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Abstract

Desialylation of cell surface glycoproteins carried out by sialidases affects various immunological

processes. However, the role of neuraminidase 1 (NEU1), one of the four mammalian sialidases,

in inflammation and autoimmune disease is not completely unraveled to date. In this study, we

analyzed the retinal expression of NEU1 in equine recurrent uveitis (ERU), a spontaneous animal

model for autoimmune uveitis. Mass spectrometry revealed significantly higher abundance of

NEU1 in retinal Müller glial cells (RMG) of ERU-diseased horses compared to healthy controls.

Immunohistochemistry uncovered NEU1 expression along the whole Müller cell body in healthy

and uveitic states and confirmed higher abundance in inflamed retina. Müller glial cells are the

principal macroglial cells of the retina and play a crucial role in uveitis pathogenesis. To determine

whether higher expression levels of NEU1 in uveitic RMG correlate with the desialylation of

retinal cells, we performed lectin-binding assays with sialic acid-specific lectins. Through these

experiments, we could demonstrate a profound loss of both α2-3- and α2-6-linked terminal sialic

acids in uveitis. Hence, we hypothesize that the higher abundance of NEU1 in uveitic RMG plays

an important role in the pathogenesis of uveitis by desialylation of retinal cells. As RMG become

activated in the course of uveitis and actively promote inflammation, we propose that NEU1 might

represent a novel activation marker for inflammatory RMG. Our data provide novel insights in the

expression and implication of NEU1 in inflammation and autoimmune disease.
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Introduction
Modification of cell surface sialylation plays an important role in var-
ious immunological processes (Varki and Gagneux 2012; Läubli and
Varki 2020). Desialylation of glycoproteins carried out by sialidases
(also referred to as neuraminidases) impacts receptor activation,
differentiation of immune cells and modulation of cell signaling and
phagocytosis (Seyrantepe et al. 2010; Wang et al. 2016; Karmakar
et al. 2019; Allendorf, Franssen, et al. 2020a; Allendorf, Puigdellívol,
et al. 2020b).

Retinal Müller glial cells (RMG), the main macroglial cells
of the retina, were described as cells actively participating in the
inflammation by upregulating major histocompatibility complex II
(MHC-II) molecules and secreting cytokines upon stimulation (Mano
et al. 1991; Hauck et al. 2007; Bringmann et al. 2009; Rutar et al.
2015; Eastlake et al. 2016; Natoli et al. 2017; Capozzi et al. 2018).
However, desialylation was not described in this context. RMG are
considered accountable for maintaining the retinal ion-, water- and
pH-homeostasis, providing neurons with nutrients and contributing
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to the maintenance of the blood-retinal barrier (BRB) (Reichenbach
and Bringmann 2020). Upon ocular inflammation, RMG transform
into an activated gliotic state with upregulation of their intermediate
filaments vimentin and glial fibrillary acidic protein (GFAP) and
downregulation of cell-specific proteins like glutamine synthetase
(GS), potassium channel Kir 4.1 and aquaporins 5 and 11 (Hauck
et al. 2007; Bringmann et al. 2009; Eberhardt et al. 2011; Deeg et al.
2016).

As a severe intraocular inflammatory disease, uveitis is a major
cause of visual impairment worldwide, eventually leading to blind-
ness (Tsirouki et al. 2018). Equine recurrent uveitis (ERU) is the only
spontaneous animal model for autoimmune uveitis (Wiedemann et al.
2020), and both diseases resemble each other in many aspects, such
as clinical manifestations and immunopathology (Deeg et al. 2002).
Besides, ERU has a high prevalence in the horse population (Malalana
et al. 2015) and since affected retinas are readily available and can be
collected and used immediately after enucleation, ERU represents an
excellent animal model to study spontaneous disease pathogenesis
(Deeg et al. 2008). Both in ERU and human autoimmune uveitis,
autoreactive CD4+ T-cells target retinal proteins, causing severe
destruction of the retina (Caspi 2010; Wiedemann et al. 2020). In
a previous study, primary RMG of ERU-diseased horses were shown
to promote ocular inflammation by upregulating pro-inflammatory
cytokine interferon γ (IFN)-γ (Hauck et al. 2007). Thus, RMG
are supposed to play a decisive role in the pathogenesis of ocular
inflammation, but the precise effects of RMG gliosis on uveitis
pathogenesis remain to be elucidated. To gain further insight in the
pathomechanisms underlying autoimmune uveitis and the role of
RMG in the course of this sight-threatening disease, we analyzed
primary RMG of healthy and ERU-diseased horses with differential
proteome analysis and found a significant higher abundance of
neuraminidase 1 (NEU1) in uveitic RMG.

NEU1 is an enzyme that cleaves terminal sialic acids from cell
surface glycoproteins (Bonten et al. 1996). Thus, we were interested
in how NEU1 impacts the sialylation state of retinal cells in this
spontaneous model of autoimmune uveitis. It was shown that NEU1
is able to promote inflammation by desialylation of cell surface
glycoproteins on immune cells such as macrophages and microglia
(Amith et al. 2010; Karmakar et al. 2019; Allendorf, Franssen,
et al. 2020a). Hence, the goal of this study was to corroborate the
hypothesis that the higher abundance of NEU1 in uveitic RMG plays
a significant role in the pathogenesis of uveitis by desialylation of
retinal cells.

Results

Mass spectrometry reveals higher abundance

of NEU1 and cathepsin A in an autoimmune disease

In a quantitative differential proteome analysis of RMG of healthy
and ERU-diseased horses, we identified 172 proteins that were at
least 1.8-fold more abundant in ERU and 345 proteins with a fold
change of 0.6 or less in uveitic retina compared to healthy con-
trols (Supplementary Table SI). Among the differentially abundant
proteins was NEU1, which was 4-fold more abundant in RMG in
uveitic state (Table I). Furthermore, cathepsin A (CTSA), a protease
that associates with neuraminidase and is necessary for its stability
and activity (van der Spoel et al. 1998; Bonten et al. 2014), was more
abundant in uveitic RMG (Table I). We will refer to this protein in
the following as protective protein cathepsin A (PPCA). Since the
expression of NEU1 and PPCA in RMG was not described to date, we
were interested to verify and further characterize their expression in

RMG in general. Further, we wanted to investigate their implications
in a spontaneous autoimmune disease model.

RMG express NEU1 and PPCA

NEU1 (Figure 1) and PPCA (Figure 2) expressions were first
analyzed in the retinal tissue with immunohistochemistry of controls
(Figures 1A and 2A, differential interference contrast image [DIC])
and ERU cases (Figures 1B and 2B). RMG marker vimentin indicated
RMG localization and morphology, spanning the entire retina from
the inner limiting membrane (ILM) to the outer limiting membrane
(OLM) in both healthy (Figures 1C and 2C) and ERU-affected
(Figures 1D and 2D) eyes. Expression pattern of vimentin in the
control and uveitic sections resembled each other, indicating an early
stage of disease and gliosis. Expression patterns of NEU1 displayed a
RMG characteristic columnar shape in healthy (Figures 1E and 3A,
left panel) and diseased (Figures 1F and 3A, right panel) retinas.
However, in ERU, a stronger immunoreactivity for NEU1 became
apparent (Figures 1F and 3A, right panel). Overlay images of
vimentin and NEU1 confirmed respective Müller cell association of
NEU1 (yellow) both in healthy (Figure 1G) and uveitic (Figure 1H)
retinas (this figure is available in black and white in print and in
color at Glycobiology online). PPCA expression could be detected
in the different layers of the retina in healthy (Figures 2E and 3C,
left panel) and uveitic (Figures 2F and 3C, right panel) states.
Expression pattern of PPCA in the ILM and ganglion cell layer
(GCL) revealed localization in RMG endfeet and trunks with their
cell processes, but expression was also observed in a more punctate
pattern in the INL and especially in the outer plexiform layer
(OPL). Furthermore, the OLM stained heavily for PPCA. In the
uveitic state (Figures 2F and 3C, right panel), a slight increase of
immunoreactivity became apparent with the expression of PPCA
also in the inner plexiform layer (IPL). Colocalization of vimentin
and PPCA (yellow) was detected primarily in the RMG endfeet and
trunks in the ILM and GCL both in healthy (Figure 2G) and uveitic
retinas (Figure 2H) (this figure is available in black and white in print
and in color at Glycobiology online).

NEU1 is significantly more abundant in RMG

of uveitis cases

To verify the higher abundance of NEU1 in uveitis, NEU1 expres-
sion in RMG was quantified in healthy and diseased specimens
(Figure 3). Quantification confirmed a significantly (∗∗∗P ≤ 0.001)
higher abundance of NEU1 (Figure 3B) in ERU cases (black column)
compared to healthy controls (white column) (this figure is available
in black and white in print and in color at Glycobiology online).
By contrast, quantification of PPCA expression (Figure 3D) in the
retina sections of healthy controls (white column) and uveitic cases
with high expression levels of NEU1 (black column) revealed no
significant difference (P > 0.05) (this figure is available in black
and white in print and in color at Glycobiology online). As NEU1
efficiently cleaves sialic acid from glycoproteins (Bonten et al. 1996),
we were next interested in whether the retinal cell surface sialylation
was affected by the increased abundance of NEU1 in uveitic RMG.

Cell surface sialylation changes profoundly

in uveitic retina

To substantiate changes in the cell surface sialylation in ERU, binding
capacities of different lectins (Table II) in the retinal tissue of healthy
(Figure 4A, DIC) and diseased (Figure 4B, DIC) horses were analyzed.
DIC image revealed a slight thickening of the ILM concomitant with
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Table I. Differential expression of NEU1 and CTSA in healthy and ERU affected RMG

Protein name Gene name Accession number Unique peptides Ratio ERU/healthy

Neuraminidase 1 NEU1 ENSECAP00000016932 2 4.0
Cathepsin A CTSA ENSECAP00000003740 7 1.9

Table II. Preferred binding substrates of used lectins

Acronym Lectin name Preferred binding substrates References

WGA Wheat germ agglutinin GlcNAc(β1-4GlcNAc(β1-4GlcNAc)), Neu5Ac, GalNAc (Nagata and Burger 1974)
MAL Maackia amurensis leukoagglutinin Siaα2-3Galβ1-4GlcNAc, SO4-3-Galβ1-4GlcNAc (Geisler and Jarvis 2011)
MAH Maackia amurensis hemagglutinin Siaα2-3Galβ1-3(+/− Sia α2-6)GalNAc, SO4-3-Galβ1-3(+/−

Sia α2-6)Gal(NAc)
(Geisler and Jarvis 2011)

SNA Sambucus nigra lectin Siaα2-6Gal(NAc) (Shibuya et al. 1987)

a thinner photoreceptor outer segment (POS) in uveitis (Figure 4B).
Wheat germ agglutinin (WGA, binding to N-acetylglucosamine
[GlcNAc] and to a lesser extent to sialic acid N-acetyl-neuraminic
acid [Neu5Ac]) was used as a negative control and was strongly pos-
itive in the ILM and OLM and in the plexiform layers in healthy reti-
nas (Figures 4C and 5A, left panel). ERU cases (Figures 4D and 5A,
right panel) revealed a similar expression pattern without obvious
change in binding capacity. Maackia amurensis leukoagglutinin
(MAL) binding was detected in the IPL and OPL and the OLM
in the healthy state (Figures 4E and 5B, left panel), illustrating
α2-3-linked sialic acids in N-linked glycans. By contrast, in autoim-
mune disease, a decrease in α2-3-linked sialic acids became apparent
(Figures 4F and 5B, right panel) specifically in the IPL. Maackia
amurensis hemagglutinin (MAH), specific for α2-3-linked sialic acids
in O-linked glycans, was positive in the ILM and OLM, the GCL
and the plexiform layers in healthy retina (Figures 4G and 5C, left
panel). In the uveitic state, α2-3-linked sialic acids almost completely
disappeared from the ILM, the GCL and the IPL (Figures 4H and 5C,
right panel). Sambucus nigra lectin (SNA), binding specifically to α2-
6-linked sialic acids, showed strong immunoreactivity along the ILM
and in retinal ganglion cells as well as in the nuclear layers in healthy
retinas (Figures 4I and 5D, left panel). In the diseased state, a strong
decrease of α2-6-linked sialic acids became apparent especially in the
ILM (Figures 4J and 5D, right panel).

Binding capacity of sialic acid-binding lectins

significantly decreases in uveitis

While WGA binding (Figure 5A), which served as a negative control,
revealed no significant difference between healthy retinas (white col-
umn) and ERU cases (black column) (this figure is available in black
and white in print and in color at Glycobiology online), there was a
clear difference in the sialic acid-binding lectins in the autoimmune
disease. Binding capacities of specifically sialic acid-binding lectins
MAL (Figure 5B), MAH (Figure 5C) and SNA (Figure 5D) were
significantly (∗∗P ≤ 0.01 for MAL and MAH and ∗P ≤ 0.05 for
SNA) decreased in ERU (black column) compared to healthy controls
(white column) (this figure is available in black and white in print and
in color at Glycobiology online).

Discussion

In this study, we provide novel insights into the role of NEU1 in
a spontaneous animal model for human autoimmune uveitis. We

demonstrated that NEU1 is present in the equine retina in RMG
(Table I, Figures 1 and 3) and also in retinal ganglion cells. Presence
and activity of neuraminidase was reported in the chick retina (Drey-
fus et al. 1976) and in bovine retinal rod outer segment membranes
(Dreyfus et al. 1983). Here, we could show NEU1 expression in
the equine retina throughout the whole Müller cell body from the
ILM to the OLM (Figures 1E and F and 3A). Furthermore, mass
spectrometry confirmed NEU1 expression in RMG (Table I) and in
addition revealed the expression of PPCA (Table I), which is necessary
for the stability and enzymatic activity of NEU1 (van der Spoel et al.
1998; Bonten et al. 2014).

Since the implications of NEU1 on autoimmune uveitis are
unknown to date, we further analyzed NEU1 expression levels
in uveitic retina. We detected a significantly higher abundance
of NEU1 in uveitic RMG (Figure 3B), whereas PPCA abundance
in RMG did not significantly increase in the course of disease
(Figure 3D). Cathepsins are present in different localizations in
the eye. Expression of PPCA was shown in mouse or rat cornea,
pupil, lens, retinal pigment epithelium and in the optic nerve (Im
and Kazlauskas 2007). While cathepsins seem to play a homeostatic
role in the healthy eye, they were associated with the degradation of
proteins and promotion of inflammation in pathological conditions
(Im and Kazlauskas 2007). In this study, we report evidence
for PPCA expression in the RMG of the equine retina by mass
spectrometric analysis (Table I) and immunohistochemical assays
(Figures 2E and F and 3C). However, in uveitis, higher expression
levels of NEU1 were not accompanied by a higher abundance
of PPCA (Figure 3D). Since we performed immunohistochemistry
to analyze the overall PPCA protein abundance in equine retina,
we cannot draw conclusions regarding potential differences in the
activity of this enzyme between healthy and uveitic conditions with
this method. To date, investigations on the interactions between
PPCA and NEU1 had been performed in vitro with SV40-transformed
simian cells (COS1 cells) (van der Spoel et al. 1998), insect cells
(Bonten and d’Azzo 2000) and baculovirus-expressed wild-type and
mutagenized recombinant enzymes and synthetic peptides (Bonten
et al. 2009), but not in equine retinal cells. Therefore, this issue merits
further investigation in the future.

As we previously demonstrated a pivotal role for RMG in uveitis
pathogenesis (Hauck et al. 2007; Eberhardt et al. 2011; Deeg et al.
2016), we hypothesize that higher NEU1 abundance in RMG in this
spontaneous autoimmune disease might play an important role in
disease pathogenesis. In earlier studies, we showed that RMG actively
contribute to inflammation, as they express IFN-γ in the uveitic
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Fig. 1. RMG express NEU1 in healthy and uveitic state. DIC shows retinal structure in healthy (A) and uveitic (B) states. RMG marker vimentin (red) illustrated RMG

localization and morphology within normal (C) and diseased (D) retinal tissue showing RMG characteristic columnar shape. Its expression pattern displayed only

slight morphological changes of RMG in uveitic state (D), indicating the initial stage of gliosis. NEU1 expression pattern (green) revealed RMG morphology in

both healthy (E) and diseased (F) state and higher abundance in uveitis (F). Double labeling (G, H) of vimentin (red) and NEU1 (green) confirmed NEU1 expression

in RMG (colocalization yellow). ×400 magnification. Cell nuclei were counterstained with DAPI in blue.

state (Hauck et al. 2007). This is in line with the inflammatory
potential of NEU1 that was demonstrated for different immune
cells. In human T-lymphocytes, NEU1 expression and enzymatic
activity increased upon the stimulation of the cells. Inhibition of
this activity resulted in a significant reduction of IFN-γ production

(Nan et al. 2007). We therefore speculate that a higher abundance
of NEU1 in RMG is associated with the enhanced inflammation in
uveitis. Also, in the human monocytic cell line THP-1, differentiation
into macrophages was associated with increased NEU1 activity and
concomitant loss of cell surface sialic acids (Wang et al. 2016). Thus,
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Fig. 2. PPCA is expressed in RMG in healthy and uveitic retina. DIC of representative healthy (A) and uveitic (B) retina sections reveals retinal architecture.

Columnar expression pattern of intermediate filament vimentin (red) indicated RMG localization and morphology within healthy (C) and diseased (D) retinal

tissue with signs of gliosis in uveitic state (D). PPCA expression (green) was detected especially in the GCL showing RMG characteristic shape and in the OPL

and the OLM both in healthy (E) and diseased (F) retina. In uveitis (F), punctate expression increased especially in the IPL and INL. Overlay images of vimentin and

PPCA demonstrate PPCA expression in RMG within healthy (G) and uveitic (H) retina (colocalization yellow). ×200 magnification. Cell nuclei were counterstained

with DAPI in blue.

our data indicate that NEU1 might represent a new activation marker
for inflammatory RMG.

NEU1 catalyzes the removal of α2-3- and α2-6-linked sialic
acids from cell surface glycoproteins (Bonten et al. 1996). Hence,

we were interested in the sialylation state of retinal tissue in
healthy and uveitic eyes. We could demonstrate a significant loss
of terminal α2-3- and α2-6-linked sialic acids in uveitis (Figures 4
and 5). Diminished α2-3-sialylation was particularly obvious in the
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Fig. 3. NEU1 is more abundant in uveitic retina. Zoom-in images of

Figure 1E and F show RMG (A) and illustrate increased expression of NEU1

throughout the cells in uveitis (right panel) compared to healthy controls (left

panel). Quantification of fluorescence intensities of NEU1 (B) in immunohis-

tochemical stainings of healthy (white column) and uveitic (black column)

retinas revealed significantly higher expression levels of NEU1 in uveitic state

compared to controls (∗∗∗P ≤ 0.001). Expression pattern of PPCA in RMG (C)

is displayed in zoom-in images of Figure 2E and F for healthy (left panel) and

uveitic (right panel) condition. Quantification of PPCA signal (D) did not yield

a significant difference between healthy (white column) and diseased (black

column) (n.s., P > 0,05).

IPL (Figures 4F and H and 5B and C). In the ILM, a loss of both
α2-3- and α2-6-linked sialic acids became apparent in the uveitic
state (Figures 4H and J and 5C and D). By contrast, binding of
WGA, which served as a negative control since it binds primarily
to GlcNAc and only to a small degree to the sialic acid Neu5Ac,
was not significantly decreased (Figure 5A). These results indicate
that the elevated expression of NEU1 in uveitis might result in
decreased terminal sialylation of uveitic retinal cells. This is of
major interest because the sialylation state of cells has an important
impact on their functions (Varki and Gagneux 2012; Möckl 2020),
and to our knowledge desialylation was not described in uveitis
so far.

While interpreting our results, we have to keep in mind that there
are other enzymes besides NEU1, regulating the sialylation state of
cells. Sialidases NEU2, NEU3 and NEU4 also catalyze the cleavage
of sialic acids, but they differ in substrate specificity, tissue expression
and intracellular localization (Miyagi and Yamaguchi 2012). While
glycoproteins are the main substrates of NEU1 (Bonten et al. 1996;
Miyagi and Yamaguchi 2012), NEU3 preferentially cleaves sialic
acids from gangliosides (Kopitz et al. 1996; Hasegawa et al. 2000).
Since the organic solvents we used for the preparation of retina
sections extract glycosphingolipids, such as gangliosides (Schwarz
and Futerman 1997), we can conclude that in our experiments
we demonstrated the cleavage of sialic acids from glycoproteins.
However, we cannot exclude that gangliosides become desialylated
as well in the course of ERU by NEU3. Since the retina exhibits
a very diverse and unique ganglioside profile (Sibille et al. 2016)
and the catabolization of gangliosides through NEU3 has important
functions in the nervous system (Pan et al. 2017), these questions
need to be addressed in future studies. Besides neuraminidases, sia-
lyltransferases also play an essential role in regulating cell surface
sialylation by catalyzing the transfer of sialic acid residues to the
terminal position of glycoconjugates (Harduin-Lepers et al. 1995),
thus having an opposite function to sialidases. This might explain,
why in some parts of the retina, like the OLM, we observed a
strong immunoreactivity for NEU1 in ERU (Figure 1F) without an
apparent decrease of sialic acids (Figures 4 and 5). This phenomenon
might be due to a higher expression or activity of sialyltransferases.
However, our proteomic data revealed no higher abundance of
sialyltransferases in RMG (Supplementary Table SI), but it cannot be
excluded that other cell types of the retina contribute to the sialylation
of cells by expressing sialyltransferases. While in the equine retina,
NEU1 is primarily expressed in RMG (Figure 1), desialylation was
not observed specifically in RMG, but throughout the retinal tissue
(Figure 4). Since RMG span the entire thickness of the retina and
are in close contact to the retinal neurons with their cell processes,
it is reasonable to suggest that NEU1 on the cell surface of RMG
could participate in the desialylation of the neighboring retinal cells.
To date, this effect was not investigated in RMG and ocular diseases,
but it was shown for other cells. Both in vivo and in vitro, NEU1 from
activated polymorphonuclear leukocytes (PMNs) desialylated the
surface of endothelial cells (ECs), resulting in the increased adhesion
of PMN to the endothelium (Cross et al. 2003; Sakarya et al. 2004).
Another explanation might be that retinal cells other than RMG
express sialidases and thereby also contribute to the desialylation in
uveitis. Which retinal cell types become desialylated in the course of
uveitis and the direct substrate targets of NEU1 in the retina remain
to be elucidated in future studies.

In uveitis, the consequences of retinal desialylation are unknown
to date. It is conceivable that NEU1 could possibly mark an inflam-
matory phenotype of RMG, which leads to a pro-inflammatory
microenvironment within the retina in ERU. Since immune cell
activation and migration and destruction of the retinal tissue are
the hallmarks of uveitis (Wiedemann et al. 2020), further attention
should be paid to the potential role of desialylation in uveitis carried
out by NEU1.

Furthermore, we hypothesize that the changes in retinal cell
surface sialylation might impact the migration of immune cells.
In uveitis, autoreactive T-cells migrate through the retina to the
vitreous (Degroote et al. 2017). RMG abut to the ILM with their
endfeet, thereby building the vitreo-retinal border that connects the
retina and the vitreous body (Reichenbach and Bringmann 2020).
Here, we have shown decreased α2-3- and α2-6-sialylation in uveitic
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NEU1 is more abundant in uveitic retina 7

Fig. 4. Different binding patterns of lectins in healthy and uveitic retina indicate changes in surface sialylation. DIC of normal (A) and uveitic (B) retina with

slightly damaged retinal structures in uveitic state (B). WGA (green), binding to GlcNAc and in a lesser extent to sialic acid, stained the limiting membranes

and the plexiform layers (C, D) without apparent changes in uveitic retina (D). MAL (green) binds to α2-3-linked sialic acids in N-linked glycans and showed

strong immunoreactivity in both plexiform layers and the OLM in healthy retina (E). In uveitis, α2-3-linked sialic acids were still detectable in the OPL and OLM,

but almost completely disappeared in the IPL (F). MAH (green), binding to α2-3-linked sialic acids in O-linked glycans, revealed strong binding capacity in the

ILM, GCL, IPL and OPL in healthy controls (G), whereas in diseased state, α2-3-linked sialic acids clearly decreased in the ILM, GCL and IPL (H). SNA (green),

specific for α2-6-linked sialic acids, was strongly positive in the ILM and in retinal ganglion cells as well as in the nuclear layers in healthy state (I). By contrast,

α2-6-linked sialic acids strongly decreased in uveitis, especially in the ILM (J). ×400 magnification. Cell nuclei were counterstained with DAPI in blue.
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8 L Lorenz et al.

Fig. 5. Lectins MAL, MAH and SNA show significantly lower binding capacity in uveitis in contrast to WGA. Fluorescence intensity of WGA (A), which was used as

a negative control, revealed no significant difference between healthy (white column) and uveitic (black column) retina (n.s., P > 0.05). By contrast, quantification

of fluorescence intensities of sialic acid-binding lectins MAL (B), MAH (C) and SNA (D) confirmed a significant (∗∗P ≤ 0.01 for MAL and MAH and ∗P ≤ 0.05 for

SNA) decrease in uveitis (black columns) compared to healthy controls (white columns). Above the graphs, zoom-in images of respective lectin assays as shown

in Figure 4 illustrate the decrease in binding capacity of sialic acid-binding lectins in uveitis (right panels) compared to healthy controls (left panels).

retina, especially at the ILM (Figures 4H and J and 5C and D). This
could be in association with the transmigration of immune cells
through the retinal tissue toward the vitreous. Loss of cell surface
sialylation of retinal cells might attract immune cells and enhance
their migratory capacity. In PMNs, enhanced migration is associated
with endogenous sialidase activity that results in the desialylation
of PMNs and ECs and therefore promotes the adhesion of PMNs
to the endothelium (Feng et al. 2011). Thus, activated immune
cells in uveitis might adhere more efficiently to desialylated retinal

cells, resulting in an enhanced transmigration rate through retinal
tissue.

Findings in this study came from the biological replicates from a
spontaneous disease, therefore the samples display the heterogeneity
of retinal inflammation. Our data are of special value, since we ana-
lyzed RMG in their natural retinal surrounding. Rather than western
blot, we preferred immunohistochemistry of retina sections for the
analysis and quantification of NEU1, PPCA and lectin binding. This
is based on the fact that freshly isolated primary RMG from ERU
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NEU1 is more abundant in uveitic retina 9

horses, which in this case are the sample of choice for quantification
via western blot, are hard to obtain and scarcely available. The use
of retinal whole cell lysates for western blot analysis is not adequate
in this case as it does not allow to clearly distinguish the changes
of protein abundance between RMG and other retinal cells. Using
immunohistochemistry, we could differentiate between the changes
that occur specifically in RMG from the changes that relate to
other retinal cells. Thus, the significant differences in the NEU1
expression levels and α2-3- and α2-6-sialylation between healthy
and uveitic retina suggest an essential role of these modifications
in uveitis pathogenesis. In summary, our data point to a significant
role of NEU1 expression changes in uveitic retina and concomitant
desialylation of retinal cells.

Materials and methods

Retinal samples

For this study, a total of 15 control eyes and 12 ERU-diseased eyes
were used. In detail, four control eyes and one ERU case were used for
the separation of primary RMG and differential proteome analyses.
Eleven control eyes and 12 ERU-diseased eyes from our tissue-
biobank were used for immunohistochemistry (Deeg et al. 2016).
Collection and use of equine eyes from the abattoir was approved
for the purposes of scientific research by the appropriate board of
the veterinary inspection office Munich, Germany (permit number:
DE 09 162 0008-21). ERU specimens were derived from horses
that were enucleated in the course of a therapeutical process in the
equine hospital of LMU Munich or that had to be euthanized due
to causes unrelated to this study. ERU was diagnosed based on the
characteristic clinical signs of uveitis and a documented history of
multiple recurrent episodes of ocular inflammation (Wollanke et al.
2001). All animals were treated according to the ethical principles
and guidelines for scientific experiments on animals according to the
ARVO statement for the use of animals in ophthalmic and vision
research. No experimental animals were used in this study.

Sample preparation

Immediately after enucleation, eyecups were processed and the retina
was dissected for the preparation of primary RMG as described
previously (Eberhardt et al. 2012). Briefly, eyecups were cut open
circumferentially and the anterior parts of the eye were removed.
Retina was carefully detached from the vitreous residues and attached
pigment epithelium. Mechanical disintegration of the retinal tis-
sue was accomplished using micro-scissors, and the resulting frag-
ments were enzymatically digested with papain (Carl Roth, Karl-
sruhe, Germany) for 30 min at 37◦C. For enzyme activation, papain
was incubated with 1.1 μM ethylenediaminetetraacetic acid (EDTA),
0.067 μM mercaptoethanol and 5.5 μM cysteine HCl prior to use.
Enzymatical digestion was stopped by adding Dulbecco’s modified
Eagles Medium (DMEM, Pan Biotech, Aidenbach, Germany) with
10% of fetal bovine serum (FBS, Biochrom, part of Merck Millipore,
Darmstadt, Germany). After the addition of desoxyribonuclease I
(Sigma-Aldrich, Taufkirchen, Germany) and trituration, cells were
collected by centrifugation. Subsequently, 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 attach for 24 h, cells were
purified through repeated washing and removal of the supernatant
containing nonattached cells. Cells were cultured at 37◦C and 5%
CO2.

For proteomic analysis, supernatant was completely removed and
the attached cells were washed twice with phosphate buffered saline
(PBS). Cells were lysed with lysis buffer containing 1% NP40, 10 mM
NaCl and 10 mM tris-HCl (pH: 7.6) and were de-attached using a
cell scraper. Lysed cells were stored at −20◦C until further processing.

For immunohistochemical staining, posterior eyecups were sliced
and were embedded in paraffin as described before (Ehrenhofer et al.
2002).

Mass-spectrometric analysis

Protein concentration was determined using Bradford protein assay
(Bio-Rad AbD Serotec, Puchheim, Germany). From each sample,
10 μg of total protein was digested with LysC and trypsin by filter-
aided sample preparation (FASP) as previously described (Grosche
et al. 2016). Liquid chromatography coupled with tandem mass
spectrometry (LC-MS/MS) analysis of digested samples was per-
formed as previously described (Degroote et al. 2019). MS/MS spec-
tra were subsequently searched against the Ensembl Horse protein
database (release 89, Equ Cab 2, 24.849 sequences, http://www.
ensembl.org) with Mascot (version 2.2, Matrix Science, http://www.
matrixscience.com). Label-free quantification was performed with
Progenesis software (version 2.5, Nonlinear Dynamics, Waters) as
previously described (Hauck et al. 2017). Differential protein abun-
dance was determined by the comparison of the mean normalized
peptide abundance from the extracted ion chromatograms of ERU
cases to controls.

Immunohistochemistry of retina sections

Paraffin-embedded tissues were sectioned (8 μm) and mounted on
coated slides (Superfrost Plus, Thermo Fisher Scientific, Ulm, Ger-
many). Heat antigen retrieval was performed at 99◦C for 15 min in
0.1 M EDTA NaOH (pH 8.8) buffer. To prevent unspecific antibody
binding, sections were blocked with TBS-T containing 1% bovine
serum albumin (BSA) and 5% goat serum. Blocking serum was
accordingly chosen to the species in which the secondary antibodies
were produced. For candidate detection in tissue, we used mono-
clonal mouse antivimentin antibody (Sigma-Aldrich, 1:400), followed
by secondary goat anti-mouse immunoglobulin G (IgG) H + L anti-
body coupled to Alexa Fluor 568 (Invitrogen, Karlsruhe, Germany,
1:500) and polyclonal rabbit antibody specific for human NEU1
(Thermo Fisher Scientific, 5 mg/mL, sequence homology of 93%
for horse as given by the manufacturer) and human CTSA (Thermo
Fisher Scientific, 1:100), respectively. High sequence homology for
both antibodies was confirmed using BLASTP (https://blast.ncbi.nlm.
nih.gov/Blast.cgi). In both cases, goat anti-mouse IgG H + L antibody
coupled to Alexa Fluor 488 (Invitrogen, 1:500) was used as the
secondary antibody. For staining with lectins, biotinylated MAL-I
and MAL-II, here referred to as MAL and MAH, respectively (Geisler
and Jarvis 2011), and fluorescein-labeled WGA and SNA (all Linaris,
Dossenheim, Germany, 1 μg/mL) were used (Table II).

Target biotinylated lectins were visualized with fluorescein
avidin D (Biozol, Eching, Germany, 10 μg/mL). Cell nuclei were
counterstained with 4′,6-diamidino-2-phenylindole (DAPI, Invitro-
gen, 1:1000), and the sections were mounted with glass coverslips
using fluorescent mounting medium (Serva, Heidelberg, Germany).
Fluorescent images were recorded with the Leica DMi8 microscope
and LASX software, version 3.4.2 (both Leica Microsystems, Wetzlar,
Germany) was used for image processing.
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Quantification of signal intensities

Fluorescence intensities of NEU1, PPCA and targets of lectins WGA,
SNA, MAL and MAH in the immunohistochemical stainings of
control samples and ERU cases were quantified using open source
ImageJ 1.51 software (https://imagej.nih.gov/ij/). For quantification,
factor mean gray was measured in representative areas, and the
results were compared between healthy controls and ERU cases.
Factor mean gray was used for statistical analysis of differences in
staining intensity with Mann–Whitney U test (in case of no normal
distribution) or Student’s t-test (in case of normal distribution).
Gaussian distribution was determined using the Kolmogorov–
Smirnov test. Results were regarded as significant at P ≤ 0.05.
Significances were indicated by asterisks with ∗P ≤ 0.05, ∗∗P ≤ 0.01
and ∗∗∗P ≤ 0.001. Data were processed, analyzed and visualized
using GraphPad Prism version 5.04 (GraphPad Software, San
Diego, California) and OriginPro 2020 (Additive, Friedrichsdorf,
Germany).

Supplementary data

Supplementary data for this article is available online at http://glycob.
oxfordjournals.org/.
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