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Abstract: Retinal Müller glial cells (RMG) are involved in virtually every retinal disease; however,
the role of these glial cells in neuroinflammation is still poorly understood. Since cell surface proteins
play a decisive role in immune system signaling pathways, this study aimed at characterizing
the changes of the cell surface proteome of RMG after incubation with prototype immune system
stimulant lipopolysaccharide (LPS). While mass spectrometric analysis of the human Müller glia
cell line MIO-M1 revealed 507 cell surface proteins in total, with 18 proteins significantly more
abundant after stimulation (ratio ≥ 2), the surfaceome of primary RMG comprised 1425 proteins,
among them 79 proteins with significantly higher abundance in the stimulated state. Pathway
analysis revealed notable association with immune system pathways such as “antigen presentation”,
“immunoregulatory interactions between a lymphoid and a non-lymphoid cell” and “cell migration”.
We could demonstrate a higher abundance of proteins that are usually ascribed to antigen-presenting
cells (APCs) and function to interact with T-cells, suggesting that activated RMG might act as atypical
APCs in the course of ocular neuroinflammation. Our data provide a detailed description of the
unstimulated and stimulated RMG surfaceome and offer fundamental insights regarding the capacity
of RMG to actively participate in neuroinflammation in the retina.

Keywords: retinal Müller glial cells; MIO-M1; neuroinflammation; LPS; cell surface proteomics;
LC-MS/MS; ocular inflammation; immune capacity of RMG; atypical APC

1. Introduction

In recent years, retinal Müller glial cells (RMG) have gained increasing attention, as
they are involved in virtually every retinal disease and represent valuable therapeutic
targets (reviewed in [1–4]). RMG are the principal macroglial cells of the retina [5] and
span its entire thickness from the inner to the outer limiting membrane [6]. Thus, they
are in close contact to the vitreous, the subretinal space and retinal blood vessels, while
they also enclose all retinal neurons with their cell processes [1,7]. Under physiological
conditions, RMG are involved in maintaining retinal water-, pH- and ion- homeostasis [7,8],
and they contribute to the blood–retinal barrier (BRB) with their endfeet [9]. Furthermore,
they support retinal neurons by recycling neurotransmitters [5,10] and supplying them
with nutrients [1,11,12]. In the case of retinal trauma or disease, they undergo a pheno-
typical transformation and become gliotic [13]. Gliosis is regarded as a cellular attempt
to impede further tissue damage after an insult or to repair affected retinal tissue [14].
It has been demonstrated that, under pathological conditions, RMG actively participate
in the immune response, acting as antigen-presenting cells (APCs) and releasing various
pro-inflammatory cytokines [15–19]. However, little is known about their exact role in
ocular immune response and the consequences of their activation. We previously showed
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that RMG were activated in the course of autoimmune uveitis in horses, resulting in IFN-γ
expression and the downregulation of cell-specific proteins such as glutamine-synthetase
(GS), aquaporins 5 and 11 and potassium channel Kir4.1, thus playing a detrimental role in
disease pathogenesis [19–22]. In order to gain further insight into the capacity of RMG to
transform into an activated phenotype upon a danger signal, we carried out an in-depth
analysis of the RMG surfaceome after stimulation with prototype immune system stim-
ulant lipopolysaccharide (LPS). In our study, we performed a glycocapture proteomics
approach, which allowed us to selectively analyze the RMG surfaceome. Since cell surface
proteins carry out important functions, such as receptor signaling, communication between
cells and cell adhesion (reviewed in [23–25]), they play a crucial role in immune system
signaling pathways. For our experiments, we used liquid chromatography coupled to
tandem mass spectrometry (LC-MS/MS), which has proven to be a powerful tool for the
in-depth analysis of cell surface proteins [26–28]. In order to compare the reactive capacity
of primary RMG and a Müller glia cell line, we performed our mass spectrometric analysis
on both primary equine RMG and the permanent human Müller glia cell line MIO-M1 [29].
Our results demonstrate that the RMG surfaceome changes considerably in response to
immune stimulation and thus provide fundamental knowledge about the contribution of
RMG to immune system signaling.

2. Materials and Methods
2.1. Sample Collection and Preparation

For this study, four control eyes from healthy horses were collected from a local abat-
toir. Collection and use of equine eyes from the abattoir were approved for purposes of
scientific research by the appropriate board of the veterinary inspection office, Munich,
Germany. No experimental animals were involved in this study. Eyes were processed
immediately after enucleation. After removal of residual periocular tissue, eyeballs were
rinsed in 70% ethanol followed by washing in cold PBS and storing in DMEM until further
use. Preparation of primary RMG was conducted under a laminar flow hood with sterile
instruments as previously described [30]. Briefly, eyeballs were cut open circumferentially
parallel to the limbus corneae, and anterior parts of the eyes were removed. Retina was
carefully detached from the vitreous and the attached pigment epithelium and mechani-
cally disintegrated using microscissors. Resulting fragments were enzymatically digested
at 37 ◦C with papain that had been activated by incubation with 1.1 µM EDTA, 0.067 µM
mercaptoethanol and 5.5 µM cysteine-HCl prior to use. Enzymatical digestion was stopped
after 30 min by adding Dulbecco’s modified Eagles Medium (DMEM, Pan Biotech, Aiden-
bach, Germany) with 10% fetal bovine serum (FBS, Biochrom, Darmstadt, Germany). After
addition of Desoxyribonuclease I (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany),
cells were first triturated and then collected by centrifugation (100× g, 10 min). Subse-
quently, cells were resuspended and seeded into 25 cm2 tissue flasks (Sarstedt, Nümbrecht,
Germany) with DMEM containing 10% FBS and 1% penicillin/streptomycin (Pan Biotech).
After allowing the cells to adhere for 24 h, thorough panning of the flasks followed by
removal of the supernatant was performed in order to eliminate nonattached neuronal
cells. The efficiency of this method to yield pure RMG cultures has been demonstrated pre-
viously [30,31]. Cells were cultured at 37 ◦C and 5% CO2 with repeated medium exchange
until reaching confluence. Phase-contrast microscopy was used to determine the extent
of confluence as well as to monitor the purity of growing cell population by verification
of homologous morphology as previously described [29,30]. The human Müller cell line
Moorfields/Institute of Ophthalmology- Müller 1 (MIO-M1) was obtained from G. A.
Limb [29] and grown to approximately 80% confluency at 37 ◦C and 5% CO2 with repeated
medium exchanges.

2.2. Stimulation of Cells and Biotinylation of Cell Surface Proteins

For the following experiments, seven T75 flasks with pooled adherent primary equine
RMG or MIO-M1 cells were used. For both cell types, three of them were used for stimula-
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tion with LPS (Sigma-Aldrich), and cells of three flasks served as negative controls, whereas
the cells of the remaining flask were not biotinylated and thus were used as a negative
control for biotinylation. Prior to stimulation with LPS, cells were washed with phosphate
buffered saline (PBS) and incubated at 37 ◦C in DMEM without FBS for starvation. After
2 h, supernatant was removed and replaced with fresh DMEM not containing FBS. LPS
was added to three flasks at a final concentration of 10 µg/mL. Negative controls were
incubated at the same conditions without addition of LPS. After 24 h at 37 ◦C, supernatant
was removed, and cells were washed twice with PBS—the first time with prewarmed PBS
(pH 7.4) and the second time with PBS with an adjusted pH of 6.7, containing 1 mM CaCl2
and 0.5 mM MgCl2. Cell surface membrane proteins were then labelled with 2 mL of
biotinylation reagent per flask, containing 309.6 µL aminooxy-biotin (VWR, International
GmbH, Darmstadt, Germany), 24 µL NaIO4 and 11.04 µL aniline (Sigma-Aldrich) in label-
ing buffer (PBS, pH 6.7) and incubated in the dark for 30 min at 4 ◦C. The biotinylation
reaction was quenched by adding glycerol to a final concentration of 1 mM for an additional
5 min at 4 ◦C. Subsequently, medium was removed, and cells were washed with washing
buffer (PBS with 1 mM CaCl2 and 0.5 mM MgCl2, pH 7.4) before scraping the cells carefully
into 500 µL lysis buffer (1% Nonidet P-40, 150 mM NaCl, 10 mM Tris-HCl (pH 7.4), a
1× complete protease inhibitor mixture, EDTA-free (Roche, Grenzach-Wyhlen, Germany)
in HPLC-grade water) and immediately frozen at −20 ◦C.

2.3. Preparation of Plasma Membrane Fraction and Protein Extraction from Affinity-Purified
Plasma Membrane

To enrich biotinylated cell surface and cell membrane fractions, lysates were thawed
on ice for 30 min and vortexed before centrifugation at 16,000× g at 4 ◦C for 10 min. The su-
pernatant was diluted 1:5 with washing buffer, and the pellet was discarded. Streptavidin
beads (IBA GmbH, Göttingen, Germany) were prewashed 3 times with lysis buffer diluted
1:5 with washing buffer and centrifuged between the washing steps at 1000× g for 1 min.
Then, samples were added to the washed streptavidin beads in LoBind tubes (Eppendorf,
Hamburg, Germany) and incubated at 4 ◦C for 2 h on a rotator for binding of biotinylated
proteins to high-affinity streptavidin beads. Subsequently, extensive washing and incuba-
tion steps were performed, each in a volume of 500 µL to remove nonspecifically bound
proteins. Centrifugation was carried out at 2500× g for 2 min as part of the washing process.
First, beads were washed with lysis buffer diluted 1:5 with washing buffer, followed by a
washing step with 0.5% SDS in washing buffer and incubation with 0.5% SDS and 100 mM
DTT in washing buffer for 30 min at room temperature. Next, beads were washed with UC
buffer (6 M urea, 100 mM Tris-Hcl, pH 8.5) and subsequently incubated with UC buffer
containing 50 mM iodoacetamide for 30 min at room temperature for alkylation. This was
followed by washing steps in UC buffer, 5 M NaCl, 100 mM Na2CO3 (pH 11.5) and 50 mM
Tris-HCl (pH 8.5). For proteolysis, bead–protein complexes were incubated in 100 µL
Tris-HCl (pH 8.5) containing 2.5 µg sequencing grade modified trypsin (Promega, Walldorf,
Germany) at 37 ◦C overnight. Subsequently, the tryptic peptides were collected by cen-
trifugation at 2000× g for 2 min before beads were resuspended in 50 µL 50 mM Tris-HCl
(pH 8.5), followed by another centrifugation step. Supernatants resulting from both steps
with the tryptic peptides therein were pooled together into a new LoBind tube (Eppendorf)
and acidified with trifluoroacetic acid (TFA). To elute the glycopeptides, the beads were
washed with 100 µL 1× G7 buffer and then incubated in 50 µL 1× G7 buffer containing
500 U glycerol-free PNGase F (New England Biolabs, Frankfurt a. Main, Germany) for 6 h
at 37 ◦C, followed by centrifugation. Resulting supernatant was transferred into a new
LoBind tube, and beads were resuspended in 50 µL 1× G7 buffer and centrifuged again.
Resulting eluates from both steps were pooled in LoBind tubes (Eppendorf) and dried.
Finally, dried glycopeptides were resolved in the acidified tryptic peptides and analyzed
as combined samples by LC-MS/MS.
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2.4. Mass Spectrometric Analysis

LC-MS/MS analysis of RMG surfaceomes was performed on an Ultimate3000 nano-
HPLC system (Dionex, Sunnyvale, CA) online coupled to a LTQ OrbitrapXL mass spec-
trometer (Thermo Fisher Scientific, Bremen, Germany) by a nanospray ion source. Acidified
eluted fractions were loaded automatically to a HPLC system equipped with a nanotrap
column, eluted after 5 min and separated on the analytical column (75 µm inner diameter
× 25 cm, Acclaim PepMap100 C18, 3 µm, 100 Å) by a 265 min gradient flow at a flow rate
of 300 nL/min from 2 to 40 percent ACN. Peptides were analyzed by the LTQ OrbitrapXL,
recording MS spectra at a resolution of 60,000 in profile mode. From the high-resolution
MS prescan, the ten most intense peptide ions were selected for fragment analysis in the
linear ion trap if they exceeded an intensity of at least 200 counts and if they were at least
doubly charged. The normalized collision energy for CID was set to a value of 35, and the
resulting fragments were detected with normal resolution in the linear ion trap in centroid
mode. Dynamic exclusion was set to 60 s.

2.5. Data Analysis

Acquired MS spectral files were imported to Progenesis QI software (Nonlinear Dy-
namics, Waters, Newcastle upon Tyne, UK), and label-free quantitative analysis was per-
formed as previously described [32,33]. All MS/MS spectra were exported from Progenesis
QI software as Mascot generic files (mgf) and searched against Ensembl horse or human
protein database, respectively (https://www.ensembl.org, accessed on 18 March 2021),
for peptide identification with Mascot (https://www.matrixscience.com/, accessed on
18 March 2021). Search parameters used were 10 ppm peptide mass tolerance, one Da
fragment mass tolerance and one missed cleavage allowed. Iodoacetamide derivatives of
cysteines were set as stable modifications, and methionine oxidation as well as asparagine
and glutamine deamidation were allowed as variable modifications. A Mascot integrated
decoy database search calculated an average false discovery rate < 1% when searches were
performed with a Mascot percolator cut-off score of 13 and with an appropriate significance
threshold (p). Identifications were re-imported into Progenesis QI. Detailed information on
all identified proteins is provided in Supplementary Tables S1 and S2.

2.6. Data Processing

Proteins were considered differentially abundant when LPS/unstimulated control
ratio was at least 2. For statistical analysis, transformed normalized abundances were used
for one-way analysis of variance (ANOVA) calculations. The volcano plots were created
with OriginPro 2020 software (Additive, Friedrichsdorf, Germany). Pathway enrichment
analyses were performed on human orthologs of gene names using open-source software
ShinyGO (v0.61, http://bioinformatics.sdstate.edu/go/, accessed on 18 March 2021) with
the following settings: search species human, p-value cutoff (FDR) 0.05, number of most
significant terms to show 30. The p-value for enrichment analysis was calculated via
hypergeometric distribution followed by FDR correction. Voronoi visualization of pathway
analyses was conducted using open-source software Reactome (v75, https://reactome.org,
accessed on 18 March 2021). In MIO-M1 cells, 2 identifiers could not be found in Reactome
(CD82 and PODXL), whereas in primary RMG, 9 proteins could not be identified and thus
were not included in pathway analyses, namely, CD82, CLMP, DMRTC2, HIRIP3, LRPAP1,
MGARP, TMEM33, TSPAN6 and VASN.

3. Results
3.1. Mass Spectrometric Analysis Reveals 507 Cell Surface Proteins in Human Müller Glia Cell
Line MIO-M1 and 1425 in Primary RMG

Using mass spectrometry, we identified 507 cell surface proteins in cells of the human
retinal Müller glia cell line MIO-M1 (Supplementary Table S1) and 1425 proteins in the
surfaceome of primary equine RMG (Supplementary Table S2).

https://www.ensembl.org
https://www.matrixscience.com/
http://bioinformatics.sdstate.edu/go/
https://reactome.org
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3.2. Stimulation with LPS Results in Distinct Changes of RMG Surface Proteome

To assess the capacity of RMG to respond to immune stimuli, MIO-M1 cells as well
as primary RMG were stimulated with LPS for 24 h. Mass spectrometry revealed distinct
changes of protein abundances after LPS stimulation (Table 1 and Figure 1). For further
analyses, a two-fold change in abundance after stimulation with LPS was set as the cut-off
value, and protein abundance change was regarded as significant at p ≤ 0.05. Following
these criteria, we identified 18 proteins with significantly higher abundance after LPS
stimulation in the MIO-M1 cell line (Table 1 and Figure 1A, green dots) and six proteins
that showed lower abundance after co-incubation with LPS (Figure 1A, red dots). In
contrast, the cell surfaceome of primary RMG comprised 79 identifications with higher
abundance after LPS (Table 1 and Figure 1B, green dots), among them four proteins that
belong to the MHC class I family, while 82 proteins showed significantly lower abundance
after in vitro stimulation (Figure 1B, red dots). While there was no overlap between
primary RMG and MIO-M1 cells within the less abundant proteins, six candidates were
significantly more abundant concomitantly in both cell types (Figure 1A,B, labeled with
their gene names in blue font). These proteins comprised the leukocyte antigen Class
I-B (HLA-B), inducible T-cell co-stimulatory ligand (ICOSLG), the tetraspanin CD82 and
adhesion molecules intercellular adhesion molecule 1 (ICAM1), vascular cell adhesion
molecule 1 (VCAM1) and junctional adhesion molecule 2 (JAM2), all of which have a
function in immune system signaling.

Table 1. Proteins from mass spectrometry dataset with statistically significant (p ≤ 0.05) abundance changes (ratio ≥ 2) after
LPS stimulation (1) in MIO-M1 cells and (2) in primary retinal Müller glial cells (RMG).

Protein ID Description Gene Name
Peptides
Used for
Quantification

p-Value Ratio
LPS/Unstim

(1) MIO-M1

ENSP00000006053 C-X3-C motif chemokine ligand 1 CX3CL1 4 0 46

ENSP00000339477 Inducible T cell costimulator
ligand ICOSLG 9 0 30.1

ENSP00000264832 Intercellular adhesion molecule 1 ICAM1 29 0 27.7
ENSP00000294728 Vascular cell adhesion molecule 1 VCAM1 47 0 11
ENSP00000318416 Junctional adhesion molecule 2 JAM2 1 0.01 5.7

ENSP00000166534 Prolyl 4-hydroxylase subunit
alpha 2 P4HA2 2 0.047 4.7

ENSP00000412429 Transgelin 2 TAGLN2 2 0.045 4.5

ENSP00000399168 Major histocompatibility
complex, class I, B HLA-B 2 0.005 4.1

ENSP00000304592 Fatty acid synthase FASN 1 0.047 3.4
ENSP00000336799 Tubulin alpha 1b TUBA1B 2 0.015 3.2
ENSP00000341289 Tubulin beta 4B class IVb TUBB4B 2 0.028 2.8
ENSP00000240095 Solute carrier family 39 member 14 SLC39A14 13 0.004 2.6

ENSP00000330054 Eukaryotic translation elongation
factor 1 alpha 1 EEF1A1 3 0.033 2.4

ENSP00000307046 Syndecan 2 SDC2 3 0.03 2.2
ENSP00000227155 CD82 molecule CD82 8 0.018 2.2
ENSP00000245185 Metallothionein 2A MT2A 1 0.039 2.2
ENSP00000319782 Podocalyxin like PODXL 10 0.004 2.1
ENSP00000380855 Programmed cell death 1 ligand 2 PDCD1LG2 2 0.021 2

(2) Primary RMG

ENSECAP00000013197 TAP binding protein TAPBP 1 0 infinity
ENSECAP00000010634 SLAM family member 7 SLAMF7 1 0.039 158.6
ENSECAP00000009810 5,-nucleotidase, cytosolic IIIA NT5C3A 1 0.035 107.7
ENSECAP00000009600 Transmembrane protein 33 TMEM33 1 0.044 33.8
ENSECAP00000018879 Neuregulin 1 NRG1 2 0 30.5
ENSECAP00000014003 CD274 molecule CD274 2 0 26.4
ENSECAP00000019916 Betacellulin BTC 1 0.002 22.4
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Table 1. Cont.

Protein ID Description Gene Name
Peptides
Used for
Quantification

p-Value Ratio
LPS/Unstim

ENSECAP00000000924 ISG15 ubiquitin like modifier ISG15 7 0 21.1
ENSECAP00000011996 Intercellular adhesion molecule 1 ICAM1 25 0 19.9
ENSECAP00000009944 CD86 molecule CD86 7 0 19.9
ENSECAP00000014290 Vascular cell adhesion molecule 1 VCAM1 51 0 16.3

ENSECAP00000004905 Doublesex- and mab-3-related
transcription factor C2 DMRTC2 1 0.01 15.9

ENSECAP00000017760 Neuromedin U receptor 2 NMUR2 2 0 15.7
ENSECAP00000011171 2,-5,-oligoadenylate synthetase 1 OAS1 2 0 14
ENSECAP00000000811 Beta-2-microglobulin B2M 1 0.026 13.4
ENSECAP00000010646 MX dynamin like GTPase 2 MX1 8 0.002 13.4
ENSECAP00000021590 MHC class I heavy chain HLA-A 3 0.002 13.1
ENSECAP00000018982 Guanylate binding protein 5 GBP5 10 0 12.6
ENSECAP00000009324 Serum amyloid A1 SAA1 3 0.018 12.2
ENSECAP00000020078 MHC class I heavy chain HLA-A 11 0.001 12.2

ENSECAP00000006405 Interferon induced with helicase C
domain 1 IFIH1 22 0.001 12

ENSECAP00000020119 Very low-density lipoprotein
receptor VLDLR 1 0.001 10.5

ENSECAP00000003048 Interferon-induced protein with
tetratricopeptide repeats 1 IFIT1 6 0 10

ENSECAP00000009264 MHC class I heavy chain HLA-A 7 0.002 9.5

ENSECAP00000008591 ATP binding cassette subfamily A
member 1 ABCA1 1 0.048 9.2

ENSECAP00000015028 Carbonic anhydrase 12 CA12 3 0.004 9.1
ENSECAP00000016719 Pleckstrin PLEK 3 0.002 9
ENSECAP00000019669 DExD/H-box helicase 58 DDX58 18 0.001 8.9
ENSECAP00000002356 MHC class I heavy chain HLA-A 1 0 8.7
ENSECAP00000006671 Semaphorin 4A SEMA4A 2 0.006 8.7
ENSECAP00000022282 Intercellular adhesion molecule 3 ICAM3 3 0.003 8.5
ENSECAP00000017347 Versican VCAN 4 0.006 8.4
ENSECAP00000014907 CD40 molecule CD40 8 0.001 8.2
ENSECAP00000000620 Galectin 3 binding protein LGALS3BP 2 0.004 7.9

ENSECAP00000007529 DnaJ heat shock protein family
(Hsp40) member C3 DNAJC3 1 0.001 7.2

ENSECAP00000012605 HIRA interacting protein 3 HIRIP3 1 0 6.8
ENSECAP00000010541 MHC class II DR alpha chain HLA-DRA 2 0.015 6.6

ENSECAP00000006847 Inducible T cell costimulator
ligand ICOSLG 4 0.009 6.4

ENSECAP00000008012 Interferon induced protein with
tetratricopeptide repeats 3 IFIT3 3 0 6.1

ENSECAP00000017943 Syndecan 4 SDC4 4 0.017 5.6
ENSECAP00000017562 CXADR like membrane protein CLMP 3 0.046 5.4
ENSECAP00000003412 Major prion protein PRNP 2 0.016 5.3
ENSECAP00000017893 CD82 molecule CD82 7 0.003 4.9
ENSECAP00000015940 C-X-C motif chemokine ligand 16 CXCL16 1 0 4.8
ENSECAP00000019909 MHC class II DR-beta chain HLA-DRB1 1 0.001 4.7
ENSECAP00000018161 MHC class I heavy chain HLA-C 2 0.03 4.2
ENSECAP00000006146 Praja ring finger ubiquitin ligase 2 PJA2 2 0.027 4.2

ENSECAP00000010650 DnaJ heat shock protein family
(Hsp40) member C8 DNAJC8 1 0.017 4.1

ENSECAP00000001275 Carcinoembryonic antigen-related
cell adhesion molecule 1 CEACAM21 9 0 3.9

ENSECAP00000015833 Lumican LUM 1 0.029 3.8
ENSECAP00000018257 CD38 molecule CD38 2 0.009 3.7
ENSECAP00000017093 Versican VCAN 5 0.004 3.7

ENSECAP00000002944 Interferon induced protein with
tetratricopeptide repeats 5 IFIT5 7 0.001 3.6
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Table 1. Cont.

Protein ID Description Gene Name
Peptides
Used for
Quantification

p-Value Ratio
LPS/Unstim

ENSECAP00000016198 Folate receptor beta FOLR2 1 0.034 3.5
ENSECAP00000012733 Junctional adhesion molecule 2 JAM2 2 0.012 3.4
ENSECAP00000011113 Guanylate-binding protein 6 GBP6 9 0.006 3.3

ENSECAP00000007853 Signal transducer and activator of
transcription 1 STAT1 14 0.034 3.3

ENSECAP00000014392 Endothelin converting enzyme 1 ECE1 17 0.006 3.2
ENSECAP00000002864 Vasorin VASN 16 0.004 3.1
ENSECAP00000009001 Integrin subunit alpha 4 ITGA4 9 0.008 3.1
ENSECAP00000015309 Colony stimulating factor 1 CSF1 5 0.009 3
ENSECAP00000002058 Sphingosine-1-phosphate receptor 3 S1PR3 2 0.039 3
ENSECAP00000001010 Hydroxycarboxylic acid receptor 2 HCAR2 2 0.004 2.9

ENSECAP00000019459 Mitochondria localized glutamic
acid rich protein MGARP 1 0.034 2.9

ENSECAP00000001529 CD80 molecule CD80 1 0.014 2.8
ENSECAP00000017208 Solute carrier family 1 member 3 SLC1A3 12 0.008 2.5
ENSECAP00000012239 Solute carrier family 20 member 1 SLC20A1 2 0.01 2.5
ENSECAP00000019326 Tissue factor pathway inhibitor TFPI 2 0.037 2.4
ENSECAP00000019780 MHC class I heavy chain HLA-B 7 0.007 2.4
ENSECAP00000005675 Plasminogen activator, urokinase PLAU 5 0.001 2.4
ENSECAP00000000171 Semaphorin 7A SEMA7A 1 0.002 2.4
ENSECAP00000011356 CD53 molecule CD53 2 0.037 2.2

ENSECAP00000012737 LDL receptor related protein
associated protein 1 LRPAP1 3 0.005 2.2

ENSECAP00000008846 Epidermal growth factor receptor EGFR 22 0.05 2.1
ENSECAP00000002079 CD68 molecule CD68 2 0.008 2
ENSECAP00000006770 Tetraspanin 6 TSPAN6 2 0.007 2
ENSECAP00000016635 CD47 molecule CD47 5 0.026 2

ENSECAP00000019515 Mannose-6-phosphate receptor,
cation dependent M6PR 2 0.015 2

ENSECAP00000004902 Slit guidance ligand 3 SLIT3 4 0.007 2

Column 1 (protein ID) contains the accession number of the identified protein and column 2 (description) the respective protein name, both
as listed in the Ensembl protein database (http://www.ensembl.org, accessed on 18 March 2021). Column 3 (gene name) contains the name
of the human orthologue gene. Italicized names display proteins originally listed as uncharacterized proteins in the Ensembl database
output or differently named as in later manual search. Searching by accession number in the Universal Protein Resource database (https:
//www.uniprot.org, accessed on 18 March 2021) or in the ncbi Basic Local Alignment Search Tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi,
accessed on 18 March 2021) provided the description for these proteins. Column 4 (peptides used for quantification) displays the number of
unique peptides used for quantification. Column 5 shows the p-value as calculated by ANOVA. Column 6 (ratio) contains the fold change
of the protein abundance after LPS stimulation compared to unstimulated controls. Proteins that are referred to in the text are illustrated
in bold.

3.3. Proteins with Higher Abundance in Stimulated RMG Associated with Immune
System Pathways

To take a closer look at the reactions of RMG to prototype immune system stimulant
LPS, we selected proteins with significantly higher abundance after LPS stimulation in
the MIO-M1 cell line and in primary RMG for pathway analyses. Enrichment analysis
using open-source software ShinyGO revealed a strong association with immune system
pathways (Figure 2). Proteins with higher abundance in stimulated MIO-M1 cells were al-
located primarily to cell-adhesion processes (Figure 2A), whereas proteins of primary RMG
clustered predominantly to the pathways “immune system process”, “cellular response to
stimulus” as well as “cell surface receptor and cytokine signaling” (Figure 2B).

http://www.ensembl.org
https://www.uniprot.org
https://www.uniprot.org
https://blast.ncbi.nlm.nih.gov/Blast.cgi
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Furthermore, reactome pathway analysis confirmed associations with all three ma-
jor subsets of the reactome super pathway immune system (“innate immune system”,
“adaptive immune system” and “cytokine signaling in the immune system”) both for
MIO-M1 cells and primary RMG (Figure 3). Overlap of enriched pathways between both
cell types was especially pronounced among the adaptive immune system pathways. Pro-
teins with higher abundance after stimulation in both cell types were allocated amongst
others to the pathways “MHC class II antigen presentation”, “immunoregulatory inter-
actions between a lymphoid and a non-lymphoid cell” and “co-stimulation by the CD28
family”, including “PD-1 signaling”, but also to “interleukin-4 and -13 and interferon
signaling” (Figure 3A,B). Among the pathways which were enriched solely in proteins
of primary cells, we detected “TCR signaling”, but also pathways of the innate immune
system (“DDX58/IFIH1-mediated induction of interferon-alpha/beta”) and pathways
belonging to the cytokine signaling system (“interleukin-6 and -10 signaling” as well as
“ISG15 antiviral mechanism” and “OAS1 antiviral response”) (Figure 3B). There were no
pathways exclusively overrepresented in the MIO-M1 cell line.
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Figure 3. Voronoi diagram illustrating reactome analysis results comparing enriched pathways after
LPS stimulation in (A) MIO-M1 cells and (B) primary retinal Müller glial cells (RMG). Enlarged
polygon represents reactome superpathway immune system (for overview see Supplementary Figure
S1 and Figure S2). Pathway enrichment analysis was calculated with human orthologue gene names
of proteins with significantly higher abundance after LPS. Color intensity displays p-value of the
statistical test for overrepresentation as illustrated by the color bar. Polygons colored in dark grey
represent pathways without significant overrepresentation. Pathways without assigned proteins are
displayed in light grey.

4. Discussion

The data we present here clearly demonstrate the capacity of RMG to respond to
immune stimuli in a highly differentiated manner. We found that those RMG surface
proteins which were more abundant after LPS stimulation clustered to all three major
subsets of the reactome super pathway immune system with a focus on adaptive immu-
nity and cytokine signaling, but also to cell adhesion processes. This is in line with a
previous study, which showed that stimulation with LPS caused the nuclear translocation
of NFκB in primary RMG of C57BL/6J mice as well as cytokine release, and that media
from LPS-stimulated RMG promoted leukocyte adhesion and endothelial migration [34].
Here, we provide a proteomic in-depth analysis of RMG surfaceome dynamics to in vitro
LPS stimulation. With this hypothesis-generating approach, we were able to provide an
unambiguous and much more detailed analysis of RMG surface proteins compared to
antibody-based methods. Since our aim was to analyze and describe the reaction of the
RMG surfaceome to nonspecific immune stimulation, we used prototype immune system
stimulant LPS for our experiments. Our finding that cell-surface proteins of LPS-stimulated
RMG clearly cluster to immune system pathways indicates an important role of RMG in
general immune system processes and lays the basis for further investigations. Based on
our proteomic dataset, further studies need to be carried out using various cytokines to
gain more detailed insight in the reactive capacity of RMG. Since LPS represents a classical
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danger signal for the immune system in various species [35–37], the reaction of Müller
cells to this stimulatory signal might be of interest for further studies concerning gene
therapies of ocular diseases. Genome editing causes unpredictable side effects due to the
stimulation of an immune response by the delivery system for the genome editing vec-
tors [38]. Thus, the capacity of Müller cells to actively participate in the immune response
needs to be studied thoroughly in order to prevent unwanted side effects. In our analyses,
we could demonstrate higher expression levels of OAS1 and ISG15 in primary RMG after
LPS stimulation (Table 1) concomitant with the overrepresentation of the pathways “OAS1
antiviral response” and “ISG15 antiviral mechanism” (Figure 3B). This finding is of great
interest, since ISG15 can function as an extracellular cytokine, interacting with various
immune cells, such as natural killer cells, macrophages, dendritic cells and neutrophils, by
modulating their function, but additionally, ISG15 is capable of inhibiting viral replication
(reviewed in [39]). ISG15 expression is strongly induced by type I interferons, and its
induction by LPS was also reported [40]. Thus, higher expression levels of ISG15 point to
an activation of RMG after LPS stimulation.

To our knowledge, we were the first to perform mass spectrometric analysis on LPS-
stimulated RMG surface proteins using both the spontaneously immortalized human RMG
cell line MIO-M1 and primary cells. MIO-M1 cells have been shown to express known RMG
markers such as cellular retinaldehyde binding protein (CRALBP) and GS. Furthermore,
MIO-M1 cells depolarize upon glutamate treatment, indicating that the MIO-M1 cell line
maintains the functional phenotype of RMG [29]. However, it is known that cell lines can
change their phenotype over multiple passages and lose tissue-specific functions as they
adapt to in vitro conditions [41]. In the case of MIO-M1, it has been observed that these cells
express marker genes of neural progenitors as well as postmitotic neuronal cells and various
opsins [42,43]. Thus, primary cells are often considered as more physiologically similar
to in vivo cells [44]. Therefore, we also analyzed primary equine RMG. We previously
demonstrated that cultured equine RMG express cell-specific proteins, such as GS and
vimentin [30]. Thus, they represent a valuable model to study RMG functions in vitro.
Our results revealed several proteins and pathways that were overrepresented after LPS
stimulation in both MIO-M1 cells and primary RMG and, therefore, seem to represent a
fundamental response pattern of RMG in retinal neuroinflammation. However, primary
cells displayed a much more complex pathway and protein profile, which supports the
importance of primary cells for studying the characteristics of RMG in vivo. For the
preparation of primary RMG, we used equine retina, as control eyes from healthy horses
are readily available, and retinal inflammation in the equine eye has proven to be a valuable
model for glial involvement in neuroinflammation [19–21,45]. While interpreting our
results, we must take into account that, in contrast to the vascularized human retina, the
equine retina is almost completely avascular [46]. Except for a small area around the optic
disc, the equine retina is devoid of both blood vessels and astrocytes [46,47]. Therefore, in
contrast to human retinal tissue, RMG are the only macroglial cells in the equine retina [1].
In human retina, RMG contribute to the inner BRB, as they surround retinal blood vessels
with their cell processes [7,48], whereas in horses, they are involved in the outer BRB,
which separates the retina from the underlying pigment epithelium and choroidea [45,47].
This might account for some of the differences between MIO-M1 cells and equine RMG
that we observed in this study. For instance, pathway enrichment analysis demonstrated
cell-adhesion and migration processes as highly overrepresented, especially in MIO-M1
cells (Figure 3). This is an intriguing finding considering that human RMG cell processes
closely surround retinal blood vessels and might, therefore, be implicated in the migration
of cells into retinal tissue.

One main finding of this study was the expression of proteins, which are usually
ascribed to APCs and are necessary for their interaction with T-cells, in RMG. MHC class I
and II molecules were prominent among the proteins associated with antigen presentation
and cell–cell interactions. “MHC class I antigen presentation” was overrepresented both
in MIO-M1 cells and primary RMG after LPS stimulation (Figure 3), and MHC class I
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molecules were more abundant after LPS stimulation in both cell types (Table 1), confirming
the LPS-induced pro-inflammatory activation of RMG. Furthermore, in primary RMG,
β-2-microglobulin (B2M), which represents another subunit of the MHC-complex, and Tap
binding protein (TAPBP), which has an important function in peptide loading on MHC-I
molecules [49], were significantly more abundant after stimulation (Table 1). Since MHC-I
molecules are essential for antigen presentation to CD8 T-cells, which play a pivotal role
in neuroinflammatory diseases [50–52], this finding merits further investigation from our
point of view. In line with this, we demonstrated a higher abundance of MHC class II
molecules in primary RMG but not in the MIO-M1 cell line after stimulation (Table 1). MHC
class II molecules are primarily expressed by professional APCs, which process and present
antigen to CD4 T-cells. In combination with co-stimulatory signals, this leads to T-cell
activation [53]. In ocular inflammation, MHC class II-associated antigen presentation and
T-cell activation were primarily ascribed to invading macrophages and resident microglia,
but not to RMG [54,55]. However, the expression of MHC class II molecules in human
RMG has been reported in a case of subretinal fibrosis and uveitis syndrome concomitant
with T-helper-cell infiltration [18]. Furthermore, in equine recurrent uveitis, the expression
of MHC class II molecules in RMG has been described within retinal glial scars, whereas
the surrounding parts of the retina revealed no MHC class II expression [56]. The data
we present here confirm the ability of RMG to express MHC class II molecules upon
immune stimulation.

Moreover, we detected the pathways “immunoregulatory interactions between a
lymphoid and a non-lymphoid cell” and “co-stimulation by the CD28 family”, as overrep-
resented pathways that are associated with interaction with T-cells (Figure 3). Among the
proteins allocated to these pathways was ICOSLG, which was more abundant in both MIO-
M1 cells and primary RMG (Table 1 and Figure 1). To our knowledge, ICOSLG expression
has not been described in RMG before. Its higher expression in response to LPS stimulation
is an interesting finding, since ICOSLG is primarily expressed on APCs, such as human
monocyte derived dendritic cells [57], and its binding to ICOS serves as a co-stimulatory
signal for activated T-cells in humans [57]. In a murine model of autoimmune uveitis,
the in vivo blocking of IGOSLG signaling reduced disease severity and led to a smaller
number of inflammatory infiltrates in the retina, suggesting that ICOS-ICOSLG interaction
plays a critical role in uveitis pathogenesis [58]. Considering this, we propose that the
induction of ICOSLG expression in RMG upon immune stimulation might play a critical
role in the course of neuroinflammation, as it could lead to co-stimulatory signals for T-cells
invading the retina. This result is complemented by the finding of a higher abundance of
the tetraspanin CD82 in LPS-stimulated RMG (Table 1 and Figure 1). As far as we know,
there are no data on CD82 expression and function in RMG to date. This tetraspanin, which
is expressed in both APCs and T-cells, plays a role in T-cell co-stimulation by inducing
an enhanced interaction between APCs and T-cells, especially during the early phase of
activation [59]. This is carried out through a stronger interaction between integrin β2 on
T-cells and ICAM1 on APCs [60]. Thus, the elevated CD82 expression, which we detected
in LPS-stimulated RMG, strengthens the hypothesis that RMG might act as atypical APCs
that are able to interact with activated T-cells in the course of neuroinflammation in the
retina. The implications of these interactions need to be addressed in future studies. Inter-
estingly, we found that several other proteins which are involved in T-cell co-stimulation
were also more abundant after LPS stimulation in primary RMG [61–63]. These include
CD40 (Table 1), which has been described in RMG before [64,65], but also CD80 and CD86
(Table 1), whose ocular expression was associated with microglial cells [66] but not with
RMG. Taken together, these results suggest the ability of RMG to interact with lymphocytes
via different receptors and thus point to a pivotal role of these cells in T-cell mediated
neuroinflammation. Therefore, further investigations concerning the role of respective
proteins in inflammatory diseases of the eye need to be carried out.

Further proteins with higher abundance after LPS that belonged to the pathway “co-
stimulation by the CD28 family” were programmed cell death 1 ligand 2 (PDCD1LG2) in
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MIO-M1 cells and CD274 (programmed cell death 1 ligand 1, PD-L1) in primary RMG
(Table 1). Similar to CD80 and CD86, these proteins belong to the B7 family. Since they bind
to the immunoinhibitory receptor PD1 on activated human T-cells, they inhibit lymphocyte
proliferation and cytokine secretion [67]. Thus, they are potent players in the maintenance
of tolerance and the prevention of autoimmunity [68]. PD-L1 is primarily expressed on
APCs [68], but it has also been detected in murine RMG [69], and its expression levels
have been shown to be higher in inflamed ocular tissue [70]. Moreover, ocular cells
increase the abundance of PD-L1 and PD-L2 after stimulation by IFN-γ [70], which is in
line with our finding of higher expression levels of PD-L1 and PD-L2 after LPS stimulation
in RMG. The upregulation of PD-ligands might represent a regulatory mechanism that
counteracts inflammatory pathways. Thus, our findings reveal that, in addition to their
proinflammatory role, RMG might also exert a protective function in neuroinflammation
by resolving ocular immune responses and maintaining retinal homoeostasis. Further
investigations are required to elucidate the mechanisms of immunoregulation exerted
by RMG.

Since little is known about the involvement of RMG in leukocyte migration to date,
our finding that pathways such as “cell adhesion”, “cellular extravasation” and “leuko-
cyte migration” were overrepresented in RMG after stimulation with LPS (Figure 2) is
intriguing. Among the proteins allocated to these processes were ICAM1 and VCAM1
(Supplementary Table S3). Both proteins were more abundant in stimulated MIO-M1 cells
as well as in stimulated primary RMG (Table 1 and Figure 1), which is in line with previous
findings of increased ICAM1 expression after stimulation with LPS or IFN-γ in murine
and rat Müller cells [71,72]. ICAM1 mediates the adhesion and migration of leukocytes
through the endothelial barrier into inflamed tissue (reviewed in [73–75]), and it has been
shown to regulate the migration of Th1- and Th17- T-cells through simulated human retinal
endothelium [76]. High expression levels of these adhesion molecules have been reported
in posterior uveitis in humans [77] and in murine EAU with VCAM1 expression in the
perivascular extensions of RMG in uveitic murine eyes [78]. Moreover, the contribution of
RMG to the regulation of leukocyte adhesion and migration has been proposed in a rat
model of retinal diode laser photocoagulation, as ICAM1 was induced in RMG cell pro-
cesses that surrounded the infiltrated CD4 T-cells and macrophages [79]. Thus, our result
of significantly higher ICAM1 and VCAM1 expression levels in MIO-M1 cells and equine
RMG after LPS stimulation point towards a regulatory role of RMG in leukocyte migration.

This is further supported by the finding of JAM2 (more often referred to as JAM-B,
which will be used in the following) among the significantly more abundant proteins after
LPS stimulation in both cell types (Table 1 and Figure 1). To our knowledge, we are the first
to demonstrate that LPS-stimulated RMG express elevated levels of this adhesion molecule,
which plays a role in leukocyte adhesion and migration [80]. At this point, it is noteworthy
that the blockade of JAM-B in a murine model of CNS autoimmunity was accompanied by
a partial protection against encephalomyelitis and a significant reduction in the number
of infiltrating CD8 T-cells [81]. In this model, JAM-B was expressed in CNS endothelial
cells and has been proposed as a ligand for the α4β1-integrin-mediated migration of CD8
T-cells into the CNS [81]. Taking this into account, we suggest that the higher expression
levels of ICAM1, VCAM1 and JAM-B in activated RMG might render them capable of
attracting and binding activated lymphocytes, thus contributing to lymphocyte homing
into the inflamed retina. Since RMG are in close contact to retinal blood vessels in the
human retina [7], this might represent a mechanism which enables lymphocytes to enter
retinal tissue under inflammatory conditions.

5. Conclusions

In conclusion, our results provide a detailed description of the untreated and LPS-
stimulated RMG surfaceome and strongly suggest an involvement of RMG in neuroin-
flammatory processes in the retina. The capacity to express proteins involved in antigen
presentation and leukocyte migration might enable these glial cells to interact with invad-
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ing lymphocytes, thus affecting the course of neuroinflammation. Since we used different
cell types for our experiments, those candidates which were more abundant after LPS
stimulation in both models might represent a common pathway in activated RMG. With
our hypothesis-generating approach, we lay the basis for further investigations regarding
the role of RMG in neuroinflammatory diseases.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-4
409/10/3/711/s1, Figure S1: Reactome pathway analysis of significantly more abundant proteins
in MIO-M1 cells after LPS stimulationl Figure S2: Reactome pathway analysis of significantly more
abundant proteins in primary RMG after LPS stimulation; Table S1: All identified proteins of the
MIO-M1 cell surfaceome; Table S2: All identified proteins of the primary RMG surfaceome; Table
S3: Shiny GO enrichment analysis showing the most significantly enriched functional categories
from biological processes after LPS stimulation in (1) MIO-M1 cells and (2) primary RMG including
human orthologue gene names of proteins clustering to respective pathways.
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