at 4 x 10% cells in 100
pl/well. After an additional incubation period (30 min at room
temperature) to allow settling of the cells, migration was
monitored every minute for 15h in the xCELLigence apparatus.
Cell migration from the upper to the lower compartment
was recorded as changes in electrical impedance. These
changes were converted into cell indices, as a measure of
cell migration.

Proliferation Assay

To assess the proliferative effect of MIE, HRMECs were seeded at
5 x 10° cells in 100 pl/well of a 96-well plate in culture medium
(vide supra). The next day, cells were washed with serum-free
MCDBI131 medium and stimulated in proliferation medium
[MCDBI131 medium supplemented with 2mM GlutaMAX™
(Gibco), 30pg/ml Gentamicin and 3% fetal calf serum].
Either different concentrations of MIF, 10ng/ml VEGF or
proliferation medium were added to the wells. After 48h,
cell proliferation was assessed using the ATPlite Luminescence
Assay kit (PerkinElmer, Waltham, MA) according to the
manufacturer’s instructions.

Statistical Analysis

Statistical analyses of the data were performed using SPSS
version 21.0. Normal distribution of the data was verified
using the Shapiro-Wilk (S-W) test and normal Q-Q plots.
Normally distributed data were presented as mean £ SD and an
independent ¢-test was used to compare the groups. For normally
distributed data, Pearson correlation coefficients were calculated.
Non-parametric tests (Kruskal-Wallis test, Mann-Whitney test
and Spearman’s correlation coeflicients) were performed for not
normally distributed data, which were presented as median and
interquartile range [IQR; Q1-Q3]. Proportions were compared
using the Chi-Square test. The level of statistical significance was
set at 0.05.

RESULTS

Analysis of Angiogenic and Inflammatory
Activities and the Expression of the
Myofibroblast Marker «-SMA in Epiretinal
Fibrovascular Membranes From Patients
With PDR

As a negative control, the experimental staining procedure
was performed with omission of the primary antibody
and no staining was observed (Figure 1A). Subsequently,
we used staining for the vascular endothelial cell marker
CD31, the leukocyte common antigen CD45 and a-SMA to
evaluate ongoing angiogenesis, inflammation, and fibrosis,
respectively. All membranes showed neovessels positive
for CD31 (Figures1B,C). Representative examples of
CD31 staining in membranes with active (Figure 1B) and
involuted (Figure 1C) disease are shown. Furthermore,
leukocytes expressing CD45 (Figure 1D), as well as spindle-
shaped cells expressing a-SMA (Figure 1E) were detected in
all membranes.
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A Negative control

FIGURE 1 | Detection of endothelial cells, leukocytes and myofibroblasts in proliferative diabetic retinopathy (PDR) epiretinal fibrovascular membranes. No staining
was observed in the negative control slide following the full staining procedure with omission of the primary antibody from the staining protocol (A).
Immunohistochemical staining for CD31 showing pathologic new blood vessels expressing this endothelial cell marker in a membrane from a patient with active
neovascularization (B) and in a membrane from a patient with involuted PDR (C). Note that the membrane from the patient with involuted PDR is composed mostly of
fibrous tissue. Immunohistochemical staining for the leukocyte common antigen CD45 showing numerous leukocytes in the stroma (D). Immunohistochemical

staining for a-smooth muscle actin (a-SMA) showing immunoreactivity in myofibroblasts (arrows) (E). (Scale bar, 10 wm).

Expression of MIF and Its Receptor CD74
in Epiretinal Fibrovascular Membranes
From Patients With PDR

Next, immunohistochemical analysis was used to reveal
whether MIF, an inflammatory and angiogenic molecule
associated with tumor pathology, is also expressed in the
context of PDR. MIF immunoreactivity was observed in
all membranes. Figure2 shows representative images of
membranes derived from patients with active (Figure2A)
or involuted (Figure2B) disease. Immunoreactivity for MIF
was noted in both endothelial cells lining blood vessels
(Figures 2A,B) and stromal cells (Figure 2C). In the stroma,
MIF expression was detected in spindle-shaped cells, as well as in
CD45-expressing leukocytes. In serial sections, the distribution
and morphology of spindle-shaped cells expressing MIF
(Figure 2C) were similar to those of myofibroblasts expressing
a-SMA  (Figure 1E). Double immunostaining confirmed

co-expression of CD45 and MIF in stromal and intravascular
cells (Figures 2D,E).

Since MIF activity requires binding to CD74 (15, 17),
we also evaluated CD74 expression in epiretinal PDR
membranes. CD74 immunoreactivity was detected in
vascular endothelial cells (Figure3A) and stromal cells
(Figure 3B). CD74-expressing stromal cells were spindle-
shaped cells (Figure3B) resembling those being «-SMA
positive in Figure 1E and leukocytes co-expressing CD45
(Figures 3C,D).

Correlations Between Microvessel Density
and the Expression of MIF and CD74 in
Epiretinal Fibrovascular Membranes From
Patients With PDR

Quantification of CD31-positive vessels in tumors is a
standard method of measuring intra-tumoral microvessel
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FIGURE 2 | Characterization of macrophage migration inhibitory factor (MIF) expressing cells in proliferative diabetic retinopathy (PDR) epiretinal fibrovascular
membranes. Immunohistochemical staining for MIF showing immunoreactivity in vascular endothelial cells (arrows) in a membrane from a patient with active
angiogenesis (A) and in a membrane from a patient with involuted PDR (B). Immunoreactivity for MIF was also detected in stromal spindle- shaped cells (arrows) (C).
Double immunohistochemistry for CD45 (brown) and MIF (red) demonstrated expression of MIF in stromal leukocytes (arrows) (D) and intravascular leukocytes (arrow)

(E). No counterstain to visualize the cell nuclei was applied (D,E). (Scale bar, 10 um).

density (MVD).
of MVD reflects
tissues (22-24, 30, 31).

The mean number of blood vessels expressing CD31 was
significantly higher in membranes from patients with active PDR
than in membranes from patients with involuted PDR (Table 1)
(Figures 1B,C). The numbers of blood vessels expressing MIF
and stromal cells expressing MIF and CD74 were significantly
higher in membranes from patients with active PDR than
in membranes from patients with inactive PDR (Tablel)
(Figures 2A,B).

Significant  positive correlations (Pearson correlation
coefficients) were detected between the numbers of blood
vessels expressing CD31 and the numbers of blood vessels
expressing MIF (r = 0.56; p = 0.045) and stromal cells expressing
MIF (r = 0.79; p = 0.001) and CD74 (r = 0.59; p = 0.045)
(Table 2).

Several studies reported that the level
the angiogenesis process in tumor

Immunohistochemical Analysis of PVR
Epiretinal Fibrocellular Membranes

No immunoreactivity was detected in negative control slides
(Figure 4A). All PVR membranes contained spindle-shaped
a-SMA™ myofibroblasts (Figure 4B) and CD45" leukocytes
(Figure 4C). Immunostainings for MIF (Figure 5A) and CD74
(Figure 5B) revealed spindle-shaped cells expressing cytoplasmic
immunoreactivity, which were in distribution and morphology
similar to the a-SMA™ myofibroblasts (Figure4B) in serial
sections. In addition, double-labeling experiments showed that
cells expressing MIF (Figure 5C) and CD74 (Figure 5D) co-
expressed CD45.

Levels of MIF, VEGF, and sICAM-1 in

Vitreous Samples
In addition, we used ELISA to compare MIF levels in vitreous
samples from 36 patients with PDR to those of 20 nondiabetic

Frontiers in Immunology | www.frontiersin.org 6

December 2019 | Volume 10 | Article 2752


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Abu El-Asrar et al.

MIF in Diabetic Retinopathy

e\ g B o Ry

C  Double: CD45 (brown) + CD74 (red)
fhagh

® K g«

- 9% _@

b4 v 2 .- -1
L5 LR M L N

W F e

FIGURE 3 | Characterization of CD74 expressing cells in proliferative diabetic retinopathy epiretinal fibrovascular membranes. CD74 Immunoreactivity was detected in
vascular endothelial cells (arrows) (A) and in stromal spindle-shaped cells (arrows) (B). Double immunohistochemistry for CD45 (brown) and CD74 (red) showed
co-expression in stromal cells (arrows). No counterstain to visualize the cell nuclei was applied (C,D). (Scale bar, 10 um).

P BT - -y

“ Ko NV Y ‘f
e “ 7w TGS ' * » . *

o 43_' - ...JJ-.'

TABLE 1 | Mean number of immunoreactive blood vessels and stromal cells in
epiretinal fibrovascular membranes in relation to the angiogenic activity of
proliferative diabetic retinopathy (PDR).

TABLE 2 | Correlations (Pearson correlation coefficients) between microvessel
density (MVD) and the numbers of immunoreactive blood vessels and stromal
cells in proliferative diabetic retinopathy (PDR) epiretinal fibrovascular membranes.

Variable Active PDR Involuted PDR p-value

(n=9) (n=5) (Independent
Mean + SD Mean + SD t-test)

(Range) (Range)

Blood vessels 110.8 £ 40.4 23.3+ 104 <0.001*

expressing CD31 (756-175) (15-35)

Blood vessels 69.2 £10.2 42.9 +26.8 0.043*

expressing MIF (65-90) (15-84)

Stromal cells 93.3+31.3 39.0 £30.3 0.009*

expressing MIF (65-150) (6-80)

Blood vessels 32.2+195 21.8+10.0 0.228

expressing CD74 (5-55) (11-35)

Stromal cells 150.6 + 48.2 79.0£51.3 0.023*

expressing CD74 (80-215) (25-160)

“Statistically significant at 5% level of significance.
MIF, migration inhibitory factor.

controls. MIF was detected in 17 of 20 (85%) vitreous samples
from nondiabetic controls, and in all vitreous samples from
patients with PDR. In nondiabetic controls, we found a median
[IQR] level of 3.2 [1.7-4.6] ng/ml. In contrast, the median [IQR]
concentration in patients with PDR reached 15.4 [10.0-20.0]
ng/ml, a concentration approximately 5-fold higher than that
recorded in nondiabetic controls (p < 0.001; Mann-Whitney test)
(Table 3).

Variable r p-value
MVD Blood vessels expressing MIF 0.56 0.045*
Stromal cells expressing MIF 0.79 0.001*
Blood vessels expressing CD74 0.2 0.52
Stromal cells expressing CD74 0.59 0.045*

“Statistically significant at 5% level of significance.
MIF, migration inhibitory factor.

The angiogenic biomarker VEGF was detected in 9 of
20 (45%) vitreous samples from nondiabetic controls and
in 33 of 36 (91.6%) vitreous samples from PDR patients.
The proinflammatory biomarker sSICAM-1 was detected in
18 of 20 (90%) vitreous samples from nondiabetic controls
and in all vitreous samples from patients with PDR. The
levels of VEGF and sICAM-1 were significantly higher in
PDR (p < 0.001 for both comparisons; Mann-Whitney
test) (Table 3).

Significant positive correlations (Spearman’s correlation
coefficient) were found between vitreous fluid levels of MIF
and levels of VEGF (r = 0.70; p < 0.001) and sICAM-
1 (r = 043; p = 0.001). In addition, a significant positive
correlation was observed between vitreous fluid levels of VEGF
and the levels of sSICAM-1 (r = 0.32; p = 0.023). Although
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FIGURE 4 | Detection of myofibroblasts and leukocytes in proliferative vitreoretinopathy (PVR) epiretinal fiorocellular membranes. Negative control slide showing no
labeling (A). Immunohistochemical staining for a-smooth muscle actin (a-SMA) showing immunoreactivity in spindle-shaped myofibroblasts (B). Immunohistochemical

staining for CD45 showing numerous leukocytes in the stroma (C). (Scale bar, 10 um).
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FIGURE 5 | Characterization of macrophage migration inhibitory factor-(MIF-) and CD74-expressing cells in proliferative vitreoretinopathy (PVR) epiretinal fibrocellular
membranes. Immunohistochemical staining for MIF (A) and CD74 (B) showing immunoreactivity in spindle-shaped myofibroblasts. Double Immunohistochemistry for
CD45 (brown) and MIF (red) (C) or CD74 (red) (D) demonstrated co-expression in leukocytes. No counterstain to visualize the cell nuclei was applied (arrows) (C,D).

(Scale bar, 10 um).
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TABLE 3 | Comparisons of migration inhibitory factor (MIF), vascular endothelial
growth factor (VEGF) and soluble intercellular adhesion molecule-1 (SICAM-1) in
vitreous samples from patients with proliferative diabetic retinopathy (PDR) and
nondiabetic patients with rhegmatogenous retinal detachment (RD).

PDR RD p-value
(n = 36) (n = 20) (Mann-Whitney test)
Median (IQR) Median (IQR)
MIF (ng/ml) 15.4 (10.0-20.1) 3.2 (1.7-4.6) <0.001*
VEGF (pg/ml) 356.0 1.5(0.0-18.3) <0.001*
(1561.0-712.3)
sICAM-1 (ng/ml) 17.2 (6.2-24.0) 4.1(1.0-9.2) <0.001*

“Statistically significant at 5% level of significance.
IQR, interquartile range (Q1-Q3).

the correlations between MIF and sICAM-1 and between
VEGF and sICAM-1 were weak, yet they were statistically
significant (Figure 6).

Relationship Between ELISA Levels of MIF

in Vitreous Samples and Angiogenic

Activity of PDR
Comparisons of MIF levels among PDR patients with active
neovascularization (n = 20), PDR patients with involuted

(quiescent) neovascularization (n = 16), and nondiabetic
controls (n = 20) was conducted with the Kruskal-Wallis test.
The levels differed significantly between the 3 groups (p < 0.001).
Pairwise comparisons (Mann-Whitney test) demonstrated that
the median [IQR] MIF level was significantly higher in
active PDR (19.6 [15.4-24.5] ng/ml) than in involuted PDR
(9.6 [8.3-14.7] ng/ml) (p < 0.001) and controls (3.2 [1.7-
4.6] ng/ml) (p < 0.001). Furthermore, the median MIF
level in involuted PDR was significantly higher than in
controls (p < 0.001).

Detection of sCD74 in Vitreous Samples
Using Western blot analysis, we demonstrated the presence of
sCD74 in vitreous samples from patients with PDR. In agreement
with previous studies (39, 40), sCD74 protein was detected
as two protein bands with molecular weights of around 30
and 40 kDa. Densitometric analysis of the bands demonstrated
a significant increase in both the 30 kDa band (p = 0.002;
Mann-Whitney test) and the 40 kDa band (p = 0.006; Mann-
Whitney test) intensities in samples from PDR patients (n =
8) compared to samples from nondiabetic control patients
(n = 8) (Figure 7).

MIF Induces Upregulation of VEGF and
Phospho-ERK1/2 in Retinal Miiller Cells

As we observed a positive correlation between the vitreous fluid
levels of MIF and VEGE we performed short-term induction
experiments on Miiller cells with MIF as an inducer of VEGF
production. At 100ng/ml, MIF significantly enhanced the
levels of VEGF in the culture medium (Figure 8). However,
2 and 20ng/ml MIF did not affect the expression of VEGF
as compared to untreated control (Figure8). Western
blot analysis demonstrated that treatment of Miiller cells
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FIGURE 6 | Correlation analyses to reveal interactions between vitreous fluid
levels of migration inhibitory factor (MIF), vascular endothelial growth factor
(VEGF) and soluble intercellular adhesion molecule-1 (sICAM-1). Significant
positive correlations between vitreous fluid levels of MIF and levels of VEGF (A)
and sICAM-1 (B) and between vitreous fluid levels of VEGF and levels of
sICAM-1 (C) were found.

with MIF (100ng/ml) induced significant upregulation
of the protein levels of phospho-ERK1/2 (Figure9A). In
contrast, expression of the p65 subunit of NF-kB was
not significantly altered (p = 0.057; Mann-Whitney test)
(Figure 9B).
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FIGURE 7 | Detection of soluble (s) CD74 in vitreous fluid. The expression of
sCD74 in vitreous samples from patients with proliferative diabetic retinopathy
(PDR; n = 8) and from nondiabetic patients with rhegmatogenous retinal
detachment (RD; n = 8) was determined by Western blot analysis. A
representative set of samples is shown. Densitometric analysis of the bands
demonstrated a significant increase in both the sCD74 isoforms with molecular
weights of around 30 and 40 kDa in samples from PDR patients compared to
samples from nondiabetic control patients. Results are expressed as median
(interquartile range) (*p < 0.05).

The Hypoxia Mimetic Agent CoCl, Induces
Upregulation of MIF and VEGF in Retinal
Miiller Cells

Retinal Miiller cells are not only a major source of VEGF (41),
these cells also produced enhanced amounts of MIF in addition
to VEGF after treatment with 300 uM of CoCl, (Figure 10).
However, oxidative stress, mimicked by addition of 100 uM of
H,0, to the Miiller cell cultures did not affect the expression of
MIF as compared to untreated control (Figure 10).

MIF Induces Migration and Proliferation of
Human Retinal Microvascular Endothelial

Cells

As MIF has been described to be involved in pathological
neovascularization of tumors, we tested in the following
experiments whether HRMECs are also responsive to MIF. When
added to the lower compartment of a chemotaxis chamber,
MIF rather potently induced migration of the HRMECs. Indeed,
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FIGURE 8 | Macrophage migration inhibitory factor (MIF) induces vascular
endothelial growth factor (VEGF) expression in Muller cells. Mller cells were
left untreated or treated with MIF (2, 20 or 100 ng/ml) for 24 h. Levels of VEGF
were quantified in the culture media by ELISA. Results are expressed as
median (interquartile range) from three different experiments. In each
experiment, every experimental condition was included 8 times. (o < 0.05
compared to the values obtained from untreated cells).

the minimal effective dose required to trigger a significant
chemotactic response was only 0.1 ng/ml. VEGE however, was
a more efficient chemoattractant (Figure 11A). Furthermore,
MIF also induced proliferation of HRMECs. When 0.01 ng/ml
or higher concentrations of MIF were added to the endothelial
cell cultures, proliferation increased on average to 60% above
background (Figure 11B).

In vivo Effect of Intravitreal Administration
of MIF

Finally, 5 ng of MIF was injected in the eyes of normal
rats. Fluorescein isothiocyanate-conjugated dextran was used
to determine the subsequent change in vascular permeability.
Figure 12A shows that intravitreal administration of MIF (n =
12) significantly increased retinal vascular permeability by about
two-fold compared with vehicle (PBS)-injected eyes (n
11). Furthermore, MIF induced significant upregulation of
the protein levels of phospho-ERK1/2 (Figure 12B), the p65
subunit of NF-kB (Figure 12C), ICAM-1 (Figure 12D), VCAM-
1 (Figure 12E), and VEGF (Figure 12F) in the retinas, compared
to the values obtained from the contralateral eyes that received
PBS alone.

DISCUSSION

In the current study, we detected for the first time co-
expression of MIF and its receptor CD74 in endothelial
cells, leukocytes and myofibroblasts in epiretinal fibrovascular
membranes from patients with PDR. In addition, there were
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FIGURE 9 | Macrophage migration inhibitory factor (MIF) activates the ERK1/2 pathway in Miller cells. Mller cells were left untreated or treated with MIF (100 ng/ml)
for 24 h. Protein expression of phospho-ERK1/2 (A) and p65 subunit of NF-kB (B) in the cell lysates was determined by Western blot analysis. After transfer of the
proteins to the nitrocellulose membrane, the membrane was cut horizontally and the lower and upper part were stained with anti-phospo-ERK1/2 and anti-NF«B,
respectively. Afterwards, the lower part of the membrane was stripped and reprobed with anti-g-actin. Therefore, phospho-ERK1/2 (A) and p65 subunit of NF-kB (B)
expression were normalized to the same loading control. Results are expressed as median (interquartile range) from three different experiments. In each experiment,
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FIGURE 10 | Hypoxia induces production of macrophage migration inhibitory factor (MIF) and vascular endothelial growth factor (VEGF) by Muiller cells. Muller cells
were left untreated or treated with cobalt chloride (CoCl,) (300 wM) or hydrogen peroxide (H2O2) (100 wM) for 24 h. Levels of MIF and VEGF were quantified in the

ree different experiments. In each experiment, every experimental condition was

significant positive correlations between the levels of MIF and
CD74 expression and the angiogenic activity in PDR epiretinal
fibrovascular membranes. Our immunohistochemical data are
in line with those of previous studies that demonstrated MIF

and CD74 expression by tumor-associated fibroblasts, leukocytes
and endothelial cells (27). Several studies proposed that the
MIF/CD74 signaling pathway is an important regulator in
pathological tumor-associated angiogenesis (21-23, 27) and

Frontiers in Immunology | www.frontiersin.org 11

December 2019 | Volume 10 | Article 2752


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Abu El-Asrar et al.

MIF in Diabetic Retinopathy

>

300+

200+

-

o

o
1

normalised cell index
(% of control)

001 01 1 ng/ml

MIF

10

co

10
VEGF

250+

N

(=3

o
1

-

(3]

o
1

proliferation
(% of control)

1004

0.001 0.01 0.1 1 co ng/ml

MIF

10 10

VEGF

FIGURE 11 | Macrophage migration inhibitory factor (MIF) stimulates migration
and proliferation of human retinal microvascular endothelial cells (HRMECs).
(A) HRMECs were stimulated with dilution medium alone (CO), MIF (0.01, 0.1,
1, 10ng/ml) or VEGF (10 ng/ml). Electrical impedance was measured every
minute for 15 h using the xCELLigence RTCA-DP system and automatically
converted to cell indices by the xCELLigence software. The results shown are
derived from the time point where the maximal cell index was reached (about
12 h after initiation). The median (interquartile range) percentage of migration
compared to control is shown (n > 3). (B) The number of HRMECs was
quantified 48 h after addition of dilution medium, VEGF (10 ng/ml) or MIF (0.001
to 10 ng/ml). Results are expressed relative to control (untreated cells). The
relative proliferation is shown as median (interquartile range) (n = 4 in triplicate).
(***p < 0.0001; **p < 0.01; *p < 0.05 compared to unstimulated cells).

showed that MIF expression levels correlated with tumor
angiogenesis (30, 31). In animal models of cancer, it was
demonstrated that MIF had the potential to promote tumor
growth and tumor-associated angiogenesis and that anti-MIF
antibodies suppressed angiogenesis in these models (33). Several
reports demonstrated that MIF directly and potently induces
angiogenesis in multiple in vitro and in vivo models (24-26). In
the present study, we demonstrated that MIF induced HRMEC
migration and proliferation, early key steps during angiogenesis.
These findings implied that MIF and CD74 might play roles as
a ligand-receptor complex in PDR angiogenesis. Previously, it
has been shown that MIF expression was also upregulated in
an animal model of corneal neovascularization and that MIF-
deficient mice had less neovascularization (42). In a mouse
model of oxygen-induced ischemic retinal neovascularization,

MIF deficiency reduced pathological preretinal angiogenesis
and the expression of proinflammatory and proangiogenic
factors (43).

In this study, we also demonstrated that MIF and sCD74 were
significantly upregulated in the vitreous fluid from patients with
PDR, and that vitreous MIF levels were significantly higher in
PDR eyes with active neovascularization compared with eyes
with quiescent disease. Our findings are in agreement with a
previous study that demonstrated upregulated expression of
MIF in the vitreous fluid from patients with PDR (44). Our
analysis showed significant positive correlations between the
vitreous fluid levels of MIF and those of the inflammatory
biomarker SICAM-1 and the angiogenic biomarker VEGF.
In addition, we demonstrated that intravitreal injection
of MIF in normal rats induced significant upregulation
of ICAM-1 and VCAM-1 in the retina. Our findings are
consistent with previous reports documenting the role of
MIF in upregulating ICAM-1 and VCAM-1 in different types
of cells (45, 46). In an animal model of retinal detachment,
MIF was identified by a proteomics screen to be the most
important cytokine upregulated in retinal detachment.
Administration of a MIF inhibitor blocked pathological
damage responses by protecting photoreceptors and reducing
gliosis (47).

Among the proangiogenic factors, VEGF is considered as
the most potent one with a pivotal role in PDR (10, 11).
To corroborate the findings at the cellular level, stimulation
with MIF caused upregulation of VEGF in Miiller cells.
Miiller cells are considered to contribute to pathological retinal
neovascularization by being the principle VEGF-producing cell
type (41). In addition, Matsuda et al. demonstrated expression
of MIF in rat Miller cells (48). To our knowledge, the
present study is the first to report the capability of MIF to
target Miiller cells and to induce upregulation of phospho-
ERK1/2 and the synthesis and secretion of VEGF. Additionally,
intravitreal injection of MIF induced a significant upregulation
of VEGE phospho-ERK1/2 and the p65 subunit of NF-kB
in the retina of rats. This is in line with previous studies
documenting the capacity of MIF to induce VEGF and
phosphorylation of ERK1/2 in tumor cells (23, 28-30). These
findings suggest that one possible mechanism of MIF-induced
angiogenesis in PDR is related to the upregulation of VEGF.
In addition, upregulation of VEGF is a major contributor
to BRB breakdown in diabetes (49-51). Our findings also
suggest that MIF-induced BRB breakdown might be related to
upregulation of VEGF. Furthermore, we showed that stimulation
with the hypoxia mimetic agent CoCl, promoted VEGF and
MIF expressions in Miller cells. Similarly, previous studies
demonstrated that MIF was induced by hypoxia in cancer cells
(30, 52, 53).

In addition to its well characterized role in inflammation
and angiogenesis, MIF is upregulated in fibrotic disorders,
such as idiopathic pulmonary fibrosis (54, 55) and systemic
sclerosis  (56). Additionally, MIF expression increased
during the wound healing of rat skin injured by excision
and anti-MIF antibodies induced a delay in wound healing
(57). In the present study, immunohistochemical analysis
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FIGURE 12 | Macrophage migration inhibitory factor (MIF) induces blood-retinal barrier (BRB) breakdown and in vivo activation of inflammatory pathway. MIF (0 = 12)
was injected intravitreally at the dose of 5 ng in 5 I in one eye and the same volume of phosphate buffer saline (PBS; n = 11) was injected in the contralateral eye of
normal rats. BRB breakdown was quantified with the FITC-conjugated dextran technique (A). As demonstrated by Western blot analysis of rat retinas, intravitreal
administration of MIF induced a significant upregulation of the expression of phospho-ERK1/2 (B), p65 subunit of NF-kB (C), intercellular adhesion molecule-1
(ICAM-1) (D), vascular cell adhesion molecule-1 (VCAM-1) (E) and vascular endothelial growth factor (VEGF) (F) compared with intravitreal administration of PBS.
Results are expressed as median (interquartile range) ("o < 0.05 compared to the values obtained from PBS-injected eyes).

demonstrated MIF and CD74 localization in myofibroblasts,
the key cellular mediator of fibrosis (58), in epiretinal
membranes from patients with PDR and PVR. Similarly,
dermal fibroblasts from skin wound lesions (57) and
systemic sclerosis (56) produced higher amounts of MIF
than normal dermal fibroblasts. It was demonstrated in
vitro that transient exposure of fibroblasts to MIF induced
fibroblast activation and promoted fibroblast proliferation,
migration and replenishment of cell monolayers after scratching
(59). In a recent study, an interesting genetic association
of MIF with epiretinal membrane formation was found,
suggesting a potential contribution of MIF to formation of the
membranes (60).

In conclusion, the proinflammatory and proangiogenic
cytokine MIF and its receptor CD74 are upregulated in
the intraocular microenvironment of patients with PDR,
particularly in patients with active angiogenesis. Additionally,
intravitreal administration of MIF significantly increased
retinal vascular permeability in rats. MIF stimulation of
Miiller cells induced increased secretion of VEGF and CoCl,
induced the production of MIF from Miiller cells in vitro.
Stimulation of endothelial cells isolated from human retinas
with MIF induced migration and proliferation, confirming
its reported angiogenic effects. Therefore, the MIF/CD74
signaling pathway might play an important role in PDR
angiogenesis and progression and could become a primary
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therapeutic target for improving the vascular function in patients
with PDR.

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to
the corresponding author.

ETHICS STATEMENT

The study was conducted according to the tenets of the
Declaration of Helsinki. Before undergoing vitrectomy, all
patients signed a preoperative informed written consent and
approved the use of the excised epiretinal membranes and
aspirated vitreous fluid for further analysis and clinical research.
The Research Centre and Institutional Review Board of the
College of Medicine, King Saud University approved the study
design and protocol.

AUTHOR CONTRIBUTIONS

AMA designed the manuscript, supplied funding, interpreted the
data, and wrote the manuscript. AA, MS, EA, and AD performed

REFERENCES

1. Abu El-Asrar AM, Nawaz MI, De Hertogh G, Alam K, Siddiquei MM,
Van den Eynde K, et al. SI00A4 is upregulated in proliferative diabetic
retinopathy and correlates with markers of angiogenesis and fibrogenesis. Mol
Vis. (2014) 20:1209-24.

2. Abu El-Asrar AM, Mohammad G, Nawaz MI, Siddique MM,
Van den Eynde K, Mousa A, et al. Relationship between vitreous
levels of matrix metalloproteinases and vascular endothelial growth
factor in proliferative diabetic retinopathy. PLoS ONE. (2013)
8:¢85857. doi: 10.1371/journal.pone.0085857

3. Abu El-Asrar AM, Alam K, Nawaz MI, Mohammad G, Van den Eynde K,
Siddique MM, et al. Upregulated expression of heparanase in the vitreous
of patients with proliferative diabetic retinopathy originates from activated
endothelial cells and leukocytes. Invest Ophthalmol Vis Sci. (2015) 56:8239—
47. doi: 10.1167/iovs.15-18025

4. Abu El-Asrar AM, Struyf S, Mohammad G, Gouwy M, Ruytinx P, Siddiquei
MM, et al. Osteoprotegerin is a new regulator of inflammation and
angiogenesis in proliferative diabetic retinopathy. Invest Ophthalmol Vis Sci.
(2017) 58:3189-201. doi: 10.1167/iovs.16-20993

5. Nawaz MI, Van Raemdonck K, Mohammad G, Kangave D, Van Damme
J, Abu El-Asrar AM, et al. Autocrine CCL2, CXCL4, CXCL9 and
CXCL10 signal in retinal endothelial cells and are enhanced in diabetic
retinopathy. Exp Eye Res. (2013) 109:67-76. doi: 10.1016/j.exer.2013.
01.008

6. Hanahan D, Folkman J. Patterns and
of the angiogenic switch during tumorigenesis.
86:353-64. doi: 10.1016/50092-8674(00)80108-7

7. Carmeliet P. Angiogenesis in health and disease. Nat Med. (2003) 9:653—
60. doi: 10.1038/nm0603-653

8. Shima DT, Adamis AP, Ferrara N, Yeo KT, Yeo TK, Allende R, et al
Hypoxic induction of endothelial cell growth factors in retinal cells:
identification and characterization of vascular endothelial growth factor
(VEGF) as the mitogen. Mol Med. (1995) 1:182-93. doi: 10.1007/BF03
401566

9. Stone J, Itin A, Alon T, Pe’er ], Gnessin H, Chan-Ling T, et al. Development
of retinal vasculature is mediated by hypoxia-induced vascular endothelial

emerging mechanisms
Cell.  (1996)

experiments and interpreted the data. PG analyzed the data. GD
designed, supervised, and interpreted IHC stainings. JV designed
experiments. GO provided funding and designed experiments.
SS provided funding, designed experiments, interpreted the data,
and wrote the manuscript. All authors read and approved the
final manuscript.

FUNDING

This work was supported by King Saud University through
Vice Deanship of Research Chair, Dr. Nasser Al-Rashid
Research Chair in Ophthalmology (AA) and by the
Research  Foundation of Flanders (FWO-Vlaanderen;
grants No GOD2517N and GOA5716N) and C1 funding
(2017-2023) of the KU Leuven (SS and GO). AD
holds a Ph.D. fellowship from the Research Foundation
of Flanders.

ACKNOWLEDGMENTS

The authors thank Ms. Connie B. Unisa-Marfil for secretarial
assistance; Mr. Wilfried Versin and Ms. Kathleen Van Den Eynde
for excellent technical assistance.

growth factor (VEGF) expression by neuroglia. ] Neurosci. (1995) 15(7 Pt
1):4738-47. doi: 10.1523/JNEUROSCI.15-07-04738.1995

Miller JW, Le Couter J, Strauss EC, Ferrara N. Vascular endothelial growth
factor A in intraocular vascular disease. Ophthalmology. (2013) 120:106-
14. doi: 10.1016/j.0phtha.2012.07.038

. Spranger ] and Pfeiffer AF. New concepts in pathogenesis and treatment of
diabetic retinopathy. Exp Clin Endocrinol Diab. (2001) 109(Suppl. 2):S438-
50. doi: 10.1055/s-2001-18601

Kim YW, West XZ, Byzova TV. Inflammation and oxidative stress in
angiogenesis and vascular disease. ] Mol Med (Berl). (2013) 91: 323-
8. doi: 10.1007/s00109-013-1007-3
Ono M. Molecular links
inflammation: inflammatory of macrophages
cells as targets for therapeutic strategy. Cancer
99:1501-6. doi: 10.1111/j.1349-7006.2008.00853.x
Bloom BR, Bennett B. Mechanism of a
associated ~ with  delayed-type  hypersensitivity.
153:80-2. doi: 10.1126/science.153.3731.80

Su H, Na N, Zhang X, Zhao Y. The biological function and
significance of CD74 in immune diseases. Inflamm Res. (2017)
66:209-16. doi: 10.1007/s00011-016-0995-1
Sanchez-Zamora YI, Rodriguez-Sosa
type 1 and type 2 diabetes mellitus.
2014:804519. doi: 10.1155/2014/804519
Kithcart AP, Cox GM, Sielecki T, Short A, Pruitt ], Papenfuss T, et al.
A small-molecule inhibitor of macrophage migration inhibitory factor
for the treatment of inflammatory disease. FASEB J. (2010) 24:4459-
66. doi: 10.1096/1j.10-162347

Leng L, Metz CN, Fang Y, Xu ], Donnelly S, Baugh J, et al. MIF signal
transduction initiated by binding to CD74. J Exp Med. (2003) 197:1467-
76. doi: 10.1084/jem.20030286

Korf H, Breser L, Van Hoeck J, Godoy J, Cook DP, Stijlemans B, et al. MIF
inhibition interferes with the inflammatory and T cell-stimulatory capacity of
NOD macrophages and delays autoimmune diabetes onset. PLoS ONE. (2017)
12:¢0187455. doi: 10.1371/journal.pone.0187455

Bernhagen J, Krohn R, Lue H, Gregory JL, Zernecke A, Koenen RR,
et al. MIF is a noncognate ligand of CXC chemokine receptors in

and
cancer
(2008)

between  tumor

stimuli

angiogenesis
and
Sci.

vitro
(1966)

reaction in

Science.

M. The role
] Diabetes

of MIF in
Res. (2014)

20.

Frontiers in Immunology | www.frontiersin.org

14

December 2019 | Volume 10 | Article 2752


https://doi.org/10.1371/journal.pone.0085857
https://doi.org/10.1167/iovs.15-18025
https://doi.org/10.1167/iovs.16-20993
https://doi.org/10.1016/j.exer.2013.01.008
https://doi.org/10.1016/S0092-8674(00)80108-7
https://doi.org/10.1038/nm0603-653
https://doi.org/10.1007/BF03401566
https://doi.org/10.1523/JNEUROSCI.15-07-04738.1995
https://doi.org/10.1016/j.ophtha.2012.07.038
https://doi.org/10.1055/s-2001-18601
https://doi.org/10.1007/s00109-013-1007-3
https://doi.org/10.1111/j.1349-7006.2008.00853.x
https://doi.org/10.1126/science.153.3731.80
https://doi.org/10.1007/s00011-016-0995-1
https://doi.org/10.1155/2014/804519
https://doi.org/10.1096/fj.10-162347
https://doi.org/10.1084/jem.20030286
https://doi.org/10.1371/journal.pone.0187455
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Abu El-Asrar et al.

MIF in Diabetic Retinopathy

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

inflammatory and atherogenic cell recruitment. Nat Med. (2007) 13:587-
96. doi: 10.1038/nm1567

McClelland M, Zhao L, Carskadon S, Arenberg D. Expression of CD74, the
receptor for macrophage migration inhibitory factor, in non-small cell lung
cancer. Am ] Pathol. (2009) 174:638-46. doi: 10.2353/ajpath.2009.080463

Gai JW, Wahafu W, Song L, Ping H, Wang M, Yang F, et al. Expression
of CD74 in bladder cancer and its suppression in association with cancer
proliferation, invasion and angiogenesis in HT-1376 cells. Oncol Lett. (2018)
15:7631-8. doi: 10.3892/01.2018.8309

Cheng RJ, Deng WG, Niu CB, Li YY, Fu Y. Expression of macrophage
migration inhibitory factor and CD74 in cervical squamous cell carcinoma.
Int ] Gynecol Cancer. (2011) 21:1004-12. doi: 10.1097/IGC.0b013e31821c45b7
Hira E, Ono T, Dhar DK, El-Assal ON, Hishikawa Y, Yamanoi

A, et al. Overexpression of macrophage migration inhibitory
factor induces angiogenesis and  deteriorates  prognosis  after
radical ~resection for hepatocellular carcinoma. Cancer. (2005)

103:588-98. doi: 10.1002/cncr.20818

Amin MA, Volpert OV, Woods JM, Kumar P, Harlow LA, Koch AE.
Migration inhibitory factor mediates angiogenesis via mitogen-activated
protein kinase and phosphatidylinositol kinase. Circ Res. (2003) 93:321-
9. doi: 10.1161/01.RES.0000087641.56024.DA

Yang Y, Degranpré P, Kharfi A, Akoum A. Identification of macrophage
migration inhibitory factor as a potent endothelial cell growth-promoting
agent released by ectopic human endometrial cells. J Clin Endocrinol Metab.
(2000) 85:4721-7. doi: 10.1210/jc.85.12.4721

Richard V, Kindt N, Decaestecker C, Gabius HJ, Laurent G, Noél JC,
et al. Involvement of macrophage migration inhibitory factor and its
receptor (CD74) in human breast cancer. Oncol Rep. (2014) 32:523-
9. doi: 10.3892/0r.2014.3272

Veillat V, Carli C, Metz CN, Al-Abed Y, Naccache PH, Akoum A. Macrophage
migration inhibitory factor elicits an angiogenic phenotype in human ectopic
endometrial cells and triggers the production of major angiogenic factors via
CD44, CD74, and MAPK signaling pathways. ] Clin Endocrinol Metab. (2010)
95:E403-12. doi: 10.1210/jc.2010-0417

Choudhary S, Hegde P, Pruitt JR, Sielecki TM, Choudhary D, Scarpato K, et al.
Macrophage migratory inhibitory factor promotes bladder cancer progression
via increasing proliferation and angiogenesis. Carcinogenesis. (2013) 34:2891-
9. doi: 10.1093/carcin/bgt239

Xu X, Wang B, Ye C, Yao C, Lin Y, Huang X, et al
Overexpression ~ of ~ macrophage  migration  inhibitory
induces angiogenesis in human breast cancer. Cancer Lett. (2008)
261:147-57. doi: 10.1016/j.canlet.2007.11.028

Shun CT, Lin JT, Huang SP, Lin MT, Wu MS. Expression of macrophage
migration inhibitory factor is associated with enhanced angiogenesis and
advanced stage in gastric carcinomas. World ] Gastroenterol. (2005) 11:3767-
71. doi: 10.3748/wjg.v11.i24.3767

Hagemann T, Robinson SC, Thompson RG, Charles K, Kulbe H, Balkwill
FR. Ovarian cancer cell-derived migration inhibitory factor enhances tumor
growth, progression, and angiogenesis. Mol Cancer Ther. (2007) 6:1993-
2002. doi: 10.1158/1535-7163.MCT-07-0118

Nishihira J, Ishibashi T, Fukushima T, Sun B, Sato Y, Todo S. Macrophage
migration inhibitory factor (MIF): its potential role in tumor growth
and tumor-associated angiogenesis. Ann N Y Acad Sci. (2003) 995:171-
82. doi: 10.1111/j.1749-6632.2003.tb03220.x

Nagarajan P, Tober KL, Riggenbach JA, Kusewitt DF, Lehman AM,
Sielecki T, et al. MIF antagonist (CPSI-1306) protects against UVB-
induced squamous cell carcinoma. Mol Cancer Res. (2014) 12:1292-
302. doi: 10.1158/1541-7786.MCR-14-0255-T

Sanchez-Zamora Y, Terrazas LI, Vilches-Flores A, Leal E, Judrez I, Whitacre
C, et al. Macrophage migration inhibitory factor is a therapeutic target
in treatment of non-insulin-dependent diabetes mellitus. FASEB J. (2010)
24:2583-90. doi: 10.1096/1j.09-147066

Aiello LP, Avery RL, Arrigg PG, Keyt BA, Jampel HD, Shah ST, et al.
Vascular endothelial growth factor in ocular fluid of patients with diabetic
retinopathy and other retinal disorders. N Engl ] Med. (1994) 331:1480-
7. doi: 10.1056/NEJM199412013312203

Mohammad G, Siddiquei MM, Othman A, Al-Shabrawey M, Abu El-
Asrar AM. High-mobility group box-1 protein activates inflammatory

factor

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

signaling pathway components and disrupts retinal vascular-barrier in the
diabetic retina. Exp Eye Res. (2013) 107:101-9. doi: 10.1016/j.exer.2012.
12.009

Ruytinx P, Janssens R, Berghmans N, Gouwy M, Ronsse I, Liekens S, et al.
Relative distribution and biological characterization of CXCL4L1 isoforms
in platelets from healthy donors. Biochem Pharmacol. (2017) 145:123-
31. doi: 10.1016/j.bcp.2017.08.020

Rebmann V, Dornmair K, Grosse-Wilde H. Biochemical analysis of plasma-
soluble invariant chains and their complex formation with soluble HLA-
DR. Tissue Antigens. (1997) 49:438-42. doi: 10.1111/j.1399-0039.1997.
tb02776.x

Wu G, Sun Y, Wang K, Chen Z, Wang X, Chang F, et al. Relationship between
elevated soluble CD74 and severity of experimental and clinical ALI/ARDS.
Sci Rep. (2016) 6:30067. doi: 10.1038/srep30067

Bringmann A, Pannicke T, Grosche ], Francke M, Wiedemann P, Skatchkov
SN, et al. Miiller cells in the healthy and diseased retina. Prog Retin Eye Res.
(2006) 25:397-424. doi: 10.1016/j.preteyeres.2006.05.003

Usui T, Yamagami S, Kishimoto S, Seiich Y, Nakayama T, Amano S. Role of
macrophage migration inhibitory factor in corneal neovascularization.
Invest Ophthalmol Vis Sci. (2007) 48:3545-50. doi: 10.1167/i0vs.06-
0695

Wang J, Lin ], Kaiser U, Wohlfart P, Hammes HP. Absence of macrophage
migration inhibitory factor reduces proliferative retinopathy in a mouse
model. Acta Diabetol. (2017) 54:383-92. doi: 10.1007/s00592-016-0956-8
Mitamura Y, Takeuchi S, Matsuda A, Tagawa Y, Mizue Y, Nishihira J.
Macrophage migration inhibitory factor levels in the vitreous of patients
with proliferative diabetic retinopathy. Br ] Ophthalmol. (2000) 84:636-
9. doi: 10.1136/bjo.84.6.636

Shyu LY, Yeh TM, Chang HH, Lin DP, Teng YH, Chen LC, et al. Macrophage
migration inhibitory factor induces ICAM-1and thrombomobulin expression
in vitro. Thromb Res. (2012) 129:43-9. doi: 10.1016/j.thromres.2011.
08.011

Amin MA, Haas CS, Zhu K, Mansfield PJ, Kim M]J, Lackowski NP, et al.
Migration inhibitory factor up-regulates vascular cell adhesion molecule-1
and intercellular adhesion molecule-1 via Src, PI3 kinase, and NFkappaB.
Blood. (2006) 107:2252-61. doi: 10.1182/blood-2005-05-2011

Kim B, Kusibati R, Heisler-Taylor T, Mantopoulos D, Ding J, Abdel-
Rahman MH, et al. MIF Inhibitor ISO-1 protects photoreceptors and
reduces gliosis in experimental retinal detachment. Sci Rep. (2017)
7:14336. doi: 10.1038/s41598-017-14298-9

Matsuda A, Tagawa Y, Yoshida K, Matsuda H, Nishihira J.
Expression of macrophage migration inhibitory factor in rat retina
and its immunohistochemical localization. ] Neuroimmunol. (1997)
77:85-90. doi: 10.1016/50165-5728(97)00061-1

Kusari J, Zhou SX, Padillo E, Clarke KG, Gil DW. Inhibition of vitreoretinal
VEGF elevation and blood-retinal barrier breakdown in streptozotocin-
induced diabetic rats by brimonidine. Invest Ophthalmol Vis Sci. (2010)
51:1044-51. doi: 10.1167/i0vs.08-3293

Ishida S, Usui T, Yamashiro K, Kaji Y, Ahmed E, Carrasquillo KG, et al.
VEGF164 is proinflammatory in the diabetic retina. Invest Ophthalmol Vis Sci.
(2003) 44:2155-62. doi: 10.1167/i0vs.02-0807

Qaum T, Xu Q, Joussen AM, Clemens MW, Qin W, Miyamoto K, et al. VEGF-
initiated blood-retinal barrier breakdown in early diabetes. Invest Ophthalmol
Vis Sci. (2001) 42:2408-13.

Larsen M, Tazzyman S, Lund EL, Junker N, Lewis CE, Kristjansen
PE, et al. Hypoxia-induced secretion of macrophage migration-
inhibitory factor from MCEF-7 breast cancer cells is regulated in a
hypoxia-inducible ~factor-independent manner. Cancer Lett. (2008)
265:239-49. doi: 10.1016/j.canlet.2008.02.012

Bacher M, Schrader J, Thompson N, Kuschela K, Gemsa D, Waeber G,
et al. Up-regulation of macrophage migration inhibitory factor gene and
protein expression in glial tumor cells during hypoxic and hypoglycemic stress
indicates a critical role for angiogenesis in glioblastoma multiforme. Am |
Pathol. (2003) 162:11-7. doi: 10.1016/S0002-9440(10)63793-5

Bargagli E, Olivieri C, Nikiforakis N, Cintorino M, Magi B, Perari
MG, et al. Analysis of macrophage migration inhibitory factor (MIF) in
patients with idiopathic pulmonary fibrosis. Respir Physiol Neurobiol. (2009)
167:261-7. doi: 10.1016/j.resp.2009.05.004

Frontiers in Immunology | www.frontiersin.org

December 2019 | Volume 10 | Article 2752


https://doi.org/10.1038/nm1567
https://doi.org/10.2353/ajpath.2009.080463
https://doi.org/10.3892/ol.2018.8309
https://doi.org/10.1097/IGC.0b013e31821c45b7
https://doi.org/10.1002/cncr.20818
https://doi.org/10.1161/01.RES.0000087641.56024.DA
https://doi.org/10.1210/jc.85.12.4721
https://doi.org/10.3892/or.2014.3272
https://doi.org/10.1210/jc.2010-0417
https://doi.org/10.1093/carcin/bgt239
https://doi.org/10.1016/j.canlet.2007.11.028
https://doi.org/10.3748/wjg.v11.i24.3767
https://doi.org/10.1158/1535-7163.MCT-07-0118
https://doi.org/10.1111/j.1749-6632.2003.tb03220.x
https://doi.org/10.1158/1541-7786.MCR-14-0255-T
https://doi.org/10.1096/fj.09-147066
https://doi.org/10.1056/NEJM199412013312203
https://doi.org/10.1016/j.exer.2012.12.009
https://doi.org/10.1016/j.bcp.2017.08.020
https://doi.org/10.1111/j.1399-0039.1997.tb02776.x
https://doi.org/10.1038/srep30067
https://doi.org/10.1016/j.preteyeres.2006.05.003
https://doi.org/10.1167/iovs.06-0695
https://doi.org/10.1007/s00592-016-0956-8
https://doi.org/10.1136/bjo.84.6.636
https://doi.org/10.1016/j.thromres.2011.08.011
https://doi.org/10.1182/blood-2005-05-2011
https://doi.org/10.1038/s41598-017-14298-9
https://doi.org/10.1016/S0165-5728(97)00061-1
https://doi.org/10.1167/iovs.08-3293
https://doi.org/10.1167/iovs.02-0807
https://doi.org/10.1016/j.canlet.2008.02.012
https://doi.org/10.1016/S0002-9440(10)63793-5
https://doi.org/10.1016/j.resp.2009.05.004
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Abu El-Asrar et al.

MIF in Diabetic Retinopathy

55.

56.

57.

58.

59.

Gunther S, Bordenave J, Hua-Huy T, Nicco C, Cumont A, Thuillet R,
et al. Macrophage migration inhibitory factor (MIF) inhibition in a murine
model of bleomycin-induced pulmonary fibrosis. Int | Mol Sci. (2018)
19:E4105. doi: 10.3390/ijms19124105

Kim JY, Kwok SK, Hur KH, Kim HJ, Kim NS, Yoo SA, et al. Up-
regulated macrophage migration inhibitory factor protects apoptosis of
dermal fibroblasts in patients with systemic sclerosis. Clin Exp Immunol.
(2008) 152:328-35. doi: 10.1111/j.1365-2249.2008.03637.x
Abe R, Shimizu T, Ohkawara A, Nishihira J.

macrophage migration inhibitory factor (MIF) expression in injured
epidermis and cultured fibroblasts. Biochim Biophys Acta. (2000)
1500:1-9. doi: 10.1016/50925-4439(99)00080-0

Wynn TA. Cellular and molecular mechanisms of fibrosis. J Pathol. (2008)
214:199-210. doi: 10.1002/path.2277

Dewor M, Steffens G, Krohn R, Weber C, Baron ], Bernhagen J.
Macrophage migration inhibitory factor (MIF) promotes fibroblast migration
in scratch-wounded monolayers in vitro. FEBS Lett. (2007) 581:4734-
42. doi: 10.1016/j.febslet.2007.08.071

Enhancement of

60. Cebulla CM, Stevenson W, Van Law H, Heisler-Taylor T, Hamadmad
S, Shah MH, et al. MIF promoter polymorphisms are associated with
epiretinal membrane but not retinal detachment with PVR in an American
population. Exp Eye Res. (2019) 185:107667. doi: 10.1016/j.exer.2019.
05.007

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2019 Abu El-Asrar, Ahmad, Siddiquei, De Zutter, Allegaert, Gikandi,
De Hertogh, Van Damme, Opdenakker and Struyf. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Immunology | www.frontiersin.org

16

December 2019 | Volume 10 | Article 2752


https://doi.org/10.3390/ijms19124105
https://doi.org/10.1111/j.1365-2249.2008.03637.x
https://doi.org/10.1016/S0925-4439(99)00080-0
https://doi.org/10.1002/path.2277
https://doi.org/10.1016/j.febslet.2007.08.071
https://doi.org/10.1016/j.exer.2019.05.007
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	The Proinflammatory and Proangiogenic Macrophage Migration Inhibitory Factor Is a Potential Regulator in Proliferative Diabetic Retinopathy
	Introduction
	Materials and Methods
	Patient Samples
	Immunohistochemical Staining of Human Epiretinal Membranes and Quantitations
	Enzyme-Linked Immunosorbent Assays
	Human Retinal Müller Glial Cell and Retinal Microvascular Endothelial Culture
	Intravitreal Injection of MIF
	Measurement of Blood-Retinal Barrier Breakdown
	Western Blot Analysis of Human Vitreous Fluid, Müller Cell Lysates and Rat Retinas
	Chemotaxis Assay
	Proliferation Assay
	Statistical Analysis

	Results
	Analysis of Angiogenic and Inflammatory Activities and the Expression of the Myofibroblast Marker α-SMA in Epiretinal Fibrovascular Membranes From Patients With PDR
	Expression of MIF and Its Receptor CD74 in Epiretinal Fibrovascular Membranes From Patients With PDR
	Correlations Between Microvessel Density and the Expression of MIF and CD74 in Epiretinal Fibrovascular Membranes From Patients With PDR
	Immunohistochemical Analysis of PVR Epiretinal Fibrocellular Membranes
	Levels of MIF, VEGF, and sICAM-1 in Vitreous Samples
	Relationship Between ELISA Levels of MIF in Vitreous Samples and Angiogenic Activity of PDR
	Detection of sCD74 in Vitreous Samples
	MIF Induces Upregulation of VEGF and Phospho-ERK1/2 in Retinal Müller Cells
	The Hypoxia Mimetic Agent CoCl2 Induces Upregulation of MIF and VEGF in Retinal Müller Cells
	MIF Induces Migration and Proliferation of Human Retinal Microvascular Endothelial Cells
	In vivo Effect of Intravitreal Administration of MIF

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


