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Sialylation of neurites inhibits complement-mediated
macrophage removal in a human macrophage-neuron co-culture
system

Bettina Linnartz-Gerlach?, Christine Schuy?, Anahita Shahraz!, Andrea J. Tenner?, and
Harald Neumann?

INeural Regeneration Group, Institute of Reconstructive Neurobiology, University Hospital Bonn,
University of Bonn, 53127 Bonn, Germany

2Department of Molecular Biology and Biochemistry, Institute for Immunology, University of
California, Irvine, CA 92697, USA

Abstract

The complement system has been implicated in the removal of dysfunctional synapses and
neurites during development and in disease processes in the mouse, but it is unclear how far the
mouse data can be transferred to humans.

Here, we co-cultured macrophages derived from human THP1 monocytes and neurons derived
from human induced pluripotent stem cells, to study the role of the complement system in a
human model. Components of the complement system were expressed by the human macrophages
and human neuronal culture, while receptors of the complement cascade were expressed by human
macrophages as shown via gene transcript analysis and flow cytometry. We mimicked
pathological conditions leading to an altered glycocalyx by treatment of human neurons with
sialidases. Desialylated human neurites were opsonized by the complement component C1q.
Furthermore, human neurites with an intact sialic acid cap remained untouched, while desialylated
human neurites were removed and ingested by human macrophages. While blockage of the
complement receptor 1 (CD35) had no effect, blockage of CD11b as part of the complement
receptor 3 (CR3) reversed the effect on macrophage phagocytosis of desialylated human neurites.

Data demonstrate that in the human system sialylation of the neuronal glycocalyx serves as an
inhibitory flag for complement binding and CR3 mediated phagocytosis by macrophages.
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Introduction

Microglia form the resident immune cells of the central nervous system (CNS). They
populate the CNS during early neuroectodermal development (Ginhoux et al. 2010; Kierdorf
et al. 2013) and participate in tissue homeostasis, innate and adaptive immunity (Hanisch
and Kettenmann 2007; Ransohoff and Perry 2009). In the mouse, microglia remove
unwanted neuronal structures that have been marked by complement C1q during
development via their complement receptor 3 (CR3; CD11b/CD18) (Schafer et al. 2012;
Stevens et al. 2007). They also actively phagocytose neurons in neurodegenerative diseases,
thus potentially contributing to disease progression (Brown and Neher 2014). However, little
is known about the target structures opsonized by complement and the molecules preventing
complement opsonization of intact cellular structures. Since the glycosylation pattern
reflects the cellular phenotypic state (Varki 2011), sialylated carbohydrate structures may
serve as a flag for preventing complement opsonization and microglial phagocytosis
(Linnartz and Neumann 2013). Recently, we showed on cultured mouse neurons that
desialylation of neurites triggered complement binding and microglial phagocytosis via
complement receptors (Linnartz et al. 2012). In vitro, desialylated neurites of the mouse
were opsonized by C1g and removed by microglia in a CR3-dependent manner (Linnartz et
al. 2012). Thus, in the murine system C1q opsonized neuronal structures are recognized and
ingested by phagocytic receptors on microglia such as the CR3. However, emerging data
demonstrate that the murine system cannot be directly compared to the human system due to
species specific differences, particularly for microglia (Smith and Dragunow 2014). While
the complement receptor 1 (CR1) and complement receptor 2 (CR2) are alternatively spliced
from one gene in the mouse, the two receptors are encoded by two different genes in humans
(Jacobson and Weis 2008). The human complement C3b/C4b specific CR1 has phagocytic
capacity for complement-bound immune complexes (Holers et al. 1992). Interestingly, CR3
is involved in the engulfment and CR1 mediates the adhesion of the particles (Fallman et al.
1993); although in an “activated” state such as in macrophages or by stimulants such as
phorbol 12,13-dibutyrate and other synergistic surface receptors, it can also mediate
phagocytosis of C3b/C4b opsonized targets (Bobak et al. 1988). Thus, both receptors seem
to initiate the transmembrane signaling leading to phagocytosis (Fallman et al. 1993). We
now investigated whether results that have been obtained in the murine system on CR3-
mediated phagocytosis of desialylated neurites (Linnartz et al. 2012) can be transferred into
the human system and can be further clarified.

Our results show that in a human neuron-macrophage co-culture system the enzymatic
elimination of the sialic acid cap of neurons resulted in a C1qg opsonization and phagocytosis
by human macrophages. Inhibition of CR3, but not CR1, prevented the removal and uptake
of desialylated neurites by the human macrophages.

Materials and Methods

Human monocytes (THP1 cells, kindly provided by Prof. Hornung, Bonn, Germany) were
cultured in RPMI medium supplemented with 1% chicken serum (Gibco, Germany), 1%
penicillin/streptomycin (Gibco, Germany), 1% L-glutamine (Gibco, Germany), 1% sodium
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pyruvate (Gibco, Germany) and 1% N2 supplement (Gibco, Germany). For differentiation,
floating THP1 were plated and 0.5 uM Phorbol-12-Myristate-13-Acetate (PMA, Sigma) was
added to the cells for three hours to allow adherence to the bottom of the plate. Cells were
washed three times with pre-warmed medium and the cells were left for 18 hours at 37°C
and 5% CO,. After 18 hours, cells show a macrophage-like morphology and they can be
used for further experiments (further described as macrophages).

Induced pluripotent stem (iPS) cell-derived neural stem cells derived neurons (further
described as neurons) were used in all the experiments. They were differentiated according
to the protocol of Li and colleagues (Li et al. 2011). Primitive neural stem cells (pNSCs)
were kept in neural stem cell medium containing 10 ng/ml human leukemia inhibiting factor
(Millipore, Germany), 4 uM CHIR99021 (inhibitor of glycogen synthase kinase (GSK) 3 3
and GSK-3a; Axon Medchem, Netherlands), and 3 uM SB431542 (inhibitor of transforming
growth factor B1 and activin receptors; Axon Medchem, Netherlands) on poly-L-ornithine
(PLO; Sigma, Germany) plus fibronectin (Sigma, Germany) coated dishes in an incubator
with 5% CO» at 37°C. Confluent cell dishes were split 1:10. For differentiation into human
neurons, pNSCs were split onto PLO plus laminin (Sigma, Germany) coated chamber slides
(100,000 cells/chamber) in neural stem cell medium. When cells attached and started to
form small colonies medium was changed to differentiation medium containing 10 ng/ml
brain derived neurotrophic factor (BDNF; Prospect, Israel), 10 ng/ml glial cell line-derived
neurotrophic factor (GDNF; Prospect, Israel), 0.2 mM ascorbic acid (Tocris, United
Kingdom) and 300 ng/ml cyclic adenosine monophosphate (Sigma, Germany) for two
weeks by changing medium every second day. The differentiation status was additionally
checked with a microscope (Axiovert 40 CFL; Zeiss).

Immunocytochemistry of human neurons for different markers

Differentiated human neurons were fixed and stained with antibodies directed against
neurofilament (1:1000; Sigma, Germany), Bl tubulin (1:500; Sigma, Germany),
microtubule-associated protein 2 (MAP2; 1:200; Millipore, Germany), vesicular glutamate
transporter 1 (vGLUTZ; 1:300; Synaptic Systems, Germany), gamma aminobutyric acid
(GABA; 1:500; Sigma, Germany), tyrosine hydroxylase (TH; 1:1000; Sigma, Germany),
choline acetyltransferase (ChAT; 1:100; Millipore, Germany), glial fibrillary acidic protein
(GFAP; 1:500; DAKO, Denmark) or the ionized calcium binding adapter molecule 1 (Ibal;
1:500; Wako, Japan) followed by the corresponding Alexa488-conjugated antibodies (1:500;
Invitrogen, Germany). Neurons were counterstained with an antibody directed against
human neuronal nuclei (NeuN; 1:50; Millipore, Germany) or BlII tubulin (1:500) followed
by the corresponding Cy3-conjugated secondary antibody (1:500; Dianova, Germany).
Nuclei of cells were subsequently labeled with 4°,6-diamidino-2-phenylindole (DAPI,
1:10,000; Sigma, Germany). Images were taken by confocal laser scanning microscopy
(Fluoview 1000, Olympus) or fluorescence microscope (Axiolmager.Z1).

Sialidase-treatment of human neurons

Differentiated human neurons were either untreated (medium only, control cells) or treated
with 12.5 U/ml exo-a-sialidase (neuraminidase, number: 3.2.1.18, New England BioLabs,
Germany) plus 0.5 U/ml endo-a-sialidase (endoneuramidase N, number 3.2.1.129, Linaris,
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Germany) for 5 hours at 37°C to remove a2.3-, a2.6- and a2.8-linked sialic acid residues.
To check successful removal of sialic acids from the cell surface, cells were fixed and
stained with an antibody directed against polysialylated neural cell adhesion molecule (PSA-
NCAM; 1:500; Millipore, Germany) followed by the corresponding Alexa488-conjugated
secondary antibody (1:500). Neurons were counterstained with an antibody directed against
neurofilament (1:1000) followed by the corresponding Cy3-conjugated secondary antibody
(1:500). Nuclei of cells were subsequently labeled with DAPI (1:20,000). For quantification
of PSA-NCAM staining intensity of neurites, in total 15 images per condition out of three
independent experiments were collected with a confocal laser scanning microscope
(Fluoview 1000, Olympus) maintaining the same settings. Images were analyzed by a
blinded investigator with ImageJ software (MBF). Intensity of PSA-NCAM staining was
defined as PSA-NCAM intensity minus background intensity, divided by area of
neurofilament-positive cells.

chemistry of complement Clq

Cells, either untreated or sialidase-treated, were incubated for 1 hour at 37°C in human
purified C1q (Benoit and Tenner 2011). Cells were fixed and stained with an antibody
directed against human C1q (1:200; Quidel, USA) followed by the corresponding Cy3-
conjugated secondary antibody (1:200). Neurons were double labeled with an antibody
directed against neurofilament (1:1000) followed by an Alexa488-conjugated secondary
antibody (1:500). Nuclei of cells were subsequently labeled with DAPI (1:20,000). Images
were taken by confocal laser scanning microscopy (Fluoview 1000, Olympus). For
quantification of C1q binding to neurites, staining intensity of C1q was determined
selectively on processes not on cell bodies identified by double-labeling with an antibody
directed against neurofilament. In total 15 pictures per condition out of three independent
experiments were collected maintaining the same settings and analyzed by ImageJ software
(NIH) by a blinded investigator. The measured mean values of the staining intensities were
compared.

RT-PCR analysis of complement genes

Total RNA of macrophages and neurons was isolated by adding 1 ml QlAzol (Qiagen,
Germany) lysis buffer to the cells. The lysed cells were transferred to a 1.5 ml tube and
incubated for 5 minutes at room temperature. 200 pl of chloroform were added and the cells
were shaken for 20 seconds. After another incubation step of 3 minutes at room temperature,
the cells were centrifuged at 12,000 rpm for 15 minutes at 4°C. The colorless aqueous upper
phase was transferred into a new tube; isopropanol (Carl Roth GmbH and Co KG, Germany)
was added 1:1 and incubated at —20°C overnight. After a centrifugation step at 12,000 rpm
for 20 minutes at 4°C, the supernatant was removed and three washing steps with 300 pl
70% ethanol (Carl Roth GmbH and Co KG, Germany) and a centrifugation step at 12,000
rpm for 5 minutes at 4°C followed. The supernatant was removed and the pellet was dried
for 2-3 minutes at room temperature. The RNA was resuspended in 11 ul RNase free water,
reverse transcription (RT) was performed and the resulting cDNA was amplified by
polymerase chain reaction (PCR). The following oligonucleotides were used for RT-PCR:
Clq, forward (for) GCCCCGCAGTGGCAAGTTCA, Clq reverse (rev)
ACCTTCTGTGCACGCTCCCG,; C1r for ATGACCACCAGCAAGTACAC, rev
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TGCCATCATCCTGGCAGACA, C1s, for AAGAGCGTTTTACGGGGTTT, rev
CACTTGGAACCCTTTCTCCA, C2, for TATGACTGAGGTGATCAGCA, rev
GGACCCTAGCTCATTCAGTT,; C3, for TCAGCATGTCGGACAAGAAAGGGA, rev
TGCAGAAGGCTGGATTGTGGAGTA,; C4, for CGGGTCTTTGCACTGCATCA, rev
CTTCACCTCAAAGTTGGGAA and GAPDH for CTGCACCACCAACTGCTTAG, rev
TTCAGCTCAGGGATGACCTT.

Flow cytometry of CD11b, CD18 and CD35

Macrophages were mechanically detached and stained with a biotinylated anti-CD11b, anti-
CD18 (both 1:200; BD Bioscience, Germany) or anti-CD35 antibody (CR1; 1:50;
antibodies-online, Germany) followed by PE-conjugated streptavidin or corresponding PE-
conjugated secondary antibody (1:200; Dianova, Germany). Isotype-matched control
antibodies (BD Bioscience, Germany) were used as negative controls. Analysis was done
with a FACSCalibur flow cytometer (BD Bioscience, Germany) and analysis was performed
with FlowJo Software.

Neurite length analysis after co-culture with macrophages and phagocytic uptake of

neurites into

macrophages

Human neurons were either untreated or treated with both sialidases (see above). Human
macrophages (20,000 cells/chamber) and a blocking antibody directed against CD11b (2
ug/ml; BD Bioscience 553307, Germany), that has been shown to block human CR3 (Beller
et al. 1982), or the corresponding rat 1gG2b,x isotype control (2 pg/ml; BD Bioscience,
Germany), or CD35 (CR1; 2 ug/ml; J3D3; antibodies-online GmbH, Germany), that has
been shown to block the human CR1 (Crehan et al. 2013), or the corresponding mouse
IgG1k isotype control (2 pg/ml; BD Bioscience, Germany) were added. After 48 hours cells
were fixed and immunostained with an anti-1bal (1:250) antibody followed by Alexa488-
conjugated secondary antibody (1:500). Cells were double labeled with anti-pli1 tubulin
(1:500) followed by Cy3-conjugated secondary antibody (1:500). For phagocytosis, human
neurons were incubated with the red fluorescent membrane dye PKH26 (10 nM final
concentration; Sigma, Germany) for 5 minutes at 37°C before the addition of human
macrophages (20,000 cells/chamber) and blocking antibodies or the corresponding isotype
controls (see above) for 18 hours. In all conditions, co-cultures were incubated in
differentiation medium plus growth factors (ascorbic acid, cyclic adenosine monophosphate,
BDNF and GDNF) before cells were fixed. The nuclei were labeled with DAPI (1:20,000).
Images (normal or z-stack) were collected with a laser scanning confocal microscope
(Fluoview 1000, Olympus) and analyzed by a blinded observer. Images were equally
processed and the mean length of BlII tubulin positive neurites, the number of cell bodies or
the uptake of red fluorescent-labeled material was quantified by ImageJ/NeuronJ software
(NIH, MBF). Using the NeuronJ plugin the mean length of the neurites per picture can be
calculated. The mean length of the control cells without sialidase treatment was always set
as 100% in all experiments. At least 5 pictures out of three independent experiments per
condition (15 pictures in total) were taken. By co-localizing DAPI-positive cells with either
Ibal- or Bl tubulin-positive cells, the number of cell bodies of different cell types were
counted and distinguished. For the quantification of the cell body density 5 images per
condition of at least three independent experiments were taken and the relative cell number
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of neurons per image was calculated. For the uptake of red fluorescent-labeled material, all
macrophages per picture were counted and the macrophages having ingested red material.
The percentage of phagocytic cells per picture was calculated and the control without
sialidase treatment was always set as 100%. In total, 25 pictures out of five independent
experiments were taken into account.

Statistical Analysis

Results

Data are presented as mean+=SEM of at least three independent experiments. Data were
analyzed by independent student’s t-test (2 groups only) or One-Way ANOVA (more than 2
groups) followed by Bonferroni using SPSS computer software.

Human neuronal cultures derived from induced pluripotent stem cells

Neural stem cells (NSCs) were obtained from human induced pluripotent stem (iPS) cells
that were derived from a healthy donor. Differentiation of NSCs into neurons was induced
by neuronal differentiation medium in the presence of brain-derived neurotrophic factor
(BDNF) and glial cell-derived neurotrophic factor (GDNF) for two weeks. After one week
the NSCs formed small colonies and established first neuritic processes. The NSCs further
differentiated within the next week and build distinct colonies with neurites (data not
shown). To confirm the successful differentiation into neurons and to investigate the
obtained neuronal subtypes the neuronal cultures were stained with different markers. The
neurons were positively immunostained for the neuronal markers NeuN, neurofilament, pll1-
tubulin and microtubule-associated protein 2 (MAP2) (Fig. 1A). Furthermore, the neuronal
subtypes were analyzed. While many neurons expressed the excitatory glutamate transporter
vGLUT1 or the inhibitory transmitter GABA, only few neurons were positive for the
dopaminergic marker TH (Fig. 1B). Positive staining for the choline acetyltransferase ChAT
was mainly found around the neuronal cell bodies (Fig. 1B). Since NSCs are multipotent (Li
et al. 2011), the neuronal cultures were also stained for non-neuronal cell types. While the
cultures were free of macrophages and microglia, dispersedly distributed clusters of
astrocytes were found (Fig. 1C).

Thus, the differentiated human neurons are a mixed neuronal culture with few astrocytes.

Binding of complement C1q to the desialylated neuronal glycocalyx

Differentiated human neurons were treated with a combination of an exo- and an endo-a-
sialidase to remove the sialic acid residues from the cell surface. The absence of sialic acids
from the neuronal glycocalyx was confirmed via staining of neurons with an antibody
directed against polysialic acid neural cell adhesion molecule (PSA-NCAM). In the control
situation without sialidase treatment a strong polysialic acid staining was observed on the
neuronal glycocalyx while the staining was strongly reduced after enzymatic removal of
sialic acids from the cell surface (Fig 2A). In detail, quantification of the relative fluorescent
intensity revealed a significant reduction (p<0.001) from 100 + 3.8% in the untreated to 14.9
+ 2.2% in the sialidase-treated situation (Fig. 2B). In neural cultures of the mouse,
desialylation of the neuronal glycocalyx has initiated complement C1q binding (Linnartz et
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al. 2012). To investigate whether in the human system the complement cascade led to an
opsonization of sialidase-treated neurons as well, human neurons were treated with
sialidases and then incubated with human purified C1q. Afterwards human neurons were
stained with an antibody directed against human C1q. After incubation with human purified
C1q several degenerated neuronal cell bodies demonstrated binding of C1q in the untreated
as well as in the sialidases-treated condition. However, only desialylated neurites showed
opsonization by C1q, while untreated neurites were unaffected (Fig. 2C). For the
quantification of C1q binding, the relative fluorescence intensity of the C1q staining on
neurites was quantified. Specifically, untreated and sialidase-treated neurites without
incubation of C1q showed nearly no relative fluorescent intensities (0.33 £ 0.12% and 0.65
+ 0.3%, respectively; Fig. 2D). Untreated neurites displayed a relative C1q fluorescent
intensity of 100 + 21.86%, while the sialidase-treatment increased the C1q binding to
neurites (388.84 + 80.45%, p<0.001; Fig. 2D).

Thus, removal of sialic acid from the neuronal glycocalyx led to a binding of C1q to
desialylated neurites.

Components of the classical complement cascade are produced by neuronal cultures and
macrophages

To analyze the source of complement components, the human induced pluripotent stem
(iPS) cell-derived neuronal cultures that contained neurons and few astrocytes and
macrophages were investigated via RT-PCR. Gene transcripts of the following components
of the classical complement cascade were constitutively detected in the neuronal cultures:
C1r, C1s, C2 and C3 (Fig. 3A). The macrophages transcribed C1q, C1s, C2, C3 and C4 at
high levels while C1r was only detected at very low level (Fig. 3A). Moreover, expression
levels of the CR3, which consists of the two integrin subunits, CD11b and CD18, and CR1
(CD35) were analyzed via flow cytometry. The human macrophages expressed CR3
(CD11b and CD18) and CR1 (CD35; Fig. 3B).

Thus, neural cells produce complement components and macrophages express complement
components as well as the complement receptors CR1 and CR3.

Desialylated human neurites are removed and ingested by human macrophages

Human neurons were either untreated or treated with sialidases and then co-cultured with
human macrophages. Neurons and macrophages were immunostained with antibodies
directed against BI11 tubulin and ionized calcium-binding adapter molecule 1 (Ibal),
respectively. In co-culture with normal untreated neurons human macrophages did not affect
the neurons and their neurites. However, human macrophages in co-culture with neurons
displaying less sialic acid on their cell surface resulted in interrupted neurites, while the
neuronal cell body density remained unaltered (Fig. 4A). In detail, the relative neurite length
was not significantly changed by the sialidase-treatment itself (92.3 + 5.4%) or by adding
macrophages to the culture (88.3 + 4.9%) compared to untreated neurons without
macrophages (100 + 7.1%). However, after sialidase-treatment the relative neurite length
was reduced in co-culture with macrophages (50.9 + 3.5%, p<0.001 vs untreated, +sialidase
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and +macrophages; Fig. 4B). Neither the sialidase-treatment nor the addition of
macrophages altered the relative neuronal cell body density (Fig. 4C).

To investigate whether desialylated neuronal material was taken up by human macrophages,
the neurons were stained with the membrane dye PKH26. After 18 hours of co-culture the
cells were fixed and the macrophages were stained with Ibal. The uptake of neuronal
membranes into the macrophages was visualized by confocal microscopy and 3D—
reconstruction. Red fluorescent-marked neuronal membranes were detected in the
macrophages after co-culture with desialylated neurons (Fig. 5A). In detail, the uptake of red
fluorescent labeled neuronal membranes was increased (p<0.001) from 100 + 6.9% in the
untreated situation to 185.5 + 16.5% after removal of the sialic acid cap from the neuronal
glycocalyx (Fig. 5B).

Thus, loss of sialic acid on neurites is a trigger for clearance and ingestion by human
macrophages.

Involvement of complement receptor 3, but not complement receptor 1 in macrophage
removal of desialylated neurites

In the mouse system, CR3 was involved in the microglial removal and uptake of desialylated
neuronal material (Linnartz et al. 2012). Thus, we investigated whether this complement
receptor as well plays a role in the human macrophage removal and uptake of human
neuronal material displaying less sialic acid on the cell surface. In the human system, CR1
like CR3 is capable of binding C3 fragments, although CR1 had a greater affinity for C3b
while CR3 bound iC3b with higher affinity (Ross et al. 1983). Thus, in the human system
both receptors principally could be involved in the microglial/macrophage removal of
opsonized material. Therefore, we investigated the role of both complement receptors by the
addition of blocking antibodies for either CD11b (one integrin subunit of CR3) or CR1
(CD35) to the co-culture system. The relative neurite length was reduced in the co-culture of
treated neurons and macrophages (50.9 + 3.5%) compared to untreated neurons with
macrophages (88.3 + 4.9%, p<0.001). After the addition of a corresponding isotype control
antibody for the CD11b blockade the relative neurite length was still reduced (58.0 + 2.7%)
in co-cultures of human macrophages and sialidase-treated neurons compared to the
untreated condition (p<0.001). However, the addition of the CD11b blocking antibody
reversed the effect to 87.7 + 4.1% (p<0.001 vs treated neurons+macrophages and vs treated
neurons+isotype blocked macrophages; Fig. 6A). This effect was not detected after blocking
CR1 (CD35). After sialidase-treatment, the relative neurite length was reduced
independently of the addition of the corresponding isotype control or the CR1 (CD35)
specific blocking antibody (treated+macrophages 50.9 + 3.5%, p<0.001; treated
+macrophages+isotype antibody 56.7 + 3.8%, p<0.001; treated+macrophages+CR1 (CD35)
antibody 61.9 + 4.4%, p<0.001) compared to the untreated neurons co-cultured with
macrophages (88.3 + 4.9%; Fig. 6A). The quantification of the neuronal cell bodies also
showed no differences in-between the various blocking conditions (data not shown). The
uptake of red fluorescent labeled neuronal membrane particles by human macrophages was
also reversed to 128.0 + 9.7% after the blockade of CD11b (one subunit of CR3) compared
to the treated neurons (185.5 £ 16.5%, p<0.01) or the blockade with the corresponding
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isotype control (193.3 + 13.6%, p<0.01; Fig. 6B). Again, this effect was not visible after
blocking the CR1. After addition of the CD35 blocking antibody the uptake of red
fluorescent labeled neuronal membranes (180.3 + 13.9%) was comparable to treated neurons
(185.5 £ 16.5%, p=1) or after the addition of the corresponding isotype control antibody
(186.0 + 14.1%, p=1; Fig. 6B).

In summary, desialylated neurites are mainly removed by human macrophages via CR3-
mediated phagocytosis.

Discussion

In the mouse system, CR3 of microglia has been shown to contribute to neurodevelopment
and neurodegenerative processes (Schafer et al. 2012; Stevens et al. 2007). However, it is
still unclear how far the mouse system data can be transferred to the human system due to
several differences between mouse and human microglia/macrophages (Smith and
Dragunow 2014). Shay et al. found cell surface markers, regulators and 169 one-to-one
orthologs with highly distinct expression patterns between human and mouse immune cell
types (Shay et al. 2013). Interestingly, phagocytosis and its associated molecules are quite
diverse between mouse and human; for example while Toll-like receptor 4 is expressed on
mouse microglia, this receptor is difficult to detect on human microglia (reviewed in (Smith
and Dragunow 2014)). Fc-gamma receptors show differences in their expression patterns
and binding abilities between human and mouse systems (Bruhns 2012). Other
phagocytosis-associated receptors with differences in their expression and function between
mouse and human are the microglial/macrophage immunoreceptor tyrosine based inhibition
motif (ITIM)-signaling Siglecs (sialic acid binding immunoglobulin like lectins) (Linnartz-
Gerlach et al. 2014). These inhibitory Siglec receptors also counter-act receptors leading to a
phagocytosis signal via an immunoreceptor tyrosine based activation motif (ITAM) such as
the CR3 that signals via the ITAM-containing adaptor molecule DAP12/TYROBP (Linnartz
and Neumann 2013). For some human SIGLECS (e.g. human SIGLEC-11 gene) no
homologue can be found in the mouse (Hayakawa et al. 2005; Varki 2010). Furthermore,
there are often structural differences like for the human SIGLEC-3 (CD33), which signals
viaan ITIM in its cytoplasmic tail, while this motif is absent in mouse Siglec-3 that contain
an ITIM-like motif and a charged residue in principal capable to interact with DAP12/
TYROBP (Brinkman-Van der Linden et al. 2003; Crocker et al. 2007; Tchilian et al. 1994).
Furthermore, humans in contrast to mice have two different genes for encoding CR1 and
CR2 (Jacobson and Weis 2008).

In the mouse system desialylated neuronal material is removed by complement and the
microglial CR3 (Linnartz et al. 2012). We now used a co-culture system of THP1-derived
human macrophages and iPS-derived human neurons. We found that the complement
components C1r, Cl1s, C2 and C3 are constitutively transcribed by the human neuronal
culture that also contains some astrocytes and C1q, C1r, C1s, C2, C3 and C4 by human
macrophages. Moreover, the complement receptors CR1 and CR3 are expressed on human
macrophages. Astrocytes have already been described before as the major cell type in the
CNS that are capable of synthesizing complement components, while complement receptors
CR1 and CR3 have been shown to be expressed by microglia (Barnum 1995). Moreover,
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astrocytes have been shown to be involved in the elimination of synapses (Chung et al.
2013). However, complement alone from astrocytes in our neuronal culture failed to reduce
the neurite length after a desialylation stimulus, since the relative neurite length of sialidase-
treated neuronal culture was comparable to the untreated situation. Only after the addition of
macrophages to the neuronal cultures, neuronal material was ingested via CR3 by the
macrophages as demonstrated by the uptake of PKH26 positive neuronal material. Thus,
astrocytes can be a source of complement components, but were not involved in the
complement-mediated removal of desialylated neuronal material. In addition, the removal of
sialic acid residues from the glycan cell surface led to the binding of human C1q to neurites.
Therefore, the classical complement cascade might be activated leading to the production
and the cleavage of the complement component C3 to C3a and C3b/iC3b. CR3 and CR1 are
both capable of binding to C3 fragments (Ross et al. 1983; Sutterwala et al. 1996). Genome-
wide association studies identified the human-specific CR1 gene to be implicated in late
onset Alzheimer’s disease (AD) (Brouwers et al. 2011; Lambertsen et al. 2009). The
involvement of CR1 in AD could be explained by one of its isoforms having an increased
number of C3b/C4b binding sites (Brouwers et al. 2011). Therefore, we studied the
involvement of both complement receptors, CR3 and CR1, in our human macrophages-
neuron co-culture system. While the reduction of the relative neurite length after addition of
macrophages to desialylated neurons was reversed by blocking CD11b as one part of the
CR3, blocking CR1 with a CD35 blocking antibody had no neutralizing effect. Another
study demonstrated the phagocytic capacity of CR1 for complement-bound immune
complexes on the surface of neutrophils (Holers et al. 1992), but this function was redundant
compared to the CR3 (Jacobson and Weis 2008). However, we cannot fully rule out that the
CR1 might play a role in the recognition and modulation of the complement system during
phagocytosis. Furthermore, we do not know the exact mechanism that triggers microglial/
macrophage phagocytosis after removal of sialic acid. In principal, loss of sialic acid could
either unmask target structures (e.g. pentraxin PTX3, (Inforzato et al. 2006)) that induce
complement binding or lead to loss of inhibitory complement components (e.g. complement
factor H, (Ferreira et al. 2010)) that enable complement opsonization on the desialylated
neurites.

However, data clearly show that an altered glycocalyx might be a flag for complement
binding and phagocytic clearance. Microglia/macrophages express a whole set of diverse
recognition receptors that monitor the neuronal physical condition and respond accordingly
(Linnartz-Gerlach et al. 2014; Linnartz and Neumann 2013). An intact glycocalyx displays a
sialic acid cap on the periphery of glycoconjugates. It is becoming clear that the sialic acid
glycosylation pattern reliably reflects an intact cellular phenotypic state (Varki 2011).
Interestingly, sialic acid incorporation is also a common strategy acquired by bacteria to
prevent complement opsonization and complement-mediated lysis (Ferreira et al. 2010).
Changes in the cellular glycosylation pattern can be a sign for a phenotypic alteration that in
response alarms the immune system and initiates the removal of the altered structure by
phagocytes (Rachmilewitz 2010). During pathological conditions the glycosylation
composition might be changed. Under certain conditions or stimuli, cellular sialidases/
neuraminidases can be mobilized to the cell surface (Cross et al. 2003; Liang et al. 2006;
Lukong et al. 2001) leading to the desialylation of glycoconjugates. Neuraminidase-1
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(Neul) for instance plays a role in the regulation of phagocytosis by altering the sialylation
status (Seyrantepe et al. 2009). Moreover, during ischemia a process called acidosis occurs
that could lead to the hydrolysis of sialic acids (Barrier et al. 1997; Inoue and Inoue 2001,
Rodriguez et al. 1996). However, desialylation itself had no influence on the viability of the
neurons as the sialidase treatment per se did not change the morphology of the neurons, nor
the neuronal cell body density. These results are in line with former publications on
sialidase-treated cells (Linnartz et al. 2012; Meesmann et al. 2010).

In summary, viable human neuronal structures, which display less sialic acid on the cell
surface, are susceptible to be taken up by phagocytes. Therefore, the glycosylation pattern of
human neurons might be a hallmark of cellular well-being and a recognition signal for
microglia/macrophages.
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Main points

Desialylation on neurites resulted in complement C1q opsonization and
removal in a human neuron-macrophage co-culture system.

Desialylated human neurites were removed and ingested by human
macrophages via complement receptor 3-mediated phagocytosis.
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Figure 1. Differentiation and characterization of human neuronal culture
A. The human neurons were stained for neuron-specific markers. The neurons were positive

for the neuronal markers neuronal nuclei (NeuN, red), neurofilament, BI11 tubulin and MAP2
(green). Scale bar: 50 um. Representative images out of at least three independent
experiments are shown.

B. The human neurons were also stained for subtypes of neurons (green) co-stained with the
neuronal marker Bl11 tubulin (red). Many neurons were positive for vesicular glutamate
transporter 1 (vGLUT1) and gamma aminobutyric acid (GABA), while fewer neurons were
positive for tyrosine hydroxylase (TH). Positive choline acetyltransferase (ChAT) staining
was mainly found at the cell bodies. Scale bar: 50 pm, higher magnification: 20 pm.
Representative images out of at least three independent experiments are shown.

C. Differentiated human neurons were stained for the non-neuronal markers ionized calcium
binding adaptor molecule 1 (Ibal; microglia/macrophages, green) and glial fibrillary acidic
protein (GFAP; astrocytes, green) and co-stained with the neuronal marker BI11 tubulin (red).
Nuclei were stained with DAPI (blue). While the neuronal culture was free of microglia/
macrophages, some clusters of GFAP-positive cells were found. Scale bar: 20 pm.
Representative images out of at least three independent experiments are shown.
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Figure 2. Binding of complement C1q to the desialylated neuronal glycocalyx
A. Human neurons were either untreated or sialidase-treated, fixed and stained with an

antibody directed against polysialic acid (PSA-NCAM; green) and co-stained with the
neuron-specific marker neurofilament (red). While untreated human neurons are highly
positive for PSA-NCAM, the staining intensity was highly reduced after sialidase-treatment.
Scale bar: 50 um. Representative images out of at least three independent experiments are
shown.

B. Quantification of the relative fluorescent intensity revealed a significant reduction (***
p<0.001) of the PSA-NCAM staining after sialidase treatment. n=3.
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C. Human neurons were incubated with human purified C1q and then immunostained with
an anti-C1q antibody (red) and double-immunolabeled with anti-neurofilament antibody
(green). Confocal images of untreated or sialidase-treated neurons were taken. Incubation of
human neurons with human purified C1q led to a binding to degenerated cell bodies.
Remaoval of sialic acids from the glycocalyx led to additional C1q staining of
morphologically intact human neurites. Scale bar: 50 um, higher magnification 10 pm.
Representative images out of at least three independent experiments are shown.

D. Quantification of C1q binding to human neurites. Binding of human purified Clq to
desialylated neurites was increased compared to untreated neurites (*** p<0.001). n=3.
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Figure 3. Complement expression by human neuronal cultures and macrophages
A. RT-PCR of neuronal cultures and macrophages. Transcripts for C1r, C1s, C2 and C3

were detected in unstimulated neuronal cultures. Macrophages transcribed C1q, C1s, C2, C3
and C4 at high levels and C1r at very low level. GAPDH served as internal loading control.
H,0 control: PCR without cDNA. Representative images out of at least three independent

experiments are shown.

B. Flow cytometry analysis of human macrophages. Human macrophages express CD11b
and CD18, the two integrin subunits of the complement receptor 3, and CD35 (complement

Glia. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Linnartz-Gerlach et al.

Page 20

receptor 1). The isotype controls are shown in red and the markers in blue. Representative
images out of at least three independent experiments are shown.
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Figure 4. M acrophage-dependent removal of desialylated neurites
Human neurons were untreated or sialidase-treated and then co-cultured for 48 hours with

human macrophages. Cells were immunostained with antibodies directed against 111 tubulin
(red) and Ibal (green) and nuclei were stained with DAPI (blue).

A. After co-culture of neurons with macrophages, sialidase-treated neurons displayed
shorter and discontinuous neurites (as indicated by arrows) compared to untreated neurons.
Scale bar: 25 pm, higher magnification: 10 um. Representative images out of at least three
independent experiments are shown.

B. Normal or desialylated human neurons (+sialidase) were either left alone or co-cultured
for 48 hours with human macrophages (+macrophages) and the relative neurite length was
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determined. Addition of human macrophages reduced the length of desialylated neurites
(*** p<0.001 vs untreated, vs treated, and vs +macrophages). n=3.

C. The relative cell body number of human neurons in the different culture conditions was
unchanged. n=3.
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Figure 5. Uptake of desialylated neur ons by macrophages
Human macrophages (green) were co-cultured for 18 hours with untreated or sialidase-

treated human neurons, which were labeled with a red fluorescent membrane dye (PKH26).
Uptake of human neuronal membranes by human macrophages was visualized by confocal
microscopy and 3D-reconstruction.

A. After co-culture of human macrophages with desialylated human neurons fluorescent-
marked neuronal membranes were detected inside the macrophages. Scale bars: 20 um.
Representative images out of at least three independent experiments are shown.
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B. Quantification of uptake. Few neuronal membranes were detected in human macrophages
co-cultured with untreated human neurons. Uptake of red fluorescent neuronal membranes
by human macrophages was increased after sialidase treatment (*** p<0.001). n=5.
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Figure 6. Removal and uptake of desialylated neur ons by macrophagesis mediated via CD11b
A. Normal or desialylated human neurons (+sialidase) were either left alone or co-cultured

for 48 hours with human macrophages (+macrophages) blocked with the corresponding
isotype control or antibodies directed against CD11b (left graph) or CD35 (right graph) and
the relative neurite length was determined after the immunostaining with an antibody
directed against BI1I tubulin. The relative neurite length was reduced in a co-culture of
treated neurons and macrophages compared to untreated neurons with macrophages (***
p<0.001). While the addition of an isotype control antibody (+isotype CD11b) showed the
same effect (*** p<0.001 vs untreated+macrophages), the addition of a CD11b blocking
antibody reversed the reduction of the neurite length (+CD11b; *** p<0.001 vs isotype; left
graph; n=3). This antagonizing effect was not observed after the addition of an antibody
against CD35 (+CD35; right graph; *** p<0.001 vs untreated+macrophages; n=3).

B. Human macrophages were co-cultured for 18 hours with untreated or sialidase-treated
human neurons, which were labeled with a red fluorescent membrane dye (PKH26). Uptake
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of human neuronal membranes by human macrophages was quantified by confocal
microscopy. The uptake of red fluorescent neuronal membranes by human macrophages was
increased after sialidase treatment (*** p<0.001). After the addition of an isotype control
antibody (+isotype; left graph) the uptake of human neuronal material was still increased
(*** p<0.001 vs untreated+macrophages). However, the addition of a CD11b blocking
antibody reversed the effect (+CD11b; ** p<0.01 vs +isotype; left graph; n=5). This effect
has not been observed after the addition of a CD35 blocking antibody (+CD35; right graph;
p = 1 vstreated and p = 1 vs +isotype; n=5).
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